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Silicon photonics witnessed spectacular progress in the past decade. Optical 

interconnects, low cost telecommunications and optical sensors are three main 

application areas.  

Photonic crystal is composed of periodic scatterers. When the scatterers are of the 

proper size and the periodicity is on the order of wavelength, all the reflections and 

refractions will cancel, forming photonic band-gap forbidding light to penetrate into it. If 

we remove one line of the scatterers, the light will be confined in this "wire" tightly, 

forming a photonic crystal waveguide (PCW). 

To date, most of the PCW research has been focused on the even TE-like mode. 

However, a PCW often has an odd TE-like mode inside the photonic band gap exhibiting 

the slow-light effect as well. We demonstrated a novel scheme to control the excitation 

symmetry for a slow-light odd-mode in a PCW, and investigated the spectral signature. 

An odd-mode Mach-Zehnder coupler was introduced to excite a high-purity odd-mode 

with 20 dB signal-to-background contrast. Assisted by a mixed-mode Mach-Zehnder 

coupler, slow-light mode-beating can be observed, and determine the group index of this 

odd-mode. With slow-light enhancement, this odd-mode can help enable miniaturized 

devices based on transforming mode symmetry. 

The evolution of the transmission spectrum of a PCW under electro-optic tuning 

was studied in the band of an odd TE-like mode. The spectral signature of the interband 

scattering from the TM-like mode to the odd TE-like mode was characterized at various 

bias levels. The shift of the odd-mode band was determined. Simulations were performed 
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to explain the spectral shift based on electro-optic and thermo-optic effects in the active 

photonic crystal structures. Potential impact of interband scattering on indirect interband-

transition-based optical isolators is discussed and potential remedies are offered. 

Nanopatterning is one of the key steps in nano-fabrication. We applied the 

negative index material (NIM) to enhance the evanescent wave in the near-field region 

and excite surface plasmons. Superlens devices working at 193nm DUV wavelength were 

fabricated, imaged on the photoresist, and characterized by AFM. A series of Finite-

difference time-domain (FDTD) simulations were performed to analyze the imaging 

mechanism of the superlens. 
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Chapter 1. Introduction 

 

1.1 Background of silicon photonics 

      The silicon (Si) photonics research begins from the late 1980s. Some pioneering 

works were published by Soref and Petermann at that time [1]–[4]. Since then, this 

research area experienced two peaks of development. Significant progress in the passive 

devices research was made in 1990s [4]–[11]. And a lot of active devices and high speed 

optical circuitries were realized in the last decade [12].  

      Three groups of innovators are rolling the wheel of the development. Large 

companies, like Intel, IBM, HP, Bell labs-Alcatel Lucent, Cisco, Oracle, drive the 

demands and adopt the new technologies at the first moment. So far, they have shipped 

quite a few mature products, and currently they are in the stage of high volume 

commercialization and adopting more applications; Research institutes all around the 

world are carrying out stirring results. The silicon photonics related publications occupy 

high percentage in the field of optics; Fast growing startup corporations, like Luxtera, 

Kotura, Aurrion, SKORPIOS, are turning their innovation into real products.  

      From the technical point of view, the foundry service aids the fast development of Si 

photonics industry. Intel and IBM developed their own Si photonics fabrication lines; 

Several commercial CMOS foundries, like IME in Singapore, IMEC in Belgium, 

freescale and BAE in USA, are putting more efforts on developing Si photonics 

fabrication services. More and more users, both from academy and industry, are using 

them to make reliable and low-cost (high volume) Si photonics chips. Concerning low 

cost, companies, like OpSIS, are organizing Multi-Project Wafer (MPW) projects to 
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benefit both the academies and CMOS foundries. Research institutes can realize their 

ideas more reliably with split costs, as well as the foundries can get more customers to 

lower their investment for preparing their process lines for the up-coming mass-

production of Si photonics chips.  

 

1.1.1 Applications 

      For Si photonics, the most promising applications are in the fields of optical 

interconnects (used by enterprise data centers, as well as family entertainments like PC to 

PC and PC to HDTV high volume data transfer), low-cost telecommunications, and 

optical sensors (including disposable biosensors) [13].  

      Optical interconnect research is driven by the increasing bandwidth in data 

transmission, including rack-to-rack (1–100 m), board-to-board (∼50–100 cm), chip-to-

chip (∼1–50 cm) and even intrachip transmission. Copper is widely used in current stage 

electrical interconnects. But even at small transmission distances, copper interconnects 

become bandwidths limited above 10 GHz due to frequency-dependent losses, such as 

skin effect and dielectric losses from the printed circuit board (PCB) substrate material. 

Furthermore, the situation will be even worse above 10 GHz by reflections and crosstalk 

effects [14]. In intrachip transmission, the limitations are also associated with the 

dimensional scaling of copper interconnects and the RC time constant associated with the 

shrinking dimensions. Hence, there is an industry-wide desire to reduce resistivity and the 

dielectric constant within the integrated circuit. Optical interconnects, which do not suffer 

from these problems can potentially provide an alternative solution. 
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      Si photonics technology first found applications in fiber-optic communication. 

Applications are focused on the low-cost, moderate performance parts of the network. 

These include areas in the data center and enterprise as well as emerging optical access 

networks. In the current information era and data age, it is clear that the demand is 

extremely high and the market is large. Since the nature of the market is high volume and 

low cost, it is likely that low-cost options will be essential, and hence, a mass-production 

technology such as Si photonics, could have significant impact is in this area. 

      Si photonics could also play a key role in sensing applications, with bio-sensing as a 

promising branch. The mass-production element of Si photonics sensors is clearly 

attractive both to manufacturers and users of the technology. One of the potential 

application areas for Si-based systems is the so called lab-on-a-chip in which both 

reaction and analysis take place in a single device. In the future, this could be extended to 

include electronic intelligence, a natural benefit to the sensor application area from 

continuing advances in the telecommunication and optical interconnect areas. Jokerst et 

al. [15] have considered the integrated biosensor application areas in a host of material 

technologies. They see Si as a key material in this field but note that the integration and 

miniaturization issues are the secrets to the success. Therefore, the realization of low-cost 

intelligent sensors in Si photonics technology is likely to follow the evolution of other 

applications. Nevertheless, in the short term, components of such systems will continue 

to evolve, notably miniaturization of the sensing head itself. 
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1.1.2 Why Si? 

      In the relatively mature application field of telecommunication, so far, almost all the 

best performing components are not built by silicon. Best available lasers, modulators 

and photodetectors at the telecommunication wavelength are made of other materials, like 

InP, GaAs, InGaAs and LiNbO3. Only the optical cables are based on silica material. 

Why do we take the trouble of switching to Si photonics? 

      It’s because all above mentioned applications have the common driving force of low 

cost, which is also the first demand of all the economic activities and the secret of success 

for all the corporations. This requirement is likely to be satisfied in part by the leveraging 

of vast Si microelectronics infrastructure, and hence, the involvement of semiconductor 

manufacturers is the key to advancement of low-cost Si photonics. Furthermore, it is 

most likely that technology success will be based on a Si platform, since it is the best 

understood and most studied material in modern technological development, which 

already led to the new technology revolution. Blending optical technology with low cost 

CMOS semiconductor processing, Si photonics has tremendous potential as a new 

technology. Si photonics is a disruptive technology that enables a new breed of 

monolithic opto-electronic devices [21]. And actually, after the development in the past 

decade, the Si photonics devices are approaching their counterparts made by other 

materials in the performance aspect. 
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1.1.3 Components of Si photonic integrated circuits 

      As a nascent technology, Si photonics has experienced tremendous progress in the 

past decade. The development of the optical systems or circuits is based on the reliably 

improving performance of each component. 

      Figure 1-1 shows the schematic of the optical system applied for the 

telecommunication and interconnection, and its components. So far, the research of some 

components, such as silicon photodetectors (PDs), waveguides (known as optical 

“wires”), has a longer history, and the performance of these devices is approaching their 

III-V counterparts [16]. On the other hand, although Si lasing was predicted impossible 

by traditional thinking of its indirect bandgap nature, recent demonstrations are promising 

for on chip electrically pumped Si lasers [17-20].  

      Besides the components mentioned above, on-chip optical buffers are necessary to 

balance the arriving time of signals coming from different positions on the optical circuit. 

Group delays exceeding 500ps were demonstrated in a device with a footprint below 

0.09mm
2
 [23]. The Wavelength Division Multiplexer (WDM) is also a key component in 

the interconnect system. An eight-channel (de)multiplexer with 3.2nm channel spacing, 

within an ultracompact footprint of 250×200µm was reported, which was based on the 

Echelle grating [24]. As well as the cascaded MZI lattice WDM with 3.2nm channel 

spacing [25].  

      As one of the most important component, Si electro-optic modulator has witnessed 

significant advances. A lot of mechanisms and structures have been applied to such 

modulators, including MZI modulator, Micro-ring modulator, Micro-ring assisted MZI 

modulator, carrier depletion modulator, carrier injection modulator, carrier accumulation  
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modulator, etc. [26-35]. 

      Currently, to achieve 100 Gbps transmission speed for each interconnection link, 

some reported products are composed of 4 optical channels, each having the transmission 

capability of 25Gbps, which is a mature speed for all the components in the optical 

system to accomplish [22].  

      In the meantime, myriads of innovative Si photonic devices were developed and 

made into the applications. An example is the micro-ring resonator (MRR). It has 

passbands separated by the free spectral range (FSR) of the filter, which depends of the 

size of the ring. An optical signal that has been modulated onto an optical carrier can be 

filtered with such devices. Current fabrication technology makes it possible to realize 

really high optical quality factors (Q), corresponding to narrow passbands at 

telecommunication wavelength. MRR can also form cavities for Si Raman lasers. MRR 

based modulators and biosensors were heavily researched, and their performance met the 

application requirements [26, 36, 37].  

 

1.2 Motivation of Si Photonic Crystal Waveguide (PCW) research 

      Although as aforementioned, great developments were achieved for Si photonics, in 

the aspects of research, products, performance, and the whole industry. It seems not 

adequate for meeting the growing demands. The size of typical Si photonic components 

integrated on optical circuits varies from several tens of microns to several hundreds of 

microns. Even millimeter scale devices are seen in some applications. By using the novel 

devices, like MRR, some components’ size can be shrunk to less than 10 µm. But the 

working wavelength range or optical bandwidth will be limited to about 1 nm, because of 
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the high Q of the MRR. Thermal tuning will be required to adjust the device’s working 

wavelength to the fitting position, which will increase the power consumption 

significantly. 

      Compared to electrical integrated circuits, which has MOS FETs with feature size as 

small as 22 nm for digital VLSIs produced by most advanced semiconductor technologies, 

optical ICs are eager for more low-cost, power efficient, compact components, to realize 

comparable integration density as electrical ICs. 

 

1.3 Objectives  

      Photonic Crystal is one of these innovative inventions. Its sons and daughters, 

Photonic Crystal Cavities and Photonic Crystal Waveguides (PCWs), will facilitate the 

realization of different kinds of passive and active devices, with power efficient, compact 

features. 

      In recent years, great research efforts were devoted to PCWs. The fabrication 

processes have been well developed to make ideal 2-dimentional photonic crystals; the 

device performances are increasing, including high coupling efficiency, relatively low-

loss; some significant new features of the PCWs were discovered, like the loss theories, 

light dispersion,  low-light effect, enhanced light-matter interaction, etc; a lot of passive 

and active PCW devices were invented and characterized [68-78]. 

      However, most of the PCW research has been focused on the TE-like mode with even 

symmetry. Actually, a PCW often has an odd TE-like mode inside the photonic bandgap 

(PBG) exhibiting the slow light effect as well. This odd mode can potentially open up the 

opportunities for mode-symmetry-based novel devices, such as one-way waveguides that 
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exploit indirect interband photonic transitions between even and odd modes. Further, 

compared to the even TE-like mode, the odd TE-like mode has wider bandwidth, favored 

by most applications. Although the group index (ng) is smaller, it will benefit reducing 

the ng related losses. 

      In this dissertation, we demonstrated a novel scheme to control the excitation 

symmetry for high purity transmission of this odd mode, and investigated the spectral 

signatures under various excitation symmetries. Then, the transmission characteristics 

under electro-optic tuning were studied. Knowledge of such active properties is important 

for making one-way waveguides based on electro-optically induced interband indirect 

photonic transition. Here we report the evolution of the PCW transmission spectrum 

under electro-optic tuning due to interband scattering in the spectral range of the odd 

mode.  

      Further, we discussed another novel nano-photonic device, “superlens”. Our 

aluminum (Al) superlens working at 193 Deep Ultraviolet (UV) can amplify the near 

field evanescent wave, so that sub-wavelength featured can be imaged. We successfully 

finished the project from device fabrication to AFM characterization. Quarter wavelength 

feature size was achieved. This technology has potential to be used to develop new 

lithography tools. 

 

1.4 Dissertation Organization 

      The background introduction about Si photonics is given in this Chapter 1. In Chapter 

2, I will introduce the background of PCWs. Chapter 3 is based on one of our 

publications [93], discussing how we applied a novel approach to excite the odd TE-like 
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mode in a PCW and how we studied its passive properties. Followed by Chapter 4, based 

on another publication [115] of ours, describing the evolution of the PCW transmission 

spectrum under electro-optic tuning due to interband scattering in the spectral range of 

the odd mode. Then, the superlens project was discussed in Chapter 5, based on a 

working paper [127]. In the end, Chapter 6 is a summary. 
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Chapter 2. Introduction of the Photonic Crystal Waveguides 

(PCWs) 

 

2.1 Background of photonic crystal waveguide (PCW) 

      Photonic crystals, analogous to solid crystals, are composed of periodic scattering centers. 

When the scattering centers are in the right shape and the period is on the order of the wavelength 

of the light, it is possible that all the reflections and refractions will cancel in the forward 

propagation direction and the sideway directions. And the light will be forbidden from entering 

the photonic crystal, no matter which direction the light is coming from. Finally, all the light will 

be bounced back. This happens in a certain range of wavelengths, called the photonic band gap 

[38].  

      Once we have such an opaque medium, we can manipulate photons in many interesting ways, 

like: 

      1. By carving a tunnel through the material, we have an optical “wire” from which no light 

can deviate. This is so far called photonics crystal waveguides (PCWs);  

      2. Even more dramatically, by making a cavity in the center of the crystal, we have an optical 

“cage” in which a beam of light could be caught and held.  

      These kinds of abilities to trap and guide light have many potential applications in optical 

communications and computing, where one would like to make tiny optical “circuits” to help 

manage the ever-increasing traffic through the world’s optical communications networks. Other 

devices are also made possible by this increased control over light: from more efficient lasers and 

LED light sources.  
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      In the early days of discovering the photonic crystal, some scientists proposed an optical 

circuit diagram composed of pure photonic crystal made devices, including modulator, WDM, 

photodetector, PCW, coupler, etc. But in real applications, rare optical circuits are 100% photonic 

crystal based. Mainly they will have both photonic crystal devices and conventional components, 

as you will see in the later part of this dissertation.  

 

2.2 Experimental realization of on chip Photonic Crystal Waveguides (PCWs) 

      In 1998, IBM applied the silicon on insulator (SOI) technology making VLSIs. The initial 

purpose is to limit the leaking current into the body of CMOS by the insulator layer sandwiched 

between the top silicon layer and the silicon substrate, so that the power consumption will be 

reduced dramatically. Meanwhile, the insulator layer also lags the heat diffusion. As the heat 

accumulates in the electrical working areas, it will destroy the performance of the circuits. 

      However, this important invention was found great fitting as the platform of the on chip 

optical circuits used for telecommunication applications. As the top Si layer is transparent for the 

1550nm telecommunication wavelength, it can be made into good waveguides, which is used as 

the optical “wires” for the optical circuits. The high refractive index contrast between the Si and 

the air or glass cladding is beneficial for tight confinement of light beams, so that compact on 

chip devices and systems can be achieved. The buried oxide (BOX) layer of the SOI wafers will 

prohibit the leakage of light into the Si substrate. It works as the bottom cladding of the Si 

waveguides. 

      In general, photonic crystal can be 1-D (Bragg grating), 2-D or 3-D. Figure 2-1 shows the 

diagrams about how they are arranged. This dissertation is discussing 2-D photonics crystal 

waveguides built in Si membrane, which is the top layer of SOI substrate. And the periodic air  
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holes drilled in Si work as the  scattering centers. Normally, researchers are focusing on square 

lattice and triangle lattice (same as hexagonal lattice) structures of photonic crystals. We applies 

hexagonal lattice in our devices. 

      Such photonic crystals realized on the top Si layer of SOI are named photonic crystal slabs, 

which are two dimensional periodic dielectric structures of finite height. Although we treat them 

as 2-D photonic crystals, they are actually quasi-3-D (2-D periodic with finite height). They 

control the light propagation by the photonic band gap (PBG) horizontally and by index 

confinement vertically. 

      To avoid the interference between different modes, almost all the on-chip optical components 

are designed to work in single mode condition. For wire waveguides working at 1550nm 

telecommunication wavelength, they are required to have thickness below 300nm and width 

below 500nm. The wire waveguide thickness also defines the thickness of the top Si layer in the 

SOI wafers. Researchers normally apply thickness varying from 220nm to 260nm. To achieve 

wider PBG, which is favored for most applications, the lattice constant (a) of the PhC is chosen at 

around 400nm and the hole radius (r) changes from 0.1a to 0.4a. 

      Low loss of optical signal is the long-term demand of optical applications. Coupling light onto 

and off the optical chips efficiently is critical. Researches use single mode lensed fibers to focus 

light onto the edge of the optical chips, where the on-chip waveguides are precisely cleaved to 

and the ends are exposed to. However, the mismatch of the sizes of optical modes between the 

fiber and waveguide will make big trouble for efficient coupling, as the focused optical mode 

launched out from the lensed fiber has a waist width about 2.5µm and the single mode Si wire 

waveguide has a cross-section ~220×500nm
2 
, which guarantees only ~0.56% geometric overlap. 
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What makes the problem worse is the high refractive index of the Si wire waveguides, which 

introduces strong reflection. 

      Multiple designs of spot size converter were developed to help with this problem [39-41]. A 

straightforward solution is waveguide taper, which expands the waveguide width and height from 

the wire waveguide to the sample edge, hoping it will match the mode profile of the fiber. 

Another design is called inverse taper, which shrinks from the normal size at Si wire waveguide 

to a tiny tip at the input facet. The fiber mode is coupled evanescently to the Si taper and becomes 

progressively more confined as the taper adiabatically widens to the final single-mode wire 

waveguide. The initially small effective refractive index at the input facet and the gradual 

refractive index change help to minimize back-reflections. But this approach needs the taper tip 

precisely stops at the sample edge, which will be a big challenge for sample cleaving. To 

overcome this difficulty, a modified inverse taper embedded in big size polymer waveguide was 

developed. The light beam was coupled to the polymer waveguide at the sample edge first. Then 

the light would couple to the high index Si wire waveguide through the inverse taper part 

overlapped with the polymer waveguide [42]. So far, there is no standardized approach. 

Researchers apply the methods they are mostly familiar with. 

      The light coupling from the wire waveguide to the PCW will also bring in significant loss, 

because the large group index of the PCW results in large impedance mismatch with the mode in 

the wire waveguide. This mismatch will produce strong reflection of light. Researchers are 

applying similar methods as mentioned above, adiabatic tapers, to solve the problem. Some 

researchers taper the wire waveguide to a wider width to match the PCW, while others modify 

the input and output parts of the PCW to lower the group index to meet that of the wire 
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waveguide [42-48]. Also, some researchers did theoretical studies about the mechanism of the 

losses happened in the PCWs [49-50].  

      In our devices mentioned later in this dissertation, we applied the widening taper approach to 

help both the fiber to wire waveguide coupling and waveguide to PCW coupling, because this 

will ease the fabrication significantly. And we are focusing on the signature performance of our 

devices, so relative improved loss is good enough for us. 

      Besides most commonly seen W1 PCW, which has one row of holes removed and leaves all 

other holes in their original positions in the hexagonal lattice, some novel PCW based devices, 

like slot PCW, double slot PCW, and PCW bends, were studied and interesting results were 

published [46, 51-53].  

 

2.3 Useful effects in PCW 

      We have seen that, the PCW can tightly guide the light, so that we get a useful tool to control 

the light. Actually, what attract the researchers more are some other unique effects of the PCW. 

First of them is the slow light effect, which can slow the light velocity by a factor of tens or even 

hundreds times. Here, we refer the light velocity to the group velocity (vg) of light, which carries 

the useful signal information.  

      By definition, . In the photonic band diagram (wavevector vs. angular frequency 

plot), analogous to the semiconductor electronic band structure, vg is the slop of the photonic 

band. At the bandedge, the bottom of the band curve, the slop is as small as zero, which means vg 

can be slowed down to zero. In experiments, it can be one hundredth of the light velocity in 

vacuum. 
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      Also, because of the strong dispersion of the PCW (curving of the band), at different 

frequency of ω (different position of the band curve), vg will change accordingly. So we can 

choose a fit frequency (wavelength) to get an ideal group velocity. 

      Talking about the dispersion effects in PCW, researchers want to control the shape of the band 

curve, to achieve large and constant curve slop (vg) at a relatively wider bandwidth (wider 

frequency range). Some approaches, like changing the width of the line defect in the PCW, 

changing the radius of the first several rows of holes next to the line defect, and shifting the 

position of some particular rows of holes [54-56]. Of course, there will be some kinds of tradeoff. 

      Further, the slow light effect will enhance the light-matter interaction. Because the light is 

slowed down, the needed device length to achieve a certain interaction will be decreased 

significantly. This can be utilized to realize ultra-compact devices, like PCW modulators. 

      To characterize these features of the designed PCW, the spectra measurement is an easy and 

effective way. A careful measurement and analysis will bring exciting results [57]. And the small 

oscillations in the spectra contain important information about group velocity vg [58].  

 

2.4 Photonic Crystal based devices for the interconnect applications 

      Now, let’s look at some recent publications, which designed wonderful Photonic Crystal 

devices to meet the interconnect application requirements. 

 

2.4.1 Si PCW Modulators 

      PCW based modulators can be realized by embedding a PIN diode in the device. Using the 

carrier-induced plasma dispersion effect, the light intensity in the waveguide can be changed by 

the electrical signal driving the PIN diode. Meanwhile, the PCW structure can enhance the light-
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matter interaction, so the length of the modulation part can be shrink by a factor of the group 

refractive index ng, which equals c/vg (c is the speed of light in vacuum). This design has small 

device footprint and ease the fabrication, along with the disadvantages, like carrier induced 

optical loss. 

       Another more popular PCW modulator design is based on the Mach-Zehnder Interferometer 

infrastructure [59, 60]. The PCW, integrated with the PIN diode, can be embedded in one of the 

two arms of the MZI, or in both arms. Thermal tuning is necessary to align the phase difference 

between those two arms. The modulation speed can reach 40 Gbps [60], which is sufficient to 

meet the applications in the next several years. The MZI structure can realize both amplitude 

modulation and phase modulation, so it is favored by a lot of researchers. 

      Most recently, researchers in Columbia University and University of California at Berkeley 

reported exciting results of electro-optic Si Photonic Crystal Nano-cavity modulators by electrical 

gating of graphene [61, 62]. I believe a new branch of Photonic Crystal research will be booming 

soon. 

 

2.4.2 Si Photonic Crystal (PhC) based light source (laser or LED) 

      As mentioned in the previous chapter, Si light source working at the telecommunication 

wavelength has been in a heavy demand for a long history. A lot of approaches were developed 

to overcome the indirect band structure of Si. But they did not combine all of the desired 

characteristics of a Si light source: electrical pumping, operation at sub-bandgap wavelengths, 

room temperature operation, small size and narrow emission linewidth. 

      A couple of month ago, promising results were published about the Si Photonic Crystal based 

LED [63]. The researchers applied hydrogen plasma treatment to introduce nano-scale optically 
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active defects into Si. These defects fed the photonic crystal nanocavity to enhance the electrically 

driven emission. A narrow emission line (Δλ = 0.5 nm) at 1515 nm wavelength with a power 

density of 0.4 mW/cm
2
 was observed. This is the highest spectral power density ever reported 

from any Si emitters. 

      This tremendous breakthrough will definitely excite the PhC researchers. And we expect to 

see the powerful potential in this direction. 

 

2.4.3 WDM realized by the PhC superprism effect 

      WDM multiplexing and demultiplexing is a key function need for the interconnect 

application, as described before. At the beginning of the invention of the PhC, researchers applied 

the superprism effect to demonstrate the WDM devices [64-66]. Recently, the negative 

diffraction and negative refraction properties of the PhC were studied [67]. It was reported that a 

4-channel optical demultiplexer with a channel spacing of 8 nm and cross-talk level of better than 

-6.5 dB was experimentally demonstrated using a 4500 μm
2
 PhC region. 
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Chapter 3. High purity transmission of a slow-light odd mode 

in a photonic crystal waveguide (PCW) 

 

3.1 Introduction  

      Photonic crystal waveguides (PCWs) [68-72] can modify light propagation and dispersion 

characteristics through their periodic structures, thus have important applications in 

communications and sensing. Particularly, the slow light effect in a PCW can significantly 

enhance the light-matter interaction [73-75], as demonstrated in significant reduction of 

interaction lengths for PCW based modulators and switches [76-78]. To date, most of the PCW 

research has been focused on the TE-like mode with even symmetry. However, a PCW often has 

an odd TE-like mode inside the photonic bandgap (PBG) exhibiting the slow light effect as well. 

This odd mode can potentially open up the opportunities for mode-symmetry-based novel 

devices, such as one-way waveguides that exploit indirect interband photonic transitions between 

even and odd modes [79]. The slow light effect in PCWs can help reduce the interaction length 

for such transitions, enabling ultracompact devices. To utilize this odd mode in any devices, it is 

crucial to control its excitation symmetry and understand its slow light spectral characteristics. 

Normally, this odd mode does not exhibit itself evidently in the PCW transmission spectrum 

because its odd symmetry prohibits its excitation from the fundamental even mode of a 

conventional waveguide typically used at input. Symmetry-breaking structure imperfections 

sometimes may induce some coupling to this odd mode, causing a decrease of PCW transmission 

in the odd mode band [80, 81]. Here we demonstrate a novel scheme to control the excitation 

symmetry for high purity transmission of this odd mode, and investigate the spectral signatures 

under various excitation symmetries. 
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3.2 Design and simulation 

      Consider a W1 PCW formed on a silicon-on-insulator (SOI) wafer by removing a row of air 

holes in a hexagonal lattice with lattice constant a=400 nm, hole radius r=0.325a, and Si slab 

thickness t=260 nm. The band diagram in Fig. 3-1(a) is calculated by 3D plane wave expansion 

[82, 83]. Below the lightline (for the oxide bottom cladding), the even TE-like mode has a flat 

dispersion relation with group index ng > 50, and a narrow bandwidth (<4 nm). In contrast, below 

the lightline, the odd TE-like mode has a much wider bandwidth ~20 nm with ng down to ~15. 

Such a moderate ng range is favorable for many applications as various types of losses are 

reduced at lower ng [72, 82, 84, 85]. Furthermore, the dispersion relation of the TM-like guided 

mode usually crosses that of the even mode [72], as seen in Fig. 3-1(a). But the TM-like mode 

does not cross the odd mode in the region below the lightline in Fig. 3-1(a). For the frequency 

range a/2c=0.28~0.286, only the odd mode is below the lightline. 

      Systematic simulations show that as the hole radius increases, the odd-mode bandedge moves 

up faster than the TM cutoff, as shown in Fig. 3-2. For a sufficiently large r, the TM cutoff is 

below the odd mode bandedge; thus the two modes do not cross each other below the lightline, 

helping avoid their inter-coupling due to asymmetric top and bottom claddings. However, as r 

increases, the transmission bandwidth bounded by the bandedge and the cutoff decreases for both 

the even and odd modes, as shown in Fig. 3-2. Hence, this work focuses on the intermediate r 

case shown in Fig. 3-1(a), which shows a sufficient clearance between the odd mode bandedge 

and the TM cutoff, and a sufficiently wide bandwidth.  
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Fig. 3-1.  PCW photonic band structures. (a) Band diagram for r=0.325a. The 

dark grey region indicates the lower photonic band. (b) Hz field profiles for even 

and odd modes at k=/a (PCW axis along y). [93] 
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Fig. 3-2. Variation of the photonic bandedge and cutoff of even (blue) and odd 

(green) TE-like modes with hole radius. For each TE-like mode, the lower line 

(solid) gives the bandedge; the upper line (dashed) gives the cutoff frequency 

where a mode crosses the lightline. The TM cutoff is also shown. [93] 
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Fig. 3-3.  FDTD simulation results. (a) Schematic of the Mach-Zehnder coupler 

structure. The right arm has two extra waveguide segments (in orange) with a 

combined length of (l). The input and output Ex field profiles (cross-section) 

are shown in the insets (200nm per division on axes). (b) PCW coupling 

efficiency. [93] 
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Fig. 3-4.  (a) 3D FDTD simulation results of the Mach-Zehnder coupler (MZC) 

converting even TE-like mode to odd TE-like mode, with a smaller bend radius 

(2 um) for reduced simulation time and accuracy. The odd mode conversion is 

independent of the bend radius. (b-e) Coupled field (Ex) patterns as light enters 

from a 700 nm wide Si waveguide at the bottom of each figure and into a PCW 

(each division on the axes is 1 m). (b) even at =1390 nm; (c) even at 1430 nm; 

(d) odd at 1390 nm; (e) odd at 1430 nm. [93] 



26 
 

 

      Excitation of this odd PCW mode is usually deterred by the opposite symmetry of the 

fundamental even mode of a Si waveguide. To solve this problem, we employ a two-step 

approach. First, a Mach-Zehnder coupler (MZC) whose two arms have a phase difference of π is 

utilized to transform mode symmetry and excite an odd mode in a wide (multimode) Si wire 

waveguide; then this odd mode is coupled to the odd mode of the PCW. To create π phase 

difference in this odd-mode Mach-Zehnder coupler, its two arms can be designed to have a length 

difference of (l)=/2neff, where neff is the effective index of the Si waveguide. Finite difference 

time-domain (FDTD) simulation has been performed to confirm that such a MZC produces an 

odd mode in a wide output waveguide, as shown in Fig. 3-3(a). The input and output waveguide 

widths are 400 nm and 700 nm respectively. The coupling between the odd mode of a Si wire 

waveguide (700 nm wide) and that of the PCW is also simulated. Simulation results in Fig. 3-3(b) 

show coupling efficiencies up to ~ 84% (~0.75dB) for the odd mode. The field pattern in Fig. 3-

4(d) confirms that the coupled PCW mode is an odd mode. The fundamental even mode of a Si 

wire waveguide couples into the PCW with inconsequential change of coupling efficiency for the 

spectral range in Fig. 3-3(b). The field pattern in Fig. 3-4(b) indicates that the coupled mode has 

even symmetry. Indeed, this mode is an even TE-like mode above the lightline. The Ex field has 

been shown in Fig. 3-3(a) for direct comparison with the modes of the conventional Si 

waveguide, whose TE-modes are commonly visualized by Ex (note Ex and Hz have the same 

symmetry with respect to x).  Figure 3-4(c), (d) shows the field pattern of even and odd TE mode, 

respectively, at 1430 nm, which confirms there is no TE odd mode at 1430 nm wavelength. 
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3.3 Fabrication  

      The photonic crystal waveguide structure is fabricated on a SOI wafer with a 2 m buried 

oxide layer and a 260 nm top Si layer according to the parameters used in Fig. 3-1(a). We begin 

the fabrication process by spinning on a positive e-beam lithography resist, ZEP 520A diluted in 

Anisole in the volume ratio of 1:1. After spinning at 4000 RPM for 45 seconds and baked at 180 

°C for 3 mins, the final thickness of the resist is about 100 nm. Then the structure is patterned by a 

JEOL JBX-6300FS high-resolution e-beam lithography system, operating at 100 keV. After 

exposure, the resist is developed in Hexyl Acetate for 90 seconds, followed by rinse in 

Isopropanol for 45 seconds. After blown dry, the pattern is transferred to the Si layer by an 

Oxford Plasmalab 100 ICP etcher. The fabrication is done after removing the residual resist in 

1165 remover heated at 85 °C. The flow chart of fabrication is shown in Fig. 3-5. 

      Figure 3-6 is a scanning electron microscope (SEM) image of the fabricated structure. Two 

MZCs with a 10 m bending radius are connected through 700 nm-wide Si waveguides of 1 m 

lengths to both ends of the PCW.  
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Fig. 3-5. Fabrication process flow chart. 
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Fig. 3-6. SEM image of a PCW with odd-mode Mach-Zehnder couplers. Inset: 

close-up view of the coupling region at one end of the PCW. [93] 
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3.4 Optical characterization results 

      To measure transmission spectra, light from a super-luminescent LED with a spectral range of 

about 80 nm is coupled to the TE mode of Si access waveguides (tapered to 4 m at chip edges) 

via lensed fibers. A polarizer is used at the output end to block TM polarization. Figure 3-7 is the 

diagram showing our optical setup for the measurement. 

      The PCW insertion loss is measured with reference to a Si wire waveguide. Fig. 3-8(a) shows 

the spectrum of a PCW with odd-mode MZCs. A substantial transmission bandwidth is observed, 

approximately 22 nm at 10 dB below the peak. The contrast between the transmitted mode and 

background is >20 dB. The peak insertion loss is about 4 dB. Separate measurements of a 

reference device, which has the PCW been replaced by conventional Si wire waveguide with 

same length, show that each Mach-Zehnder coupler contributes ~1 dB. Thus the loss due to the 

PCW is estimated ~2 dB. For comparison, the spectrum of a directly coupled PCW without 

MZCs is shown in Fig. 3-8(b). The transmission is due to the leaky even TE-like mode as 

simulated in Fig. 3-4(b). By saying leaky even TE-like mode, we mean at the wavelength around 

1390 nm, the even TE-like mode is above the lightline. So the even TE-like mode will meet high 

loss, as the light radiates into the air. But as the length of the PCW is short, after propagation 

through the PCW, the even TE-like mode does degrade significantly. Figure 3-8(b) also shows 

the PCW transmission with Mach-Zehnder couplers whose two arms have a length difference l 

deliberately designed to be 50% greater than (l). Such a mixed-mode Mach-Zehnder coupler 

offers a symmetry configuration that can excite a mixture of even and odd modes according to 

)]/2cos(1)[2/1( eff  lnI  . As such, the background transmission due to the even mode 

rises. In the odd mode band, the mixed-mode spectrum oscillates strongly due to the beating of 

two modes. Figs. 3-8 (a)-(b) illustrate that distinctive spectral signatures can be observed with 
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Fig. 3-8.  Transmission spectra for 20 m long PCWs: (a) with odd-mode 

MZCs; (b) direct transmission without MZC, and transmission with mixed-mode 

MZCs. (c) ng obtained from the mixed-mode spectrum; the solid line delineates 

the trend. (d) Fourier transform of the transmission spectrum of another directly 

coupled PCW (the peak position gives ng,even). [93] 

Slow-light mode-beating 
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controlled excitation symmetries. 

      The mode-beating pattern of the mixed-mode spectrum contains important information of the 

odd mode. The beating period is related to the group indices of even and odd modes through 

Lnn )/( eveng,oddg,

2   , where L is the PCW length (see the appendix at the end of this chapter 

for the derivation of this formula). Simulation indicates that ng,even is virtually a constant (~5) in 

the odd mode band. Thus the chirped beating periods are due to the dispersion of ng,odd. We have 

calculated ng=ng,oddng,even from the mixed-mode spectrum and plotted it in Fig. 3-8(c). The 

peak-spacing and valley-spacing of the spectrum give two sets of ng, data, plotted by circles and 

crosses respectively. They agree with each other as expected. Note that the ng value obtained 

from two adjacent peaks (valleys) is assigned to the mid-point wavelength in-between. Further, 

ng,even=4.9 is obtained in Fig. 3-8(d) through the Fourier transform [86] of the transmission 

spectrum of another directly coupled PCW with more obvious spectral ripples. Note that the 

Fourier frequency f is just the inverse of the spectral oscillation period , thus ng,even=f 
2
/2L. 

Based on Fig. 3-8(c)-(d), we find ng,odd=ng+ng,even in the range of 14~29. Note that the F-P 

oscillation amplitude in Fig. 3-8(a) is relatively weak. In contrast, the mode-beating amplitude of 

the mixed-mode spectrum in Fig. 3-8(b) is much higher and more robust against noise, which 

facilitates the evaluation of ng,odd. Also note that in Fig. 3-8(a), the background transmission 

increases discernibly beyond 1430 nm due to the dispersive effect in the odd-mode MZC, which 

modifies the phase shift difference between the two arms as  deviates far from the designed 

value (1390 nm). The TM-like mode (guided for >1.45 m) may also contribute to the 

background at long wavelengths. However, these effects are much weaker for 1380~1415 nm.  

      Although this work focuses on PCWs on a SOI chip, the Mach-Zehnder coupler and the 

mode-beating based ng,odd measurement method can be adapted to the cases of air-bridge or 
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oxide-covered PCWs, and coupled-cavity PCWs, where interesting anomalous propagation 

related to an odd mode has been observed [87]. It would be interesting also to explore refined 

design to optimize the bandwidth and the slow-down of light together for this odd mode. Detailed 

discussion of these possibilities is beyond the scope of this work. The odd mode wavelength can 

also be shifted to ~1550 nm or other values (depending on specific applications) by changing the 

lattice constant. In a SOI PCW, there is some coupling between the TE-like guided modes and 

the TM-like photonic crystal bulk modes due to asymmetric top/bottom claddings. Prior work on 

the even mode has demonstrated that reducing ng can reduce the loss due to such coupling [72]. 

This odd mode has a much lower ng~14 than the normal even mode (ng~50) below the lightline. 

This helps to reduce the coupling to the TM-like bulk modes. For many PCW devices operating 

at a short length <80 m [76, 77], the propagation loss of the odd mode is expected to be 

reasonable. Lastly, the understanding of the slow light and mode-beating characteristics of this 

odd mode, and the controlled excitation and ng,odd characterization schemes developed here can 

facilitate the development of mode-symmetry based novel devices, such as one-way waveguides 

that involve active transition and passive conversion between even and odd modes [79]. Slow 

light can help reduce device interaction length. Note that previously demonstrated conventional-

waveguide mode converters employed branching waveguides [88, 89] or multimode interference 

couplers [90]. Photonic crystal based mode converters have also been designed [91]. Here, the 

odd-mode Mach-Zehnder coupler is focused on transforming mode symmetry to attain high 

purity odd-mode; and the mixed-mode MZC offers a symmetry configuration for coherent 

mixing of even and odd modes, which enables ng,odd measurement through slow-light mode 

beating. As a side note, beating between two degenerate modes in a periodically patterned micro-
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ring resonator has recently been observed, but the resonant wavelength spacing is not affected by 

beating [92].  

 

3.5 Conclusions 

      We have experimentally demonstrated the control of excitation symmetry for an odd TE-like 

mode in a PCW. An odd-mode Mach-Zehnder coupler is utilized to selectively excite the odd 

mode with a contrast >20 dB over the background. Assisted by a mixed-mode MZC, slow-light 

mode beating is observed and is utilized to measure the group index of this odd mode. 

 

Appendix: Derivation of the mode beating equation:  

      At the wavelengths of the spectrum peaks, the even and odd modes have phase difference 

2mπ, m is a constant, after traveling through the length L of the PCW. (Derivation for the 

spectrum valleys case is similar.) 

                               L•ng,odd - L•ng,even=mλ 

At the next peak wavelength: 

                               L•ng,odd - L•ng,even=(m-1)(λ+Δλ) 

Eliminate the m:   L•ng,odd - L•ng,even=[(L•ng,odd - L•ng,even)/λ-1](λ+Δλ) 

                                                           =L•ng,odd - L•ng,even+(L•ng,odd - L•ng,even)Δλ/λ - λ - Δλ 

So:                         (L•ng,odd - L•ng,even)Δλ/λ=λ+Δλ 

                               (L•ng,odd - L•ng,even)Δλ=λ2+λΔλ≈λ2 

                               ng,odd - ng,even=λ2/LΔλ    

 Same as:              Δλ=λ2/(ng,odd - ng,even)L     
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Chapter 4. Interband scattering in a slow light photonic crystal 

waveguide (PCW) under electro-optic tuning 

 

4.1 Introduction 

      Photonic crystal waveguides (PCWs) in Si have potential for CMOS-compatible on-

chip optical isolators that allow propagation of light in one direction but not the other. By 

comparison, magneto-optical isolators are not CMOS compatible. A non-magnetic PCW 

technique is to employ an indirect photonic transition between two modes (e.g. even and 

odd modes) in PCWs, following the principle that has been investigated for Si rib 

waveguides with chip-scale interaction lengths of ~1cm [94, 95]. An RF-modulated even 

mode is converted to an odd mode through indirect interband transition after traveling 

forward in the PCW for a certain length, and that odd mode is filtered out at the end, 

blocking transmission; but in the reverse direction, the effective wave vector of the RF 

traveling-wave modulation does not match the wave vector difference between even and 

odd modes (for the reverse-propagation dispersion-relation branch). Therefore, the even-

to-odd transition/conversion is weak and the even mode propagates with low loss in that 

direction. However, there exists another mechanism for mode conversion: inter-mode 

(interband) scattering due to structure imperfections. Such scattering is bi-directional and 

may possibly degrade the isolation. The present paper investigates interband scattering in 

electro-optically tuned PCW structures, and explores its impact on the performance of a 

PCW-based optical isolator. A potential remedy is described. 

      Photonic crystal waveguides have important applications in optical communications 

and signal processing due to their capabilities of modifying light propagation and 
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dispersion characteristics. Particularly, light can be slowed down in a PCW. This 

enhances light-matter interaction and leads to significant reduction of interaction length 

for optical modulators and switches [96-99] and other electro-optic devices (including 

aforementioned isolators based on photonic transition). Most PCW research has been 

focused on an even mode with the TE-like polarization. Recently, odd modes in Si-based 

conventional waveguides aroused interest for their potential important applications in 

CMOS-compatible one-way waveguides [94, 95]. A Si-based PCW also has such an odd 

mode. While the passive properties of this odd mode have been experimentally studied in 

a few reports [100, 101], the transmission characteristics under electro-optic tuning have 

not been reported. Knowledge of such active properties is important for making one-way 

waveguides based on electro-optically induced interband indirect photonic transition. 

Here we report the evolution of the PCW transmission spectrum under electro-optic 

tuning due to interband scattering in the spectral range of the odd mode. 

      A decrease of TE transmission in the odd mode band has been observed in a passive 

photonic crystal waveguide [100]. For a PCW fabricated under good conditions, small 

structural imperfections (e.g. small sidewall roughness of the air holes) still exist. The 

decrease of transmission can be attributed to structural imperfection-induced interband 

scattering from the even TE-like mode to the odd TE-like mode. According to the slow 

light scattering theory [102, 103], the loss coefficient arising from interband scattering is 

given by i,f~Si,fDi()Df(), where Si,f represents the scattering matrix element and Di() 

and Df() are the densities of states for the initial and final modes, respectively. Near the 

bandedge of the odd mode (the final mode), Df() increases significantly due to slow 

light [Df()~1/vg,f, where vg,f is the group velocity of the final mode] and Di() is usually 
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almost a constant. Thus i,f increases and the transmission spectrum of the initial mode 

exhibits a notch at the odd-mode bandedge. Under carrier injection in an electro-optic 

device, the odd-mode bandedge shifts due to the change of refractive index, and the notch 

position will shift accordingly. Note that the above analysis is applicable to any initial 

mode, which can be the even TE-like mode as studied in Ref. [100] or the TM-like mode 

in the case of a PCW with asymmetric top/bottom cladding as discussed below. Note that 

understanding of the PCW TM-mode characteristics is of interest for optical isolators as 

it would be useful to have isolation for the TM mode as well.  



39 
 

 

 

 

 

 

 

Fig. 4-1. Schematic drawing of the Photonic Crystal Waveguide structure. 

(not drawn to scale) [115] 
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Fig. 4-2. (a) Optical image of the overall structure with p and n regions 

outlined by color frames; (b) SEM micrograph of the photonic crystal 

waveguide. [115] 
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4.2 Structure design and simulation 

      Consider a PCW formed on a silicon-on-insulator (SOI) wafer with a 260-nm-thick 

top Si layer, as shown in Fig. 4-1. The line defect PCW was formed in a hexagonal lattice 

with a lattice constant of 400 nm and an air hole diameter of 240 nm.  Using the plane 

wave expansion method [101], the photonic band diagram is calculated and shown as 

solid lines in Fig. 4-3(a). The mode profiles in Fig. 4-3(b) show that the modes have 

imperfect vertical symmetry, due to the asymmetric air/SiO2 top/bottom cladding. Note 

that the TM-like mode also has odd x-symmetry in the odd-mode wavelength range. Thus 

the interband scattering from the TM-like mode to the odd TE-like mode is not prohibited 

by symmetry. The cutoff indicates the frequency at which a mode crosses the lightline. 

As the hole radius increases, both the cutoff frequency of the TM-like mode and the 

bandedge of the odd TE-like mode move up. However, the odd-mode bandedge moves 

up faster than the TM cutoff. For too large of an r (e.g. r=0.33a), the TM cutoff will be 

substantially below the odd mode. As such, the TM mode transmission will be fairly low 

in the frequency range of the odd mode (as the TM mode is above the lightline), and the 

detection of interband scattering becomes difficult. For too small of an r (e.g. r=0.27a), 

the odd-mode and TM-like mode will cross each other, which will create a mini stop gap 

due to anti-crossing [104]. Because this mini-gap is usually very close to the odd mode 

bandedge, it complicates the observation of the bandedge shift. In this work, we have 

chosen r=0.3a such that the TM cutoff is above the odd mode bandedge and the crossing 

point of these two modes is sufficiently above the lightline. Under this condition, the two 

modes will share a common frequency band below the lightline, yet they do not cross 

each other directly below the lightline. The TM-like mode can be scattered into the odd 
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mode due to the structural imperfection. To model electro-optic tuning of the odd-mode 

bandedge, the carrier injection process in a Si pin diode structure was simulated using 

Medici, an electronic device simulator. For p and n regions doped to Na=110
20

cm
-3

 and 

Nd=510
19

cm
-3

 separated by a 2m wide i-region, the calculated i-region carrier 

concentrations at various bias levels are shown in Fig. 4-4. The refractive index change 

can be calculated according to the electro-optic coefficient of Si [105]. The band structure 

under carrier injection at 3V bias is then calculated readily [106-108] based on the 

changed refractive index and is plotted as dotted curves in Fig. 2(a). The odd-mode 

bandedge shift is on the order of 10nm for 3V forward bias, which should be relatively 

easily observed. Based on the bandedge shift () in Fig. 4-3(a), the odd-mode overlap 

factor with Si [106-108] can be obtained =(/)/(n/n) ~0.9. Note that the TM-mode 

has a linear dispersion relation in the wavelength range of the odd mode. Hence its own 

transmission is featureless (i.e. flat) in this spectral range (and no wavelength shift would 

be visible) if interband scattering is absent. 
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Fig. 4-3. Simulation results: (a) photonic band diagram for r/a=0.3 for 

original (solid curves) and 3V biased (dotted curves) structures; (b) Hz 

field profiles (at k=/a) in the x-z plane at a y-section where the field peak 

of the mode appears. The PCW structure is sketched by grey lines. [115]
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Fig. 4-4. Electron concentration at various forward bias levels obtained 

from Medici. [115] 
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4.3 Fabrication and Characterization 

      The PCW structure was fabricated according to the parameters of the structure 

simulated in Fig. 4-3. The optical waveguide layer was patterned on a SOI wafer by 

electron-beam lithography and followed by inductively coupled plasma dry etching. P 

and N regions were defined using photolithography and were doped by implantations 

sequentially. Piranha cleaning was done after implantation. The contact windows were 

opened alongside the PCW by a third photolithography process, and titanium/aluminum 

alloy electrodes were deposited by e-beam evaporation, followed by a liftoff process and 

rapid thermal annealing. The contact resistances of the p and n pads were about 30 Ω and 

25 Ω, respectively, which were obtained based on testing Si resistors with same contact 

pads fabricated on the chip. The total device length including access Si wire waveguides 

is about 3.5mm. 

      The fabrication process flow chart is shown in Fig. 4-5. 

      After fabrication, the sample was tested using the setup shown in Fig. 4-6. It is similar 

to the setup we saw in the previous chapter, but we are measuring the optical spectrum 

for the TM like mode, instead of the TE like mode. And various DC bias voltages were 

applied on the PN diode. 
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Fig. 4-5. Fabrication process flow chart. 
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Fig. 4-7. Spectra of the pin diode-embedded PCW under various bias 

levels. [115] 
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      The spectral transmission characteristics of the fabricated sample were measured at 

various bias levels as shown in Fig. 4-7. A broadband superluminescent LED with a 

useful spectral range of about 50nm was used as the light source. Polarization-

maintaining lensed fibers were used to couple light into the TM polarization of a Si wire 

waveguide. Then light is transported by the Si wire waveguide to the 80m-long PCW. 

Light exiting the PCW is delivered by another Si wire waveguide to the output lensed 

fiber. The transmission in Fig. 4-7 is normalized by the LED spectrum plus a fixed 

reference loss value of a reference Si wire waveguide. Compared to normalization by the 

spectrum of a reference wire waveguide, this approach avoids introducing extra spectral  

noise of the reference wire waveguide. This might make the peak insertion loss less 

precise—but we are primarily interested in the wavelength shift and lower noise here. As 

expected, a spectral valley appears in the odd-mode band due to interband scattering. As 

the bias increases, the spectral valley shifts towards shorter wavelengths. Due to noise, 

the spectrum is not smooth. Instead of a clear single minimum point on the spectrum, 

multiple local minima of similar depths may be present in the neighborhood of the 

spectral valley. It is difficult to assign a single spectral notch precisely. Here we employ a 

statistical approach to determining the spectral notch wavelength. For the spectrum at a 

given bias, the wavelengths of the n lowest local minima of the transmission spectrum 

were recorded; then the mean value and the variance of this set of wavelengths were 

calculated statistically. The results for n=3, 4, and 5 are plotted in Fig. 4-8(a) for each 

bias level. Clearly, the results for various n values agree with each other fairly well and 

show a definite valley shift. The inset of Fig. 4-8 shows the measured I-V relation of the 

pin diode. The differential resistance under large forward bias is estimated around 118Ω.
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Fig. 4-8. Shift of the spectral valley wavelength vs. static forward bias. (a) 

experimental results based on statistics of the lowest n local mimima of 

the spectrum (n=3, 4, 5). Inset: I-V curve of the pin diode. (b) Simulated 

shift due to electro-optic (EO) and thermo-optic (TO) effects. [115] 
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4.4 Discussions  

      In Fig. 4-8(b), the band shift Δλ evidently saturates at large bias. This is because the 

band shift is not solely determined by the electro-optic effect, but also by the thermo-

optic effect accompanying the joule heating in the pin diode. Also, the electro-optic effect 

and the thermo-optic effect change the refractive index in opposite directions. The 

thermo-optic effect was simulated using the approach described Ref. [109]. The total 

temperature rise in the PCW core includes contributions from the heating in the i, p and n 

regions. The heat generated by the contact resistances had little effect on the temperature 

rise in the PCW core because the contacts are far from the core (~20m, more than three 

times the thermal spreading length). At low voltages (V<1.5V), the electro-optic effect 

dominates. As the current rises at high forward biases, the thermo-optic effect due to 

joule heating becomes substantial. Together, the electro-optic and thermo-optic effects 

shift the odd-mode band as plotted in Fig. 4-8(b). The simulation result provides a 

reasonable trend of the spectral shift of this odd mode. 

      Note that in the odd TE-like band, the even TE-like mode is far above the lightline 

and has substantially higher loss and worse noise. This obscures the observation of the 

spectral features and therefore the TM-like mode is suitable for input in the present 

structure instead of the TE-like mode. In addition to the coupling via structural 

imperfection-induced interband scattering throughout the PCW length, the TM-like mode 

may also couple to the odd TE-like mode at the PCW interface. Due to the asymmetric 

top/bottom cladding, the TM-like mode and odd TE-like mode are not perfectly 

orthogonal (these two modes have the same x-symmetry and approximately opposite z-

symmetry, as shown in Fig. 4-3a), which causes this coupling at the PCW interface. 
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However, such coupling is extremely weak because the two modes have approximately 

opposite z-symmetry and a large group velocity mismatch (ng<5 for the TM-like mode of 

a Si wire waveguide and ng15 for the odd TE-like mode). FDTD simulations show that 

such interface coupling causes a very small loss <0.3dB per PCW interface over the 

entire odd-mode band. Such a weak effect was easily buried in the noise (~0.5dB in Fig. 

4-7) of the spectrum. Note that at PCW interface, the coupling ratio between the TM-like 

mode and even TE-like mode is zero because of their opposite x-symmetry (for 

comparison, the interface coupling ratio between the TM-like and odd TE-like mode is 

<7% from FDTD simulations). However, the interband scattering between two modes of 

different polarizations is not prohibited/restrained by symmetry in this structure due to 

asymmetric top/bottom cladding (also note each mode is not purely TE or TM). This is 

different from the air-bridge structures [110, 111]. The even TE-like mode transmission 

below the light line is normal: it shows a bandedge around 1570nm but no interband 

scattering valley because the TM bandedge is at >1570nm. To launch an odd TE-like 

mode needs a carefully fabricated Mach-Zehnder coupler [101], which is not included in 

the present device. For the odd TE-like mode spectrum, it is expected that while the 

interband scattering from the odd TE mode to the TM mode is enhanced by 1/vg,odd at the 

odd mode bandedge, this signal will be buried by the backscattering (more strongly 

enhanced by 1/vg,odd
2 

[102, 103]) of the launched mode (odd mode). Note that 

backscattering and out-of-plane scattering (to radiation modes) are significant only at the 

bandedge of the initial mode (the launched mode) [102, 103]. In this work, we have 

chosen a wavelength range near the bandedge of the final mode (odd mode) and far away 

from the bandedge of the initial mode (TM-like mode). Thus, only the interband 
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scattering is enhanced, and backscattering and out-of-plane scattering are not enhanced 

and are much weaker than interband scattering. Despite the spectral noise, the spectral 

notch position due to the interband scattering can be determined statistically within 1 of 

all data sets for n=3~5. This indicates that our method is independent of the number of 

spectral minima.  

      Note that optical isolators based on an indirect photonic transition can, in principle, 

achieve very high isolation [94]; up to 20dB difference for forward-to-backward 

transmission has been demonstrated in fiber-optic devices [112]. In Si-based waveguide 

devices, the isolation can be degraded by a variety of factors including RF impedance 

mismatch of the driving circuitry (which reduces the modulation/transition efficiency), 

the thermo-optic effect (which counteracts the electro-optic modulation and is not 

unidirectional), and interband scattering. Most of these secondary effects have been 

studied in optical modulators, therefore there is a knowledge base available for further 

improvement. However, the interband scattering effect is seldom studied in electro-optic 

devices, particularly for slow-light PCWs under electro-optic tuning. Here the notch 

depth due to interband scattering in Fig. 4-7 is found to be relatively small (about 

2.5~3.5dB for all applied voltages) compared to ~10dB modulation depth achievable in 

PCW modulators with a similar interaction length [97, 113]. For the one-way waveguide 

(isolator) based upon an electro-optic modulation-induced photonic transition [94], this is 

a positive indication that the effect of electro-optic modulation would likely be 

substantially stronger than the undesired interband scattering.  
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Fig. 4-9. Schematic of interband scattering effect in an optical isolator 

based on indirect interband transition. The launched mode (e.g. TM mode) 

is marked in purple, and the converted mode (odd mode) in green. The 

mode filters block the odd mode only. The width increase (decrease) of a 

beam indicates the mode intensity growth (decay). Interband transition due 

to E-O modulation is marked in blue (and letter “T”), interband scattering 

in orange (and letter “S”). [115] 
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      For further analysis, consider an isolator composed of a modulated waveguide with a 

mode filter at each end [94]. For the forward path (ideal case) in Fig. 4-9(a), the launched 

mode (e.g. TM mode) is fully converted to a final mode (e.g. odd mode) by interband 

transition, and the odd mode is blocked by the mode filter. By proper design, the indirect 

interband transition can occur from the initial mode to the final mode (if) in the 

forward path only (not fi nor any type in the backward path) [94]. When interband 

scattering is included in Fig. 4-9(b), the back-and-forth scattering between the TM and 

odd modes results in some residual TM mode at the end. Based on the scattering 

coefficient formula [102, 103], one can readily see that the interband scattering loss 

coefficients between any two guided modes are symmetric, i,f=f,i. Assuming other 

losses are negligible, after a sufficiently long propagation length y=LB, the interband 

transition and two-way scattering reach a balance:  tIi(y)+i,fIi(y)f,iIf(y)=0, where t is 

the interband transition coefficient per unit length (in dB/cm), Ii(y) and If(y) are the 

intensity for the initial launched mode (TM) and converted mode (odd), respectively. 

Under the lossless assumption, the total intensity at y=LB satisfies Ii(LB)+If(LB)=Ii(0). 

Thus we obtain  

Ii(LB)/Ii(0)=i,f/(t+2i,f).   (1) 

This determines the residual intensity (hence the isolation) at the output. For example, if 

i,f/t=3/10, the optical isolation would be 10log10[Ii(LB)/Ii(0)]= 7.3dB. Fig. 4-9(b) also 

indicates that Ii(y) and If(y) remain constant for y>LB (after the balance between the 

interband transition and scattering is reached). This suggests rather than having an 

isolator of 2LB length, two cascaded isolators of LB each can possibly improve the 

isolation by two times. Here excellent mode filters are assumed in each isolator section, 
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otherwise the isolation improvement will be less. Note that mode filters (or passive mode 

converters) with >20dB mode-selectivity [101] are achievable. The primary effect of the 

interband scattering for the backward path, shown in Fig. 4-9(d), is some excess loss (a 

few dB) for the isolator. Note that free carrier absorption caused overall decrease of 

transmission in Fig. 4-7. The absorption affects both forward and backward propagation. 

For the backward propagation, it increases the device insertion loss. Also note that under 

modulated bias, the time average of the scattering loss spectra at varying bias levels may 

result in a broad valley roughly covering all spectral notches from 0V to 3V.  

      This work is focused on investigating the effect of interband scattering on the new 

isolator based on the indirect interband transition. Of course, to further demonstrate a 

PCW based isolator, the dispersion relations of two waveguide modes and the doping of 

Si need to be judiciously tailored [95] to translate the full potential of electro-optic 

modulation depth into high isolation and better impedance matching. Prudent junction 

design and higher electric driving power can also help. Detailed discussion of these 

techniques is beyond the scope of this work. Besides the cascading approach (one remedy) 

discussed above, the interband scattering effect can also be minimized by reducing 

structure imperfection (e.g. through tight process control in industrial-grade cleanroom 

facilities). An additional way to reduce interband scattering is to increase the wavelength 

of operation into the mid infrared range [114] by scaling up the waveguide dimensions. 

In that case, the structure imperfections of the present paper will have a much smaller 

effect.  
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4.5 Conclusions 

      In summary, the evolution of the PCW transmission spectrum in the odd mode band 

is studied under electro-optic tuning. The shift of the odd-mode band under carrier 

injection has been observed through interband scattering. The band shift is determined 

statistically from the measured spectrum with noise. The spectral shift was accounted for 

by electro-optic and thermo-optic effects. The impact of interband scattering for the 

isolator application is analyzed and potential remedies are discussed. 
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Chapter 5. Quarter wavelength resolution aluminum superlens  

working at 193nm DUV 

 

5.1 Introduction 

      Nanopatterning is one of the key steps in fabrication of nano-scale electrical and 

optical devices. Some of the technologies in use are electron beam lithography (EBL), 

ion beam lithography (IBL), nano-imprint lithography (NIL), focused ion beam (FIB) 

milling, dip pen lithography and etc. However, they are facing some critical challenges 

such as high cost, low throughput in large scale patterning, low controllability, low 

accuracy, and alignment difficulties. Some foundries have state-of-art Extreme 

Ultraviolet (EUV) and Deep Ultraviolet (DUV) photolithography tools. But they are 

economically hard to access.  

      Since the concept of a plane perfect lens was developed by Pendry in 2000 [116], 

numerous superlens structures were proposed theoretically and demonstrated 

experimentally by different research groups [117-120]. Superlens relies on the 

achievement of negative index material (NIM) to enhance the evanescent wave in near 

field region and excite surface plasmons. A perfect NIM requires both the permittivity 

and permeability to be negative (=-1 and =-1), which is difficult to realize in DUV 

range. Fortunately, Pendry also suggested that for normal incident transverse magnetic 

(TM-) polarized (also called p- polarized) light, negative dielectric permittivity is 

sufficient to achieve superlens performance.  

      Researchers investigated silver (Ag) superlens structures for imaging at UV 

wavelengths because Pendry predicted that Ag would be a good NIM. By optimizing 



59 
 

superlens structural parameters (like layer thicknesses, mask layer material, and surface 

roughness), numerous milestones were achieved. In 2010, 30 nm half pitch grating 

imaging with 6 nm channel depth was realized on smooth Ag superlens devices using 380 

nm wavelength illumination [118]. In 2012, 3D gray scale imaging with high aspect was 

also reported on an Ag superlens using 365 nm UV light [119]. 

      In 2009, Shi et al. proposed a structure using aluminum (Al) as the top superlens 

material for 193 nm DUV illumination [121-122]. The very short DUV wavelengths 

translate into a large modulus of the lateral Surface Plasmon (SP) wave-vectors, leading 

to a larger absolute bandwidth of enhanced lateral wave-vectors. This helps to improve 

the resolution compared to superlens structures designed for visible or near UV 

illumination. At 193 nm, tungsten (W) has a higher imaginary part of the refractive index 

(n=1.3+3.02i) (compared to n=1.02+1.17i for silver or n=1.43+1.16i for gold) [123], so it 

can absorb incident light more effectively, which is beneficial as a mask material. 

      MgO has been used as a dielectric insulator layer to provide permittivity matching to 

a top Al superlens layer, in order to improve the performance to some degree [121]. 

However, after further simulation, it was found that using SiO2 instead of MgO would not 

degrade the performance of the Superlens as neither of them can provide perfect index 

match, and MgO was eventually replaced in later designs [122]. In the current research 

discussion, we present promising performance results of using pure SiO2 as the dielectric 

insulator with an Al top superlens layer, completely avoiding the difficulties of 

depositing a conformal smooth MgO permittivity matching layer.  
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Fig. 5-1. Schematic diagram of the Al superlens working at 193 nm DUV, 

with W grating as the mask and SiO2 as the dielectric insulator. 
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5.2 Design and fabrication 

      Figure 5-1 shows the device structure. A 20 nm thick W layer was initially sputtered 

onto a quartz substrate. Then the grating and arbitrary designs were patterned by a JEOL 

JBX-6300FS high-resolution e-beam lithography system, operating at 100 keV, on a 100 

nm thick layer of ZEP 520 A e-beam resist. SF6 based reactive ion etching (RIE) was 

applied to transfer the patterns into the W layer. Subsequently, the residual resist was 

removed by immerging the sample in 1165 remover at 80°C for more than half hour. 

Figure 2(a) and 3(a) shows the scanning electron microscope (SEM) image of fabricated 

patterns in the W mask layer. On top of the W mask, 50 nm SiO2 was deposited by 

plasma enhanced chemical vapor deposition (PECVD). Chemical mechanical polishing 

(CMP) was used to thin the layer down to 14~17 nm and the SiO2 surface planarization 

was achieved at the same time. In the end, 13 nm Al superlens layer was sputtered on top 

of the SiO2 dielectric layer. Atomic force microscope (AFM) image shows the root mean 

square (rms) surface roughness of 0.873 nm in a 2 m by 2 m area.  
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Fig. 5-2. (a) SEM image of 50 nm half-pitch grating on W layer; (b) 3D 

AFM image of 50 nm half pitch grating in PMMA; (c) cross section of (b); 

(d) Fourier analysis of (c).  
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Fig. 5-3. (a) SEM image of 50 nm spacing 50 nm width double slits on W 

layer; (b) 3D AFM image of 50 nm spacing 50 nm width double slits in 

PMMA; (c) cross section of (b). 
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5.3 Characterization 

      To characterize the performance of our superlens samples, 20 nm PMMA resist, after 

diluting 495PMMA A2 with A thinner (both from MicroChem) in the ratio of 1 by 1 

(diluted to 1% volume percentage), was coated on top of the superlens Al layer to record 

the image, followed by baking on 180°C hotplate for 90s.  

      A low cost, non-toxic laser driven DUV lamp was used as the light source of our 

exposure system. After filtering, the light beam, centered at 193 nm with 15 nm 

bandwidth, has a light intensity about 10 mW/cm
2
. Calculation shows 10min DUV 

exposure will provide enough dose for the PMMA resist to change property. Figure 5-4 

shows the exposure setup. After exposure, the sample was immerged in the PMMA 

developer, 1:3 MIBK to IPA, for 30s, followed by IPA rinse for another 30s. To increase 

the development contrast, the developing process was operated in low temperature 

condition. We tried several temperatures, including 0°C, -2.8°C, -10°C, and -13°C. The 

best image was achieved when developing at -2.8°C.  

      The images were produced successfully. Fig. 5-2(b) is the AFM image of 50 nm half 

pitch grating in PMMA. The cross section profile of the grating is shown in Fig. 5-2(c). 

The best pattern depth we achieved is about 15 nm, when the development temperature 

was at -2.8°C. The Fourier analysis, Fig. 5-2(d), shows a clear peak at 10 m
-1

, 

corresponding to 100 nm period grating. We also exposed 50 nm spacing 50 nm width 

double slits pattern. The AFM image and related cross section profile are shown in Fig. 

5-3(b) and Fig. 5-3(c). All these results prove that we have achieved quarter (¼) 

wavelength resolution by Al superlens. 
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Fig. 5-4. Diagram of 193 nm DUV exposure setup. [124] 
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      To illustrate the performance of superlens, we fabricated a control sample similar to 

the superlens sample, except the Al superlens layer was replaced by SiO2 and the 

exposure time was reduced to 7 minutes. The results turn out that, gratings with 200 nm 

period (100 nm half-pitch) and above can be imaged well (Fig. 5-5). But no image is 

observed for the grating period smaller than 100 nm.  
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Fig. 5-5. AFM image of developed pattern on control sample (a) AFM 

image of 200 nm period grating; (b) cross section curve shows the image 

depth of 10nm; (c) Fourier analysis shows a peak at 5 m
-1

, corresponding 

to 200 nm pitch. 
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5.4 Simulation and discussion 

      To verify the performance of our Al superlens sample working at 193nm DUV 

wavelength, we performed the Finite-difference time-domain (FDTD) simulation using 

Lumerical software. Figure 5-6 shows the simulation configuration, in XY plane view. 

The FDTD simulation region and different material for each layer are indicated. The 

boundary conditions are set to be “Period” in X direction, and “perfect matching layer 

(PML)” in Y direction, so drawing 2 periods of tungsten (W) grating is adequate for the 

simulation. As the dimension of W grating in Z direction is much larger than the 

dimensions in X and Y directions, 2-D simulation in the XY plane will be accurate. The 

mesh accuracy is set to be 0.5nm in both X and Y directions. A plane wave light source 

in the TM polarization is launched from the quartz substrate, with the amplitude of E 

field set to be unity and the wavelength set to be 193nm.  

      After simulation, each component of the Poynting vector of the light beam coming 

out of the Al superlens layer is plotted, so that we can evaluate the superlens performance 

and explore the underpinning physics. We compared the performances by changing the 

thickness of different layers and changing the period of the W grating, to find the 

optimized parameters and the limitation of the superlens. The performances of the 

controlled samples are also simulated. The details will be discussed in following 

paragraphs. 

      First, we analyzed the superlens performance with 20nm W, 13nm Al and 15nm SiO2. 

The pattern on the W mask layer is 50nm half-pitch (100nm period) grating, which is one 

of the standard patterns to characterize the performance of a lithography technology. 

Figure 5-7 shows the 2D intensity plots of three important components of the Poynting 

vectors in the simulation region.  
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Fig. 5-6. Environmental settings of the FDTD simulation in Lumerical 

software. 
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Fig. 5-7. 2D intensity plots of three important components of the Poynting 

vectors in the simulation region. (a) imaginary part of the Py component; 

(b) absolute value of the Py component; (c) the magnitude of the Poynting 

vector. (red squares indicate the locations of PMMA resist) 
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Fig. 5-8. Simulated performance of the Superlens sample with 20nm thick 

50nm HP W grating, 13nm Al, 15nm SiO2 and 20nm PMMA. Three 

components of the Poynting vectors at different distances into the PMMA: 

(a) imaginary part of the Py component; (b) absolute value of the Py 

component; (c) the magnitude of the Poynting vector; (d) diagram of the 

W mask layer indicating the openings and blocks. 
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      Lumerical defines the imaginary part of a Poynting vector the evanescent wave in 

near field, and the real part the traveling wave. [125]  

      Figure 5-8 (a),(b),(c) represent the imaginary component of the Py (Poynting vector 

in the Y direction), the absolute value of the Py, and the magnitude of the whole Poynting 

vector |P|, respectively, at different distance into the PMMA (red square region in Fig. 5-

7). Figure 5-8 (d) indicates the relative position of the W grating in the mask layer. 

Plotting these values in curves will ease the comparison of the intensity. Figure 5-8 (a),(b) 

are almost identical in both height and curve shape, indicating the real component of the 

Py is negligible. Comparing Fig. 5-8(b) and (c), we find the heights of the curves are 

close, leaving the only difference in the broadened shape of the peaks in the |P| plot, 

which proves that the Px component does not contribute to the light intensity, but only 

widens the light beam profile, which we want to avoid for high resolution imaging. From 

the above comparisons, we can tell that the evanescent wave in the light propagation 

direction Im(Py) constitutes the main part of the light beam after transmitting through the 

superlens, which agrees with the discussion in the introduction section and the references 

[117-120, 126]. The Px component does not contribute to the superlens performance, but 

broadening the linewidth. In the curves of Fig. 5-8, we also see the side-lobes on top of 

the W mask region. We believe they are caused by the exited standing evanescent wave 

modules, forming the well-known surface Plasmon (SP) near the metal surface. The side-

lobes of the adjacent main peaks overlap with each, forming the obvious secondary peaks 

on top of the W mask region. As the side peaks are about half of the primary peaks, by 

controlling the development temperature after the DUV exposure, we can still get high 

contrast images. 
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Fig. 5-9. Variation of the primary peak value, secondary peak value and 

their contrast of Im(Py) and |P| with the change of Al thickness, while the 

SiO2 thickness is fixed to be 14nm and 15nm. 
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      After studying the physics of the superlens, we want to find the optimized thicknesses 

of the Al layer and SiO2 layer. 

      We performed similar simulations by changing one single parameter, the Al thickness, 

from 13nm to 18nm. The simulations show similar plots of curves as Fig. 5-8, with 

slightly difference in the heights of the peaks. In Fig. 5-8, we plot the changing trends of 

the primary peak value and secondary peak value of Im(Py) and |P| curves with the 

variation of Al thickness. |P| and Im(Py) curves, both the primary and secondary peaks, 

overlap perfectly with each other, agreed well with the conclusion of Fig. 5-8. The plots 

show that the Al thickness of 16nm produces the highest Poynting vector intensity. As we 

know, metal enhances the evanescent wave [126], and also absorbs the EM wave when 

the light penetrates through it. The 16nm Al balances between the enhancement and the 

absorption, producing the highest peak intensity. We also plot the contrast between the 

primary and secondary peak. Simulation shows 14nm Al will produce best image contrast.  

      Then, another series of simulations were performed to analyze how the thickness of 

the SiO2 layer will change the performance of the superlens. Figure 5-10 plots the 

variation of the primary and secondary peak values of Im(Py) and |P| with the change of 

SiO2 thickness, as well as the contrast between the primary and secondary peaks, while 

the Al thickness is fixed to be 14 nm. The result shows 15nm SiO2 produces optimized 

contrast. 

      So far, we proved that our experimental results agree with the simulation, for the 

50nm HP grating pattern. It would be of interest to further analyze the performance of the 

superlens for smaller features, which were not successfully produced in our exposure.  
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Fig. 5-10. Variation of the primary peak value, secondary peak value and 

their contrast of Im(Py) and |P| with the change of SiO2 thickness, while 

the Al thickness is fixed to be 14nm. 
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Fig. 5-11. Simulated performance of the Superlens sample with 20nm 

thick 30nm HP W grating, 13nm Al, 15nm SiO2 and 20nm PMMA. Three 

components of the Poynting vectors at different distances above the 

sample: (a) imaginary part of the Py; (b) absolute value of the Py; (c) the 

magnitude of the Poynting vector |P|; (d) diagram of the W mask layer 

indicating the openings and blocks. 
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      We did further simulation by keeping the 20nm, 13nm and 15nm W, Al and SiO2 

thicknesses respectively, while changing the W grating HP to 30nm. 

      The simulation results are plotted in Fig. 5-11. Figure 5-11 (a),(b),(c) represent the 

imaginary component of the Py, the absolute value of the Py, and the magnitude of the 

whole Poynting vector |P|, respectively. Figure 5-11 (d) indicates the relative position of 

the 30nm HP W grating in the mask layer. The first phenomena we observe is the 

primary peaks are above the W blocks, instead of the W openings. Secondly, the intensity 

of the peaks is less than half of the 50nm HP case. What makes the situation worse is the 

secondary peaks are as strong as the primary peaks, and the valleys are not weak enough 

to yield enough contrast. Over all, we will get a relatively uniformed exposure in this 

simulation condition, which agrees the experimental results, only a plane exposed pattern 

was observed.  

      We also want to confirm the performance of the control samples, which have the Al 

layer replaced by SiO2. The simulation parameters are 20nm W grating with 100nm HP, 

28nm SiO2 and 20nm PMMA. Figure 5-12 plots the simulation results, the real part of the 

Py [Fig. 5-12(a)]; imaginary part of the Py [Fig. 5-12(b)]; absolute value of the Py [Fig. 

5-12(c)]; and the magnitude of the Poynting vector |P| [Fig. 5-12(d)]. The result shows 

the real part of Py contributes significantly to the Py, which also determines the shape of 

the |P|. This result well describes the mechanism of traditional lithography. The fact that 

100nm feature size equals the half of the wavelength (193nm) shows the diffraction 

limitation of the traditional lithography technology. And feature size beyond 100nm, like 

50nm HP grating, is not achievable using this technology. The result is shown in Fig. 5 -

13, showing a flat and weak |P| profile. The reason is the intensity of Re(Py) and Im(Py)  
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Fig. 5-12. Simulated performance of the control sample with 20nm thick 

100nm HP W grating, 28nm SiO2 and 20nm PMMA. Four components of 

the Poynting vectors at different distances above the sample: (a) real part 

of the Py; (b) imaginary part of the Py; (c) absolute value of the Py; (d) the 

magnitude of the Poynting vector |P|. 
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Fig. 5-13. Simulated performance of the control sample with 20nm thick 

50nm HP W grating, 28nm SiO2 and 20nm PMMA. Four components of 

the Poynting vectors at different distances above the sample: (a) real part 

of the Py; (b) imaginary part of the Py; (c) absolute value of the Py; (d) the 

magnitude of the Poynting vector |P|. 
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are equally low, along with the low contrast. 

 

5.5 Conclusions 

      Different from previously widely reported silver superlens, we demonstrated an Al 

superlens working at 193 nm DUV. 50nm half pitch grating, 50 nm spacing 50 nm width 

double slits images are achieved by exposing PMMA resist. By carefully comparing the 

experimental and simulation results, we evaluated the superlens performance and 

investigated the underpinning physics, and presented some trends showing how the Al 

and SiO2 thickness can affect the image quality. Also, operation temperature of the 

development after DUV exposure is critical to achieve the high contrast images. We want 

to emphasize that our 193 nm DUV exposure setup is low cost, non-toxic and compact, 

which is favored by lab experiments. 
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Chapter 6. Conclusions and suggestions for future work 

 

6.1 Conclusions 

      Si photonics has a bright future in the applications of telecommunication, interconnects and 

sensors, because of its potential of low cost high volume manufacturing capability and ease to 

integrate with CMOS electronic circuits. Significant progress was made and some promising 

products were launched. In the meanwhile, the demand for more power efficient, more compact 

products is endless. So researchers are continuously inventing novel devices, among which, the 

PCW is one of the most attractive devices. The research of all its properties is contributive. 

      In this dissertation, we have experimentally demonstrated the control of excitation symmetry 

for an odd TE-like mode in a PCW. An odd-mode Mach-Zehnder coupler is utilized to 

selectively excite the odd mode with a contrast >20 dB over the background. Assisted by a 

mixed-mode MZC, slow-light mode beating is observed and is utilized to measure the group 

index of this odd mode. 

      Also, the evolution of the PCW transmission spectrum in the odd mode band is studied under 

electro-optic tuning. The shift of the odd-mode band under carrier injection has been observed 

through interband scattering. The band shift is determined statistically from the measured 

spectrum with noise. The spectral shift was accounted for by electro-optic and thermo-optic 

effects. The impact of interband scattering for the PCW based isolator application is analyzed and 

potential remedies are discussed. 

      To make reliable nano-devices by the method of semiconductor fabrication, the 

lithography process is one of the most critical technologies. NIM and the related 

superlens structure are a good candidate of the next generation of lithography technology 
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for the 22nm node, as it enhances the near field evanescent wave and is able to overcome 

the half wavelength diffraction limitation. Different from previously widely reported 

silver superlens, we demonstrated an Al superlens working at 193nm DUV. 50nm half 

pitch grating, 50nm spacing 50nm width double slits and 67nm line width “RU” letter 

images were achieved by exposing PMMA resist. By carefully comparing the 

experimental and simulation results, we analyzed the superlens performance and 

investigated the underpinning physics, and presented some trends showing how the Al 

and SiO2 thickness can affect the image quality. Also, operation temperature of the 

development after DUV exposure is critical to achieve the high contrast images. We want 

to emphasize that our 193nm DUV exposure setup is low cost, non-toxic and compact, 

which is favored by lab experiments. 

 

6.2 Suggestions for future work 

      For research that intends to utilize the TE odd mode in the PCW photonics band, 

MZC is an efficient way to generate the TE odd mode with high purity, while keeping the 

propagation loss low. Design of the length difference between the two arms should be 

based on the calculation for different working wavelength.   

      In the research of PCW based optical isolator, the interband scattering should be 

avoided, which requires more fabrication accuracy to produce more uniform air hole 

array with smoother side wall for the air holes. Fortunately, CFN provides high end nano-

fabrication tools. Especially, the new developed HBr based ICP etching process, using 

HSQ as the E-beam lithography resist and etching resistance layer, produces more 

advanced side wall conditions. 
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      Following the superlens design provided by an external group, our devices produced 

fine 50nm feature size, but it is lower than our best expectation, 20nm feature size. 

Follow-up simulations by ourselves confirmed the performance of devices and showed 

that even 30nm feature size is not achievable based on current design. For future research, 

a systematic simulation should be done prior the fabrication, to find the optimized 

parameter to achieve smaller feature sizes. To improve fabrication precision, a more 

reliable characterization method should be applied to precisely measure the thickness of 

each layer in the device. Meanwhile, detailed comparison experiments should be carried 

out to find the best development temperature after the DUV exposure. There should be a 

best combination of developing time and temperature to produce the best image contrast. 

Before the superlens lithography technology can be used in real applications, random 

patterns with small feature size should be imaged precisely. Based on our experiments, I 

believe the Proximity Effect Correction (PEC) process has to be done on the designed 

pattern, to remove the rounded corners and non-uniform line-width. 
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