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ABSTRACT OF THE DISSERTATION 

 

Silicon-Organic Slot Waveguide Directional Coupler for Photonic Switching and 

Sensing Applications  

 

by 

 

Li-Yuan Chiang 

 

Doctor of Philosophy in Electrical Engineering (Photonics) 

 

University of California San Diego, 2022 

 

Professor Paul K.L. Yu, Chair 

 

Silicon photonic waveguide devices are building blocks for designing photonic integrated 

circuits (PICs). Having high-performance device designs is vital to realize large-scale PICs for 

various emerging applications such as optical communications, light detection and ranging 

(LiDAR), and environmental/chemical/biological sensing. Directional coupler is one type of 
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essential component. This dissertation proposed a device platform based on slot waveguide 

directional couplers incorporated with nematic liquid crystals (NLCs). Combining the 

concentrated optical field confinement in the slot waveguide structure and the superior material 

properties of NLCs, the device platform showed efficient switching and sensing effects. We 

introduced two slot waveguide interferometers, directional couplers and Mach-Zehnder 

interferometers. The geometric dependence of the strip-loaded slot waveguide on tuning 

efficiency was systematically studied. By comparing the pros and cons of the two slot waveguide 

interferometers, we deduced that a directional coupler switch with high efficiency is more 

attractive in realizing a compact and low-loss switch design than an MZI switch. Three distinct 

devices were developed and demonstrated based on the Si-NLC directional coupler device 

platform with decent performance. Firstly, an EO switch showed ultralow Vπ∙L = 0.0195 V∙mm. 

The value corresponds to 19.5 μm of device length for the directional coupler switch operated 

with 1 V Vπ. Secondly, a highly sensitive photonic temperature sensor reached a sensitivity as 

high as 1.6 nm/°C, benefiting from the large TO coefficient of NLC. The temperature sensitivity 

is one order of magnitude higher than other reported standard pure silicon photonic temperature 

sensors. Finally, a TO switch was demonstrated with a Pπ as low as 0.58 mW. A technique was 

developed to passively align the NLC in the slot region of the device. The NLC provides a strong 

TO effect without the penalty of extra power consumption and electronic complexity to control 

the orientation of the molecules. The TO switch provides a new solution to make power-efficient 

TO actuators without sacrificing the response speed. In conclusion, the proposed Si-NLC device 

platform is a great candidate for high-performance device design, particularly for switching and 

sensing applications.
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Chapter 1 

Introduction 

 

1.1 Silicon photonics 

Silicon photonics is an advancing technology that has gained increasing attention in 

diverse applications, including optical communications [1], light detection and ranging (LiDAR) 

[2], quantum computing [3], artificial intelligence [4], and environmental/chemical/biological 

sensing [5]. The rapid technological advancement of silicon photonics benefits from the 

complementary metal-oxide-semiconductor (CMOS) fabrication techniques developed in the last 

several decades for electronic integrated circuits. Silicon photonics is based on a CMOS-

compatible silicon-on-insulator (SOI) material platform comprised of silicon (Si) and silicon 

dioxide (SiO2). An SOI wafer has a thin (commonly 220-330 nm) Si layer as the top layer, a μm-

level SiO2 layer as the buried oxide (BOX) in the middle, and a bulk Si layer as the substrate. 

The significant refractive index difference between Si and SiO2 (Δn ~ 2.0) enables strong 

confinement of light in miniaturized Si structures. Si waveguides are one main kind of these 

miniaturized Si structures. Light can be confined and transported in a Si channel surrounded by 

SiO2 or partially air with proper design of the operating wavelength and waveguide geometry. 

As they are transparent in the infrared wavelengths, silicon waveguides are commonly designed 

for the 1.3 μm wavelength region at O-band or 1.55 μm wavelength region at C-band. A large 

variety of silicon photonic devices have been developed based on Si waveguides.  

Silicon photonics is viewed as the photonic equivalent of silicon microelectronics in 
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many perspectives due to the overlapping fabrication and materials processing concepts. Silicon 

photonic devices are categorized into active devices and passive devices. Active devices 

generate, modulate, or detect light with an energy source for their operation, and their 

performance is related to the input signals. On the other hand, passive devices transmit and 

control light without an additional energy source. For specific applications, devices are 

connected by Si waveguides and densely integrated into photonic integrated circuits (PICs), 

similar to the case of an application-specific integrated circuit (ASIC) in electronics technology. 

In the same fashion, a photonic version of a field-programmable gate array (FPGA) called a 

programmable PIC was also developed with optical switches and mesh architectures [6].  

A general metric for all kinds of silicon photonic chips and applications is optical 

insertion loss. Since light and the carried signals will be detected and identified after transmitting 

through complex and cascaded photonic structures on a PIC, a low on-chip loss is always 

desired. Lowering the optical loss of a device or structure provides it with the more substantial 

potential of scaling up and integrating with other components. The optical loss of a silicon 

waveguide is calculated from the output optical power divided by the input optical power. Losses 

in photonic waveguides stem from scattering, absorption, and radiation [7]. While designing 

photonic waveguides and devices, each loss factor needs to be considered.  

Developing novel device structures, optimizing device geometry, and heterogeneous 

integration are three primary strategies to achieve better performance in silicon photonic devices. 

This dissertation covered all three directions during the device design stage. Through the process 

of design, modeling, fabrication, and measurement, several kinds of silicon photonic devices 

were demonstrated with decent performance. The devices developed are for switching and 

sensing applications.  



3 

 

1.2 Switching technology in silicon photonics 

Electrically controlled photonic switches are used to redirect optical paths within PICs. 

The most common building blocks are 2x2 interferometric switches [8], with two input 

waveguides and two output waveguides in each switch. Light going into a 2x2 switch from one 

of the input channels can be arbitrarily controlled to come out from either one of the output 

channels. By cascading 2x2 switches in specific topologies, NxM switch fabrics can be 

constructed based on the requirements of applications [9]. Without being limited in power and 

data bandwidth as with electronic switches, silicon photonic switching is considered as a 

potential replacement for electronic switches in fiber-optic communications. This replacement 

also eliminates the inefficient and costly optical-electrical-optical (OEO) conversion required for 

electronic switches. 

The optical phase tuning of individual 2x2 interferometric switches relies on either the 

electro-optic (EO) effect [10] or the thermo-optic (TO) effect [11]. Both effects result in material 

refractive index changes. They can be induced with externally applied electrical signals but in 

different mechanisms. For the EO effect, the refractive index of a material is in response to 

applied electric fields. It covers several distinct phenomena, such as the Pockels effect, Kerr 

effect, and reorientation of birefringent molecules. Alternatively, for the TO effect, refractive 

index changes are caused by temperature changes. This is usually implemented by an electrical 

current flowing through a resistive heater.  

Efficiency and speed are two primary performance metrics for silicon photonic switches. 

With better efficiency, a photonic switch can be operated by lower driving voltage or minor 

power consumption. Vπ∙L product is a common quantity describing efficiency for EO switches, 

where Vπ is the voltage required to complete one full on/off switching, and L is the length of the 
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active tuning region. An EO switch can always be designed longer for smaller Vπ, but it comes 

with higher propagation loss and decreased modulation bandwidth in proportion to the increase 

of L. For TO switches, the efficiency is evaluated by Pπ, the power consumption needed for one 

full on/off switching. The efficiency determines the feasibility of electrical driving, whereas the 

speed qualifies a switch for suitable applications. The speed of a switch must be fast enough to 

be practical for specific applications. The speed is evaluated with switching time t (10% to 90% 

for rising and 90% to 10% for falling) or switching time constant τ (0 to 63% for rising and 63% 

to 0 for falling) in this thesis, depending on the customs of the device category being discussed.  

EO and TO switches have their respective advantages and challenges. EO switches 

support high-speed operations and applications with switching time on the nano-second level or 

faster. Still, the optical losses are high due to the free-carrier absorption (FCA) effect or rather 

long phase shifters. TO switches do not inherently induce optical loss from FCA. Their feature of 

lower loss is favorable for large-scale switch fabrics. However, a TO switch usually consumes a 

Pπ of 10-30 mW to drive, where Pπ is the power consumption required to complete one full 

on/off switching [9, 12]. The system’s power budget and total power consumption of the switch 

fabrics limit the scaling of TO switches. In addition, the switching time of TO switches is usually 

on the micro-second level only. 

 

1.3 Sensing in silicon photonics 

Sensing via photonics is robust and immune to electromagnetic interference compared to 

electronic sensors. Photonic sensing is categorized into fiber-based and waveguide-based 

systems. Silicon photonics offers compact sensing functionality with silicon waveguides 

compared with fiber-based optical sensing. The strong confinement of light in silicon 
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waveguides provides significant light-matter interaction and the potential to make sensors with 

high sensitivities. The basic principle is to induce a refractive index change with a specific action 

in the silicon waveguide core or cladding material and detect the resulting optical responses. The 

degree of change from the particular activity is indirectly measured from the refractive index 

change. The idea can be realized in several ways for environmental/chemical/bio-sensing. 

Temperature sensing [13] is a significant direction for environmental sensor studies. Other 

examples include pressure sensing [14] and humidity sensing [15]. Contrastingly, chemical/bio-

sensing is based on detecting and accumulating the responses of local refractive index changes 

[5, 16-17]. The refractive index changes come from different substances attached to the 

waveguides without selectivity. A widely used technique for chemical/bio-sensing to have 

selectivity in the sensed molecules is surface functionalization [18]. By coating the silicon 

waveguides with immobilized binder molecules, the waveguides can selectively capture the 

molecules of interest for sensing. Higher sensitivities are favorable for sensors, as the minimum 

detectable change in the refractive index is improved with a more sensitive sensor, providing a 

better detection limit. A popular way to improve the sensitivity is incorporating materials with 

large index changes in response to an external stimulus of interest. Liquid crystals are such 

materials. Liquid crystals possess attractive and stable material properties, making them a great 

candidate for silicon-organic hybrid devices.  

 

1.4 Nematic liquid crystal (NLC) 

Liquid crystal is a state of condensed matter with material properties between crystals 

and liquids. The molecules are rod-shaped. Macroscopically, the materials behave as a fluid, 

being able to flow at a significant rate. Microscopically, liquid crystal molecules have regional 
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orders and form domains. Within each domain, the molecules are aligned based on the same 

order. There are many liquid crystal phases with different molecule orders and different materials 

properties. The nematic phase is one of the most common liquid crystal phases. Although other 

liquid crystal phases may also be useful for silicon-organic photonic devices, they are beyond the 

scope of this dissertation.  

In the nematic phase, organic liquid crystal molecules organize roughly parallel with their 

long molecular axes, appearing in directional order but in no positional order [19]. The nematic 

phase of liquid crystal materials and a single molecule are illustrated in Figure 1.1. Nematic 

liquid crystal (NLC) materials have several interesting favorable properties for silicon photonic  

 

 

Figure 1.1: Illustrations of (a) the nematic phase of liquid crystals and (b) a single liquid crystal 

molecule with the corresponding optical birefringence 

 

 

devices. Due to the rod-shaped molecules, NLC materials possess large birefringence Δn values 

on the order of 0.1-0.2. The NLC molecules are polar and have anisotropic dielectric properties. 

Therefore, the average direction of the long molecular axes can be controlled by an external 

electric field (Figure 1.2). The large birefringence and electrically controllable nature of NLC 
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provide a strong EO effect to be utilized in EO devices, such as liquid crystal displays (LCDs) 

[20]. Another attractive property of NLC materials is having a considerable TO effect along the 

long axes (dne/dT). This property makes NLC also an excellent material for TO devices.  

 

 

Figure 1.2: Illustrations of NLC reorientation induced by an externally applied electric field 

across two conductive panels 

 

 

1.5 Dissertation overview 

This dissertation explores Si-NLC integrated devices to realize performance enhancement 

for silicon photonic devices. Slot waveguide directional couplers are the device architecture 

employed to demonstrate an EO switch, a temperature sensor, and a TO switch.  

In Chapter 2, slot waveguide interferometers are introduced. Two types of slot waveguide 

interferometers, Mach-Zehnder interferometers (MZIs) and directional couplers, are presented 

and compared. We deduced that a directional coupler switch with ultralow VπL is thus more 

attractive in realizing a compact and low-cost switch matrix design than an MZI switch. NLC-

filled slot waveguide directional couplers are the device configuration used to demonstrate three 

kinds of silicon photonic devices. The device design, simulation, fabrication, and measurement 

results are included in the following chapters.  
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In Chapter 3, we propose a directional coupler EO switch with a record low of Vπ∙L = 

0.0195 V∙mm measured. The value corresponds to 19.5 μm of device length for the directional 

coupler switch operated with 1 V Vπ. The results were compared with another reported Mach-

Zehnder EO switch with the same silicon-NLC material system integrated into the slot 

waveguides. The fabrication process flow of our proposed device is illustrated in detail. The 

other devices in the following chapters also share similar fabrication process flows.       

In Chapter 4, we focus on a highly sensitive photonic temperature sensor. Benefiting 

from the large TO coefficient of NLC, the Si-NLC hybrid sensor reached a sensitivity as high as 

1.6 nm/°C, which is one order of magnitude higher than other reported pure silicon photonic 

temperature sensors. The slot waveguide directional coupler device configuration provides 

submicron one-dimensional spatial resolution and flexible selection in LC materials for 

designing temperature sensitivity and operational temperature range required by specific 

applications. 

In Chapter 5, a TO switch is proposed and demonstrated with a Pπ as low as 0.58 mW. 

Besides the design concept derived from the temperature sensor shown in Chapter 4, a technique 

was developed to passively align the NLC in the slot region of the device. In this way, the NLC 

provides a strong TO effect without the penalty of extra power consumption and electronic 

complexity to control the orientation of the molecules. By integrating NLC into the silicon TO 

switch, the low Pπ was achieved without sacrificing the operation speed. 

The dissertation is concluded in Chapter 6. The contributions and significance of the 

research topics are summarized. A discussion of future research directions in Si-NLC hybrid 

devices is provided.  
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Chapter 2 

Slot waveguide interferometers 

 

2.1 Slot waveguides 

Proposed almost two decades ago, a silicon slot waveguide consists of two closely 

packed silicon waveguide arms horizontally separated with a narrow and fully etched slot [21]. 

The slot is filled with another material having a lower refractive index. The eigenmodes of the 

slot waveguide are formed by the interaction between the eigenmodes of the individual coupled 

arms. Due to the significant dielectric discontinuity at the high-index-contrast interfaces at the 

slot region, the optical field of the fundamental TE mode (TE0) is enhanced and confined in the 

slot. A schematic cross-section of the basic slot waveguide structure and the corresponding TE0 

mode profile are shown in Figure 2.1.  

 

 

Figure 2.1: Cross-section schematics of (a) a slot waveguide and (b) the corresponding TE0 

mode profile. 
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The strong optical confinement of the fundamental mode in the low-index slot provides 

better sensitivity to refractive index change in the slot region. The TE0 mode field is 

significantly more concentrated in a single area in slot waveguides compared to channel 

waveguides. In a channel waveguide, a larger portion of the field is concentrated in the 

waveguide core. The difference is shown in Figure 2.2 with simulated mode distributions of the 

two waveguide structures. With the same material indices and silicon thickness, the geometries 

of the two waveguide examples were set to have the same simulated TE0 mode effective index 

neff = 1.936 as a benchmark. As the slot width or waveguide widths of the slot waveguide 

increase, the TE0 mode profile of the slot waveguide becomes more like that of two separate 

channel waveguides, due to the decreased mode confinement and field strength in the slot. Thus, 

the waveguide geometry design is critical for slot waveguides to realize their advantages.  

 

 

Figure 2.2: Simulated TE0 mode profiles of (a) a slot waveguide and (b) a channel waveguide. 

 

 

In slot waveguides, the concentrated optical field outside of the silicon wires and higher 
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sensitivity to index change in the low-index slot are desirable properties for optical sensing [22] 

and switching [23]. Higher index change sensitivity means that a refractive index change Δn can 

induce a more considerable effective neff change. The slot region is thus the sensing hotspot in a 

slot waveguide. It is noteworthy that the concentrated optical field phenomenon in the 

conventional SOI slot waveguides only occurs in the TE0 mode instead of the TM0 mode. A 

simulated TM0 mode profile is shown in Figure 2.3 with the same slot waveguide geometry as 

in Figure 2.2(a). Since the electric fields and concentrated areas of the TM0 mode are in the 

vertical direction, there is no hotspot in the slot region.  

 

 

Figure 2.3: Simulated TM0 mode profiles of a slot waveguide. 

 

 

Slot waveguides are commonly covered by certain cladding materials other than SiO2. 

The cladding fills the nano-slot, and the material is chosen based on the target 

sensing/modulation applications. For chemical/bio-sensing, the cladding material is a solution 

containing the substance of interest to be detected [24]. For temperature sensing, the slot is filled 

with a temperature-sensitive material [25]. For switching and modulation, the cladding can be an 
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organic EO material enabling efficient refractive index tuning through an external electric field 

[26]. In the last case, a sample device structure based on the conventional SOI slot waveguides is 

shown in Figure 2.4. Two gold electrodes are placed away from the slot waveguide. A 

horizontal electric field can be applied through the slot waveguide. Since the sensing hotspot is 

in the slot, this configuration can be improved to be much more efficient if the electric field is 

applied only across the slot. It can be realized with a strip-loaded slot waveguide structure 

introduced in the next section.  

 

 

Figure 2.4: Cross-section schematic of an EO tunable device based on a conventional SOI slot 

waveguide and an electric field applied across the two gold electrodes. 

 

 

2.2 Strip-loaded slot waveguides 

The strip-loaded slot waveguide design was proposed to efficiently utilize the external 

electric field applied for EO tunable devices based on SOI slot waveguides [26-27]. As shown in 

Figure 2.5, a “strip-loading” region is a silicon thin slab connecting one slot waveguide arm and 

a metal electrode. The silicon slabs are formed by partially etching the silicon device layer in the 

SOI wafer. The silicon waveguide arms and slabs are doped to be conductive. With this 
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structure, the conductive boundaries of the two electrodes are extended to the inner sidewalls of 

the slot waveguide, and the external electric field drops across the narrow slot. Since metal 

electrodes are generally placed > 4 μm away from each other for optical loss consideration, and 

the slot width is usually made < 200 nm, the external electric field is more than one order of 

magnitude higher than the case depicted in Figure 2.4 with the same voltage applied. Due to the 

advantage of the concentrated and highly overlapped optical field and electric field, the strip-

loaded slot waveguide structure is a dominating design for slot waveguide EO devices. In a slot 

waveguide, a change of slot index Δnslot induces an effective index change Δneff and a phase shift 

of the guided mode. The phase shift is typically linearly accumulated during the light 

propagation in the slot waveguide and thus proportional to the slot waveguide length. Such a 

device is called an EO phase shifter. To make a switch and be able to modulate light intensity, an 

interferometer structure is required.  

 

 

Figure 2.5: Cross-section schematic of an EO tunable device based on an SOI strip-loaded slot 

waveguide and two gold electrodes. 
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2.3 Slot waveguide Mach-Zehnder interferometers (MZIs) 

A slot waveguide Mach-Zehnder interferometer (MZI) relies on interference from two 

arms of the slot waveguide [28]. The top view of a 2x2 EO switch based on slot waveguide MZI 

is depicted in Figure 2.6. Besides the two slot waveguide arms, the device consists of a pair of 

splitter/combiner, strip waveguides for routing, and strip-to-slot mode converters [29] the 

interfaces between the slot waveguides and strip waveguides. TE-polarized light enters the 

device from one of the input strip waveguides and is split equally into two strip waveguides. The 

light in both paths is converted from the strip mode to the slot mode. Light can be modulated in 

the region of slot waveguides with a device length L through the electrodes and conductive slabs. 

After passing through the slot waveguides, the slot mode is converted back to the strip mode. 

The light in both arms is merged into one of the output strip waveguides by a combiner and 

induces light interference. Assuming the two arms are symmetric without modulation, the 

resulting light has fully constructive interference in the bar output and fully destructive 

interference in the cross output. The switch is in the bar state in this condition. By modulating 

one of the two arms with an externally applied Vπ, the resulting light can be changed to have 

fully constructive interference in the cross output. The switch is operated in the cross state in this 

condition. Intensity modulation is thus realized. The splitter/combiner is also called an optical 3-

dB coupler. Directional couplers [30], adiabatic couplers [31], and multimode interference 

(MMI) couplers [32-33] are three main types of design for the splitters/combiners used in 2x2 

MZI switches. Among the three types of 3-dB coupler, there exists a trade-off in device length 

and optical bandwidth. MMI couplers are the most widely used one due to the advantages of 

rather good fabrication tolerance and balancing in the trade-off between optical bandwidth and 

size. MZI switches with MMI couplers are less sensitive to wavelength and temperature change 
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during operation compared to switches based on resonant structures such as ring resonators [34- 

35].  

 

 

Figure 2.6: Top view of a 2x2 EO switch based on slot waveguide MZI. 

 

 

2.4 Slot waveguide directional couplers 

Slot waveguide directional couplers also rely on interference. Instead of only the 

fundamental mode, the interference in a directional coupler comes from the fundamental mode 

and first-order mode. The top view of a 2x2 EO switch based on a slot waveguide directional 

coupler is depicted in Figure 2.7. The device structure is simpler than the MZI case shown in 

Figure 2.6. In the directional coupler case, TE-polarized light in the fundamental mode enters 

one of the input strip waveguides. Propagating through an adiabatically transitional s-bend with 

an extended slab, the input light launches a linear combination of symmetric and anti-symmetric 

supermodes in the slot waveguide region [36]. The symmetric mode is the fundamental mode 

TE0, and the anti-symmetric mode is the first-order mode TE1. The mode profiles of the two 

modes are shown in Figure 2.8. Compared to the symmetric mode, the anti-symmetric mode has 
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a minimum field at the center of the slot region. Since the modulation depends on the overlap 

integral of an external electric field and the optical mode, the small net overlap of the anti-

symmetric mode results in a small Δneff and phase shift when the slot index is modulated. The 

difference in the two-mode interference conditions leads to a switching behavior that can be 

measured from either one of the output strip waveguide ports. The initial interference condition 

without an external electric field is determined by several factors, different from the case of MZI.  

 

 

Figure 2.7: Top view of a 2x2 EO switch based on slot waveguide directional coupler. 

 

 

Figure 2.8: Simulated mode profiles of (a) the symmetric TE0 mode and (b) the anti-symmetric 

TE1 mode of a slot waveguide directional coupler. 
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2.5 Modeling and comparison of NLC-filled slot waveguide 

interferometers 

The interference conditions and switching performance of the two slot waveguide 

interferometers introduced are quantitatively studied and compared in this section. It covers the 

principle, modeling, simulation results, and discussion in sequence. 

 

2.5.1 Principle of operation 

The two-mode interference of the two interferometers can be depicted as 

𝐿 = 𝑚 ∙ 2𝐿𝑐𝑐 =  
𝑚𝜆

(𝑛𝑒𝑓𝑓,1−𝑛𝑒𝑓𝑓,2)
                (Equation 2.1) 

where L is the interactive length of the slot waveguide, m is the interference order (an integer for 

bar state or a half-order for cross state), Lcc is the cross-coupling length of the interferometer (the 

propagation length for the guided light to switch from one port to the other fully), 𝜆 is the 

wavelength in vacuum (𝜆 = 1550 nm in the following modeling), and neff,i (i = 1, 2) is the 

effective index of a specific optical mode. For the case of a directional coupler, neff,1 is for the 

symmetric mode TE0, and neff,2 is for the anti-symmetric mode TE1. For the case of an MZI, neff,1 

is for the phase shifter arm, and neff,2 is for the reference arm. Since neff,1 theoretically equals neff,2 

in a balanced MZI without voltage applied, an MZI switch initially has infinite Lcc and no cross 

coupling. On the other hand, the initial Lcc without voltage applied depends on the 𝜆 and 

waveguide geometry (neff,i) for a directional coupler switch.  

 

2.5.2 Modeling and simulation results 

The 2D finite element method (FEM) in Lumerical was used with the device cross 
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section (nSi = 3.4803, nSiO2 = 1.444) shown in Figure 2.9 to simulate the neff,i results and study 

the geometrical dependence. E7, a commercially available nematic LC material with an ordinary 

refractive index no = 1.5022 and extraordinary refractive index ne = 1.6961 at 25°C [37], is 

assumed in the simulations. Without an external electric field, the LC molecules in the slot 

region tend to align through the waveguide due to the physical confinement from the silicon 

sidewalls, and the slot index is no. With a sufficient electric field strength, the slot index is set to 

be ne to represent the fully aligned LC parallel to the horizontal electric field. The two conditions 

were used in simulations to calculate the maximum number of π phase shifts (Δφ) at various 

waveguide geometries.  

 

 

Figure 2.9: Device cross section used for Lumerical 2D FEM simulations. The materials are 

labeled in black color. The critical dimensions are labeled in blue color.  

 

 

Assuming a fixed L = 1.5 mm, the systematic simulation results of Δφ at each slot 

waveguide geometry were plotted in Figure 2.10, summarizing the Δφ of a directional coupler 

switch and the relative difference of Δφ between the directional coupler switch and an MZI 
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switch [38]. A higher Δφ with the fixed L and slot width means that higher switching efficiency 

and lower VπL can be achieved with the device geometry. In Figure 2.10(a), with a 250-nm 

device layer thickness and 140-nm slot width, the directional coupler switch is shown to be more 

efficient with thinner slabs. This originates from the condensing of the fundamental mode profile 

toward the center, creating a larger overlap in the slot region. With a 140-nm slot width and 50-

nm slab height, it is shown in Figure 2.10(b) that increasing the silicon waveguide height from 

standard 220 nm to 330 nm leads to higher Δφ. This comes from the larger index-modulated slot 

region and mode overlaps between the electric field and optical fundamental mode. The results 

of 370 nm silicon waveguide height do not follow the trend due to the emergence of other 

undesired optical modes. As can be seen in Figure 2.10(c), having a narrower slot width 

enhances the Δφ of the device. Not only facilitating the optical mode confinement and 

fundamental mode overlap but a narrower slot width also means a stronger electric field across 

the slot with the same applied voltage. In experiments, however, the VπL may not always be 

lowered as the slot width is reduced. The sidewall anchoring effect of LC molecules acts as the 

counterforce of this trend [39-40]. There is thus an optimal slot width for the proposed switch, 

requiring further experimental studies to determine. For the waveguide width, the optimal value 

obtained from the simulation results is around 225 nm.  
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Figure 2.10: Device cross section used for Lumerical 2D FEM simulations. 
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2.5.3 Discussion 

Although the ΔφMZI results are ~20% better than ΔφDC in an optimized structure, 

additional MMI couplers, routing strip waveguides, and strip-to-slot converters are required in 

the 2x2 MZI switch in both the input and output side compared to the directional coupler switch. 

Assuming a compact design, the additional MMI elements, routing strip waveguides, and strip-

to-slot converters are estimated to occupy 30 μm, 5 μm, and 5 μm in length, respectively, ending 

up requiring an additional 80 μm in device length. For a design with L < 400 μm, the slot 

waveguide directional coupler switch starts to become more compelling compared to the MZI 

configuration. A 30π phase shift with a 1 V drive voltage and 1 mm long phase shifter has been 

demonstrated in an LC-filled MZI switch [40], implying that an LC switch with L < 40 μm can 

be realized. In addition to the device total length consideration, the directional switch is only 

about two-thirds the lateral size of the MZI switch resulting in a significant device surface area 

advantage. The proposed directional coupler switch with low VπL is thus attractive in realizing a 

compact and low-cost switch matrix design.  

 

2.6 Conclusion 

From the simulation results over a wide geometric design range, thinner slabs, thicker 

silicon waveguides, and narrower slot width generally lead to a more efficient electrically 

controlled LC-filled directional coupler optical switch and lower VπL. Without the need for 

additional MMI couplers, routing strip waveguides, and strip-to-slot mode converters, the 

proposed directional coupler switch has strong potential to realize a more compact footprint and 

replace the MZI configuration for a switch design with an L < 400 μm. 

 



22 

 

2.7 Acknowledgement 

Chapter 2, in part, is a modified reprint of Li-Yuan Chiang, Chun-Ta Wang, Steve 

Pappert, and Paul K.L. Yu, "Efficient silicon photonic waveguide switches for chip-scale beam 

steering applications," 5th IEEE Electron Devices Technology & Manufacturing Conference, 

(EDTM, 2021), WE2P2-3. The dissertation author was the primary investigator and author of 

this material. I would like to acknowledge the Office of Naval Research (ONR) (contract 

N00014-18-I-2027) for the support of this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

Chapter 3 

An ultralow-VπL electro-optic (EO) switch 

 

3.1 Introduction 

Optical beam steering devices are key elements in light detection and ranging (LIDAR) 

technology. A solid-state optical phased array (OPA) [41-45] provides a high-speed, compact, 

lightweight, and cost-effective solution compared to the market-leading motorized 

optomechanical scanners [46]. For these reasons, the OPA is considered a strong candidate for 

future generations of beam steering devices for LIDAR applications. Although the OPA has 

become the dominant technology in the research of beam steering devices, switch-based beam 

steering [47-51] has several advantages over the OPA. It is also promising for future LIDAR 

products.  

Silicon photonic switches [52] have recently shown great potential to form large-scale 

switch matrices for optical signal processing applications, including chip-scale LiDAR. First 

proposed in 2018 [47], a switch-based optical beam steering can be realized with an optical 

switch matrix, an emitter array, and a lens. A switch-based architecture has a power consumption 

that scales as log2N, where N is the number of output ports. On the other hand, the power 

consumption of an OPA scales as N. The difference becomes larger for large-scale integration. 

For example, with N = 1024, the switch-based architecture only consumes ~1% of power 

compared to the OPA architecture. Besides power consumption, the switch-based architecture 

avoids the phasing operation of each phase shifter, and it allows multiple beams to be emitted 
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simultaneously. 2D beam steering on a single wavelength has been demonstrated with a switch-

based architecture [49], providing a solution to overcome the challenge of limited wavelength 

tunability in OPAs and the cost of a tunable light source with a wide tuning range.  

Within the mainstream silicon photonic switch technologies, which include electro-optic 

(EO), thermo-optic (TO), and microelectromechanical systems (MEMS), it is still challenging to 

demonstrate the sub-volt operation and power-efficient switching in a compact and low-loss 

device [52]. Silicon EO switches are the most suitable ones to be designed for sub-volt driving 

operation with low power consumption. However, they usually require an interactive length on 

the order of 1 cm or equivalent for just a single switch and lead to large footprints and high 

optical loss [53]. For the switch-based beamforming approaches, modulation efficiency (VπL 

product), footprint, and optical loss are the most critical criteria for optical switches due to the 

cascaded fabric and a large number of elements [9]. A miniaturized footprint enables a larger 

port count, reduced fabrication cost, and lower propagation loss. An ultralow-VπL photonic 

switch element can support sub-volt operation with short device length, facilitating compact, 

cost-effective, low-loss, and power-efficient switch matrices and optical beamformers. 

Among various EO technologies on the silicon-on-insulator (SOI) platform, silicon-

organic hybrid devices have made remarkable progress in achieving improved modulation 

efficiency (lower VπL). Among the reported silicon-organic devices, EO polymers were utilized 

to demonstrate high-speed and efficient modulators for optical communication applications [54-

57], whereas nematic liquid crystals (NLCs) provide even stronger but slower EO responses [58-

60]. NLC-filled SOI slot waveguides have been the ones demonstrated with the lowest VπL 

results. By incorporating an NLC cladding with a silicon conductive slot waveguide Mach-

Zehnder interferometer (MZI), a VπL as low as 0.0224 V∙mm was demonstrated [40]. For LIDAR 
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beam steering applications, switching speed is not a major consideration, making NLC 

technology very competitive.  

Plasmonic-organic hybrid (POH) devices are another way to realize ultralow VπL. 

Combining plasmonic slot waveguides with highly efficient EO polymers, a VπL of 0.05 V∙mm 

was demonstrated [61]. However, the high optical loss of the POH structures results in loss-

efficiency products (aVπL, where a is the optical propagation loss of the device region in dB/mm) 

larger than 20 V∙dB [61]. In comparison, the NLC-cladded silicon slot waveguide MZI switch 

was demonstrated with an aVπL of ~0.25 V∙dB [40]. 

Most NLC optical switches demonstrated to date employ an MZI device configuration 

[40, 58, 62]. In this chapter, we propose and demonstrate a silicon photonic EO switch based on 

an NLC-cladded slot waveguide directional coupler [63]. We show a VπL of 0.0195 V∙mm at an 

operating point of 0.935 V root-mean-square voltage for wavelengths near 1550 nm. To the best 

of our knowledge, the VπL value is the lowest reported to date. This device offers the potential of 

sub-volt Vπ switching operation with a device length as short as 20 μm. The device design, 

fabrication process flow, and experimental results are shown in the following sections. We then 

compare the directional coupler switch with the MZI switch in a table and display the directional 

coupler’s competitiveness for designing compact and low-loss switch elements. 

 

3.2 Device design 

Figure 3.1 shows the proposed silicon photonic switch based on a slot waveguide 

directional coupler with an NLC cladding filling the slot region [63]. A strip-loaded conductive 

silicon slot waveguide structure enables a highly confined external electric field across the slot 

[26], allowing efficient refractive index tuning of the NLC in the slot region through reorienting 
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the rod-shape molecules. The NLC material employed in this work is E7 (made by Merck), 

which has a large birefringence (Δn~0.2) contributing to the strong EO response.  

 

 

Figure 3.1: Schematic of the proposed silicon EO switch. The slot waveguide directional coupler 

is cladded with a nematic liquid crystal (NLC) layer. 

 

 

Two optical modes, TE0 and TE1, propagating in the slot waveguide directional coupler 

are launched by a single-mode TE-polarized light at a wavelength near 1550 nm from either one 

of the input waveguides. The TE0 and TE1 mode profiles, as shown in Figure 3.2, have distinct 

mode overlaps at the slot region, leading to the contrasting effective index changes while tuning 

the slot material index. Optical switching is achieved by tuning the two-mode interference 

condition, 

𝐿𝑐𝑐 =  
𝜆

(𝑛𝑒𝑓𝑓,0−𝑛𝑒𝑓𝑓,1)
                (Equation 3.1) 

where λ is the light wavelength, Lcc is the cross-coupling length, neff,0 and neff,1 are the electric-

field dependent effective indices of the TE0 and TE1 modes, respectively. The waveguide 

geometry-dependent switching performance is systematically studied using 2D Finite Difference 

Eigenmode (FDE) simulation. The results are summarily reported in Chapter 2 and in [38]. The 
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targeting waveguide geometry for device fabrication was selected based on the FDE simulation 

results on efficiency.  

 

 

Figure 3.2: Optical mode profiles of the (a) TE0 mode and (b) TE1 mode propagating in the 

cross-coupling slot waveguide of the proposed EO switch. 

 

 

3.3 Device fabrication 

The photonic switch was fabricated using a silicon-on-insulator (SOI) wafer with a 250 

nm silicon layer on top of a 3-μm buried oxide layer. The detailed fabrication process flow is 

illustrated step-by-step in Figure 3.3. The device cross section of each stage during the 

processing was shown. The label above the black arrows between cross section figures depicts 

the corresponding fabrication processes. In the beginning, the silicon strip-loaded slot waveguide 

structure was patterned using electron-beam lithography (EBL) and formed using reactive ion 

etching (RIE) with SF6:CHF3 plasma. The electron-beam resist for the etching mask is hydrogen 

silsesquioxane (HSQ), which operates as a negative resist and turns into low-density SiO2 

through electron-beam exposure. The slot waveguide has a 1.5 mm long and 115 nm wide slot 

region. The waveguide width is 265 nm for both silicon-coupled arms. The silicon slabs have a 

thickness of 45 nm. After forming the strip-loaded slot waveguide, the HSQ was removed via 
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diluted buffered oxide etch (BOE), as shown in Figure 3.3(d). A 100 nm thin layer of SiO2, as a 

protection layer, was deposited on the sample by plasma-enhanced chemical vapor deposition 

(PECVD). The silicon coupled arms and slabs were n-doped at 1017/cm3 so that they are 

conducive. The silicon slabs were n-doped again at 1020/cm3 to form Ohmic contact with metal 

electrodes later. A 6 µm photoresist mask was used as the ion implantation mask. A photoresist 

implantation mask needs to be thick enough for the corresponding implant energy and dose, 

otherwise, it will be hard to remove after doping. After removing the implantation masks 

completely, dopant activation was performed with rapid thermal annealing (RTA) at 1050°C for 

1 minute. The waveguide structures are cladded with a 2 µm SiO2 layer by PECVD, as shown in 

Figure 3.3(l). The slot region was opened and overetched through a combination of RIE and 

BOE. The BOE helps cleaning up the sidewall’s SiO2 residues effectively after RIE. Cr/Au 

contacts were formed by sputtering and lift-off processes. E7 NLC was deposited on the chip as 

the final step to fill the slot and overetched region, utilizing its fluidic nature. The finished device 

cross section is shown in Figure. 3.3(t). 

 

 

Figure 3.3: Schematic representation of the fabrication process flow of the proposed EO switch. 

The device cross sections during the processing are illustrated step by step.  
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Figure 3.3: Schematic representation of the fabrication process flow of the proposed EO switch. 

The device cross sections during the processing are illustrated step by step. (Continued)   
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Figure 3.3: Schematic representation of the fabrication process flow of the proposed EO switch. 

The device cross sections during the processing are illustrated step by step. (Continued)    

 

 

Figure 3.4(a) and Figure 3.4(b) show the top view and slot cross section of the structure, 

respectively, before applying the NLC. The images were taken under a scanning electron 

microscope (SEM). The slot region was intentionally overetched during fabrication. The 

overetch ensures the slot was cleared from the remaining PECVD SiO2 and ready for NLC 

filling. Also, since the solid boundaries anchor a portion of NLC molecules and make them hard 

to be reoriented [64], keeping the bottom SiO2 boundary away from the bottom of the slot allows 

better control of the NLC molecules throughout the silicon slot. 
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Figure 3.4: SEM images of the proposed device displaying (a) top view and (b) expanded cross 

section view before applying an NLC cladding. 

 

 

 

 

3.4 Device Characterization 

The photonic switch was driven with 5 kHz square-wave alternating current (AC) voltage 

to avoid degradation of the NLC material in the slot region [65]. The molecular directions of the 

NLC in the slot were tuned by changing the amplitude of the square-wave signal to achieve 

optical switching. The optical transmission and switching results as a function of the applied 

root-mean-square voltage measured from one of the output ports are shown in Figure 3.5. 

Operating at 0.935 V, a Vπ of 0.013 V was measured as shown in Figure 3.5(a). The 

corresponding VπL is 0.0195 V∙mm. The device was switched on and off 10 cycles with the 

0.928 V and 0.941 V applied as shown in Figure 3.5(b). The device was also measured with 100 

switching cycles. The standard deviation values calculated from the 100 on-state and off-state 

signal levels are 0.17 dB and 0.11 dB, respectively. The average extinction ratio measured is ~9 

dB over the cycles.  
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Figure 3.5: (a) Normalized optical transmission of the device as a function of the applied voltage 

(b) Real-time trace of the device’s optical transmission during 10 switching on and off cycles 

shown with the corresponding applied voltage. 

 

 

The temporal response of on/off switching between 0.928 V and 0.941 V measured from 

the device optically and the probe tips electrically, respectively, are shown in Figure 3.6. The 
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measured 10%-90% rise time is 1.41 ms, and the 90%-10% fall time is 1.37 ms for the device, 

both limited by the electrical driving. The on-chip loss of the directional coupler switch is -4.8 ± 

0.8 dB. The aVπL calculated is therefore 0.0624 V∙dB. We expect a better extinction ratio and 

optical loss can be achieved with optimization of fabrication processes and coupling between the 

input/output waveguides and the slot waveguide. 

 

 

Figure 3.6: Measured temporal responses of optical (a) switching on and (b) switching off from 

the device. Electrical driving of (c) switching on and (d) switching off measured from the probe 

tips. 
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3.5 Discussion 

This section starts with a comparison between the proposed directional coupler switch 

with a reported MZI switch to show the superior performance of our proposed device. Both 

devices are NLC-filled slot waveguide EO switches. Then, we discuss the device length effect 

and operation frequency based on the measurement results. Finally, the advantageous NLC 

material properties and the potential directions of NLC materials improvement are covered. 

 

3.5.1 Comparison of the directional coupler switch and the MZI switch 

In addition to a directional coupler format having TE0 and TE1 mode interference, the 

slot waveguide configuration can also be incorporated into an MZI having interference of two 

TE0 modes in separate slot waveguides. The demonstrated performance of our directional 

coupler switch was compared to that of a reported slot waveguide MZI switch [40] and is listed 

in Table 3.1. Using the same NLC material E7, the directional coupler switch achieved smaller 

VπL and on-chip loss than the MZI switch. Regarding the operating point and switching time of 

the directional coupler and MZI devices, since they are both limited by the NLC material 

properties, there is no significant difference.  
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Table 3.1: Comparison of demonstrated NLC-filled slot waveguide switches.  

 
 

The improved efficiency of the directional coupler switch originates from the 

optimization of slot waveguide geometry, instead of the physical nature of the device 

architecture. The modulation efficiency is highly dependent on both the slot waveguide geometry 

and NLC material properties. From our previous simulation results [38], increased silicon 

waveguide height (up to 330 nm), narrower slot width, and lower slab height provide larger 

mode overlap of the TE0 mode in the slot region. With larger mode overlap confined in the slot 

region, the effective index of the TE0 mode is more sensitive to slot index tuning. The effects of 

material properties on device performance are more complex. Using the same NLC material, 

variations of the anchoring strength, sidewall roughness, and slot geometry can affect the EO 

modulation efficiency [66-67].  

In principle, with the same slot waveguide geometry and NLC material properties, an 

MZI switch has a higher efficiency compared with that of a directional coupler switch [38]. This 

is due to the unwanted and inevitable modulation of the TE1 mode in the directional coupler 

switches. Despite having a higher efficiency, the MZI is not always the better option to configure 

 

Device Architecture 
Slot WG directional coupler switch 

(This work, [63]) 

Slot WG MZI switch 

[40] 

NLC material E7 E7 

VπL (V∙mm) 0.0195 0.0224 

Operating Point (V) 0.935 ~1.0 

Vπ (V) 0.013 0.0224 

L (mm) 1.5 1 

On-chip loss (dB) -4.8 -11.0 

αVπL (V∙dB) 0.0624 0.2464 

Switching time (ms) < 1.5 < 2 
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photonic switches. Combiner/splitter, additional routing waveguides, and strip-to-slot mode 

converters are required at both the input and output sides of an MZI switch, contributing to 

excess optical loss and large device footprint. These elements are not scalable with improved 

efficiency and shorter slot waveguide length. For ultra-compact switch design, the directional 

coupler can be preferable due to its potentially smaller footprint and lower optical loss. For 

example, based on simulations and the demonstrated VπL of 0.0195 V∙mm from the directional 

coupler switch, we project a VπL of 0.0142 V∙mm can be achieved if the device is patterned as an 

MZI switch. The values correspond to 19.5 μm and 14.2 μm of device lengths for the directional 

coupler and MZI, respectively, operated with 1 V Vπ. However, this is not the enitre story. 

Whereas 5.3 μm shorter in the estimated slot waveguide region, typical MZI switches require a 

pair of ~30 μm long multi-mode interferometers (MMIs) [68], ~5 μm long additional routing 

waveguides, and ~5 μm long strip-to-slot converters [69], making it extremely challenging to 

design an MZI switch with a total length in the tens of micrometers. Therefore, for switches 

requiring a small footprint, the advantage of better efficiency in an MZI device is no longer the 

dominant design consideration.  

Along with a smaller longitudinal size for ultra-compact device design, the directional 

coupler architecture is also smaller in lateral footprint. Assuming 5 μm of metal contact width 

and 4 μm of separation between metal contacts, the lateral sizes of the ultra-compact directional 

coupler and MZI switch will be 14 μm and 18 μm, respectively. With the demonstrated VπL and 

device lengths assumed in the previous paragraph, the directional coupler configuration only 

occupies < 20% of the device area compared with the MZI configuration. The small footprint 

and low loss characteristics make the directional coupler architecture a leading candidate for 

ultralow-VπL photonic switch elements in cascaded switch arrays.  
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3.5.2 Device length effect 

It is worth noting that the demonstrated device with 1.5 mm device length is highly 

wavelength dependent due to the small free spectral range (FSR) of ~4.5 nm. And the -4.8 dB 

loss is too high for cascaded switch arrays. However, the FSR is inversely proportional to the 

device length, and the propagation loss is proportional to the device length. The projected device 

with only 20-μm length is expected to possess a broadband FSR of ~337.5 nm and low-loss 

characteristics favorable for switch array applications. 

 

3.5.3 Operation frequency and power consumption 

Since the device is operated with 5 kHz square-wave AC voltages, the static power 

consumption to maintain optical signal level 0 and level 1, Pi (i = 0, 1), can be calculated from  

 𝑃𝑖 =  𝑓 ∙ 𝐶 ∙ 𝑉𝑖
2                     (Equation 3.2) 

where f is the frequency of the AC voltage, C is the capacitance of the slot capacitor, and Vi is 

the corresponding voltage at the signal level (i = 0, 1). The measured C at 5 kHz and 1 V is 

approximately 130 fF. Using Vi = 1V, we can estimate the upper limit of the total power 

consumption, including static and switching, to be 0.6 nW. 

It is indicated in the power consumption analysis that a lower driving frequency is 

preferred to operate the device with a higher power efficiency. Another consideration of the 

operation frequency is to maintain a fairly high frequency for stable optical signal levels. If the 

applied frequency is comparable to the NLC response speed, the NLC molecules will keep 

reorienting with the applied AC voltage and the optical signal levels will be unstable. In other 

words, there is a trade-off between the device speed and power consumption. 
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3.5.4 NLC materials 

In this work, we chose the widely used E7 as the NLC cladding to demonstrate the 

device. However, it is worth noting that the NLC material can be flexibly chosen based on 

different design considerations such as efficiency, switching speed, and power consumption. In 

general, NLC materials with high birefringence and low viscosity are preferred due to the 

resulting stronger and faster EO responses [70]. The dielectric anisotropy, elastic constants, and 

anchoring strength of NLC materials are also critical properties to achieve further improved 

efficiency and lower operation voltage [40, 58, 71].  

Incorporating additives into NLC materials is another strategy to improve NLC material 

properties for EO applications. To incorporate NLC with additives into the proposed device, the 

additive unit size and slot width need to be considered. For instance, C60 [72], gold nanoparticles 

[73], and cadmium selenide quantum dots (CdSe QDs) [74] were reported to be dopants to 

successfully improve the NLC EO performance. Although more studies are required to know if 

these materials will provide the claimed improvement for application within a silicon nano-slot, 

these methods are encouraging for further enhancement of the performance of the directional 

coupler switch. 

 

3.6 Conclusion 

We have experimentally demonstrated a silicon photonic directional coupler switch with 

0.0195 V∙mm modulation efficiency and 0.0624 V∙dB loss-efficiency product. We have 

compared this directional coupler switch performance with similar MZI switch device 

architectures. Without requiring a pair of combiner/splitter, additional routing waveguides, and 

strip-to-slot converters, we find the directional coupler switch is superior to a corresponding MZI 
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switch for efficient, compact optical switching due to a comparably smaller device footprint and 

lower optical loss. Improved directional coupler performance can be expected as improved NLCs 

are incorporated into the switching devices. 
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Chapter 4 

A highly sensitive photonic temperature sensor 

 

4.1 Introduction 

Besides EO devices, TO devices were also investigated as the other main direction of this 

dissertation utilizing the desirable TO properties of NLC materials. Optically based temperature 

sensors have attracted growing interest recently due to advantages such as compact size and 

immunity to electromagnetic interference [75-76]. Compared to fiber-optic [77-81] and other 

waveguide-based [82-85] temperature sensors, silicon waveguide temperature sensing devices 

based on the SOI platform benefit from mature CMOS fabrication techniques and ease of 

integration with other devices for on-chip applications. A highly sensitive optical temperature 

sensor based on two-mode interference modulation within a silicon slot waveguide structure is 

theoretically proposed and experimentally demonstrated in this chapter. 

Silicon waveguide temperature sensors have been demonstrated with various device 

configurations, including MZI [86-88], MMI [89], micro-ring resonator [13, 90-91], waveguide 

Bragg gratings (WBGs) [92], two-dimensional (2D) photonic crystal waveguide [93], and 

photonic crystal nanobeam cavities [94]. However, their temperature sensitivities, defined as 

wavelength shift over a temperature change, are limited due to the strong optical confinement of 

silicon waveguides in the SOI platform and the intrinsic thermo-optic coefficient (TOC) of 

silicon (~1.86 × 10-4 /°C) [95]. It is challenging to pursue an enhanced temperature sensitivity 

with the pure SOI material system compared to the reported results. Even integrated with 
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cladding materials having a high TOC, the guided mode in a silicon waveguide only partially 

interacts with the high-TOC materials, leading to a limited sensitivity.  

One of the first silicon photonic temperature sensors was demonstrated using a silicon 

micro-ring resonator fabricated using a standard CMOS process [13]. The device consists of a 

ring and a bus waveguide with grating couplers at both ends. The measured sensitivity up to 

0.083 nm/°C became the benchmark for comparing various silicon photonic temperature sensors. 

Another early silicon photonic temperature sensor based on a WBG was demonstrated with a 

reported sensitivity of 0.082 nm/°C [92], similar to the micro-ring resonator result. While having 

different advantages from their respective device configurations, both device configurations 

showed the bottleneck of the intrinsic temperature sensitivity of traditional silicon waveguide 

sensor designs using the SOI materials system.  

To enhance the sensitivity of silicon photonic temperature sensors, the prior state-of-the-

art devices incorporated advanced device configurations or cladding materials. By cascading two 

ring resonators with different radii, a silicon cascaded ring resonator sensor was reported to have 

a sensitivity of 0.294 nm/°C [90]. High sensitivity can also be realized in silicon MZI by tuning 

the widths and group indices of the two arms individually. With this method, a silicon photonic 

temperature sensor having a sensitivity of 0.438 nm/°C was demonstrated on an SOI platform 

with silica cladding [86]. For cladding materials other than traditional silica cladding in silicon 

photonics, devices integrated with negative TOC materials such as titania (TiO2) or SU-8 were 

demonstrated on an SOI platform. The measured temperature sensitivity of a titania cladded 

asymmetric silicon MZI temperature sensor was reported to be -0.340 nm/°C [87]. A silicon 

unbalanced MZI temperature sensor employing a silicon/SU-8 hybrid waveguide in one arm of 

the MZI showed a measured temperature sensitivity of 0.172 nm/°C [88]. In another example, 
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the silicon/SU-8 combination was implemented in a 2D photonic crystal waveguide temperature 

sensor with dual microcavities, and a sensitivity of 0.125 nm/°C was achieved by the simulation 

results [93]. 

Besides the negative TOC materials mentioned above, NLC materials are also promising 

for incorporation into optical waveguide temperature sensor devices, as the large TOC of NLC 

facilitates thermal sensing. Optical temperature sensors based on a silicon nitride (SiN) slot and 

double-slot ring resonators filled with NLC were proposed by Goncharenko et al. [96]. Their 

work numerically analyzed the dependence of device geometry, optical field distribution, and 

resulting temperature sensitivity. Wang. et al. demonstrated an optical temperature sensor based 

on a SiN ring resonator with NLC cladding and experimentally confirmed that approximately 

two orders of magnitude enhancement in temperature sensitivity can be achieved by 

incorporating NLC cladding [97].  

However, unlike SiN waveguide devices, the larger refractive index and the stronger light 

confinement of silicon waveguides limit the enhancement in temperature sensitivity by 

introducing cladding materials with large TOC. To get stronger optical modal overlap with the 

cladding materials, SOI nano-meter slot waveguides with various geometries have been 

investigated for optical sensing applications after the invention by Almeida et al. in 2004 [21- 

22]. In SOI nano-slot waveguides, the quasi-TE mode is highly confined in the low-index gap 

between two closely and parallelly aligned silicon waveguides, offering ultra-compact and ultra-

sensitive characteristics for optical waveguide temperature sensors [98]. Among the potential 

cladding materials with highly negative TOC, NLC is particularly favorable for SOI slot 

waveguides not only due to its high TOC (on the order of -1 × 10-3 /°C at T = 25°C in the 

direction of long molecular axis [37, 99-100]) but also due to its liquid nature which eases the 
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complete filling of the slot. 

In this chapter, we propose a highly sensitive optical temperature sensor based on a 

silicon slot waveguide directional coupler with NLC cladding [36]. Two-mode interference 

within the slot region is induced naturally from a TE-polarized light input. Due to the difference 

in thermal-optical responses of the two modes, the output spectral transfer curve is shifted as 

ambient temperature changes. The high sensitivity comes from the combination of the large TOC 

of NLC cladding and strong light-matter interaction inside the slot region. Using the same 

device, two slot filling conditions, NLC (E7 made by Merck) and air, were used in separate 

rounds of characterization. In the following sections, we develop the theory of operation, 

introduce the device design and fabrication, present device results, and discuss the potential 

impact of this work.   

 

4.2 Principle of operation and device design 

The proposed optical temperature sensor relies on an SOI waveguide directional coupler 

cladded with NLC materials, shown in Figure 4.1(a). TE-polarized light is launched into one 

arm of the device. In the active region, two silicon coupled-arm waveguides are brought close to 

each other, forming an NLC-filled nano-slot with a gap (width wslot) between them. Light 

propagating in the active region can be considered as a linear combination of the TE0 and TE1 

supermodes. The TE-like mode profiles of the symmetric TE0 mode and anti-symmetric TE1 

mode are shown in Figure 4.1(b) and Figure 4.1(c), respectively. While the TE0 mode has a 

strong overlap in the NLC-filled slot region, the TE1 mode has a minimum at the center of the 

slot region. As the ambient temperature T changes, the change in the refractive index of the NLC 

in the slot region dominates the change in the effective indices of both modes neff,s and neff,a, 
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inducing a larger effective index difference in the TE0 mode than that of the TE1 mode. The 

distinct mode profiles of the two modes allow efficient modulation of the interference behavior. 

The two-mode interference and coupling length are therefore tuned by temperature, resulting in a 

lateral shift in spectral transfer functions measured at the outputs.        

 

 

Figure 4.1: (a) Schematic of the proposed sensor showing a cross section at the slot waveguide 

region. An NLC cladding covers the active region and fills the nano-slot. (b) The TE0 mode 

profile and (c) the TE1 mode profile. They constitute the propagating supermodes in the slot 

waveguide region. 

 

 

An NLC medium has strong birefringence. The refractive index of the media depends on 

the orientation of the rod-shaped NLC molecules. The long axes of NLC molecules align almost 

parallel to each other with a long-range order due to the presence of inter-molecule forces. The 

NLC material in the slot tends to be aligned parallel to the silicon slot waveguide due to the 

anchoring effect induced by the waveguide inner sidewalls [101]. The TE-like supermodes are 

influenced by the ordinary refractive index no of the slot NLC in this case. Efficient tuning of the 

slot NLC orientation by external electric fields is realized by introducing the strip-loaded slot 
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waveguide configuration into the directional coupler. The slot NLC molecules are aligned 

perpendicular to the slot waveguide through an external AC (alternating current) electric field 

applied through the two conductive silicon coupled-arm waveguides, allowing the optical fields 

to respond to the extraordinary refractive index ne with higher TOC. The refractive index 

numbers of E7 used in simulations were obtained from the four-parameter model and fitting 

parameters reported in [37]. The results at 1550 nm wavelength as a function of temperature are 

illustrated in Figure 4.2, where <n> is the average refractive index calculated from  

        〈𝑛〉 =  
(𝑛𝑒+2𝑛𝑜)

3
                  (Equation 4.1) 

 

 

Figure 4.2: Temperature-dependent refractive indices of E7 at 1550 nm wavelength. 

 

 

The temperature sensitivity of the proposed device can be derived and calculated from 

the two-mode interference and simulated effective indices neff,s and neff,a of a directional coupler. 

The effective indices were simulated from the cross section of silicon waveguide structure 

(nSi,25°C = 3.4803 with TOC = 1.86 × 10-4 /°C) on SiO2 layer (nSiO2 = 1.444 with negligible TOC) 

either cladded with air or E7. The parallel-state condition of a directional coupler can be written 
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as   

         𝐿 = 𝑚 ∙ 𝐿𝑐𝑐 =  
𝑚𝜆

(𝑛𝑒𝑓𝑓,𝑠−𝑛𝑒𝑓𝑓,𝑎)
               (Equation 4.2) 

where L is the active length of the slot waveguide, m is the interference order (an integer for parallel 

state or a half-order for cross state), Lcc is the cross-coupling length of the directional coupler, and 

λ is the wavelength in vacuum. Including the wavelength dispersion effect, the m in Equation 4.2 

can be modified as [102] 

       𝑚𝑚𝑜𝑑 = 𝑚 −  (
𝜕𝑛𝑒𝑓𝑓,𝑠

𝜕𝜆
−

𝜕𝑛𝑒𝑓𝑓,𝑎

𝜕𝜆
) ∙ 𝐿    (Equation 4.3) 

The refractive index variation of silicon due to thermal expansion (3.57 × 10-6 /°C) [86, 91] is 

much smaller than that due to the thermal optic effect (1.86 × 10-4 /°C). Although the thermal 

expansion was reported to be able to cause molecular reorientation of NLC materials [103], the 

applied electric field is assumed large enough (i.e., above saturation) to maintain fully aligned 

NLC molecules. Thus, the thermal expansion effect is ignored in the following analysis. The 

temperature sensitivity S, defined as the wavelength shift over a temperature change, can be 

expressed as 𝜕𝜆/𝜕𝑇. From the above expressions, the sensitivity S relationship can be derived as         

       𝑆 =
𝜕𝜆

𝜕𝑇
=

𝐿

𝑚𝑚𝑜𝑑
∙ (

𝜕𝑛𝑒𝑓𝑓,𝑠

𝜕𝜆
−

𝜕𝑛𝑒𝑓𝑓,𝑎

𝜕𝜆
) =

𝜆

(𝑛𝑔,𝑠−𝑛𝑔,𝑎)
− (

𝜕𝑛𝑒𝑓𝑓,𝑠

𝜕𝑇
−

𝜕𝑛𝑒𝑓𝑓,𝑎

𝜕𝑇
)   (Equation 4.4) 

where ng is the group index given by 𝑛𝑔 = 𝑛𝑒𝑓𝑓 − 𝜆 ∙ (𝜕𝑛𝑒𝑓𝑓/𝜕𝜆), and ng,s and ng,a are the 

group indices of the symmetric TE0 mode and anti-symmetric TE1 mode, respectively. The 

temperature sensing is a result of the different responses of the two modes, based on a combined 

effect of the wavelength and temperature dependence. The operation is similar to the case of a 

silicon MZI waveguide sensor [86], having the temperature sensing based on the different 

response of the two fundamental modes guided in the two arms. However, for the proposed 

directional coupler device, the two-mode interference occurs in the same slot waveguide, 
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narrowing down the lateral size of the sensor.  

To have a further physical picture of the proposed device, the sensitivity S can be 

combined with other properties of the directional coupler device. The free spectral range (FSR) 

of the directional coupler can be calculated using the following equation 

      𝐹𝑆𝑅 =  
𝜆2

𝐿∙|𝑛𝑔,𝑠−𝑛𝑔,𝑎|
                   (Equation 4.5) 

which illustrates the wavelength dependence of the device. The value of FSR/2 can be viewed as 

the wavelength change required for full switching of the propagating light from one coupled-arm 

waveguide to the other. Comparably, fixing the wavelength, the temperature change needed for 

full switching is defined as Tπ. To derive an expression for Tπ, one can start with the switching 

condition 

            |
𝐿

𝐿𝑐𝑐(𝑇)
−

𝐿

𝐿𝑐𝑐(𝑇+𝑇𝜋)
| =  1                (Equation 4.6) 

Substituting Lcc in Eq. (1) into Eq. (5), Tπ can be derived as: 

                              𝑇𝜋 =  
𝜆

2𝐿∙|
𝜕𝑛𝑒𝑓𝑓,𝑠

𝜕𝑇
−

𝜕𝑛𝑒𝑓𝑓,𝑎

𝜕𝑇
|
                 (Equation 4.7) 

Substituting Equation 4.5 and Equation 4.7, both the wavelength dependence and temperature 

dependence, into Equation 4.4, the expression for S can be obtained as 

      |𝑆| =  
𝐹𝑆𝑅

2𝑇𝜋
                       (Equation 4.8) 

Equation 4.8 shows that the sensitivity S of the proposed sensor is independent of the active 

length L since both FSR and Tπ are inversely proportional to L.   

The sensing range ΔTr of such devices based on wavelength shift over temperature is 

defined as the temperature range between two troughs in the spectral transfer curves. It can be 

specified by either FSR/|S| or 2Tπ. Thus,   
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  𝛥𝑇𝑟 = 2𝑇𝜋 =
𝐹𝑆𝑅

|𝑆|
=  

𝜆

2𝐿∙|
𝜕𝑛𝑒𝑓𝑓,𝑠

𝜕𝑇
−

𝜕𝑛𝑒𝑓𝑓,𝑎

𝜕𝑇
|
           (Equation 4.9) 

Unlike the sensitivity S, the sensing range ΔTr can be engineered with active length L based on 

the requirements of the specific application.   

 

4.3 Device fabrication 

The fabrication process flow of the proposed sensor is generally the same as the EO 

switch described in Chapter 3 but with some differences in the slot waveguide geometry. The 

slot width is wider in the temperature sensor to have a larger sensing region, as the voltage 

applied is not a major consideration in this case. The NLC molecules are set to stay the same 

alignment condition during sensing. Since the sensor working principle does not rely on 

molecule reorientations, the slot region of the sensor does not employ a significant overetch.  

The fabrication process is illustrated by a simplified schematic process flow in Figure 

4.3(a)-(j). The silicon waveguide structures were fabricated using two steps of electron-beam 

lithography patterning followed by RIE using SF6:CHF3 plasma on an SOI wafer with a 250 nm 

thick Si device layer and a 3 µm thick SiO2 buried layer. Within the 1.5 mm long slot region, the 

measured slot width is 310 nm, and the waveguide width is 300 nm for both coupled arms. The 

slot waveguides are connected to 45 nm thick silicon slabs to facilitate electrical contacts. The 

slot waveguides and slabs were doped with phosphorus to be n-type. A 2 µm SiO2 layer is 

deposited by PECVD on top of the waveguides. The slot region was opened through a 

combination of RIE and BOE. Gold contact pads were formed by sputtering and then lift-off 

process to connect to the conductive silicon slabs separately. A top-view image of the device at 

this stage taken with an optical microscope is shown in Figure 4.3(k). Finally, NLC was applied 

to the slot region. 
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Figure 4.3: (a)-(j) Schematic representation of the fabrication flow of the proposed sensor. (k) 

Optical microscope image of the fabricated silicon slot waveguide directional coupler before 

NLC infiltration at the slot region.   

 

 

4.4 Experimental results 

The device was tested with an air-cladded slot first before the NLC was applied on top of 

it. The temperature-dependent transmission spectra measured from one of the output ports are 

shown in Figure 4.4. Temperature sensitivity is extracted from the slope of the linearly fitted 

trough wavelength shifts over temperature changes. The measured temperature sensitivities are 

0.110 nm/°C at room temperature and 0.123 nm/°C with temperatures above 50°C. The 
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temperature dependence for the air-cladded device is dominated by the TOC of silicon, showing 

similar results for both temperature ranges. There are Fabry-Perot effects from internal 

reflections within the device shown in the measured spectra. The ripples may not be fully 

revealed due to under-sampling limited by our discrete stepper tunable laser.  

 

 

Figure 4.4: Optical spectral responses of the air-cladded sensor (a) at room temperatures and (b) 

above 50°C. 
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E7 is the NLC material used to infiltrate the slot waveguide on the same device for 

another characterization round. A 10 V square-wave AC voltage at 5 kHz frequency was applied 

across the NLC cladded device during the measurements. Figure 4.5 shows the spectra results of 

the E7-filled sensor around room temperature and slightly below the clearing temperature, the 

phase transition point between liquid crystal and isotropic liquid. For the E7-cladded case, the 

extracted temperature sensitivities are 0.810 nm/°C at room temperature and 1.619 nm/°C from 

50.1°C to 52.0°C. In Figure 4.5(a), the trough shapes evolve gradually as the temperature 

increases. The liquid crystal nature makes the material susceptible to local defects and 

fabrication imperfection. The microscopic direction of NLC molecules around defects can be 

different from the macroscopic behavior and is temperature-dependent. As the temperature is 

raised, the TOC of E7 for ne becomes higher until reaching the corresponding clearing 

temperature (58°C for E7 [37]). This temperature dependence in the NLC materials leads to 

higher sensitivity at a temperature close to and below the clearing temperature. When the 

ambient temperature is higher than the clearing temperature, the NLC changes from nematic to 

isotropic phase. The respective TOC is no longer high and useful for temperature sensing 

applications. In other words, the incorporated NLC's clearing temperature defines the upper limit 

of the operational temperature of the proposed sensor. 
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Figure 4.5: Optical spectral responses of the NLC(E7)-infiltrated sensor (a) at room 

temperatures and (b) above 50°C. 

 

 

The results of trough wavelength shift with respect to temperature are summarized in 

Figure 4.6. It is shown that the temperature sensitivities are enhanced by around one order of 

magnitude with E7 incorporated into the device. The standard error of estimate (SEE) values for 

the four conditions were calculated and converted to temperature using the extracted slopes. For 

the air-cladded condition, the SEE values are 0.12°C around room temperature and 0.05°C above 

50°C. For the E7-filled condition, the SEE values are 0.31°C around room temperature and 
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0.12°C above 50°C. To test the stability and repeatability of the measurements, the E-7 filled 

sensor was measured ten times at 27°C and 51°C, respectively. The standard deviation (SD) 

results are 0.027 nm at 27°C and 0.150 nm at 51°C. The fluctuations in temperature calculated 

from the SD and corresponding S are 0.03°C at 27°C and 0.09°C at 51°C. The higher SEE for 

the E-7 filled condition around room temperature is thus attributed to the liquid crystal in the 

slot, consistent with the spectra shape distortion in Figure 4.6(a). The sensitivity of the measured 

device is expected to be even higher than 1.619 nm/°C as the temperature goes higher and closer 

to the clearing temperature of E7. However, the temperature gradient of ne at that temperature 

range is highly nonlinear, making it harder to extract accurate sensitivity numbers using linear 

fitting. 

 

Figure 4.6: Measured wavelength shift with temperature for the air-cladded and E7-filled device 

conditions (a) at room temperatures and (b) above 50°C. 
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Based on the simulated effective indices neff,s and neff,a of the fabricated device structure, 

the S values in a given temperature range can be calculated with Equation 4.4. The measured 

sensitivities and the corresponding simulated results are listed in Table 4.1. For the E7-filled 

case, the sensitivities between the two temperature ranges investigated are expected to follow the 

trend of E7’s TOC (𝑑𝑛𝑒/𝑑𝜆), which can be calculated from the results in Figure 4.2. 

 

Table 4.1: Measured and simulated sensitivities of the fabricated sensor device.  

 

 Experimental  Simulated   

Slot condition 
Temp.    

(°C) 

Sensitivity 

(nm/°C) 
 

Temp.   

(°C) 

Sensitivity 

(nm/°C) 

 Error       

(%) 

Air-cladded 
24.7-29.3 0.110  27 0.108  1.8 

49.9-54.0 0.123  51 0.114  7.8 

E7-filled 
25.0-29.3 0.810  27 0.741  9.3 

50.1-52.0 1.619  51 1.845  12.2 

 

 

The sensing range ∆Tr, related to the device FSR, has been investigated. Figure 4.7 

shows the measured spectra in broader wavelength ranges and the measured FSR corresponding 

to the four sample conditions. For the air-cladded condition, the FSR is ∼6.2 nm at 24.9°C, 

similar to the measured ∼6.1 nm at 52.4°C. After E7 filling, the FSR was measured to be ∼4.5 

nm at room temperature. At 52.0°C, the E7-filled device showed an even lower FSR of ∼3.8 nm. 

This corresponds to a maximum ∆Tr of 5.6°C for the E7-filled sensor. To obtain a more 

significant ∆Tr, one can increase the FSR by decreasing the active device length L or changing 

the waveguide geometry. However, there exists a trade-off between FSR and spectral resolution. 

The optical loss through the sensor has also been measured. The sensor has ∼7.4 dB insertion 

loss in the 1.5 mm-long device region for both air- and E7-cladded conditions. We expect the 
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device insertion loss can be reduced by improvement in fabrication processes such as reducing 

sidewall roughness and optimizing doping profiles. 

 

 

Figure 4.7: Optical spectral responses of the air-cladded sensor (a) at 24.9°C and (b) at 52.4°C 

and and NLC(E7)-infiltrated sensor (c) at 27.2°C and (d) at 52.0°C. 

 

 

4.5 Discussion 

This section discusses the NLC material selection and orientation control for the 

proposed sensor. Then the advantages of using a directional coupler configuration over an MZI 

configuration are raised. 
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4.5.1 NLC material 

It is worth noting that the NLC material for the proposed sensor is not limited to the one 

used in the demonstrations. E7 is a widely used and easily obtained option for initial 

demonstrations. The NLC material for the device configuration can be flexibly chosen based on 

application requirements. For example, compared to E7, some other NLC options listed in [100] 

exhibit a larger temperature gradient of ne. The proposed temperature sensor could be even more 

sensitive if one of those NLC materials was chosen to be applied. However, the clearing 

temperatures are generally lower for high temperature-gradient refractive index NLCs, 

suggesting a trade-off between sensitivity and operational temperature range originating from the 

NLC material to be incorporated. Generally, NLC materials with both high TOC and a wide 

operational temperature range are ideal candidates for the proposed sensor.  

 

4.5.2 NLC molecule orientation control 

The performance of the sensor is highly dependent on the NLC molecule orientation. 

Since ne provides for a larger TOC than no, the highest sensitivity occurs when the NLC 

molecules are fully aligned perpendicular to the slot waveguide direction. It is demonstrated in 

[40] that saturation in phase shifts was observed by measuring the electro-optically induced 

phase shifts over the applied voltage of AC signals. The saturation effect in phase shifts was due 

to wholly reoriented NLC molecules in the slot region. Similarly, efficient NLC reorientation is 

facilitated in this work by confining the applied electric field across the nano-slot. At room 

temperature, phase shifts in the device saturate with a 7 V square-wave AC signal at 5 kHz. 

Therefore, a 10 V square-wave AC signal with a frequency of 5 kHz was used during 

temperature sensing measurements to maintain the same fully aligned condition over temperature 
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changes. The saturation voltage of the device can be lowered by optimizing the slot waveguide 

geometry, e.g., reducing the slot width or introducing an overetch in the slot [63]. 

Although electrical control was successful in horizontal NLC alignment for the sensing 

demonstration, it is not ideal. The active control method requires extra power consumption and 

control electronics [63]. Implementing a passive NLC alignment method is preferable and is one 

of the future directions of this sensor work.  

 

4.5.3 Advantages over the MZI configuration 

The sensing mechanism of the proposed directional coupler sensor relies on the different 

temperature responses of the two guided modes, which is similar to that of MZI-based sensors in 

a general form. However, the proposed directional coupler sensor confines the two naturally 

launched TE modes in only one slot waveguide region. The two modes sense from within the 

same waveguide structure and in the same thermal environment. Any irregularities in the slot 

waveguide region contribute to both modes, leading to more spatially precise and consistent 

sensing results. Since the sensed area is assumed to be uniform in temperature, having only one 

sensing arm is better in terms of spatial resolution than having two arms. The sensing of the 

proposed directional coupler temperature sensor is dominated by the TO effect of NLC material 

inside the slot region with 310 nm width. This characteristic gives the directional coupler sensor 

a fundamental advantage of sub-micrometer level one-dimensional (1D) spatial resolution in the 

direction perpendicular to the slot waveguide. The superior 1D spatial resolution makes the 

sensor a great candidate for potential applications such as regional on-chip temperature 

monitoring and precise 1D temperature mapping using a sensor array. 
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4.6 Conclusion 

We have theoretically analyzed and experimentally demonstrated an NLC filled silicon 

nano-slot waveguide photonic temperature sensor with high sensitivity and submicron 1D spatial 

resolution. The measured sensitivities for the E7-filled two-mode interference device are 0.810 

nm/°C around room temperature and 1.619 nm/°C from 50.1°C to 52.0°C, showing good 

agreement with the simulated results. Combining the strong light-matter interaction from slot 

waveguide and the high TOC of NLC, the experimentally achieved sensitivity represents the 

highest achieved for silicon waveguide-based temperature sensors at the time [36] was 

published. The demonstrated sensor is flexible in the NLC material selection to meet the 

sensitivity and operational temperature range requirements for specific applications. 
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Chapter 5 

A power-efficient thermo-optic (TO) switch 

 

5.1 Introduction 

Silicon photonic switching has been perceived as a promising technique for optical 

communication [1, 9, 104], LiDAR [2, 49, 105], and programmable photonic integrated circuit 

(PIC) [6, 106] applications. Among different types of optical switches, TO switches offer low 

optical loss and a relatively simple fabrication process. However, the TO efficiency remains an 

issue. Although silicon has a large TO coefficient (dn/dT ~ 1.86 × 10-4 K-1 at 1.55 μm 

wavelength), there is unwanted thermal spreading inherent in TO switch devices, leading to 

inefficient heating and large power consumption (usually Pπ ∼ 10 - 30 mW). Most switching 

applications require cascaded switch topologies and many switch elements, but TO switches’ 

power-hungry characteristic limits the total number of elements that can be integrated. It is also 

challenging to realize a compact design (< 100 μm in length) and simultaneously achieve small 

switching voltage Vπ and low thermal crosstalk.  

Air trenches/cavities can be introduced to TO actuators to improve TO efficiency and 

achieve low power consumption, but with a tradeoff of slower response time [107]. Another 

strategy is to utilize materials with a higher TO coefficient than silicon. By incorporating 

nematic liquid crystals (NLC) into a slot waveguide directional coupler, the TO response was 

enhanced by ~10 times [36]. However, the requirement of an external electric field for NLC 

alignment in the slot complicates the control, making it harder to be implemented in TO 
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switches. Electric driving also requires additional power consumption, reducing the benefit of a 

stronger TO response from the NLC. 

In this work, we propose a silicon directional coupler TO switch with enhanced 

efficiency enabled by passively aligned NLC [108]. The passive alignment method replaces the 

active alignment, as mentioned in Chapter 4. The proposed passive alignment method simplifies 

the fabrication process and avoids the extra power consumption from an external electric field. 

Subwavelength gratings (SWGs) [109-111] are integrated to provide for the passive alignment 

through the physical constraints at the sidewalls [112]. The periodic gratings were sensed 

effectively as a conventional dielectric medium during light propagation in the subwavelength 

regime. The diffraction effect from the periodic structures is suppressed in the subwavelength 

regime, enabling low-loss propagation with the grating structures. By incorporating SWGs and 

NLC into our slot directional coupler TO switch, we demonstrated that the TO efficiency and 

power consumption can be significantly improved without sacrificing the response time.   

 

5.2 Principle of operation and device design 

A schematic of the proposed directional coupler TO switch is shown in Figure 5.1. It is 

based on a strip-loaded slot waveguide with nano-grooves formed by SWGs inside the slot [108]. 

A portion of the silicon slabs was n-doped (1020/cm3) to form heaters. In the n-doped slabs, there 

are four square regions connected with gold contact pads. The slot waveguide and a portion of 

silicon slabs remain undoped to minimize the propagation loss due to impurity scattering and 

carrier injection. The chip is covered with SiO2 cladding, except for the device region. NLC 

materials, E7 and 5CB (made by Merck), were used on separate dies of devices for testing. After 

applying an NLC cladding on a device, the NLC molecules filled the slot with the molecular 
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orientations aligned by the nano-grooves [108, 112]. The aligned NLC molecules have their long 

axes parallel to the SWGs.  

 

 

Figure 5.1: Schematic top-view of the proposed device before applying NLC. 

 

 

The device was operated with a TE-polarized input at 1550 nm. Two supermodes are 

launched at the directional coupler with a heat-sensing hotspot along the slot region [36]. The TE 

modes probe the extraordinary refractive index of the NLC molecules in the nano-grooves and 

sense the large TO coefficient (dne/dT on the order of -1 × 10-3 K-1 at 1.55 μm wavelength for E7 

and 5CB). The TO switching is realized by changing the temperature of the slot waveguide and 

the NLC. The temperature change ΔT induces material index changes Δn and consequently 

effective mode index changes Δneff. In other words, the proposed device relies on the TO effect 

of NLC instead of the NLC reorientation described in Chapter 3. Electric current flows through 

the heaters can generate heat to change the temperature. The electrical power consumption 

required is calculated by V2/R, where V is the voltage applied, and R is the total resistance of the 

heaters.  

A schematic cross-section view of the slot region is shown in Figure 5.2. The heaters 
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have a certain distance (width of the undoped silicon slabs) away from the slot waveguide arms 

for low-loss light propagation. The undoped silicon slabs facilitate heat transfer of the slot 

waveguide for both heating and cooling due to the substantial thermal conductivity of silicon. 

With the effective heat transfer and strong TO effect from the NLC, the power consumption of 

switching is thus significantly reduced. 

 

 

Figure 5.2: Cross-section schematic of the proposed TO switch based on an SOI strip-loaded 

slot waveguide and two n++ silicon heaters. 

 

 

The figure of merit (FOM) for TO switches is usually defined as the power-time product 

[113, 114] with the following equation 

            FOM = 𝑃𝜋 ∙ 𝜏 = ∆𝑇𝜋 ∙ 𝐻                 (Equation 5.1) 

where Pπ is the power consumption to reach one full on/off switching, τ is the limiting time 

constant either from the heating or cooling process, ΔTπ is the temperature change required for one 

complete switching, and H is the heat capacity of the heated arm. The Pπ and τ can be formulated 

as  
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              𝑃𝜋 = ∆𝑇𝜋 ∙ 𝐺 ∙ 𝐴                    (Equation 5.2) 

                 𝜏 =
𝐻

𝐺∙𝐴 
                     (Equation 5.3) 

where G is the thermal conductance between the heated silicon structures and the heat sink (silicon 

substrate in this case), and A is the traversed area for the heat flow. Although the power 

consumption Pπ may be lowered by having a smaller product of G and A, this does not result in a 

better FOM due to the counterbalancing from a larger τ. From the above equations, lowering ΔTπ 

or H values is essential to getting a lower FOM and better performance.  

The ΔTπ can be written as 

               ∆𝑇𝜋 =
𝜆𝑜

2𝐿∙
𝑑𝑛

𝑑𝑇
 
                     (Equation 5.4) 

where λo is the free-space wavelength, L is the switch device length, and dn/dT is the thermo-optic 

coefficient (TOC). Whereas ΔTπ is inversely proportional to L from Equation 5.4, both A and H 

are directly proportional to L. The Pπ, τ, and FOM are independent of the device length L. In this 

work, we utilize the high TOC of NLC to lower the ΔTπ of the device. Other parameters such as 

G, A, and H are dominated by the SOI waveguide structures with no significant counterbalancing. 

Thus, the overall FOM can be improved with the proposed technique.  

To support low-loss waveguiding, the gratings in the slot need to be in the subwavelength 

regime [109-111]. The subwavelength condition can be written as 

        𝜆 ≫ 𝜆𝐵 = 2 ∙ 𝑛𝑒𝑓𝑓 ∙ Λ                  (Equation 5.5) 

where λB is the Bragg wavelength where Bragg reflection occurs, and Λ is the pitch of the 

gratings. In a subwavelength regime, λB is much smaller than λ. This is usually realized by 

having a small pitch Λ. The pitch of the SWGs was designed to be <150 nm in this work. The neff 

of the modes are ~2. The approximate λB is below 600 nm, fulfilling the subwavelength 

condition represented in Equation 5.5. 
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5.3 Device fabrication 

The fabrication process flow of the proposed TO switch is similar but with fewer steps 

than the temperature sensor described in Chapter 4. The TO switch only went through one ion 

implantation step to form the heaters. The slot waveguide is kept intrinsic to possess lower 

scattering loss and better thermal conductivity [111]. The SWGs in the slot region were formed 

along the slot waveguide, requiring no additional fabrication step.   

The fabrication process is illustrated by a simplified schematic process flow in Figure 

5.3. The silicon waveguide structures were fabricated using two steps of electron-beam 

lithography patterning followed by RIE using SF6:CHF3 plasma on an SOI wafer with a 250 nm 

thick Si device layer and a 3 µm thick SiO2 buried layer. The slot waveguides are connected to 

50 nm thick silicon slabs. The outer parts of the slabs were heavily doped with phosphorus to be 

n++ silicon heaters. Each heater is connected with square slabs at both ends for metal contacts. A 

2 µm SiO2 layer is deposited by PECVD on top of the waveguides. The slot region was opened 

through a combination of RIE and BOE without a significant overetch. Gold contact pads were 

formed by sputtering and then lift-off to connect to the silicon square slabs separately. NLC was 

applied to the slot region as the final step.  
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Figure 5.3: Schematic representation of the fabrication flow of the proposed TO switch. 

 

 

SEM top-view images of a fabricated TO switch before NLC infiltration are shown in 

Figure 5.4. The square slab regions (5 µm on each side) are designed for reliable 

photolithography alignment during metal contacts formation. At both the input and output sides 

of the directional coupler, the slot waveguide and slabs have a 5 µm long tapering region for 

proper optical mode transition. The zoomed-in SEM image in Figure 5.4 displays the SWGs in 

the slot region. The SWG structures have the same height as the slot waveguide arms. The SWGs 

are perpendicular to the slot waveguide direction, forming nano-grooves which are nearly 

rectangular. The shape of the nano-grooves plays an essential role in the NLC alignment, and a 

larger aspect ratio of the width to length is desirable for better alignment effect [115].  
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Figure 5.4: SEM images of a fabricated TO switch before NLC infiltration at the slot region.   

 

 

Optical microscope images of a fabricated device before applying NLC are shown in 

Figure 5.5. Two square metal pads were formed for probing and applying electrical current. 

Each metal pad was connected to two silicon square slabs. The metal lines mainly lie on top of 

the 2 μm SiO2 cladding. Although there are four crossing parts between the metal lines and 

silicon waveguides, the optical loss induced is negligible due to the separation in the vertical 

direction. Since the SiO2 cladding on the device region was etched to reveal the slot waveguide, 

the metal lines need to cover a 2 μm step height without breakage. Thus, the metal layer was 

deposited by sputtering to ensure good step coverage. 

 



67 

 

 

Figure 5.5: Optical microscope images of the fabricated TO switch before NLC infiltration at 

the slot region.   

 

 

5.4 Results – E7 TO switch 

The E7 device was designed to be 40 μm long, with additional 5 μm long tapered regions 

at both the input and output sides. The waveguide width of the silicon coupled arms is 210 nm. 

The pitch and silicon filling factor of the gratings in the slot are 140 nm and ~0.286, respectively. 

The corresponding Bragg wavelength is ~560 nm which is much lower than the operating 

wavelength 1550 nm to ensure the subwavelength and low-loss propagation in the device [109]. 

The nano-grooves have an aspect ratio of 3 (~100 × 300 nm2). E7 is the NLC material used to fill 

the nano-grooves.  

The optical performance was measured from one of the output ports in the directional 

coupler switch. As shown in Figure 5.6, TO switching was demonstrated by electrically driving 
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the two heaters in parallel with a measured total resistance of 7.9 kΩ. The electrical power 

consumption Pπ is 3.7 mW, with a corresponding extinction ratio of ~16 dB. The transmission 

slope became sharper when the power was increased up to the OFF state due to the higher TOC 

of the NLC at that higher-temperature range. As the power was increased beyond ~5.3 mW, the 

transmission curve turned flat. In this region, the slot temperature is higher than the clearing 

temperature of the NLC. The NLC material becomes the isotropic phase and does not possess a 

large TOC. The phase transition is reversible. After measuring the transmission curve and 

calibrating the operating voltage/power values, the NLC material was kept in the nematic phase 

while operating the switch.  

 

 

Figure 5.6: The measured optical transmission results as a function of power applied from the 

E7 TO switch. 

 

 

The temporal responses, shown in Figure 5.7, were recorded as the device was 

periodically switched between the ON and OFF states with a square-wave driving signal at 5 

kHz. The cooling (rise) time constant τcooling and heating (fall) time constant τheating measured are 

5.4 μs and 10.7 μs, respectively. Unlike most NLC devices relying on controlling the 
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reorientations of NLC molecules and having response time in millisecond-level [40, 58, 63], the 

speed of the Si-NLC hybrid TO switch depends on the thermal properties of both silicon and the 

NLC material incorporated. The slower τheating is as expected due to the nonlinear TO coefficient 

of NLC and the inducing nonlinear TO response of the switch. As shown in the transfer curve in 

Figure 5.6, the transmission slope became sharper when the power was increased up to the OFF 

state. As a result, the heating process requires a more considerable temperature change to reach 

the signal level defined from τ. The FOM calculated for the E7 device is 39.6 nW∙s. 

 

 

Figure 5.7: Measured temporal responses of the E7 TO switch for (a) switching ON (cooling) and 

(b) switching OFF (heating). 
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5.5 Results – 5CB TO switch 

5CB is an NLC having similar material properties as E7 but with larger TOC values and a 

smaller nematic temperature range than E7. The extraordinary refractive indices of E7 [37] and 

5CB [116] at 1550 nm wavelength are plotted in Figure 5.8. The 5CB device was designed as L 

= 80 μm, which is longer than the E7 device. The longer L causes a smaller ΔTπ, enabling the 

switching to be operated only in the large-TOC temperature range. There are additional 5 μm 

long tapered regions at both the input and output sides. The measured waveguide width of the 

silicon coupled arms is 210 nm. The pitch and silicon filling factor of the gratings in the slot are 

105 nm and ~0.286, respectively. The corresponding Bragg wavelength is ~420 nm, much lower 

than the operating wavelength 1550 nm to be in the subwavelength regime. The nano-grooves 

have an aspect ratio of 4 (~75 × 300 nm2).  

 

 

Figure 5.8: Temperature-dependent extraordinary refractive indices of E7 and 5CB at 1550 nm 

wavelength. 
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The optical performance was measured from both output ports in the 2×2 directional 

coupler switch and plotted in Figure 5.9. The electrical power consumption Pπ is only 0.58 mW. 

The extinction ratios are >22 dB. The measured total resistance is 10.7 kΩ, and the 

corresponding Vπ is 0.57 V. Both transmission curves match decently in the ON/OFF states. The 

5CB became isotropic with flat transmission curves as the power was increased beyond ~3.2 

mW.  

 

 

Figure 5.9: The measured optical transmission results as a function of power applied from the 

5CB TO switch. 

 

 

The temporal responses while periodically switched ON/OFF are shown in Figure 5.10. 

The driving signal is square-wave at 5 kHz. The cooling (rise) time constant τcooling and heating 
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(fall) time constant τheating measured are 8.4 μs and 11.8 μs, respectively. Same as the results 

shown in Figure 5.7, the 5CB device also has a slower τheating due to the nonlinear TO responses 

mentioned in the last section. The FOM calculated for the 5CB device is 6.8 nW∙s. 

 

 

Figure 5.10: Measured temporal responses of the 5CB TO switch for (a) switching ON (cooling) 

and (b) switching OFF (heating). 

 

 

5.6 Discussion 

Using SWGs to align the NLC in the slot region passively is the core idea for this work. 

The NLC fills the nano-grooves formed by the SWGs and slot waveguide arms. The shape and 

aspect ratio of the nano-grooves are critical to realizing proper NLC alignment [113]. Long-
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shaped nano-grooves with large aspect ratios are desirable for more uniformly aligned NLC 

molecules. Due to the sidewall anchoring effect, the NLC aligns parallelly with the long-shaped 

nano-grooves. However, at both tip regions of the nano-groove array, the NLC orientations are 

complex. Having a large aspect ratio helps reduce the volume percentage of these tip regions and 

provides a better overall alignment condition. For low propagation loss, a small grating pitch Λ 

was required based on Equation 5.5. A small silicon filling factor of the SWGs can reserve 

larger rooms of the nano-grooves for NLC filling and its strong TO effect. However, the smallest 

silicon filling factor is limited by the fabrication capability in minimum feature size.    

 Besides the alignment function, the silicon SWGs facilitate heat transfer of the NLC in 

the slot. Silicon is a good heat conductor (thermal conductivity kSi = 148 W/m∙k [111]), whereas 

NLC materials are not (kNLC ~ 0.2 W/m∙k [117]). The thermal energy required to increase the 

NLC in the slot region is reduced, resulting in a lower heat capacity H and faster response time. 

Therefore, although the silicon SWGs structure reduces the volume percentage of NLC in the 

slot, it has the functions of passive alignment and efficient heat transfer.  

The demonstrated FOM values are 39.6 nW∙s for the E7 device and 6.8 nW∙s for the 5CB 

device. To serve as a benchmark, an optimized pure-SOI MZI TO switch was reported to have an 

FOM of 50.2 nW∙s [113]. It has the same n++ silicon heaters design and a similar waveguide 

cross-section design. As analyzed in Chapter 2, the MZI configuration has better tuning 

efficiency (~20%) inherently compared to the directional coupler configuration. An FOM even 

smaller than 6.8 nW∙s can be projected if our proposed technique was utilized in an MZI 

configuration.  

The power consumption and speed of the device can be further optimized by modifying 

the silicon geometric parameters or using another specially tailored NLC material. The nano-
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groove array design and the corresponding NLC alignment effect are worth further systematic 

studies. Once the correlations are quantitatively determined, the nano-grooves part can also be 

optimized for better device performance.  

 

5.7 Conclusion 

Two silicon TO switches integrated with NLC passively aligned by SWGs were 

demonstrated. For the E7 device, a Pπ of 3.7 mW and a τ of 10.7 μs were measured, 

corresponding to an FOM of 39.6 nW∙s. For the 5CB device, a Pπ of 0.58 mW and a τ of 11.8 μs 

were measured, corresponding to an FOM of 6.8 nW∙s. As a comparison, an optimized pure-SOI 

MZI TO switch with a similar cross-section design was reported to have an FOM of 50.2 nW∙s. 

The proposed technique enhances the TO efficiency and maintains a high speed of the silicon TO 

switch without electric bias across the nano-slot. The proposed design provides a new solution to 

achieve low power consumption, high speed, and compact footprint for silicon TO switches. 
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Chapter 6 

Conclusion and future work 

 

6.1 Summary of accomplishments in this dissertation 

This dissertation demonstrated several high-performance silicon photonic devices based 

on the silicon-NLC directional coupler configuration for wavelengths near 1550 nm. The slot 

waveguide directional coupler device platform is the backbone of this dissertation. Unlike the 

widely used MZI configuration, it does not require additional splitter/combiner pair, routing 

waveguides, and strip-to-slot mode converters. The advantages of facilitating low-loss and ultra-

compact device design with the directional coupler configuration over the MZI configuration 

were shown with an L < 400 μm. The strip-loaded waveguide structure enables a highly confined 

electric field for EO devices and efficient heat transfer paths for TO devices. NLC materials were 

integrated into the device platform to break the device performance limitations utilizing the 

superior material properties of organic NLC materials. The NLC material to be combined with 

the silicon photonic devices can be flexibly chosen. The ones used in our demonstrations are 

commercially available for a benchmark in device performance. The NLC material can be 

tailored for a specific device functionality to optimize the device performance further.  

The investigations were conducted in two parallel directions, EO and TO devices. For the 

EO devices, a series of systematic simulations were completed with Lumerical MODE to study 

the correlations between the slot waveguide geometry and tuning efficiency. The results have 

shown that thinner slabs, thicker silicon waveguides, and narrower slot width generally improve 
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tuning efficiency. Then a Si-NLC EO switch was experimentally demonstrated based on a slot 

waveguide directional coupler with an overetched region in the slot. The overetched region was 

formed using RIE dry etch and BOE wet etch steps to ease the NLC reorientation during 

electrical control. A record low of VπL = 0.0195 V∙mm was measured from the EO switch 

cladded with E7. The ultralow VπL can be projected as a 19.5 μm long device operated with 1 V 

Vπ, pushing the footprint down to an unreachable level for the MZI configuration based on 

similar techniques.  

For the TO devices, we demonstrated a Si-E7 photonic temperature sensor with a 

temperature sensitivity up to 1.619 nm/°C. The measured temperature sensitivity is one order of 

magnitude higher than other reported pure SOI photonic temperature sensors. The directional 

coupler configuration provides a sub-micron 1D spatial resolution for temperature sensing. 

However, the proposed temperature sensor requires an external electric field to align the NLC in 

the slot during sensing, which is not ideal for practical applications. We then developed a passive 

technique to align the NLC in the slot by SWGs and nano-grooves. The passive NLC alignment 

technique was utilized to demonstrate a power-efficient TO switch. With two n++ silicon heaters 

integrated into the slabs, the Pπ measured is 0.58 mW for the 5CB device. The corresponding 

FOM is 6.8 nW∙s, whereas an optimized pure-SOI MZI TO switch with a similar design was 

reported having an FOM of 50.2 nW∙s. The proposed TO switch design paves a new way to 

achieve low power consumption, high speed, and compact footprint for silicon TO switches.  

 

6.2 Future work 

6.2.1 Control of NLC orientation 

EO tuning of NLC relies on the molecules’ reorientation in response to an external 
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electric field. The reorientation effect is dependent on the slot width of a slot waveguide. At the 

silicon sidewalls, there is a boundary anchoring effect hindering the reorientation of NLC 

molecules. The boundary anchoring can affect a certain distance into the NLC medium 

dependent on the anchoring strength. The boundary anchoring becomes more significant for a 

narrow gap. That is one of the reasons why a narrower slot width provides a stronger electric 

field at fixed applied voltage but not always a better VπL.  

Although the cell gap effect on NLC was reported [108], the studies were conducted with 

the traditional NLC cell gap sizes at the μm level. For slot waveguide devices, the slot widths are 

usually in the range of 100-200 nm. Furthermore, a traditional NLC cell consists of two parallel 

plates. The related studies on cell gap only need to consider 1D confinement. However, in a slot 

waveguide case, there are fringes from the silicon sidewalls and a solid boundary from the 

bottom of the slot. The model cannot be simplified to a 1D case due to the comparable 

dimensions of those factors. A quantitative study has not been reported for the NLC-filled slot 

waveguide case in the gap size effect.  

A systematic study of the size effect of nano-slot on NLC reorientation can be addressed 

in two aspects. Firstly, slot waveguide devices with different slot widths can be tested to obtain 

an optimal slot width for EO applications. The optimal slot width may vary with different silicon 

sidewall thickness, sidewall angle, and geometry of the slot bottom boundary. Secondly, slot 

waveguide devices with different slot bottom geometry can be tested. The various bottom 

boundaries are SiO2 and can be shaped by different etching recipes and steps. The study can help 

identify the shape and depth effect from the overetched region. Knowing the slot size and 

geometry effects quantitatively is beneficial for the future development of NLC-filled slot 

waveguide devices. 



78 

 

The size effect to NLC is also an intriguing topic to the TO switch proposed in Chapter 5. 

Although not relying on NLC reorientation, the operation principle requires proper NLC 

alignment through a nano-groove array in the slot. The alignment effect depends on the 

dimensions and aspect ratio of the nano-grooves. The effect was demonstrated and discussed in 

[115], but it has not been quantitatively studied. The devices shown in Chapter 5 possess a slot 

width of 300 nm for an aspect ratio ≥ 3. If the correlations between nano-groove geometry, 

dimensions, and aspect ratio were quantitatively determined, the device design would be more 

flexible and easier to optimize.   

 

6.2.2 Spiral TO actuators 

TO switches and TO phase shifters share the exact thermal actuation mechanism. The 

technique proposed in Chapter 5 to enhance TO efficiency is viable to make power-efficient 

phase shifters as well. As shown in Chapter 2, the modulation efficiency is higher if the actuator 

is a phase shifter in an MZI switch than a directional coupler switch. This will lead to lower 

power consumption for TO phase shifters. The following discussion regards an advanced device 

configuration, which can be incorporated into the two kinds of TO actuators.  

As shown in Figure 5.2, the n++ heater configuration has two heaters formed at both 

horizontal sides of the slot waveguide. The thermal energy generated at the heaters is partially 

transferred to the slot waveguide to realize thermal actuation. The rest of thermal energy is 

transferred toward other unwanted directions (upward, outward, and downward in this case) and 

inevitably contributes to excess heat dissipation. Spiral waveguides were developed to reduce the 

excess heat dissipation to unwanted directions [119-120]. Since spiral waveguides are closely 

packed, different portions of the spiral waveguides are heated together. The thermally induced 
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phase shift accumulates and reaches π with a smaller Pπ compared to the case of straight TO 

actuators. With the n++ heater configuration, the TO actuator can be designed as a spiral 

waveguide and a spiral heater placed between the waveguide sections. The waveguide cross-

section views will show the waveguide and heater sections repetitively in the horizontal 

direction. There will be heated waveguide sections at both sides of each heater section, 

significantly reducing the excess heater transfer and the resulting Pπ. The additional design 

consideration of using the spiral waveguide configuration is optical crosstalk. Careful design is 

required to minimize the distance between heater and waveguide sections while maintaining 

negligible optical crosstalk between waveguides.  

 

6.2.3 System-level demonstrations 

This dissertation focuses on device-level developments and demonstrations. After 

optimizing the performance of individual devices, the next step would be system-level 

demonstrations. It may include large-scale arrays of the same element and integration with other 

types of elements. There will be additional design considerations when the development goes to 

the system-level design. Potential directions of system-level demonstrations are covered in the 

following discussion for the individual devices proposed from Chapter 3 to Chapter 5.  

For the EO switch proposed in Chapter 3, the future work can be switch arrays to 

demonstrate switch-based optical beam steering [47-51]. Other than the footprint and optical loss 

discussed in the device-level design, yield and fabrication process control become critical as well 

in the system-level design. Due to the cascaded fabrics, one defective switch element could result 

in many malfunctioned channels in switch-based beam steering chips. Fabrication errors and 

non-uniformity will cause variations in the operating voltages among switch elements. 
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Calibration of each switch element is required to demonstrate the best switching performance of 

a switch array. 

For the temperature sensor proposed in Chapter 4, it can be integrated as a 1D sensor 

array for on-chip temperature mapping and monitoring with sub-micron 1D spatial resolution. 

Although the design in Chapter 4 included metal electrodes that limit the pitch of a 1D sensor 

array, the metal electrodes can be eliminated by incorporating the passive alignment technique 

shown in Chapter 5. The device length of each sensor can be adjusted without affecting the 

sensitivity.  

For the TO actuator proposed in Chapter 5, The power-efficient characteristic is desirable 

for large-scale demonstrations in applications utilizing TO actuators, including but not limited to 

optical communication [1], photonic FPGA [6], and OPA [41-45]. The compact footprint of 

directional coupler switches is particularly attractive for photonic FPGA demonstrations with 2D 

hexagonal mesh structures, as the effect of short device length is squared in cascaded 2D meshes. 

Besides the power consumption, footprint, loss, yield, and process control, large-scale 

demonstrations of TO actuators are practical with negligible thermal crosstalk. TO devices need 

to be placed a distance away from adjacent ones to avoid thermal crosstalk originating from the 

heat radiation.  
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