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ABSTRACT 

The field of photonics has seen rapid advancements in recent years, leading to the development of 

innovative optical technologies that have greatly improved our daily lives. For instance, the use of 

optical fibers has revolutionized long-distance communication, allowing for the transmission of 

vast amounts of data at high speeds. In the medical field, optical imaging techniques have enabled 

doctors to non-invasively diagnose and treat a wide range of diseases.  Photonic integrated circuits 

(PICs), semiconductor chips with both photonic and electronic elements, have the potential to take 

these advancements even further. By integrating high-speed optical devices onto a compact chip, 

PICs can bridge the size disparity between electronics and photonics, paving the way for the 

development of ultra-fast, low-power optical communication and computing systems. Beyond 

telecommunication, PICs have a wide range of applications, including autonomous driving, 

healthcare, optical sensing, quantum computers and networks. 

However, realization and wide adoption of PICs across the various fields faces a key challenge. 

Traditional photonic active devices utilize dielectric (e.g. glass) or semiconducting materials (e.g. 

silicon) and are typically quite large, on the scale of 100’s of um, while electronic devices are 

several orders of magnitude smaller (0.01 um). This has led to integration challenges when 

combining electronics and photonics on a single platform.  

Plasmonics, a technology which confines light to the interface of metals and dielectrics, has a 

potential to address challenges. In particular, it has been shown to led to smaller devices (~10 um 

or less), enabling higher density optical circuits and devices on-chip. However, the technology is 

limited by quite extraordinarily high off-state transmission, wherein ~10% of an input signal makes 

it out of the device. This is simply too high to be practical and has restricted plasmonic technologies 

from impacting PIC technology.  
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This thesis seeks to address this size disparity, while maintaining high speeds (100’s of GHz), low 

losses (< 1dB) and high energy efficiency (~ 100 fJ/bit), through the concept of plasmon-assisted 

devices.   

The plasmon-assisted design philosophy is based on engaging and disengaging the lossy plasmonic 

component based on when active modulation is needed. This can be thought of as turning a “knob” 

to route light into the lossy plasmonic element, when low transmission is desired or route light into 

a dielectric element, when high transmission is needed. In the work presented here, we illustrate 

two methods to achieve this functionality, 1) by utilizing unique materials with epsilon-near-zero 

properties that can be switched been low loss-dielectric state, or a high loss metallic state, 2) by 

utilizing resonant structures such as ring resonators that use the interference of light waves to 

change the pathway light takes, either through a low-loss waveguide or a lossy plasmonic ring.,. 

Using the plasmon-assisted design philosophy, I explore 4 integrated photonic devices: an all-

oxide modulator, a hybrid polymer-based modulator, a nano-opto-electro-mechanical (NOEM) 

based dynamic polarization rotator, and a NOEM based router. Furthermore, the all-oxide 

modulator, due to its ready availability of materials and broadband nature, is fabricated as a proof-

of-concept fabrication sequence.  

As will be shown, the use of the plasmon-assisted approach generates proposed devices that have 

the potential to exhibit record performance, significantly elevating the capabilities of integrated 

photonic devices while greatly reducing the size disparity. For example, the all-oxide modulator 

can exhibit resistive-capacitive (RC) limited speeds of up to 333 GHz with a sub 0.2 dB insertion 

loss (IL), while the hybrid polymer-based modulator can exhibit RC limited speeds of 700 GHz 

but with narrow linewidth. The NOEM based devices can operate with record low energy 
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consumption, down to a few 100 aJ/bit. In addition, this record-breaking performance can be 

achieved with device that are less than 40 um2 in size. 

Together, these devices achieve leading performance in a small platform, while critically 

addressing the loss issue that has so far plagued plasmonic technologies. Moreover, by realizing 

not just one, but a suite of key devices that are compact, high performing and low loss, this work 

enables the realization of a fully functional device platform that can be employed in future PICs 

and facilitate rapid advancements in telecommunications. 
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1. INTRODUCTION 

Over the past several decades, the world has steadily undergone a digital transformation, a trend 

that is only set to accelerate over the next few decades. This transformation has been fueled in 

large part through the development of the internet. Today the internet is central to the functioning 

of key sectors affecting our lives such as financial markets, healthcare systems, 

telecommunications infrastructure supporting the work-from-home trends, entertainment, and 

much more [1]. Yet, this success is not without its challenges. In just two years, it is predicted that 

more than 4.8 zettabytes will pass through global networks every year, a value that is more than 

the entire sum of information transmitted between 1984 and 2016. This exponential growth is 

bolstered by the continued penetration of internet connectivity across the globe as well as by 

several technologies becoming standard, including 5G wireless networks (more than 10× current 

speeds), ultrafast WiFi-6 networks and hotspots (10 Gbps), artificial intelligence development 

within the technology sector, ultra-high-definition, and ultra-dense internet of things with 

applications ranging from smart health to smart cities [2]. Moreover, the type of traffic is changing, 

where by 2022 it is predicted that nearly half of all the connections will be between machines, and 

enormous amounts of data, upwards several petabytes, will routinely flow within a given data 

center to support artificial intelligence [3,4]. 

Integrated photonics, a rapidly emerging field in photonics, is playing a crucial role in supporting 

this exponential growth of the internet and other related applications such as sensing, 

communication and more recently, computing. One of the most widely used components of an 

integrated photonics circuit is an optical interconnect. These devices facilitate conversion between 
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electrical and optical signals and are commonly used in data centers. However more recently, 

optical interconnects have found use in high performance semiconductor chips that support 

artificial intelligence (AI) and machine learning (ML) applications [5]. This field has seen 

extraordinary momentum over the last decade, so much so that OpenAI, an AI research and 

deployment company, noted that since 2012, “the amount of compute used in the largest AI 

training runs has been doubling every 3.4 months”  [5]. This staggering growth has been sustained 

by continuous development of large neural networks, with over a trillion nodes, that improve both 

accuracy and generality, from companies such as Nvidia, Microsoft and Google. Up until 2019, 

the biggest model was the Transformer with 465 million parameters, equivalent to the number of 

synapses of an insect less intelligent than a honeybee (Fig. 1). By mid-2020, the Gshard MoE was 

the largest natural language processing (NLP) model with over a trillion parameters, equivalent to 

the number of synapses of a mouse. From this point, the jump to human-level translation 

capabilities are just a few orders of magnitude and potentially a few years away. However, the 

path to human-level AI and beyond, is not clear. All that is known is that the jump requires an 

increase of at least 3 orders of magnitude in the number of model parameters, along with a 

corresponding increase in computational throughput (by adding nodes and increasing speed of 

each node) [5]. This is challenging to achieve using existing technologies, as they rely on copper 

cables, which serve as interconnects on a chip. However, data transfer rates using copper cables is 

usually limited to about 300 Mbps, and this limitation is often referred to as the copper bandwidth 

bottleneck. The limitation in speed stems from the fact that these cables need to be charged and 

discharged to transmit data. Moreover, closely spaced cables also lead to parasitic capacitances, 
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which further limits the speed (RC). On the other hand, optical pulses through waveguides can 

theoretically support THz bandwidth. 

Thus, to support an increase in number of model parameters and nodes, 

potentially up to a 1000x increase, the copper bandwidth bottleneck needs to be 

overcome, which is where optical interconnects are set to play an integral role.  

 

Figure 1: The number of synapses found in various species and compared to the state-of-the-art 

neural networks. The Gshard MoE already has any many synapses as a mouse [5]. 

The movement towards optical interconnects to overcome this limitation is already underway [5–

7], and is becoming a new standard in the construction of large-scale networks. While successful, 

the use of optical data transmission necessitates the conversion of electrical data in traditional 

electronics (e.g., computers, sensors) into optical signals. The device which performs this 

operation is called an Electro-optic (EO) modulator, which accepts electrical signals as an input 

(i.e., data from a computer) to alter the properties of a light (e.g. amplitude or phase). 
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Beyond the key role EO modulators play in data centers they are also essential in areas such as 

aerospace and defense. These include the rapidly rising bandwidth demands, while maintaining 

size, weight and power compatibility and avoiding electromagnetic interference[s] as aircrafts, 

spaceships and other vehicles become increasingly complex with several electronic sensors, 

actuators and computer systems are added for increased autonomy. EO modulators further enable 

greater design freedom, as they can allow systems to be logically connected, but physically 

distributed. For example, a beam former is controlled by sensors and processors, which are 

functionally and logically connected, however need not be physically co-located. To enable greater 

design freedom, EO modulators can enable these to be physically decoupled, such that sensors and 

processors can fit within different size, power, and weight constraints [6]. Lastly, the mechanical 

and thermal robustness of I/O interconnects, which most industry-leading designs lack, is 

quintessential for defense applications. To support these trends and mission critical applications, 

EO modulators need to witness rapid improvement from the current industry-leading designs.  

To illustrate the importance of advances in this sector, I note that the market for 

EO modulators, even excluding semiconductor chips for AI and ML applications, 

is expected to balloon into a $44 Billion industry, at representing a compound 

annual growth rate of 7% from now through 2026 [8]. 

While EO modulators are perhaps the most critical component in the translation of electrical 

signals into optical signals, they are but one component required to effectively transfer information 

across a network reliably. In particular, additional devices are required including signal routers 

(which sort and direct traffic on a network to its desired location), multiplexers (which enable 

multiple data streams to be sent in parallel), polarization controllers (which facilitate the ability to 
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interact with optical devices such as couplers), and optical isolators (which minimize potentially 

damaging feedback into lasers or other devices). These devices can be broadly divided into two 

categories based on their speed of operation, Tier 1 and Tier 2. 

 

Figure 2: Schematic of the two parts of a network packet. Tier 1 devices operate only on the 

header, whereas Tier 2 devices operate on every byte of the payload.  

To examine the difference between Tier 1 and Tier 2 devices, we consider the structure of a typical 

information packet sent across the internet (Fig. 2). It typically contains two main parts: a header 

and a payload. The header, typically about ~60 bytes in size, is a section of the packet that contains 

information about the packet, such as the source and destination addresses, the packet type, and 

other metadata. The payload, up to ~65,000 bytes, is the actual data that is being transmitted in the 

packet. This could be a message, a file, or any other type of data. The header and payload are both 

important for ensuring that the packet is delivered to the correct destination and that the data is 

properly interpreted by the receiving device. As this network packet enters passes through an 

optical network, routers and switches read only the header and route the payload to its respective 
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port. On the other hand, modulators which lie further down the line, operate on every bit of the 

payload. This translates to devices such as routers, operating at speeds of MHz (Tier 1 speed), 

while the modulators and detectors operate at several GHz (Tier 2 speed).   

 

Figure 3: (a) Examples of a fiber coupled optical switch from ThorLabs, (b) Example of a fiber 

coupled EO modulator from Aerodiode. Each of these devices about ~5 cm in length.  

Currently, many of these components are large physically separate devices that are connected via 

fiber optic cables, see Figure 3. While quite effective, these devices incur limitations in size, power, 

and cost, particularly in applications where space is a premium such as in aircraft or in data centers. 

As a result, significant efforts are underway to realize photonic integrated circuits (PICs) which 

seek to combine multiple optical devices on a single chip and co-integrate this with electronics for 

control [9,10]. The promise of the PIC is to radically increase the density and complexity of optical 

circuits, while reducing the cost and energy consumption. 

While significant progress has been made [9], the realization and wide adoption of PICs across the 

various fields faces a key challenge. Traditional photonic active devices utilize dielectric (e.g., 

glass) or semiconducting materials (e.g. silicon) and are typically quite large, on the scale of 100’s 

of um, while electronic devices are several orders of magnitude smaller (0.01 um). This has led to 

integration challenges when combining electronics and photonics on a single platform.  
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Plasmonics, a technology which confines light to the interface of metals and dielectrics, has a 

potential to address challenges [11–13]. In particular, it has been shown to led to smaller devices 

(~10 um or less), enabling higher density optical circuits and devices on-chip. However, the 

technology is limited by quite extraordinarily high off-state transmission, wherein ~10% of an 

input signal makes it out of the device. This is simply too high to be practical and has restricted 

plasmonic technologies from impacting PIC technology.  

In this thesis, I seek to address this challenge through a plasmon-assisted design philosophy, 

wherein the lossy plasmonic (i.e., metallic) element is selectively engaged or disengaged as 

needed. This can be thought of as turning a “knob” to route light into the lossy plasmonic element, 

when low transmission is desired or route light into a dielectric element, when high transmission 

is needed. In the work presented here, we illustrate two methods to achieve this functionality, 1) 

by utilizing unique materials with epsilon-near-zero properties that can be switched been low loss-

dielectric state, or a high loss metallic state, 2) by utilizing resonant structures such as ring 

resonators that use the interference of light waves to change the pathway light takes, either through 

a low-loss waveguide or a lossy plasmonic ring.  

In this thesis, I use this approach to explore four critical Tier 1 and Tier 2 plasmon-assisted 

components of PICs:  

• Tier 1 Speed: 

a. Polarization controller 

b. Optical router 

• Tier 2 Speed: 

a. Near-zero-index based EO modulator 

b. Polymer based EO modulator  
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Figure 4: A rendering of a photonic integrated circuit. This semiconductor chip has both electrical 

and optical elements on it. As an example, electrical signals are encoded onto the optical input 

with the help of routers, switches, modulators, and polarization controllers. 

As a result, by realizing not just one, but a suite of key devices that are compact, high performing 

and low loss, this work overcomes prior limitations of photonic and plasmonic technologies and 

enables the realization of a fully functional device platform that can be employed in future PICs 

(Figure 4). This advance facilitates can thus readily enable the improved co-integration of 

electronics and photonics on-chip and generate fundamental new capabilities in defense, data 

science, and telecommunication applications. 
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2. BACKGROUND 

The optical response of materials is described by the complex refractive index, which is dispersive 

in nature. Depending on the type of material, such as absorbing or transparent, the complex 

refractive index is modelled using several models. Some of the empirical formulae are Cauchy’s 

equation and Sellmeier’s Equation often used to model transparent regions. On the other hand, 

more physical models such as Drude, Lorentz, P-Semi, Tauc-Lorentz and similar are used to model 

band edge absorption, inter-band transitions, defect related absorption or the free electron response 

of the material. For the materials discussed in this thesis, the Drude and the Lorentz models have 

been widely used and the following section describes them in further detail.  

2.1. Lorentz Oscillator Model 

The bound electronic response is described by the Lorentz oscillator model. The interaction 

between electromagnetic field and an atom with a single resonant frequency 𝜔0 can be modeled 

as a damped harmonic oscillator [14]. The damping term accounts for the energy loss by collisional 

processes taking place within the medium.  

The equation of motion is: 

𝑚0

𝑑2𝑥

𝑑𝑡2
+ 𝑚0𝛾

𝑑𝑥

𝑑𝑡
+ 𝑚0𝜔0

2𝑥 = −𝑞𝐸 1   

where 𝛾 is the damping rate, 𝑞 is the charge of an electron, 𝐸 is the electric field of the incident 

light, m0 is the mass of the electron, 𝜔0 is the resonant frequency and 𝑥 is the electron 

displacement. The first term represents the acceleration, the second term represents the damping 
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due to collisions, the third term is the restoring force while the fourth term (right hand side) is the 

driving force. In the presumed case of time-harmonic excitation, the electric field is given by: 

𝐸(𝑡) = 𝐸0𝐶𝑜𝑠(𝜔𝑡 + 𝜙) = 𝑅𝑒{𝐸0𝑒
−𝑖(𝜔𝑡+𝜙)} 2 

Due to a small phase lag between the time of electromagnetic energy being absorbed and the re-

emitting by the oscillator, the displacement is given by:  

𝑋(𝑡) = 𝑋0𝑅𝑒{𝑒−𝑖(𝜔𝑡+𝜙′)} 3 

Allowing 𝐸0 and 𝑋0 to be complex, simplifies the equation Eqs. 1 and 2 to:  

𝐸(𝑡) = 𝐸̃0𝑒
−𝑖𝜔𝑡;𝑋(𝑡) = 𝑋̃0𝑒

−𝑖𝜔𝑡 4 

Plugging these values into the equation of motion, Eq. 1  

−𝑚0𝜔
2𝑋̃0𝑒

−𝑖𝜔𝑡 − 𝑖𝑚0𝛾𝑋̃0𝑒
−𝑖𝜔𝑡 + 𝑚0𝜔0

2𝑋̃0𝑒
−𝑖𝜔𝑡 = −𝑞𝐸̃0𝑒

−𝑖𝜔𝑡 5 

Solving for 𝑋̃0, 

𝑋̃0[−𝑚0𝜔
2 − 𝑖𝑚0𝛾𝜔 + 𝑚0𝜔0

2] = −𝑞𝐸̃0 6 

𝑋̃0 =
−𝑞𝐸̃0/𝑚0𝑥

𝜔0
2 − 𝑖𝜔𝛾 − 𝜔2

7 

Here, 𝑋̃0 is the displacement of the atom from equilibrium, which produces a time varying dipole 

moment 𝑝(𝑡). This is the contribution of a single atom. If there are N atoms per unit volume, the 

resonant polarization contribution, Pres, is then given by: 

𝑃𝑟𝑒𝑠 = 𝑁𝑝(𝑡) = −𝑁𝑞𝑋̃0 =
𝑁𝑞2

𝑚0

1

𝜔0
2 − 𝑖𝜔𝛾 − 𝜔2

𝐸̃0 8  

Now, from complex form of Maxwell’s equations,  

𝐷⃗⃗ = 𝜀0𝐸⃗ + (𝑃⃗ 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 𝑃⃗ 𝑟𝑒𝑠) = 𝜀0𝐸⃗ (1 + 𝜒) + 𝑃⃗ 𝑟𝑒𝑠 9 
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Where D is the electric displacement,  𝜀0 is the dielectric constant of free space, Pbackground is the 

background polarization, and 𝜒 is the dielectric susceptibility. In an isotropic media,  

𝐷⃗⃗ = 𝜀0𝜀𝑟𝐸⃗  10 

where 𝜀𝑟 is defined as the relative dielectric permittivity. From equations 9 and 10,  

𝜀0𝜀𝑟𝐸⃗ = 𝜀0𝐸⃗ (1 + 𝜒) + 𝑃⃗ 𝑟𝑒𝑠 11 

Inserting Eq. 9 into Eq. 11 

𝜀0𝜀𝑟𝐸⃗ = 𝜀0𝐸⃗ (1 + 𝜒) +
𝑁𝑞2

𝑚0

1

𝜔0
2 − 𝑖𝜔𝛾 − 𝜔2

𝐸⃗  12 

leads to 

𝜀𝑟 = (1 + 𝜒) +
𝑁𝑞2

𝜀0𝑚0

1

𝜔0
2 − 𝑖𝜔𝛾 − 𝜔2

 13 

 

In Eq. 13, 1 + 𝜒 accounts for the background absorptions, often represented by 𝜀∞, whereas the 

second term accounts for the resonant contributions. If several oscillators exist (absorptions), 

outside the measured spectrum, the contributions from them are lumped into 𝜀∞. Interband 

excitations, bound electron oscillations and lattice vibrations often lead to contributions that can 

be described with the Lorentz model [14]. 

Figure 5 shows the frequency dependance of the dielectric constant (left panel) and refractive index 

(right panel) of a typical dipole oscillator material that is typical of a material having infrared 

absorption lines, such as an ionic crystal. We see that the imaginary part of the dielectric constant,  

𝜀2, is a strongly peaked function of frequency 𝜔 with a maximum value at resonant frequency 𝜔0 

and a full width at half maximum equal to damping rate  𝛾. The real part of the dielectric constant,  

𝜀1, gradually rises from 𝜀𝑠𝑡 (the static or low frequency permittivity) as the frequency 𝜔 approaches 
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𝜔0 from lower values. It then falls sharply, before rising again to the high frequency limit given 

by 𝜀∞. Such a response is characteristic of many materials near a resonance. For example, as shown 

later, a Lorentz oscillator is used to model an inter-band absorption observed in gold and titanium 

nitride around a wavelength of ~500 nm. This leads to strong absorption of the green part of the 

visible spectrum, resulting in the bright gold colors of these two materials.  

 

Figure 5: Frequency dependence of the real and imaginary parts of the complex dielectric constant 

(𝜀1 and 𝜀2 respectively, left panel) and of the refractive index of a typical dipole oscillator material 

(𝑛 and  𝜅 respectively, right panel), at frequencies 𝜔 close to a resonance 𝜔0 [8]. 

2.2. Drude Model 

The Drude free electron model is often used to model the optical response of metals, which tends 

to be dominated by free valence shell electrons [14]. When an electric field is applied, the free 

electrons accelerate and then undergo collisions with a characteristic scattering time 𝜏. This 

acceleration and collisions of the electrons can be modelled by a harmonic oscillator model similar 

to equation 1, but without the restoring force term, as the valence shell electrons in metals are not 

bound: 
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𝑚∗  
d2𝑥

dt2
+ 𝑚∗ 𝛾

𝑑𝑥

𝑑𝑡
= −qE 14 

where 𝑚∗ is the effective mass of electron, and the damping rate is given by  𝛾 = 1/𝜏.  Solving 

the equation and plugging the displacement term into the polarization equation, we obtain the 

following equation for the relative permittivity 𝜀𝑟:  

𝜀𝑟 = 𝜀∞ −
𝜔𝑝

2

𝜔2 + 𝑖γ𝜔
, where  𝜔𝑝

2 =
𝑁𝑞2

𝜀0m∗
15 

𝑁 is the free carrier concentration, and 𝜔𝑝 is the unscreened plasma frequency, 𝜔𝑝 is the frequency 

at which the permittivity of the material crosses 0. However, due to high frequency absorptions, 

given by 𝜀∞, the crossover wavelength red shifts. This is the crossover frequency that is observed 

in experiments and is referred to as the screened plasma frequency (𝜔𝑠𝑝). This is not to be confused 

with the surface plasmon frequency that will be described later, which uses the same notation as 

well.  

 

Figure 6: (a) Wavelength dependence of the real (left) and (b) imaginary (right) parts the of 

complex relative permittivity of a typical material of dielectric response given by the Drude model, 

with free carrier density N (legend insets) as a parameter. The crossover point shifts to shorter 

wavelengths as N increases. Blue shaded area denotes the epsilon-near-zero region. [Graphs 

plotted using the Drude model in Matlab.] 
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Figure 6 shows a typical wavelength dependence of the dielectric constant of a material modelled 

using the Drude model. With a clear understanding of the Drude and the Lorentz model, the next 

section presents details on method of optically characterizing absorbing thin films to determine the 

thickness, real and imaginary parts of the permittivity. This is done using a technique called 

ellipsometry.  

2.3. Characterization of Thin Films of Metal 

Many techniques exist to measure the optical properties of thin films, including spectroscopic 

ellipsometry (SE) and reflection transmission (RT) [15]. Both measurements utilize known 

material properties and physically based calculations to find unknown material properties from 

measured values. SE is a widely used method due to its relative ease and self-referenced 

nature [16,17]. It is often used for non-absorbing and semi-absorbing thin films that are easily 

determined from layers of unknown thickness. Absorbing films, such as metals, present a special 

challenge to measurement of either RT or SE. If using SE, the model often has to be supplemented 

by measurements of transmission intensities to obtain a unique fit to the data.  

Spectroscopic ellipsometry is a powerful method for finding the refractive index and thickness of 

thin films. Spectroscopic ellipsometry measures the reflected change of polarized light at oblique 

angles to characterize the material properties. Bulk materials can be characterized from the 

complex reflection coefficients for s and p polarized light, see Figure 7 [18]. For thin films, 

reflections from the second surface interfere with the top-reflections to produce interference 

patterns in the measured SE spectra that can be used to calculate both film thickness and refractive 

index. SE data is characterized using two values, Ψ and Δ, which are calculated using the formula 
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𝑟𝑝
𝑟𝑠

= tanΨ 𝑒𝑖Δ 16 

where rp and rs are the complex reflection coefficient for p and s polarized light, respectively. The 

data represented by Ψ and Δ do not directly translate to thin film thickness and refractive index; 

rather, the data must be matched to a model-calculation based on best-fit sample properties. To 

reduce unknown parameters that describe material optical constants, a variety of dispersion 

equations are often implemented such as Cauchy, Sellmeier, general oscillators (e.g. Drude, 

Lorentz), and B-Spline. 

 

Figure 7: Schematic of spectroscopic ellipsometry. Here, a light source with wavelength λ is 

configured to produce an arbitrary polarization state (Ei) by a variable polarizer. The incident beam 

is then used to interrogate the sample at an angle θ. The polarization state of the reflected, beam 

(Eo) is altered by the interaction with the sample. After passing through an analyzer which allows 

the polarization state of the reflected beam to be measured at two perpendicular states, the complex 

s and p reflection coefficients of the sample can be determined [9]. 

As plasmonic materials are inherently lossy, general oscillator and B-Spline dispersion are used in 

this work. B-Spline dispersion equations provide an efficient and easy way to extract optical 

parameters, but some limitations exist such as an inability to extract physical meaning from the 

results [19]. General oscillators are a broad category of dispersion equations that use physically 
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derived functions, such as Drude, Lorentz, Tauc-Lorentz, and others, to model the permittivity. As 

an example of parameter extraction, the Drude equation has the unscreened plasma frequency (ωp) 

that can be calculated as 𝜔𝑝 = √
𝑁𝑞2

𝜀0𝑚∗ = √
1

𝜌0𝜀0𝜏
, and from this, possible extracted values include 

the free electron density N, effective mass 𝑚∗, relaxation time 𝜏 , and resistivity 𝜌0 if the other 

parameters are known. 

B-Spline dispersion, on the other hand, has no physically retrievable values and is purely a fitting 

function to accurately match the ellipsometry data. B-Spline uses a set number of nodes for basis-

functions to describe the optical functions and find a best match for Ψ and Δ. B-Spline can be 

implemented with Kramers-Kronig consistency to keep the optical functions physically plausible, 

but it does not allow for the extraction of any physical parameters from the fit. This method is very 

easy to implement and can then be converted to general oscillators and vice versa. 

The optical model is used to generate Ψ and Δ for a given sample structure using parameters such 

as thickness and refractive index for each film, along with the substrate optical functions. The 

model-generated data are compared to the measured Ψ and Δ spectral data using a single output 

value to quantify the fit quality. Mean squared error (MSE) is a typical representation of how well 

the modelled data matches the SE data. This formalization provides a single value for how well 

the model fits the data, but we note that there is no ideal universal MSE value, as the value depends 

upon the assumptions, known quantities about the material, and measurement noise. A major 

limitation of the MSE is a tendency to define a “correct fit” based solely upon its minimum value. 

If correlation exists between multiple unknown fit-parameters, then many combinations of values 

can manifest in an acceptable MSE. 
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Dielectric films have negligible loss, so the refractive index is purely real. For dielectric films of 

unknown thickness, the balance of variables is data-heavy to Ψ and Δ, see Figure 8(a), as the 

parameters fit are refractive index 𝑛(𝜆) and thickness 𝑡 while the measured values are Ψ(𝜆) and 

Δ(𝜆). This data saturation allows for very nice data fits to determine both thickness and refractive 

index for many material systems. 

 

Figure 8: Comparison of data balance for a) transparent film, b) semi-absorbing film, and c) thin 

absorbing film. For transparent and semi-absorbing films, the ellipsometry measurement are 

sufficient to allow for unique retrieval of the refractive index and thickness. However, for 

absorbing films, the ellipsometry measurements alone are insufficient to allow for a unique 

retrieval of the optical properties and thickness, and additional information should be added to 

improve the confidence of the result [9]. 

When loss is added to a system the refractive index becomes complex leading to two values, 𝑛′ 

and 𝜅, yielding a complex index of refraction 𝑛′ + 𝑖𝜅 at each wavelength For some materials, such 

as doped semiconductors, a region exists where 𝜅 is negligible so the balance of variables 

continues to favor Ψ and Δ, see Figure 8(b), as the thickness can be uniquely fit within the 

transparency window and fixed. However, in very thin films with absorption across the spectrum, 

the balance of data no longer favors the measured values, see Figure 8(c), which can lead to fit 

ambiguity. Multiple methods exist for overcoming the data discrepancy [20,21]: adding RT 
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measurements, interference enhancement [21], multi-sample analysis, and in situ 

ellipsometry [18]. Through the course of this thesis, we have relied upon transmission 

measurement along with SE to obtain a reliable and a unique fit to the model.  

While this section elucidated the method of accurately determining the optical properties of metals 

and doped semiconductors, the next section discusses the interaction of EM energy with the free 

electrons in a metal. This interaction leads to intriguing effects which have been used to miniaturize 

nanophotonic devices to address the large disparity in the size scales of electronic and photonic 

devices.  

2.4. Plasmonics 

Plasmonics is the study of coherent collective oscillations of free electrons on the surface of a 

metal coupled to an incoming electromagnetic wave [13,22–25]. These oscillations can be thought 

of as quasi-particles which are part electron and part photon, called plasmons. There are several 

types of plasmons such as volume plasmons (volumetric oscillation of the electron population), 

surface plasmons (SPPs, surface oscillation of electron population) and localized surface plasmons 

(LSPs, surface oscillation of electrons in a finite structure). Out of these, SPPs and LSPs have been 

widely used due to advantages such as enhancing light matter interaction, providing THz operation 

bandwidth, and enabling confinement and guiding of light at scales way below the diffraction limit. 

Surface plasmon polaritons are waves that propagate at the interface between a dielectric and a 

conductor, evanescently confined in the perpendicular direction. To investigate the physical 

properties of SPPs, Maxwell’s equations, shown below in real form, can be applied to the flat 

interface between a conductor and a dielectric.  

∇ ∙ 𝐷 = 𝜌𝑒𝑥𝑡 17 
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∇ ∙ 𝐵 = 0 18 

∇ × 𝐸 = −
𝛿𝐵

𝛿𝑡
19 

∇ × 𝐻 = 𝐽𝑒𝑥𝑡 +
𝛿𝐷

𝛿𝑡
20 

where H represents magnetic field strength, B represents magnetic field, 𝜌𝑒𝑥𝑡  represents an external 

charge and  𝐽𝑒𝑥𝑡 represents the current density. In the absence of external charge and current 

densities, the curl equations can be combined to yield: 

∇ × ∇ × 𝐸 = −𝜇0

𝛿2𝐷

𝛿𝑡2
 21 

Using the identities ∇ × ∇ × 𝐸 = ∇(∇ ∙ 𝐸) − ∇2𝐸 𝐸 and  ∇2𝐸 & ∇ ∙ (𝜀𝐸) = 𝐸 ∙ ∇𝜀 + ∇𝜀 ∙ 𝐸, 

Eq. 21 results in  

∇ (−
1

𝜀
𝐸 ∙ ∇𝜀) − ∇2𝐸 = 𝜇0𝜀0𝜀

𝛿2𝐸

𝛿𝑡2
 22 

If we assume the variation in the dielectric constant to be negligible over one to a few optical 

wavelengths, Eq. 22 simplifies to, 

∇2𝐸 −
𝜀

𝑐2

𝛿2𝐸

𝛿𝑡2
= 0 23  

 The E-fields are assumed to have a harmonic time dependance, 𝐸(𝑟, 𝑡) = 𝐸(𝑟)𝑒−𝑖𝜔𝑡. Inserting 

this into Eq. 23 yield,  

∇2𝐸 + 𝑘0
2𝜀𝐸 = 0 24 

where 𝑘0 is the wave vector of free space. This equation is known as the Helmholtz equation.  

Now, we assume a 1-D geometry, for simplicity, under form of an semi-infinite half space of 

conductive material of complex permittivity ε1, facing a semi-infinite half space of dielectric 
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material of complex permittivity ε2 with permittivity variation in the z-direction, only (Fig. 8(a)). 

The plane z=0 coincides with the plane sustaining the propagating wave. This results in,  

𝛿2𝐸(𝑧)

𝛿𝑧2
+ (𝑘0

2𝜀 − 𝛽2)𝐸 = 0 25 

A similar equation exists for magnetic fields, as well. Using the curl equations, a set of coupled 

equations can be obtained which determine the spatial field profile and dispersion of propagating 

waves. Given that 
𝛿

𝛿𝑥
= 𝑖𝛽 and 

𝛿

𝛿𝑦
= 0, this system of equations leads to the following TE and TM 

mode solutions: 

𝛿2𝐻𝑦

𝛿𝑧2
+ (𝑘0

2𝜀 − 𝛽2)𝐻𝑦 = 0 and 
𝛿2𝐸𝑦

𝛿𝑧2
+ (𝑘0

2𝜀 − 𝛽2)𝐸𝑦 = 0 26 

For a simple geometry that could sustain an SPP, such as the one shown in Figure 9(a), the TM 

mode equation results in a dispersion relation given by: 

𝛽 = 𝑘0√
𝜀1𝜀2

𝜀1 + 𝜀2
 27 

As shown in Figure 9, SPP is a TM mode propagating along the interface in the x direction and 

evanescently decaying in the z direction, both into the metal and the dielectric. Figure 9(b) shows 

plots of Eq. 27 for a metal with negligible damping described by the real Drude dielectric function 

for an air ( 𝜀2 = 1) and a fused silica ( 𝜀1 = 2.25) interface [13]. In this plot, the frequency ω is 

normalized to the plasma frequency ωp, and both the real (continuous curves) and the imaginary 

part (broken curves) of the wave vector β are shown. Due to their bound nature, the SPP excitations 

correspond to the part of the dispersion curves lying to the right of the respective light lines of air 

and silica. Thus, special phase-matching techniques such as grating, or prism coupling are required 

for their excitation via three-dimensional beams. Radiation into the metal occurs in the 
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transparency regime 𝜔 > 𝜔𝑝, which is referred to as the bulk plasmons. Between the regime of 

the bound and radiative modes, a frequency gap region with purely imaginary β prohibiting 

propagation exists. 

In the regime of large wave vectors, the frequency of the SPPs approaches the characteristic surface 

plasmon frequency given by the equation: 

𝜔𝑠𝑝 =
𝜔𝑝

√1 + 𝜀2

 28 

as can be shown by inserting the free-electron dielectric function into Eq. 27. In the limit of 

negligible damping of the conduction electron oscillation (implying Im [ε(ω)] = 0), the wave vector 

β goes to infinity as the frequency approaches ωsp, and the group velocity vg → 0. The mode thus 

acquires electrostatic character and is known as the surface plasmon. 

 

Figure 9: a) Geometry of a dielectric and metallic slab to sustain SPP propagation along the 

interface; b) Frequency vs. wavevector diagram of the SPP mode and the metal dielectric interface 

when the dielectric is air and silica, respectively [17].  

Plasmonics has enabled confinement and control of light at scales much smaller than the 

diffraction limit and has led to enhancement of light–matter interaction. Over the last two decades, 

a variety of applications including chemical sensors [26], nonlinear optics [27], 

metamaterials [28], and transformation optics [29] have immensely benefited from the plasmonic 



 
 
 

37 
 

properties of metals leading to extraordinary demonstrations of devices such as a perfect lens [30], 

optical black holes [31], and negative refraction [32]. More recently, the focus has shifted to 

realizing dynamic and reconfigurable meta-devices, such as lenses [33], beams steerers [34], 

modulators [35], and phase shifters [36], for potential applications in THz telecommunications, 

label-free and non-invasive biosensors, and compact LIDARs. As the constituent materials used 

to build these devices (dielectrics such as silicon, lithium niobate, indium phosphide or plasmonic 

elements such as gold, silver and aluminum) do not offer large tunability, many of them 

incorporate a dedicated dynamic layer based on phase-change materials [37], electro-optic 

polymers [35], micro-electro-mechanical components [38], and, more recently, an epsilon-near-

zero (ENZ) condition [39,40]. Among these, ENZ materials are particularly attractive as they offer 

large tunability under both electrical and optical control, offer sub-picosecond response times, and 

are of purely solid-state nature [41–44]. The next chapter introduces ENZ materials and details 

their advantages.  

2.5. Epsilon Near Zero Media 

Epsilon near zero (ENZ) materials are a class of materials that exhibit permittivity close to 0 in a 

given wavelength range. As the permittivity approaches zero, the boundary conditions at the 

interface between a material, labeled 1, of permittivity 𝜀1 and an ENZ material, labeled 2, of 

permittivity 𝜀2 dictate that the normal components of the electric displacement vector must be 

continuous across the boundary between two materials. Due to this continuity boundary condition, 

ε1E(1,n) = ε2E(2,n), when ε2 approaches 0, the electric field in material 2 tends to infinity. This leads 

a large E-field enhancement in material 2 (Fig. 10) which drastically improves light-matter-

interaction (LMI). 
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Figure 10: Vertical (y) component of the electric field for a mode propagating in a silicon 

waveguide on glass a) cladded by air, b) cladded with air and a thin layer of ENZ material. The 

thin ENZ layer results in a strong confinement of the electric field. 

Furthermore, if the loss in these materials is low enough, such that not only the permittivity but 

also the refractive index tends to 0, other effects such as wavelength expansion, diverging group 

and phase velocities and DC light are observed [41,45,46]. Diverging velocities can be observed 

by considering a Drude dispersion. As 𝜔 → 𝜔𝑝 in the lossless case, 𝑛(𝜔) → 0. Since phase 

velocity is given by the equation, 𝑣𝑝 =
𝑐

√𝜀(𝜔)
, where 𝜀 = 𝑛2/𝜇, this leads to 𝑣𝑝 → ∞. However, 

the group velocity is dependent on the slope of the permittivity and is represented by the equation:  

𝑣𝑔 =
𝑑𝜔

𝑑𝑘
=

𝑐√𝜀(𝜔)

𝜀(𝜔) +
𝜔
2

𝑑𝜀(𝜔)
𝑑𝜔

 
 28 

As it is evident, due to the finite slope, the group velocity tends to 0. The phase velocity tending 

to infinity is referred to as DC light, as this leads to 0 phase accumulation. While the group velocity 

tending to 0, is the slow light effect which enhances light matter interaction (Figure 11).  
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Figure 11: Complex permittivity (left) and complex refractive index (right) components given by 

a typical Drude model [34]. 

The physical mechanism behind this can be explained by considering the propagation of light 

through a low-loss ENZ media. The incident electric field polarizes the atoms, which then reradiate 

(scatter) the light with a frequency-dependent phase delay, Δ𝜑(𝜔), determined by the loss of the 

oscillator 𝛾. This process occurs many times as the light passes through the material, which 

effectively contributes an additional, spatially varying phase (momentum) to the propagation of 

the wave, 𝑎(𝜔) = Δ𝜑(𝜔)/𝑑, where d 𝑑 is the distance between scattering events. The phase 

velocity becomes 𝑣𝑝 = 𝜔/(𝑘0 − 𝑎), where 𝑘0 is the free-space momentum; thus, the phase 

velocity diverges when 𝑎 = 𝑘0 , essentially the condition when the phase lag produced by the 

scattering events compensates for the phase gain of the wave over the same effective distance, 

such that the wave appears uniform over that distance. Such a large phase shift typically occurs 

when strong light–matter coupling is present (that is, near resonance) and dispersion results in a 

reduced group velocity [41]. 
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Figure 12: (a) Ultra-fast (few ps) response time of an AZO film under optical tuning [42]; (b) 

Change in local permittivity of an AZO film under electrical biasing where the AZO forms the 

anode of a capacitor structure of AZO/ HfO2/ Si. x axis denotes the position in the AZO film 

normal to the planar interface with HfO2 (located at x=15 nm [Calculated using COMSOL 

Multiphysics and Matlab] 

Although ENZ properties can be realized in several ways, transparent conducting oxides (TCOs) 

have received significant attention due to their intrinsic ENZ condition. Specifically, TCOs can 

support heavy doping without any considerable degeneration of structural quality and exhibit an 

ENZ regime at technologically relevant wavelengths. Furthermore, these materials are particularly 

attractive for use in active devices as they offer large tunability under both electrical and optical 

control (Figure 12) [47], offer sub-picosecond response times [48,49], and are of purely solid-state 

nature [47]. Apart from providing excellent tunability, TCO’s also exhibit enhanced LMI, due to 

slow light effects, enabling more compact and energy-efficient devices, in the ENZ region. As a 

result, these materials have been shown to enhance several nonlinear optical processes (such as 

adiabatic frequency shifts, second and third harmonic generation, and four-wave mixing) and have 

led to the realization of sub-micron modulators and high angle beam steers, making these materials 
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a key for several areas of dynamic nanophotonics. The following section provides information 

about some of these works and discusses their limitations.  

2.6. Prior Works and Challenges 

Briefly summarizing the discussion thus far, optical technologies have led advancements in several 

key areas such as high-speed and efficient data transfer through optical fibers, non-invasive 

biosensors such as the heart rate sensors found in smart watches and optical interconnects in data 

centers. Most of these advancements have been fueled by the rise of silicon photonics as it provided 

a CMOS-compatible platform with numerous low-loss passive and active components such as 

waveguides, delay lines, phase shifters, modulators, switches, nano-resonators etc [50]. While Si 

photonics has been excellent for passive devices, active devices are in general quite large (many 

wavelengths) and are relatively slow (sub-MHz for switches/shifters or ~10 GHz modulators), 

leading to a low compute density, see Figure 13(a)  (Tier 1 speed devices operate on data packets 

in the kHz to MHz range, Tier 2 speed devices operate per-bit in the GHz range). As a result, 

numerous parallel channels and/or advanced formats (wavelength multiplexing, phase shift 

keying, etc.) must be used to push bandwidths, which ultimately increase system size, cost, power 

consumption, and complexity. As a result, photonic active devices must generally employ long 

interaction lengths or high-quality factor resonators which limit the frequency at which the devices 

may operate due to a large capacitance or long cavity ring-down time (f ~ 1/RC   or   ~1/Q). 

On the other hand, plasmonic structures have been utilized to enhance the light-matter-interaction 

in active devices. As discussed earlier, this is achieved by confining light to spaces smaller than 

the diffraction limit and reducing the group velocity. As a result, plasmonic modulators have 

already demonstrated high-speed switching (> 200 GHz) with low energy consumption (sub-fJ/bit) 



 
 
 

42 
 

in a compact footprint (~5 μm2). Yet, these devices are only able to achieve an off-state 

transmission (αo) of ~10%, which is simply insufficient for many applications. Furthermore, the 

 

Figure 13: (a) and (b) are examples of a plasmonic metasurface design which although offer large 

changes in index, suffer from broad resonances [42].  

high loss has been a detriment to free space, metasurface designs as well and has resulted in 

resonances on the order of 100’s of nm FWHM (Figure 13(b)) [51]. 

This essentially establishes a tradeoff: The energy confinement leads to larger 

modulation, which is counter acted by broader resonances or low insertion losses. 

As a result of this widespread loss issue, the practicality of plasmonic-based 

devices has been limited and has led to the belief that “plasmonics is too lossy to 

be useful” [22,52,53].  

To address the issue, the general theme of this thesis is to utilize plasmon-assisted or hybrid design 

approaches coupled with developing CMOS compatible tailored materials that are synergistically 

work with each other. This enables us to develop on-chip devices and carefully balance the 

modulation-loss tradeoff. More specifically though, while we simulate several such designs, the 
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goal of this these is to fabricate and test an all-oxide modulator device, which will serve as a proof-

of-concept demonstration of the plasmon-assisted design philosophy. 

2.7. Performance Metrics 

Before exploring the device designs, it is essential to understand the performance metrics. The 

performance of EO Modulators is evaluated based on parameters such as extinction ratio (ER), 

insertion loss (IL), footprint, energy-bandwidth product, speed, power consumption, etc. 

Extinction ratio (ER): ER or Modulation depth (MD) is a measure of effectiveness of the 

modulation mechanism on the light intensity at the output end between a modulator’s on and off 

state. In other words, the difference between light intensities at the output end when a modulator 

is set to high transmission (HT) and low transmission state (LT) respectively. It is usually 

expressed in dB units [54,55]. For example, the ER of a modulator can be defined by:   

𝐸𝑅 = −10 log10
𝐼𝑂/𝑃

𝐼𝐼/𝑃
 (dB) 29   

As a numerical example, a 3 dB ER corresponds to a reduction of light intensity by 50% at a low 

transmission state compared to the intensity at a high transmission state. Most modulators operate 

based on an ER of 6 to 9 dB.  

Insertion Loss (IL): IL is the propagation loss or off-state loss, which is a measure of the optical 

loss the light signal suffers as it traverses through the modulating region in the passive state of the 

device. A low IL is desirable. For example, the IL of a Si rib-waveguide-based modulator can be 

determined by calculating the mode loss (from the imaginary part of the effective mode index 

derived from the 2D analysis given by Eq. 2.24 of ref. 50), as  

𝛼 = 10 𝑙𝑜𝑔 |𝑒−
4𝜋
𝜆  𝐼𝑚{𝑛𝑒𝑓𝑓}|  (𝑑𝐵/𝑢𝑚) 30  
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EO Bandwidth: EO bandwidth (BW) or speed measures how fast an electrical signal can be 

encoded onto an optical signal and directly indicates the maximum bit rate that a modulator can 

support [55]. It is usually defined by the frequency at which a modulator performs a 3 dB 

modulation given by the expression 𝑓3𝑑𝐵 =
1

2𝜋𝑅𝐶
 , where R and C refer to lumped resistance and 

capacitance of the device.  

Energy Consumption: This is a measure of the energy consumed to modulate a bit from 0 to 1, or 

the transmission of light from either low to high, or vice-versa. In other words, it quantifies the 

energy expended in producing each bit of data [54,56] . It is usually theoretically determined   as 

opposed to being experimentally measured.  In case of capacitor-based modulators, energy 

consumption it can be determined using the expression 
1

4
𝐶𝑉2. Since the votlage term is squared, a 

highly energy efficient devices need to operate at low CMOS level voltages. Current state of the 

art modulators consumes several pJ/bit. To sustain the rapidly growing demand this should fall to 

sub-100 fJ/bit levels.  
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3. NANOPHOTONIC DEVICES 

3.1. Plasmon-Assisted Design Approach 

Telecommunication applications and technologies have rapidly evolved over the past two decades, 

and continue to do so, with no end in sight. It has transformed from slow (kbps) point-to-point 

communication from home and offices to connected devices, practically everywhere. This 

tremendous growth has been supported, in part, by a deeper penetration of optical technologies 

such as fiber to home (FTTH), short distance fiber communication (within data centers) and 

massive parallelism. However, as 5G and millimeter-wave technologies become more ubiquitous, 

there is a need for optical components that are more efficient and provide a bandwidth closer to 

that of the carrier wave (current optical bandwidths are device limited, about a 1000x slower than 

what the carrier signal can theoretically carry).  

However, current state of the art optical components relies on the use of dielectrics, such as Si, 

Si3N4 and LiNbO3, which inherently have poor tunability  [54,57]. This in turn leads to photonic 

devices with long interaction lengths or high-quality factor resonators which limit the frequencies 

at which the devices may operate due to a large capacitance (in non-traveling wave systems) or 

long cavity ring-down time (f ~ 1/RC or ~1/Q) [54,57,58]. 

On the other hand, plasmonic devices offer great potential for solving the limitations of silicon 

photonics.  Recent literature has demonstrated plasmonic modulators realizing speeds > 200 GHz 

in compact footprints (<20 μm2). However, large insertion losses have limited practical 

applications. To minimize the losses, many researchers have clung to the use of gold and silver 

(the highest performing plasmonic materials) despite limited suitability for co-integration with 
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CMOS and extreme cost of such materials, but even this has not solved the problem. As a result 

of the challenge of increasing compute/area without simultaneously increasing insertion loss, the 

community has witnessed a diagonal transition in the corresponding performance plot as opposed 

to the vertical one once promised (Figure 14). In fact, the issue has persisted for so long in literature 

that it may be assumed the problem is beyond solving.  

 

Figure 14: Plot of compute/area vs insertion loss for several photonic and plasmonic devices in 

literature. In the quest to increase the available compute/ area, these devices have simultaneously 

led to an increase in insertion loss. The goal is to achieve a vertical not diagonal transition. The 

gap which we want to fill is represented by the grey shaded region. 

To counter this issue, we leverage a groundbreaking plasmon assisted design philosophy to realize 

a panoply of devices that benefit from high speed of plasmonic devices while maintaining the 

benefits of low loss photonic systems. The devices are designed such that the plasmonic nature 

can be selectively engaged and disengaged. Intuitively, it makes sense to engage the lossy 
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plasmonic component in the on-state of the device (defined as the state of low transmission) and 

disengage the plasmonic component in the off-state (defined as the state of high transmission).  

 

Figure 15: Schematic of the plasmon-assisted design principle. Using a “knob”, the input signal 

is routed to either the lossy plasmonic section, or the low-loss photonic section, dependent on the 

desired on or off state of the device. 

The plasmon-assisted device concept is highlighted in Fig. 15. An input signal enters the device 

and, by adjusting a “knob”, it can be sent to a low loss channel, which results in a high transmission. 

This channel, for example, could be purely dielectric in nature. On the other hand, when low 

transmission is needed, the signal gets routed to a high loss plasmonic channel. This approach 

intuitively yields a combination that exhibit a of high modulation depth and low insertion loss. 

The knob can be implemented in two ways, by either using materials that switch between metallic 

and dielectric states or structures that can route light into different channels. In a recent, 

demonstration of a plasmon-assisted switching device, C. Hafner et. al. [35], were able to reduce 

the insertion losses by a factor of 3, from 8dB to 2.5dB, by utilizing a “structured knob”, such as 

an electro-optically engaged ring resonator (Figure 16). In the first iteration of a non-plasmon-
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assisted device design, a Mach-Zehnder modulator was demonstrated. The input signal passed 

through the lossy metal-insulator-metal (MIM) waveguide, in both the on- and the off-state. This 

resulted in an IL of 8dB. On the other hand, switching to a MIM ring resonator coupled to a Si bus 

waveguide resulted in a device design, in which the input signal couples into the lossy plasmonic 

ring only in one of the states (the low transmission state in this configuration). The coupling and 

decoupling are based on constructive and destructive interference which in turn can be modulated 

by changing the index of the polymer (backfilled into the MIM slot). This plasmon-assisted 

configuration resulted in an IL of 2.5 dB, a 3X reduction as compared to the non-plasmon-assisted 

device design. However, since the device architecture relied on an all plasmonic, metal insulator-

metal ring configuration, the insertion loss was prohibitively high to begin with. Another method 

recently proposed to engineer the “knob” of a plasmon-assisted device is to use ENZ 

materials [39]. As discussed in section 2.5, these are materials for which the permittivity can be 

tuned close to 0 at an operating wavelength of interest, such as, in our case, within the range 1300 

to 1550 nm. 
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Figure 16: Comparison of plots of insertion loss vs. active plasmonic loss for the all-plasmonic 

Mach-Zehnder interferometer modulator of ref. [59] and the plasmon-assisted ring resonator 

modulator of ref. [30], respectively. Losses in the plasmon assisted design can be reduced by more 

than 6 dB, primarily due to the loss bypassing mechanism in the passive state. 

Through the rest of the thesis, I explore the following 4 devices and their respective “knobs”:  

• Tier 1 Speed Devices: 

a. Opto-mechanical polarization controller: structured knob 

b. Opto-mechanical optical router: structured knob 

• Tier 2 Speed: 

a. Epsilon-near-zero based EO modulator: material knob 

b. Polymer based EO modulator: material knob 

These devices form the foundation of a CMOS-compatible integrated plasmonics toolkit, which 

when paired with established silicon photonics for low loss routing and guiding will fuel the 

continued growth of integrated photonics for applications including telecommunications and 

LIDAR while enabling new opportunities for reconfigurable photonic circuits and networks.  

3.2. All-Oxide Plasmon Assisted EO Modulator (Tier 2 Speed) 

Electro-optic modulators exhibiting greater than 6 dB modulation while maintaining sub-1 dB 

insertion losses in an energy efficient (sub-500 fJ/ bit) and compact footprint (sub-10 um2) are 

imperative to sustain the trends of increasing data consumption. To realize such a device, it would 

be highly beneficial to “engage the lossy plasmonic-nature” of the device when modulation is 

desired, while “turning-off the plasmonic-nature” in the off-state (high transmission). This 

distinctive design approach can be accomplished by using a transparent conducting oxide (TCOs) 

and their unique ability to act as metals, dielectric and epsilon-near-zero materials in the near-

infrared region based on the free carrier density.  
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While EO modulators using ENZ materials have been demonstrated in the past, such as the ones 

shown in Figure 17, the IL exhibited by these devices have been relatively high, 2 to 4 dB. The 

origin of the high IL can be traced to the incorporation of the metal in the active region. Due ti 

this, the input signal never experiences a low loss dielectric channel, as while the ENZ material 

switches between the metallic and dielectric states, the metal always remains in the high loss 

plasmonic state. This leads to large losses in the off-state primarily due to two reasons. The metal 

excites a hybrid mode, which results in ohmic losses and causes a large mode-mismatch between 

the rib and the hybrid waveguide, which causes back reflections.  

 

Figure 17: Examples of EO modulators in literature fabricated using ENZ materials. Notice the 

metal layer in the active region in both these devices. The metallic layer excited a hybrid mode 

which causes an increase in IL due to ohmic losses [39,60].  

In our work, we improve on this configuration by removing the metal layer from the active region 

of the device, to reduce the insertion loss. However, the metal layer serves two key roles. It pulls 

out the E-field from the bulk of the Si waveguide and confines it in the low index region, while 

also serving as the top electrode. Replacing the metal, with a conducting oxide addresses the 

second point, however now the E-field reside in the bulk of the Si waveguide, as opposed to the 

low index region on top of the waveguide. This would lead to a reduced MD, as the E-field no 
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longer experiences the index change. To counteract this, our design incorporates a slot waveguide, 

which confines the E-field in the low index region between the two Si waveguides.  

 

Figure 18: (a) A schematic of the slot waveguide electro-optic modulator. The inset shows the 

zoomed in version of the active region, (b) Example of plasmon-assisted design approach, (c) 

Representative image of devices explored in literature. 

The device design consists of a silicon slot waveguide wrapped around by a dielectric spacer which 

is comprised of HfO2, as shown in Figure 18(a). The dielectric spacer is further wrapped around 

by a transparent conducting oxide, which can act both as a metal and a dielectric at technologically 

relevant wavelengths, depending on the free carrier density of the material. As can be seen, this 

underlying structure is very similar to other devices reported in literature, which have a base 

waveguide, a dynamic tunable layer and a metal wrapped around the waveguide (Figure 18(c)), 

although with two important differences, the exclusion of metal from the active region and the 

incorporation of slot waveguide, as opposed to a rib waveguide. Several devices in the literature 

incorporate the metal layer due to the inherent advantages such as enhanced modulation, engrained 

electrical contacts and the ability to extract light out of the photonic mode into the plasmonic mode, 
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for better control (Figure 18(c)). However, from Figure 14, it is evident that the plasmonic element 

also leads to drastically increased insertion loss, detrimentally impacting the performance of the 

device. To overcome this limitation, while maintaining the enhanced modulation advantage, the 

plasmon-assisted design philosophy is implemented, replacing the metal layer with an epsilon-

near-zero material that can switch between a high loss “metallic state” and a low loss dielectric 

state (Figure 18(b)). The engaging and disengaging of the plasmonic element can be accomplished 

using several methods such as ring resonators, directional couplers, phase change materials and 

TCOs. The first two guide light into different sections of the device while the latter are based on 

dynamically changing material properties that can exhibit metallic and dielectric permittivity. The 

proposed device is based on the use of TCOs, due to their projected sub-picosecond response times. 

However, metal serves another key role – extracting light out of the Si waveguide and into the low 

index medium. To enable this effect, the design is switched from a rib waveguide (Figure 18 (b)) 

to a slot waveguide (Figure 18(a)).   

 

Figure 19: Schematic of the proposed slot waveguide configuration, illustrating how the effective 

index of the two silicon waveguides combined with an TCO-filled slot in the middle is larger than 

that of the surrounding air. Subsequently, the E-field is localized in the low index oxide medium 

due to the continuity of the D-field. 

While it is well known that light is guided in a layer of a high index medium surrounded by a low 

index cladding, such as in the case of a rib waveguide, the slot waveguide induced profile of 
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confined light in a low index medium might seem counterintuitive at first glance (Figure 19). 

However, if the overall effective index of the two Si waveguides with a slot in the middle is 

considered, it will prove to be higher than that of air or oxide around it. Thus, the two Si 

waveguides along with the slot in the middle form a super mode, which guides light. The E-field 

profiles of within the super mode is governed by the boundary conditions. When the E-field is 

normal to the slot, the D-field continuity condition (𝜀1𝐸1,⊥ = 𝜀2𝐸2,⊥)  kicks in. This results in the 

medium with a lower index having a larger E-field, which in the case of the slot super mode, results 

in the slot carrying the stronger E-Field. It is the same reason why an ENZ material experiences 

large E-field enhancements, when its permittivity approaches 0.    

 

Figure 20: (a-b) Electron and hole concentration within ITO and p-type Si as a function of gate 

voltage. The bulk hole carrier concentration within p-type Si is 1x1018 cm-3 (c-d) Real and 
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imaginary part of permittivity within ITO as a function of gate voltage and position within the ITO 

layer. Simulations done using a COMSOL FEM solver [61]. 

The portion of the silicon slot waveguide underneath the dielectric (Figure 18(a)) is p-doped to a 

free carrier density of 1017 to 1019 cm-3. This carrier concentration results in sufficient conductivity 

of the silicon rib waveguide to serve as the contact, while being low enough to exhibit a positive 

permittivity at the telecommunications wavelengths. The TCO is n-doped to a carrier concentration 

such that it exhibits a positive value of permittivity when no bias is applied, but on application of 

a bias (Vg), exhibits a permittivity between -1 and 1. In the case of ITO, this range corresponds to 

a free carrier density of about 1.0×1020 cm-3.  

In the off-state (high transmission), a continuous wave of in-plane polarized electromagnetic wave, 

at 1550 nm, guided by the silicon slot waveguide, passes through the modulator. Most of the energy 

is confined within the silicon slot waveguide and interacts with the dielectric spacer and the TCO. 

In the current state, all components of the system exhibit a positive permittivity with minimal loss. 

This is referred to as the all dielectric, off-state. In the on-state (low transmission), a bias is applied 

across the silicon contact and the ITO contact. This leads to the accumulation of charge carriers at 

the interface of ITO / dielectric spacer and the silicon waveguide / dielectric spacer, as shown in 

Figure 20(a,b), which displays simulations done using a an COMSOL finite-element-method 

(FEM) solver. A voltage-induced increase in charge carrier density at the interface leads to a 

decrease in permittivity, as predicted by the Drude Model. Referring to Figure 20(c,d), the 

permittivity at the ITO and dielectric interface approaches and crosses 0. This region is referred to 

as the epsilon near zero regime. When the permittivity approaches 0, the electromagnetic radiation 

experiences wavelength expansion, because of which the group velocity tends to 0 and the phase 

velocity tends to infinity. Furthermore, due to the continuity of the normal component of the 
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displacement field, the electric field within the epsilon near zero media becomes very large. All 

these effects put together lead to enhanced light-matter interaction. In the current design, on 

application of a bias, the metallic/ENZ component of the system is engaged and the 

electromagnetic radiation from the silicon waveguide is pulled out into the thin ENZ region. This 

leads to significantly higher loss in the system, as compared to the state with no bias. It is in this 

way that an incoming continuous wave of light can be encoded with information and transformed 

into a pulse train based on the given electrical signal. 

 

Figure 21: (a) ER (dB/µm) (black) and IL for 6dB modulation (red) for a slot modulator. The slot 

width is 40 nm, (b) ER (dB/µm) and IL (dB/µm) for single slot configuration as a function of slot 

width. A smaller slot width is more favorable to obtaining a low IL and high ER. The rail width is 

fixed and equal to 200 nm 

The critical parameters of the device are the width of the rail waveguides and the slot width. Figure 

21(a) shows the influence of the rail width on the ER (per um) and the IL for 6 dB ER. As the rail 

width varies from 140 nm to 340 nm, the insertion loss (IL, loss in the off-state) stays roughly 

constant, but however, the ER per um drops. In theory, this would result in the requirement of a 

longer device to obtain a target ER, which in this case is 6 dB. This in turn would increase the 
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capacitance and would both reduce the bandwidth and increase the energy consumption of the 

device. Thus, a smaller rail width is preferred.  The next critical parameter is the slot width (Figure 

21(b)). An increase in the slot width not only reduces ER (per um), but also increases the IL (per 

um). This is highly detrimental to the device from all perspectives. Thus, a thinner slot is preferred. 

However, the slot thickness is limited by the thickness of ITO and the oxide layer. To build 

sufficient capacitance for carrier accumulation, while avoiding tunneling effects, a 5 nm thick 

oxide layer is preferred. At the same time, an ITO films with thicknesses below 20 nm, typically 

display poor quality and increased losses due to surface scattering effects. Thus, on the lower end, 

the slot width is limited by the thicknesses of ITO and oxide.  

From the perspective of the capacitor, the dielectric spacer thickness is a critical parameter as it 

affects the maximum amount of free carrier accumulation at the interface. In the current device 

design, the optimum spacer thickness was found to be 5 nm. The accumulation of charge carriers 

can be modelled using the Density Gradient Model, that considers quantum confinement effects 

as compared to the Drift Diffusion Model, which does not. The Density Gradient Model This 

results in a grossly overestimated free carrier accumulation along with an incorrect exponentially 

increasing profile. The more physically accurate profile modelled using the Drift Diffusion Model 

is shown in Figure 20(a,b). Lastly, the carrier concentration and the mobility of ITO were assumed 

to be 1.0×1020 cm-3 and 40 cm2/Vs. 

For a length of 3.6µm, a capacitance of 220 fF and resistance of 100Ω, this device 

has a speed of 42GHz at a 6 dB modulation depth and consumes about 1pJ/ bit 

of energy. 
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While the all-oxide modulator is one way of implementing the plasmon assisted design approach, 

one other way is utilizing a ring resonator. Designs related to this have been simulated in the 

following section.  

3.3. Polymer based EO Modulator (Tier 2 Speed) 

Modulators can be thought of as the bridge between electrical and optical signals in a photonic 

integrated circuit and could potentially be referred to as the single most important device. This is 

well recognized by the research community as evident from the sheer number of demonstrations 

of modulators, in the recent past. However, as evident from Figure 13(c), plasmonic modulators 

still exhibit large IL.  

 

Figure 22: Schematic of the hybrid EO modulator design. The inset on the left shows the on- and 

off-states of the device. In the off state, the light bypasses the HPP ring due to destructive 

interference, while under a bias, the index of the EO polymer increases due to the Pockel’s effect 

and the light couples into the plasmonic section where it is absorbed. b) Plot of the transmission 

spectra in the off-state versus on-state (black curve) which illustrates the strong modulation depth 

and low insertion loss of the device 

The device (Figure 21) consists of a bus waveguide connected to an hybrid photonic-plasmonic 

(HPP) ring. The dielectric region of the HPP consists of an electro-optic (EO) polymer. EO 
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polymers have been used quite successfully in nanophotonic devices [36,62], as they provide large 

index change upon application of an electric field, based on the Pockel’s effect, while introducing 

negligible losses. In this case, after polling the polymer, an applied bias in-duces an index shift in 

the polymer which alters the mode index of the light in the ring, shifting the resonance condition 

(Figure 22). When the device is biased to bring the ring is in resonance with the incoming light 

(on-state), light is critically coupled to the ring where it is absorbed by the Al forming the top layer 

of the ring. When the device is unbiased (off-state), light destructively interferes in the ring and 

exits at the through port with minimal IL. While there are numerous EO polymers available, with 

r33 coefficients as high as 350 pm/V,41 the current device design is conservatively based on 

Disperse Red 1 [N-Ethyl-N(2-Hydroxyethyl)-4-(4-Nitrophenylazo)Aniline], available from Sigma 

Aldrich. This can be dispersed in PMMA and has been shown to exhibit an r33 co- efficient of 

about ~100 pm/V [63]. 

For a device geometry with a 2 μm ring radius, 340 nm Si thickness, and 60 nm gap filled with an 

EO polymer of index 1.49 (PMMA), a critically coupled resonance is found [using a 3D FEM 

solver, COMSOL] at a wavelength of 1523 nm with a FWHM of 2.9 nm, see Figure 22(b). After 

being polled, the application of an 8 V differential bias (within the ±5 V of CMOS) between the 

Al and Si ring generates a ~0.022 index change, producing a 2.2 nm resonance shift. Most 

importantly, the device achieves an ER of 9 dB with a low insertion loss of 1 dB using the 

conservative r33 coefficient. Moving to a state-of-the-art EO polymer, with r33 coefficients of 300 

pm/V and beyond has the potential to reduce the IL down to 0.2 dB, as shown in Figure 22(b). 

Moving to a “Plasmon-Assisted” HPP configuration, we can potentially achieve 

an IL as low as 0.2 dB (lowest reported for plasmonics) with 9 dB modulation, 
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energy consumption of 23 fJ/bit, speed of 700 GHz (Tier 2), in an active area of 

12 µm2. 

3.4. NOEM Dynamic Polarization Rotator (Tier 1 Speed)  

As discussed in the previous section, plasmonic devices have usually resulted in larger insertion 

losses than their photonic counterparts. This is predominantly due to the large ohmic losses 

coupled with plasmons being more sensitive to fabrication imperfections such as surface 

roughness, oxidation and dimensional mismatches. Amongst several methods attempted by 

researchers, to reduce ohmic losses, one widely used method has been to adopt a hybrid plasmonic-

photonic (HPP) waveguide configuration. While HPP’s have been well studied in literature, 

designs have almost exclusively been filled with low index materials. 

In this section of thesis, the proposed geometry replaces the low-index solid material with air, 

consisting of a Si ridge waveguide with a metal cap and nanoscale air spacer. We select Al as the 

metal of choice, due to its wide range of excellent properties including: respectable plasmonic 

performance in the near-infrared (ε’/ε” ~ 6) enabling propagation lengths of 10 μm – 800 μm 

(attenuation of 0.6 and 0.007 dB/μm, respectively) see Figure 23(a); combination of low-density 

(2.7 g/cm3) and moderate Young’s modulus (70 GPa) that allow high mechanical resonant 

frequencies and low energy actuation compared to soft/heavy metals; and CMOS-compatibility 

with low-cost, thereby enabling ready co-integration with electronics. The resonant frequency of 

a cantilever is given by the formula, 𝑓 = 1/2𝜋(√𝑘/𝑚), where k is the spring constant and m is 

the effective mass. The spring constant is further approximated by, 𝑘 = 𝐸𝑤𝑡3/4𝑙3, where E is the 

Youngs Modulus, w is the width, t is the thickness and l is the length. The effective mass is given 

by the equation, 𝑚 = 𝐴𝑡𝜌/4, where A is the area, t is the thickness and 𝜌 is the density. From this 
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set of equations, one can see that the frequency increases as the spring constant increases and 

effective mass decreases. In this sense, a material with a higher Young’s Modulus and low density 

is beneficial to achieving higher frequencies of operation. However, the force needed for x 

deflection is linearly proportional to the spring constant. Thus, there exists a trade-off between 

energy efficiency and speed as the spring constant increases. However, a decrease in density leads 

to higher speeds and lower energy consumption. In this sense, Al is the preferred choice over 

materials such as gold, silver, and TiN. 

 

Figure 23: (a) Propagation lengths of Al-Si hybrid waveguides with various low-index materials, 

(b) Example of sacrificial under etch of TiN on Si using MgO in extremely dilute phosphoric 

acid 

The most important aspect of the proposed design is the large reduction in propagation loss of the 

structure, wherein the airgap HPP waveguide achieves a performance similar to gold/silver HPP 

guides filled with silica (~0.01 dB/μm). Since Al is a more lossy metal than gold/silver, this is 

accomplished by reducing the plasmonic interaction. In this case, it is a direct consequence of the 

increased index contrast between Si and air and is achieved without substantial enlargement of the 

mode as in prior works. This of course, leads to a challenge as it reduces our ability to modulate – 
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obeying the loss-confinement trade-off. However, this is overcome by adopting the air-gap 

structure along with the “Plasmon-Assisted” design approach. Using this general design approach, 

the present and following sections proposes 3 devices which are tailored for, both, low and high 

frequency modulation, routing and polarization switching. In this section, we focus on the 

polarization rotation-based switch.  

As photonic integrated circuits become more complex, on-chip polarization control increases in 

importance, as a single circuit could contain devices that are designed to operate with either TE or 

TM polarized light. For example, plasmonic elements generally utilize TM modes (H-field parallel 

to the substrate) while in photonic elements a TE mode is more widely used, due to the higher 

grating coupling efficiency and wider mode control by varying waveguide width. Current 

polarization controllers are either fiber-based stress-strain devices, which are bulky and typically 

not integrated on a chip or lithium niobate LNB based waveguides which are 100’s of um long, 

resulting in challenging integration in densely packed photonic circuits. In this sense, a compact 

dynamic on-chip polarization control would enable a host of new functionality including an 

additional degree of freedom to increase signal modulation bandwidth, enable dynamic signal 

multiplexing, facilitate new approaches to routing signals, and allow the selective activation of 

photonic/plasmonic elements. While several device designs have been proposed to enable static 

polarization control, dynamic polarization control on-chip remains elusive. 

To address this limitation, we propose a “Plasmon-Assisted” dynamic 

polarization rotator that achieves speeds of up to 5.8 MHz (Tier 1), with IL 

<0.65 dB, in an area of ~6 μm2 with a 200 aJ/bit energy consumption, enabled 

by mechanical modulation of the low loss airgap HPP waveguide. 
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 To illustrate the operating principle, we first consider the 

mode indices for the three modes (TE, TM, and HPP) in the 

hybrid air-gap waveguide versus waveguide width 

assuming a 30 nm air gap (Fig. 24). At a width of 400 nm, 

the mode index of the HPP mode perfectly matches the TE 

polarized mode, enabling efficient coupling, while the TE 

and TM modes are mismatched. To begin the mode 

conversion, an adiabatic taper is introduced by gradually 

overlapping the metal cap with the silicon waveguide, see 

Figure 25. As the metal becomes centered over the Si 

waveguide, the polarization of the mode is gradually rotated from a horizontal TE mode to vertical 

TM mode by the HPP guide. This transition is efficient since the mode index is nearly constant 

throughout the entire rotation process. Once rotated, the mode is converted from the TM polarized 

HPP into a photonic mode through a symmetric taper which gradually lowers the index to match 

the TM mode in the Si guide. On the other hand, increasing the air gap to 80 nm decreases the 

mode index of the hybrid mode by 0.1 (Figure 25), precluding it from coupling to the TE mode 

and eliminating the rotation effect. This can be seen in Figure 25 (insets, 80 nm gap condition) 

where no coupling to the hybrid mode is observed despite the presence of the metal cap – achieving 

a “Plasmon-Assisted” operation.  

Figure 24: Effective mode index of 

TE, TM and Hybrid (HPP) mode of 

hybrid air-gap waveguide (gap size: 

30 nm and 80 nm) plotted as a 

function of the width of the Si 

waveguide.   
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Figure 25: (a) Schematic of the proposed dynamic polarization rotator, which includes a Si 

waveguide with a suspended Al cantilever and stopper layers to limit pull-in. (b), (c) and (d) 

Normalized electric field mode profiles for a 30 nm and an 80 nm gap and various distances along 

the structure. When the gap is 30 nm, the mode adiabatically transfers from TE (horizontal) to a 

HPP (vertical) mode. In the case of an 80 nm gap, the two modes are sufficiently mis-matched to 

preclude efficient coupling within the device length 

To estimate the device performance, an Al cantilever of 400 nm width and 55 nm thickness 

overlapping with a Si waveguide of 400 nm width and 340 nm thickness is simulated using 3D 

finite element method (FEM) mechanical simulations, where a 5.8 MHz mechanical resonance is 

found. Actuation is achieved by placing a bias between the Al and Si which induces an electrostatic 

force that deflects the cantilever and reduces the gap height to initiate the rotation. Simulations 

show that the 50 nm displacement can be achieved by applying a bias of 1.8 V. To ensure minimal 

reflective losses, the rotator is conservatively taken to be 15 μm long (more than 10× the effective 

wavelength for each taper) to achieve adiabatic evolution. As a result, the rotator achieves an IL 

of <0.65 dB (determined by the propagation loss of HPP mode, over the device length). The IL 

can be reduced further by altering the width of the Si guide during the asymmetric taper and 

removing the final symmetric Al taper, thereby cutting the plasmonic length in half. It is also 

important to note that a deflection of only 35 nm is sufficient to produce a 0.05 change in mode 
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index and decouple the hybrid and TE modes, thereby reducing the required voltage and IL. 

Further optimization of the device is expected to reduce these values even more. 

Naturally, with the large relative motion mentioned (~60% of air-gap), runaway actuation due to 

the increasing electrostatic force with decreasing gap (known as pull-in) and breakdown of the 

nanoscale gap are concerns. Typically, pull-in limits actuation to around 1/3rd of the initial gap 

size (as documented in MEMs and NEMs) [64]. Here, we overcome this limitation by embracing 

pull-in (applying 1.8 V when pull-in bias is 1.7 V), and in turn, restricting cantilever motion by 

introducing a stopper that limits motion to the necessary 30 nm gap (Figure 265). Once the bias is 

removed, the actuator returns to its original position due to the restoring force of the cantilever (33 

nN in this case) which is sufficient to overcome Van der Waal’s forces that are minimized in our 

case due to the very small contact area [65,66]. A reliability of over 1014 switching cycles is 

estimated from prior works, limited by contact welding, and is sufficient for over 10-years of 

operation at 100 MHz with a 1% duty cycle [65]. Additionally, breakdown is avoided, as the peak 

electric field of 60 MV/m (1.8 V over 30 nm) is less than that sub-micron breakdown strength of 

air (>75 MV/m) [67]. 

3.5. NOEM Dynamic Switch (Tier 1 Speed) 

Electrically programmable switches are an important part of PICs. They form the backbone of 

modern data centers and are the foundation of programmable photonic circuits [68–70]. However, 

low off-state losses are absolutely essential, as in a multi-port router the signal must pass through 

numerous devices before being routed. Thus, losses above 0.5 dB are essentially intolerable, a 

tough measure for plasmonics. Thus, nearly all switches in literature rely upon purely dielectric 

structures to route light, leading to devices occupying large areas device of 100’s to 1,000’s of 
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square microns, that are relatively slow (generally sub-MHz operation), and that require large drive 

voltages (>10 V), see Figure 13(c). 

Here we show that moving to an HPP “Plasmon-Assisted” approach enables 

the realization of a switch with 0.08 dB (through port) and 1.8 dB (drop port) 

IL, 6.8 MHz (Tier 2) operation, a record low 60 aJ/ bit energy consumption, in 

a size of just 36 μm2. 

Moreover, this approach achieves better performance than the recently demonstrated hybrid 

plasmon switch using gold [38] and does so while achieving CMOS-compatibility. Hence, the 

device can increase the density of switching networks by over 100×, enabling new ultra-dense 

network routing and field-programmable optical logic. 

The proposed device consists of two Si bus waveguides coupled to an airgap HPP ring formed by 

an Al membrane freely suspended over a Si ring (Figure 26). In this structure, the ring’s optical 

resonance condition is dictated by the nanometer scale air gap in between Si and Al. Similar to the 

polarization rotator, applying a bias creates electrostatic forces between Al and Si that deflect the 

Al membrane causing an enhanced plasmonic interaction that increases the mode index, and shifts 

the resonance. When actuated (on-state, Figure 26), the ring is shifted to be in resonance with the 

incoming signal where light then passes through the HPP ring and couples to the drop port, 

providing switching. When unbiased, light destructively interferences in the ring, providing an 

output at the through port. Moreover, this destructive interference precludes light from interacting 

with the plasmonic element (“Plasmon-Assisted” operation), enabling exceptionally low through-

port IL. 
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Figure 26: a) Schematic of the proposed hybrid “Plasmon-Assisted” dynamic NOEM switch, 

consisting of an Al ring suspended over a silicon ring, which is coupled to two bus waveguides. 

Inset on the left depicts the operation of the switch in the on- and off-state where switching is 

achieved through a shift in resonance induced by electro-static deflection of the Al ring. b) 

Transmission spectra at the through port, obtained from 3D simulations of a single bus waveguide 

coupled to a hybrid ring resonator with a 70, 60, 50 and 40 nm gap; a FWHM between 0.9 to 1.2 

nm is obtained. With a 20 nm deflection, shown by the dashed lines in the figure, the resonance 

wavelength shifts by 13 times the FWHM, providing high contrast switching. 

3D FEM optical simulations of the HPP ring structure with a radius of 2 μm and a 60 nm air gap 

coupled to a single bus waveguide show a resonance 1533 nm with a FWHM of 0.9 nm when at 

the critical coupling condition – where round trip loss equals the input energy from bus waveguide 

(Figure 26). A 20 nm decrease in the air gap is sufficient to shift the resonance by 13 nm, which 

results in over 20 dB extinction ratio at the through port, along with sub 0.02 dB IL due to the 

“Plasmon-Assisted” operation. Adding a second waveguide (drop port) has been shown in 

literature to broaden the FWHM by 2.5 times, thus conservatively increasing the IL at the through 

port to 0.08 dB. Drop port losses are estimated to be 1.8 dB based on the ratio of the through and 

drop port losses when compared to other switches in literature. This level of loss is tolerable in the 
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drop port as in typical routing fabrics, only a single drop port route is required. Thus, a signal can 

pass through 15 HPP switches, including one route operation, before reaching 3 dB total IL. 

Mechanically, for an Al layer thickness of 75 nm, a ring radius of 2 μm, a ring width of 400 nm, 

and a support length of 3 μm, 3D FEM simulations show a resonance frequency of 6.8 MHz for 

the Al membrane The actuation mechanism is similar to that of the polarization router, in that the 

necessary 20 nm of deflection is achieved through electrostatic deflection by modulating the bias 

from 1 V to 1.62 V (620 mV actuation), a value that is just above the pull-in voltage (1.6 V) for 

which motion is limited by the stopper. Again, our restoring force (33 nN) combined with a 

minimal stopper area is sufficient to overcome Van der Waal’s forces and enable the actuator to 

return to its original position. Furthermore, an applied voltage of 1.62 V across a 40 nm air gap 

yields a field (40 MV/m) that is well-below the breakdown strength of sub-micron airgaps (75 

MV/m). Similar to the polarization rotator, a reliability of over 1014 switching cycles, limited by 

contact welding, is estimated. While the stress in the metal cantilever in these device designs is 

well below the yield strength, the risk of creep exists. Creep is the tendency of a solid material to 

move slowly or deform permanently under the influence of persistent mechanical stresses. It can 

occur because of long-term exposure to high levels of stress that are still below the yield strength 

of the material. However, creep is more severe in materials that are subjected to heat for long 

periods and generally increases as they near their melting point, so while the risk is minimal in the 

proposed device designs, it is an area of concern which requires further investigation.  
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3.6. Conclusion 

 

In conclusion, four (two Tier 1 and two Tier 2) devices have been discussed in this chapter. Out 

of the two Tier 2 speed devices (bit-wise operation in GHz), one of them is a broadband all oxide 

EO modulator and the other is a narrow bandwidth, high-Q ring based EO modulator. For the ring-

based design we make use of the versatility of an air-gap hybrid waveguide structure and backfill 

the gap with an electro-optic polymer [71–73]. Although resonator structures are well explored, 

photonic devices generally employ high Q’s (more than 2,000) due to the low modulation 

capability of Si [74,75], which limits the speed of the device. Alternatively, plasmonic resonant 

devices operate with extremely low Q cavities (due to the high loss) which require exceptionally 

large tuning (~10-20 nm shift) to achieve modulation. Here we find the “sweet spot” between the 

trades-offs of cavity-limited speed, RC limited speed, and resonance width, realizing a moderate 

Q-factor of ~600 (Si guide W: 400 nm, H:340 nm; airgap: 60 nm; radius: 2 μm). In this case, the 

HPP resonator introduces just enough plasmonic interaction to enable > 1 THz speed for both 

cavity (through an increase in loss) and RC limits (through reduced size), all while maintaining a 

full-width-half-max of the resonance within the modulation range of commercial nonlinear 

polymers under CMOS voltages, (~2 nm), allowing complete de-coupling of the HPP cavity to 

achieve a sub 1 dB IL. On the other hand, the truly broadband all oxide EO modulator completely 

shuns the use of metals and relies upon the switching of an ENZ material between metallic and 

dielectric states. The non-resonant slot waveguide structure also results in a comparatively small 

footprint.  

At the other end of the spectrum, the Tier 1 devices operate on internet packets which change at a 

rate of ~1.6 MHz (>1,500 bits per packet, line speed of 20 GBaud40). In this we employ a hybrid-
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plasmon-coupled mechanical actuation. In the active on-state of the device, we deflect the Al layer 

to reduce the gap size which increases the plasmonic interaction and improves our ability to 

dynamically control the mode – but we do so only when it is necessary. In the passive off-state, 

the plasmonic material is far enough away to not generate exceptional IL, (thereby motivating the 

choice the low loss devices we undertake to implement in the following chapter, the fields in the 

air-gap region vary rapidly in space, such that movement of the Al by 10’s nm is enough to 

drastically change the mode properties.  

Our proposed devices achieve exceptionally high optomechanical coupling 

coefficients >1,000 GHz/nm (sensitivity of the device to mechanical motion), 

more than 100× photonics, and enabling nanometer displacement with sub 2 V 

drive.  

Another approach to overcome the reduced LMI of the airgap HPP guide is through the use of a 

resonator structure. For Tier 1 speed devices, the Q-factor provided by a ring resonator (~100 – 

2,000 for airgaps of 10-100 nm) further enhances the sensitivity of the structure to mechanical 

deformation, increasing our ability to achieve high contrast dynamic functions without concern for 

cavity lifetime limited speed.   

[This chapter contains results that have been previously published: 

1. Md. Sojib, D. Fomra, V. Avrutin, N. Kinsey, “Optimizing epsilon-near-zero based Plasmon 

Assisted Modulators Through Surface to Volume Ratio”, vol. 30, issue 11, pp. 19781-19794, 

Optics Express, 2022 

2. R. Secondo, D. Fomra, N. Izyumskaya, V. Avrutin, J. Hilfiker, A. Martin, U. Ozgur, and N. 

Kinsey, “Reliable Modeling of Ultrathin Alternative Plasmonic Materials Using Spectroscopic 
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Ellipsometry,” Optical Materials Express – Beyond Thin Films: Photonics with Ultra-thin and 

Atomically-thin Materials Feature Issue, vol. 9, no. 2, 2019 [Invited]]  
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4. DEVICE FABRICATION OF ALL-OXIDE MODULATOR 

A photonic integrated circuit consists of components such as phase shifters, polarization 

controllers, routers and modulators. A few of these were discussed in the previous section. 

However, out of these, the capability to encode the incoming electrical signal onto an optical pulse 

is critical to the co-existence of optics with electronics. In this sense, we focus the fabrication effort 

on the EO modulator. Of the two EO modulators proposed, All-oxide EO modulator and the 

polymer based EO modulator, the former is investigated due to the ready availability of the 

materials needed to fabricate the device. The following section discusses the materials 

optimization studies and the fabrication details.   

4.1. All Oxide EO Modulator – Material Deposition 

4.1.1. Aluminum Zinc Oxide 

A potential and promising choice of active material for the All-oxide modulator is aluminum-

doped zinc oxide (Al:ZnO or AZO), which is a type of a transparent conducting oxide (TCO) [76]. 

These are a class of materials that exhibit near zero index (NZI) properties at telecommunication 

wavelengths. These materials are particularly attractive as they offer large tunability under both 

electrical and optical control, offer sub-picosecond response times, and are of purely solid-state 

nature. Apart from providing excellent tunability, NZI materials also exhibit enhanced light-matter 

interaction (LMI), due to slow light effects, enabling more compact and energy-efficient meta 

devices. As a result, NZI materials have been shown to enhance a number of nonlinear optical 

processes (such as adiabatic frequency shifts, second and third harmonic generation, and four-
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wave mixing), and have led to the realization of sub-micron modulators [77] and high angle beam 

steers [34], making the development of these materials a key for several areas of dynamic 

nanophotonics. Among a wide range of transparent conducting oxides, aluminum- and gallium-

doped zinc oxide are particularly attractive, as ZnO is a well-studied material system that accepts 

high levels of doping, has high conductivity, has well-established fabrication processes, and its 

elements are abundant in nature [78–80]. Thus far, a variety of techniques, including 

sputtering [81], molecular beam epitaxy (MBE) [82], pulsed laser deposition (PLD) [83], atomic 

layer deposition (ALD) [84,85], etc., have been utilized to deposit doped ZnO. Among these 

methods, ALD provides advantages such as conformal, pin-hole free, and low-temperature 

deposition with sub-nanometer thickness control along with being a CMOS compatible and 

scalable method [86]. However, the ALD route/process has so far resulted in Al- and Ga-doped 

ZnO films with high losses and insufficient carrier concentration to obtain NZI properties covering 

the entire telecommunication wavelength range (1260 nm to 1665 nm) or provide access to 

biological transparency windows (600 nm to 1350 nm) [87–89]. 

The lower quality of the ZnO-based TCO films produced by ALD using water as an oxygen 

precursor, compared to those grown by the sputtering and MBE methods, can be traced back to 

the digital nature of the ALD process. In the ALD regime, concurrent delivery of abundant Al and 

Zn species to the substrate which saturate the available surface sites favors Al2O3 growth due to 

the higher adsorption energy of the most widely used Al precursor, trimethyl aluminum TMA, 

compared to Zn precursor diethyl zinc, DEZ, on OH− terminated surfaces [90,91]. Therefore, the 

conventional ALD route to deposit Al:ZnO (AZO), involves alternating two steps: 1) a 

combination of zinc and oxygen precursor pulses followed by 2) a doping cycle of aluminum and 
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oxygen precursor pulses. Intuitively, this leads to the incorporation of AlOx layers sandwiched 

between ZnO layers. To form AZO, this process relies upon the subsequent diffusion of Al into 

ZnO, but the digital nature inherently results in non-uniform Al distribution along the growth 

direction [89]. Consequently, the doping efficiency, also frequently referred as dopant ionization 

efficiency, for these films (ratio of electron concentration to total Al content in the matrix,) is as 

low as 10% to 15%, and the excessive Al species form alumina inclusions in the matrix. In contrast 

to this conventional ALD approach, many other deposition methods (MBE, PLD, sputtering) 

involve concurrent delivery of Zn and Al species with precisely controlled flux ratios within a very 

wide range which gives rise to more uniform Al or Ga distribution through the matrix and achieves 

doping efficiencies exceeding 85% at high (>1020 cm−3) doping levels [92]. 

 

Figure 27: Schematic of the pulse sequence in the modified ALD process. ‘M’ alternating pulses 

of H2O and Diethyl Zinc (DEZ) are followed by a doping cycle of H2O, DEZ, and Trimethyl 

Aluminum (TMA). The frequency of the doping cycle determines the carrier concentration and 

‘N’ number of super-cycles determine the thickness [68] 

To address the limitation of digital ALD growth for heavily doped TCO’s, we have investigated a 

modified approach to the ALD growth of AZO thin films on silicon and sapphire substrates. The 

approach moves away from the surface saturation condition of ALD for the Al precursor pulse, 

which leads to a reduced Al incorporation in each dosing cycle in favor of more frequent pulses. 
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This process produces a more uniform distribution of the dopant along with reduced clustering of 

the excessive Al species that result in alumina inclusions. As a result, the AZO produced through 

the modified process provides tailorability of the NZI region across the entire telecommunication 

range while maintaining low optical losses: crossover wavelengths as low as 1320 nm on sapphire 

and 1370 nm on silicon with losses of 0.45 and 0.35, respectively. The short crossover wavelength 

coupled with low losses, reinforced by the advantages of the ALD method, makes these films 

extremely attractive for a range of dynamic nanophotonic meta devices. 

 

Figure 28: Schematic of modifications made to the doping the cycle, as the ALD process moves 

from the conventional to the modified regime. The dashed grey line in the pulse train schematic 

denotes the density of active surface sites. The conventional doping cycle includes H2O and TMA 

pulses under surface saturation conditions leading to a very high Al incorporation. Step 1: 

introducing a DEZ pulse in between H2O and TMA pulses leads to a mixture of Zn and Al radicals 

in the doping layer, thus reducing Al incorporation compared to the original doping cycle. Step 2: 

further reducing the TMA pulse duration limits the amount of TMA supplied, thus further reducing 

Al incorporation. Step 3: lastly, higher substrate temperature reduces the density of active sites 

(number of hydroxyl groups), thus reducing Al and Zn incorporation in each cycle. Ultimately, the 

reduction in the Al incorporation per cycle enables a more frequent occurrence of the doping cycle, 

thus producing more even and effective doping of the ZnO film [68] 

The modified ALD pulse train is shown in Figure 27, where each super-cycle consists of ‘M’ 

number of alternating pulses of Diethyl Zinc (DEZ) and H2O, followed by a doping cycle of DEZ, 
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Trimethyl Aluminum (TMA), and H2O. The overall number of super-cycles ‘N’ is varied to control 

the film thickness and the frequency of the doping cycle controls the free carrier density. The 

detailed description of the growth conditions can be found in the methods section. Central to the 

modified ALD mechanism is the divergence from the surface saturation condition of the Al 

precursor. This decreases the incorporation of Al ions in each dosing cycle, enabling an increase 

in the frequency of doping cycles, a more uniform Al distribution throughout the film, and an 

increase in the Al doping efficiency while reducing electron scattering as it decreases the formation 

of alumina inclusions. This is achieved by utilizing H2O/DEZ/TMA pulse sequence (Step 1 in 

Figure 28) [87,93], reducing the amount of Al precursor supplied in each pulse to decrease surface 

coverage of TMA (Step 2 in Figure 28) [94] along with increasing the substrate temperature to 

lower the density of OH− groups on the surface, which act as active sites (Step 3 in Figure 28).  

The first step in realizing improved AZO consisted of adopting a blended H2O/DEZ/TMA pulsing 

sequence for the doping cycle, as opposed to the H2O/TMA conventionally used in ALD. While 

the conventional pulsing sequence leads only to Al-O bonds, the modified pulsing sequence 

promotes competition between Zn-O and Al-O bonds during the dopant cycle. The introduction of 

DEZ into the reaction chamber (before TMA) leads to the formation of Zn-OH bonds but as the 

adsorption energy of TMA-OH (1.16 eV) is larger than that of DEZ-OH (0.74 eV), TMA is capable 

of randomly replacing adsorbed DEZ [90,91]. This decreases the amount of Al species 

incorporated into the film, as the active sites are now shared between Al and Zn ions. Thus, the 

reduced incorporation of Al species in each dosing cycle provides better doping control, as 

opposed to the conventional ALD sequence of H2O/TMA that leads to the incorporation of an Al 

monolayer (Step 1 in Figure 28). 
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Figure 29: (a) Plot of resistivity versus Al dosing percentage at different TMA pulse durations, of 

AZO deposited on a sapphire substrate at a substrate temperature of 250°C. With reduced pulse 

duration, the optimum dosing percentage shifts to higher values due to the reduced Al 

incorporation in each dosing cycle. (b) A plot of growth rate versus deposition temperature. The 

reduction in growth rate occurs because of the evaporation of the H2O at elevated temperatures 

that reduces the number of active sites available with which Zn or Al radicals may bond [68] 

Conventionally, in the ALD deposition of AZO, an increase in the dosing percentage (ratio of 

H2O/DEZ/TMA pulses to H2O/DEZ pulses) reduces the resistivity, up to an optimum point. 

Increasing the dosing percentage further results in an increase in resistivity due to the clustering 

of the excessive Al in the matrix [95]. Under surface saturation conditions, with an Al pulse 

duration of 60 ms, the optimum dosing (corresponding to the lowest resistivity) was 6% in our 

reactor, which is in agreement with commonly reported values of 3% to 6% (Figure 

29(a)) [84,87,91]. To avoid the surface saturation with TMA, we reduced the TMA pulse duration 

from 60 ms to 7.5 ms (Step 2 in Figure 28), which was the system limit. To further reduce the 

amount of Al entering the chamber in each pulse and thus the amount adsorbed on the surface, our 

second optimization step was to install a 100-micron diameter orifice on the head of the precursor 
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bottle. In this case, the Langmuir exposure of TMA, the parameter describing the surface coverage 

of a precursor gas, reduces from 17×10−3 Torr at 60 ms to 0.6×10−3 Torr at 7.5 ms with an orifice, 

thus resulting in a higher optimal dosing percentage of 17%, as shown in Figure 29(a).  

Finally, we increased the substrate temperature while utilizing the H2O/DEZ/TMA sequence with 

a 7.5 ms pulse duration for the TMA+ orifice condition (the third optimization step). The increase 

in temperature further limits Al incorporation in each dosing cycle by reducing the number of 

surface-active sites (Step 3 in Figure 28). The decomposition of water molecules results in the 

absorption of OH− radicals on the surface, which act as active sites for Zn+ and Al+ ions. At 

increased temperatures, the OH− groups recombine to release H2O and form O* radicals, thus 

reducing the number of active sites [89]. Therefore, the reduced growth rate of the material is 

believed to occur as a result of a decrease in the density of active surface sites, which in this case, 

is achieved by increasing the temperature, as shown in Figure 29(b). Under these conditions, the 

TMA adsorption is reduced, and the ALD is believed to be operating in a sub-saturation regime. 

The reduced adsorption of TMA leads to an increased incorporation efficiency of Al+ ions, the 

effect of which can be observed in the decreasing resistivity trend (Figure 30(a)).  

Figure 30(a), shows the resistivity of the AZO samples deposited on sapphire substrates with 20% 

Al dosing, at temperatures varying between 200°C and 400°C. More uniform Al+ ion distribution 

through the matrix results in a decrease in resistivity from 8×10−4 Ω-cm at 200°C to 4×10−4 Ω-

cm at 350°C. The reduced growth rate at higher temperatures not only gives rise to fewer Al ions 

being incorporated into the matrix during each dosing cycle but also leads to a more spatially 

frequent occurrence of the dopant layers due to reduced growth rate. For instance, the dopant layer 

occurs after every 1 nm of zinc oxide growth at 200°C, whereas it occurs after every 0.5 nm of 
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zinc oxide at 350°C albeit with a reduced number of Al species incorporated in each layer. The 

decrease in resistivity is predominantly the result of an increase in the charge carrier mobility with 

temperature up to 350°C, as the carrier concentration remains approximately constant (Figure 

30(b) and (c)). This finding suggests a reduction in the clustering of Al ions, which decreases the 

density of scattering centers, thus contributing to an increase in mobility [94]. On the other hand, 

the increase in resistivity beyond 350°C is attributed to an increase in the decomposition of DEZ 

and TMA, known to occur at temperatures above 325°C, which leads to excessive impurity 

(carbon) incorporation [96,97]. While reliable Hall mobility data on the silicon substrate is 

challenging to obtain due to the parallel conduction channel, the optical mobility, extracted from 

the Drude model using the spectrometric ellipsometer is shown in Figure 30(d). It mirrors the trend 

observed on sapphire substrates, as the mobility doubles from 15 cm2/ V-s to 29 cm2/V-s when Ts 

increases from 200°C to 350°C. At higher temperatures, particularly above 375°C, we observed a 

drop in mobility only in films grown on silicon substrates. This could be attributed to a higher 

substrate surface temperature owing to the larger thermal conductivity of silicon as compared to 

sapphire. The small difference in surface temperature, particularly at temperatures near the 

precursor decomposition point, results in significantly different decomposition rates. 

The tailorability of the crossover wavelength dictates the operating range of future dynamic meta-

devices. To explore the extent of tailorability in the films grown under the optimized conditions 

(Ts =350°C, 7.5 ms TMA pulse duration with orifice and H2O/DEZ/TMA dosing sequence), we 

varied the dopant dosing percentage between 2% and 33% and achieved a carrier concentration 

ranging from 2.5×1020 cm−3 to 8×1020 cm−3 (see Figure 31(a)). The highest carrier concentration 

was achieved for a dosing rate of 20% that translated to an ENZ wavelength of ∼1400 nm on 
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sapphire and silicon substrates, for a ∼45 nm thick AZO film (Figure 31(c) and (d)). Increasing 

the dosing percentage further gave rise to a decrease in free carrier concentration, presumably due 

to the formation of alumina inclusions. On the other hand, Hall mobility is observed to vary 

inversely with dosing percentage as it drops from 32 cm2/V-s to 20 cm2/V-s when the dosing 

percentage changes from 2% to 20% (Figure 31(b)). However, the optical losses remain 

sufficiently low (0.55 on sapphire and 0.45 on silicon), to maintain the near-zero index condition 

of these ultra-thin, ∼45-nm thick films.  

 

Figure 30: (a) Resistivity, (b) Carrier concentration and (c) Hall (solid squares) and Optical (Open 

Squares) mobility of ∼ 45nm thick Al:ZnO films deposited on a sapphire substrate, at 20% Al 

dosing, as a function of deposition temperature. The drop in resistivity is largely attributed to the 

increase in the Hall mobility of these films, as the carrier concentration shows only a small change. 

(d) Optical mobility of Al:ZnO films deposited on silicon substrates under the same conditions 

[68] 
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Finally, the genesis of this enhancement of electrical and optical properties can be seen through 

the doping efficiency, expressed as (NAl:ZnO – NZnO)/NAl where, NAl:ZnO, NZnO, and NAl represent 

the density of free carriers in Al:ZnO, background (nominally undoped) carrier concentration, and 

density of Al atoms in the film, respectively. XPS analysis shows that the amount of Al 

incorporated in the ZnO thin films is 1.7%, producing a doping efficiency of 54%±1% using the 

modified ALD process compared to an efficiency of ∼13% reported in literature [95]. However, 

the use of higher deposition temperatures to reduce Al incorporation results in a lower structural 

quality of the Al:ZnO films as compared to those grown at 200°C, the conventional temperature 

for ZnO ALD, thus establishing a tradeoff. Nonetheless, the extent of improvement of optical 

properties is illustrated in Figure 32. Figure 32(a) shows the real and imaginary parts of the 

permittivity of our films (100 nm thick) grown under the optimized conditions on Si and sapphire 

substrates. Figure 32(b) compares the imaginary parts of the permittivity at the cross over 

wavelength for our films with ALD-deposited Al:ZnO and Ga:ZnO thin films reported in 

literature. As observed from the red points, the AZO films deposited in this work exhibit a 

significant improvement in the loss values over the values reported in literature [84,85,87–89], 

while exhibiting cross over wavelengths within the telecommunication O-band (1260 nm to 1360 

nm). Furthermore, the 100 nm films with a resistivity of 2.8×10−4 Ω-cm are comparable to thick 

(700 nm – 900 nm) sputtered films, with a resistivity of 2.4×10−4 Ω-cm [98]. Lastly, the loss values 

of these ALD deposited films (ε’‘ = 0.35) are approaching and in certain cases even outperforming 

that of PLD (ε’‘ = 0.26) [43] and sputtered films (ε’‘ = 0.3 to 0.7) [81], while offering better 
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thickness control, which is advantageous for nanophotonic devices that typically require the use 

of sub-50 nm thin films. 

 

Figure 31: (a) Carrier concentration and (b) Hall mobility as a function of Al dosing percentage 

for ∼45 nm thick films deposited on a sapphire substrate at 350°C, (c) and (d) Color map of the 

real part of permittivity, for films grown on sapphire and silicon substrates, plotted versus 

wavelength and Al dosing which shows the static tunability of optical properties of ∼45 nm films 

on sapphire and Si grown under the optimized conditions of TS =350°C, 7.5 ms TMA pulse 

duration (with orifice) and H2O/ DEZ/ TMA dosing sequence. The symbol and the solid 

connecting lines denote the ENZ wavelengths of these films. The two highlighted regions mark 

the O and C bands of telecommunication [68] 

The modified ALD mechanism, which includes moving away from surface saturation conditions 

for the dopant precursor, has resulted in an increased doping efficiency, from 13% to 54% 

including a more uniform doping profile. These attributes improved the optical and electrical 
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properties of the film significantly compared to prior works, with resistivity as low as 2.8×10−4 

Ω-cm for a 100 nm thick film while maintaining uniform optical properties across large wafers. 

Moreover, the permittivity crossover was able to be statically tuned across the entire 

telecommunication spectrum and into the edge of the biological transparency window, thereby 

enabling the use of ALD deposited AZO in NZI-driven dynamic meta-devices. Further 

improvements are possible by reducing the purge times of TMA, DEZ, and H2O for processes 

involving Ts around 350°C, which is just above DEZ’s and TMA’s decomposition temperature. 

This can potentially address the trade-off between worsening crystal quality and improving doping 

efficiency, as a result of increased Ts. Moreover, the modified ALD process provides a pathway 

to improve the electrical and optical properties of other doped binary and ternary semiconductors 

such as doped gallium nitride, cadmium oxide, and gallium oxide, which are being explored for 

their large nonlinearities around the NZI region, occurring at technologically relevant 

wavelengths [99].  

 

Figure 32: (a) real and imaginary part of permittivity for ∼100nm thick films deposited on sapphire 

and silicon substrates at 350°C, with crossover wavelengths at 1330 and 1370 nm, respectively. 

(b) the imaginary permittivity of heavily doped (Al and Ga) ZnO films at the crossover wavelength. 

Moving to the modified ALD technique enhances doping efficiency thus enabling Al:ZnO films 
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with reduced losses and crossover wavelengths as low as 1330 nm. This enables the use of these 

films in integrated photonic devices, as the near-zero index properties are now accessible across 

most of the technologically relevant bands. The blue arrow and the shaded region on the plot 

denote the range of losses (ε” < 2) in which ENZ films exhibit NZI effects, such as slow light and 

wavelength expansion [23], emphasizing the need for low loss ENZ films. The red circle (∼100nm 

film on sapphire), the red square (∼100nm film on silicon), and the red triangle (45 nm film on 

sapphire) represent the Al:ZnO films grown under the optimized conditions [68]. Optical 

properties are estimated from Hall effect data using the Drude model, using a hyperbolic effective 

mass dispersion for ZnO for references that only reported electrical properties [52,52,55-57]. 

However, for the EO modulator, a low doped (~1x1020 cm-3) AZO film is needed, and 

counterintuitively, the low doped AZO exhibits a much higher loss in the NIR region. More 

discussion on this is in the following section.  

4.1.2. Near IR Losses in Aluminum Zinc Oxide 

While the losses in the highly doped films were low, and it is natural to expect the losses to be 

even lower in the case of low doped films, due to lower Drude contribution, that was not the case 

with ALD deposited AZO films.  

Integral to the performance of the all-oxide modulator is the material quality of the active region, 

which in the present case is aluminum doped zinc oxide. More specifically, to obtain a high figure-

of-merit (FOM), defined by the ratio of modulation depth to insertion loss, the active region should 

have as low of an optical loss as possible. In the previous section, we had demonstrated the 

deposition of high quality, low loss AZO on silicon and sapphire substrates (Figure 33). Ideally, 

in TCO’s such as AZO, the loss in the near IR region is primarily due to the scattering of free 

electrons. Furthermore, as the carrier concentration decreases, the loss exhibited by the scattering 

of free electrons also decreases. However, for the films deposited by atomic layer deposition, this 

trend did not hold true. As the carrier concentration was decreased in order to shift the epsilon near 
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zero region further out into the IR, the loss in the near IR region (~1550 nm) increased (Figure 

34). This proved to be an issue, as the higher-than-expected loss would lead to low off-state 

transmission of the all-oxide modulator. 

Investigating the reason behind this counter-intuitive trend, ellipsometry measurements were 

conducted all the way down to 30,000 nm wavelength. This enabled us to analyze 5 samples with 

different doping concentrations to map out the trend of change in loss. It was found that in addition 

to the Drude loss there existed an additional contribution from either a defect state or a molecular 

vibration due to an impurity between 3 and 5 um. The presence of this feature can be readily 

observed in the S-Parameter of the ellipsometer measurement. The S-Parameter is a term derived  

 

Figure 33: Real and imaginary parts of permittivity for ∼100nm thick films deposited on sapphire 

and silicon substrates at 350°C, with crossover wavelengths at 1330 and 1370 nm, respectively. 

from the sine and cosines of the Psi and Delta (ratio of rp and rs), which are direct measurements 

obtained from the ellipsometer. To extract useful insight, these curves are fit to a model. As any 

type of fitting leads to a certain degree of uncertainty, it is often beneficial to track the change in 
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the S-Parameter curves across samples to highlight changes. As shown in Figure 35, the curve 

indicated by 1 is the Drude contribution, while the feature indicted by 2 are the phononic 

contributions. The feature indicated by 3, which is especially pronounced for the case of AZO 2%, 

can only be fit using gaussian oscillators, which are usually indicative of absorption caused by 

either interband transitions, impurities or defects [100,101]. In the case of AZO, in the 3 to 5 um 

spectral range, literature suggests the presence of impurities which could lead to the broad 

absorption. 

This is highly detrimental to the performance of the modulator, as this broad absorption found 

around 4 um has tails extending down to 1.5 um, the wavelength of interest. This tail not only 

increases the loss on the off state of the device, but also cannot be modulated dynamically, as this 

is not a free carrier driven effect. To overcome this issue, literature has shown that Indium Tin 

Oxide, another TCO which can be used in place of AZO, does not exhibit such a feature [102]. 

 

Figure 34: The imaginary permittivity, indicative of the loss in the films, is plotted as a function 

of wavelength (from 240 nm to 30,000 nm), for a set of AZO films deposited on silicon with ALD 

dosing percentage varying from 2% to 20%. Counter-intuitively, the loss in the lowest dosed films 

is higher than the loss in the higher dosed films. 
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Figure 35: The curve indicated by 1 is the Drude contribution, while the features indicted by 2 are 

the phononic contributions. The feature indicated by 3, can only be fit using Gaussian oscillators, 

which are usually indicative of absorption caused by either interband transitions, impurities or 

defects. 

4.1.3. Indium Tin Oxide 

As a potential substitute for AZO, indium tin oxide (ITO) sputtering was explored at. ITO was 

deposited using the 4Wave Inc. cluster sputter deposition tool at the CNST NanoFab of the 

National Institute of Standards and Technology (NIST) located in Gaithersburg, MD. ITO films 

were deposited on fused silica wafers at room temperature via ion-beam-assisted sputtering. The 

deposition system consists of a 3-grid 14 cm RF ion gun directed at 200 mm diameter targets of 

SiO2, Al and ITO. All three processes require a small flow of O2 to achieve stoichiometry. Typical 

conditions were: argon flow rate 3.3x10-7 m3/s (20 sccm), beam voltage 600 V, beam current 220 

mA and acceleration voltage 150 V. The substrate wafers rotated at 10 rpm and were kept at 20 °C. 

The base vacuum prior to deposition was 2.6x10-6 Pa (1.5 x10-8 Torr). To vary the carrier 

concentration of ITO, O2 flow rate was varied between 1.4 sccm and 4.2 sccm. The free electrons 

in ITO are contributed by the substitutionally entered Sn atoms in the sublattice and from the 
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doubly charged oxygen vacancies. Thus, a higher O2 flow rate leads to a lower concentration of 

O2 vacancies and in turn reduces the free carrier density while increasing the resistivity of the 

films. The effect of this reduction is manifested in the dispersion of the real part of the permittivity,  

 

Figure 36: Real part of permittivity of a 50 nm thick ITO film deposited on a fused silica substrate 

using the 4Wave cluster sputter deposition tool. 

as seen in Figure 36. Moreover, as the free carrier density reduces, the effect of the Drude 

component on the optical response of the materials also reduces, in effect reducing the loss in the 

all-important, telecommunication wavelengths (Figure 37).  

 



 
 
 

88 
 

Figure 37: Imaginary part of permittivity of a 50 nm thick ITO film deposited on a fused silica 

substrate using the 4Wave cluster sputter deposition tool. 

From the perspective of the all-oxide modulator, the target was to obtain an imaginary part of 

permittivity below 0.1, at a free carrier density of ~ 1x1020 cm-3 (Figure 38). This was readily 

achievable in these sputtered ITO films. The next crucial check was the conformality of the 

sputtered films. In the slot modulator design, ITO and the oxide would need to fill the ~40 nm to 

50 nm gap in between the However, the sputtering deposition technique is not as conformal as the 

ALD deposition method, but given a wide enough area, conformality could be achieved. Figure 

39 shows ~100 nm ITO deposited in grooves with a varying size between 50 nm and 500 nm. As 

seen from the images, the narrowest slots do not have an ITO coating in them. This renders the 

film unsuitable for the all oxide modulator in its current design. An alternative approach is to create 

a vertical slot, which will be discussed in the following section.  

 

 

Figure 38: Electrical properties of a 50 nm thick ITO film deposited on a fused silica substrate 

using the 4Wave cluster sputter deposition tool and measured using the Hall Effect. 
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Figure 39: Scanning electron micrograph of focused-ion-beam (FIB) cross-sectional image of 

sputter-deposition test structure. Structure consists of 125-nm-thick ITO (light gray) sputter-

deposited onto a Si grating (dark grey) with line width = 300 nm, trench width = 50 to 1500 nm, 

and grating depth = 200 nm. The narrowest structures exhibit a non-conformal coating of ITO. 

The backfilled material in the slot and overcoated material above the grating is Pt (medium gray), 

which was deposited during the FIB process to assist with the cross-sectioning process. 

4.2. Vertical slot design  

To overcome the non-conformality of sputtered ITO, a vertical slot modulator design was 

explored, as shown in Figure 40. Instead of attempting to backfill a horizontal slot, the new device 

design includes a vertical slot, with ITO and insulator oxide sandwiched in between crystalline Si 

and sputtered, amorphous Si. The advantages of this design are multi-fold. Firstly, considering that 

the performance of the device is heavily reliant on the gap width, an accurate and smooth gap is 

highly beneficial. In this sense a vertical slot, created by material deposition, offers much better 

control of the gap height as compared to a horizontal slot, fabricated by electron beam lithography 

(EBL) and etching. Furthermore, planarized Si waveguides, sputtered ITO, and insulator oxide can 

be expected to be fabricated with sub-2nm roughness, thus enabling to smooth gap interfaces. 
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Secondly, ITO and oxide can be deposited on top of each other without breaking vacuum, thus 

ensuring a contamination-free, pristine ITO/ oxide interface. This is especially important as this 

interface is the heart of the device, where the accumulation region is created on application of a 

bias voltage. 

 

Figure 40: Proposed vertical alternative to the horizontal slot design. The advantages of the vertical 

slot are multifold. i). Better control over critical slot dimensions, ii). Smooth interfaces at the slot, 

iii). Potential for depositing ITO and Al2O3 without breaking vacuum. 

To better understand and visualize the importance of slot in between the two Si rails, see Figure 

41. The input mode is confined within the slot at 0V and a 5V bias. At 0V bias, high transmission 

is desired. The horizontal slot would have resulted in 5 to 10 nm of root mean square roughness, 

on the optimistic side. This roughness would have caused increased scattering, as the confined 

light becomes increasingly sensitive to small index/ structure perturbations. On the other hand, 

traditional Si rib waveguides are not affected by sub 10 nm roughness as the majority of E-field is 

trapped within the bulk of Si and does not experience the surface roughness as strongly. 

Furthermore, the figure also contains insets exhibiting the electromagnetic energy being pulled 

into a ~1nm ENZ region that is created at the interface of ITO/ oxide on application of a 5V bias.     
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Figure 41: Simulated E-field profiles of the active region at 0V and 5V bias. Simulations performed 

using an FEM solver, COMSOL. At a bias of 0V, the incoming frequency experiences an all-

dielectric structure. With the E-field polarized normal to the substrate, it is confined in the low 

index region (ITO and Oxide). On application of a 5V bias, a 1 nm region at the interface of ITO/ 

Oxide now exhibits a permittivity close to 0. The E-field now get confined into this narrow region, 

as shown in the inset, on right. The graph further demonstrates the drastically enhanced E-field. 

This thin region also exhibits higher losses due to increased electron-electron scattering, thus, in 

effect, attenuating the input signal drastically. 

The next section of discusses the coupling details, from a rib mode to a slot mode. Unlike the 

horizontal slot device, which was adiabatically coupled (from rib waveguide to slot waveguide), 

the vertical slot waveguide is butt-coupled. To enable efficient coupling between the two modes, 

the effective mode index, and the E-field mode overlap, must be matched. The mode of the vertical 

slot can be varied by changing the width of the bottom Si waveguide and the thickness of the top 

a-Si. The result of this is shown in Figure 42(a), where a range of indices between 1.7 and 2.6 is 

obtained. We pick an effective mode index of ~1.8 due to the following two factors: i). The index 

of the rib waveguide can vary between 1.5 and 2, so technically any of the parameters these indices 
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can be selected, ii). From a fabrication perspective, a thinner a-Si layer is easier and more reliable 

to lift-off, than a thicker layer, thus a thickness of ~120 nm.   

  

Figure 42: (a). Effective mode index of a vertical slot waveguide as a function of the thickness of 

the top a-Si and the width of the waveguide (WG). The black line highlights the ~1.77 index 

selected for device design, (b). The mode indices of a rib waveguide as a function of the width and 

their corresponding mode profiles. 

With a mode index of 1.77, for a vertical slot, the closest TM mode of a rib waveguide that is 

available, is that of a 750 nm wide rib waveguide, as shown in Figure 42(b). This figure plots all 

the available modes of a rib waveguide as a function of the rib waveguide width, as that is the only 

parameter we can tune. Since a vertical slot waveguide requires a vertically polarized mode, we 

focus our attention on TM and TE-TM hybrid modes. The orange dots represent the TM mode 

evolution as a function of the width of the rib. As it approaches the mode-index target of 1.77 

(index of slot waveguide), the mode splits into TE1 and TM-TE1 hybrid. To ensure the correct 

mode is excited (TE1-TM), we chose a 760 nm wide rib waveguide, as that provides a close match 

to an index of 1.77.  In addition, the mode of interest exists in isolation, ensuring that small 

fabrication errors do not lead to the wrong mode excitation. 
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Figure 43: (a) Mode overlap percentage between the vertical slot waveguide and the various modes 

of the rib waveguide. (b) The insertion loss of the active area for a 9 dB modulation depth as a 

function of the thickness of the a-Si layer and the width of the waveguide. 

To better elucidate the reason of picking the TE-TM hybrid mode over the TE1 mode, Figure 43a 

shows the E-field overlap between the vertical slot and the rib waveguide locations. It is readily 

apparent that the hybrid mode has a much higher (~70%) mode overlap than the TE1 mode (~10%). 

The final dimensions for the rib waveguide are: 220 nm by 750 nm, and for the vertical slot are: 

100 nm by 240 nm. The final coupling efficiency was estimated from a 3D simulation, and up to 

85% energy transfer from the rib to slot mode can be achieved. This corresponds to 0.7 dB loss 

per coupler. Moreover, power and mode stability are achieved within 1 um of travel distance with 

negligible beating of power beyond that.  

To estimate the performance metrics of the modulator, 2D mode simulations were carried out. The 

simulations consisted of coupling the semiconductor module to the optics module in COMSOL, 

which ensures an accurate calculation of the carrier accumulation profile within ITO. As a function 

of the top a-Si thickness and the width, the IL was calculated for 9dB modulation (which is 3 dB 

more than the target) and are shown in Figure 43b. It is evident that irrespective of the design, a 
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record low IL of sub 0.2 dB is achievable. This dramatic improvement of performance of the 

vertical slot design over that of the horizontal slot design can be mainly attributed to the improved 

mobility of ITO. The optical mobility of ITO considered in this simulation was 160 cm2/Vs. While 

this does seem like an unusually large mobility, the ellipsometer measurements reliably and 

repeatedly indicate optical losses that correspond to a mobility as high as 160 cm2/Vs. Further 

evidence of this is shown in Figure 44 

 

Figure 44: (a) Comparison of the loss of a sputtered ITO film measured using an ellipsometer 

(dashed line) and the modeled loss based on the values obtained from the Hall effect measurement 

(solid line). (b) The optical mobility needed to reach the loss measured using the ellipsometer. 

Figure 44a plots the permittivity obtained from the ellipsometer (dashed line) and the modelled 

permittivity based on the data from hall measurements. At a wavelength of 1500 nm, there is over 

a 5x difference in loss. This is primarily due to the difference in optical and hall mobility. It is not 

uncommon for these two mobilities to differ, as optical mobility is dominated by short-range 

scattering whereas the electrical mobility by long-range scattering events. However, as the Figure 

44b shows, to obtain a loss low enough, the optical mobility needs to be about 160 cm2/Vs, whereas 
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the hall mobility from the Hall effect measurement, suggested a mobility of 40 cm2/Vs. This 

difference is unusually large and warrants further investigation.  

If this mobility were achievable, the all-oxide modulator would exhibit a record-

breaking performance of 9 dB MD with a < 0.2 dB IL. Moreover, with an 

estimated length of 8 um (1.92 um2 area and 30 fF capacitance), the RC limited 

speed of the device is 333 GHz (assuming 100-ohm resistance) and the estimated 

energy consumption of 480 fJ at a 8V operating voltage.  

4.3. All Oxide EO Modulator – Device Fabrication 

The fabrication process flow is outlined in Figure 45. It includes 6 aligned EBL steps starting with 

the patterning of embedded Au alignment markers. This is to avoid stripping of the Au alignment 

markers in the subsequent chemical mechanical polishing step (CMP). The Au alignment markers 

are embedded by etching and subsequently backfilling Au using the same patterned resist for both 

these steps. This is followed by lithography and Si etching dry etching to fabricate Si waveguides 

and grating couplers. The next step is CMP, critical to the realization of the all-oxide vertical 

modulator. This involves depositing thick layer of ~60 nm thick SiO2 layer and then performing 

CMP to planarize. This will result in sub-nm of smoothness on the top of the wafer. Following 

CMP, ITO and aluminum oxide insulator (Al2O3) are deposited using the sputtering tool without 

breaking vacuum. Subsequently, ITO and Al2O3 are patterned using wet etching processes, such 

as FeCl3 and TMAH, respectively. Material compatibility has been verified and Al2O3 is resistant 
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to FeCl3. After the patterning of Al2O3 and ITO, a-Si and Au contact pads are patterned via liftoff. 

Out of these 6 EBL processes, 4 of them have been completed, up to the patterning of the oxide.   

 

Figure 45: Schematic of the fabrication process, with non-critical alignment steps. 

 

 

Figure 46: SEM images before and after planarization of the waveguides. 

The most critical step to the realization of this device is CMP of the waveguides, as the tolerances 

are very small. If under or over etched, even with ~20 nm residual SiO2 remaining or ~20 nm Si 
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removed, would lead to over a 10% change in height, thus altering the mode profile of the 

waveguide. To ensure that the process falls within tolerances, a uniform SiO2 layer was deposited, 

and several intermediate thickness checks were carried out during the CMP process. This resulted 

in successful planarization of the wafer, as shown in Figure 46. This was followed by patterning 

of the ITO and p-Si contacts along with Al2O3 layer, which acts as the insulator. The final image 

of the device is shown in Figure 47. Note that this was a prototype device fabricated on a 4” Si 

wafer. The device which can support a guided mode will fabricated on an SOI wafer.       

 

Figure 47: False-color SEM image of the all-oxide EO modulator fabricated on a 4” Si wafer. This 

is an example of a possible fabrication route to realize the device on a SOI wafer.  

4.4. Other Devices – Proposed Fabrication Routes 

While the all-oxide modulator will be fabricated, the section below offers proposed fabrication 

routes to other devices, intended to be used as a reference. The opto-mechanical devices can also 

be fabricated on commercial silicon-on-insulator (SOI) wafers; however, these would have a 340 

nm thick active device layer. This is to reduce the evanescent tail leaking out of the waveguide 
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and interacting with the metallic layer. The process flow is shown in Figure 48, which begins with 

electron beam lithography (EBL) on the SOI wafers followed by dry etching in an inductively 

coupled plasma reactive ion etching (RIE) system using SF6 and C4F8 gases. Next, a planarization 

process can be done using a 1 um thick spin-coated HSQ layer, which on rapid thermal annealing 

would form SiO2 . To etch down to the Si waveguide and fabricate the stopper layer, two etch steps 

(7:1 buffered oxide etch with 1.2 nm/s etch rate), and one EBL step using PMMA can be done. 

This can be followed by the deposition of MgO, which acts as a sacrificial layer. MgO can be 

deposited at room temperature using an electron beam evaporation system or using atomic layer 

deposition, for better thickness control. Following that, an aligned EBL exposure and lift-off can 

be carried out to fabricate the Al membrane structure. This step needs to be done without exposure 

to water due to the hygroscopic nature of MgO. Once the Al membrane has been fabricated, the 

device can be dipped in heavily diluted phosphoric acid, which under etches the membrane by 

dissolving MgO without harming PMMA. At this point, the Al structure is freely suspended 

(forming the base of the proposed structures). To realize a modulator, an EO polymer can be spin-

coated where it back-fills the airgap. This will be followed by reactive ion etching of the polymer 

in low density, low-temperature oxygen plasma using Al as a hard mask. This step could lead to a 

few nm deep oxidation of the Al film, but that will not affect the device, as the light primarily 

interacts with the bottom side of the Al. If still a problem, a few nm thick protective layer could 

be added to the top of the Al layer before liftoff. After RIE etching, the polymer can be polarized 

by placing a bias across Al and Si. 
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Figure 48: Schematic of the proposed devices, with a single critical alignment step of aligning the 

Al ring to the Silicon ring. 

4.5. Characterization 

To test and characterize the devices, a nanophotonic test bench for the optical characterization of 

the EO modulator is required, which can deliver signals to the device under test (DUT) for 

characterization. A schematic of the setup is shown in Figure 49. It consists of a tunable laser diode 

which emits at near IR wavelengths. This is followed by an Erbium doped fiber amplifier (EDFA), 

which amplifies wavelengths around 1550 nm. The output of the EDFA feeds into the polarization 

controller which aids in configuring the polarization entering the sample. Once the light is on-chip, 

it is guided by a waveguide and passes through the active region, which can either be the all-oxide 

modulator, a hybrid resonator coupled to a cantilever or a hybrid resonator with a polymer. 

Depending on the active region, the output is coupled into the air using a cleaved end or a grating 

coupler, which once again goes through an EDFA before being detected. 
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Figure 49: Schematic of the experimental setup used to measure the DC, low frequency, and high 

frequency response of the devices. EDFA’s and RF Amplifiers will be used as required to maintain 

sufficient signal to noise ratio. 

The first step towards testing is to realize a setup that can make passive waveguide measurements. 

Using the above schematic as a guide, the setup shown in Figure 50 was constructed. 1 is the 

wavemeter, to verify the wavelength, 2 is the source and the detector, 3 is a fiber amplifier (EDFA) 

and 4 is a polarization controller. In the subset, 5 is a near IR camera which picks of the scattered 

light off the sample to enable imaging of the waveguides and gratings. 6 and 7 are the output and 

input fibers mounted on a translational stage. Lastly, 8 is the sample holder stage. All stages 

provide X, Y and Z control to aid in precise positioning of the fiber at the input and output grating 

couplers.  
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Figure 50: Picture of the constructed test bench which will be used from passive, DC and high 

frequency measurements of the proposed devices. 

Preliminary measurements of passive waveguides through the system have been promising. In our 

best waveguide, we measured 15 dB of loss across 2 grating couplers and the waveguide, 3 mm 

long. The loss was low enough, that the output signal was above the threshold limit of the detector, 

thus negating the use of EDFA. However, in the event the signal dips below the threshold, the 

EDFA can provide up to 80 dB of amplification, thus providing a wide range of measurable 

powers.  

[This chapter contains results that have been previously published:  

3. D. Fomra, K. Ding, V. Avrutin, Ü. Özgür and N. Kinsey “Al:ZnO as a platform for near-zero-

index photonics: enhancing the doping efficiency of atomic layer deposition”, Opt. Mater. 

Express 10, 3060–3072, 2020 

4. N. Izyumskaya, D. Fomra, K. Ding, H. Morkoç, N. Kinsey, Ü. Özgür and V. Avrutin, “High-

Quality Plasmonic Materials TiN and ZnO:Al by Atomic Layer Deposition”,  Rap. Res. Letter, 

2100227 - 15(10), 2021 [Invited]]  
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5. CONCLUSION AND FUTURE WORK  

Optical technologies play a crucial role in many aspects of modern human life. From the fiber 

optic cables that make high-speed internet communication possible, to the lasers used in medical 

procedures and industrial manufacturing, optics are an essential part of our daily lives. One 

particularly important area of optical technology is photonic integrated circuits, which allow for 

the manipulation of light signals at the nanoscale. These circuits have paved the way for advanced 

communication systems, high-speed computing, and other cutting-edge technologies. Despite 

several benefits such as massive parallelism, high bandwidth and low crosstalk, there are also 

challenges facing the photonic integrated circuit industry. One of the main challenges is the size 

disparity between the photonic and electronic elements. This has made integration especially 

challenging. In addition, the cost and complexity of manufacturing PICs also possess a significant 

challenge. Unlike electronic integrated circuits, which can be easily mass-produced using standard 

semiconductor fabrication techniques, PICs require more specialized processes and materials, 

which can drive up costs.  

To address the size disparity while maintaining good overall performance (IL, MD and energy 

consumption), this thesis has simulated 4 integrated photonic devices and demonstrated a 

prototype fabrication flow, for the all-oxide modulator. These 4 devices - 2 modulators, 1 router 

and 1 polarization rotator would be integral parts of realizing most PIC circuits. To design devices 

with the target performance metrics, we relied on an innovative plasmon-assisted design approach. 

As part of this design philosophy, either ENZ materials, ring resonators, and mechanical actuation 

were used in such a way that the light experiences a low loss photonic state when high transmission 
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is desired and a high loss plasmonic state when low transmission is desired. Employing this 

approach resulting in not one, but multiple devices with leading performance in a small platform, 

while critically addressing the loss issue that has so far plagued plasmonic technologies (see 

performance summary in Table 1). As outlined in Chapter 3 and Chapter 4, the results shown in 

this table were realized with an FEM solver, COMSOL while the speed and energy calculations 

are based on the resistance (estimated to be 100 Ω) and capacitance of the devices, which was 

calculated by treating the active regions as a parallel plate capacitor.  

Table 1: Summary table of the performance metrics of the 4 devices simulated in this thesis.  

Device Type Bandwidth Speed 
Insertion 

Loss 

Energy 

Usage 
Size 

Critical 

Parameter 

All Oxide 

EO 

Modulator 

Tier 2 – 

Material 

Knob 

Broadband 

(~200nm) 

333 

GHz 
0.2 dB 

480 

fJ/bit 
3 um2 

Mobility of 

ITO 

Hybrid 

Polymer 

EO 

Modulator 

Tier 2 – 

Structure 

Knob 

Narrow 

(~5nm) 

700 

GHz 
0.2 dB 23 fJ/bit 

36 

um2 

Pockels 

coefficient 

of Polymer 

NOEM 

Router 

Tier 1 – 

Structure 

Knob 

Narrow 

(~2nm) 

6.8 

MHz 

0.08 dB 

(1.8 dB)   
60 aJ/bit 

36 

um2 

Mechanical 

stability of 

Al 

NOEM 

Polarization 

Rotator 

Tier 1 – 

Structure 

Knob 

Broadband 

(~500nm) 

5.8 

MHz 
0.65 dB 

200 

aJ/bit 
6 um2 

Mechanical 

stability of 

Al 

 

While it is seen that the proposed devices outpace leading competitors across all metrics, we return 

to the graphical performance summary, Figure 51a, introduced in Section 3.1, to place the 

advances outlined here into perspective. Before this work, the solution to improving the large size 

of photonic devices (blue triangles) through the introduction of plasmonic devices (green circles) 

resulted in a diagonal transition, where higher compute density (e.g. faster speed in smaller area) 
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was achieved at the cost of loss. This left the highly desirable loss, high compute density corner of 

performance unpopulated.  

As is depicted in Figure 51, The all-oxide modulator (red circle) and the hybrid 

polymer modulator (red star) result in vertical transition in this graph. This 

implies, these devices can achieve high compute per unit area, while maintaining 

a low, sub-1 dB insertion loss.    

 

Figure 51: Plot of compute/area vs insertion loss for several photonic and plasmonic devices in 

literature. In the quest to increase the available compute/ area, these devices had led to an increase 

in insertion loss. However, the all-oxide modulator (red circle) and the hybrid polymer EO 

modulator (red star), with their innovative plasmon-assisted design principle, can introduce a 

vertical transition in the graph, (b) conceptual schematic of miniaturization of PIC circuits. 

With this advance comes entirely new capabilities in PIC design. For example, Figure 51b shows 

the benefits of miniaturization of PIC circuits that is only possible through the use of the low-loss 

and compact devices proposed herein. With the radically reduced IL and size of the HPP “Plasmon-

Assisted” components, new avenues to realize ultra-high-density dynamically reconfigurable 

photonic circuits, field-programmable pho-tonic chips, and routing hubs are now possible. To 
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illustrate one such case, common multi-core fibers contain between 4 and 8 cores. When placing 

the fiber normal to the surface of the chip, 2×2 and 4×4 switching networks could be designed to 

fit within the area of the fiber itself (~12,000 μm2 for a 125 μm diameter fiber), requiring only 

~1,600 μm2 (16 switches needed for 4×4, each taking ~100 μm2 when integrated) leaving plenty 

of room for waveguide routing, grating couplers, etc., see example configuration in Figure 51b. 

Here, by moving to an out-of-plane approach and minimizing com-ponents to fit within the fiber 

area, up to 4096 connections/mm2 can be achieved. 

These devices have the potential to lead to an entirely plasmonic PIC, as outlined 

in the introduction, by overcoming the loss limitation for not one but multiple 

components. 

 

Figure 52: A rendering of a plasmonic PIC. The size disparity between the electrical and optical 

components have been reduced. Furthermore, by using plasmon-assisted design principles, these 

devices have overcome the loss limitation, traditionally associated with plasmonic devices. 

Circuits such as these have important implications for the aerospace and telecommunication, 

industry as discussed in the introduction.   

Finally, miniaturization and enhanced speed and energy efficiencies could lead to the widespread 

adoption of PICs and the realization of all-plasmonic PIC designs as originally envisioned in 
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Section 1 (see Figure 52). This could open many new possibilities for technology and 

communication. For example, PICs could enable the development of high-speed, high-capacity 

communication networks that could support advanced applications such as remote surgery, 

autonomous vehicles, and high-definition virtual reality. In addition, PICs could be used to create 

ultra-fast computers that could handle complex tasks such as large-scale data analysis, weather 

modeling, and drug discovery. PICs could also be used in medical imaging, allowing for faster and 

more detailed scans. Overall, the widespread adoption of PICs could lead to major advances in 

many different fields. However, the path to widespread adoption is fraught with challenges, and 

the materials and devices proposed/ developed in this thesis hopes to make an incremental advance 

towards achieving this goal. 

5.1. Future Work  

While the work within this thesis outlined a pathway to realize low-loss, compact, and high speed 

plasmonic devices, it is important to consider the fact that the performance metrics are the best 

estimates obtained from a combination of FEM simulations and realistic assumptions. As a result, 

significant work remains in refining these assumptions, and subsequently tailoring various metrics 

(i.e., geometry, material properties), as one works towards realizing each device. For example, a 

key parameter of the all-oxide modulator is the mobility of ITO (see Table 1 for key parameters 

of all devices). The electrical mobility dictates the resistance, which in turn affects the operating 

speed, while the optical mobility dictates the loss experienced in the device. While existing 

measurements support the assumptions taken within this thesis, it is possible that during final 

device integration the mobility could be lower than expected due to fabrication limitations or 

material compatibility. However, we note that even in the event that the mobility is lower than our 
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estimates (for example, 80 cm2/Vs as opposed to the measured 160 cm2/Vs), the all-oxide 

modulator would still outperform the competing devices in literature, but not by as wide of a 

margin as currently predicted (i.e., IL ~ 0.4 would increase to ~0.8 dB). Similar nonidealities in 

the key parameters of the remaining devices (see Table 1) would impact the performance. 

Quantifying and mitigating these constraints are key for future work and in realizing these devices 

experimentally.  

Beyond the challenges to realize the proposed devices, the concept of plasmon-assisted devices is 

not limited to the devices simulated in the thesis. It can be applied to various other components of 

a PIC chip such as phase shifters, multiplexers and demultiplexers. There is immense potential to 

explore these devices. Furthermore, looking beyond PICs, active metasurfaces have gained a lot 

of attention over the last few years [103–107]. The performance of these metasurfaces can be 

improved as well, using the concept of plasmon-assisted design. For example, plasmonic based 

reflection or transmission modulators suffer from broad resonances. Moving to a hybrid approach 

coupled with ENZ materials can enable sharper resonances, as a result of reduced losses. However, 

the high capacitances of large area metasurfaces could limit the speed and result in a large energy 

consumption. These trade-offs would need to be carefully balanced.  
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