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enhanced electric field at the junction of the 

device at the applied voltage of -4V. 
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Figure 5.3 (a) Device plasmonic wave propagation in the 

absence of bias (ON state), Waveguide 

thickness and wave propagation direction are 
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shown by the y and z axes, respectively and (b) 

propagation of a plasmonic wave at a -4 Volt 

applied voltage (OFF state). 

Figure 5.4 Diagram showing the proposed structure's typical 

fabrication process on a p-type silicon wafer. 

85 

Figure 5.5 Illustration of an experimental setup for 

optoelectronic characterization that includes a 

vacuum stage, source measurement unit, single-

mode lensed fiber (SMF), polarization controller, 

high-resolution optical spectrum analyzer, 

tunable laser source, and optical microscope. 

87 

Figure 5.6 (a) Experimentally measured transmission 

spectrum with increasing reverse-bias voltage and 

inset shows zoom- in image of transmission 

spectrum at working wavelength (b) graph 

between extinction ratio verses applied reverse 

bias at fixed wavelength of 1552 nm and 

Experimental fitting of transmission versus 

voltage at a fixed wavelength of 1552 nm for 

different sets of measurements on five sets of 

devices.  

88 

Figure 6.1 3-D diagram of proposed Optical field enhanced 

tunable plasmonic absorber on subwavelength 

silicon grating waveguide assisted electrically 

tunable plasmonic absorber at 1550 nm 

wavelength on p-type silicon wafer. Si rib 

waveguide width is 600 nm, Si thickness is 300 

nm, oxide thickness is 10 nm, ITO thickness is 

40nm, Cu thickness is 40 nm, silicon strip width 

is 600nm, the Duty cycle is 50% and Plasmonic 

mode (TM mode) confinement at interface. 
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Figure 6.2 this figure shows the variation of charge carrier 

concentration at applied voltage of -4 V. this 

depicts the carrier concentration of ITO 6x1020 

cm-3   achieve with applied voltage of -4 V. which 

matches the plasma frequency at the propagating 

wavelength of 1550 nm.  
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Figure 6.3 this figure shows the electric field strength at 

applied bias (a) show the electric field at no bias 
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and (b) show the electric field strength at 

applied bias of -4 V in V/cm 

Figure 6.4 this figure(a) shows the electric field strength of 

the propagating light at applied bias in V/cm (b) 

show the electric field strength at applied bias of 

-4 V in V/cm 
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Figure 6.5 5 this shows the charge carrier density of the ITO 

material with RF sputtering deposition vs varying 

the partial pressure of the oxygen gas at 40 sccm 

of Ar gas at 80 W of RF power. 
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Figure 6.6 (a) Wafer cleaning with acetone, IPA and 

Pirahna solution (b) Dry oxidation at 1050 oC 

for oxide growth (c) RF magnetron sputtering 

for deposition of ITO (d) spin coating of 

positive PR and lithography for pattering of 

structure (e) Wet etching for remove ITO and 

oxide followed by TMAH wet etching of 

silicon substrate (f) selective deposition of 

metal for formation of contact pads. 
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Figure 6.7 Scanning Electron Microscopic (SEM) images of 

the fabricated device. 
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Figure 6.8 (a) An illustrative-representation of the 

experimental optoelectronic characterization 

setup composed of tunable laser source, 

polarization-controller, high resolution optical-

spectrum- analyzer, SMF: single mode lensed 

fiber, vacuum-stage, DUT: device- under-test, 

source-measurement-unit, function-generator, 

and an optical-microscope (b) Photograph of the 

electrical and fiber-optic probe station used for 

device measurements. 

106 

Figure 6.9 (a) Experimentally measured transmission 

spectrum with increasing reverse bias voltage. 

(b)The extinction ratio calculated from the 

transmission spectrum. 
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Figure 6.10 (a) Experimental fitting of transmission versus 

voltage at a fixed wavelength of 1550 nm for 

different sets of measurements on five sets of 

devices. The percentage of error may be because 

of fiber-misalignment or fabrication- tolerance. 

(b)The transmission spectrum of numerically 

calculated and experimentally measured  
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ABSTRACT  

Low Dimensional Photonic Devices Based on Hybrid 

Materials 

by 
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Optoelectronic Nanodevice Research Laboratory, 

Department of Electrical Engineering, 
Indian Institute of Technology Indore 

Supervisor: Prof. Mukesh Kumar 

 

Silicon photonics offers a promising platform for creating highly 

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

due to its poor electro-optic effect, the diffraction limit of silicon 

waveguides, and weak light-matter interaction, silicon-based tunable 

absorbers tend to have large device footprints, high power consumption, 

and low extinction ratios. Consequently, it remains uncertain whether 

silicon alone can achieve the required performance metrics for tunable 

absorbers with compact size and extensive tunability. Enhancing silicon 

photonics with additional materials or identifying a cost-effective active 

material to combine with silicon is crucial for meeting these 

performance criteria. Notably, indium tin oxide (ITO) has demonstrated 

exceptional electro-optic properties for efficient light tuning, while 

copper (Cu) metal is effective for nanoscale light confinement in 

plasmonic structures. In this thesis Cu-ITO based tunable plasmonic 

absorber has been explored to achieve high extinction ratio, low voltage 

tuning, low power consumption and higher bandwidth devices. This 

thesis also incorporated optical control power transistor due to various 

advantages as compared to electrically gate tunable power devices. 

An electrically controlled optical absorption is numerically 

proposed in a plasmonic waveguide on silicon-on-insulator (SOI) 

consisting of copper-Indium tin oxide (ITO) based subwavelength 
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grating at 1.55 µm wavelength. The Cu-ITO subwavelength grating in 

form of a discontinuous Cu layer filled with ITO together with 

electrically tunable permittivity of ITO provides us with tunable 

absorption and efficient guidance of plasmonic mode. An n-type ITO is 

used which exhibits a significant change in the carrier concentration 

with the applied voltage resulting in a change in optical absorption at a 

telecom wavelength of 1.55 µm. We numerically observe maximum 

tuning in absorption at a grating period of 600 nm and a duty cycle of 

50%. The proposed device shows a smaller effective mode area of Am= 

0.01421 /µm2 and a plasmonic confinement factor of 34.67 %. The 

device is reported to have an extinction ratio of 10.28 dB for a 100 µm 

long device at a low voltage of 6V. 

An optical controlled AlGaN/GaN semiconductor power 

transistor with low on-resistance normally-off high electron mobility 

2DEG channel is numerically proposed. The device consists of p-GaN 

region sandwiched between undoped GaN over which n-AlGaN (Al 20 

%) is formed. Two-Dimensional Electron Gas (2-DEG) channel is 

formed at n-AlGaN/GaN heterojunction due to photogenerated electron 

jumps from valance band to conduction band, when a beam of light 

having (energy greater than the band gap (3.4 eV) of GaN wavelength 

350 nm falls on SiO2 and TiO2 Bi-layers antireflecting structure and 

light penetrates deeper into p-GaN region and generate e-h pairs. Device 

current can be optically controlled by varying the power intensity of 

incident beam of light, this device exhibits very low on-resistance which 

yields very low conduction loss. The switching characteristics of the 

device are also investigated, and device attain low rise and fall time.    

An electrically tunable plasmonic absorber device is 

experimentally demonstrated at 1550 nm wavelength. The device 

consists of alternating Cu- ITO grating on the top of a p-type silicon rib 

waveguide, filled with n-type indium tin oxide (ITO) as a capping layer. 

The distributed plasmonic mode at the interface of Cu-SiO2-Si is 

efficiently coupled with ITO. The electrically tunable permittivity of 

ITO changes the optical absorption by employing electrically driven 

carrier depletion and accumulation. We demonstrate large tuning of 
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optical intensity by electrically driven carrier accumulation at ITO 

interface by applying very low voltage from 0 to -4 V. A 100-µm long 

device exhibits a high extinction ratio of 22 dB and wide 3 dB bandwidth 

of 52.2 GHz. Applications for our proposed device include imaging, 

biosensing, intensity modulators, and other multi-functional 

nanophotonic devices where change in optical absorption is a key 

requirement. 

In an optical field-enhanced tunable plasmonic absorber 

integrated on a grating waveguide, utilizing the epsilon-near-zero (ENZ) 

state of indium tin oxide (ITO). This design enables precise control over 

light absorption and modulation, resulting in notable performance 

metrics. The device achieves an extinction ratio of 1.9 dB per micron, 

indicating its effectiveness in modulating light intensity. It offers a 

modulation depth of 1.9 dB/μm, ensuring substantial contrast between 

the on and off states. Furthermore, the device supports a 3 dB bandwidth 

of 72 GHz, which is suitable for high-speed optical communication 

applications. The energy required per bit for data transmission is 

remarkably low, at 56.25 femtojoules per bit, highlighting the device's 

efficiency in terms of power consumption. 
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Chapter – 1 

 

Introduction to Integrated Photonics 

Integrated photonics is a field that involves the use of photonic 

circuits to process optical signals on a single chip, like how electronic 

circuits process electrical signals. This technology leverages the 

principles of photonics, the science of light, and optics, to achieve 

various functionalities in a compact and efficient manner. Conventional 

electronic integrated circuits operate by enabling the flow of electrons 

through the circuit. Electrons, which are negatively charged subatomic 

particles, interact with other electrons or particles as they move. These 

interactions slow down the electrons, thereby limiting the rate of 

information transfer. Additionally, this process generates heat, leading 

to energy loss and potential information degradation. To overcome these 

limitations, photonic integrated circuits, which use photons instead of 

electrons, are employed [1-2]. Photons move at the speed of light with 

minimal interference from other photons [3-4]. This greatly improves 

bandwidth, data transfer rates, and circuit speed, while maintaining low 

energy loss, thus making photonic integrated circuits (PICs) 

significantly more efficient. 

Integrated photonic technology involves combining multiple 

photonic functions onto a photonic integrated circuit (PIC) 

manufactured using wafer-scale integration techniques[5-6]. Figure 1.1 

presents the components of photonic integrated circuits (PICs) are 

interconnected through waveguides that guide and confine light. These 

chip elements include both passive components (such as couplers, 

filters, and multiplexers) and active components (such as modulators, 

switches, amplifiers, and detectors)[7-9]. This integration significantly 

enhances the performance and reliability of photonic functions while 
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also minimizing size, weight, and power consumption. Integrated 

photonic technology has a wide range of applications, including 

telecommunications, data centers, and quantum computing[12]. 

 

 

This chapter of the thesis focuses on the role of technological 

revolution of the next generation silicon photonics. The chapter also 

highlights the low dimensional photonic devices, hybrid materials 

significance in integrated phtonics, plasmonic absorbers and 

applications of plasmonic absorbers.  

 

1.1 Background and Motivation 

The global market for silicon photonics was valued at USD 1.29 

billion in 2022 and is projected to expand at a compound annual growth 

rate (CAGR) of 25.8% from 2023 to 2030. Silicon photonics, a rapidly 

developing technology, is witnessing increasing demand driven by the 

need for faster data transfer rates and applications requiring high 

bandwidth [13]. This technology has gained considerable momentum in 

data centers and telecommunications due to its ability to provide high-

Figure-1.1: Integrated photonic circuit consisting of 

waveguide, source, modulator, filter, and photodetector [12]. 
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speed data transmission, lower power consumption, and seamless 

integration with existing silicon-based electronic systems. A major 

benefit of silicon photonics lies in its compatibility with current silicon-

based electronic technologies, allowing for the integration of photonic 

components with electronic circuits on the same silicon chip. 

 

 

 

This compatibility leads to more efficient and cost-effective 

systems. Significant research and development efforts have been 

dedicated to enhancing performance, optimizing manufacturing 

processes, and lowering costs to further advance silicon photonics. 

Researchers are investigating new materials, fabrication methods, and 

design approaches to extend the capabilities of this technology. 

Low-dimensional photonic devices made from hybrid materials 

are attracting considerable interest due to their potential to satisfy the 

increasing market demand for integrated photonics. These devices 

exploit the unique characteristics of low-dimensional materials, such as 

improved light-matter interactions and quantum confinement effects, 

Figure-1.2:  Growing market size, by components 2020-2030 

(USD Million) of silicon photonics [13].  
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along with the flexibility of hybrid materials, including semiconductors, 

dielectrics, metals, and organic compounds. This synergy enables the 

creation of photonic devices with enhanced performance, reduced size, 

and novel functionalities. As integrated photonics becomes more vital 

for applications in telecommunications, sensing, and computing, the 

progress in low-dimensional hybrid material photonics is set to play a 

key role in meeting these market demands. 

 

1.2 Low Dimensional Photonic Devices 

Low-dimensional photonic devices represent a cutting-edge area 

of research within the broader field of photonics, which deals with the 

generation, manipulation, and detection of light [14]. These devices 

utilize materials and structures with reduced dimensions, such as thin 

films, nanowires, quantum dots, and two-dimensional (2D) materials, to 

achieve unique optical properties and functionalities that are not 

possible with bulk materials [15]. 

 

1.2.1 Diffraction Limitations: 

Diffraction limitation refers to the fundamental limit on the 

resolution of optical systems due to the wave nature of light. According 

to the Rayleigh criterion, the minimum resolvable distance d between 

two points is given by 𝑑 =
λ

2NA
 , where λ is a wavelength of light and 

NA is the numerical aperture of the system [16]. This limitation 

constrains the miniaturization and performance of photonic devices, 

particularly in applications requiring high precision and integration 

density, such as imaging, sensing, and on-chip data communication [17]. 
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Figure-1.21 Diffraction limitations. 

Low-dimensional photonic devices, such as those based on 

nanophotonic, plasmonic, and metamaterials, offer promising solutions 

to overcome diffraction limitations [14-15]. These devices exploit the 

unique properties of materials structured at the nanoscale to manipulate 

light beyond the diffraction limit. For instance, plasmonic structures 

utilize surface plasmon resonances to confine light to sub-wavelength 

dimensions, enabling ultra-compact and highly sensitive sensors. 

Metamaterials and photonic crystals can engineer the flow of light, 

achieving super-resolution imaging and efficient light guiding in 

extremely small volumes. Additionally, two-dimensional materials like 

graphene and transition metal dichalcogenides exhibit extraordinary 

optical properties, allowing for the development of highly integrated and 

tunable photonic devices. Through these advancements, low-

dimensional photonic devices pave the way for breakthroughs in various 

technological fields, pushing the boundaries of optical performance and 

integration. 

 

1.2.2 Integrated Nanophotonics 

Integrated nanophononics is an emerging field that focuses on 

manipulating and controlling light at the nanoscale, facilitating the 
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integration of photonic components on a single chip. By combining 

nanotechnology and photonics, this field aims to develop highly 

compact, efficient, and multifunctional optical devices [18-20]. 

Essential components of integrated nanophononics include 

waveguides, resonators, modulators, and detectors, all created using 

advanced nanofabrication techniques. These components collectively 

manipulate light in ways unattainable with traditional bulk optics, 

offering advantages such as reduced size, increased speed, and lower 

power consumption [21-23]. 

Integrating these nanophotonic devices onto a single chip is vital for 

applications in telecommunications, data processing, and sensing. In 

telecommunications, for instance, integrated nanophotonic devices can 

significantly enhance data transmission rates and bandwidth while 

minimizing energy consumption and device footprint. In sensing, 

nanophotonic sensors provide high sensitivity and specificity due to 

their enhanced interaction with light. 

The use of hybrid materials in integrated nanophononics further 

boosts device performance. These hybrid materials, which combine 

properties of various material classes like semiconductors, dielectrics, 

and metals, enable the creation of devices with tailored optical 

properties. This flexibility allows for the development of nanophotonic 

devices with improved efficiency, tunability, and functionality. 

As the demand for faster, more efficient, and smaller photonic 

devices continues to grow, integrated nanophononics is set to play a 

crucial role in technological advancements [10], driving innovations in 

fields such as quantum computing, medical diagnostics, and 

environmental monitoring [24-25]. 
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Figure 1.3 Silicon based nanophotonic waveguides find application in 

optical modulation, detection and sensing. 

In today’s data-driven world, meeting the requirements of emerging 

data traffic necessitates devices with high speed and large bandwidth. 

To achieve this, novel waveguide structures and materials are essential. 

Traditional waveguides and materials were not compatible with silicon-

on-insulator (SOI) technology. However, Almeida et al. in 2004 

proposed an SOI-compatible light guidance technique that involves a 

small gap between two silicon rails, known as a slot waveguide [26], as 

shown in Figure 1.3. The narrow slot in this configuration has two 

significant effects. First, the guided light is partially confined within the 
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slot. Second, with the application of a small voltage, an extremely large 

electric field confinement occurs in the narrow slot. Additionally, this 

technique is compatible with current silicon technology. 

The narrow slot in this configuration has two significant effects. 

First, the guided light is partially confined within the slot. Second, with 

the application of a small voltage, an extremely large electric field 

confinement occurs in the narrow slot. Additionally, this technique is 

compatible with current silicon technology. 

Researchers have found significant benefits in using slot waveguides for 

optical sensing [27]. These waveguides are particularly effective 

because they confine over 70% of the guided light near the silicon rails, 

leading to a much stronger interaction with the analyte than common 

strip waveguides, which only interact with about 20% of the light. This 

enhanced light-analyte interaction significantly increases waveguide 

sensitivity, which has been instrumental in advancing the development 

of modern integrated optical sensors [28].                                                  

Photonic crystals (PhCs)[29-31] are periodic optical structures that can 

control the flow of light. Multiple reflections from surfaces separated by 

a distance similar to the wavelength prevent an optical beam from 

propagating through the crystal. Photonic crystal devices can therefore 

force light around sharp bands or even trap it entirely. Photonic crystals 

are advanced optical materials structured with a periodic arrangement of 

dielectric materials, replacing the role of atoms or molecules in 

traditional crystals. This periodic structure creates a pattern of varying 

dielectric constants, forming a periodic dielectric function or index of 

refraction. When these dielectric materials have significantly different 

refractive indices and minimal light absorption, they create unique light 

interactions through multiple refractions and reflections at the 

interfaces. These interactions mimic the behavior of electrons in atomic 

crystals, allowing for the manipulation of photons. One of the 
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remarkable features of photonic crystals is their ability to form photonic 

band gaps, which prevent light from propagating in certain directions 

and frequencies [32]. This property enables precise control over the flow 

of light, making photonic crystals invaluable for developing innovative 

optical devices. Furthermore, photonic crystals can support the 

propagation of light in novel and advantageous ways, offering new 

possibilities in fields such as telecommunications, sensing, and quantum 

computing. 

In 1987, Yablonovitch [33] and John proposed the concept of 

photonic crystals (PhCs). These structures are characterized by periodic 

variations in the dielectric constant along one, two, or three orthogonal 

directions as shown in figure 1.3. Depending on these variations, PhCs 

are classified as one-dimensional (1D), two-dimensional (2D), or three-

dimensional (3D). The classification refers to the number of dimensions 

in which a photonic band gap exists a range of frequencies where light 

cannot propagate. In 1D PhCs, the dielectric constant varies along one 

dimension; in 2D PhCs, it varies along two dimensions; and in 3D PhCs, 

it varies along three dimensions. This modulation of the dielectric 

constant is on the scale of the wavelength of the light source, which 

allows PhCs to manipulate light in unique ways. The one-dimensional 

crystals can be made by depositing an alternate layer of two or more 

materials. The most widely used fabrication method for 2D photonic 

crystals is Electron Beam Lithography (EBL) [34]. The fabrication of 

three-dimensional photonic crystals is complex. Researchers have 

created 3D crystals using 3D printers, while others have achieved this 

by stacking multiple layers of 2D photonic crystals. Due to these 

complexities and the difficulties involved in fabrication, 3D photonic 

crystals are less popular than other nanophotonic devices. In contrast, 

one-dimensional (1D) and two-dimensional (2D) nanophotonic crystals 

are more favored because they are easier to fabricate and provide better 
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control. These photonic structures can confine extremely high-intensity 

fields within the nanostructured device, making them highly effective 

for applications in biosensing and optical modulation. 

 

1.2.3 Plasmonics: Light Guidance at Nanoscale 

Plasmonics aims to overcome the diffraction limit and achieve 

subwavelength confinement. One of the initial waveguides that offered 

strong confinement utilized SOI (Silicon on Insulator) technology [35]. 

These waveguides can confine light within a small cross-section due to 

the significant refractive index contrast between the core and the 

cladding[34-35].  

Plasmonics is a specialized area within nanophotonic that examines how 

electromagnetic fields interact with free electrons in metals. This 

interaction results in the creation and control of surface plasmon 

polaritons (SPPs) [11], which are coherent electron oscillations at the 

boundary between a metal and a dielectric (insulator). Plasmonics 

merges the concepts of optics and electronics, allowing for the 

manipulation of light at the nanoscale, beyond the diffraction limit of 

traditional optics. The Key Concepts in Plasmonics are 

Surface Plasmons (SPs): Surface plasmons refer to the collective 

oscillations of free electrons on the surface of a conductor, usually a 

metal. These oscillations can be excited by light and travel along the 

metal-dielectric boundary [166]. 

Surface Plasmon Polaritons (SPPs): SPPs are the result of surface 

plasmons coupled with electromagnetic waves. They move along the 

metal-dielectric interface and can be confined to extremely small 

dimensions, much smaller than the light's wavelength in free space. 

SPPs are extremely sensitive to changes in their environment, making 

them ideal for sensing applications [28]. 
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Figure:1.4 Schematic illustration of (a) surface plasmon polaritons 

(SPPs) and (b) Localized surface plasmon polaritons at the interface 

between metal nanoparticles and dielectric environment [11]. 

Localized Surface Plasmons (LSPs): LSPs are non-propagating 

excitations of conduction electrons in metallic nanoparticles. When light 

interacts with these nanoparticles, it can induce a collective electron 

oscillation confined within the nanoparticle. LSPs cause strong light 

absorption and scattering, leading to effects such as enhanced Raman 

scattering and local field enhancement [37]. 

Advantages of Plasmonics 

Sub-Wavelength Confinement: Plasmonics enables light to be 

confined to dimensions significantly smaller than its wavelength, 

facilitating the creation of extremely compact photonic devices [38]. 

Enhanced Light-Matter Interaction: The intense confinement of light in 

plasmonic structures boosts the interaction between light and matter, 

improving efficiency in applications such as sensing, imaging, and 

spectroscopy. 
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High Sensitivity: Plasmonic sensors can detect minute changes in their 

local environment, making them exceptionally sensitive for use in 

chemical and biological sensing applications [39]. 

 

1.3 Hybrid Materials and their Applications   

In recent decades, silicon photonics has gained significant 

popularity for various applications due to its unique benefits, such as 

compatibility with CMOS technology and high integration density [40]. 

High-performance passive silicon photonic devices, which are compact 

and efficient, have been successfully developed for optical interconnects 

and sensing applications [41]. Examples include multi-channel optical 

filters, polarization-handling devices, and multimode photonic devices. 

However, creating active photonic devices using pure silicon remains 

challenging because silicon as an active material has a lot of limitations 

such as weak electro-optic and thermo-optic effects as well as the slow 

response of plasma dispersion effect. Because of the weak plasma 

dispersion effect of silicon, there is always a trade-off between the 

driving voltage and modulation strength [42]. The large driving voltage 

is considered incompatible with CMOS electronic driving circuits. One 

of the solutions is to increase the device length, which, however, is not 

suitable for high-density integration. Moreover, this indicates that 

travelling electrodes are required which will further increase the device 

loss and leads to higher power consumption of silicon's inherent material 

properties, despite considerable efforts in recent years. To address these 

limitations, silicon-plus photonics has emerged as a promising solution 

by incorporating additional optoelectronic materials. Various functional 

materials, including metals, III-V semiconductors, germanium, 2D 

materials, polymers, magnetic-optical materials, and liquid crystals, 

have been explored to work alongside silicon. Hybrid materials combine 
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silicon with other materials to overcome these limitations and enhance 

the performance of low dimensional photonic devices.  

 

1.3.1 Hybrid Materials for Low Dimensional Photonics:   

Silicon and III-V Semiconductors: Integrating III-V materials 

like gallium arsenide or indium phosphide with silicon can lead to 

improved light emission efficiency and quicker modulation speeds [43]. 

Silicon and Organic Materials: Organic materials provide better 

nonlinear optical properties and greater flexibility in adjusting optical 

features compared to silicon. Therefore, hybrid silicon-organic devices 

can perform better in specific applications [44]. 

Silicon and Plasmonic Materials: Merging silicon with 

plasmonic materials such as gold, copper or silver can boost light-matter 

interactions, resulting in more effective modulation and absorption at 

the nanoscale [45]. 

Silicon and Graphene: Graphene’s exceptional electrical and 

optical properties, when combined with silicon, can enhance device 

tunability, speed up response times, and reduce losses [46]. 

Silicon Photonics with Nanophotonic Structures: Adding 

nanophotonic elements like photonic crystals or metasurfaces to silicon 

can greatly enhance control over light propagation, allowing for more 

precise modulation and absorption [47]. 

In this thesis Indium Tin Oxide (ITO) as active tunable material 

and copper metal for plasmonic nanoscale light confinement has been 

explored. Among the various novel plasmonic metals [36-37] like Au, 

Ag, Al, Cu. Copper found best in class metal due to Plasma frequency 

fall in NIR wavelength which is operating wavelength of our research. 
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Table:1 Comparison table of various plasmonic metals [36-37]  

Metal 

Properties 

Gold (Au) Silver (Ag) Copper 

(Cu) 

Aluminum 

(Al) 

CMOS 

Compatible 

Contaminate Contaminate Compatible - 

Damping 

Coefficient 

0.07 0.03 0.07 0.13 

Cost High High Low Low 

Low Loss 

Wavelength 

Visible Visible NIR UV 

Abundance Limited Limited Abundant Abundant 

 

Indium Tin Oxide (ITO) for Low Dimensional Devices: Among all 

these TCOs, indium tin oxide (ITO) is extensively used as an active 

material for optical modulators. Its popularity stems from its optical 

transparency and low resistivity, which can be as low as 1.2 x 10^-3 

Ω.cm. ITO is utilized in various optoelectronic applications, including 

displays for mobile devices, laptops, computers, and TVs (i.e., flat 

displays), as well as in energy conversion devices like photovoltaics and 

energy-saving window glass [48]. One notable feature of ITO is its 

ability to exhibit a unity order refractive index change, making it suitable 

for use as an active material in electro-optic modulators [49]. The optical 

response of ITO is influenced by free electrons, with their density 

controlled by adding n-type dopants. The high free carrier concentration 

in ITO can give it metal-like properties in the near-infrared and mid-

infrared ranges, which can be leveraged for subwavelength light 

manipulation [50]. Unlike the fixed optical properties of noble metals, 

the permittivity of ITO can be adjusted through doping or the fabrication 

process [49-51]. 
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Figure:1.5 Schematic energy-band model for tin doped indium oxide, 

where Ef, Ey and Ec is the Fermi energy, the violation band energy and 

the conduction band energy, respectively. Left: low doping level, right: 

high doping level. 

Compared to typical semiconductor materials like silicon and III-

V compound semiconductors, ITO exhibits unique optical properties in 

the telecom wavelength range. Firstly, free carrier concentrations in ITO 

can reach up to 1 × 10²¹ cm⁻³ through degenerate doping or gate voltage 

application. This allows for significant changes in the real part of the 

refractive index, often exceeding one unit. Secondly, ITO has a much 

lower high-frequency permittivity compared to Si or III-V 

semiconductors. With high free carrier concentrations, ITO's real 

permittivity approaches zero, while its absolute permittivity reaches a 

minimum due to the small imaginary part. These epsilon-near-zero 

(ENZ) properties greatly enhance light-matter interactions. When ENZ 

materials are combined with conventional dielectric or metallic 

materials, the electric field polarized perpendicular to the interface is 

strongly confined in the ENZ layer, thanks to the continuity of electric 

field displacement and ultra-high absorption. Lastly, ITO's electron 

mobility (50 to 300 cm²/V.s) is much lower than that of single-crystal Si 
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(~1400 cm²/V.s), resulting in a larger damping factor. As free carriers 

accumulate, the imaginary part of ITO increases to the same order of 

magnitude as the real part, leading to an optical absorption 30-140 times 

greater than that of silicon. Thus, ITO significantly enhances light-

matter interactions. 

As mentioned earlier, ITO is an excellent representative of TCOs, 

offering unique advantages such as epsilon-near-zero properties in the 

near-infrared wavelength and electrically tunable permittivity. The 

material properties of ITO are highly sensitive to processing conditions. 

Figure 1.5 shows the schematic band diagram of ITO proposed by Fan 

in 1977, which qualitatively explains its high optical transparency and 

high electrical conductivity. In2O3, a component of ITO, has a wide 

direct bandgap (3.527 eV) that prevents interbond transitions in the 

visible wavelength range, making it transparent in this range. The Fermi 

energy Ef is located a few eVs below the conduction band, and its exact 

level is determined by the n-type doping from tin impurities. The band 

structure varies with doping density: at low doping density, Ef lies 

between the donor level and the conduction band minimum; at high 

doping density, the donor level rises and merges with the conduction 

band at a critical density nc. Beyond this critical density, impurities and 

associated electrons occupy the bottom of the conduction band, forming 

a degenerate electron gas, which increases ionized impurity scattering 

and reduces mobility [51]. 

 

1.3.2 Semiconductor Heterojunction: 

Two different semiconductors, a semiconductor and a metal, or a 

semiconductor and a carbon-based compound are paired to reduce 

electron-hole recombination [40]. This combination of materials with 

different band structures forms a new electronic configuration after 

hybridization. At the interface of the two semiconductors or 
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components, band bending occurs, creating a potential difference 

between the two semiconductor regions [41]. This interface generates 

an electric field within the space charge region, aiding in the spatial 

separation of photogenerated excitons, a phenomenon known as a 

'heterojunction.' 

Semiconductor–Semiconductor (S–S) heterojunctions: In 

general, S–S heterojunction systems can be categorized into two types: 

p–n semiconductor heterojunctions (Fig.1.6) and non-p–n 

heterojunction systems. The p–n semiconductor junction is an efficient 

architecture for effective charge collection and separation. When p- and 

n-type semiconductors come into contact, they form a p–n junction with 

a space-charge region at the interfaces due to the diffusion of electrons 

and holes. This creates a built-in electrical potential that directs electrons 

and holes to move in opposite directions (Fig. 1.4). When the p–n 

heterojunction is exposed to photons with energy equal to or greater than 

the bandgaps of the photocatalysts, the photogenerated electron–hole 

pairs are quickly separated by the built-in electric field within the space 

charge region. This electric field drives electrons to the conduction band 

(CB) of the n-type semiconductors and holes to the valence band (VB) 

of the p-type semiconductors. This p–n heterostructure offers several 

advantages: (1) more effective charge separation; (2) rapid charge 

transfer to the catalyst; (3) longer charge carrier lifetimes; and (4) 

separation of locally incompatible reduction and oxidation reactions at 

the nanoscale. These features enhance the photocatalytic performance 

of p–n heterostructures [42]. 

Apart from p–n heterostructures, there are other non-p–n 

heterojunction systems, with the staggered bandgap type being most 

suitable for photocatalytic applications (Fig. 1.6). In this type, 

semiconductors A and B with matching band potentials are tightly 

bonded to form an efficient heterostructure. When the CB level of 
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semiconductor B is lower than that of semiconductor A, electrons in the 

CB of semiconductor A can transfer to that of semiconductor B under 

visible light irradiation. Similarly, if the VB level of semiconductor B is 

lower than that of semiconductor A, holes in the VB of semiconductor 

B can transfer to that of semiconductor A. This internal field promotes 

the separation and migration of photogenerated carriers, reducing the 

barrier for electron–hole recombination. Consequently, more electrons 

on the surface of semiconductor B and holes on the surface of 

semiconductor A can participate in photo redox reactions, directly or 

indirectly degrading organic pollutants and greatly enhancing the 

photocatalytic reaction [41]. 

 

Fig. 1.6 (a) Schematic diagram showing the energy band structure and 

electron– hole pair separation in the p–n heterojunction. (b)Schematic 

diagram showing the energy band structure and electron– hole pair 

separation in the non-p–n heterojunction [41]. 

Semiconductor–Metal (S–M) heterojunctions: Another 

effective way to create a space-charge separation region, known as the 

Schottky barrier, is by forming an S–M junction. At the interface of 

these two materials, electrons move from one material to the other (from 

the higher Fermi level to the lower) to align the Fermi energy levels. 

This commonly occurs in a heterojunction consisting of an n-type 

semiconductor and a metal. Ideally, the metal's work function is higher 

than that of the n-type semiconductor (such as TiO2), causing electrons 
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to flow from the semiconductor to the metal to equalize the Fermi energy 

levels (Fig. 1.7). The Schottky barrier formation results in the metal 

having excess negative charges and the semiconductor having excess 

positive charges. Furthermore, the Schottky barrier acts as an efficient 

electron trap, preventing electron-hole recombination in photocatalysis, 

often leading to improved photocatalytic performance. 

 

Figure- 1.7 Schematic of the Schottky barrier junction. 

 

1.4 Plasmonic Absorbers and Applications 

A plasmonic absorber is a material or structure designed to 

efficiently absorb electromagnetic radiation, particularly light, through 

plasmonic effects. These absorbers are made from nanostructured 

metals like gold, silver or copper, which support surface plasmon 

resonances. These resonances occur when free electrons in the metal 

oscillate in response to incident light, resulting in strong absorption at 

specific wavelengths. The main characteristics of plasmonic absorbers 

include broadband absorption that can absorb a wide range of 

wavelengths, making them suitable for applications that require broad 

spectral coverage. 
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The resonance effect allows for nearly complete light absorption 

at designed wavelengths that enhance efficiency. Plasmonic absorbers 

can achieve high absorption efficiency with very thin layers, often just 

a few nanometers thick, making them lightweight and flexible. By 

adjusting the size, shape, and arrangement of the nanostructures, the 

absorption properties can be finely tuned to specific wavelengths. There 

are various applications of plasmonic absorber Solar Energy Harvesting, 

Sensors, Thermal Imaging and Infrared Detection, Stealth Technology. 

Figure 1.8: Potential applications of Low dimensional photonic devices. 

1.4.1 Tunable Absorbers and Tuning Mechanism:  

Plasmonic tunable absorbers are sophisticated devices designed to 

dynamically control the absorption of light at various wavelengths using 

plasmonic resonances. These devices utilize the unique properties of 

surface plasmons—coherent oscillations of free electrons at the interface 

between a metal and a dielectric. The ability to tune the absorption 

properties makes them valuable for a variety of applications including 

sensing, imaging, energy harvesting, and photodetection. 
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Mechanisms of Tunability: Plasmonic tunable absorbers achieve 

dynamic control over their absorption properties through various 

external stimuli: 

Electrical Tuning: Applying an external voltage can alter the 

carrier density in materials like graphene or semiconductor layers, 

shifting the plasmonic resonance and tuning the absorption spectrum. 

This method provides precise and rapid control over the absorption 

properties [52]. 

Thermal Tuning: Changing the temperature can affect the 

dielectric properties of materials, leading to a shift in plasmonic 

resonance. Phase-change materials such as vanadium dioxide (VO₂) are 

commonly used for thermal tuning because they undergo a reversible 

transition between different phases with distinct optical properties [53]. 

Mechanical Tuning: Mechanical deformation, such as stretching 

or compressing the plasmonic nanostructures, can change their 

geometry and thus alter the resonance conditions. This method allows 

for reversible and often large tuning ranges [54]. 

Chemical Tuning: Exposure to different chemical environments 

can modify the refractive index of the surrounding dielectric or the 

surface charge density of the plasmonic materials. This approach is 

useful for applications requiring environmental sensitivity, such as 

chemical sensing. 

In this thesis work our main work is based on electrical tunable 

device in which we focus more on electrical tuning of the low 

dimensional photonic devices. 
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1.4.2 Electro-Optic Effect:  

In electro optic effect the optical properties of the light changes 

with applied electric field. they are further classified as  

Pockels and Kerr Effect: On-application of electric-field across 

any medium, there is a change in the refractive index. When the change 

is relative to the static electric field, this effect is called Pockels effect 

and when the change is quadratic at that point it is called Kerr effect or 

quadratic electro-optic effect. The alteration in the refractive index as a 

work of the applied static electric field is given by: 

                                                                                                 (1.1) 

 

where n33 is the refractive index in the direction of the applied electric 

field and E3 is the applied electric field. 

The change in the refractive index as a function of the quadratic 

electric field is given by: 

 

       

where s33 is the Kerr coefficient, n0 is the unperturbed refractive 

index, and E is the applied electric field. In this case the sign of the 

refractive index change is not dependent on the direction inside the 

crystal axis. Pockels effect exists in crystals without inversion 

symmetry. A few materials that show good Pockels effect are Indium 

Phosphide, Gallium Arsenide, and Lithium Niobate. The Pockels effect 

does not exist in Si since it is a centro-symmetric material. Regarding 

the Kerr effect, it can be measured in Si, but it is a powerless effect [55-

57]. 

Plasma-Dispersion Effect: The change in the charge carrier 

concentration in a semiconductor alters both the refractive index and the 

optical losses of the material validating the Kramers-Kronig relations 

[58]. This is called plasma dispersion effect or free carrier dispersion 

Δ𝑛 = 𝑠33𝑛0
𝐸2

2
                                                                                   (1.2) 

Δ𝑛 = −𝑟33𝑛33
𝐸3

2
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effect. When the number of charge carriers is increased in a 

semiconductor like Si, the refractive index decreases while the optical 

losses of the material are increased. Contrarily, if the charge carriers 

decrease, we have an opposite effect. The theoretical change in the 

refractive index and in the optical losses against the concentration of 

electrons and holes is given by the following Drude-Lorenz equations 

[57]. 

𝛥𝑛 = −
𝑒2𝜆0

2

8𝜋2𝐶2𝜀0𝑛
(

𝑁𝑒

𝑚𝐶𝑒
∗ +

𝑁ℎ

𝑚𝑐ℎ
∗ )                                                 (1.3) 

   𝛥𝛼 =
𝑒3𝜆0

2

4𝜋2𝑐3𝜀0𝑛
(

𝑁𝑒

−𝜇𝑒(𝑚𝑐𝑒
∗ )2 +

𝑁𝑒

−𝜇ℎ(𝑚𝑐ℎ
∗ )

2)                                        (1.4) 

where Δn is the change in the refractive index of the medium, Δα 

is the change in the optical absorption of the medium, e is the electric 

charge of the electron, λ0 is the wavelength of the incoming light, c is 

the velocity of the light in vacuum, ε0 is the electrical permittivity of 

vacuum, n is the refractive index of the medium, Ne and Nh are the 

concentrations of electrons and holes in the medium, μe and μh are the 

mobility of electrons and holes and mce * and mch * are the reduced 

effective mass of electrons and holes. Soref and Bennett studied results 

in the scientific literature to assess the change in the refractive index, 

Δn, to experimentally create absorption curves for a wide extend of 

electron and hole densities, over a wide range of wavelengths. They 

cenetred at 1550 nm, interestingly their comes about were in great 

assentation with the classical Drude Lorenz model, only for electrons. 

For holes they noted a (N)0.8 dependence. They produced the following 

immensely valuable expressions, which are presently utilized all around 

to assess changes due to injection or depletion of carriers in silicon: 

At 

0 = 1550 nm: 

𝛥𝑛 = 𝛥𝑛𝑒 + 𝛥𝑛ℎ = −[8.8 ×10
−22 𝛥𝑁𝑒 + 8.5 × 10−18(𝛥𝑁ℎ)0⋅8]     (1.5) 

𝛥𝛼 = 𝛥𝛼𝑒 + 𝛥𝛼ℎ = [8.5 ×10
−18 𝛥𝑁𝑒 + 6 × 10−18𝛥𝑁ℎ]                  (1.6) 
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where Δne = change in refractive index resulting from change in 

free electron carrier concentration; Δnh= change in refractive index 

resulting from change in free hole carrier concentration; Δαe=change in 

absorption resulting from change in free electron carrier concentration; 

Δαh=change in absorption resulting from change in free hole carrier 

concentrations. From equations 1.5 and 1.6, it has been concluded that 

holes are more productive than electrons in changing the refractive index 

of the material. This effect can be accomplished by carrier injection and 

depletion. Normally this effect is mostly utilized to realize productive 

phase modulation [46-49]. 

 

Franz-Keldysh Effect: The Franz-Keldysh effect leads to the 

change in the optical absorption of the material for wavelengths near to 

the direct energy bandgap (e.g., Si and Ge) when an external electric 

field is applied to the bulk material. Under no applied static electric field 

into the material, the conduction and valence band are like in Figure 

1.9(a). At that point, a photon energy bigger than Eg (energy bandgap of 

the material) can energize an electron from the valence band to the 

conduction band. It is represented in Figure 1.9(a). Nevertheless, when 

an electric field is applied into the material both the valence and the 

conduction band are tilted as appeared in Figure 1.9(b). In this case the 

wave-function of the electrons within the valence band can enter the 

forbidden band by tunnelling. Due to this tunnelling, a photon with less 

energy than the bandgap of the material Eg can energize an electron from 

the valence band to the conduction one creating the absorption of light. 

This increases the optical absorption of the material fair underneath the 

energy bandgap Eg [58-62]. 
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Figure 1.9 Energy diagram of the FKE. In (a) there is not a static 

electric field while in (b) a static electric field is applied [62]. 

Quantum-confined Stark Effect: The QCSE is an electro-

absorption effect which leads to the changes in the material absorption 

near the bandgap of the semiconductor upon application of a static 

electric field. This effect happens in quantum wells. When the quantum 

well is at equilibrium (in the absence of a static electric field) the wave-

function is symmetrical for both electron 

 

Figure 1.10: Energy diagram of the Quantum confined stark 

effect. In (a) there is not an electric field while in (b) an electric field is 

applied [59]. 

and holes. Furthermore, due to the quantum confinement electrons 

and hoes are linked by Coulomb forces and form excitons. The 

absorption of the excitons occurs at photon energy smaller than the 

bandgap energy of the quantum well material. 

This energy is given by  

ℎ𝜔 = 𝐸𝑔 + 𝐸𝑒𝑙 − 𝐸ℎ𝑙 − 𝐸𝑒𝑥 
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Eg is the energy bandgap of the material, Eel and Ehl are the 

electron and holes sub-band energy and Eex is the binding energy of the 

exciton. When an electric field is applied perpendicular to the quantum 

well it tilts the energy bands as shown in Figure 1.7(b). Therefore, the 

energy between Eel and Ehl is reduced since Eel decreases while Ehl 

increases. The binding energy of the excitons Eex is also decreased with 

an increased static electric field. The electric field pushes the wave 

functions of the electrons and holes to the sides of the quantum well. 

This reduces the overlap integral between the wave functions in the 

valence and conduction band. Thus, the recombination efficiency is also 

reduced. In this case the energy bandgap is reduced. This increases the 

absorption of the material in the band-edge of the absorption spectrum 

[57-58]. 

 

1.4.3 Tunable Absorbers: 

Tunable absorbers are advanced photonic devices that can 

dynamically adjust their absorption properties in response to external 

stimuli, such as voltage, temperature, or light [52-54]. These devices are 

crucial for a variety of applications, including sensors, modulators, and 

stealth technology. By incorporating materials with adjustable optical 

properties, tunable absorbers can selectively control the wavelength and 

intensity of absorbed light. 

Key mechanisms enabling tunability include the use of epsilon-

near-zero (ENZ) materials, phase-change materials, and metamaterials. 

ENZ materials, for instance, can transition between dielectric and 

metallic states under an applied electric field, resulting in significant 

changes in absorption characteristics. This tunability allows for precise 

control over the spectral range and intensity of absorption. 
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Applications of tunable absorbers span across multiple fields. In 

telecommunications, they can be used for dynamic filtering and 

modulation of optical signals. In imaging systems, tunable absorbers 

enhance contrast and sensitivity. Additionally, they have potential uses 

in thermal management and energy harvesting by optimizing absorption 

based on environmental conditions. 

The development of tunable absorbers represents a significant 

advancement in photonic technology, offering flexible, efficient, and 

responsive solutions for controlling light in innovative ways. 

 

1.5 Thesis Outline 

The thesis is organized into seven chapters starting with an 

introduction to integrated silicon photonics, literature review of past 

work and problem formulation followed by four major chapters on 

original research work done and the final chapter on conclusion and the 

future scope. 

Chapter 2. Low dimensional photonic devices based on hybrid 

materials based on hybrid materials: The second chapter consists of a 

brief literature review on the significant contributions in tunable 

absorber specially plasmonic based tunable absorbers and optical 

switches based on hybrid materials. Followed by this, the chapter 

highlights the problem formulation. 

Chapter 3. This chapter describes the numerical proposal of an 

electrically controlled optical absorption device in a plasmonic 

waveguide. the optimization and engineering of Cu-ITO subwavelength 

waveguide has been done to efficiently guide light at telecom 

wavelength. The structure features a discontinuous copper layer filled 

with ITO, whose permittivity can be electrically tuned, allowing for 

adjustable absorption and efficient plasmonic mode guidance.  
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Chapter 4. This chapter describes the numerical proposal and 

analysis of an optically controlled AlGaN/GaN semiconductor power 

transistor with a low on-resistance, normally-off high electron mobility 

two-dimensional electron gas (2DEG) channel. The device structure 

includes a p-GaN region sandwiched between undoped GaN, topped 

with n-AlGaN. bi-layer antireflecting structure, allowing light to 

penetrate the p-GaN region and generate electron-hole pairs. The current 

through the device can be optically controlled by adjusting the power 

intensity of the incident light beam. The device is resulting in minimal 

conduction loss. Additionally, the switching characteristics, including 

low rise and fall times, are examined in this chapter. 

Chapter 5. This chapter describes the experimental demonstration 

of an electrically tunable plasmonic absorber device operating at a 

wavelength of 1550 nm. The device is composed of a copper (Cu) and 

indium tin oxide (ITO) grating on top of a p-type silicon rib waveguide, 

with n-type ITO serving as a capping layer. ITO layer allows for 

efficient control of optical absorption through electrically driven carrier 

depletion and accumulation. By applying a low voltage significant 

tuning of optical intensity is achieved via carrier accumulation at the 

ITO interface. 

Chapter 6. An optical field enhanced tunable plasmonic absorber 

on a subwavelength silicon (Si) waveguide employing the epsilon-near-

zero (ENZ) state of indium tin oxide (ITO) represents a cutting-edge 

development in nanophononics. This device leverages the unique optical 

properties of ITO in its ENZ state to achieve significant tunability and 

absorption enhancements. The core structure of the device consists of a 

subwavelength Si waveguide integrated with a thin layer of ITO. When 

ITO is in its ENZ state, it exhibits near-zero permittivity, enabling strong 

confinement and manipulation of optical fields at the nanoscale. This 

property is particularly advantageous for creating plasmonic absorbers, 
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as it allows for efficient coupling of light into the ITO layer, leading to 

enhanced absorption. 

Chapter 7. Conclusion and Future Scope: In this chapter, all the 

contributions are summarized, and the relevant future scope of the work 

is briefly discussed. 
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Chapter – 2 

 

2.1  Hybrid Material Photonics: State-of-the-Art 

Recent advancements in hybrid material photonics have led to 

significant improvements. For instance, hybrid photonic devices can 

achieve high sensitivity and selectivity in sensors, increased bandwidth 

and speed in communication systems, and superior resolution and 

efficiency in imaging applications. 

One of the key developments is the use of epsilon-near-zero 

(ENZ) materials, which exhibit unique optical characteristics near zero 

permittivity, enabling unprecedented control over light-matter 

interactions. Integrating ENZ materials with traditional photonic 

structures has resulted in tunable perfect light absorbers and modulators 

with enhanced performance [63]. The state-of-the-art in hybrid material 

photonics showcases a promising future where the convergence of 

different material properties will continue to drive innovations, paving 

the way for the next generation of photonic technologies that meet the 

increasing demands of various high-tech industries [64-68]. 

 The primary motivation behind this dissertation is to break the 

size and speed limits of Si-based tunable absorbers, as compact devices 

permit higher packaging density, which is essential on chip devices. 

applications of high-speed optical communications. Silicon plus 

photonics, i.e., combining Si with other optoelectronic materials and 

implementing device engineering based on the slow light effect, is an 

appealing and promising solution to meet the above-mentioned 

challenges. Many research groups have reported electro-optic tunable 

absorber devices. In this chapter, the novel waveguiding structures used 

to incorporate slow light effect along with some of these state-of-art 

electro-optic tunable devices on hybrid materials are reviewed. 
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2.2  Tunable Plasmonic Devices  

As discussed earlier, in pure silicon linear electrooptic effect does 

not exist as well as the quadratic electro-optic effect is weak at the 

telecommunication wavelength, henceforth the silicon-based tunable 

absorbers have large device footprint or in other words low absorption 

tuning. Plasma dispersion effect is the most common mechanism 

employed in pure-Si; however, the speed of these devices is limited 

because of the slow carrier diffusion time of sub nanoseconds and carrier 

lifetime of several hundred picoseconds. This raised the necessity for 

investigating other novel alternative active materials. In this section, 

some of these state-of-the-art electro-optic devices will be reviewed. 

The modulators reviewed are based on different structures and several 

active materials. 

 

Tunable absorbers based on Transparent Conducting Oxide: 

Junghyun Park et al. [64] in their work “Electrically Tunable 

Epsilon Near Zero (ENZ) Metafilm Absorbers” fabricated devices with 

metal gratings of varying widths and analyzed their reflectance spectra 

under different states of depletion and accumulation. The ITO layer 

exhibited an ENZ wavelength of 4.3 μm, influencing the plasmonic 

cavity resonances at shorter, similar, and longer wavelengths. The 

experiments demonstrated that applying a positive or negative bias 

resulted in redshift or blueshift of the reflectance dips, correlating with 

changes in the mode index. Notably, a significant modulation efficiency 

of up to 15% was achieved by aligning the optical material resonance 

with the geometric cavity resonance, despite the limitation of the gate 

oxide's breakdown field. Furthermore, dynamic control of metafilm 

absorption was demonstrated with a 3 dB cut-off frequency around 125 

kHz, suggesting potential improvements in modulation speed through 
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optimized device geometry. These findings highlight the importance of 

material and geometric resonance alignment in enhancing modulation 

efficiency and pave the way for further advancements in photonic device 

performance. 

 

Figure:2.1 Design and performance of an electrically tunable 

metafilm absorber. (a) Device schematic showing an electrically 

tunable ITO film clamped between a HfO2-coated Au substrate and an 

array of Au strips. (b) Scanning electron microscopy (SEM) of the Au 

strip-array featuring strip widths of 600 nm and periods of 750 nm. 

Scale bar: 2μm. (c) Intensity distribution in the device driven at a 

wavelength of 3.8μm, which corresponds to the first-order resonance of 

the plasmonic cavity formed by the Au strips and the underlying 

substrate. (d) Reflectance spectra taken from the device 
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Seyed Sadreddin Mirshafieyan at el. [65] “Electrically tunable 

perfect light absorbers as color filters and modulators” demonstrates the 

feasibility of electro-optically tunable perfect light absorbers utilizing 

epsilon-near-zero (ENZ) materials. The investigated absorber, 

composed of unpatterned thin-film metal and semiconductor materials, 

functions as a wavelength-selective light absorber within a Fabry-Perot 

cavity. By carefully selecting the cavity thickness, the absorption 

Figure:2.2 Schematic structure of an electrically tunable perfect light 

absorber and Calculated reflectance of two tunable perfect light 

absorbers with n-InSb thicknesses of (a) 10 nm, and (b) 20 nm. The 

thicknesses of top Ag, TiO2, and bottom Ag are 35 nm, 40 nm, and 

100 nm, respectively. The reflectivity is calculated at a normal incident 

angle. The subfigures illustrate the predicted colors of the devices under 

0 V and −50 V. 

wavelength can be tuned to fall within the visible range, allowing the 

reflected color to be modulated with applied voltage. n-InSb was 

https://www.nature.com/articles/s41598-018-20879-z/figures/5
https://www.nature.com/articles/s41598-018-20879-z/figures/5
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selected as the ENZ material due to its favorable electro-optic 

properties. Applying a negative voltage increases the carrier density in 

n-InSb, creating an accumulation region that shifts the material's optical 

properties from semiconductor-like to metal-like. A spectral shift of 40 

nm in the visible range was achieved with a −50 V application, leading 

to significant color change in the device's reflection. Additionally, the 

absorption wavelength can be tailored to the 1550 nm 

telecommunication range, where a high modulation ratio, evidenced by 

a 95.3% reflectance change with −50 V, is predicted.  

Q. Gao et.al-2018 [66] proposed an ultra-compact, broadband 

gold plasmonic slot waveguide based electro-absorption modulator 

made up of electrically driven ITO that can achieve epsilon-near-zero 

state with a modest gate voltage. By coupling two regular silicon 

waveguides with a 3 μm long, 300 nm wide gold slot waveguide. The 

active electro-optic modulation area is made up of a metal-hafnium 

oxide-ITO capacitor that can electrically transform the ITO into ENZ 

with ultra-high modulation strengths of 1.5 dB/μm. The electro- 

absorption modulator exhibited uniform electro-optic modulation with a 

70 nm optical bandwidth from 1530 to 1600 nm wavelength. 

 

Figure 2.3: (a) 3D Schematic of the plasmonic EA 

modulator. (b) Enlarged view of the cross-sectional area of the 

active E-O modulation region and (c) Enlarged view of the 

Au slot waveguide with tapers to silicon waveguides [52]. 
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X. Liu et.al-2018 [67] reported a broadband electro-absorption 

modulator using ITO as the active switching material. To make metal-

oxide- semiconductor capacitor-based modulators, silicon strip 

waveguides are fabricated and covered with 8 nm of Hafnium Oxide and 

15 nm of ITO. Figure 2.4 exhibits the design of an ITO based ENZ 

modulator. The mobile carrier density in the ITO film is controlled by 

incorporating a post anneal treatment to regulate its permittivity ε to a 

near-zero value at the working wavelength of 1550 nm. They have 

shown that achieving an epsilon-near-zero will improve modulation 

efficiency by increasing the overlap of the directed mode with the active 

ITO layer using simulations and experiments. The advantages of the 

optimization of ENZ condition are then demonstrated using silicon 

waveguides with a central slot filled with ITO. The have obtained a 

notable 3 dB modulation depth of optical beam in a non-resonant 

waveguide with a length of 20 μm by using the ENZ effect. 

 

Figure 2.4: Schematic of the ITO based ENZ modulator.[53] 

 

A.P. Vasudev et.al-2013 [68] implemented a concept for a silicon 

waveguide modulator in which the transmission of a waveguide mode is 
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controlled by electrically inducing an epsilon-near-zero in an adjoining 

ITO film. This is achieved by inducing loss due to free carrier absorption 

in the ITO while simultaneously increasing mode overlap with the lossy 

area where the free carrier absorption occurs. Figure 2.5 demonstrates 

highly effective electro-absorptive modulation in a silicon waveguide 

overcoated with ITO. As ITO is brought into an ENZ state locally 

through electrical gating, this modulator takes advantage of the 

combination of a local electric field enhancement and improved 

absorption in the ITO. When gating, this results in significant changes 

in modal absorption. They discovered that for the fundamental 

waveguide modes of either linear polarization, a 3 dB modulation depth 

can be achieved in a non-resonant structure with a length under 30 mm 

and absorption contrast values as high as 37. They have also shown that 

100fJ/bit modulation is possible with an output penalty. 

 

Figure 2.5: Schematic of an electro-absorptive modulator 

based on silicon waveguide overcoated with ITO. [54] 

2.3  Optically Controlled Power Switches: 
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An optical control power switch is a highly advanced device that 

uses light to control the flow of electrical power, offering significant 

advantages over traditional electrically controlled switches. These 

switches enable jitter-free operation, ensuring precise and stable control 

with minimal timing variations. They provide complete electrical 

isolation between the low voltage control circuitry and the high voltage 

power stage, enhancing safety and protecting sensitive components from 

electrical surges. Additionally, optical control power switches are 

immune to electromagnetic interference (EMI), which is crucial for 

maintaining reliable operation in environments with high levels of 

electronic noise. With their ability to achieve higher switching speeds 

and operate at much higher frequencies, optical control power switches 

are ideal for applications requiring rapid and efficient power 

modulation, such as in high-speed data communication and advanced 

power management systems. 

Sudip K Mazumdar et al.  [69] “Optically Activated Gate 

Control for Power Electronics”.  presents and demonstrates a novel 

optically activated gate control (OAGC) mechanism that dynamically 

influences power-converter switching loss, dv/dt and di/dt stresses, and  

electromagnetic emission at the device level. This is achieved by 

controlling the switching dynamics of the power semiconductor device 

(PSD) through modulation of its excitation current using a GaAs-based 

optically triggered power transistor (OTPT).  Additionally, the 

switching initiation delay with the OTPT-based OAGC approach is 

almost negligible compared to existing fiber-optics-based techniques in 

power electronics. The key parameter linking the OTPT control to the 

performance parameters of the power converter is identified and 

experimentally demonstrated. The work addresses the conflicting 

dependence of switching loss, and dv/dt and di/dt stresses on the optical 
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intensity of the OTPT, proposing a joint optimization mechanism and 

demonstrating its effectiveness experimentally 

 

Figure:2.6 Schematic diagram of Optically Activated Gate Control for 

Power Electronics 

Alireza Mojab et al. [70]in their work “Low ON-State Voltage 

Optically Triggered Power Transistor for SiC Emitter Turn-OFF 

Thyristor”A new optically triggered power transistor (OTPT) designed 

for a 100-A load current is introduced. Modifications to the base 

epitaxial layer have been made to reduce both the ON-state voltage drop 

and the required optical power for the driving laser. This new structure 

takes advantage of the fact that an increase in leakage current results in 

a lower ON-state voltage in power semiconductor devices (PSDs). 

Despite the proposed structure having a higher leakage current during 

the OFF-state, this is mitigated by a high-power, low-leakage SiC 

thyristor connected in series with the OTPT. This configuration allows 

the use of a leakier OTPT to further reduce the ON-state voltage. The 

proposed OTPT achieves an ON-state voltage drop of 0.8 V under 

operating conditions of 100 A and 100 °C with an optical power of 5 W. 

Compared to conventional low-leakage OTPTs, the proposed design 

shows a 22% and 92% improvement in the ON-state voltage drop at 

optical powers of 5 W and 2 W, respectively. 
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Figure: 2.7 schematic of Low ON-State Voltage Optically 

Triggered Power Transistor for SiC Emitter Turn-OFF Thyristor [56]. 

 

Hossein Riazmontazer et al. [71] “Optically Switched-Drive-

Based Unified Independent dv/dt and di/dt Control for Turn-Off 

Transition of Power MOSFETs” demonstrated to manage the switching 

dynamics of an optically triggered hybrid device, a photonic-control 

mechanism. This hybrid device includes a power MOSFET as the 

primary power semiconductor device (PSD) and a pair of GaAs-based 

optically triggered power transistors (OTPTs) acting as the drivers for 

the MOSFET. The switching-transition controller adjusts the turn-off 

transition of the MOSFET by modulating the optical intensity of the 

OTPTs. This allows for independent and unified dv/dt and di/dt control 

of the PSD using a single control circuit, which also anticipates the 

transition onset between the di/dt and dv/dt control regions. 

Experimental results demonstrate the effectiveness of the OTPT-based 

dynamic modulation of the MOSFET's turn-off characteristics. While a 

SiC MOSFET is used in this study, the proposed photonic-control 

mechanism can also be applied to Si power MOSFETs. 

 

2.4  Thesis Objectives and Contributions 

In the first chapter we have discussed the limitation of pure Si to 

be used as an active material for Tunable absorbers. We have also 
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discussed the ways which can be implemented to enhance the 

performance of silicon based low dimensions plasmonic devices by 

incorporating hybrid material especially high tunable material like 

Indium Tin Oxide (ITO). Henceforth, after doing the deep literature 

survey on the past works related to novel waveguiding schemes, state-

of-the-art plasmonic tunable absorbers, and optical control power 

switches, we got motivated and found the following area of 

improvement and worked through that. Firstly, breaking the size and 

speed limit of pure Si-based absorbers by material and device 

engineering. Secondly, to achieve a breakthrough in the wide bandgap 

semiconductor power switches performance. 

Based on the above discussions, following are the objectives of 

the research work carried out for this thesis: 

 

To achieve these overarching goals, the following specific 

objectives have been pursued in this thesis work: 

➢ To design an electrically tunable plasmonic absorber using 

Cu-ITO subwavelength grating on a silicon-on-insulator 

(SOI) platform, optimized for operation at telecom 

wavelengths.  

➢ To create an optically triggered AlGaN/GaN 

semiconductor power transistor incorporating a bi-layer 

anti-reflecting structure to improve optical triggering 

efficiency and device performance. 

➢ To develop a plasmonic absorber using a Cu-ITO structure 

on silicon that achieves low voltage tuning and high 

extinction ratio for enhanced optical performance.  

➢ To develop an Optical field enhanced tunable plasmonic 

absorber on subwavelength grating waveguide employing 

ENZ state of ITO.  
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Chapter – 3 

Numerical Analysis of Cu-ITO based Plasmonic 

Absorber 

3.1 Introduction 

The absorption of light energy is a important property of light in which 

the energy of an electromagnetic wave striking on an object is 

transferred to several usable types of energies, for example thermal, 

electrical, chemical, and mechanical. These kinds of devices can be used 

in a variety of ways like photodetection [72], local heating [73], bio-

sensing [74-75], imaging [76], and energy harvesting [77-78]. Noble 

metals such as copper, gold, and silver are excellent plasmonic materials 

in the infrared regime (IR). By pattering such types of metals at the 

nanoscale level, strong absorption can be produced due to the excitation 

of Surface plasmons polaritons (SPPs) [79-87]. For the integration of 

nanoscale devices on a single chip, the control and confinement of the 

light beyond the diffraction limit are major challenges that can be 

overcome by plasmonic [88-91]. Surface plasmon (SP) excitations in 

metals allow light to be trapped in the deep-subwavelength zone, which 

can improve strong light-matter interactions, plasmonic has allowed us 

to miniaturization of components at a nanoscale level so we can integrate 

many optical and electronic components on a single chip [92-93]. 

Controlling and guiding light in on-chip devices via electrical means is 

a key technology for high-speed computing and embedding data on an 

optical carrier for efficient data transmission. In that situation, the 

electrical tuning of a waveguide remains an important function for a 

variety of devices that can be generated by electrically tuning the charge 

carrier density of the material to change the optical parameter of the 

guided wave [94-97]. The carrier concentration of Transparent 
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Conducting Oxides (TCOs) can be changed to tune the optical properties 

of light. Among the number of TCOs, Indium Tin Oxide (ITO) is the 

preferred candidate to tune optical properties. It has received interest as 

an active electro-optical material because of the significant refractive 

index change owing to permittivity changes at NIR wavelengths, 

including the 1.55 µm telecommunication wavelength [98-99]. An 

integrated platform based on Surface Plasmon Polariton (SPPs) 

waveguide can be promising for making photonic devices at the 

nanoscale. Plasmonic waveguide structures offer confinement of optical 

energy by coupling electromagnetic waves to the oscillation of free 

charge carriers present at metal-dielectric interface called surface 

plasmon polariton (SPPs). The oscillation wavelength of resulting 

plasmon polaritons are considerably smaller as compared to the 

wavelength of light energy in the vacuum [100].  

In this work, an electrically tunable plasmonic absorber on a silicon-on-

insulator (SOI) is proposed. The device consists of Copper-Indium Tin 

Oxide (ITO) based subwavelength grating at 1.55 µm wavelength. The 

slow light propagates in the device arising from light confinement in the 

small mode area. The effective mode area of Am = 0.01421 /µm2 and 

plasmonic confinement factor of 34.67% is observed, resulting in 

enhanced light-matter interaction and significant change in the 

imaginary part of effective refractive index which shows the absorption 

of light. The Cu-ITO subwavelength grating in form of a discontinuous 

Cu layer filled with ITO together with electrically tunable permittivity 

of ITO provides us with tunable absorption and efficient guidance of 

plasmonic mode. An n-type ITO is used which exhibits a significant 

change in carrier concentration with the applied voltage of 4V, resulting 

in a change in optical absorption at telecom wavelength. In this work the 

significant change of the imaginary part of the effective refractive index 

with varying the duty cycle at the grating period of 600nm and we 
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observe maximum tuning in absorption at a grating period of 600 nm 

and a duty cycle of 50%. The propagation length of the device with 

varying the duty cycle and with increasing the duty cycle the 

propagation length decreases. The device has an extinction ratio of 10.28 

dB for a 100 µm long device at a very low voltage of 6 V.  

3.2 Device Structure and Working Principle  

In the proposed device Indium Tin Oxide (ITO) is used as an active 

absorber material, light absorption can be controlled electrically, the 

ITO has established itself as one of the highly electrically controllable 

material and the optical characteristics of the material can be varied 

significantly by electrical tuning of free charge carrier [91]. ITO exhibits 

unity order change of effective refractive index due to change in 

permittivity of the material which can be used for tunable absorber 

device [106]. Fig.3.1 shows the 3-D geometry of proposed of the 

electrically tunable plasmonic absorber device. Here x-axis depicts the 

device’s width, the y-axis denotes the device’s thickness, and the z-axis 

represents the propagation direction of the electromagnetic wave. The 

silicon rib waveguide’s thickness(t) and width(w) are 200 nm and 300 

nm, respectively, and the device has a buried oxide layer for isolation 

from the silicon substrate for better confinement of light. 

The device consists of a 10 nm thick silicon dioxide layer over which an 

alternating Cu and ITO grating is formed. Distributed Cu layer is used 

to reduce metal absorption and to enhance propagation length. ITO 

material filled between two Cu strips interacts more with SPPs which 

enhances tuning of carrier concentration ITO layer. The refractive index 

of Cu and ITO at telecom wavelength (1550 nm) makes a good contrast 

for the slow light effect which can enhance the light-matter interaction 

of the device. The grating period of the device is 600nm and the duty 

cycle is 50%. The optimized thickness of both Cu and ITO grating is 40 

nm each over which a 40 nm thick capping layer of ITO is used for better 
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electrical tuning of the device. A 10 nm layer of silicon dioxide dielectric 

material is used to excite the SPPs at the metal-dielectric interface and 

to enhance the plasmonic mode. For the simulation of the device 

Lumerical Eigen Mode, Finite Difference solver is used to study the 

field confinement of the plasmonic mode and observed that the device 

supports Transverse Magnetic ™ polarized wave propagation and mode 

confined at the interface of dielectric and Cu-ITO grating. The working 

principle of the device is when we shine the light having the wavelength 

of 1550 nm, The TM polarized plasmonic mode propagates with a high 

confinement factor and tiny mode area at the Cu-ITO grating and 

dielectric interface, the inset shows the mode confinement of the device.  

 

Fig.3.1 3-D diagram of proposed Cu-ITO subwavelength grating 

assisted electrically tunable plasmonic absorber at 1550 nm wavelength 

on p-type SOI wafer. Cu-ITO subwavelength grating is utilized to 

change the imaginary part of the effective refractive index (κ) of the 

propagating plasmonic mode of the device. Si rib waveguide width is 

300 nm, Si thickness is 200 nm, Cu-ITO grating thickness is 40nm, Cu-

ITO grating period is 600nm, the Duty cycle is 50% and ITO capping 
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layer is 40 nm and Plasmonic mode (TM mode) confinement at dielectric 

and Cu-ITO grating interface of the device. Inset shows confinement of 

the guided plasmonic TM mode. 

The charge carrier accumulates at Cu-ITO grating and dielectric 

interface, and the accumulated carriers efficiently coupled by 

propagating electromagnetic waves and form Surface Plasmon Polariton 

(SPPs) which changes the permittivity of ITO material. The imaginary 

component of the effective refractive index of the waveguide changes 

when the permittivity of the ITO changes, indicating a change in light. 

 

3.3 Analysis of Effect of ITO and Propagation 

Characteristics  

The device's optical properties can be electrically modified by varying 

the carrier (electron) concentration in the ITO layer. It's a good material 

for tuning intensity at telecom wavelengths with high modulation 

efficiency because of the substantial fluctuation in carrier concentration 

caused by the applied voltage. The mobile electron concentration 

density of the ITO, which acts as a free electron Drude material, is used 

to monitor its optical characteristics [101]. 

The optical permittivity of the ITO is denoted by 

𝜺𝑰𝑻𝑶 = 𝜺∞ −  
𝜔𝑝

2

𝜔2+ⅈ𝜔𝛤
                                                                        (3.1) 

  𝜔𝑝
2 =

𝑁𝑒
2

𝜀0𝑚𝑐𝑒
∗                                                                                       (3.2) 

Here 𝜀∞  represents dielectric constant of the material, 𝜔  depicts the 

angular frequency of propagating electromagnetic wave and the carrier 

collision frequency in the ITO layer of the device is denoted by 𝛤 ,  𝜔𝑝 

is the plasma frequency of the ITO layer, 𝑁𝑒  is electron charge 

magnitude and 𝑚𝑐𝑒
∗  is the effective mass of the electron. The 

permittivity of the ITO layer can be changed by applying the electrical 

bias due to the variation of charge carrier density of the ITO layer. 
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Lumerical charge solver is used to analyze the variation of charge carrier 

density with applied bias.  

 

Fig.3.2(a) change of carrier concentration with varying the thickness of 

ITO layer at different bias voltage, the horizontal axis shows the 

thickness of waveguide in nm. (b) change of carrier concentration with 

applied voltage at ITO (1x1020 cm-3) thickness of 40 nm. The device 

exhibits an abrupt change of carrier concentration at 4V.  

Fig.3.2(a) shows the change of carrier with applied voltage at different 

ITO thickness and Fig.2(b) shows the change of carrier concentration 

versus vertical distance(thickness) of the waveguide and it is observed 

that the carrier accumulates at the Cu-ITO grating and SiO2 interface, 
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the accumulated carrier changes the permittivity of the ITO material. A 

significant change of carrier concentration at the applied voltage of 4 V 

is observed. The change of carrier concentration results in changes in 

the effective refractive index of the material due to a change of 

permittivity of the ITO layer. The perturbed carrier concentration of 

Lumerical charge solver due to applied bias is imported in Lumerical 

Finite Difference Time Domain (FDTD) to observe the change of wave 

propagation. Fig3.3(a) shows the wave propagation, at no bias the 

plasmonic wave propagate at the interface of dielectric and Cu-ITO 

grating and we can say that ON state of the device and when we use 

perturbed carrier concentration at an applied bias of 4V, the intensity of 

wave propagation reduces and device act as an absorber as Shown in 

Fig.3.3(b) and we can say OFF state of the device. In the simulation of 

the device, we have used the Lumerical Finite Difference Eigen Mode 

(FDE) solver for the analysis of mode confinement. 

The effective mode area of the guided mode will be the measure of the 

nature, whether the localized field is optical or plasmonic mode and it 

would be the merit of confinement ability, the effective mode area (Am) 

of the device can be calculated by taking the ratio of total mode energy 

flux density, and maximum energy flux density at active region. The 

effective mode area is denoted by [79] 

  𝐴𝑚(/ 𝜇𝑚 2) = ∫ 𝑃(𝑥, 𝑦) 𝑑𝑥 𝑑𝑦
∞

−∞
∕ 𝑚𝑎𝑥[𝑃(𝑥, 𝛾)]                       (3.3)  

Fig.3.4(a) shows the variation of effective mode area with increasing the 

thickness of the ITO layer and light confined at a very small mode area 

of 0.01421 /µm2 at the active region of the device. 
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Fig 3.3 (a) plasmonic wave propagation of the device when no 

bias is applied (ON state), y and z axes represent waveguide thickness 

and direction of wave propagation respectively and (b) Plasmonic wave 

propagation at an applied voltage of 4V (OFF state). 

The propagation length of the plasmonic wave is depicted as the distance 

at which the intensity of the propagating wave reduce to a factor of 1/e 

of the total coupling intensity of the light and the propagation length of 

the guided plasmonic mode is denoted by [107] 

 𝑳𝒎(𝝁𝒎) =
𝝀

𝟒𝝅((𝒏𝒆𝒇𝒇)𝒊𝒎𝒈)
                                               (3.4)  
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Where 𝝀  is operating wavelength and (𝒏𝒆𝒇𝒇)𝒊𝒎𝒈  is an imaginary 

component of the effective refractive index and the model propagation 

loss is given by 

𝒍𝒎(ⅆ𝑩 ∕ 𝝁𝒎) = −(𝟐(𝒌𝟎) × (𝒏𝒆𝒇𝒇)𝒊𝒎𝒈) × 𝟒. 𝟑                       (3.5)   

where 𝒌𝟎 =
𝟐𝝅

𝝀𝟎
 denotes the propagation constant of the plasmonic mode 

and the negative sign indicates lossy materials.   

 

 

Fig.3.4(a) effective mode area (Am) versus the thickness of ITO layer, 

mode area decreases with increasing the thickness of ITO layer. (b) 

Propagation length of the device with varying the duty cycle, 

 

 

(a) 

(b) 
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Fig.3.5 (a) Plasmonic mode confinement factor at the different thickness 

of Cu layer of the device, confinement factor decreases with increasing 

the thickness of Cu layer. (b) Plasmonic mode confinement at the 

different thickness of ITO layer of the device, confinement factor 

increases with increasing the thickness of ITO layer 

Fig.3.4(b) shows the propagation length versus duty cycle of Cu-ITO 

grating and the propagation length decreases by increasing the duty 

cycle of grating, this is due to the high model propagation loss of the 

device. So, there is a tradeoff between model propagation loss and 

(a) 

(b) 
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propagation length. The optical energy confinement of the device is the 

propagation of power flowing through the active zone to the total power 

flowing through the system [89][94][95]. Fig.3.5(a) shows the 

plasmonic mode confinement of the device with varying the thickness 

of the active layer (ITO) and the confinement factor increases with 

increasing the thickness of the ITO layer and Fig.3.5(b) depicts the 

device’s plasmonic mode confinement as a function of Cu layer 

thickness, demonstrating the mode confinement decreases as Cu layer 

thickness increases. So, the device exhibits the confinement factor of 

34.67% at the optimized layer of 40 nm of the copper layer and 40 nm 

of the ITO layer. 

 

3.4 Electrically Tunable Absorption 

The electrical behavior of the device is numerically investigated by 

using a Lumerical charge transport solver. The device simulation yields 

charge transport data of change of charge carrier density of Cu-ITO 

junction with applied bias. The perturbed charge carrier density of the 

device is introduced from the Lumerical Device simulation tool through 

the index perturbation into the Lumerical mode solution for analysis of 

change of light properties due to applied bias. The Drude model is used 

to calculate the change in the effective refractive index of the Cu-ITO 

subwavelength grating. The change of the charge carrier density of the 

ITO at different voltages has the ability to change the effective refractive 

index of the device. The complex permittivity of the material is related 

to its charge carrier density, according to the Drude model hypothesis 

and depicted as  𝜟𝒏 =
𝜟𝜺

𝟐√𝜺
 , the variation of charge carrier density 

(accumulation or depletion) has ability to change the complex 

permittivity which yields the change of effective refractive index. The 

change of complex effective refractive index (real and imaginary 
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components) of the device with variation of carrier density is calculated 

as 

𝜟𝒏 =
−𝒆𝟐𝝀𝟎

𝟐

𝟖𝝅𝟐𝒄𝟐𝜺𝟎𝒏
(

𝑵𝒆

𝒎𝒄
∗𝒆

+
𝑵𝒉

𝒎𝒄
∗⋅𝒉

)                                                    (3.6) 

and 

 𝜟𝜶 =
𝒆𝟑𝝀𝟎

𝟐

𝟒𝝅𝟐𝒄𝟑𝜺𝟎𝒏
(

𝑵𝒆

𝝁𝒆(𝒎𝒄𝒆
∗ )𝟐 +

𝑵𝒉

𝝁𝒉(𝒎𝒄𝒉
∗ )

𝟐)                                      (3.7) 

Here, 𝑵𝒆 and 𝑵𝒉  represent electron and hole carrier densities, e 

represents electronic charge, λ0 represents operation wavelength, 𝝁𝒆 and 

𝝁𝒉 represent electron and hole mobility, and 𝒎𝒄𝒆
∗    and 𝒎𝒄𝒉

∗  represent 

the effective mass of electron and hole, respectively. 

The carrier concentration of the ITO layer is 1x1020 cm-3   and 

when we applied the voltage carrier concentration of the ITO changes 

as shown in Fig. 3.2 and electron accumulated at the interface of 

dielectric and ITO which alters the permittivity of the material yields 

change in the refractive index of the device when no voltage is applied 

the refractive index of the material is 2.402+0.0349i and when we 

applied voltage of 6 V, the refractive index of the material changed to 

2.335+0.048i at the operating wavelength of 1550 nm. The change in 

carrier concentration (accumulation of electron at Cu-ITO grating and 

dielectric interface) due to applied bias, there is a change of real and 

imaginary components of the effective index of the device. The change 

of the real part represents the phase shift, and the change of the 

imaginary part represents the attenuation of plasmonic wave 

propagation, The electromagnetic wave's intensity can be changed by 

changing the imaginary components, which can be done with the applied 

voltage. Fig.3.6(a) shows the graph between change in the imaginary 

component of effective refractive index versus applied voltage with 

varying the thickness of the Cu layer of the device and it shows that the 

imaginary component of the effective refractive index increases with 

decreasing the thickness of the Cu layer. We have observed that the 
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maximum tunability of the device is achieved at copper and ITO 

thickness of 40 nm each. we have optimized the grating period and duty 

cycle of the device to achieve higher tunability of the plasmonic wave 

and in Fig.3.6(b) shows the graph between the change of imaginary 

component of the effective refractive index with varying the grating 

period of the device. 

 

 

 

Fig.3.6(a) imaginary component of effective refractive index with 

applied voltage at different Cu thickness of the device. (b)the variation 

of imaginary component of the refractive index with applied bias at 

varying the duty cycle of the grating. 

(a) 

(b) 
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Fig.3.7(a) the imaginary component of the refractive index with applied 

voltage at varying the grating period of the device, maximum tunability 

of the absorption (in terms of change in effective refractive index is 

observed at 600nm grating period. (b)The difference in the states of high 

and low absorptions i.e., Extinction ratio, versus applied voltage. The 

device yield extinction ratio of 10.28 dB at the applied voltage of 6 V for 

100 µm long device 

The change of the imaginary component of the effective refractive 

index is maximum at the grating period of 600 nm and Fig.3.7(a) depicts 

(a) 

(b) 
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the variation of the imaginary component of the effective refractive 

index versus the duty cycle of Cu-ITO grating and device yield the 

maximum tunability at the Duty cycle of 50%. We optimized the device 

for an electrically tunable absorber and observed that at the grating 

period of 600 nm and duty cycle of 50%, the device yields a maximum 

change in effective refractive index which represents absorption of 

electromagnetic wave. The change in the imaginary component of the 

effective refractive index of the device can be used to tune the 

attenuation of the intensity (absorption) of the electromagnetic wave. 

We can calculate the absorption of the light in terms of effective 

refractive index is given by 𝜶 =
𝟐𝝅𝒌𝒆𝒇𝒇

𝝀
 . The extinction ratio or 

modulation depth of the device can be calculated by 

𝑬𝑹 = 𝟒. 𝟑𝟒𝟑[𝜶(𝑽) − 𝜶(𝟎)]𝑳.                                               (3.8) 

Fig. 3.7(b) shows the extinction ratio versus voltage. The ER of 

the 100 µm long device is calculated to be 10.28 dB. The device length 

must be increased, or a greater voltage must be provided to improve the 

extinction ratio. The higher driving voltage is incompatible with CMOS 

driving circuits, and rising device length is incompatible with high-

density integration, therefore there is a tradeoff between high extinction 

ratio and small device footprint. 

 

3.5 Summary  

An electrically tunable plasmonic absorber on SOI is numerically 

reported. The device consists of copper- Indium tin oxide (ITO) based 

subwavelength grating which operates at a telecom wavelength of 1.55 

µm. The device design with Cu-ITO structure efficiently utilizes 

electrically tunable permittivity of ITO. We observe that maximum 

tuning of absorption at a grating period of 600 nm and 50% duty cycle 

of the Cu-ITO grating. The device shows a very small mode area of Am= 

0.01421 /µm2   and a higher plasmonic confinement factor of 34.67 %. 
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our device exhibits the Extinction Ratio (ER) of 10.28 dB at a very low 

voltage of 6 V for a 100 µm long device. This tunable absorber can be 

used in many applications where attenuation of intensity is a prime 

requirement such as intensity modulator, biosensing, imaging, etc.  
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Chapter – 4 

 

Optically Triggered AlGaN/GaN Power Transistor 

4.1 Introduction 

The performance of Power Semiconductor Device is extended by 

the Wide Band Gap Semiconductors (WBG) which offer low 

conduction and switching losses as compared to equivalent Silicon 

power devices.[119]-[120]. WBG power devices, with their superior 

characteristics, offer thinner unipolar devices and have lower on- 

resistance which means lower conduction losses and higher converter 

efficiency. WBG devices also exhibit higher breakdown voltages, higher 

thermal conductivity and operate at higher temperature [126]. The most 

promising power semiconductor devices for future high power and high 

frequency applications have been found to be those based on gallium 

nitride (GaN), which is one of the numbers of WBG materials, because 

to its greater bandgap, greater breakdown field, greater carrier velocity, 

greater electron mobility, and greater optical absorption coefficient 

[120-125], [138-140]. The generation of high mobility two-dimensional 

electron gas (2DEG) at the AlGaN/GaN heterojunction is a key 

characteristic of GaN material [130]-[121]. All these properties of GaN 

make a suitable candidate for optical triggering structure [126].  

Electrically powered gate control power devices suffer from being 

always on, which makes designing and implementing gate drivers for 

these devices more difficult [127]. Optical triggering of power devices 

can improve the number of system features, such as reduced 

electromagnetic interference (EMI), reliable electrical separation, 

getter-free operation, and separation of the power and control stages 

[131]. A new generation of power device is needed for power converters 

in applications where electronic systems based on conventional Si 
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power devices cannot function because Si has some significant 

limitations in terms of its voltage blocking capability, operation 

temperature (operates up to 150 0C of junction temperature) and 

switching frequency [128].  

Thus, in this work we present optical triggering of Semiconductor 

Power transistor (PSD). The device consists of a p-GaN region which 

acts as active region for optical triggering sandwiched between undoped 

GaN, a 30 nm n-Al0.2GaN0.8 is formed over GaN region. n-AlGaN/GaN 

heterojunction formed a 2-DEG channel between source to drain of the 

device. when beam of light (λ=350 nm) shine on the device, the light 

absorbed by p-GaN region and photogenerated e-h pairs created, 

generated electrons jump from valance band to conduction band and 

form 2-DEG channel, the device current can be controlled by varying 

the power intensity of light. The device exhibits very low on-resistance, 

and the device has very low conduction loss. The switching 

characteristics of the device are investigated by applying the laser pulse 

of width 200 μm and device exhibits low rise and fall time 0.7 μsec and 

0.4 μsec respectively.   

 

4.2 Device Geometry & Working 

Optical control of AlGaN/GaN semiconductor power device is 

shown in fig 4.1(a), the device consists of p-GaN layer sandwiched 

between two undoped GaN on the top of silicon substrate, a buffer layer 

between substrate and GaN is incorporated to reduce the lattice 

mismatch. Here x and y axes depict the width and thickness of the 

device. The thickness of GaN layer is 1 µm and width of the device is 3 

µm. A 30 nm n-AlGaN layer is used on the top of GaN layer and dual 

layer of SiO2 and TiO2 having the thickness of 20 nm each is used as an 

antireflecting layer to reduce the reflection of the light and  



 

 

 

 

65 

 

 

 

 

 

Fig. 4.1 (a) 3-D diagram of proposed optical triggered 

AlGaN/GaN semiconductor power transistor, thickness of GaN layer is 

1 µm, width of p-GaN(5x10+18cm-3) layer is 1 µm sandwiched between 

undoped layer having the thickness 1 µm each, the device width is 3 µm, 

a 30 nm n-AlGaN(Al 20 %) (2x10+18cm-3) barrier layer is used on top of 

GaN layer to form 2DEG channel, Dual layer of SiO2 and TiO2 having 

the thickness of 20 nm each is used as an antireflecting layer to reduce 

the reflection of the light and surface passivation of the device (b) 

Normally Off state of the device, 2DEG channel is formed between 
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undoped GaN and n-AlGaN layer at applied bias and 2DEG channel is 

depleted between p-GaN and n-AlGaN at optically off state and On state 

of the device, when light shine, it absorbed by p-GaN region and e-h 

pairs generated, generated electrons jump to conduction band and form 

2DEG channel 

 

Fig 4.1(c) Two-dimensional electron gas (2-DEG) formed at n-

AlGaN/GaN heterojunction   

surface passivation of the device. SiO2 is chemically stable at high 

temperatures and has good passivation and scratch resistance qualities 

[133]. Another material is TiO2 which has suitable refractive index (2.9 

at λ=350nm) and low absorption. In addition, TiO2 is well-known for 

its chemical resistance, mechanical toughness, and low moisture 

absorption [135]. p-GaN having the hole concentration of 5x1018 cm-3 is 

used in order to deplete 2DEG channel to keep the device in normally 

off state. The operating principle of the proposed device is based on the 

photogeneration of electron hole pair. Initially the device is off state 

when there is no light shine in the device and at the applied bias between 

source and drain, the charge accumulate at heterojunction interface 

between n-AlGaN and undoped GaN layer, the conduction band of the 

undoped GaN bend below the fermi level and electron of n-AlGaN 

tunnel into the GaN layer and  formed 2DEG at the interface, when there 

is no light shine on the device the fermi level of p-GaN region is near 
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the conduction band and there is no 2DEG channel is created and the 

device is normally in off state. Fig.4.1(b) shows the off state of the 

device p-GaN region is depleted when the beam of light is off state. 

When we shine the beam of light having the energy of wavelength 

greater than the band gap of p- GaN layer the light is absorbed by the p-

GaN region and it is transmitted by n-AlGaN region due to higher band 

gap of the n-AlGaN layer. 

Dual layer of SiO2 and TiO2 is act as an antireflecting layer to 

reduce the reflection of the light, the absorbed light generates electron 

hole pair in p-GaN region and at the applied bias between source and 

drain the generated electron jumps valance band to conduction band and 

drift towards the n-AlGaN/p-GaN interface, the accumulated electron 

form 2DEG channel at heterojunction.  

The 2DEG channel creates a conduction path and charge carriers 

flow from source to drain and device remains in on state till the beam of 

light is on. Fig.4.1(c) shows the ON state of the device in which the 

2DEG channel is formed when a beam of light shines on the device and 

current flows from drain to source of the device. When the beam of the 

light turned off the generated electron hole pairs recombine, and the 

device turned to OFF state. Fig.2 shows the 2-DEG channel formation 

at n-AlGaN/GaN heterojunction, photogenerated electrons jump from 

valance band to conduction band, the conduction band bending below 

the fermi level and form 2-DEG channel, charge flows from source to 

drain, and device remains in on state, when the light turned Off the 

generated electron hole pairs recombine and 2-DEG channel 

disconnected, and device turned Off. 

 

3.3 Optical Characteristics of the Device 

The optical characteristic of the device is numerically investigated 

by Lumerical Finite Difference Time Domain (FDTD)  
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  Fig.4.2(a) graph between reflectivity verses anti reflecting layers, 

reflectivity reduces from 42 % to 20 % at TiO2 thickness of 25 nm, 

further it reduces to 15 % by using SiO2+TiO2 anti reflecting layers to 

enhance the efficiency of the device (b) Absorbed power (Pabs) of 

incident beam of light λ=350nm, light absorbed at the surface of p-GaN 

region. 

analysis, to enhance the efficiency of the device a bi-layer anti-reflecting 

structure of SiO2 and TiO2 is used to reduce the reflection of light. 

Fig.4.2(a) shows the graph between reflectivity verses thickness of anti-

(a) 

(b) 
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reflecting layer, having the energy greater than the band 

gap of active region of the device (p-GaN) then the light 

absorbed by the 

 

 

 

 

 

 

 

Fig.4.2 (c) Optical generation rate (G): e-h pairs created at the p-GaN 

region. (d) This graph depicts photogeneration current verses applied 

optical power, the photogeneration current increases with increasing 

the optical power of the light source.    

device through the excitation of charge and excited electrons at valance 

band jumps to conduction band and leaves behind vacancy called hole, 

this process is called electron hole pairs generation. Fig.4.2(b) shows the 

absorbed power of incident light on to the device, most of the light 

absorbed (Pabs) at the surface of the p-GaN layer and absorptions of light 

decaying with respect to depth. The absorbed photons excite the electron 

hole pair generation. Fig.4.2(c) shows the photo generation of electron 

hole pairs at the surface of p-GaN layer. The most of the photogeneration 

(c) 

(d) 
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occurs at the surface of the p-GaN layer and its gradually decrease with 

depth of the optical generation rate is calculated with varying different 

laser power by script command and generation rate files imported in 

Lumerical DEVICE simulation for electrical simulation of the device. 

Fig.4.2(d) shows the graph between photogeneration current verses 

different laser power, and it is observed that the photogeneration current 

increases with increasing laser power. 

 

4.4 Electrical Characteristics of the Device 
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Fig.4.3(a) Electric field strength at n-AlGaN/GaN interface at no bias, 

due to higher depletion region the electric field strength is high (b) 

Electric field strength at n-AlGaN/GaN interface at applied voltage of 

5V the depletion region vanishes at electric field strength is low (c) fig. 

shows the variation of electric field strength with varying the applied 

voltage between source to drain at the heterojunction (d) carriers 

(electrons) concentration at 2-DEG channel  

The electrical characteristic of the device is numerically calculated by 

Lumerical DEVICE simulation tool [112]-[114]. The CHARGER solver 

(d) 

(c) 
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is run in steady state mode and transient state mode to calculate device 

current and switching characteristics respectively. The optical 

generation rate files at different laser powers are imported from 

Lumerical FDTD to calculate the device current at applied laser powers.  

Fig.4.3 shows the electrical characteristics of the device. Fig.4.3(a) 

shows the electric filed strength at the interface of n-AlGaN and p-GaN 

layer and electric field is higher when there is no applied voltage and 

channel is in depletion region and when the applied voltage is increases 

the depletion region vanishes. Fig.4.3(b) shows the depletion region at 

5V, and Fig.4.3(c) depicts graph between the electric field versus 

thickness of the device, at the zero bias the electric filed is higher at n-

AlGaN/p-GaN interface due to depletion region. When we increase the 

applied potential then the width of the depletion region starts to 

decrease, and electric field strength also decreases with increasing the 

applied potential. Fig. 4.3(d) shows the graph between carrier 

concentration verses device thickness, the peak depicts the carrier 

accumulated at AlGaN/GaN heterojunction (high 2DEG density) 

 

4.5 Optical Switching 

The numerical investigation of switching characteristics and switching 

speed of the device has been carried out by transient analysis of 

Lumerical DEVICE simulation. In transient analysis the optical 

generation rate imported from FDTD is activated for the duration of 0-

200 μsec. During the turn On time of the laser pulse (in form of 

photogenerated electrons ) with different laser powers are introduced 

and found that the current flows from source to drain and drain current 

saturates beyond 2 V Fig.4.4(a) shows the drain current vs applied laser 

pulse for the duration of 0-200 μsec with varying the laser powers and it 

shows that the drain current is high when the optical generation rate is 

activated and it down to zero when the optical generation rate 
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deactivated. So, the switching of the device can be controlled optically 

by applying laser power. Thus, unlike electrical controlled power 

transiter device optical control power transistor device can improve the 

number of system features, such as reduced electromagnetic interference 

(EMI), reliable electrical separation, getter-free operation, and 

separation of the power and control stages.  

 

Fig.4.4(a) graph between drain to source voltage verses drain current 

density at different laser power, drain current increases with increasing 

the laser power (b) the graph depicts the drain current verses applied 

laser power at 0-200 us pulse duration and it shows that the drain 

current rain high till the optical generation rate is activated and it down 

to zero when optical pulse (optical generation rate) turned off. 
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The switching speed of the device is evaluated by transient analysis of 

Lumerical DEVICE simulation, the photogenerated results imported 

from FDTD at applied laser power of 40 mW/cm2 and activated at pulse 

duration of 0-200 μsec and turn On and turn Off time of the device is 

calculated. The transient simulation of the device shows the good 

switching characteristics with rise and fall time (10-90%) of 0.7 μsec 

and 0.4 μsec respectively due to high optical absorption and short carrier 

lifetime of GaN.  

 

Fig.4.4(c) fig. shows the rise time (10 to 90% of drain current) of drain 

current when the generation rate is turned on (d) figure shows the fall 

time (90 to 10 % of drain current) of the drain current when the optical 

generation rate is turned off.  
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Fig.4.4(b) shows the graph between the activated photogeneration 

current duration period versus the drain current of the device at applied 

laser power of 40 mW/cm2.  Fig. 4.4(c) and (d) show the turn on time 

and turn off time of the power transistor verses drain current of the 

device. The optical switching characteristics of the device is fast enough 

for application of high frequency power devices.  

 

4.6 Summary 

In this work we have proposed and numerically evaluated optical 

triggering of n-AlGaN/GaN power semiconductor device. The device is 

normally an OFF device in the electrical domain and controlled by 

optical triggering in optical domain. The device current flows from 

source to drain when 2-DEG channel is formed due to absorption of 

photon of incident light and channel current can be controlled by varying 

the intensity of incident beam of light. The device exhibits low 

resistance which means it consumes low power and amount of heat 

generated is less and device yields low conduction loss. The switching 

characteristics of the device are also investigated, and device attain very 

low rise and fall time 0.7 μsec and 0.4 μsec respectively which can be 

used for high-speed application. The optical controlled power devices 

can be used for high frequency, high speed switching devices, high 

voltage and high current devices, power converter in applications where 

electronic system based on traditional Si power devices cannot operate.   
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Chapter – 5 

Tunable Plasmonic Absorber on Cu-ITO Structure 

 

5.1  Introduction  

Tunable plasmonic absorbers have drawn increased interest 

because of their numerous applications such as sensing [131,132], 

imaging [133], energy conversion [134,135], filters [136], 

photodetection [138,139], and modulation [133]. There have been 

several methods reported to achieve either narrow or broadband light 

absorption in the microwave [137], terahertz [138], infrared [139,140], 

and visible spectral range [141,142].  To produce tunable plasmonic 

absorbers, several nanostructures have been developed that couple the 

plasmonic effects in a system. [131,143,144]. Noble metals, like copper, 

silver, and gold, are ideal plasmonic materials by patterning such metals 

at the nanoscale level, a significant absorption of light can be achieved 

due to the excitation of plasmonic resonance in the infrared (IR) regime 

[145-148]. The excitation of surface plasmons (SP) in novel metals 

enables light confinement in the deep-subwavelength regime and can 

improve strong interactions between light and matter at the nanoscale. 

Plasmonic has made it possible to miniaturize components at the 

nanoscale level, allowing the integration of several optical and 

electronic devices on a single chip [149,150]. Unfortunately, pure metal-

based plasmonic absorbers are prone to highly metallic and scattering 

loss of light which can be overcome by incorporating Transparent 

Conducting Oxides (TCOs) [153,154]. Light's optical characteristics of 

the light can be tuned by using a variety of Transparent Conducting 

Oxides (TCOs) such as Indium zinc oxide (IZO) and aluminum zinc 

oxide (AZO) are two examples of the many TCOs. The most effective 

material to tune the optical properties of light is indium tin oxide (ITO) 
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[153,154]. It has recently been discovered that employing indium tin 

oxide (ITO) in a metal-oxide-semiconductor arrangement enables 

substantial voltage-controlled tuning in the refractive index to be 

generated through the accumulation of carriers through the electric field 

effect [155-157]. In this work, we experimentally demonstrated a 

tunable plasmonic absorber based on Copper-Indium Tin Oxide (Cu-

ITO) plasmonic gratings that can efficiently control the absorption of 

light at near-infrared (NIR) wavelength. The peak intensity of Ag, one 

of the many plasmonic materials (Cu, Au, Ag, and Al), is poor in the 

infrared region, while absorbers with Cu, Au, and Al have strong 

infrared absorption abilities. The Al absorber has a lower absorption 

intensity in the visible and near-infrared area compared to the Cu and 

Au absorbers. Also, the highly narrow absorption band for Ag absorber. 

The absorption spectra of Cu and Au absorbers are comparable, despite 

Au being a precious metal. Cu has thus been taken as the metal 

component for the suitable absorber material [159]. The structure is 

numerically proposed in our published work [158], and it is now an 

experimental demonstration with fabrication and confirmation of this 

kind of tunable plasmonic absorber. 

Here we use distributed copper grating filled with ITO material. 

Distributed copper grating not only reduces metallic losses but also 

enhances the confinement of plasmonic mode at the metal-dielectric 

interface and filled ITO material used to couple plasmonic mode for 

efficient tuning of propagating plasmonic mode by applied bias [149].  

Cu-ITO grating with discontinuous Cu strips filled with ITO and 

electrically controllable ITO permittivity gives us tunable absorption 

and effective plasmonic mode guidance. The employed n-type ITO 

demonstrates a considerable variation in charge carrier density with the 

applied voltage of -4 V, changing the optical absorption at telecom 

wavelength. The intensity of light varies from -35.57 dB to -57.77 dB at 
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0 V and -4 V respectively. The 100 µm long device shows an extinction 

ratio of 22.2 dB, 3 dB modulation bandwidth is 52.2 GHz, and the 

switching energy of the tunable absorber (high to low transmission and 

vice versa) is 60 p-Joule/bit.  

 

5.2 Device Structure & Working 

This mechanism of the electrically tunable plasmonic absorber 

device with distributed copper (Cu) gratings filled with n-type Indium 

Tin Oxide (ITO) material for efficient coupling of plasmonic modes is 

described for working at a 1550 nm wavelength.  The suggested 

mechanism's concept is to electrically tune the absorption of the light by 

changing the permittivity of ITO while efficiently coupling light in a 

Cu-ITO grating based on a silicon rib waveguide.  The schematic view 

of the proposed device is displayed in Figure 5.1(a). The illustrated 

structure is designed to fabricate on p-type (100) silicon wafer with 

resistivity 0.001-0.005 Ω-cm. The device has an integrated input/output 

coupler made of a homogeneous, periodic, single-layer silicon-air 

grating. The benefits of in-coupling (or fiber-to-chip) and out-coupling 

(or chip-to-fiber) are offered by high index contrast and subwavelength 

silicon grating. We optimized the grating parameters in our previous 

work [158] to efficiently couple 1550 nm wavelength with low loss. To 

acquire a proficient plasmonic tunable absorber we optimized device 

parameters to efficient coupling and propagation of plasmonic mode is 

calculated by Lumerical FDTD (Finite Difference Time Domain) 

analysis and MODE analysis, the grating period of input/output coupler 

is 600 nm, Duty cycle 50 % and grating height is 200 nm. On the top of 

200 nm thick silicon rib waveguide, 10 nm SiO2 is thermally grown and 

we use magnetron sputtering system to deposit 40 nm thick copper layer 

and patterned distributed copper grating (Period 600 nm and Duty cycle 

50 %) by using maskless lithography system, and 40 nm Indium Tin 



 

 

 

 

79 

 

 

 

Oxide (ITO) filled between Cu grating and 40 nm thick ITO is used as 

a capping layer to efficiently tuning of plasmonic mode of the device. 

 

Figure-5.1. Structure of plasmonic absorber with electrical tuning 

based on Cu-ITO distributed grating at 1550 nm wavelength fabricated 

on p-type silicon wafer, the height of coupler and silicon waveguide is 

200 nm and 10 nm of SiO2 is thermally grown at active region of the 

device and the device length is 100 um. The device consists of distributed 

copper grating with grating period of 600 nm and duty cycle 50 %, Cu-

ITO thickness is 40 nm on the top 40 nm capping layer of ITO material 

on the top of silicon rib waveguide, inset displays the confinement of the 

1550 nm optical beam in a guided plasmonic TM mode. At the Cu-ITO 

grating/SiO2 interface. Scanning Electron Microscopic view of the top 

surface of the Silicon-air grating coupler for efficient coupling of fiber 

to chip light along with taper waveguide and SEM image of active area 

of the Cu-ITO plasmonic tunable device on the top of capping layer of 

ITO for efficient tuning of light absorption. 

When we shine a beam of light with a wavelength of 1550 nm, a 

fiber-to-chip input coupler couples the light, and the optical mode 

propagates through a silicon waveguide. At the active region of the 
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waveguide, the device's Cu-ITO grating and SiO2 interface propagate 

the TM polarized plasmonic mode, and the inset shows the device's 

mode confinement. The tuning of light absorption of the device is 

governed by the applied bias of the electrode when we apply negative 

bias at the top of the ITO electrode and the electrode on the silicon layer 

is kept grounded. The negative bias pushes the electron on the ITO layer 

towards the junction and charge careers accumulated at the interface, the 

accumulated electrons at the junction of Cu-ITO and dielectric interface 

are efficiently coupled through the propagation of electromagnetic 

waves and create Surface Plasmon Polaritons (SPPs). The absorption of 

light by collective oscillation of accumulated electrons changes the 

intensity of light.    

   

5.3 Electrical & Optical Characteristics of the Device 

Lumerical simulation is used to evaluate the electrical and optical 

properties of the proposed device. The device consists of distributed 

Copper grating which not only enhances light matter interaction due to 

low and high index of Cu-ITO grating but also reduces plasmonic 

metallic loss. The absorption of light is influenced by the charge carrier 

variation of the device due to applied bias.  The side view of a single Cu 

strip filled with ITO material is shown in Fig. 5.2(c), we analyze the 

charge carrier perturbation by using the Lumerical CHARGE solver 

module. The change in charge carrier density caused by applied bias in 

ITO materials exhibits a change in permittivity in ITO material resulting 

in a change in the Effective Refractive Index of the device according to 

the formula. 

Δn=Δε/(2√ε)                                                                       (1) 



 

 

 

 

81 

 

 

 

 

Figure- 5.2 Illustrative view of operational principle of the device 

and plasmonic mode coupling of distributed Cu-ITO grating i.e., charge 

coupling analysis of single Cu strip surrounded by ITO material. (a) At 

ON state of the device light propagates through the device, charge 

carrier density of the device at 0V (b) At applied bias of -4 V the device 

acts as OFF state, the light absorbed by accumulated charge carrier at 

the interface of Cu-ITO grating and SiO2 (c) figure shows the cross 

sectional view of single Cu strip filled with ITO material, propagating 

plasmonic mode coupled with accumulated charge carrier density and 

changes the intensity of light (d) figure represents the enhanced electric 

field at the junction of the device at the applied voltage of -4V. 

when we apply negative bias at the ITO electrode the charge 

carrier accumulated at the interface of Cu-ITO grating and dielectric, 

figure 5.2 (a) shows the charge carrier density when bias is applied, and 

figure 5.2(c) shows the accumulated charge carrier when we applied – 4 

v the charge carrier changes from 1x1020 to 3.2x1020 cm-3. The 

accumulated electron changes the electric field intensity as shown in 

Fig. 5.2 (d). By changing the concentration of carriers (electrons) in the 
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ITO layer, the device's optical characteristics can be electrically 

changed. The high variability of carrier concentration due to the applied 

voltage makes it a suitable material for fine-tuning at telecom 

wavelengths at high modulation efficiencies.  The optical characteristics 

of ITO materials are observed by their mobile electron 

 

Figure 5.3 (a) Device plasmonic wave propagation in the absence 

of bias (ON state), Waveguide thickness and wave propagation direction 

are shown by the y and z axes, respectively and (b) propagation of a 

plasmonic wave at a -4 Volt applied voltage (OFF state). 

concentration, which behaves as per a free electron Drude model [161]. 

We use a Lumerical EME solver and FDTD to analyze the optical 

characteristics of the device. The generated np density file from the 

Lumerical CHARGE solver is imported to the Lumerical EME solver to 

observe the variation of the effective refractive index of the device and 

it changes from 2.335+i0.048 to 2.402+i0.0349 at the applied voltage of 

-4 V. the imaginary part of an effective refractive index represents the 

change of intensity of light with applied bias. We use FDTD to observe 

the wave propagation of the device. Figure 5.3 (a) shows the wave 

propagation at 0 V and the wave propagates through the device called 

ON state of the device. Figure 5.3(b) depicts the wave propagation at -4 

V the intensity of the light attenuates, and the device is called in OFF 

state.  
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5.4  Device Fabrication and Measurements 

To demonstrate the electrical tuning of plasmonic absorption of 

the device we deposited the ITO on a glass sample for optimization of 

ITO carrier concentration with distinct oxygen partial pressure. The ITO 

layer will have a varied electron density depending on the oxygen partial 

pressure used during ITO deposition [163]. When oxygen flow 

increases, oxygen atoms fill the gaps, reducing the number of defect 

states and the decrease in conductivity. This is why the ITO layer formed 

at 0 sccm O2 looks more conducive [164-166]. RF magnetron sputtering 

is used to deposit an optimized ITO layer at 40 sccm. Ar gas and 1 sccm 

oxygen gas at partial pressure of 1x10-6 torr to achieve n-type ITO 

having carrier concentration of 1x1020 cm-3.  After ITO's electron charge 

density is optimized to achieve a carrier concentration of 1x1020 cm-3, 

the Cu-ITO grating on the top of the silicon rib waveguide with silicon-

air grating coupler is fabricated using the standard fabrication procedure 

shown in Figure 5.4(a). Which shows the process flow of device 

fabrication. The device was fabricated on a p-type (100) 4 ‘’ silicon 

wafer having resistivity (0.001-0.009Ω-cm). 10 nm oxide layer is 

thermally grown by dry oxidation method and patterned by maskless 

lithograph for selective removal of oxide. The unwanted oxide is 

removed by buffer hydrofluoric (HF) acid, and we etched the silicon 200 

nm deep, which makes the silicon rib waveguide along with the silicon 

air grating coupler. To create distributed copper grating over a silicon 

rib waveguide, the maskless lithograph is used to create a positive 

photoresist pattern and then the 40nm copper layer was deposited by RF 

magnetron sputtering. A 40 nm thick ITO layer was first deposited, then 

an additional 40 nm layer of ITO was deposited as a capping layer on 

top of the Cu-ITO grating structure by RF magnetron sputtering method, 
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and finally aluminum metal was deposited for electrode formation by 

the lift-off method. 

 

Figure 5.4 (a). Diagram showing the proposed structure's typical 

fabrication process on a p-type silicon wafer. 

The fabricated device is characterized electrically and optically. 

The electrical measurement was performed to assess the modulation 

bandwidth and power usage. The capacitance's charging and discharging 

time (RC time), serves as a major constraint on the device's modulation 

bandwidth. The 3-dB modulation bandwidth is calculated using the 

expression [160-162]:  

𝑓3 ⅆ𝐵 =
1

2𝜋𝑅𝑠𝐶𝑇𝑜𝑡𝑎𝑙
                                                                     (5.6) 
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Rs represents the series resistance of the device, which is inversely 

proportional to device length, Rs includes ITO sheet resistance (160 

Ω/sq) and metal contact resistance (40 Ω/sq) and the measured value of 

device capacitance is 14 pF. The 3 dB bandwidth of the device is 

calculated to 53 GHz.  

The per-bit switching energy of the modulator is computed using 

the relation 

𝐸𝑏ⅈ𝑡 =
1

4
𝐶𝑇𝑜𝑡𝑎𝑙𝑉𝑝𝑝

2                                                                              (5.7) 

Where Vpp stands for peak-to-peak driving voltage, which is 4 V 

and the measured value of Ebit is 60 p-Joule/bit.   

An illustrative diagram of the optoelectronic measurement setup 

is shown in Figure 5.5. The setup includes a highly precise optical 

spectrum analyzer (OSA), a microscope, a polarization controller, a 

device under test (DUT), and a tunable laser source operating between 

1527 and 1566 nm in wavelength. The polarization controller receives 

the tunable laser source's fiber-optic output and activates the TM-

polarized mode before feeding it via the lensed fiber to the input coupler 

of the device under test (DUT), i.e., Transmitted light is gathered at the 

opposite end of the DUT by a silicon-air grating coupler and collimator 

fiber. To calculate the maximum coupled to power and note that we 

receive the most power at the output coupler, the single-mode lensed 

fibers for the input and output are oriented at 0°, 5° and 10° about the 

test device's surface normal. We receive maximum output power when 

the input fiber is kept at an angle of 10°. An optical microscope is used 

to place the electrical probe arms on the contacts with high precision. 
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 BNC cables are used to link these probe arms to the source 

measurement device.  

Figure- 5.5 Illustration of an experimental setup for 

optoelectronic characterization that includes a vacuum stage, source 

measurement unit, single-mode lensed fiber (SMF), polarization 

controller, high-resolution optical spectrum analyzer, tunable laser 

source, and optical microscope. 

 

5.6 Results & Discussion 

Figure 5.6 shows the experimental result of the measured 

transmission spectrum of the fabricated device, when there is no bias the 

maximum output power received at the Optical Spectrum Analyzer 

(OSA) keeping Input/Output coupling fibers at an angle of 100 from the 

normal. When we apply the negative bias on the top of the ITO 

electrode, the accumulated charge carriers at the junction lead to 

variations of the complex model of the device's refractive index. For the 

reverse bias, the intensity of the propagating beam is altered by the 

alteration in the complex effective index due to applied bias. The 

intensity of light reduces as we increase the reverse bias voltage. Figure 

5.6 (a) displays the graph between the power transmission spectrum in 

dB versus the wavelength of the light at various reverse-bias voltages 

and it shows that the intensity of light reduces with applied reverse-bias 

voltages. the output power normalized to input power.  
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Figure 5.6(a) Experimentally measured transmission spectrum 

with increasing reverse-bias voltage and inset shows zoom- in image of 

transmission spectrum at working wavelength (b) graph between 

extinction ratio verses applied reverse bias at fixed wavelength of 1552 

nm and Experimental fitting of transmission versus voltage at a fixed 

wavelength of 1552 nm for different sets of measurements on five sets of 

devices.  

The output power minimum and maximum are -35.57 dB and -

57.77 dB at an applied bias of 0 V and -4 V respectively. inset shows 

the change of intensity at the working wavelength, and it depicts that the 
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device attains maximum extinction ratio at the wavelength of 1552 nm. 

Figure 5.6(b) shows the graph between extinction ratio versus applied 

reverse bias voltages; the extinction ratio of the device is the ratio of 

maximum power received (at no bias) at the output to the minimum 

power (at an applied bias of -4 V) received at the output of the device. 

The device depicts the extinction ratio or modulation depth as 22 dB at 

the applied voltage of -4 V and the length of the device is 100 µm.  

The experiment of tunable absorber is performed for five sets of 

samples and transmission spectrums are recorded. Figure 5.6(b) shows 

the experimental fitting of transmission versus voltage for various sets 

of measurements on five distinct samples at a fixed wavelength of 1552 

nm. Fig depicts the variation of the transmission spectrum for applied 

voltages. The percentage error (variation of transmission spectrum in 

distinct devices) may be caused by fabrication tolerance and 

environmental effects during the device fabrication and/or fiber 

misalignment of chip-to-fiber or fiber-to-chip coupling during 

measurements. 

 

5.7   Summary  

A plasmonic absorber with an electrical tunable based on an 

engineered Cu-ITO structure with low voltage tuning and high 

extinction ratio is experimentally demonstrated. Operating at a telecom 

wavelength of 1.55 µm, the device is composed of a distributed grating 

based on copper and Indium Tin Oxide (ITO) with a capping ITO layer. 

The permittivity of the ITO layer changes with applied bias, which 

results in attenuation of intensity due to variation in the imaginary 

component of the effective refractive index. We observe that the 

intensity of light tunes from -35.57 dB to -57.77 by applying the voltage 

of -4 Volt.  the 3 dB modulation bandwidth is 52.2 GHz and the 

switching energy of the tunable absorber (high to low transmission and 
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vice versa) is 60 p-Joule/bit. our device displays the extinction ratio of. 

22 dB at a very low voltage of -4 V for a 100 µm long device. There are 

several uses of tunable absorbers where the tuning of light absorption is 

a prime requirement such as intensity modulator, biosensing, imaging, 

etc. 
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Chapter – 6 

 

Optical Field Enhanced Plasmonic Absorber 

 

6.1 Introduction 

The quest for highly efficient optical devices has driven significant 

advances in the field of plasmonic tunable absorbers. One promising 

area of research is the development of optical field-enhanced tunable 

plasmonic absorbers, particularly those utilizing epsilon-near-zero 

(ENZ) states in materials such as Indium Tin Oxide (ITO) [162]. These 

absorbers are designed to leverage unique optical phenomena at 

subwavelength scales to achieve enhanced performance in applications 

such as modulation, sensing, imaging and energy harvesting [160]. 

Plasmonic absorbers utilize the resonance of surface plasmons—

collective oscillations of free electrons in metals—interacting with 

incident light [154-158]. By carefully designing the geometry and 

materials of these absorbers, it is possible to achieve high absorption 

efficiencies at specific wavelengths. Subwavelength grating waveguides 

are a key component in modern optical devices due to their ability to 

manipulate light at scales smaller than the wavelength of light itself 

[157]. These structures consist of periodic patterns with features smaller 

than the wavelength of light, enabling efficient light confinement and 

propagation [154]. When integrated with plasmonic absorbers, these 

waveguides can enhance the interaction between light and the material, 

leading to increased absorption and improved device performance. 

Indium Tin Oxide (ITO) is a widely used transparent conductive 

oxide with notable optical properties. When ITO is engineered to 

operate near its epsilon-near-zero (ENZ) state, its permittivity 

approaches zero, resulting in unique optical behaviors such as enhanced 
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field confinement and reduced reflection. The ENZ state allows for 

substantial enhancement of the optical field within the material, which 

can be exploited to significantly improve the performance of plasmonic 

absorbers. 

The ability to tune the absorption properties of plasmonic devices 

is crucial for many applications. By adjusting parameters such as the 

wavelength of operation or the geometrical configuration of the 

absorber, it is possible to achieve targeted absorption profiles. The 

integration of ENZ materials like ITO into these systems provides an 

additional degree of tunability, allowing for dynamic control over the 

absorber's performance. 

The development of optical field-enhanced tunable plasmonic 

absorbers on subwavelength grating waveguides using the ENZ state of 

ITO represents a significant advancement in photonic technology. This 

approach combines the advantages of subwavelength waveguides, 

which allow for miniaturized and efficient optical components, with the 

unique properties of ENZ materials, leading to enhanced performance 

and new functionalities. 

Modern integrated photonics is swiftly advancing towards compact 

devices that offer a variety of signal processing capabilities [167]. 

Epsilon-near-zero (ENZ) materials have recently garnered significant 

interest in the research of plasmonic optics and nanophotonic devices 

due to their unique optical properties [168-169]. By adjusting the real 

part of permittivity to approach a near-zero value at certain wavelengths, 

ENZ materials can easily achieve a near-zero refractive index, n as given 

by the formula n= √𝜇𝜀 [5-6]. Their near-zero permittivity and refractive 

index result in exceptional optical properties that surpass those of typical 

dielectric materials. These include extremely high optical nonlinearity 

[170-172], significant field intensity enhancement (FIE), improved 
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control over light-matter interactions [140-145], and directional 

emission. 

Among the various optical methods to achieve an ENZ condition, 

transparent conducting oxides (TCOs) have been extensively studied 

due to their wide ENZ regions, spanning from ultraviolet to near 

infrared, their lower costs, and their simpler structural complexity. 

Indium tin oxide (ITO) is the most widely used type of transparent 

conductive oxide (TCO), known for its near-infrared epsilon-near-zero 

(ENZ) region and compatibility with CMOS technology. 

In this work device described is an optical field-enhanced tunable 

plasmonic absorber integrated on a grating waveguide, utilizing the 

epsilon-near-zero (ENZ) state of indium tin oxide (ITO). This design 

enables precise control over light absorption and modulation, resulting 

in notable performance metrics. The device achieves an extinction ratio 

of 1.9 dB per micron, indicating its effectiveness in modulating light 

intensity. It offers a modulation depth of 1.9 dB/μm, ensuring substantial 

contrast between the on and off states. Furthermore, the device supports 

a 3 dB bandwidth of 72 GHz, which is suitable for high-speed optical 

communication applications. The energy required per bit for data 

transmission is remarkably low, at 56.25 femtojoules per bit, 

highlighting the device's efficiency in terms of power consumption. 

These attributes make this plasmonic absorber a promising candidate for 

advanced integrated photonic systems, particularly in applications 

requiring high-speed, low-energy optical modulation. 

 

6.2 Device Structure & Working 

The optical field enhanced tunable plasmonic absorber described here 

leverages the epsilon-near-zero (ENZ) state of indium tin oxide (ITO) 

integrated with a subwavelength grating waveguide to achieve 

remarkable control over light absorption and manipulation at the 
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nanoscale. This device utilizes the unique optical properties of ITO 

when it approaches its ENZ state, where the dielectric permittivity 

becomes very small, leading to significant enhancement of the local 

electromagnetic field. By carefully tuning the ITO's permittivity, we can 

achieve precise control over the device's absorption characteristics. 

The core of this device is the subwavelength grating waveguide, 

Subwavelength grating waveguides offer significant advantages in 

photonics by enabling precise control over light propagation at scales 

smaller than the wavelength of light., allowing for enhanced light 

confinement and manipulation within a compact footprint. The primary 

benefits include reduced device size and weight, improved integration 

with other photonic components, and the ability to achieve strong light-

matter interactions. This waveguide facilitates the coupling of light into 

surface plasmon resonances supported by the ITO layer. The 

subwavelength grating's periodicity and geometry are meticulously 

designed to match the wavelength of interest, allowing efficient 

excitation of plasmonic modes that interact strongly with the incoming 

light. The grating also helps to enhance the interaction between the 

optical field and the ITO layer by trapping and guiding light in the 

vicinity of the material. 

The ITO layer, positioned on top of the grating, is engineered to operate 

near its ENZ state. At this point, the real part of the dielectric 

permittivity of ITO is close to zero, which significantly amplifies the 

optical fields localized at the interface. This amplification of the optical 

field is crucial for achieving high absorption efficiency.  
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Fig.6.1 3-D diagram of proposed Optical field enhanced tunable 

plasmonic absorber on subwavelength silicon grating waveguide 

assisted electrically tunable plasmonic absorber at 1550 nm wavelength 

on p-type silicon wafer. Si rib waveguide width is 600 nm, Si thickness 

is 300 nm, oxide thickness is 10 nm, ITO thickness is 40nm, Cu thickness 

is 40 nm, silicon strip width is 600nm, the Duty cycle is 50% and 

Plasmonic mode (TM mode) confinement at interface. 

The optical field-enhanced tunable plasmonic absorber is designed using 

a subwavelength grating waveguide structure is shown in figure, The 

device consists of a periodic array of silicon subwavelength gratings 

fabricated on a silicon substrate having height 300 nm. These gratings 

are made from a high-refractive-index silicon material, creating narrow 
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slits that allow for strong confinement and enhancement of the optical 

field. A thin (10 nm) layer of silicon dioxide is thermally grown, and 

ITO (40 nm) is deposited over the grating structure using RF- sputtering 

process, capitalizing on its ENZ properties in the near-infrared region. 

This configuration enables precise control over the plasmonic 

resonance, facilitating tunable absorption at 1550 nm wavelength. The 

optimized parameters of silicon input/output grating coupler to 

efficiently couple 1550 nm of wavelength is reported in our previous 

work []. These parameters are taken to fabricate the device to propagate 

1550 nm of light. The working principle of the device is based on tuning 

of permittivity of ITO by applying the electrical bias, when we apply the 

voltage, the enhanced electric field induced at ITO layer due to boundary 

condition (permittivity near zero of ITO), in a result the light absorption 

increase. 

 

6.3 Tuning Mechanism of the Device  

In this study, a Lumerical simulation was conducted to analyze the 

behavior of an epsilon-near-zero (ENZ) device based on indium tin 

oxide (ITO) under varying carrier concentrations. Initially, the ITO was 

simulated with a carrier concentration of 4.2x1020 cm−3, achieving an 

ENZ state that exhibited unique optical properties. By applying a 

voltage of -4 V, the carrier concentration within the ITO layer was 

modulated, shifting to a new concentration of 6x1020 cm−3. This change 

induced a significant alteration in the optical response of the material, 

transitioning from its initial ENZ state to a modified state with different 

refractive index characteristics. The simulation results demonstrated a 

marked change in light absorption and reflection properties, confirming 

the effectiveness of electrical tuning in controlling the ENZ behavior of 

ITO. This electrically tunable ENZ device showcases the potential for 

dynamic optical modulation in integrated photonic circuits. the tuning 
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mechanism of the device is numerically analyses by using Lumerical 

simulation tool. Lumerical CHARGE solver is used to analyses 

electrical characteristic of the device and Lumerical Finite Difference 

Time Domain (FDTD) is used to analyses optical characteristics of the 

device. To achieve ENZ state of ITO material at 1550 nm of wavelength. 

We optimize the doming carrier concentration and tuning voltage at 

which the plasma frequency of ITO material the propagating light 

through the device  

 

 

Figure -6.2 this figure shows the variation of charge carrier 

concentration at applied voltage of -4 V. this depicts the carrier 

concentration of ITO 6x1020 cm-3   achieve with applied voltage of -4 V. 

which matches the plasma frequency at the propagating wavelength of 

1550 nm.  

we achieved a baseline electric field strength as shown in figure(a) under 

no bias conditions. This initial simulation provided a detailed 

understanding of the device's inherent optical properties without any 

external influence. Upon applying a voltage of -4 V, the electric field 

strength increased significantly as shown in figure(b) which enhances 

the absorption of the light. This change demonstrates the device's 

tunability and responsiveness to electrical modulation. The ability to 

dynamically control the electric field strength with an applied bias is 
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crucial for applications requiring precise optical manipulation, this 

simulation confirms the effectiveness of our design in achieving 

 

 

Figure:6.3 this figure shows the electric field strength at applied bias 

(a) show the electric field at no bias and (b) show the electric field 

strength at applied bias of -4 V in V/cm 

significant electric field modulation, highlighting its potential for 

advanced photonic applications. After rigorous electrical simulation to 

achieve carrier concentration of ITO at which it shows the ENZ state of 

the IITO analyze the optical characteristics of the device using 

Lumerical FDTD simulation tool. In our study, we utilized Lumerical 

FDTD simulations to investigate the enhanced electric field strength in 

a device incorporating indium tin oxide (ITO) with epsilon-near-zero 
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(ENZ) properties. By applying a voltage of -4 V, we significantly altered 

the permittivity of the ITO layer, bringing it close to zero. This 

adjustment in permittivity, coupled with carefully chosen boundary 

conditions, facilitated the confinement and amplification of the electric 

field within the device. The ENZ behavior of ITO at -4 V creates an 

accumulation region where the material exhibits metal-like properties, 

drastically enhancing the local electric field strength. The simulation 

results demonstrated that this configuration leads to a substantial 

increase in field intensity, proving the effectiveness of ENZ materials 

and optimized boundary conditions in achieving superior performance 

in photonic devices. This enhancement is particularly beneficial for 

applications requiring strong light-matter interactions. 

 

Figure:6.4 this figure(a) shows the electric field strength of the 

propagating light at applied bias in V/cm (b) show the electric field 

strength at applied bias of -4 V in V/cm 

Figure shows the electric field enhancement of the light at applied 

voltage of -4 V. in figure (a) show the electric field strength in V/cm at 

the ITO region and it drastically enhanced as shown in figure (b) which  

enhance the light absorption in the device. After carefully electrical and 

optical analysis of the device we concluded that at doping concentration 

of 4.2x1020cm-3 of the ITO material we can tune the carrier concentration 

to 6x1020 cm-3 which depicts plasma frequency at 1550 nm wavelength 

to achieve maximum tunability of the light.  
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6.4 Material Processing for ENZ state of ITO 

To experimentally verify the strong electro-optic effects in ITO using 

the ENZ-effect, ITO is deposited on p-type SOI wafer at three distinct 

oxygen partial-pressure followed by an annealing treatment. Depositing 

ITO at various oxygen partial-pressure will yield different electron-

density in the ITO layer [151]. The optical constants of the ITO layer 

can be electrically tuned by the variation of its electron charge- density. 

When the electron charge density of the ITO layer is optimized at a zone 

where its permittivity is in close proximity to zero i.e., the ENZ-state, a 

larger change in the attenuation of the ITO can be seen making it a 

potent-candidate for intensity modulation across 1550 nm with a larger 

modulation- efficiency [163]. ITO acts as a free-electron Drude material 

whose optical-attributes are monitored by its motile electron-

concentration. The optical permittivity of ITO is given by: The optical 

permittivity of the ITO is denoted by 

𝜺𝑰𝑻𝑶 = 𝜺∞ −  
𝜔𝑝

2

𝜔2+ⅈ𝜔𝛤
                                                                        (7.1) 

  𝜔𝑝
2 =

𝑁𝑒
2

𝜀0𝑚𝑐𝑒
∗                                                                                       (7.2) 

Here 𝜀∞  represents dielectric constant of the material, 𝜔  depicts the 

angular frequency of propagating electromagnetic wave and the carrier 

collision frequency in the ITO layer of the device is denoted by 𝛤 ,  𝜔𝑝 

is the plasma frequency of the ITO layer, 𝑁𝑒  is electron charge 

magnitude and 𝑚𝑐𝑒
∗  is the effective mass of the electron [162]. 

To attain optimal modulation efficiency, the optical properties of 

the ITO-layer deposited on highly doped p- type SOI wafer at three 

distinct oxygen partial pressure i.e., i)1 sccm O2 & 40 sccm Ar, ii) 2 

sccm O2 & 40 sccm Ar and iii) 0 sccm O2 & 30 sccm Ar are examined. 

The p-type SOI wafers are ultrasonically cleaned   and   ion- assisted e-

beam deposition unit is utilized to carry out the deposition at an oxygen 

partial pressure of i) 1 sccm & 40 sccm Ar, ii) 2 sccm & 40 sccm Ar and 
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iii) 3 sccm & 40 sccm Ar iv) 3 sccm & 40 sccm Ar using a commercially 

available ITO ceramic target and 99.99% pure. Inside the deposition 

chamber, the background and working pressure is maintained at 5.7 x 

10-7 mbar and 7.5 x 10-3 mbar, respectively whereas the ion beam 

voltage and power is kept at 190 V and 80 W, respectively. The 

deposition is carried out at a rate of 10 nm /min. After the deposition, 

the wafers are annealed at 200°C for half an hour. The carrier density 

and conductivity of the deposited ITO films is measured on a room 

temperature hall-effect measurement set-up having Vander-Pauw 

geometry at 0.6 Tesla magnetic field and 1 mA current. The deposited 

ITO thin films as represented in Figure 6.4 exhibits n-type conductivity 

and the carrier density measured are shown in figure the carrier 

concentration verses the variation of the partial pressure of the oxygen 

gas. 

 

Figure:6.5 this shows the charge carrier density of the ITO material 

with RF sputtering deposition vs varying the partial pressure of the 

oxygen gas at 40 sccm of Ar gas at 80 W of RF power. 
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The permittivity of the ITO comes close to zero as reported in our group 

[149] there comes a dramatic alteration in the real and imaginary part of 

the refractive index of ITO. Henceforth, on the ITO coated si wafer with 

a carrier concentration of 4.2 x 1020/cm3, the real and imaginary part of 

the refractive index with respect to reverse- bias voltage of 4 Volt.  

 

6.5 Fabrication Process of the Device 

Fabrication Process of the Tunable Plasmonic absorber is shown in 

figure. The fabrication process is as fallows  

1. Wafer Cleaning: Begin with a silicon wafer and perform a 

thorough cleaning to remove any contaminants. This typically 

involves using a series of solvents such as acetone, isopropyl 

alcohol (IPA), and deionized (DI) water, followed by a drying 

step using nitrogen gas. Further cleaning can be done using 

piranha solution (a mixture of sulfuric acid and hydrogen 

peroxide) to remove organic residues and RCA cleaning to 

eliminate any remaining particles and metallic impurities. 

2. Thermal Oxide Growth: Grow a layer of silicon dioxide (SiO₂) 

10nm on the cleaned silicon wafer through thermal oxidation. 

dry oxidation (using oxygen gas). The thermal oxidation process 

is performed at high temperature 1050°C) in a furnace to form a 

uniform oxide layer of desired thickness. 

3. ITO Deposition: Deposit a thin film(40nm) of indium tin oxide 

(ITO) onto the silicon dioxide layer. This can be achieved using 

techniques RF sputtering at 40 sccm, Ar gas and 80 W RF power.  

4. Lithography Patterning: Apply a photoresist layer onto the ITO-

coated wafer using spin coating. Soft bake the wafer to evaporate 

the solvent and harden the photoresist. Develop the exposed 

photoresist in a developer solution to reveal the pattern on the 

ITO layer. 
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5. Selective Removal of Oxide and ITO: wet etching using HCl and 

DI water (1:4) etching technique to selectively remove the 

exposed areas of the ITO layer, following the developed 

photoresist pattern. After the ITO etching, use a buffered oxide 

etch (BOE) solution or hydrofluoric acid (HF) to selectively etch 

away the exposed silicon dioxide, leaving behind the patterned 

ITO and oxide layers. 

6. Wet Etching of Silicon: Remove the remaining photoresist using 

a solvent such as acetone. Perform wet etching of silicon using 

tetramethylammonium hydroxide (TMAH) solutions. 

 

 

Figure:6.6 (a) Wafer cleaning with acetone, IPA and Pirahna 

solution (b) Dry oxidation at 1050 oC for oxide growth (c) RF 

magnetron sputtering for deposition of ITO (d) spin coating of 
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positive PR and lithography for pattering of structure (e) Wet 

etching for remove ITO and oxide followed by TMAH wet 

etching of silicon substrate (f) selective deposition of metal for 

formation of contact pads. 

 

7. Repeat the process of lithography for Lift off copper deposited 

via RF sputtering method   

8. Final Steps: Clean the wafer thoroughly to remove any residual 

chemicals and etchants. Rinse the wafer with DI water and dry it 

using nitrogen gas. Inspect the wafer using optical microscopy 

to ensure the patterning and etching processes were successful 

and the device features are accurately defined. 

 

 

Fig.6.7 Scanning Electron Microscopic (SEM) images of the fabricated 

device. 

 

6.6 Device Measurement  

An illustrative diagram of the optoelectronic measurement setup 

is shown in Figure 6. The setup includes a highly precise optical 
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spectrum analyzer (OSA), a microscope, a polarization controller, a 

device under test (DUT), and a tunable laser source operating between  

Figure 6.8: (a) An illustrative-representation of the experimental 

optoelectronic characterization setup composed of tunable laser source, 

polarization-controller, high resolution optical-spectrum- analyzer, 

SMF: single mode lensed fiber, vacuum-stage, DUT: device- under-test, 

source-measurement-unit, function-generator, and an optical-

microscope (b) Photograph of the electrical and fiber-optic probe 

station used for device measurements. 
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1527 and 1566 nm in wavelength. The polarization controller 

receives the tunable laser source's fiber-optic output and activates the 

TM-polarized mode before feeding it via the lensed fiber to the input 

coupler of the device under test (DUT), i.e., Transmitted light is gathered 

at the opposite end of the DUT by a silicon-air grating coupler and 

collimator fiber. To calculate the maximum coupled to power and note 

that we receive the most power at the output coupler, the single-mode 

lensed fibers for the input and output are oriented at 0°, 5° and 10° about 

the test device's surface normal. We receive maximum output power 

when the input fiber is kept at an angle of 10°. An optical microscope is 

used to place the electrical probe arms on the contacts with high 

precision. 

 

6.7 Results and Discussion 

Figure 6.8 represents the experimentally measured transmission-

spectrum of the fabricated incidence angle 10° with respect to the 

grating normal. The device is coupled with maximum power at 100 

angles with normal [149].  The output power is normalized to the input 

power and plotted in dB. The maximum transmission of -22 dB is 

calculated at 1550 nm for a 10° angle of incidence form the grating 

normal. The choice of device is geometry is such that on one hand, it 

improves the light matter interaction for better modulation efficiency on 

the other hand it inherits grating type structure allows coupling of free-

space light to the waveguide mode. 

On applying the reverse-bias voltage on the fabricated device, the 

ENZ state of the ITO achieve at the applied bias of -4 V and large change 

of transmission spectrum is seen on Optical Spectrum Analyzer it is due 

to the absorption of the light The voltage-induced change in the complex 

effective index changes the intensity of the propagating beam with 

respect to the reverse-bias in accordance with the ENZ-effect and the 
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Drude model of ITO. Figure 6.11 (a) exhibits the transmission- spectrum 

at different reverse-bias voltage where output power is normalized to 

input power. 

The maximum as well as the minimum output power achieved is 

-22 dB and -41 dB, respectively as shown in figure. The transmission 

from the fabricated device decreases with the increase in the reverse-

bias due to a increment in the attenuation. After further increment of the  

 

Figure 6.9: (a) Experimentally measured transmission spectrum 

with increasing reverse bias voltage. (b)The extinction ratio 

calculated from the transmission spectrum. 
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voltage to -5 V the transmission of the light further increases due to shift 

of plasma frequency to another wavelength. Figure 6.11(b) shows the 

experimental extinction-ratio calculated from the transmission-spectrum  

Figure 6.10: (a) Experimental fitting of transmission versus voltage at 

a fixed wavelength of 1550 nm for different sets of measurements on five 

sets of devices. The percentage of error may be because of fiber-

misalignment or fabrication- tolerance. (b)The transmission spectrum 

of numerically calculated and experimentally measured  
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at different reverse-bias voltage. The extinction-ratio calculated is 1.9 

dB/micron for the maximum voltage of -4 V and device length of 10 

μm. Figure 6.12 (a) depicts the experimental fitting of transmission 

versus voltage at a fixed wavelength of 1550 nm for a different set of 

measurements on five different samples. The percentage of error may be 

because of fiber- misalignment or fabrication-tolerance. 

 

6.8 Summary 

The device described is an optical field-enhanced tunable plasmonic 

absorber integrated on a grating waveguide, utilizing the epsilon-near-

zero (ENZ) state of indium tin oxide (ITO). This design enables precise 

control over light absorption and modulation, resulting in notable 

performance metrics. The device achieves an extinction ratio of 1.9 dB 

per micron, indicating its effectiveness in modulating light intensity. It 

offers a modulation depth of 1.9 dB/μm, ensuring substantial contrast 

between the on and off states. Furthermore, the device supports a 3 dB 

bandwidth of 72 GHz, which is suitable for high-speed optical 

communication applications. The energy required per bit for data 

transmission is remarkably low, at 56.25 femtojoules per bit, 

highlighting the device's efficiency in terms of power consumption. 

These attributes make this plasmonic absorber a promising candidate for 

advanced integrated photonic systems, particularly in applications 

requiring high-speed, low-energy optical modulation. 
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Chapter 7 

 

7.1 Conclusion 

This thesis explored the development of low-dimension photonic 

devices leveraging hybrid materials, focusing on both electrically 

tunable plasmonic absorbers and optically triggered semiconductor 

power transistors. The research introduced a highly efficient electrically 

tunable plasmonic absorber based on Cu-ITO subwavelength grating on 

a silicon-on-insulator (SOI) platform, optimized for operation at telecom 

wavelengths (1.55 µm). By utilizing the unique electro-optic properties 

of indium tin oxide (ITO) combined with copper's plasmonic 

capabilities, the device demonstrated high extinction ratios and low-

voltage operation, paving the way for compact, energy-efficient optical 

components. In addition, an optically triggered AlGaN/GaN 

semiconductor power transistor was developed, incorporating a bi-layer 

anti-reflective structure of SiO2 and TiO2 to enhance optical triggering 

efficiency and overall performance. The transistor's ability to control 

device current through light intensity offers a significant advancement 

in power switching applications. Lastly, another plasmonic absorber 

featuring a Cu-ITO structure on silicon was created, further improving 

device performance by achieving efficient light confinement, low power 

consumption, and high optical tunability. Collectively, these 

contributions demonstrate the potential of hybrid materials and 

nanostructured designs for advancing photonic devices with 

applications in telecommunications, sensing, and power electronics. 

Silicon photonics provides a promising platform for developing 

highly scalable and potentially cost-effective on-chip photonic devices. 

However, challenges such as its weak electro-optic effect, diffraction 
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limit, and poor light-matter interaction led to large device footprints, 

high power consumption, and low extinction ratios in silicon-based 

tunable absorbers. These limitations raise doubts about whether silicon 

alone can meet the performance requirements for compact, highly 

tunable absorbers. Enhancing silicon photonics with additional materials 

or finding a cost-effective active material to combine with silicon is 

essential for achieving these performance goals. Indium tin oxide (ITO) 

has shown excellent electro-optic properties for efficient light tuning, 

while copper (Cu) is effective for nanoscale light confinement in 

plasmonic structures. This thesis explores a Cu-ITO-based tunable 

plasmonic absorber to achieve high extinction ratios, low voltage tuning, 

low power consumption, and higher bandwidth devices. Additionally, 

an optical control power transistor is incorporated due to its advantages 

over electrically gate-tunable power devices. 

The research presents a comprehensive exploration of electrically 

controlled plasmonic absorbers, integrating copper (Cu) and indium tin 

oxide (ITO) structures within silicon-on-insulator (SOI) platforms. The 

work demonstrates both numerically and experimentally that 

incorporating Cu-ITO subwavelength gratings into waveguides enables 

highly efficient, tunable absorption at telecom wavelengths around 1.55 

µm. The tunable permittivity of n-type ITO allows for significant 

modulation of optical absorption through applied voltages, with the 

devices achieving notable performance metrics, including extinction 

ratios of up to 22 dB and bandwidths exceeding 50 GHz. 

Key findings highlight the ability of Cu-ITO structures to confine 

plasmonic modes efficiently, leading to high extinction ratios, small 

mode areas, and low power consumption. The epsilon-near-zero (ENZ) 

state of ITO is also exploited to enhance optical field effects, further 

improving the modulation depth and speed of the devices. With 

bandwidths reaching up to 72 GHz and energy efficiencies as low as 
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56.25 femtojoules per bit, these absorbers demonstrate significant 

potential for applications in high-speed optical communication, 

imaging, biosensing, and other nanophotonic devices that require 

tunable optical absorption. 

This research also focusses on optically controlled AlGaN/GaN 

semiconductor power transistor with a low on-resistance and normally-

off high electron mobility 2DEG channel offers a promising solution for 

efficient power control. By leveraging the photogenerated electron 

transitions at the n-AlGaN/GaN heterojunction, the device enables 

precise current control through light intensity modulation. This results 

in low conduction losses, fast switching capabilities, and minimal on-

resistance, making the device highly efficient for power switching 

applications. The integration of an optical control mechanism enhances 

performance and provides significant advantages over conventional 

electrically controlled transistors. 

7.2 Future Scope 

The success of this research opens several avenues for further 

exploration and development: 

1. Performance Optimization: Further refinement of the Cu-ITO 

grating design can be pursued to enhance absorption efficiency, 

reduce losses, and improve the quality factor of resonances. 

Optimization techniques such as machine learning algorithms 

can be employed to explore a broader parameter space. 

2. Material Innovation: Investigation of alternative materials or 

composite structures that combine the benefits of Cu and ITO 

with other advanced materials (e.g., graphene, transition metal 

dichalcogenides) could lead to further improvements in 

performance and functionality. 

3. Advanced Fabrication Techniques: Further research can focus 

on optimizing fabrication techniques to achieve even finer 
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control over the nano structuring of the subwavelength grating 

waveguide. Techniques such as electron-beam lithography, 

nanoimprint lithography, and advanced etching methods can be 

explored to enhance the precision and scalability of the 

plasmonic absorber. 

4. Broadband and Multi-band Absorbers: Developing designs 

that can achieve broadband or multi-band absorption by 

incorporating additional layers or modifying the grating 

structure could expand the range of applications, including 

multi-wavelength optical communication systems and 

broadband photodetectors. 

5. Thermal and Mechanical Stability: Assessing and enhancing 

the thermal and mechanical stability of the plasmonic absorber 

will be crucial for practical deployment in real-world 

environments, particularly in high-power or harsh conditions. 

6. Integration with Active Devices: Exploring the integration of 

the plasmonic absorber with active optoelectronic components 

such as modulators, detectors, and light sources can lead to the 

development of fully integrated photonic circuits with enhanced 

functionality. 

7. Sensing Applications: Leveraging the high sensitivity of the 

designed absorber for biosensing and environmental monitoring 

applications could be explored, utilizing its tunable properties to 

detect a wide range of analytes with high specificity and 

sensitivity. 

The development of an optically triggered AlGaN/GaN 

semiconductor power transistor incorporating a bi-layer anti-reflecting 

(AR) structure marks a significant advancement in the field of power 

electronics. The promising results from this research open several 

avenues for further investigation and development: 
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1. Broadband Anti-Reflecting Structures: Future research can 

focus on developing broadband AR structures that can operate 

efficiently over a wider range of wavelengths, enhancing the 

versatility and application range of the optically triggered 

transistor. 

2. Integration with Photonic Systems: Exploring the integration 

of these optically triggered transistors with advanced photonic 

systems could lead to the development of more efficient and 

compact optoelectronic devices, such as optical switches and 

modulators. 

3. Thermal Management Solutions: Investigating advanced 

thermal management techniques will be essential to address the 

heat dissipation challenges associated with high-power 

operations, thereby improving the device's longevity and 

performance. 

4. Alternative Material Systems: Exploring other wide-bandgap 

semiconductor materials, such as SiC or diamond, in conjunction 

with optimized AR structures, may yield devices with even 

higher performance metrics and broader application potential. 

5. Scalability and Manufacturing: Addressing the challenges 

related to the scalability and manufacturability of the bi-layer 

AR structures and the overall device can pave the way for 

commercial production and widespread adoption in various 

industries. 

6. Reliability Testing: Long-term reliability and robustness testing 

under different environmental conditions will be crucial to 

ensure the practical applicability of the developed transistor in 

real-world scenarios. 

By building on the foundation laid by this research, future efforts 

can continue to push the boundaries of optically triggered 
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semiconductor devices, leading to innovations that can significantly 

impact the fields of power electronics, telecommunications, and beyond. 

In conclusion, the development of an optical field enhanced 

tunable plasmonic absorber on a subwavelength grating waveguide 

using the ENZ state of ITO opens up exciting possibilities in photonics. 

Continued research and development in this area will likely lead to 

significant technological advancements and a wide range of practical 

applications, from advanced sensors to integrated photonic circuits. 
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