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ABSTRACT 

The field of integrated photonics is a key technological area that is rapidly gaining interest 

from the academic and industrial community. The first wave of innovation in this area was fueled 

by the demand created by the optical data communications industry, with products such as optical 

transceivers. The impact of this technology continues to grow with newer applications building up 

in areas such as next-generation consumer devices, medical instruments, space technologies, and 

defense-related interests. Further advances in photonic materials and devices are required to keep 

up with the demand while maintaining stringent cost margins and advancing performance 

milestones. Optical polymers provide a path to achieve these cost targets while offering diverse 

opportunities for innovation.  

In this dissertation, we demonstrate the application of three new optical polymers, each 

offering a solution to a unique set of problems being faced by the scientific research community. 

First, we will discuss the applications of chalcogenide hybrid inorganic/organic polymers (CHIPs), 

developed in collaboration with the Pyun group in the Department of Chemistry and Biochemistry 

at The University of Arizona. CHIPs are first-of-their-kind, high refractive index optical polymers 

with high transparency in the infrared regime. We will discuss the processing techniques of this 

polymer in order to create high-quality thin films and then introduce several photonic devices that 

were fabricated in this material platform and designed to operate at short-wave infrared 

wavelengths (SWIR). This family of polymers was also used to demonstrate other photonic 

devices targeting mid-infrared (MWIR) and long-wave infrared (LWIR) wavelengths. Next, we 

will introduce devices made from a novel optical polymers that we call refractive index contrast 

(RIC) polymers. The clever chemistry behind these polymers allows for a dry film fabrication 

approach to fabricate photonic devices such as optical waveguides and grayscale index tapers. This 

polymer's key advantage is highlighted by fabricating optical interconnects on flexible substrates 

that were used to transfer light between two spatially separated ion-exchange waveguide samples. 

Finally, we will discuss our work using electro-optic polymers to fabricate low-loss, high 

bandwidth electro-optic phase modulators with state-of-the-art performance. 
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CHAPTER 1 

INTRODUCTION 

 

Integrated photonics can be defined as the branch of optics that deals with the 

miniaturization of photonic elements and integrating them onto a planar substrate, with the general 

goal of using lithographic fabrication techniques to make photonic circuits. The growth of this 

field has been enabled by developments in the electronics industry, specifically in the dramatic 

progress of integrated electronics with the innovations in complementary metal-oxide 

semiconductor (CMOS) processing of silicon. However, with Moore’s law seemingly reaching its 

end, alternatives like integrated photonics are being considered to continue growth in computing 

power without losing functionality. Integrated photonics has other applications such as medical 

instrumentation, optical switching, sensors, and imaging. Many such technologies, for example 

medical instruments, have conventionally used bulky optical elements, like optical lenses, prisms, 

etc. The critical drawback of such tools has been their limited deployment due to the large footprint 

and high costs. Integrated photonics has the potential to solve this problem by dramatically 

reducing the footprint of such devices. On-chip photonic devices are quickly achieving 

performance close to or better than the traditional instruments in a much smaller form factor and 

at reduced cost. These devices require the integration of several functions such as generation, 

modulation, transport, and detection of light. In order for the devices to be highly efficient and 

low-cost requires several material innovations. Most commonly, silicon has been used as the 

standard material for making photonic integrated circuits (PICs) due to its favorable properties 

such as high refractive index, an abundance of supply, and prior knowledge in processing 

capability from the electronics industry. However, silicon cannot be used as a standalone platform 

because of its inability to generate light and detect light at standard optical communications 
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wavelengths. In addition, silicon is not transparent at visible wavelengths, making it not useful for 

light propagation in that spectral region. For these and other reasons, there remains a general need 

for the development of optical materials with suitable properties for integrated photonics. Many 

materials have been proposed and are an active topic of research. General demonstrations using 

materials such as silicon nitride, lithium niobate, chalcogenide glasses, and III-V semiconductors 

have been demonstrated with varying levels of success[1]-[26]. While there are merits to using each 

of these material platforms, there are certain challenges that are hard to overlook. Most commonly, 

the fabrication of PICs using most inorganic material platforms is inherently expensive due to the 

need for processes such as atomic layer deposition (ALD), plasma-enhanced chemical vapor 

deposition (PECVD), reactive-ion etching (RIE), etc. All of these processes require multi-million 

dollar instruments that are difficult and expensive to operate. Currently, most integrated photonic 

applications are targeted towards achieving state-of-the-art performance to alleviate technological 

needs in areas where there is a lack of suitable alternatives, such as optical transceivers for the 

datacom market. Due to this situation, the high cost is often justified and necessary. As we envision 

integrated photonic devices becoming commonplace in the future, such as wearable sensors[27]-[32] 

and augmented/virtual reality (AR/VR) glasses[33]-[37], the need for mass-produced, low-cost 

alternatives will also grow. Many of the inorganic materials and processes involved in fabricating 

PICs are not scalable and will not be useful for satisfying these demands. One of the proposed 

solutions to reduce costs takes a cue from the electronics industry again. Similar to the electronic 

packaging industry, polymers can be used by the photonics industry as an inexpensive material 

platform.  

Optical polymers can be synthesized at high volume and require a much lower cost to 

produce than inorganic crystals or glasses. Additionally, polymer-related photonic devices do not 
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need expensive thin film deposition techniques and can easily be deposited by spin coating or other 

wet coating techniques. Flexible substrates can be used, increasing usability, in particular for 

wearable devices. Unique advantages such as rapid processability, cost-effectiveness, high yields, 

high performance, and compactness make them an ideal platform for current and future integrated 

photonic devices[38],[39].  

Optical polymers are made with organic or inorganic molecules which are chemically 

reacted to form long molecular chains of fixed or varying lengths. Depending on the composition 

of these molecules, chain lengths, reaction specifics, etc., the structure of these polymers can be 

widely varied to modify their physical, mechanical, thermal, electrical and optical properties 

depending on the application. By careful selection of constituent chemicals, optical polymers can 

be synthesized in large quantities at a fraction of the cost compared to their inorganic counterparts. 

Additionally, polymers can be dissolved into solvents and made into a solution that can be readily 

spin-coated on any substrate, further reducing the cost to manufacture optical devices. 

In this dissertation, we will discuss three different types of polymers which were made for 

different photonic applications. In Chapter 2 and 3, we will discuss the properties of chalcogenide 

hybrid inorganic/organic polymers (CHIPs) with numerous applications in integrated infrared 

photonics and infrared optics. In chapter 2, the passive photonic toolkit comprising of various 

passive photonic devices will be introduced. The devices were designed, fabricated, and 

characterized using CHIPs as the core material. We developed a robust thin film fabrication 

process that is simple, low-cost, and CMOS compatible. The devices have high index contrast, low 

optical loss, and excellent transparency at telecommunication wavelengths. We further extended 

our work by fabricating CHIPs based optical waveguides which can transmit mid-infrared light. 

This is the first-ever demonstration of optical polymers used for on-chip single-mode mid-infrared 
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photonic applications. In Chapter 3, we will dive deeper into more advanced applications of CHIPs 

based polymers. The more advanced applications include the fabrication of narrow linewidth bragg 

gratings and optical microlens made using two different version of CHIPs. To further the 

understanding of the materials, we developed an optical measurement technique using planar 

Bragg gratings and single-mode waveguides to determine the glass transition temperature (Tg) and 

thermo-optic coefficient (TOC) of the polymer. Finally, we demonstrate the fabrication and 

characterization of an optical microlens fabricated using poly(S-r-NBD2) polymer, which was used 

to operate at long-wave infrared wavelengths (LWIR). This work is the first-ever demonstration 

of optical polymers used in LWIR applications to make devices for real-life practical applications. 

In Chapter 4, we will look at refractive index contrast polymers (RICPs) and their 

applications in optical interconnects. RICPs are a new class of optical polymers used to make 

flexible optical interconnects using a single-step dry film fabrication process. The system was 

designed to facilitate low-loss adiabatic coupling between optical fibers, optical printed circuit 

boards, and silicon nitride chips which are the three most commonly used elements in a multi-

functional, heterogeneously integrated photonic device. By advancing this work, we aim to provide 

scalable, low-cost, and high-density optical interconnects. These polymer-based interconnects can 

significantly reduce the high costs of optical packaging and facilitate photonic integration. We will 

discuss the design strategies to adiabatically couple light from one chip to another and present the 

results which show the viability of this technology. 

In Chapter 5, we will discuss our work using electro-optic polymers to fabricate low-loss, 

high bandwidth electro-optic phase modulators with state-of-the-art performance. Chapter 5 

includes concluding remarks and discussions for future work. 
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CHAPTER 2 

CHIPs BASED INTEGRATED PHOTONIC DEVICES 

 

2.1. INTRODUCTION 

Optical polymers are an essential material platform for photonic-related applications[38],[39]. 

The wide tunability of optical, mechanical, electrical, and chemical properties is possible through 

careful understanding of material chemistry and synthesis[40]-[44],[117]. In addition, the flexibility 

and broad compatibility with other materials make them amenable to commercial manufacturing 

at lower costs compared to inorganic materials. There are numerous commercially available optical 

polymers that have been used to demonstrate low-loss, high-performance photonic devices[40]-[44], 

[61], [117]-[119]. For example, the high thermo-optic coefficient of ZPU makes it an excellent candidate 

for fabricating thermo-optic phase shifters with low operating power, as was demonstrated by 

ChemOptics[61]. Other examples include SU8[45], which has excellent mechanical rigidity and high 

thermal resistance, making it suitable for flexible and free-standing MEMS-related applications[46]; 

Ormocers, which are photoresponsive and low loss, making them an excellent material platform 

for ultra-low loss waveguiding applications at visible as well as infrared wavelengths[47]-[50].  

With recent interests in integrated photonics surging for applications related to 

biophotonics, augmented reality, etc., there is a growing need for mass manufacturable photonic 

devices on inexpensive material platforms. Optical polymers are uniquely suited to satisfy these 

demands as the costs for synthesizing the polymers, and device fabrication process can be 

significantly reduced. However, there is one key disadvantage that optical polymers need to 

overcome in order to compete fairly with their inorganic counterparts. 
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Most inorganic optical materials, such as silicon, silicon nitride, lithium niobate, 

chalcogenide glasses, have a very high refractive index (n > 2.0) which allows for device designs 

with significant index contrast. High index contrast is highly desirable as it directly leads to the 

reduction of the footprint of the devices. Materials like silicon and germanium with indices in the 

range of 3-4 can result in waveguide footprints with sub-micron dimensions. While these 

dimensions are great for dense packing of photonic devices, the ultra-high index also imposes a 

very tight fabrication tolerance for the devices, with performance being adversely affected even 

with very few defects. In addition, since the in and out coupling of light between source, detector, 

and passive devices is still usually done using optical fibers, huge coupling losses are suffered due 

to the large mismatch in dimensions between fibers and silicon devices (>10dB). Thus, to 

counteract these problems, materials with indices in the range of 2.0-2.2 are being studied[51]-[53]. 

Using lower indices (n ~ 2) allows for device dimensions (w ~ 1-2 µm) to be manufacturable with 

much fewer fabrication constraints as well as reasonable coupling loss (>3dB). In comparison, 

optical polymers fall on the other side of this spectrum with refractive indices less than 1.6. Since 

most polymers are constructed from organic molecules, the index is generally capped by the 

carbon, hydrogen, oxygen moieties in the polymer chain. The low refractive index leads to device 

dimensions on the order of 5-10 µm, while also prohibiting the design of compact devices due to 

bend loss considerations. The larger footprint of the polymer devices greatly limits the packing 

density of photonic devices, resulting in higher costs.  

As can be inferred from the statements above, the most optimal solution would be to use 

optical polymers with refractive indices similar to inorganic materials such as silicon nitride (n~2). 

In this best-of-the-world scenario, densely packed photonic devices with low fabrication costs can 
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be manufactured, which will propel the mass manufacturing of integrated photonic devices for 

consumer applications. However, no such polymer had existed until recently. 

Chalcogenide Hybrid Inorganic/Organic Polymers (CHIPs) are a new class of optical 

polymers that was developed by the Pyun group at the University of Arizona[54]. These polymers 

have a high refractive index, low absorption loss, and can be easily synthesized in large quantities 

at a fraction of the cost of inorganic materials. The family of CHIPs is comprised of high ratios of 

sulfur and selenium molecules (chalcogens), copolymerized with low ratio organic monomers, 

such as 1, 3 di-isopropenyl benzene (DIB)[55],[56],[59]. Chalcogenides have a high refractive index 

(n > 2); hence the resulting polymers also have much higher indices compared to organic polymers. 

These polymers have a refractive index ranging from 1.7-2.1 in the infrared region, which is higher 

than any known organic polymers. In addition, chalcogenides have larger atoms and have optical 

absorption at longer wavelengths compared to organic molecules and are thus transparent in the 

infrared region. Due to the low ratios of organic molecules, the optical loss in the SWIR is much 

smaller compared to most traditional organic polymers. The high refractive index, low optical loss, 

and low cost are highly desirable and have been utilized to make photonic devices with a much 

smaller footprint in this work. 

In this chapter, we will discuss multiple demonstrations of integrated photonic devices 

fabricated using CHIPs. We will first discuss the general synthesis of CHIPs. We will then present 

the efforts made to design, fabricate, and characterize passive photonic devices made using p(S-r-

DIB) as the core optical material. We will look at passive photonic devices made for 

telecommunication wavelengths with exceptional performance made using these polymers. We 

will also discuss single-mode optical waveguides with good optical transparency in the mid-

infrared region made for the first time using CHIPs. These devices are the first-of-a-kind 
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demonstration of optical waveguides made using polymers for mid-infrared wavelengths. We 

expect to show that CHIPs are a viable alternative to toxic, inorganic materials for infrared 

photonic applications. All of the work being discussed in this chapter highlights the excellent 

material properties of CHIPs and their numerous applications in photonics. 

 

2.2. MATERIAL SYNTHESIS 

CHIPs are made using a method invented by the Pyun group at the University of Arizona, 

known as the inverse vulcanization method. In this process, bulk sulfur powder is heated to 185C 

to form liquid sulfur, which is accompanied by a color change of the medium from yellow to red, 

indicating the conversion of the S8 ring into liquid sulfur diradical followed by the formation of 

polymeric sulfur. At this point, a room temperature aliquot of 1, 3-diisopropyl benzene (DIB) is 

added to the sulfur mixture, which results in a homogeneous yellow solution of much lower 

viscosity. After a short period of mixing and cooling at room temperature, the resulting formation 

is a transparent red polymeric glass indicating the copolymerization of the DIB monomer with 

sulfur. The final polymer can then be crushed and dissolved into commonly available organic 

solvents, such as chlorobenzene, to the desired concentration. Figure 1 below shows the synthesis 

scheme for inverse vulcanization and images of poly(S-r-DIB) in bulk, liquid, and thin-film form. 

We note that different weight ratios of sulfur and DIB will result in different stoichiometric 

compositions of this family of polymers with refractive indices varying from 1.7-1.8 at 1550nm 

wavelength.  
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Figure 1. (a) Schematic for inverse vulcanization of 1, 3 DIB to form poly(S-r-DIB); (b) (left to right): p(S-r-DIB) in 

bulk form, solution in chlorobenzene, and thin-film spun on top of a glass substrate 

 

2.3. MATERIAL CHARACTERIZATION 

2.3.1. Refractive Index 

CHIPs have compelling optical properties such as excellent transparency in infrared 

regions and a high refractive index. Figure 2 below shows the refractive index of the CHIPs family 

as a function of wavelength. The index was obtained from ellipsometry measurements performed 

by Woollam Ellipsometry Solutions.  As can be seen from the figure, a higher refractive index is 

obtained for a lower stoichiometric ratio of 1, 3-DIB, and a higher ratio of sulfur molecules.  
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Figure 2. Refractive index of p(S-r-DIB) versus wavelength for different weight ratios of 1,3-DIB. 

2.3.2. Spectroscopy 

Spectroscopy is a common technique used to determine the interaction of a material with 

a broad spectrum of light. Depending on the material properties, specific wavelengths of light are 

absorbed by the molecule, known as absorption lines. In the infrared, absorption is predominantly 

due to molecular vibrations; the absorption lines are unique to each molecular bond vibration, 

hence can be used used to identify the composition of a certain material. Most organic molecules 

have absorption lines in the 3-5μm wavelength region, known as the molecular fingerprint region. 

The overtones of these fundamental absorptions lie in the near-infrared region, which generally 

limits the transparency of polymers made with organic molecules. Specific telecommunications 

wavelength bands in the near-infrared region, such as the C band (1520-1580nm) and O band 

(1260-1360nm), have been well studied for telecommunication and data communication 

applications, allowing wide and inexpensive availability of measurement instruments, and 
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supporting technology. Since organic molecules suffer from relatively high absorption in these 

wavelength regions, the use of organic polymers has traditionally been limited. Traditionally, this 

problem has been solved by substituting the C-H bond in the polymer chain with C-F bonds, which 

shift the absorption away from the wavelength of interest. While fluorinating the polymer does 

help in improving the transparency, the process is usually cumbersome and expensive and leads to 

an overall reduction in refractive index, which leads to larger device footprints. With the 

introduction of CHIPs, there is a potential for wider applicability of polymers that offer a high 

refractive index and low absorption limited loss. CHIPs are made of a large ratio of sulfur chains, 

which do not absorb light in the wavelength of interest; hence the overall transparency of CHIPs 

is much improved. The absorption loss is due to the remaining organic molecule in the polymer 

chain. In Figure 3 below, we show the transmission of CHIPs obtained by UV/Visible 

spectroscopy and Fourier transform infrared (FTIR) spectroscopy. As seen in Figure 3a, CHIPs 

start transmitting above 550nm wavelength and have good transmission in the short-wave infrared 

(SWIR), near-infrared (NIR), and mid-wave infrared (MWIR; 3-5μm) except for certain regions, 

such as 2-2.7μm and 3.1-3.5μm wavelength.  

 

Figure 3. (a) UV/Visible transmission spectrum of CHIPs for different thicknesses of thin films; (b) FTIR transmission spectrum of 

CHIPs for different weight ratios of DIB vs. pure DIB molecule. 
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2.4. PHOTONIC DEVICES 

To demonstrate the utility of CHIPs for single-mode photonics applications, we have designed 

and fabricated a variety of passive photonic elements that are critical elements of any photonic 

integrated circuit. We fabricated single-mode waveguides, 1  2 MMI couplers, Y branches, ring 

resonators, and racetrack resonators that work at NIR wavelengths. Additionally, we also fabricated 

and tested waveguides at the MWIR wavelengths. The components were designed using eigenmode 

solver software packages (Fimmwave, Photon Design, and Lumerical MODE solutions). Robust thin-

film processing capabilities were developed for this polymer and were used to fabricate low-loss 

photonic devices. The fabrication process is illustrated in Figure 4 and explained in the section below. 

SEM images of the high-quality fabricated devices are also shown. In the sections below, we will 

describe the design and performance of these photonic devices. 

2.4.1. Device fabrication 

The polymer is spin-coated on a silicon wafer with a 6μm thick thermally evaporated 

silicon dioxide layer, which serves as the lower cladding for the devices. The oxide layer is thick 

enough to isolate the light from the higher index silicon substrate underneath. Poly(S70-r-DIB30) 

was made by the inverse vulcanization method as described in Section 3.2. The resulting material 

is a glassy, red polymer that is then crushed into fine powder to dissolve into the solvent. The 

polymer was dissolved in chlorobenzene (350mg/mL concentration) at 115C for 15mins until no 

visible particles were observed. The polymer is then left overnight to cool and to allow for any 

excess unreacted sulfur to precipitate to the bottom of the glass vial. The dissolved solution is then 

filtered using a 0.2μm PTFE membrane syringe filter to remove any undissolved particles or any 

remaining impurities in the solution. Before spin coating, the substrate is cleaned with acetone and 

isopropanol (IPA), blown dry with nitrogen, and then O2 plasma cleaned for 2min to remove any 

organic impurities and improve adhesion of the polymer to the surface. The polymer is then spin-
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coated at 1500-3000rpm with 500rpm/s acceleration for 30seconds. The remaining solvent is 

evaporated by heating the wafer at 110C for 5mins; the resulting film is 450-750nm thick. The 

long bake time is necessary for removing any solvent and thermally crosslinking the polymer, 

which improves adhesion, etch resistance, and chemical compatibility. After the wafer cools down 

to room temperature, the electron beam lithography (EBL) resist maN2403 is spin-coated directly 

on top of the polymer at 1500-4000rpm with 500rpm/s acceleration for 30secs, followed by baking 

at 95C for 1min resulting in 275-450nm thick resist layer. The photonic circuit is then written 

using an Elionix EBL system with an optimized dose of 450μC/cm2. Once the e-beam exposure is 

completed, the exposed pattern is developed in maD525 developer for 45-60secs. To transfer the 

pattern from the resist onto the polymer, the sample is etched using a fluorine-oxygen-argon etch 

in an inductively coupled plasma etcher (Plasmatherm ICP RIE). The etching recipe was 

specifically designed for the CHIPs family of polymers and comprised a mixture of CHF3, O2, and 

Ar gases. CHF3 creates fluoride radicals which remove the sulfur molecules, while O2 etches the 

organic part of the polymer, and Ar makes the etching anisotropic resulting in vertical sidewalls. 

RF and ICP power were also optimized to control the etch rate, sidewall roughness, and reduce 

redeposition (grass formation) on the substrate. The bottom silicon dioxide cladding layer has a 

much lower etch rate than the polymer for this etching recipe and acts as an etch stop to signal the 

etch’s completion. The resulting etch rate of CHIPs is 312nm/min, and the etch rate of maN2403 

is 192nm/min; hence the resist can act as an effective etch mask. The thicknesses of the polymer 

and resist layers are optimized to ensure that the resist is fully etched away while the polymer is 

through etched. Any remaining resist can be removed by rinsing the sample with acetone/IPA. The 

progress of the etching process was monitored by using endpoint detection. As the polymer is 

etched away, the etcher’s interferometer displays thin-film interference fringes, which disappear 
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once the etching is completed, at which point the process is automatically stopped. The endpoint 

detector is a valuable tool for accommodating small changes in the etch rate due to variations in 

the polymer composition. The optimized etching condition is summarized below in Table 1. It 

should also be noted that a similar fabrication process can proceed by replacing EBL lithography 

with i-line or deep UV (DUV) lithography, substituting the e-beam resist with a photoresist 

optimized for i-line or DUV. Standard UV lithography can further simplify the fabrication process, 

reduce the total time required, and lower the cost. 

 

 

Figure 4. Schematic process flow for the CHIPs device fabrication. 

 

 

The etched waveguides have smooth sidewalls and nearly 90⁰ sidewall angles. Once the etching 

is done, Chemoptics ZPU (n = 1.43) is spin-coated on the sample as a top cladding with 6μm 

thickness and UV cured under N2 atmosphere to crosslink the ZPU layer. The fabrication process 

flow is shown above in Figure 4. The final fabricated device is prepared for optical characterization 

by cleaving the end facets with a diamond scribe. The waveguides can be accessed after cleaving 

and easily butt coupled to an optical fiber to launch the input light and collect the output light. 
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Table 1. Optimized etching conditions for p(S70-r-DIB30) 

 

 

 

 

 

 

 

 

2.4.2. Waveguides 

Optical waveguides are the fundamental building block of any photonic integrated circuit 

(PIC). Every photonic platform requires the use of low-loss, single-mode optical waveguides. The 

performance of the waveguides is determined by the propagation loss, which is dependent on the 

absorption loss of the material and scattering loss due to side-wall roughness. Since the material 

absorption is inherent to the material, the propagation loss is generally limited by the scattering 

loss. Hence, for waveguides with low propagation loss, sidewall roughness has to be minimized 

by optimizing the fabrication process. To test the robustness of our fabrication process, we have 

fabricated single-mode ridge waveguides made using CHIPs as the core material. The waveguides 

were designed using the Fimmwave finite-difference mode (FDM) solver. For single-mode 

operation, the waveguides are designed to have a cross-section of 2μm width and 0.45μm height. 

The effective index of the waveguide is 1.54, and the group index is 1.75 at 1550nm. Due to the 

high index of the polymer core, the devices have high confinement of light resulting in low 

footprint devices; the simulated mode profile is shown below in Figure 5(a). Figure 5(b) shows the 

actual mode of the waveguide as imaged by an InGaAs camera. Figure 5(c) shows the simulated 

Gas flow 

CHF3 50 sccm 

O2 10 sccm 

Ar 50 sccm 

Plasma power 

 

RF 75 W 

ICP 750 W 

Pressure 5 mTorr 

Temperature 15 ⁰C 

Etch rate ~300nm/min 
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effective index for the 1st and 2nd TE and TM modes of the waveguide as the width of the 

waveguide is varied for a fixed polymer thickness of 0.45μm. Similarly, Figure 5(d) shows the 

effective index as the thickness of the waveguide layer is varied for a fixed width of 2μm. 

 

Figure 5. (a) Simulated mode profile, (b) fundamental mode for WG imaged with the camera; inset shows the SEM of 

WG cross-section, (c)effective index versus core width of WG, (d) and effective index versus polymer thickness. 

A series of serpentine waveguides with lengths varying from 20mm to 40mm were made on the same 

sample to measure the propagation loss. The power is measured for waveguides with increasing 

lengths. For reference, input and output fibers are coupled together with index-matching oil, and final 

power is measured. The final insertion loss is calculated by subtracting the background power from 

the output power for each waveguide. The final insertion loss, when plotted against the length of 

each device, gives us a linear curve with excellent goodness of fit, R2 value > 0.95. The slope of 

this curve determines the propagation loss, while the intercept gives us the coupling loss, which is 
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assumed to be constant for waveguides of equal dimensions. The estimated propagation loss is 

0.3dB/cm at 1310nm and 0.42dB/cm at 1550nm wavelength, as shown in Figure 6b. The coupling 

loss is about 7-8dB coupling per facet; the coupling loss can be further reduced by using UHNA 

fibers and/or patterning edge couplers on the chip. The schematic of the optical characterization 

setup used is shown in Figure 6a. The measurement confirms the low absorption loss of the 

material and low scattering loss due to the low sidewall roughness obtained by using an optimized 

etching recipe. 

 

Figure 6. (a) Characterization setup and (b) cutback loss measurement. 

2.4.3. 1  2 MMI splitter 

Another important element of PICs are splitters which typically divide the guided light into 

equal intensity between two arms. Two of the most common splitters are known as multimode 
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interference (MMI) splitters and Y junction splitters. The key requirement of the splitters is to have 

minimal additional insertion loss and equal splitting between the two arms of the device. The 

splitters were designed using Fimmwave eigenmode expansion (EME) software, FIMMPROP. For 

the 1  2 MMI, the optimized length and width of the MMI section were found to be 60μm and 

10μm, respectively. 20μm long linear taper sections were added at the input and output port with 

the width linearly varying from 2μm to 4μm, which minimizes the insertion loss further. The 

center-to-center separation of the output ports is 5μm, and the optimized structure has a low excess 

insertion loss of 0.08dB at 1550nm with 50% power splitting between the two output ports. The 

2D electric field distribution of the MMI coupler is shown in Figure 7a. The final fabricated device 

is shown in Figure 7b. The power coupling in each arm of the splitter changes depending on the  

 

Figure 7. (a) 2D field distribution for 1 2 MMI; (b) SEM image of fabricated MMI device; (c) simulated transmission 

in each port for 1  2 MMI; and (d) measured excess insertion loss in each port. 
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length of the MMI section. Figure 7c shows the power coupled in each arm as calculated by 

FIMMPROP. The final fabricated device was designed to have 50/50 splitting in both arms. To 

measure the performance of the MMI, we measured the output power in each arm. To calculate 

the insertion loss in each arm, we calibrate the output power with a straight reference waveguide. 

The difference in power between the straight waveguide and each arm of the MMI gives us the 

final insertion loss for the device. Figure 7d shows the excess insertion loss in each arm. As seen 

in the figure, the device has low insertion loss and excellent broadband performance. 

2.4.4. Y-junction splitter 

Y junction splitters were also designed using FIMMPROP. The optimized structure has 

two S bends with 200μm bend radii and 250μm length splitting from a single-mode waveguide 

which separates into two single-mode waveguides with 5μm separation between them. The 2D 

electric field distribution is shown in Figure 8a. To measure the transmission in each output port 

of the MMI and Y splitters, we added S bends with 1mm length and 100μm separation, followed 

by straight waveguides that the output fiber can access. The large radii of the S bends have a 

negligible loss and do not affect the device performance. The excess insertion loss of the Y branch 

as calculated by FIMMPROP is 0.1dB at 1550nm. Figure 8b shows the SEM image of the final 

fabricated device. The simulated transmission in each arm of the splitter as a function of bend 

length is shown in Figure 8c. To measure the performance of the Y splitters, we recorded the output 

power in each arm of the splitters across multiple devices and averaged the loss. To calculate the 

additional insertion loss due to the structures, we calibrated the output power with a straight 

reference waveguide. Figure 8d below shows the measured power of the splitters across the C-

band wavelength. The devices have broadband performance with an excess insertion loss of 0.2dB 

per port for the Y splitter. 



- 33 - 

 

 

Figure 8(a) 2D field distribution for Y junction splitter; (b) SEM image of fabricated Y splitter; (c) simulated 

transmission in each port for 1  2 splitter; and (d) measured excess insertion loss in each port. 

2.4.5. Ring Resonator  

Ring resonators are useful devices with many diverse applications in optical communications 

and sensing. For the ring resonators, the goal was to fabricate high Q resonators with a small 

footprint. Using the relationship between FSR and total device length,[18]  

𝐹𝑆𝑅 =
𝜆2

𝑛𝑔2𝜋𝑅
 

The radius of the rings, R, was chosen to be 200μm to obtain a free spectral range (FSR) of 1.1nm 

with a resonance wavelength  of 1550nm. Figure 9a shows the SEM image of one of the 

fabricated rings; the inset shows the SEM image of the coupling region. The gap between the 
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straight section and the ring in the coupler region was varied between 0.3μm to 1.1μm. The varying 

gaps allow for the determination of the critical coupling of the ring with the straight coupler 

section. The output spectrum of the rings with increasing gaps had similar insertion loss, while the 

extinction ratio and the linewidths of the resonance peaks changed, as seen in Figure 9b.  As the 

gap increased from 0.3μm to 1.1μm, the extinction ratio increased as the coupling between the bus 

waveguide and ring resonators transitioned from over-coupled to critically coupled. The linewidths 

of the resonance peaks decreased from 1nm to 0.02nm for the critically coupled case, resulting in 

a Q factor of around 65000. Further increase in Q factor is expected as the coupling gap is further 

increased, as the ring is under-coupled to the waveguide resulting in a smaller extinction ratio and 

narrower linewidths.  

As seen in Figure 9b, the rings have a high extinction ratio and narrow linewidths. Figure 

9c shows the transmission curve for the critically coupled ring. The resonance dips are fit to a 

Lorentzian, giving us a Q factor as high as 65,000 with over 20dB extinction ratio, as shown in 

Figure 9d. A Q factor ~ 105 was observed for under-coupled rings with a 10dB extinction ratio. 

Critical coupling was achieved for rings with a 1μm coupling gap. The measured Q factor is an 

indication of the excellent fabrication process developed for this platform. Further improvements 

in the ring performance can be made by using different coupling schemes between bus waveguide 

and ring, such as pulley couplers, racetrack resonators, etc. 
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Figure 9. (a) SEM image of the ring resonator; inset shows the coupling region (b) transmission for ring resonators 

with varying gap (c) transmission for critically coupled ring resonator (d) lorentzian fit to the central resonance 

peak 

2.5. MID-IR WAVEGUIDES 

As mentioned in Section 3.3.2., CHIPs have improved transparency in the infrared region 

due to their large sulfur content. As a result, CHIPs are a unique class of polymers that is 

transparent in much of the mid-wave infrared region (MWIR; 3-5μm). This wavelength region is 

important for a variety of applications, including trace detection of gas species[62]. Mid-infrared-

based optical gas sensing is an intense current area of research[62]-[66]. Most organic molecules have 
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fundamental absorption lines in this wavelength region, enabling optical sensing technology with 

much higher sensitivity compared to near-infrared sensors. With the further growth in this field, 

there is an increasing need for inexpensive ways to fabricate on-chip sensors. This need can be 

fulfilled using CHIPs-based on-chip gas sensors. To achieve this, we need to design photonic 

devices which can work in the mid-infrared regime. While the fundamental theory behind mid-

wave devices remains the same as near-infrared devices shown in the sections above, the device 

dimensions need to be modified to accommodate for the difference in wavelength of light. In the 

sections below, we will explain the design, fabrication, and characterization of mid-IR waveguides 

made using CHIPs as the core material. 

 

2.5.1. Design 

For mid-IR devices, the device design needs to accommodate much larger mode size in the 

waveguide. We begin by first selecting a suitable substrate upon which the polymer can be spin-

coated. While silica-on silicon-wafer is the common substrate used for NIR applications, this 

platform cannot be used for MWIR because of the high absorption of silicon dioxide in the mid-

infrared region[67]. Additionally, the substrate needs to have a lower index and be relatively 

inexpensive. Hence, sapphire was chosen, which has a refractive index of  n=1.65 at 4.6μm 

wavelength and is easily available from commercial vendors. The core material for the waveguide 

is p(S70-r-DIB30) has a refractive index of 1.73 at 4.6μm wavelength. No top cladding was used 

due to the lack of materials with a low refractive index and ease of processing. Given the refractive 

indices of the sapphire and SDIB, single-mode conditions can be determined using the Fimmwave 

mode solver. First, the thickness of the SDIB layer is found, which would satisfy the single-mode 

condition for a slab waveguide. This is determined by solving for the V-number, which is given 

by the equation below, 
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𝑉 =
2𝜋

𝜆
∗ 𝑡 ∗ √𝑛1

2 − 𝑛2
2 

where t is the thickness of the polymer layer, n1 is the index of the core, and n2 is the index of the 

cladding. For the waveguide to be single-mode vertically, V<π. Solving for t, we get the maximum 

allowed thickness of SDIB equal to 3.3μm. Knowing the thickness, the width of the channel 

waveguide can be determined using the Fimmwave mode solver. As the width of the waveguide 

increases, the effective index of the waveguide also changes. Below the single-mode cutoff width, 

the waveguide only supports TE0 and TM0 mode. The width was determined to be 15μm, as shown 

in Figure 10 below. The inset shows the mode profile for SDIB on sapphire MWIR waveguides 

with width = 15μm and height = 3μm. Based on the design, waveguides of varying widths were 

fabricated on the sapphire substrate, as described below in the next section. 

 

Figure 10. Effective index for MWIR WG with varying core width. 
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2.5.2. Fabrication 

The waveguides were fabricated on 1-inch sapphire substrates. The wafers were first 

prepped for cleaving by scribing the back side of the wafer using tripled Nd:YAG laser (355nm). 

For the characterization of the waveguides, it is important to have straight mirror facets which can 

be end-coupled to the fiber. However, sapphire is not easy to cleave using manual scribe tools. 

Hence, a laser scribe needs to be used, which can define clean scribe lines along the crystalline 

axis of the sapphire substrate. Conventionally, the scribe is made post-fabrication, and the wafer 

facets are polished after cleaving. However, both of these steps cannot be done for polymer 

waveguides, as laser ablates the polymer during scribing, and the polisher makes the surface dirty, 

which cannot be cleaned later. Hence, it was decided to scribe the back side of the wafer at fixed 

lengths along the wafer before the polymer is coated on top. After the fabrication, the edges are 

simply cleaved along the scribe lines. This maintains the mirror polish of the facet without 

damaging the polymer layer or without the need for polishing. After the cleave lines are scribed 

on the wafer, the wafer is cleaned rigorously using ultrasonic sonication in an acetone, DI water, 

and IPA bath for 5mins each, followed by 2mins of O2 plasma cleaning to remove any remaining 

organic impurities and for surface activation of the sapphire substrate. The SDIB polymer 

dissolved in chlorobenzene (c = 500mg/mL) is spin-coated on top of the wafer at 1500rpm for 

30seconds, followed by a soft bake at 110C for 10mins. The extended soft bake time removes 

any remaining solvent in the film while also thermally crosslinking the SDIB polymer chain. The 

resulting film thickness is 1.8μm thick. The sample is allowed to cool to room temperature, after 

which the polymer is drop-cast directly on top of the first layer and spin-coated at 2000rpm for 30 

secs. Since the first layer is already crosslinked, it does not dissolve in chlorobenzene. The sample 

is baked again at 110ºC for 10mins to complete the fabrication of multilayer SDIB polymer film 

of desired thickness (t=3.2μm). A thick photoresist (S1813) is spin-coated on top of the polymer 
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(t = 2μm). The waveguide patterns of varying widths (w = 4μm – 50μm) were exposed using the 

Heidelberg MLA 150 instrument at 250mJ/cm2. The exposed sample is developed in MF-319 

developer for 60-90 secs revealing the waveguide pattern. The sample is then etched using 

Plasmatherm RIE using the same recipe as used in Section 3.4.1. The end point detector is used to 

determine the total etching time, which averaged around 10.5mins for 3.2μm thick SDIB film. The 

thickness of the photoresist was optimized based on pre-determined etch rate and selectivity to 

ensure the photoresist is completely etched away when the etching of the polymer is over. The 

fabrication of SDIB waveguides on sapphire substrate, as described in Figure 11 below, is now 

complete. The samples are prepped for characterization by cleaving the end facets by manually 

cleaving the wafer along the pre-scribed marks on the wafer. 

 

 

Figure 11. Fabrication process flow for SDIB on sapphire WGs, last figure is an optical microscope image of fabricated WG. 
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2.5.3. Characterization 

The fabricated SDIB on sapphire waveguides was characterized by imaging the 

transmission through the waveguide and inspecting the mode profile. To perform the test, we used 

a quantum cascade laser (QCL) purchased from Boston Electronics[68] emitting at 4.6μm 

wavelength, which was assembled inside a housing with a fiber-coupled attachment. The laser 

beam is collimated using a collimating lens placed inside the laser package. The collimated beam 

is then focused on the fiber holder, which is precisely aligned to minimize the coupling loss from 

laser to fiber. By finetuning the alignment of the fiber holder, minimal insertion loss can be 

obtained. The fiber used for the experiment was InF3 fiber, purchased from Le Verre Fluore[69], 

and has a core diameter of 9.5μm and NA of 0.25. The other end of the fiber patch cord is placed 

on a Newport 3axis fiber stage such that the fiber flat edge is perpendicular to the optical table 

surface. The waveguide sample is placed on the sample stage with x, y, and tip-tilt control. Since 

the output of the fiber is highly diverging, the sample needs to be carefully placed very close to 

the fiber end. A 5X collimating lens is placed on another Newport 3axis stage and kept at a focal 

distance away from the output edge of the waveguide sample. A camera is placed at the output to 

capture the output light and imaged onto a screen.  

In order to do the rough alignment, we first reconnect the input end of the fiber to a 

Thorlabs laser emitting at 675nm wavelength. A microscope is placed to image the top-down view 

of the waveguide sample. Looking at the image using a camera, we can easily see the red light at 

the input end of the waveguide. Using the camera view and adjusting the vertical, horizontal, and 

angular distances, the input light is coupled into the waveguide, which can be clearly seen 

propagating across the waveguide. The top-down microscope is then moved to the output edge of 

the waveguide. While looking at the mode from above, the position of the input fiber is adjusted 

until maximum power is obtained, thus concluding the rough alignment. Once done, the fiber is 
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reconnected to the QCL. The input fiber and output lens are now adjusted until the input laser is 

coupled into the waveguide, and the waveguide mode can be imaged by the microscope. To assist 

with the alignment, we use the widest waveguide on the sample, which should have the lowest 

insertion loss and maximum coupling. The sample can now be moved to transition from one 

waveguide to another while maintaining the same alignment. 

Figure 12 below shows the output mode of the waveguides as imaged by the camera. Figure 

12b is the fundamental mode for the SDIB waveguide, while Figure 12c and 12d are the higher-

order modes observed for wider waveguides.  As we see from the figure, the SDIB waveguides 

clearly transmit mid-IR light. When a similar experiment was tried with commercial polymers 

such as ZPU, we did not see any transmission. In fact, the polymer started burning at moderate 

laser power, confirming high absorption. For SDIB, we also tried to measure the propagation loss 

for the waveguide; however, we were unsuccessful, as transmission greatly reduced for samples 

longer than 1cm in length,  indicating high loss. We expect that with further improvements in the 

material and fabrication capability, we will be able to fabricate fully functional polymer-based 

MWIR devices successfully.  
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Figure 12. (a) MWIR optical characterization setup comprising of InF3 fiber on stage, sample in the center, 5X ZnSe 

objective lens, and MWIR camera; (b) fundamental mode observed for SDIB on sapphire WG @ 4.6um; (c)-(d) higher-

order modes for wider waveguides. 
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2.6. CONCLUSIONS 

In this chapter, several technologies using sulfur-based polymers, known as CHIPs, were 

discussed. We demonstrated the applications of this unique class of optical polymers in various 

areas, including integrated photonics, optical sensing, etc. The common theme of the work was to 

exploit the high refractive index and high transparency of the material compared to traditional 

organic polymers. We discussed several devices made using S-DIB based polymers for integrated 

photonics. These devices, including waveguides, splitters, ring resonators, etc., have low loss, a 

small footprint, and are robust and reproducible to fabricate.  

While this work is a significant leap in progress made towards utilizing high refractive 

index polymers, there is a huge unmet potential for these polymers still to explore. With further 

improvements in optical, mechanical, and thermal properties of the polymer, better performing 

devices are possible to manufacture, which can compete with current commercial solutions at a 

much lower cost. 
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CHAPTER 3 

ADVANCED APPLICATIONS OF CHIPs BASED OPTICAL 

DEVICES 

 

3.1. THERMO-OPTIC CHARACTERIZATION 

An important criterion for any device is its ability to maintain its performance over a wide 

temperature range. One of the important criteria for optical materials is determined by the thermo-

optic coefficient of the material, dn/dT, which is defined as the change in the refractive index of 

the material with the change in temperature. The change in refractive index will cause a change in 

the effective index of the waveguides, which in turn will affect the mode confinement of the 

propagating light. The thermo-optic coefficient (TOC) is an important material constant that needs 

to be determined for effective device design to better understand the potential range of operation. 

TOC has dual-use in integrated photonics. On one side, lower TOCs reduce the device sensitivity 

to temperature variation[70], which is highly desirable for reducing energy demands in datacom 

applications. On the other hand, there are a plethora of other applications which benefit from the 

high TOC of a material, such as thermo-optic phase shifters, tunable filters, and optical 

switches[71],- [73]. These devices operate based on modulating the phase of a device by applying a 

voltage to heat/cool the device, which results in a change in refractive index. The higher the TOC, 

the lower voltage is needed to cause a phase change, thereby reducing the power required to 

operate the device. Optical polymers have long been used as standalone power-efficient phase 

shifters due to their high TOCs[72]-[82]. However, as we envision PICs made entirely of polymers, 

the high TOC tends to be a problem. CHIPs based polymers can offer an alternative to high TOC 

organic polymers. While organic polymers have negative thermo-optic behavior[75], inorganics 

generally have a positive thermo-optic coefficient[83]. Since CHIPs are hybrid materials combining 
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inorganic molecules, such as S and Se, and organic molecules, such as 1, 3 DIB, we can potentially 

tune the ratio to achieve in-situ athermal operation[84]. This will be highly useful for designing 

PICs with stable performance over a broad temperature range. In this section, we will describe the 

efforts made to measure the thermo-optic behavior of CHIPs. The measurement also revealed a 

novel optical technique for measuring the glass transition temperature (Tg) of a polymer, which 

will be discussed below. 

3.1.1. Phase-shifted Bragg gratings (PSBG) 

Bragg gratings have a long history of use in fiber optics. Fiber Bragg gratings (FBGs) are 

commonly used as narrow bandpass optical filters and optical sensors[85]. Bragg gratings work on 

the principle of Fresnel reflection, where light travels between media of different refractive indices 

and gets reflected and refracted at multiple interfaces. If the interfaces are periodic in nature, the 

combined effect can be tuned, such as light constructively or destructively interferes and reflects 

certain wavelengths. This behavior is embodied by the Bragg grating equation: 

𝜆𝐵 = 2 ∗ 𝑛𝑒𝑓𝑓 ∗ 𝛬 

In fibers, the most common way to fabricate gratings is with the use of a germanium-doped silica 

fiber core. This core is photosensitive; hence, the index can be varied by UV irradiation. For on-

chip devices, one of the techniques to create periodically varying index is by varying the width of 

the waveguide. Varying width creates a varying effective index of the section, which can be 

periodically arranged to tune the reflected Bragg wavelength and width of the filter. For high index 

contrast, the reflected band can be very large, which is very useful for fabricating broad bandpass 

filters[86]. However, to filter narrow wavelengths, this approach cannot be used. One common way 

to fabricate very narrow transmission filters is by introducing a quarter-wave phase shift within 

the grating by the addition of a single defect of length equal to the pitch of the grating[87],[88]. The 
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phase shift results in destructive interference in the reflection spectrum, which can be tuned to 

have narrow linewidths. This is known as a phase-shifted Bragg grating. Phase shifted Bragg 

gratings have been used extensively for integrated photonics applications[87], wherever there is a 

need to precisely tune the wavelength of operation, such as lasers, thermo-optic sensors, etc. The 

precise tuning of the wavelength can be achieved by controlling the thermo-optic properties of the 

material. We have used PSBGs in this work to determine the thermo-optic behavior of the polymer. 

The sections below explain the design, fabrication, and characterization of the gratings, along with 

the thermo-optic measurement.  

3.1.2. Design of PSBG 

Bragg gratings have been integrated with planar single-mode waveguides using CHIPs as 

the core material platform. The index modulation in the grating comes from the corrugation of the 

width of the waveguide[88]. The corrugation is defined by w ± Δw, where w is the width of the 

waveguide and Δw is the variation in the width in the grating region of the waveguide. We also 

vary the grating periodicity to study the grating response to the linewidth of the Bragg peak. To 

analyze the grating response, we modeled the single-mode conditions using Lumerical MODE 

software. Finite difference eigenmode (FDE) and eigenmode expansion (EME) solvers are used to 

obtain the waveguide modal properties and grating response, respectively. We initially modeled 

the waveguide cross-section with width, w = 1.5m, and height, h = 0.45m. The refractive index 

of the core material is 1.74 at 1550nm as measured using the Metricon prism coupling 

instrument[89]. Silica is used as the bottom cladding, n = 1.444 at 1550nm, and the air is used as 

top cladding, n = 1. The above conditions give us a single-mode waveguide, with an effective 

refractive index for the fundamental transverse electric (TE) mode given by Neff = 1.471.  Using 

the effective index, we can calculate the grating period using the Bragg equation above. The 
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grating region comprises two grating sections with widths equal to w + Δw and w – Δw, with each 

section having effective indices neff1 and neff2, respectively, and periodicity, N. Due to the large 

index contrast, a broad reflection spectrum is expected. We desire a peak in the output transmission 

spectrum lying in the reflection region with narrow linewidth and high transmission, which can be 

accomplished by adding a quarter-wave phase shift in the center of the grating. The phase shift is 

achieved by adding an extra section in the center with a length equal to a single period Λ and width 

w + Δw. The total length of the grating region is (2N+1)*Λ. Figure 13 shows the structure of the 

PSBG, along with the transmission spectrum for various values of N.  

 

Figure 13. Schematic of the PSBG with simulated transmission spectrum for Δw = 100nm and Δw = 250nm with 

varying N. 
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3.1.3. Fabrication of gratings 

The gratings were fabricated using similar steps as described in Section 3.4.1. The devices 

were fabricated on silicon wafers with a thermally evaporated 6μm thick silicon dioxide (SiO2) 

cladding layer. The thickness of the SiO2 layer is sufficient to isolate the guided light from the 

high-index silicon. The substrate is cleaned with acetone/isopropyl alcohol (IPA) followed by 

2mins of oxygen plasma cleaning to remove any organic impurities. The CHIPs polymer is spin-

coated on top of the substrate and baked to yield a 450nm thick film. Preparation of CHIPs follows 

the same process as described in earlier publications. A layer of the e-beam resist maN2403 is 

spin-coated on top of the polymer film to yield a 250nm thick film. The grating pattern is then 

exposed on the sample using the Elionix EBL system with an optimized dose of 450μC/cm2. After 

exposure, the sample is developed in resist developer, maD525, for 45-60secs. Finally, the device 

is dry-etched using the Plasmatherm reactive ion etcher (RIE) tool to transfer the pattern to the 

CHIPs layer. The etching recipe has been optimized for CHIPs to yield low etch roughness and 

minimal sidewall scattering losses. The resulting grating structure is shown in Figure 14 below.  

 

Figure 14. SEM images of the fabricated PSBG. 
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3.1.4. Optical characterization of gratings 

For grating optical characterization, we used a superluminescent diode (SLD) source from 

Inphenix, Inc., which has broadband transmission from 1460 to 1560nm, as shown in Figure 15b. 

The input light is launched using SMF28 optical fiber and is coupled into the waveguide via end-

fire coupling. Polarization paddles are attached to the input to adjust the polarization during 

characterization. The polarization is set to TE to attain maximum lateral confinement of the optical 

mode in the waveguide. Based on the simulation of the waveguide cross-section, a confinement 

factor is estimated to be 0.62, while the effective index is 1.471 and the group index is 1.717 for 

the fundamental TE mode. The output light is collected by another SMF28 fiber well-aligned to 

attain maximum coupling. The characterization setup is shown in Figure 15a, along with the 

waveguide mode in the inset. The waveguide's total fiber-to-fiber insertion loss away from the 

Bragg region is 15 ± 2 dB. As the waveguide width corrugation increases from 100nm to 250nm, 

the insertion loss also decreases by 5dB. Waveguide gratings with varying corrugation widths and 

grating periods were sequentially characterized, and the output spectrum was monitored using 

Yokogawa AQ6321B optical spectrum analyzer (OSA). We observed that for the waveguide with 

Δw = 0.1μm, the Bragg peak sharpened and strengthened as the number of grating periods 

increased from 200 to 400. The peaks were further strengthened for the waveguide with Δw = 

0.25μm for 200 and 300-period gratings. For the device with Δw = 0.25μm and N = 300, 

corresponding to the total grating length of 312μm, the central phase-shifted Bragg peak has a full 

width half maximum (FWHM) of 0.4nm and reflection bandwidth of 10nm. The characterization 

results are summarized in Figures 15c and 15d. 
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Figure 15. Summary of the optical characterization of fabricated PSBGs 

3.1.5. Thermo-optic coefficient measurement 

After the optical characterization of PSBGs, the temperature-dependent position of the Bragg peak 

is measured. The sample is kept on a copper thermal stage that was made using water-cooled 

heatsinks. A thermoelectric cooler (TEC) controls the temperature of the device stage underneath 

the sample stage, which is controlled by the Arroyo TEC controller. The stage temperature is 

monitored using a Texas Instruments temperature sensor, which sends a feedback signal to the 

Arroyo controller and helps to maintain a stable temperature. The water-cooling system rapidly 

cools the stage while minimizing any vibrations, which is essential for fiber-to-fiber end-fire 

coupling. The sample is fixed on the sample stage with the help of thermally conductive tape, and 

the input and output fibers are aligned to the end facet of the waveguide until the maximum 

coupling is achieved. After the initial alignment, the output spectrum is monitored using the 

Yokogawa OSA, and the location of the central Bragg peak is extracted from the output spectrum. 

The sample is ramped down from room temperature to 20⁰C in steps of 5⁰C/min. The system is 
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stabilized at the set temperature for each data point, and the corresponding Bragg peak is recorded. 

The sample is then slowly heated from 20⁰C to 90⁰C in steps of 5⁰C/min. As the temperature of 

the stage was increased, the output power was also monitored using a power meter. The output 

power remained within ±2 dB while the temperature was varied. Figure 16 below shows the results 

of the thermal characterization. 

 

Figure 16. (a) Grating transmission for three different temperatures; (b) location of central Bragg peak vs. 

temperature. 

3.1.6. Results & Analysis 

As seen in Figure 16b, the Bragg peak shifts linearly between the temperature range of 5C 

to 40C with a constant slope and shifts linearly again between 40C to 95C with a different slope. 

As the Bragg peak is primarily dependent on the effective index of the waveguide and the grating 

pitch, we can analyze the thermal shift of the Bragg peak by considering the thermo-optic effect 

and thermal expansion of the grating dimensions. Analyzing and separating the impact of both will 

provide an accurate thermo-optic coefficient (TOC) for the polymer. The waveguide device 

consists of a silicon substrate, silica bottom cladding, CHIPs core, and no top cladding. For the 

extraction of TOC, we need to first separate the wavelength shift due to a change in the effective 

index from that due to the thermal expansion of materials. Silicon and silica both have very low 
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coefficients of thermal expansion (CTE)[90]; hence their expansion will not have any effect on the 

Bragg peak. As the polymer is constrained by the silicon substrate, only polymer expansion out of 

the plane is possible, so for this discussion, we ignore it. We consider the Bragg peak shift to be 

principally due to the thermo-optic change in the refractive index of the core (CHIPs) and cladding 

(SiO2) materials. This can be estimated by first calculating the temperature dependence of the 

Bragg peak. Figure 16b plots the Bragg peak wavelength vs. temperature with the data is fit to a 

line, and we can extract dB/dT from the fit parameters. Using the Bragg equation and the designed 

grating period, we can also calculate the derivative of the effective index, dneff/dT. While it is not 

straightforward to extract the TOC of CHIPs from the effective index sensitivity, we can provide 

an estimate. In order to do the calculation, we need to first simulate the waveguide cross-section 

using an eigenmode solver and obtain an effective index that accurately matches the 

experimentally measured effective index. Next, using the experimental value of the effective index 

and the TOC for silica obtained from the literature, we can calculate the required refractive index 

of CHIPs in order to match the experimentally measured effective index. Repeating these 

calculations at all temperature measurement points, we can get the change in refractive index vs. 

temperature. Linearly fitting this data, we can calculate the TOC of the optical polymer. The 

accuracy of this method depends on the simulation accuracy; hence, it is important to do a mesh 

refinement and convergence study of the eigenmode solution. We used Fimmwave to make the 

calculations. Following the procedure described above, the TOC of the polymer is found to be -

7.8*10-5 /⁰C between 20⁰C to 40⁰C and -1.4*10-4 /⁰C between 40⁰C to 95⁰C. The inflection point 

can be taken to be an estimate of the Tg of the polymer since the thermo-optic effect in polymers 

derives largely from temperature-dependent volume changes. Sulfur-based polymers have been 

reported to have dynamic covalent reconfiguration[91], making it difficult to get an accurate 
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measurement for Tg using traditional methods such as DSC. The Bragg grating technique can be 

used in such situations to precisely determine the Tg of the polymer. Furthermore, for novel 

polymers where it may be difficult to etch gratings, gratings can be made by making trench molds 

in the silica bottom cladding followed by spin coating of the polymer. These buried channel 

waveguides will have the advantage of using well-established fabrication processing for silica 

while maintaining a similar level of measurement accuracy. We suggest this method as a simple 

and robust technique to make precise thermo-optic measurements of novel optical polymers. In 

the future, we will demonstrate a study for a wider range of materials with compelling optical 

properties. 

3.2. CHIPs BASED MICROLENS ARRAYS FOR LONGWAVE 

INFRARED IMAGING 

Microlens arrays are common optical elements used in imaging applications[92]-[95]. They 

are comprised of a one-dimensional or two-dimensional array of lenslets arranged in a particular 

order where the pitch and diameter of the lenses are on the order of a few hundred micrometers, 

depending on the wavelength of operation. One common use of microlens arrays is in combination 

with image sensors, where the microlens arrays maximize the light collection efficiency and focus 

it onto the image sensors, hence improving the performance of optical sensors[96]. Other 

applications of microlens arrays include Shack-Hartmann wavefront sensors[97]-[99], collimators for 

vertical-cavity surface-emitting laser (VCSEL)[100]-[103], fiber array collimators[104],[105], plenoptic 

cameras[106]-[108], etc. In general, these elements need to have high optical transparency, low cost, 

and ease of fabrication. For visible and SWIR applications, the most common materials of choice 

are fused silica and optical polymers. The lenslets can be made by molding, laser material 

processing, or polishing; molding being the most common method due to the relatively high speed 

and low cost of manufacturing with high yields. Optical polymers satisfy almost all of these 
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requirements and hence are widely used for the fabrication of microlens arrays for numerous 

commercial applications.  

While most of these commercial applications are in the visible and SWIR regime, recently, 

there have been newer applications emerginfg in the MWIR and LWIR regions. One such 

application is in the growth of thermal imaging camera sensors[109]-[110]. The availability of 

inexpensive thermal cameras remain limited primarily due to the high cost of materials used to 

manufacture camera elements, such as lenses. There are only a handful of materials that are 

transparent to MWIR and LWIR light. Most of these materials, such as germanium, chalcogenide 

glasses (As2S3), zinc selenide (ZnSe), are very expensive, toxic, and difficult to process. In 

particular, the lack of moldability and high-temperature sensitivity are detrimental for imaging 

applications and for the fabrication of microlens arrays for the infrared regime. Availability of 

optical polymers which are transparent at these wavelengths can greatly reduce the cost of the 

elements and, in turn, the overall cost of the cameras.  

A new family of CHIPs based optical materials were designed and synthesized by infrared 

fingerprint engineering with the help of computational chemistry to have enhanced transmission 

in LWIR[111]. The new chalcogenide hybrid polymers were created by replacing the 1,3-DIB 

molecule from the p(S-r-DIB) polymers with a dimer of 2,5-norbornadiene (NBD2) and reacting 

with sulfur radicals. This new polymer, referred to as poly(S-r-NBD2), or SNBD2, are thermosets 

with greatly improved thermal, mechanical, and LWIR transparency properties. SNBD2 shares 

many of the useful properties of traditional optical polymers, such as moldability and low cost, 

while also having favorable optical properties such as high refractive index, and low-temperature 

sensitivity[111]. 
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In the sections below, we will describe our efforts in fabricating microlens arrays using 

SNBD2 polymer, characterization of the fabricated lenses, and the optical imaging done using 

these lenses in LWIR. This work is the first of its kind where an optical polymer transparent in 

LWIR was molded to fabricate microlens, and thermal imaging was successfully done. 

3.2.1. Microfabrication process flow 

The microlens arrays were fabricated using the thermal reflow technique, inspired by the work 

of Farhan Badar[112]. It is a low-cost and repeatable process that requires very few steps to achieve 

a smooth, concave surface. The general process flow, as is shown in Figure 17, requires 

photolithographically transferring patterns on a photoresist, followed by applying elevated 

temperature to the polymer near the glass transition temperature (Tg), which allows the cylindrical 

patterns to reflow and achieve a hemispherical shape due to surface tension. The shape of the 

patterns and the degree of roughness can be controlled by optimizing the temperature as well as 

the reflow time. The patterns can then be used as masters for replication by depositing PDMS over 

microlenses and second replication by depositing SNBD2 over the PDMS molds. By controlling 

the replication process properly, the SNBD2 microlens array will have the same profile and 

smoothness as the original master made using the photoresist. The list below explains the process 

flow in detail: 

1. Substrate preparation: For purposes of optical lithography, we need an extremely flat 

surface on which the photoresist can be spin-coated uniformly. Either glass or silicon can 

be used as a substrate. These experiments were done using microscope glass slides as they 

are quite inexpensive. The glass slides were subsequently rinsed with acetone, IPA and 

dried using a nitrogen gun. It was then left on a hotplate set to 110ºC for 5mins to drive off 

any excess moisture. 
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2. Adhesion promotion: To ensure that the resist sticks to the surface, the substrate was 

cleaned with oxygen and plasma for 5mins to eliminate organic impurities and activate the 

surface. This was followed by vapor phase deposition of HMDS at 95ºC for 5mins on the 

glass slides. 

3. Spin coating: AZ9260 photoresist was chosen for photolithography because of its excellent 

resolution and its ability to achieve 10-20µm thick films, which was ideal for our purposes. 

AZ9260 was spin-coated on the HMDS treated glass slides at 1300rpm for 30secs, which 

resulted in a 16µm thick resist layer on the glass.  

4. Soft bake: After spin coating, the sample was placed on a hotplate at 95ºC for 25mins to 

semi-harden the resist layer and get rid of any remaining solvent in the film. 

5. Rehydration: Following the long soft-bake step, the resulting resist layer needs a 

rehydration step to diffuse water for the photochemistry of the resist to work. This is a 

crucial step to ensure repeatable exposure and development of the resist, resulting in 

achieving good pattern fidelity. The samples are left in a high humidity chamber for 15-20 

mins to let sufficient water molecules diffuse into the photoresist film. 

6. Ultraviolet exposure: These photoresists are engineered to work for certain UV light 

wavelengths. We have used the Heidelberg MLA 150, which is a maskless lithography tool 

with a 365nm wavelength laser driven by digital micromirror devices (DMDs) as our 

exposure system. The patterns to be replicated are made using CAD software which is fed 

to the machine. Our pattern consisted of various circles with radii of 25µm up to 250µm 

separated by 200µm spacing, as well as a 10×10 array of squares with 40µm edges 

separated by 10µm spacing and a 10×10 array of squares with 15µm edges separated by 

5µm spacing. It is important to leave space in between the squares of the array as the 
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patterns are expected to spread during reflow. The exposure intensity needs to be 

optimized, and the optimum energy was observed to be 700mJ/cm2 in this case for a 16µm 

film.  

7. Development: AZ9260 is a positive photoresist which means the areas which were 

irradiated with UV light will be washed away while the unexposed regions will stay on the 

film when immersed in a solvent. AZ400K (1:2 dilution) was used as the developer. The 

exposed films were immersed for 2 mins, followed by rinsing with DI water and N2 drying. 

This process gives us the required features patterned on the resist. The circles are 

essentially cylinders with a radius of 25µm to 250µm and 16µm thickness. The arrays are 

square pegs of the same edge length as mentioned above and 16µm thick. 

8. Thermal reflow: This critical step defines the hemispherical shape of the patterns. As the 

resist is treated to a temperature close to Tg, the film softens and has reduced viscosity. 

Since the volume of the cylinders cannot change, the patterns undergo a shape 

transformation from cylindrical to spherical. Mathematically, the radius of curvature, as 

well as the focal length of the spherical lenses, can be calculated for a given film thickness 

and radius. The patterned resist was finally heated at 150C for 45mins on a hotplate to 

achieve a smooth, uniform spherical shape.  

9. PDMS replication: The patterned resist is used as a master from which a negative replica 

of the microlens is made. The glass slide with the photoresist pattern is placed in a petri 

dish and is covered by a mixture of polydimethylsiloxane (PDMS). PDMS is allowed to 

cure slowly at room temperature overnight. This prevents any stress buildup in the thick 

PDMS pattern. The PDMS stamps can now be separated and used for molding the polymer 

microlens. 
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10. Polymer molding: The PDMS stamps are placed on a flat surface. p(S-r-NBD2) is 

synthesized using the steps described in the literature. The pre-polymer mixture still in 

liquid form is poured directly on top of a substrate and stamped using the PDMS stamps. 

The stamped pattern is now allowed to cure in a preheated oven until the reaction is 

completed and the polymer hardens. The process of fabricating the S-NBD2 based 

microlens is now completed. The fabricated structures are shown in Figure 18. 

 

Figure 17. (a) Photolithography of AZ9260 to pattern the features (b) thermal reflow step to obtain the required 

spherical shape (c) replication of lenses by PDMS deposition (d) separated PDMS mold (e) deposition to S-NBD2 to 

cover the mold (f) S-NBD2 convex lens 

The arrays and spherical lenses fabricated are then inspected using a white light 

interferometer, profilometer, and SEM to investigate the shape of the features and robustness of 
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the process. Figure 18 below shows the SEM and microscope images of the fabricated photoresist 

patterns and microlenses. 

 

 

Figure 18. (a)-(d) SEM images of the fabricated microlenses. (e)-(f) microscope images of the lenslets 
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3.2.2. LWIR imaging results & discussions 

To characterize the microlens, we arrange a basic imaging setup where a source is imaged 

through the microlens, and the focused light is incident on the FLIR Lepton microbolometer focal 

plane array (FPA)[113]. The pitch of the microbolometer sensor array matches the pitch of the 

microlens array, and hence multiple image copies of the source object are created and imaged by 

the FLIR sensor. The captured image is acquired by the associated software and saved on a USB-

connected computer. The imaging setup is shown below in Figure 19. The sensor needs to be 

placed at a distance equal to the focal length of the lenslets to capture the best images; however, 

this was not possible due to the protruding rim of the sensor unit. As seen in Figure 19, the lens is 

brought close to the sensor and touches the outside rim. This is due to the small focal length of the 

microlens, which can be improved in future iterations by further optimizing the lenslets curvature 

and thickness. We use a soldering iron as the source in this imaging setup. The iron can reach high 

temperatures up to 380ºC and is a pointed object that aids in focusing by adjusting the lateral 

position of the lenslets with respect to the FLIR bolometer. The obtained images are shown in 

Figures 19c and 19d. This is the first time that a polymer-based microlens was used to image in 

LWIR. The experiments clearly demonstrate the feasibility of this technology. With future 

iterations, we expect to be able to image at lower temperatures (room temp, 300ºK) and fabricate 

improved microlens arrays with better optical properties. Also, with further study of infrared 

fingerprints and molecular designs, we expect a future version of the polymer to have even higher 

LWIR transparency and higher refractive indices as well. The promise offered by this technology 

has future applications which can help in commercializing thermal cameras at a much larger scale 

and potentially making them mass manufacturable available at much lower costs.  
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Figure 19. (a)-(b) Imaging setup used to characterize S-NBD2 microlens (c)-(d) first ever images of soldering iron 

as imaged by S-NBD2 microlens and FLIR Lepton microbolometer 

 

3.3. CONCLUSIONS 

In this chapter, we discussed the thermo-optic properties of the CHIPs which was measured 

using an innovative precise, optical technique. The devices were fabricated using similar thin film 

processing techniques as discussed in chapter 2. The device meurement revealed a novel optical 

technique for measuring the glass transition temperature (Tg) of a polymer. In the second half, we 

discussed the fabrication of SNBD2 based microlens and the imaging studies in LWIR performed 

using these lenses.  
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CHAPTER 4 

REFRACTIVE INDEX CONTRAST POLYMERS BASED 

OPTICAL INTERCONNECTS 

 

4.1. INTRODUCTION 

Silicon photonics play a key role in today’s interconnected society. The communication 

network, including television, internet, phone services, all require the use of optical transceivers. 

These transceivers enable optical signaling with high bandwidth and minimal loss. With an ever-

increasing demand for faster communication, there is a growing need for higher density and lower 

power photonic transceivers. While many of the components in a densely packed, fully integrated 

photonic module, such as lasers, modulators, detectors, switches, filters, etc., has been 

demonstrated[115], one of the key remaining bottlenecks is optical packaging which will allow for 

high density, convenient, and efficient optical interconnection between multifunctional photonic 

circuit modules, comprising of silicon photonic chips and optically printed circuit boards (OPCB). 

Among the proposed solutions, two of them are currently being used commercially. The first 

technology is optical fiber arrays[116] which comprise a 1-dimensional array of optical fibers which 

are packaged in a housing consisting of v-grooves upon which the fiber is resting. The housing 

and the fibers are protected using epoxy, and the ends of the fibers are exposed such that the light 

can be coupled in and out of the fibers and the photonic chip using edge coupled or grating coupled 

structures patterned on the chip. However, this approach has major disadvantages, such as lack of 

scalability and large size mismatch limiting the packing density of on-chip devices. The other 

approach which has recently been gaining attention is photonic wire bonds, developed by Christian 

Koos et al. at KIT, Germany[117]. In this method, first, the wafers are spin-coated and covered with 

an optical polymer. Then, using a special instrument developed by the researchers, photonic 
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“wires” are printed using 2D photopolymerization. The wires have dimensions in the order of a 

few microns. The area exposed by the UV light hardens and creates the conduit for the light to 

travel. The remaining unexposed polymer is then removed by solvent washing, followed by spin 

coating of a lower index cladding material. While this method has the advantage of being much 

smaller compared to optical fiber arrays, addressing the density problem, it still suffers from the 

issue of scalability. Also, the solvent washing step and subsequent film coating are not always 

feasible for highly complex circuits and associated electronics. In addition, the associated 

machinery required to fabricate the wire bonds is expensive and requires highly trained personnel. 

Thus, to address the optical packaging bottleneck, we sought to develop optical polymers which 

can offer practical, low-cost, high-yield, and scalable solutions. In our recent work, we have 

demonstrated the successful development of novel polymer-based optical interconnects[118].  

 With extensive efforts in polymer science, we have developed a new class of photonic 

polymers, termed refractive index contrast (RIC) polymers[119]. These polymers enable in-situ 

modulation of the refractive index of spin-coated thin films in a completely dry process requiring 

only the use of standard photolithography tools and subsequent heating at moderately high 

temperatures. Using this approach allows for the precise spatial definition of waveguiding media 

since the core region of the waveguide is defined optically post-attachment on top of the transition 

region. This maintains the structural strength of the film and also avoids any scattering loss induced 

by fabrication roughness. A streamlined fabrication process via photolithographic writing into this 

polymeric medium was achieved, where large n regions were photopatterned to create low loss 

polymeric waveguides operating at 1310 and 1550 nm. RIC polymers were inspired by positive 

photoresists, except that photo exposure in the presence of a photoacid generator creates regions 

of refractive index contrast instead of solubility changes. Hence, this new material is ideally suited 
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as a novel optical interconnect media as both the global RI of the RIC polymer and n can be 

precisely tuned by copolymerization methods to index match device requirements over the wide 

range of n = 1.42 to 1.56.  RIC polymer interconnects thus have the ability to access numerous 

photonic platforms, including silicon photonic chips, IOX glass optical substrates, and optical fiber 

arrays through a novel process that we term "SmartPrint," as shown in Figure 20.  SmartPrint 

allows for rapid dry film lithographic fabrication of single-mode optical interconnects between 

individual silicon photonics chips or between chips and an underlying OPCB using maskless 

lithography systems.   

Herein, we describe a dramatically new approach to optical interconnects using 

photoresponsive fluorinated RIC polymeric materials with low optical propagation loss. In recent 

experiments, we chose to use RIC polymers as on-chip interconnects for waveguide arrays on IOX 

glass substrates to demonstrate the versatility of these materials to both tune RI and index contrast 

to enable adiabatic coupling to these prefabricated device components. To further this 

demonstration, we fabricated a flexible, directly patterned single-mode optical interconnect based 

on RIC polymers, which efficiently carries light between two IOX glass waveguide arrays on 

spatially separated glass substrates. We will discuss the manufacturing potential of this approach 

by directly fabricating waveguiding interconnects with excellent spatial control via maskless 

photolithography.  The vertical adiabatic coupling was enabled by using an exclusive gray-scale 

index taper, which is facilitated by the unique capabilities offered by RIC polymers. This chapter 

will highlight the versatility of the RIC polymeric media for optical packaging applications. 
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Figure 20. Schematic of the "SmartPrint" process envisioned for homo/hetero connections (a) IOX to IOX 

coupling(b) SiP chip to OPCB coupling 

 

 

 

 

(a) 

(b) 
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4.2. MATERIALS, COMPONENTS, AND DESIGN 

4.2.1. Materials Synthesis 

We have developed a new class of optical polymers, termed refractive index contrast (RIC) 

polymers, in which the RI of the material can be photopatterned by UV exposure in the presence 

of a photoacid generator (PAG). RIC materials are essentially photoresist-based polymers; 

however, after photo-exposure of selected regions of spin-coated thin films, spatially defined 

regions of higher RI and RI contrast can be directly fabricated for optical waveguiding in the dry 

film, which is a significant advance in comparison to state-of-the-art that generally relies on the 

use of various wet or dry etching steps.  We previously demonstrated with homopolymers of 

vinylthiophenol t-BOC protected monomer (SBOC) and polySBOC (n = 1.5427) that upon 

photoinduced deprotection poly(vinylthiophenol) provided an increase in RI (n = 1.5830; see 

Figure 21b[119].  However, for use as a spin-on optical interconnect, there is a need to tune the base 

RI of the RIC polymeric material to tailor optical coupling to specific waveguide platforms, such 

as IOX.  An attractive feature of this system is the ability to tune the base RI of the material via 

copolymerization of the styrenic SBOC monomer with other vinylic (meth)acrylate comonomers.  

In this case, we demonstrate the ability to lower the base RI of the RIC polymeric material via 

copolymerization of SBOC with 2,2,2-trifluoroethyl methacrylate, enabling tuning of the RI within 

the RI window of n = 1.42 to 1.56, since these are the RI values of the poly(TFEA) and 

poly(SBOC) homopolymer, respectively (Figure 21a).  To enable the application of these 

fluorinated RIC copolymers as optical interconnects for IOX waveguides, the RI of the base, 

deprotected copolymer of poly(SBOC-random-TFEA), which we call poly(F-SBOC), was 

targeted to be n ≤ 1.48 prior to photolithography.  These copolymers were readily prepared via the 
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free radical polymerization of SBOC and TFEA using reversible addition-fragmentation chain 

transfer (RAFT) polymerization agents, which afforded soluble, solution-processable copolymers.  

 

Figure 21. (a) Synthetic scheme of F-SBOC polymer used in this work; (b) synthetic scheme for SBOC polymer described in 

previous work. 

In a typical run, two compositions of poly(F-SBOC) are prepared with either 50 or 30 mol% SBOC 

feed ratios relative to 2,2,2-trifluoroethyl methacrylate, where an overall degree of polymerization 

of 200 was targeted. The experimental procedure for a 50 mol% loading of SBOC was as follows: 

a 25mL Schlenk flask equipped with a magnetic stir bar was charged with SBOC (6.25g, 

26.50mmol) and 2,2,2-trifluoroethyl methacrylate (3.77mL, 26.50mmol). Separately, in a 20mL 

vial, the RAFT chain transfer agent (CTA) 2-cyano-2-propyl dodecyl trithiocarbonate (36.55mg, 

0.1059mmol) and 2,2’-azobis(2-methylpropionitrile) (8.7mg, 0.0530mmol) were dissolved in 

toluene (8.5mL) then added to the Schlenk flask. The flask was sealed with a rubber septum, and 

the solution was degassed by bubbling argon gas through the mixture for 10 minutes. The reaction 
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vessel was placed in a 70°C thermostatted oil bath, and this temperature was maintained with 

stirring for 24 hours. The reaction was quenched by exposure to air and diluted with chloroform 

after an aliquot had been removed to calculate the conversion. The poly(F-SBOC) was precipitated 

by addition to a large excess of chilled methanol, and the off-white/yellow powder was collected 

via vacuum filtration and dried under vacuum; this general procedure was used to synthesize the 

various compositions investigated. The copolymer with a 30 mol% feed ratio of SBOC was found 

to have a molecular weight of Mn = 54,788g/mol, Mw/Mn = 1.917, and a refractive index of n = 

1.4769 at 1310nm. The copolymer with a 50 wt% feed ratio of SBOC was found to have a 

molecular weight of Mn = 64,930 g/mol, Mw/Mn = 1.627, and a n = 1.5033 at 1310nm. In a clean 

room, the dried poly(F-SBOC) was dissolved in a 1:9 mixture of 1,1,1,3,3,3-hexafluoro-2-

propanol: propylene glycol monomethyl ether acetate to afford a 40 wt/v% solution. To this 

solution was added the photoacid generator (4-phenylthiophenyl)diphenylsulfonium triflate at 5 

wt/wt% relative to the amount of poly(F-SBOC). This procedure was repeated for the poly(F-

SBOC) prepared with a lower mol% of SBOC units and a solution in 1,1,1,3,3,3-hexafluoro-2-

propanol/propylene glycol monomethyl ether acetate prepared with the same relative loading of 

photoacid generator. The solutions were titrated together until the desired refractive index was 

achieved.  

4.2.2. IOX Waveguide Substrate: Fabrication and Properties 

The fabrication of ion-exchange optical waveguides in 150mm alkali containing 

aluminosilicate glass wafers was accomplished by performing multiple processing steps, including 

lithography, primary silver ion exchange, fiducial protection, mask removal, and secondary ion 

exchange. The singulation of the glass substrate was achieved using Corning’s ultrafast laser 

nanoPerforation cutting process[120]. The cross-sectional view of an IOX waveguide substrate is 
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shown in Figure 22. The glass thickness for this experiment is 0.7mm, and the refractive index of 

the base glass is 1.4808 at a wavelength of 1310nm. The waveguide index contrast is ~0.0047, and 

the waveguide is located directly underneath the glass surface. After singulation, the IOX 

waveguide substrates have a size of 2.5cm × 2.4cm, each containing 32 waveguides that are single-

mode at 1310nm. Each chip is separated into two waveguide groups, each containing 16 

waveguides spaced 250 m apart center-to-center.   The insertion loss at 1310nm wavelength of 

22 waveguide arrays (~ 350 waveguides) was evaluated, with a mean fiber-to-fiber insertion loss 

of 0.89dB ± 0.13dB, which includes fiber coupling loss at both end-faces and waveguide 

propagation loss for a length of 2.5cm.  

 

Figure 22. (Left) A waveguide array with 250 µm spacing is located below the top surface of the glass. (right) 

Refractive near field measured refractive index cross-section of IOX glass waveguide. 

4.2.3. Polymer optical interconnects: Key components and design 

Optical waveguide: Single-mode optical waveguides are the most critical component of 

the interconnect design. The width of the core region and the thickness of the polymer film is 

chosen such that the device dimensions are easily manufacturable using standard photolithography 

tools. Additionally, for the flexible film experiment, the core region was to be exposed through the 

carrier film. This limits the minimum achievable width of the waveguide depending on the 
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confocal depth of the lithography instrument. To ensure effective vertical coupling of light in and 

out of the IOX waveguide to FSBoC waveguide required the effective index of the polymer 

waveguide to vary between the index of the IOX cladding and the maximum index contrast 

achieved in the IOX core region. When the light is propagating in the IOX waveguide, the effective 

index of the IOX waveguide needs to be higher than the index of the polymer cladding. Similarly, 

when the light is propagating in the polymer waveguide, the effective index of the polymer 

waveguide needs to be higher than the index of the IOX core region. Thus, the index of the FSBoC 

region requires tight control to fall between these constraints. By tuning the material properties, 

the refractive index of the polymer cladding region was kept below the refractive index of the IOX 

cladding region, nclad<1.4808, while the fully exposed core of the polymer had a refractive index 

greater than the IOX core, ncore > 1.4855. The final index values obtained for FSBoC film was nclad 

= 1.479 and ncore = 1.491 at 1310nm wavelength. A nominal film thickness of 4µm was used. 

Considering the dimensional constraints for manufacturability of the device, film strength, and 

index range, the single-mode condition of FSBoC waveguides was determined using Fimmwave 

mode solver software. The required width of the waveguides needed to be 4µm or less to afford 

single-mode guiding. Figure 23 below shows the mode cross-section of the FSBoC waveguide 

sitting on top of (a) carrier Tefzel film (b) IOX cladding (c) IOX waveguide.  

 

Figure 23. Mode distribution (a) FSBoC WG on Tefzel (b) IOX WG on unexposed FSBoC (c) FSBoC WG on IOX WG 
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S-bend: The polymer interconnect was designed to couple light out of an IOX waveguide 

on one chip and then couple the light to an IOX waveguide on the second chip. A typical single 

IOX chip contains 32 identical waveguides arranged in two arrays of 16 each. The waveguides are 

spaced 250µm apart. For the demonstration, we diced the sample (2.5cm  2.5cm) in half 

vertically, such that both the samples still have 32 waveguides with 1.25cm length. To avoid any 

direct coupling between the two chips, the output IOX waveguide was chosen to be 250µm spaced 

apart from the first waveguide. In addition, there was an angular misalignment introduced between 

the two glass substrates when placing them on a carrier wafer. To effectively couple the light from 

the first chip to the second, a sinusoidal S-bend was designed and patterned onto the polymer layer. 

The orientation and spatial offset between the two substrates were determined using fiducial 

markings on either end of the chips to a tolerance of 0.5µm, using a 4-point alignment process 

with maskless aligner, Heidelberg MLA150. Based on the offsets, an appropriate S-bend was 

designed. The S-bend is 12mm in length and 250µm lateral offset. Figure 24 below shows a 

schematic of the chips and the shape of the S-bend structure.  

 

Figure 24. (a) Schematic of the designed optical interconnects with S-bends connecting the two IOX chips (b) 

schematic of the optical characterization setup 
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Optical gray-scale taper: One of the unique capabilities of dry-film fabrication of  FSBoC 

integrated photonics is the possibility of optically tuning the refractive index of the exposed region 

by modulating the intensity of the incident light. We have used this benefit to realize an optical 

grayscale taper to adiabatically couple light in and out of the IOX waveguide and polymer 

waveguide. The taper region is split into 16 equal-sized areas of 125m sections for a total of 2mm 

taper length. The 16 sections approach was chosen to ensure maximum coupling efficiency and 

match the 8-bit grayscale feature of the lithography tool. The sections were exposed in linearly 

increasing intensity dosage. It was observed that the maximum index change was observed for 

2000mJ/cm2 at 375nm wavelength. The lowest dose taper section receives 50 mJ/cm2 with a linear 

increase of dose up to the maximum of 2000 mJ/cm2, resulting in a refractive index ranging from 

1.479 up to 1.491. The straight region and the S-bend region of the waveguide were exposed at the 

maximum intensity of 2000mJ/cm2. 

Design study of the optical interconnect: The final design of the interconnect comprises 

the three sections described above. We carried out the mode cross-section design of the waveguide 

using Fimmwave mode solver software. We studied the mode confinement of the IOX waveguides 

assuming a gradient index profile closely matching to that provided by Corning. The IOX 

waveguide has a base index of the cladding region equal to 1.4808 at 1310nm, while the maximum 

index of the core region is 1.4855. The gradient index profile allows for efficient light coupling 

between SMF28 fiber and the optical waveguide with 0.3dB per facet coupling loss. As per the 

confidentiality agreement with Corning, we choose not to disclose the complete index information 

in this dissertation.  For the simulation, we used the unexposed region of FSBoC as the top 

cladding. The mode profile of the waveguide is shown below. Secondly, we studied the mode 

profile of the polymer waveguide across different transition regions. When the FSBoC layer is 
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fully exposed, the effective index of the polymer waveguide is higher than the corresponding index 

of the IOX waveguide; hence, the majority of the light is confined into the polymer waveguide 

core. Figure 25 below shows the field distribution of the light that is confined in the fully exposed 

polymer waveguide core sitting on top of the IOX waveguide. For the middle of the taper region, 

the light is confined as a super-mode between the two layers, as shown in Figure 25 below. 

 

Figure 25(a) Mode confined in fully exposed FSBoC on IOX WG (b) combined mode between FSBoC and IOX WG in between the 

taper 

Next, we modeled the complete system of both IOX chips, polymer S-bend, and grayscale 

taper to estimate the coupling loss for the structure. The simulations were performed using 

Optiwave OptiBPM software. Using OptiBPM allowed us to simulate much larger structures 

compared to what is possible using traditional eigenmode or FDTD solvers. However, the IOX 

waveguide needed to be estimated using an equivalent step-index waveguide since the software 

does not allow a gradient index profile. The IOX step-index waveguide was simulated using 

Fimmwave to obtain the necessary dimensions of the waveguide. Knowing the index contrast 

between the core and cladding region and the effective index of the graded-index waveguide from 

Fimmwave, we swept the width and height of the core and cladding region to obtain an equivalent 

step-index waveguide with an equal effective index as the graded-index waveguide. The final 
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dimensions of the simulated IOX step waveguide were determined to be 5m  5m (W  H) with 

a core index of 1.4855 and cladding index of 1.4808, and an effective index of 1.4812. Two IOX 

WG spaced 250m are laid out on the chip. An identical IOX chip was laid out with a separation 

of 1.2mm to match the experimental conditions. The space between the two chips is assumed to 

be an air gap (n = 1). As mentioned in the sections above, the polymer waveguide had a 4m  

4m (W  H) dimension with a core index of 1.4907 and a cladding index of 1.4791. The S-bend 

had 12mm length and 4m width. The grayscale index taper was 2mm in length, with the index 

divided into eight regions with indices varying between 1.4791 and 1.4907. The index values were 

determined based on the data obtained from the Metricon prism coupler. The exact indices of the 

eight regions are summarized in Table 2 below. The wavelength of operation was selected to be 

1310nm. 

Table 2. Index values for the grayscale region with eight sections 

Grayscale section# Refractive Index@1310nm|1550nm 

0 (clad) 1.4791 | 1.4774 

1 1.4792 | 1.4775 

2 1.4793 | 1.4776 

3 1.4842 | 1.4826 

4 1.4891 | 1.4876 

5 1.4900 | 1.4884 

6 1.4909 | 1.4892 

7 1.4908 | 1.4891 

8 (core) 1.4907 | 1.4891 
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 The BPM simulation confirmed that the light indeed adiabatically coupled from the IOX 

waveguide into the polymer waveguide; traveling through the S-bend across the air gap, and 

coupling back into the second IOX waveguide on chip#2. The total insertion loss based on the 

simulation was approximately 4.5dB. This does not include the propagation loss in any of the 

waveguides, which was estimated to be roughly an additional 1dB loss. The total insertion loss of 

5-6dB is an encouraging result as it confirms the viability of the dry-film polymer interconnect 

system. Figure 26 below shows the optical field distribution in the optical interconnect. In the 

sections below, we will describe the fabrication steps and the results of the experimental 

demonstration. 

 

Figure 26. Optical field distribution of polymer interconnect device 

 

 

4.3. FABRICATION OF FSBOC OPTICAL INTERCONNECT 

Commercially available 50μm-thick flexible Tefzel ETFE (poly(ethylene-co-

tetrafluoroethylene)) film is selected to serve as the substrate and top cladding of the poly(F-
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SBOC) interconnect waveguides. The optically clear Tefzel film has a measured refractive index 

of 1.3926 at 1305nm and low absorption (<0.6 dB/cm), making it an excellent material for this 

application since the F-SBOC exposures are performed through the Tefzel film. To reduce any 

height (z-axis) dependence of the exposure process, in this work, two IOX chips with the same 

thickness and flatness were mounted on the same substrate. The maximum z-axis offset between 

the two IOX chips was measured to be less than 1μm. To demonstrate the feasibility of functional 

poly(F-SBOC) interconnect, we made a demonstration device using a poly(FSBOC) interconnect 

to transport light between pairs of misaligned waveguides on two separate IOX waveguide chips. 

The IOX waveguide base substrate, 0.7mm in thickness, has a refractive index of 1.4808 at 

1310nm. The IOX waveguides are located directly underneath the top glass surface with an index 

contrast of about 0.0047. A typical single IOX waveguide chip (2.5cm × 2.4cm) contains two 

250μm-pitch waveguide arrays. Each array has 16 identical waveguides that are single-mode at 

1310nm. Insertion loss at 1310nm of about 350 waveguides was evaluated, with a mean fiber-to-

fiber insertion loss of 0.89dB ± 0.13dB, which includes fiber coupling loss (estimated to be 0.31dB 

per interface) and waveguide propagation loss for a length of 2.5cm. For the demonstration device, 

a 16-waveguide array chip (2.5cm ×1.2cm) was diced into two equal halves at the middle length 

of the waveguides. The two diced chips (1.25cm × 1.2cm) were mounted on an underlying glass 

substrate with their diced facets (not polished) facing each other but separated by a 1.2mm-gap, as 

illustrated in Figure 26 (a), while the waveguide arrays on the separate chips were approximately 

aligned to be relatively collinear. The poly(F-SBOC) was coated on a Tefzel film to obtain a 4μm 

thick poly(F-SBOC) film. This assembly was bonded onto the two IOX waveguide chips with the 

poly(F-SBOC) in direct contact with the IOX glass surface, as shown in Figure 26. A combination 

of plasma treatment of the IOX surface and vapor phase deposition of the coupling agent 3-
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aminopropyltriethoxysilane (APTES) onto the poly(F-SBOC) surface prior to contact were used 

to establish a strong bond at the interface between the film and IOX waveguide chips. The IOX 

waveguide positions on the two chips were determined optically, to a tolerance of 0.5μm, using a 

maskless aligner (Heidelberg MLA 150) based on the on-chip alignment features. Accordingly, 

the necessary interconnect S-bend waveguide and taper patterns were computed based on offsets 

in both lateral positions, Δx, and angle, Δθ. 

 

Figure 27. (a) Image of the fabricated sample containing FSBoC on Tefzel film attached between two IOX chips (b) microscope 

image of FSBoC grayscale taper (c) microscope image of FSBoC S-bend written over the air gap between the two IOX chips 

Through a series of optimization experiments, the poly(F-SBOC) S-bends are designed to be 

12mm in projective length and 3μm in width, whereas the tapers are 2mm in length and 3μm in 

width. Figure 27 provides the layout of the demonstration device with an example polymer 
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interconnect, featuring an S-bend and two tapers, connecting paired waveguides on chip A and 

chip B, respectively. An array of 7 interconnects were in-situ written into the poly(F-SBOC) layer 

through the Tefzel film, spanning between the two separate IOX waveguide chips. The S-bend 

regions were patterned at the highest dosage to obtain the maximum index contrast. Finally, the 

device was baked on a hotplate at 70ºC for 15min to complete the fabrication process. We term 

this overall process of directly in-situ writing the interconnect for waveguides on separate chips as 

SmartPrint. 

4.4. OPTICAL CHARACTERIZATION 

The device was characterized using a fiber-to-fiber experimental setup with a Thorlabs 

DFB laser source centered at 1310nm. The light is injected from the laser to the sample using an 

SMF-28 optical fiber set up on a 6-axis Thorlabs fiber stage. The input light is coupled into the 

IOX chip, which has an optimized mode profile to minimize mode mismatch loss between the 

fiber and waveguide. To further reduce fresnel reflection loss between the fiber-glass interface, we 

use an index matching fluid (Cargille, n~1.46 at 1310nm). The output light is first collected using 

a 5X Thorlabs objective lens, which collimates the light and sends it to the infrared camera. Using 

a low-magnification lens allows us to view an area roughly 300µm wide using the camera. Thus, 

two waveguides on the output IOX chip which are directly opposite and adjacent to the input 

waveguide can be imaged at the same time. Looking at the image, it can be clearly seen that the 

output waveguide has a much brighter mode compared to the waveguide directly in front of the 

input waveguide (Figure 27 below). After the initial input alignment is completed, the lens at the 

output is replaced with another SMF-28 fiber which is connected to Newport optical power meter 

using a fiber-optic connector. The positions and orientation of the input and output fibers are 

optimized to maximize the total output power measured by the power meter. The polarization of 
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the launched light is also controlled by using polarization paddles at the input, which is arranged 

to maximize the power.  

 

Figure 28. The image shows the infrared light coupled into the output waveguides in the IOX chips; the left circle is 

directly adjacent to the WG where light is launched, circle in the right is the light coupled into the adjacent WG spaced 

250µm apart. 

 The measured results on insertion loss are summarized in Figure 28 (with data in insert) 

for seven misaligned IOX waveguide pairs. Among them, five pairs present consistent values of 

insertion loss, while the other two pairs show much higher losses. Close inspection of the device 

suggests that the higher losses in these two pairs may be attributed to local defects in poly(F-

SBOC) tapers/waveguides or chipped facets at the fiber-IOX waveguide coupling locations. 
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Accordingly, the data of the two pairs are identified as outliers (circled). The average insertion loss 

of the five normal pairs at 1310nm is about 6.07dB (± 0.37dB). Owing to the small refractive index 

differences employed in these devices, the return loss is estimated to be greater than 40dB. 

 

Figure 29. Insertion loss data for the demonstrated device with 7 IOX WG pairs, circled data points had higher than 

expected loss due to local defects 

 To estimate the losses of the grayscale tapers written into the poly(F-SBOC) film, we 

consider the following factors: (i) coupling losses from SMF-28 fiber to the IOX glass waveguides; 

(ii) propagation losses in the IOX glass; (iii) propagation losses in the poly(F-SBOC) S-bends; (iv) 

radiation losses in the S-bends; and (vi) scattering/mode mismatch losses in the gap between the 

IOX chips (gap loss). The S-bends are designed so that total bend losses would be well under 

0.1dB; thus, the losses in the poly(F-SBOC) S-bends are predominantly propagation losses. Based 
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on cutback measurements of 4μm-wide single-mode poly(F-SBOC) waveguides on SiO2/Si 

substrate, propagation loss at 1310nm is 0.7dB/cm; lower values (~0.5dB/cm) can be achieved on 

solid substrate with optimized cladding layer. The effective light-propagation length in a poly(F-

SBOC) interconnect waveguide, including a S-bend and two tapers, is 14mm, so the polymer 

interconnect propagation loss is estimated to be 1.0dB. Given that there are approximately 12.5mm 

of propagation in the two IOX waveguides, the IOX associated loss is about 0.8dB based on the 

IOX waveguide propagation loss data. This suggests a total 1.8dB propagation loss, including the 

interconnect propagation and IOX waveguide losses. Considering the average insertion loss of 

6.07dB for the interconnect device, the collective loss from a taper coupler and half of the gap is 

expected to be 2.14dB.  

 

4.5. ADVANCED DESIGN STUDY 

Silicon Nitride to IOX interconnects: The above demonstration highlights the potential 

for FSBoC polymers as a low-loss, adiabatic optical interconnect. However, in a real-world 

scenario, optical interposers are required to transfer light not only between similar waveguides, 

such as IOX to IOX WG, like our demonstration but also between silicon photonic chips and IOX 

waveguides. In order to study if this was possible, we have done some feasibility design studies 

using single-mode silicon nitride (Si3N4) waveguides and IOX waveguides. The purpose of this 

study was to explore the design constraints required to adiabatically transfer light between single-

mode Si3N4 waveguides to the single-mode polymer waveguide. Since the second half of the 

interconnect, that is, polymer to IOX, has already been demonstrated, we will continue to use the 

same design for the glass side coupling. The simulation was carried out using Photon Design 

Fimmwave and Fimmprop software. For the single-mode Si3N4 waveguides, we have used the 

dimensional information as provided by the AIM PDK. The Si3N4 waveguides are 1.5µm wide 
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and 0.22µm high and support TE fundamental mode. The effective index of the waveguide is 1.60 

@1310nm which is too high for the light to couple out of Si3N4 waveguide and couple into polymer 

waveguide, which has an effective index of 1.482. In order for out-coupling to work, we design a 

linear inverse taper on the silicon nitride chip. The inverse taper increases the mode size and 

reduces the effective index of the guided mode in the waveguide due to the narrow width of the 

taper. The linear taper is 1mm long, and the width linearly tapers from 1.5µm wide to 0.1µm wide. 

In the taper, the effective index of the Si3N4 waveguide varies between 1.60 and 1.45. Since the 

effective index of the polymer waveguide becomes higher compared to the silicon nitride 

waveguide, the light can adiabatically couple into the polymer. Using the inverse taper, which is a 

common element of PDKs, allows us to efficiently couple the light between the silicon photonic 

chip and polymer without the use of a grayscale index taper in the polymer section. Having said 

that, the design can be further optimized to include a grayscale taper which may further reduce the 

coupling loss. For the current design, the coupling loss is around -1.5dB for the coupler. Further 

optimization of Si3N4 taper design, polymer grayscale taper, and the polymer index contrast can 

reduce this coupling loss to potentially below 1dB per coupler. Figure 29 below shows the silicon 

nitride to polymer coupler, where the light is first guided into the polymer waveguide and 

adiabatically couples into the polymer waveguide.  
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Figure 30. Simulation showing the polymer to silicon nitride taper, top image shows the top view where the light is 

guiding in the polymer WG and adiabatically couples into the SiN WG, the bottom image shows the side view of the 

same transition 

Optical taper: The vertical coupling enabled by the grayscale index taper is a unique 

characteristic of the FSBoC polymer system. While the method is a novel implementation, the 

exact dosage and laser beam quality control needed to make the taper work is extremely tightly 

defined. This can be improved with larger index contrast and more in-depth material study; current 

adaptation of the taper remains limited due to poor reproducibility of the taper in its current form. 
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As an alternative, we sought to explore another taper system that resembles more conventional 

taper designs. We demonstrate an optical taper patterned by direct photolithography where the 

width of the exposed polymer region is linearly varying in width, thus creating a gradual effective 

index change. Similar to the grayscale taper system, an optical taper is purely photolithographically 

defined; hence the structural robustness of the taper remains very high equal to a slab of a thin 

film. Another key difference to this approach is the one-step exposure needed to define the taper, 

as opposed to multiple increasing dosages required for grayscale taper. This also allows for the 

usage of mask-based lithography, which is more commonly used. Rapid and convenient attainment 

of standard adiabatic taper structures is highly desirable from a manufacturing perspective leading 

to lower fabrication costs. One key limitation of this approach, however, is the uncertainty in the 

narrowest achievable width of the tapered tip, which is limited by the depth of focus and spot size 

of the laser beam for direct-write systems and lithographic resolution for mask-based lithography 

systems.  

In our current design study, we have studied an optical taper patterned on a 4µm thick 

FSBoC film spin-coated on top of Tefzel film. The taper width is linearly varying between 1µm 

and 5µm over a 1mm length. The optical taper is directly patterned on top of the IOX waveguide 

and is assumed to be exposed through the Tefzel film. This is followed by a single-mode polymer 

waveguide and S-bend, which carries the light to the adjacent IOX waveguide, and the light is 

again coupled back into the IOX waveguide using a similar inverse optical taper. The polymer is 

fully exposed to create a core-cladding index contrast of 0.012. We initially simulated five 

individual cross-sections of the taper with core width = 1/2/3/4/5 µm. Figure 30 below shows the 

mode evolution as the taper width increases. Next, we simulated the above-stated structure using 

OptiBPM, which included the two IOX waveguides, optical tapers, polymer waveguide, and the 
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polymer S-bend at 1310nm wavelength. The total insertion loss, in this case, comes out to roughly 

-3.1dB. This does not include the propagation losses in the polymers and IOX, which will add an 

additional 1dB loss. These losses are 1.5dB better than what is possible to attain with the current 

grayscale taper system. Additionally, we simulated the effect of the length of the taper on the 

overall coupling, offset of the taper relative to the IOX waveguide core, and the effect of taper 

starting width. We found out that the coupling remained relatively constant for all taper lengths 

greater than 750µm. With respect to the offset study, an overall tolerance of ±6µm allows us 3dB 

loss bandwidth. Starting taper widths of up to 1.5µm can be tolerated with minimal impact on total 

insertion loss. The results are summarized in the Figure 31b below. These results highlight the 

potential for a more rapid, one-step taper approach which can lead to a more robust coupling for 

the polymer interconnect. The fabrication challenges derived from the through carrier-film 

exposure remains to be seen and will be explored in future works. 

4.6. CONCLUSIONS 

In this chapter, we introduced the FSBoC polymer-based optical interconnect system. This 

polymer is an extension of SBoC homopolymer where the lower refractive index system was 

explored for use with an optical printed circuit board made using ion-exchange glass waveguides. 

We discussed the unique material properties and capabilities of the polymer. Furthermore, we 

successfully demonstrated low-loss adiabatic optical coupling between two spatially separated 

IOX chips using FSBoC optical interconnect spin-coated on flexible substrates. The design, 

fabrication, and optical characterization of this interconnect were discussed in detail. In addition, 

we also presented results obtained by advanced design studies for the usage of the FSBoC system 

on a silicon photonic platform. Lastly, a newer and more robust design for an optical taper was 

discussed, which can enable rapid and more convenient manufacturing processes. 
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 The FSBoC polymer is a novel material platform that has significant potential to replace 

current interconnect solutions, such as multi-channel fiber arrays. With more advanced material 

study and further fabrication developments, we expect to demonstrate in-situ printed optical 

interconnects with sub-1dB coupling loss at standard telecommunication wavelengths.  

 

Figure 31. (a) Schematic of the optical taper written using photolithography, inset shows the transition of the mode 

as the taper width is linearly increased (b) simulated coupling loss and total output power in the input and output WG 

as a function of taper length.  
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CHAPTER 5 

ELECTRO-OPTIC POLYMERS-BASED TRAVELING WAVE 

PHASE MODULATORS 

 

5.1. INTRODUCTION 

Since its inception in the 1990's, the Internet has quickly become one of humanity’s most 

useful tools. The rapid access to information and round-the-clock connectivity have enabled 

humanity to achieve great things and has accelerated the growth of civilization like never before 

in its history. It is our most frequent go-to place for gathering knowledge, data sharing, or business 

operations. With the onset of the pandemic, the role of the Internet has become even more 

important. While many of us cannot imagine our lives without the services that the Internet 

provides, the global history of the Internet tells us that we are still in the very early stages of its 

deployment. Global Internet traffic has seen exponential growth, with the total traffic reaching 

three zettabytes in 2020. This traffic is expected to increase by about 50 percent, reaching 4.8 

zettabytes by the end 2022, with no signs of slowing down[121]. Almost the entire internet is being 

run through enormous power-hungry data centers. These data centers are physical facilities located 

across the world comprised of large computing and storage resources that enable the delivery of 

shared applications and data. One of the key components of these data centers are optical 

transceivers which comprise lasers, electro-optic modulators, and detectors all integrated on the 

same chip. Optical transceivers have a huge market of about $53 billion with a 21% compound 

annual growth rate [121]. These transceivers operate primarily at two wavelengths, 1310nm and 

1550nm, and are generally made on a silicon photonic platform. While silicon photonics has a 

huge advantage in terms of small footprint and comprehensive prior-art from the semiconductor 

industry, it also has some major disadvantages. Silicon photonics-based optical transceivers 
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require the use of electro-absorption modulators, which inherently have low switching speeds, low 

contrast, and high-power consumption. To reduce the carbon footprint of data centers, it is highly 

desirable to explore other platforms which can operate at much higher speeds as well as consume 

lower power.  

Electro-optic (EO) modulators are considered to be a viable alternative. The most common 

of these modulators are lithium niobate-based EO modulators which have a long history[122] 

because of their high refractive index and relatively high electro-optic tensor coefficient, r33. 

Historically, lithium niobate devices have been made using titanium in-diffusion process[123] or 

proton exchange which leads to low index contrast and hence large-footprint devices. Recently, a 

lot of progress has been made in thin-film lithium niobate-based modulators[124]; however, the 

fabrication remains challenging, and the potential for high yield scalable processing is 

questionable.  

Another promising material platform for optical modulators is electro-optic polymers 

which can be synthesized to have much higher electro-optic coefficients compared to lithium 

niobate[125]-[126]. In addition, the fabrication costs can be much lower due to facile processing. EO 

polymer-based modulators have been an active topic of research for a long time, with continuing 

efforts to make the material platform more robust while also improving the device performance. 

In this chapter, we will discuss the efforts made by our group in the fabrication of low-loss, high-

speed EO polymer-based phase modulators. We will first discuss a brief overview of the theory 

behind EO modulators and EO polymers, followed by the design, fabrication, and characterization 

of the devices.  
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5.2. THEORY 

Electro-optic (EO) modulators use the principle of the Pockels effect, a linear EO effect 

that occurs when an electric field is applied across a nonlinear medium (non-centrosymmetric 

crystals or poled polymers), inducing a refractive index change which is proportional to the product 

of the electric field and electro-optic tensor, 𝑟𝑖𝑗, where the first subscript indicates the polarization 

direction of the optical field, and the second subscript indicates the direction of the applied 

modulation field[127] with the resulting refractive index change given by ∆𝒏 =
𝒏𝟎

𝟑𝒓𝒊𝒋𝑬

𝟐
. This change 

in the refractive index causes a phase change 

∆𝝓 = 𝟐𝝅 ∗ ∆𝒏 ∗ 𝑳 =
𝝅𝒏𝟎

𝟑𝒓𝒊𝒋𝑽

𝝀

𝑳

𝒅
 

where L is the interaction length, V is the voltage applied across the electrodes, and λ is the 

wavelength of the light used. A commonly used figure of merit for EO phase modulators is VπL, 

where Vπ is called the half-wave voltage, which is the voltage required to change the phase by 

180°. EO modulators are used in the Q-switching and mode-locking of lasers, the generation of 

optical pulses for optical communications, side-band generation, and other applications[128]. 

Commercially available EO modulators are typically fabricated using inorganic nonlinear crystals 

such as lithium niobate, which has an r33 of 30pm/V. Replacing them with organic EO polymers 

offers a significant advantage, such as larger bandwidth, lower Vπ, design flexibility, ease of 

processing, and relatively low cost. 

 

5.3. ELECTRO-OPTIC POLYMERS 

Electro-optic polymers are created by incorporating nonlinear optic (NLO) chromophores 

into a host polymer system and orienting the polar chromophore molecules through the process of 

poling, which leads to non-centrosymmetric alignment and a large electro-optic activity. By 
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adjusting the chromophore molecular structure and concentration, the r33 of the polymer can be 

designed, which is not possible with crystals. Commercially available EO polymers have been 

developed with r33 > 350pm/V[126], which is more than an order of magnitude higher than lithium 

niobate crystals. Additionally, properly designed EO polymers offer high thermal stability, 

resistance to environmental degradation, and low optical loss, which makes them an ideal material 

for fabricating EO modulators. To generate the EO coefficient, a fixed DC field is applied across 

the polymer film while heating it above its glass transition temperature (Tg) and then rapidly 

cooling. This process, known as poling, aligns and locks the chromophores in the direction of the 

applied electric field. The fixed orientation of the chromophores in a preferred direction creates 

non-centrosymmetry in the polymer film, which is essential for achieving a non-vanishing χ(2) in 

the EO polymers. The efficiency of the poling process is crucial to obtaining the final r33 

coefficient, which is measured by observing the behavior due to the induced index contrast 

between the ordinary and extraordinary index relative to the propagation direction. To measure 

this behavior, an ellipsometric measurement technique, commonly known as the Teng-Man 

configuration[129] is used. In this method, a laser beam polarized at 45⁰ is incident on the back of 

the indium tin oxide coated glass substrate on which the EO polymer is deposited in addition to a 

gold poling electrode. The beam reflected off of the gold electrode propagates through a 

compensator, a crossed polarizer, and into a detector. When a modulating voltage is applied across 

the electrodes, a change in phase angle between the two polarizations (s and p waves) is induced 

due to the EO effect. By measuring the phase retardation, the r33 coefficient of the poled EO 

polymer can be calculated. 
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5.4. DESIGN 

EO modulators are desired to have high electrical bandwidth, low modulation voltage (Vπ), 

and low insertion loss, all of which are involved in the design and fabrication of the devices. In 

polymer-based EO modulators, this is realized by fabricating optical waveguides in the EO 

polymer, sandwiching a buffer sol-gel layer, and finally fabricating coplanar traveling wave 

electrodes on top of the waveguide. The Figure 32 below shows a schematic of the designed 

modulators.  

 

Figure 32. Schematic of EO polymer modulator 

 

5.4.1. Optical Design 

The optical half of the modulator design is performed using PhotonDesign Fimmwave 

software. In our current design, we have used SEO120 EO polymer as the optical layer. The design 

consideration needed for the modulators is: (i) maintain quasi transverse magnetic (TM) single-

mode condition in the waveguide such that the electric field is aligned perpendicular to the surface 

of the substrate, and (ii) minimize the coupling loss by mode matching between optical fiber and 

polymer waveguide mode. The information available to us comes from the poling experiment, 

which gives us the refractive index of the core region. The index contrast is created in the polymer 
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film by photobleaching the cladding region. Since the index reduction can be controlled by limiting 

the duration of photobleaching, we can control the mode confinement in the waveguide core. We 

optimized the photobleaching process, such that index contrast between core and cladding is kept 

around Δn~0.02 (ncore = 1.69, nclad = 1.67). Based on the above index contrast and an expected 

polymer film thickness of 2.5µm, the single-mode width needed is 4µm. The fundamental mode 

for the EO polymer waveguide with silica bottom cladding and sol-gel top cladding has an electric 

field distribution, as shown in the Figure 33 below. 

 

Figure 33. Ex field distribution for TM01 mode in SEO120 polymer WG 
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5.4.2. Electrical Design 

The high-speed traveling-wave electrode design is performed using finite element solver-

based ANSYS HFSS. The electrode design consists of a signal electrode line and two ground 

electrode lines with a finite gap separation. The first step in this process is to choose a minimum 

thickness required for the sol-gel layer such that the optical mode is not affected by the metal layer 

sitting on top. Since we use in-house made sol-gel, the dielectric properties are well known, and 

this thickness can be easily determined. Secondly, the electrode design is designed such that the 

impedance is close to 50Ω for compatibility with test equipment. By changing the width of the 

signal and gap, adjusting the thickness of the electrode layer, and optimizing the thickness of the 

buffer sol-gel layer, we can shortlist a selection of electrode designs. Further simulation is 

performed using COMSOL Multiphysics software to determine the field overlap between the 

electrical and optical layers. This is required to reduce the velocity mismatch between the optical 

and the electrical layer and lower the Vπ. A parameter sweep can be performed to maximize the 

overlap coefficient. The final optimized conditions are 6µm signal width, 9µm gap, 15µm gold 

electrode thickness, and 16µm solgel thickness. The final optimized S parameter for the electrode 

layer is shown below in Figure 34. An earlier fabrication run, however, used an older design which 

had 80µm signal, 16µm gap, 2µm gold thickness, and 6µm solgel thickness. While the newer 

design had better overlap due to the smaller signal width, it was never successfully fabricated and 

hence tested for performance. In the modulator characterization section below, we will discuss the 

results obtained with 1st generation electrode designs. 
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Figure 34. S parameter results were obtained for the electrode design using ANSYS HFSS 

5.5. FABRICATION 

Optical waveguides were fabricated in EO polymers by photobleaching. As mentioned in 

the sections above, EO polymers are doped with chromophore dyes. The dye molecules, when 

exposed to intense UV light, get destroyed and bleach away, thereby reducing the index of the 

exposed region. By controlling the intensity of the UV light source, the gas flow of the bleaching 

chamber, and time duration, the bleached index can be carefully controlled and reproduced. Before 

photobleaching, however, the core and cladding regions need to be defined. We start the 

fabrication using pre-poled EO polymer film spin-coated on soda-lime glass. The polymer layer is 

sputter-coated with a 65nm gold layer which is photopatterned and subsequently etched away 

using photolithography of MIR701 resist and Au wet etching. In the resulting pattern, the core of 

the waveguide is covered with gold, while the cladding region is exposed. The sample is then 

placed in the photobleaching chamber for 4.5 hours with a constant oxygen flow of around 10sccm. 

The bleaching time was obtained after several rounds of experiments, which resulted in an index 

S21 

S11 
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contrast of around 0.02. After the optical layer is completed, the gold is removed and the buffer 

layer of the 95/5 sol-gel layer is spin-coated on top. The sol-gel is synthesized using our in-house 

developed process described in the literature. The sol-gel layer protects the EO polymer film from 

the remaining fabrication steps while serving as an excellent dielectric sandwich layer underneath 

the electrodes. The electrodes are fabricated using a series of steps described below: First, a seed 

layer of 5nm Titanium/100nm Au is deposited on top of the solgel using e-beam evaporation. A 

thick photoresist, AZ4620, is spin-coated on top and photopatterned using the Heidelberg 

MLA150. The photolithography of AZ4620 needs to be optimized such that the width of the resist 

is equal to the gap width and is taller than the designed electrode thickness while being nearly 

vertical to maintain the same gap width. The walls will protect the electrodes from shorting during 

the following electroplating process. The photopatterning is followed by electroplating. Gold 

electroplating solution purchased from Technic is maintained at a temperature of 65ºC and pH of 

6.7. The sample is placed in the plating bath by making contact between the anode and the sample. 

A platinum-coated niobium mesh is used as the anode for the process. A DC power supply feeds 

the electroplating circuit with constant voltage. Using a pre-determined plating rate, the sample is 

electroplated with a thick gold layer of determined thickness. Once electroplating is completed, 

the sample is rinsed with PGMEA, followed by IPA and DI water to remove the photoresist. The 

sample is then placed in a Ti/Au wet etch bath to etch away the bottom seed layer in the gap region. 

The fabrication process of the modulator is now completed. The final sample consists of multiple 

devices on the same chip, which is then diced and singulated to be prepared for optical and 

electrical characterization. It should be noted that the fabrication process can be scaled up for much 

larger substrate sizes, thereby reducing the final cost of the device. 
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5.6. ELECTRO-OPTIC CHARACTERIZATION 

The performance of EO phase modulators can be measured with an electro-optic test setup, 

as shown below in Figure 35.  An optical field, given by 𝐸 = 𝐸0 exp 𝑖𝜔𝑡, with frequency ω carries 

the signal in the waveguide. The applied electric field with frequency Ω adds a phase term 𝜙(𝑡) =

𝑚𝑠𝑖𝑛Ω𝑡 to the signal resulting in a field given by 𝑬𝒑𝒎 = 𝑬𝟎 𝐞𝐱𝐩 𝒊(𝝎𝒕 + 𝝓(𝒕)) = 𝑬𝟎𝒆𝒙𝒑(𝒊(𝝎𝒕 +

𝒎𝒔𝒊𝒏Ω𝒕)) which can be expressed as a set of Fourier components in which power exists only at 

the discrete frequencies ω ± kΩ 

𝑬𝒑𝒎 = 𝑬𝟎𝒆𝒊𝝎𝒕(𝑱𝟎(𝒎) +  ∑ 𝑱𝒌(𝒎)𝒆𝒊𝒎𝛺𝒕

∞

𝒌=𝟏

+ ∑(−𝟏)𝒌𝑱𝒌(𝒎)𝒆−𝒊𝒎𝛺𝒕)

∞

𝒌=𝟏

 

In the case of small modulation index, m<<1, only the k=0 and k=1 terms are significant reducing 

the expansion to 𝑬𝒑𝒎 = 𝑬𝟎(𝟏 + 𝒊𝒎𝒔𝒊𝒏Ω𝒕)𝒆𝒊𝝎𝒕. The first order sidebands appear in the optical 

spectrum at frequencies ω ± Ω from the signal peak at frequency ω as shown in Figure 35 below. 

The strength of the sideband peaks compared to the signal peak determines the performance of the 

EO phase modulator[130]. By changing the modulation frequency and voltage applied, the power 

can be transferred from the carrier to the sidebands and vice-versa, which is useful in laser mode-

locking as well as radio-frequency photonics applications.  
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Figure 35. Electro-optic test setup (left) where the optical field is launched to the device under test (DUT) with tunable 

laser and VNA applies the modulation signal. The output spectrum (right) shows the signal peak with the sidebands. 

To measure the performance of the EO modulator, a fiber-coupled tunable laser was used 

to launch light into the optical waveguide. The output light is collected with an optical fiber 

connected to an optical spectrum analyzer (OSA) which displays the spectral data. An electric field 

is applied by using high-frequency RF probes connected to a vector network analyzer (VNA) 

capable of applying an electrical signal with frequency ranging from a few MHz to tens of GHz. 

The electrical bandwidth is measured using S-parameter values obtained from the VNA given by 

𝑺𝟏𝟏 =
𝑬𝟏,𝒐𝒖𝒕

𝑬𝟏,𝒊𝒏𝒑𝒖𝒕
;  𝑺𝟐𝟐 =

𝑬𝟐,𝒐𝒖𝒕

𝑬𝟐,𝒊𝒏𝒑𝒖𝒕
;  𝑺𝟏𝟐 =

𝑬𝟏,𝒐𝒖𝒕

𝑬𝟐,𝒊𝒏𝒑𝒖𝒕
;  𝑺𝟐𝟏 =

𝑬𝟐,𝒐𝒖𝒕

𝑬𝟏,𝒊𝒏𝒑𝒖𝒕
 

The first two terms, S11 and S22, determine the reflection loss at each port, while S12 and S21 give 

the transmission loss from Port 1 to Port 2 and vice versa. To ensure good performance, keeping 

the reflection losses below -15dB is essential, along with low transmission loss. The frequency at 

which the transmission reduces by 3dB is called the electrical bandwidth of the device. The Figure 

36 below shows the electrical performance of fabricated electrodes with a 3dB bandwidth at 

frequency > 50GHz.  In addition, the optical loss of the device can be minimized by reducing the 

coupling loss at the input and output interfaces, while the propagation loss can be reduced by 
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controlling the fabrication process flow. By combining appropriate materials, waveguide designs, 

and fabrication processes, total fiber-to-fiber insertion losses less than 5dB are feasible. 

 

Figure 36. Representative electrical and EO modulation data of EO phase modulators 

 

5.7. CONCLUSIONS & FUTURE OUTLOOK 

EO modulators are an integral component of optical transceivers product and have growing 

need to improve their performance. Polymer EO modulators are well-suited to alleviate the 

problems of silicon photonics transceivers. Additionally, polymer EO modulators can also 

substitute for stand-alone high-speed phase modulators, a market currently dominated by lithium 

niobate modulators. While newer technologies such as TFLN based EO modulators are improving 

the performance of LN modulators, the limitations of LN and lack of scalability will eventually 

catch up with the technology. While polymer-based EO modulators have been shown to have 

excellent performance, a lot more work is needed to make it a market standard product. Our 

contributions in achieving this goal are discussed in this chapter. Even though the project ended 

without all of its intended goals coming to fruition, there is a renewed interest that is being explored 

by the group. Higher index EO polymers with a high r33 coefficient are close to being realized, 

which can pave the way for a new era of polymer-based EO modulators. 
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