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Abstract 

Significant advances in silicon photonics over the last two decades have led to a wide array 

of robust photonic devices that have found many applications including in 

telecommunications. Despite these advances, the cost of optical interfacing (packaging) of 

photonic integrated circuits (ICs) makes up the bulk of the manufacturing cost of these 

chips. In this dissertation, I will present my research in developing compact, efficient and 

low-cost adiabatic couplers that can enable lower-cost and higher-throughput 

manufacturing of photonic ICs. I will also present a novel method for designing compact, 

highly efficient and high misalignment tolerance multi-segment couplers for chip-to-chip 

connectivity. This technology was also extended to ion-exchange glass waveguides which 

can provide a platform for more efficient chip-to-chip communication and more 

economical integration of photonic and electronic components. I will further demonstrate 

electro-optic modulation using silicon micro-disk modulators and wavelength division 

multiplexing at cryogenic temperatures which is pivotal to the advancement of cryogenic 

computing systems including cryogenic supercomputers of the future. 
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Chapter 1 

Introduction 

 

It is estimated that internet traffic will double by 2022 and reach 392 exabytes per month 

[1]. This creates unique challenges for data centers and service providers on two key fronts: 

1) energy efficiency, and 2) computing power. High end computing systems such as 

supercomputers and data centers require enormous amount of electrical power and 

resources. For example, it is estimated that Oak Ridge National Laboratory’s Titan, which 

takes up 404 m2 of floor space, requires about 8.2 MW to run [2]. In comparison, it is 

estimated that Facebook’s data center in Luleå, Sweden, which takes up about 27,000 m2 

[3], consumes nearly 100 MW of power [4]. By contrast, cryogenic supercomputers are 

expected to consume 1% of the energy required by a comparable supercomputer [4].  

Recent advances in photonics has enabled high performance integrated circuits that can 

provide higher energy efficiency and computing power for use in supercomputers. 

However, many challenges still remain. To fully realize an exa-scale supercomputer or 

datacenter, among other things, two things are needed: 1) better optical interconnects for 

efficient chip-to-chip connectivity, and 2) high speed photonics at cryogenic temperatures. 

Current optical interfacing technologies are dominated by optical fibers. However, 

fibers lack scalability, misalignment tolerance and efficiency that is necessary for wide-

spread deployment of silicon photonics. In Chapter 2, we will discuss our solution which 

offers polymer waveguides in conjunction with inverse taper structures as an alternative to 

optical fiber edge couplers for inter- and intra-chip connectivity. These polymer waveguide 
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fabrics would be analogous to ribbon cables used in computer electronic boards. In Chapter 

3, we present a complementary piece of this technology which involves polymer 

waveguides in conjunction with ion-exchange (IOX) glass waveguide technology. IOX 

waveguide technology enables optical printed circuit boards that are analogous to computer 

motherboards, housing various photonic and electronic components and enabling 

communication between them. 

In Chapter 4, we discuss the deployment of silicon electro-optic micro-disk modulators 

at cryogenic temperatures and demonstrate wavelength division multiplexing at 110 K, 77 

K and 40 K temperatures. 
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Chapter 2 

Optical Interfacing of Photonics 

Integrated Circuits 

 

 

2.1   Introduction 

Silicon photonics is poised to dominate the photonics industry thanks to a mature CMOS 

integrated circuit manufacturing platform. Despite growing on-chip functionality and 

integration density, efficient, low cost, scalable and high throughput optical interfacing of 

PICs has remained a challenge.  

Mode-size converters (edge couplers) and grating couplers [5-21] have become the 

standard PIC interfacing solutions. While optical fibers have dominated this area, they also 

have become a bottleneck due to their low coupling efficiency, lack of scalability, and 

extremely low misalignment tolerance. Figure 2.1 shows an example of the I/O edge 

coupling ports of a photonic integrated circuit that is interfaced with standard SMF-28 

optical fibers. Due to the 125-µm diameter of these fibers, the pitch of I/O ports cannot be 

less than 127 µm which leaves a 2 µm space between each fiber, while on-chip silicon or 

silicon nitride components can have a much higher integration density. 



 

 

20 

 

Figure 2.1. Two optical fibers interfaced with edge coupling I/O ports of a photonic 
integrated circuit.  

Additionally, optical fiber edge couplers typically require an alignment accuracy of a 

few hundred nanometers that is time consuming and requires costly equipment [21]. While 

chip manufacturing costs constantly decrease, the use of high-precision packaging tools 

and the subsequent reduction in manufacturing throughput impose significant additional 

costs. Therefore, lack of an economical optical packaging solution for chip-to-chip and 

chip-to-board connectivity remains a barrier to widespread deployment of silicon 

photonics.  

Several solutions have been proposed. One uses two-photon lithography to directly 

write a free-form waveguide in a polymer material, known as photonic wire bonding [22]. 

The concept was further demonstrated by connecting multi-core fibers and InP lasers to a 

PIC via freeform polymer waveguides [23-24]. Another solution uses a polymer waveguide 

(PWG) fabric to demonstrate inter- and intra-chip coupling in the O- and C-bands [25-27]. 

1 port per 127 µm
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The state-of-the-art silicon inverse taper is 700 µm long, has 0.8 dB coupling loss and 

demonstrates ±2 µm of lateral misalignment tolerance with 1 dB additional loss [26].  

For an optical interconnect to replace the traditional optical fiber interface, it has to 

offer lower cost, which means PIC couplers with smaller footprint and higher efficiency 

than fiber couplers. Additionally, it must be compatible with a wide range of devices and 

materials. The implementation process must enable higher throughput packaging which in 

turn requires higher misalignment tolerance on the part of the interconnect. The 

aforementioned designs have made great progress in some of these areas. Some offer 

flexibility but do not scale as well as large-volume PIC manufacturing and packaging 

demands. Others, while scalable, do not meet all of the criteria to be able to overtake optical 

fibers in this space. Specifically, the large footprint of these devices can make the solutions 

economically impractical. The research so far has been focused on developing new 

interface technologies, but these efforts have not demonstrated the necessary efficiency, 

compactness and misalignment tolerance to justify a large-scale transition away from 

optical fibers for chip-to-chip and chip-to-board applications. 

In this chapter use of polymer waveguide fabrics are investigated as a promising 

alternative to optical fibers for chip-to-chip and chip-to-board connectivity. Unlike fibers, 

polymer waveguides can enable higher I/O port density, as shown in Figure 2.2, and are 

therefore more scalable. 

The concept of polymer waveguide fabrics used for optical interfacing is similar to 

ribbon or multi-wire planar cables, shown in Figure 2.3, that are widely used in electronic 

applications such as computer boards. 
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In Section 2.2 of this chapter, the design of an adiabatic silicon nitride to PWG coupler 

is presented that demonstrates exceptional misalignment tolerance and coupling efficiency. 

When incorporated on a Si3N4 interposer platform, it could act as an intermediate step 

between silicon photonic chips and optical printed circuit boards or other photonic chips. 

We further demonstrate the device performance experimentally. 

 

Figure 2.2. I/O ports of a PIC shown connected to a fabric of polymer waveguides.  

 

Figure 2.3. Ribbon or multi-wire planar cables used for electrical connectivity in various 
applications such as computer boards which is similar to the concept of polymer waveguide 
fabrics for optical connectivity of photonic components. 

1 port per ≤ 25µm Polymer 
waveguide 
core

Polymer 
waveguide 
cladding

Inverse
taper 
couplers
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In Section 2.3, a method of segmented taper design is presented followed by the design 

of an inverse silicon taper coupler in conjunction with a PWG in Section 2.4 that 

demonstrates exceptional efficiency, relaxed misalignment tolerance, footprint and pitch 

density. This is a design method for scalable adiabatic couplers with relaxed misalignment 

tolerance that can accommodate lower-cost, lower-precision and higher throughput 

packaging equipment, leading to significant cost savings. 

2.2   Si3N4 Taper to Polymer Waveguide Coupler  

2.2.1   Coupler Design 

The Si3N4 taper coupler consists of an inverse taper that is positioned beneath a PWG, as 

shown in Figure 2.4. The taper is used as an input/output coupler on a Si3N4 interposer and 

can be used to couple light in and out of the chip. For optimal coupling, the polymer 

waveguide needs to be as close as possible to the taper. To this end, the SiO2 top cladding 

deposited on the chip during the fabrication is locally removed through an etch process. 

This process leaves a 250-nm-thick layer of SiO2 on the taper. 

The Si3N4 taper starts from a 220-nm-thick waveguide that is 2.2 µm wide and 

exponentially tapers down to 100 nm over a length of 1200 µm according to (1), where 

w(x) is the width of the taper, w0 is 2.2 µm, wL is 0.1 µm, L is the taper length, and 

coefficient p is -2.5.  

𝑤(𝑥) = 𝑤& + (𝑤( − 𝑤&)
*+,(-. (⁄ )01
*+,(-)01

       (1) 

The PWG dimensions are chosen such that the coupler can have a high misalignment 

tolerance while maintaining adiabaticity. For the coupler to be adiabatic, it has to gradually 

transfer power from the Si3N4 taper to the PWG while maintaining as much power as 
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possible in the fundamental optical mode of the waveguide. The PWG was chosen to have 

lower refractive index contrast in the horizontal direction for improved misalignment 

tolerance. As Figure 2.4 shows, the core of the PWG consists of a standard SU8-2000 

photoresist, while its side cladding is made of OrmoCore UV-curable polymer by Micro 

Resist Technology. To determine the index of refraction of SU8-2000 and OrmoCore, 

silicon wafers coated with each material were measured using a Metricon Prism Coupler 

at 1550 nm wavelength. 

 

Figure 2.4.  Cross-section of the silicon nitride with the PWG. Δx is the lateral 
misalignment. Refractive indices shown are at 1550 nm wavelength. The residual SiO2 is 
the result of locally etching the top cladding of the interposer in order to bring the polymer 
waveguide in close proximity of the taper. 

Since silicon photonic devices are optimized for TE polarization and considering the 

Si3N4 thickness, the simulation and the measurements were performed for TE polarization 

only. The device was simulated using Photon Design FIMMPROP based on the eigenmode 

expansion technique at 1550 nm wavelength. The model assumes 250 nm of residual SiO2, 

but does not account for the material loss. Figure 2.5 shows the efficiency of the coupler 

as a function of lateral misalignment between the taper and the PWG. The simulation 
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predicts 95% efficiency or 0.22 dB loss when the taper and PWG are aligned, and a ±4-µm 

lateral misalignment tolerance window with a 1-dB penalty.  

2.2.2   Fabrication 

To experimentally demonstrate its performance, the taper was integrated with a photonic 

circuit layout according to Figure 2.6 and fabricated at the AIM Photonics foundry. The S-

bend provides 100 µm of lateral offset and is 1000 µm long. As a result of the S-bend, the 

optical path length in the Si3N4 waveguide is about 7005 µm. 

 

Figure 2.5.  Simulated lateral misalignment of the coupler at 1550 nm for TE polarization. 
The model assumes 250 nm of residual SiO2. 
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Figure 2.6.  Schematic diagram of the taper and PWG layout as fabricated. Δx shows the 
lateral misalignment between the taper and the PWG. 

The final step in the foundry fabrication process involves etching the top SiO2 cladding 

from the surface of the interposer. This process leaves 250 nm of residual SiO2 on the Si3N4 

waveguides which reduces the coupling efficiency from the taper to the PWG. 

To fabricate the PWG, standard SU8-2000 photoresist is deposited on the interposer, 

baked and exposed using a Heidelberg MLA150 maskless lithography system to create the 

PWG core. The PWG overlay layout is aligned with the Si3N4 waveguides of the interposer 

using 4 cross-shaped alignment marks located at each corner of the chip. In order to study 

the effect of lateral misalignment on the coupling efficiency of the taper, samples with 0, 

2 µm, and 4 µm lateral misalignment between the taper and the PWG were made. The 

misalignment was implemented in the PWG layout design in advance. 

After developing the photoresist, the exposed PWG core is coated with OrmoCore 

polymer to act as the PWG cladding. Finally, Ormocore is cured by UV flood exposure. 

This process creates edge beads around the interposer which are removed by polishing each 

coupling facet to be able to access a flat PWG cross-section suitable for optical coupling. 
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Figure 2.7 shows a closeup view of a sample with PWG overlaid on the Si3N4 waveguide 

with zero lateral misalignment. 

 

Figure 2.7.  Top-view of the interposer with PWG overlaid on Si3N4 waveguides with zero 
lateral misalignment. The PWG is measured to be 15.7 µm wide. The inset image shows 
several Si3N4 waveguides with 100 µm pitch. Note that with the exception of a small 
exclusion zone around the Si3N4 waveguides, the rest of the interposer is occupied by fill 
structures in the fabrication. 

2.2.3   Experimental Results 

In order to characterize the misalignment tolerance of the couplers, the entire photonic 

assembly of Figure 2.6 is tested at 1550-nm wavelength with TE-polarized light. Using a 

Nufern UHNA7 ultra-high numerical aperture (NA) optical fiber with 0.41-NA, TE-

polarized light from a laser source is coupled to the PWG. The optical mode is coupled 

into the Si3N4 waveguide via the exponential taper, travels down the S-bend and couples 

back into the PWG. An objective lens with NA of 0.66 is used to couple light out of the 
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PWG. The total insertion loss is measured for the assemblies with different lateral 

misalignment values as shown in Figure 2.8. The 1200 µm long exponential taper shows a 

±4-µm lateral misalignment tolerance window with 2 dB penalty for 2 couplers, which is 

equivalent to a 1 dB penalty for 1 coupler.  

 

Figure 2.8.  Total insertion loss of the photonic assembly measured at the wavelength of 
1550 nm for TE polarization with different lateral misalignment values. The plot shows a 
±4 µm lateral misalignment tolerance window with 2 dB penalty for two 1200 µm-long 
taper couplers, which means ±4 µm of tolerance for one 1200 µm taper coupler. 

In order to determine the coupling efficiency of the Si3N4 to PWG coupler alone when 

the taper and the PWG are aligned, the loss of 3 other elements of the photonic assembly 

must be measured according to Figure 2.6: 1) fiber to PWG edge coupling loss, 2) PWG 

propagation loss, 3) Si3N4 waveguide propagation loss. Since the S-bend radius of 

curvature is very large, its propagation loss is similar to the straight sections of the Si3N4 

waveguide.  

To measure the PWG insertion loss, the waveguide was fabricated separately on a 

silicon wafer with 5 µm of native SiO2. A UHNA7 optical fiber and an objective lens with 
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a NA of 0.66 were used for in-coupling and out-coupling, respectively. As Figure 2.9 

shows, the PWG propagation loss and the total coupling loss to and from the PWG were 

measured using the cutback method to be 1.83 dB/cm and 2.44 dB, respectively. 

 

Figure 2.9.  (a) Modeled PWG cross-section with tapered Si3N4. (b) PWG propagation loss 
and coupling loss to and from the PWG measured to be 1.83 dB/cm and 2.44 dB/cm, 
respectively, using the cutback method at 1550 nm wavelength for TE polarization. 
 

To determine the propagation loss of the Si3N4 waveguide, straight waveguides were 

also fabricated on the same interposer. Since the top SiO2 cladding of the interposer was 

removed at the foundry, 5 µm of SiO2 were deposited on the sample by PECVD process. 

The waveguides included an S-bend in the middle to ensure that stray light does not perturb 
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the measurement and only light guided by the waveguide is collected and measured. A 

similar cutback measurement was performed by gradually polishing off part of the straight 

waveguide. Figure 2.10 shows the result of the measurement which indicates that the Si3N4 

waveguide has a propagation loss of 1.63 dB/cm. The straight waveguide was terminated  

 

Figure 2.10.  (a) Modeled Si3N4 cross-section with PWG. The Si3N4 is not tapered yet. (b) 
Si3N4 waveguide propagation loss with SiO2 top cladding measured to be 1.63 dB/cm using 
the cutback method at 1550 nm wavelength for TE polarization. 
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at the outcoupling point without any tapering for mode-size conversion. Since an optimal 

mode-size converter for fiber coupling was not used, the input and output coupling losses 

are higher. However, the coupling losses from this measurement are not used in the 

calculation of the Si3N4 taper coupler’s efficiency; the fiber to PWG coupling loss of Figure 

2.9 is used instead. 

Finally, we can calculate the coupling efficiency of the Si3N4 to PWG coupler with zero 

lateral misalignment. Table 2.I shows a breakdown of the constituents of the loss of the 

photonic assembly having two 1200-µm-long taper couplers. The loss of one coupler is 

0.73 dB. If we assume 1.73 dB/cm material loss for the coupler (average of the Si3N4 and 

PWG propagation losses), we can calculate the loss of the coupler, excluding material loss, 

to be 0.52 dB, which is slightly higher than what the model predicts. This is likely due to 

slight variations in the fabrication of the tapers (deviations from the specified exponential 

tapering described here) and/or Si3N4 sidewall roughness that has a more pronounced effect 

because of the optical mode that expands and overlaps with the sidewalls as the waveguide 

tapers down. 

Table 2.1. Breakdown of the loss constituents for the photonic assembly 

Component Length Insertion/propagation loss 

Full assembly a 8005 µm 4.84 dB 

Edge coupling (two sides) - 2.44 dB 

PWG 1000 µm 0.18 dB 

Si3N4 waveguide a 4605 µm 0.75 dB 

Si3N4 Taper Coupler 1200 µm *2 1.47 dB 
aDue to the 100-µm lateral offset of the S-bend, the path length of the optical mode is about 
5 µm longer than the width of the interposer which is 8000 µm. 
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2.3   Multi-segment Silicon Taper to Polymer Waveguide Coupler  

2.3.1   Coupler Design    

The SOI inverse taper presented here employs a multi-segment taper design in conjunction 

with a PWG. Segmentation of the inverse taper allows us to significantly optimize the 

device for efficiency and footprint. The design uses a 6-segment 200-µm-long SOI inverse 

taper on a standard 220-nm SOI platform. It can be integrated with an integrated photonic 

circuit to be used as input/output (I/O) coupler. A pre-fabricated polymer film with 

embedded waveguides is then placed over the inverse tapers to carry the optical signal on 

or off the chip. The PWG used in our simulations consists of 4.7-µm-wide, 1.4-µm-tall 

waveguides with core and side cladding indices of 1.582 and 1.562 at 1550 nm wavelength, 

respectively. The polymer refractive indices used in our model are from the work done by 

Wang, et al [28] that have used UV and thermal treatment of a film of SU8-2000 to make 

optical waveguides. The PWG dimensions were chosen to make a single-mode waveguide. 

The top cladding of our PWG is thin flexible glass with a refractive index similar to SiO2 

that also provides mechanical stability to the PWG fabric. Figure 2.11 shows a cross-

sectional view of our taper coupler with the PWG fabric attached to the chip. 

 

Figure 2.11. Cross-section of PWG fabric atop silicon inverse tapers. Refractive indices 
shown are at 1550nm wavelength. The residual SiO2 is the result of locally etching the top 
cladding of the PIC in order to bring the PWG fabric in close proximity of the tapers. 
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To bring the PWG fabric in close proximity to the SOI structures, the top silicon oxide 

cladding over the inverse tapers needs to be locally removed through an etching process, 

creating the polymer film trench shown in Figure 2.12. One way to realize this etch would 

be by using a layer in the stack directly above the inverse tapers as an etch stop layer. It 

can be subsequently removed via a separate etch process that has high etch selectivity 

relative to the SiO2. As a result, this process is expected to leave a thin layer of SiO2 on the 

tapers, the thickness of which is dependent on the etch technique that is used. In the method 

described here, the residual SiO2 thickness equals the vertical distance between the silicon 

and the etch stop layers. The residual SiO2 reduces the degree of intimacy between the 

silicon taper and the PWG, and ultimately affects the coupling efficiency. Our model 

accounts for different residual SiO2 thicknesses, but is optimized for 50 nm. 

The PWG fabric is then brought over the inverse tapers using a pick-and-place tool, 

aligning the PWG with the taper and attaching it as shown in Figure 2.12. The bond 

between the polymer film and the chip can be improved using adhesion promoters or 

adhesives. Finally, the PWG film is potted with a material having a refractive index similar 

to SiO2, as in Figure 2.13, where it acts as a bottom cladding for the polymer waveguides 

as well as top cladding for the exposed portion of the silicon waveguides to reduce 

scattering, while also securing the PWG film in place. 
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Figure 2.12. An inverse taper with locally etched top SiO2 cladding, forming a “polymer 
film trench”. A PWG film is aligned with the inverse taper and attached onto the polymer 
film trench using a pick and place tool. The adhesion between the film and the trench can 
be improved using adhesion promoters or an adhesive. 

 

 

Figure 2.13. Side view of the taper with PWG film attached. A potting compound must be 
used to 1) act as bottom cladding for the polymer waveguides as well as top cladding for 
the exposed portion of silicon waveguides to reduce scattering, and 2) secure the film in 
place. 
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Figure 2.14. Top view drawing of the 200 µm-long 6-segment inverse taper (drawing is 
stretched 100x vertically for clarity). 

2.3.2   Taper Design 

We start with a uniform inverse taper attached to a standard 220 nm by 450 nm SOI 

waveguide that tapers down to 50 nm over a desired length, which we have chosen to be 

200 µm. The tip size of the taper was chosen based on the minimum feature size in a 

standard silicon photonic fabrication process in order to minimize the potential for losses. 

The silicon taper is on a 2-µm-thick buried oxide layer which itself is on a base silicon 

substrate. A single-mode PWG is positioned 50 nm above the taper, as discussed in the 

previous section, to account for the residual etched SiO2. At this point, the taper and the 

PWG are aligned. Since silicon photonic devices are typically optimized for TE 

polarization, this process will try to maximize the coupling efficiency for the TE-polarized 

mode. After obtaining the coupling efficiency, the taper is divided into two segments. The 

efficiency of a segment is measured by the S-parameter matrix of that segment for TE 

polarization. The S-parameter of each segment is maximized by modifying the length and 

tapering mechanism (linear, exponential, etc.) of the segment while maintaining an overall 

taper length of 200 µm. This means making one segment shorter and another longer 

depending on their performance. Additionally, the tapering mechanism of each segment 

can be changed from standard linear to exponential which sometimes can improve 
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performance. The end result is that the two segments end up with equal or almost equal 

efficiencies as measured by the S-parameter of each segment, thus maximizing the 

geometric mean of all S-parameters which gives us the device’s total efficiency. Each 

segment is further divided in two, resulting in 4 segments in total and the optimization is 

repeated by adjusting the length and tapering mechanism of the new segments while 

maintain the total length of the two newly formed segments.  

Eventually, the device’s coupling efficiency reaches a limit, which if the device is long 

enough will be nearly 100%. At this stage, in order to further maximize the lateral 

misalignment tolerance of the taper, the process is repeated with a lateral offset of 2.5 µm 

between the taper and the PWG. This step significantly improves the device’s 

misalignment tolerance without degrading the high coupling efficiency achieved in the 

previous stage when the taper and PWG were perfectly aligned.  

The division and optimization of the taper were repeated 3 times, initially with the taper 

and PWG perfectly aligned and later with a 2.5-µm lateral offset between them. To ensure 

that the adiabatic condition is met, higher order modes and radiation modes are also 

included in the model, while we track the progression of the fundamental TE and TM 

modes along the taper. This resulted in the taper having 8 segments. Since the length and 

tapering mechanism (linear, exponential, etc.) of the first 3 segments were identical, they 

were combined into one segment, resulting in the 6-segment taper of Figure 2.14 and Table 

2.2. It is worth noting that one can further break the taper up into smaller segments and 

repeat this process to get an even more efficient taper with a larger window of tolerance. 
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Table 2.2. Segmentation of the 6-segment 200 µm-long silicon inverse taper segmentation. 
Optimizing the segment length and tapering mode (linear, exponential) based on S-
parameters. 

Segment 1 2 3 4 5 6 

Segment width range 

(nm) 

450 to 

300 

300 to 

250 
250 to 200 

200 to 

150 

150 to 

100 

100 to 

50 

Segment length (µm) 1.5 1.5 30 80 62 25 

Tapering Linear Linear Exponential Linear Linear Linear 

 

The reason for segmentation is that a standard linear taper does not provide a smooth 

adiabatic transition of light from one waveguide to another, resulting in significant losses 

due to scattering. Figure 2.15 demonstrates this fact by comparing fundamental TE mode 

transition along the taper between our 6-segment 200µm-long taper and a linear taper of 

the same length. While the mode shape does not change much in the first half of the taper, 

it undergoes significant and rapid change over the second half. This rapid change becomes 

a source of scattering loss especially as the taper length is reduced to reduce footprint, 

which makes the taper less adiabatic, and reduces its efficiency and lateral misalignment 

tolerance. Whereas the mode transformation is more continuous for the 6-segment taper, 

leading to improved performance and misalignment tolerance. A comparison of the 

coupling efficiency and misalignment tolerance of the two cases, as shown in Figures 2.16 

and 2.17, illustrate better overall performance for the segmented taper. 
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Figure 2.15. Comparison of TE mode transition from the Si into the polymer waveguide 
between our 6-segment taper and a standard linear taper of the same length (both taper 
drawings are stretched 100x vertically for clarity here). Mode profiles shown are snapshots 
taken at 50 µm intervals along each taper. The 6-segment taper exhibits a more continuous 
mode transition compared to the linear taper, thus having higher efficiency. The model 
includes 2 µm of buried oxide on a silicon substrate (not shown). SBF: Supporting Back 
Film, PCR: Polymer Core, PCL: Polymer Cladding, SWG: Silicon Waveguide. 

 

Figure 2.16. Comparison of coupling efficiency and misalignment tolerance of a 6-
segment taper and a linear taper for TE polarization at the wavelength of 1550 nm. The 
model accounts for 50 nm residual etched SiO2. 
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Figure 2.17. Comparison of coupling efficiency and misalignment tolerance of a 6-
segment taper and a linear taper for TM polarization at the wavelength of 1550 nm. The 
model accounts for 50 nm residual etched SiO2. 

2.3.3   Simulation Results 

Our model is based on an eigenmode expansion technique where the overall coupling 

efficiency is calculated for various amounts of lateral offset between the silicon inverse 

taper and the PWG as well as for several residual SiO2 thicknesses. Figures 2.18 and 2.19 

show the misalignment tolerance for our 6-segment taper, described in the previous section, 

for TE and TM polarizations at the wavelength of 1550 nm. The plots demonstrate 0.03 dB 

and 0.15 dB loss for TE and TM polarizations, respectively, when the taper and the PWG 

are fully aligned. The coupler shows ±2.65 µm and ±3.6 µm windows of lateral 

misalignment tolerance with 1dB additional penalty for TE and TM polarizations, 

respectively. The coupler shows the best performance with 50 nm of residual oxide as it 

was optimized for this condition. While the model does not include the effects of material 

loss of the polymer or scattering due to sidewall roughness of the silicon taper as a result 
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of etching, we do not expect these factors to have a significant impact given the length of 

the device. Finally, in order to determine the device’s bandwidth, the simulation was 

repeated for 3 wavelengths in the C-band at 1530 nm, 1550 nm and 1565 nm. Figure 2.20 

shows little difference in TE performance of the coupler, while TM polarization shows less 

than 0.5 dB sensitivity to the change in wavelength.  

 

Figure 2.18. TE coupling efficiency vs. lateral misalignment for the 200 µm long 6-
segment silicon inverse taper to an SU8-2000 based polymer waveguide at 1550 nm 
wavelength. The coupler exhibits 0.03 dB coupling loss for TE polarization. It also shows 
a ±2.65 µm tolerance to lateral misalignment with 1 dB additional loss for TE polarization. 
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Figure 2.19. TM coupling efficiency vs. lateral misalignment for the 200-µm long 6-
segment silicon inverse taper to an SU8-2000 based polymer waveguide at 1550 nm 
wavelength. The coupler exhibits 0.15 dB coupling loss for TM polarization. It also shows 
a ±3.6 µm tolerance to lateral misalignment with 1 dB additional loss for TM polarizations. 
 

 

Figure 2.20. TE/TM coupling efficiency of the 200 µm-long 6-segment silicon inverse 
taper for C-band wavelengths to an SU8-2000-based polymer waveguide. TE polarization 
shows almost no wavelength sensitivity in this region. 
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2.4.   Conclusion 

In Section 2.2, the design of a Si3N4 to PWG coupler for inter- and intra-chip connectivity 

was presented. The device was fabricated and experimentally demonstrated at 1550 nm 

wavelength. The experimental results show 0.52 dB of TE coupling loss, excluding 

material loss, when the taper and PWG are aligned. The results further show ±4 µm of 

lateral misalignment tolerance with 1 dB penalty for TE polarization. To the best of our 

knowledge, this is the highest misalignment tolerance achieved for a Si3N4 taper to PWG 

coupler. As a result, this coupler could accommodate lower-cost, lower-precision and 

higher-throughput packaging equipment that could lead to significant cost savings. 

 

In Section 2.3, we described a method of designing a multi-segment inverse taper to PWG 

coupler and presented design and simulation of a highly efficient, compact, adiabatic 

silicon-to-polymer waveguide coupler that has less than 0.2 dB TE/TM coupling loss, and 

demonstrates ±2.65 µm and ±3.6 µm lateral misalignment tolerance with 1 dB additional 

loss for TE and TM polarizations, respectively. The device is 200 µm long which is less 

than 1/3 the footprint of the state-of-the-art. It also shows almost no sensitivity to change 

in wavelength in the C-band for TE polarization. Our taper design method can be applied 

to various other applications such as mode-size converters as well and has the potential to 

enable more compact and efficient optical interfacing solutions for silicon photonics. The 

use of a polymer waveguide fabric in conjunction with the tapers can offer scalability 

which could reduce manufacturing and operating cost of optical interconnects by enabling 

use of higher-throughput and lower-precision assembly and packaging tools without 

significant insertion loss penalties. 
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Chapter 3 

Optical Printed Circuit Board Coupling 

 

3.1   Introduction 

In chapter 2, we discussed chip-to-chip interconnects. For some applications, a printed 

circuit board is used to connect multiple chips that are built using different technology 

nodes, on different platforms and by different manufacturers. While monolithic integration 

can lead to more compact and even potentially more efficient systems, its cost and 

complexity is still prohibitive for many applications. A modular design can be simpler and 

more economical due to integration of a diverse set of components.  

Such a circuit board would contain optical waveguides in the form of ion-exchange 

waveguides as well as electrical traces. The board would be populated with a set of 

photonic and electronic integrated circuits as shown in Figure 3.1. 

 

Figure 3.1. Example of an optical-electrical printed circuit board with optical waveguides 
and electrical traces. The optical waveguides are made of ion-exchange waveguides. 
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3.2   Ion-Exchange Glass Waveguide Technology 

Ion exchange technology in glass is a widely used centuries-old technology. It has been 

used to make decorative color glasses and lusterware since the 10th century [29-32]. More 

recently, it has been used to strengthen glasses used in shatter-resistant smartphone screens 

[33-35]. This technology is also used to locally change the refractive index of the glass 

thereby forming an optical waveguide core within it.  

Two main fabrication methods of such optical waveguides are thermal ion exchange 

and field-assisted ion exchange as shown in Figures 3.2 and 3.3. A waveguide pattern is 

first made on the glass surface by patterning a photoresist or a metal hard-mask using UV 

lithography or a combination of lithography and etching. The ion exchange process uses a 

bath of molten salt to swap out some of the ions that constitute the glass with the ions 

present in the salt bath in places that are exposed to the salt solution. The new ions within 

the glass change its refractive index and form the core of the waveguide. Some of the 

advantages of this type of waveguide are its very low propagation loss and good mode-

matching with optical fibers. Due to the glass composition and the waveguide size, the 

optical mode that it supports has similar effective mode index to that of standard optical 

fibers. For this reason, ion-exchange waveguides can be a suitable bridge between optical 

fibers and photonic integrated circuits which we will explore in this chapter. 
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Figure 3.2. Thermal ion exchange process from molten salt bath.  

 

Figure 3.3. Field-assisted ion exchange process from molten salt bath.  

3.3   Ion-Exchange Waveguide to Polymer Coupling 

In Chapter 2, we discussed the adiabatic transfer of an optical mode to and from a silicon 

or silicon nitride taper on a photonic integrated circuit or interposer to a polymer waveguide 

system. The polymer waveguide now couples to the IOX waveguides on the OPCB which 

either carry the signal to another chip on the OPCB or off the OPCB to an optical fiber.  

In order to be able to couple light between two waveguides, a taper is needed. 

Controlling the taper shape and maintaining a consistent refractive index in IOX glass is 
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complex due to the nature of the fabrication process that involves ion diffusion. 

Additionally, due to very small index contrast between the core and cladding of IOX 

waveguide, it is not possible to achieve sufficient dynamic range in the effective index of 

an IOX taper. In contrast, the refractive indices and wide range of suitable polymer 

candidates enables very efficient polymer taper to IOX waveguide coupling.  

3.4   WIR-ZPU Polymer Taper 

A polymer waveguide system using ZPU and WIR materials from ChemOptics were 

chosen due to their suitable refractive indices and their compatibility with each other. The 

refractive index of ZPU and WIR were measured to be 1.47 and 1.52 at 1550 nm 

wavelength, respectively. An IOX glass waveguide was selected with a core and cladding 

refractive index of 1.49 and 1.48, respectively. Due to the large index contrast of the 

polymers, it is possible to construct a taper with lower resolution UV lithography. 

Through eigenmode expansion simulations using Lumerical Mode, the optimum 

polymer taper for adiabatic coupling was determined to be 3 µm wide and 2.2 µm tall 

as shown in Figure 3.4. Figure 3.5 shows a sweep of the length of the taper. As the 

figure shows, the coupling efficiency oscillates, suggesting that there is a weak element 

of resonant coupling involved. The polymer would laterally taper down to 0.5 µm over 

a length of 1.84 mm, resulting in about 95% or -0.23 dB coupling efficiency for both 

TE and TM polarizations, excluding material loss. It is typical for polymers to have 1-

2 dB/cm of propagation loss, which adds to the coupling loss of the coupler.  
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Figure 3.4. A cross section of the polymer waveguide over the IOX glass waveguide, 
showing the refractive indices used in the model. 

 

Figure 3.5. A parameter sweep on the length of the taper shows how adiabatic coupling 
efficiency can improve with longer tapers as expected. The oscillation in the coupling 
efficiency suggests there is a weak resonant coupling element involved. 
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3.5   Grayscale S-Boc Polymer to IOX Glass Waveguide Coupler 

An experimental polymer material named poly(St-S-BoC) developed by the team of Prof. 

Jeffrey Pyun at Chemistry and Biochemistry Department of the University of Arizona was 

also selected as a candidate due to its favorable properties. This polymer is a photosensitive 

polymer that changes refractive index when exposed to UV light. Therefore, it is possible 

to implement an incremental decrease in the refractive index of the polymer waveguide 

core thereby creating a grayscale taper. Although the achievable dynamic range with this 

technique is small, the effective index of the IOX glass waveguide falls between the 

minimum and maximum refractive indices that can be induced in the polymer. When the 

polymer is exposed to UV light, its refractive index becomes 1.5013, whereas the 

unexposed polymer has a refractive index of 1.4867. Therefore, coupling between a 

grayscale St-S-BoC polymer and our IOX glass waveguide should be possible. To 

investigate this, an eigenmode expansion simulation was set up using Lumerical Mode, 

according to Figure 3.6. As shown in Figure 3.7, a 10-level grayscale polymer taper with 

each index level being 200 µm long was assumed. The result of the simulation at 1550 nm 

wavelength was 68.61% (-1.64 dB) and 68.08% (-1.67 dB) coupling efficiency for TE and 

TM polarizations, respectively. Figure 3.8 shows the side-view cross-sectional profile of 

the electric field of the TE fundamental mode as it couples to the IOX waveguide.  
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Figure 3.6. Implementation of the grayscale taper to IOX glass waveguide coupling. The 
taper has a decreasing staircase refractive index which helps reduce and ultimately match 
the effective index of the IOX glass waveguide. The areas marked with red circles are 
significant index discontinuities along the coupler that become sources of reflection and 
reduce coupling efficiency. 
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Figure 3.7. The index profile of the St-S-BoC grayscale polymer taper to IOX glass 
waveguide coupler in Lumerical Mode. The image shows two index discontinuities along 
the coupler which reflect the mode and cause loss. 

 

Figure 3.8. Side-view cross-sectional profile the electric-field for fundamental TE mode 
coupling between the grayscale taper and IOX glass waveguide. The image shows two 
points along the coupler that are reflecting the mode, thus reducing the coupling efficiency. 
The TE and TM coupling efficiencies are estimated to be 68.61% (-1.64 dB) and 68.08% 
(-1.67 dB), respectively.  
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Although versatile, one drawback of this polymer material is its low dynamic range 

of refractive index. This means that the taper mechanism cannot transfer the optical mode 

to the IOX glass waveguide as smoothly and efficiently as desired. Also, due to refractive 

index discontinuities at two points along the coupler, reflections occur that lead to 

degradation of coupling efficiency.  

3.6   High Refractive Index Adapter 

The refractive of the IOX glass waveguide limits the range of suitable polymer candidates 

that can be used for coupling. An alternative approach is to use a wedge adapter of a high 

index material between the polymer waveguide and the IOX waveguide [36]. Two high 

refractive index candidates were chosen: 1) TiO2, and 2) Si3N4. Couplers using both were 

studied. 

3.6.1   TiO2 Wedge Adapter 

TiO2 is a suitable candidate due to its high refractive index and available deposition 

techniques. The TiO2 adapter has a wedge shape which is two back-to-back inverse tapers, 

as shown in Figure 3.9. Since the taper is implemented in the TiO2 adapter, there is no need 

to taper the polymer or the IOX waveguide. 
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Figure 3.9. The high index wedge adapter for polymer to IOX glass waveguide coupling. 
The polymer waveguide core and cladding are made of WIR and ZPU materials, 
respectively. 

 

The fabrication process of the wedge adapter is described in Figure 3.10. As the figure 

shows, a very thin silicon etch stop is used because the etch chemistry of TiO2 and Si3N4 

have very poor selectivity relative to the SiO2 of the IOX glass. Although this etch stop 

remains as part of the wedge, it is so thin that it does not affect the coupling.  
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Figure 3.10. Fabrication process of the wedge adapter for polymer to IOX glass waveguide 
coupling. PR: Photoresist. 

 

Figure 3.11. Top view of the resulting wedge adapters for polymer to IOX glass 
waveguides. 
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 The next step of the fabrication is laminating a film containing the polymer waveguides 

of Figure 3.9 onto the wedge adapters. An eigenmode expansion simulation using 

Lumerical was performed to determine the performance of the resulting coupler at 1550 

nm wavelength for TE and TM polarizations. Figure 3.12 shows the side view cross section 

of the fundamental TE mode coupling from the polymer to the adapter and then into the 

IOX glass waveguide. The TE and TM polarizations are estimated to have 72.9% (-1.37 

dB) and 76.4% (-1.17 dB) coupling efficiency, respectively. 

 

Figure 3.12. Coupling of the fundamental TE mode from the polymer into the TiO2 adapter 
and then into the IOX glass waveguide. 

3.6.2   Si3N4 Wedge Adapter 

Si3N4 is another suitable candidate for the adapter. However, as Figure 3.13 shows, due to 

its slightly lower refractive index compared to TiO2, the Si3N4 adapter needs to be slightly 

Vertical E-field cross-section



 

 

55 

thicker to be able to properly support both TE- and TM-polarized modes. The fabrication 

process of this adapter is similar to the TiO2 adapter.  

 

Figure 3.13. Si3N4 adapter for polymer waveguide to IOX glass waveguide coupling. 

To determine the performance of this coupler, an eigenmode expansion simulation 

using Lumerical was performed at 1550 nm wavelength for TE and TM polarizations. 

Table 3.1 shows the results of the simulation for 3 different thicknesses of Si3N4. It 

illustrates the tradeoff between the coupling efficiency of TE and TM polarizations enabled 

by varying the material thickness. Figure 3.14 shows the side view cross section of the 

fundamental TE mode coupling from the polymer to the IOX glass waveguide through a 

200 nm Si3N4 adapter.  
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Table 3.1.  Performance of Si3N4 adapter for polymer to IOX waveguide coupling 

Si3N4 adapter thickness 150 nm 200 nm 250 nm 

TE coupling efficiency 93.1 % (-0.31 dB) 87.2 % (-0.59 dB) 74.5 % (-1.28 dB) 

TM coupling efficiency 6.5 % (-11.87 dB) 65.4 % (-1.84 dB) 91.4 % (-0.39 dB) 

 

Figure 3.14. Cross-sectional view of the coupling of the fundamental TE mode from the 
polymer waveguide to the IOX glass waveguide through the 200 nm thick Si3N4 adapter. 

3.7   Conclusion 

In this chapter, using an optical printed circuit board was presented as a potential solution 

to provide better connectivity between photonic and electronic integrated circuits. Ion 

exchange glass waveguides were discussed as a potential bridge for providing optical 

connectivity between various photonic components of an optical printed circuit board. The 

concept of polymer waveguide interconnects for inter- and intra-chip connectivity that was 

discussed in Chapter 2 was extended to IOX glass waveguides. Several approaches using 

polymer waveguide tapers and high refractive index adapters were proposed to aid in 

Vertical E-field cross section
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coupling between polymer waveguides and IOX couplers. The performance of each 

approach was simulated using eigenmode expansion technique using Lumerical Mode, and 

Photon Design Fimmwave and Fimmprop. Using polymer waveguide tapers simplifies the 

number of steps in the fabrication process. However, it requires slightly higher resolution 

lithography for the polymer waveguide fabrication and limits the range of suitable polymer 

materials to those whose effective refractive index matches that of the IOX glass 

waveguide. In contrast, the high refractive index adapter technique is compatible with a 

much wider array of polymer materials and eliminates the need for high resolution 

lithography for the polymer waveguides. However, the high refractive index adapters 

require higher resolution lithography for the fabrication of the adapters.  
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Chapter 4 

Cryogenic Electro-Optic Modulators 

 

4.1   Introduction 

There has been an extensive body of research dedicated to developing compact, low-power 

consumption electro-optic (EO) modulators on the silicon-on-insulator (SOI) platform [37-

46], with many having been fabricated using complementary metal-oxide-semiconductor 

(CMOS) manufacturing processes. As such devices find use in datacenter and 

telecommunication applications, they must withstand continuously high temperatures. 

However, some applications require devices to withstand very low temperatures such as in 

cryogenically cooled environments. Traditional superconducting materials require less 

than 10 K to become superconductors. However, new research has uncovered 

superconductors that operate at temperatures as high as 250 K [47-50], thus significantly 

expanding possible temperature range of cryogenic superconducting systems and making 

them increasingly more feasible due to their reduced cooling power requirement. Several 

superconducting integrated circuits have been demonstrated [51,52], including some using 

high temperature superconductors [53-55]. In superconducting computing, including 

superconducting quantum computing, cryogenic cooling enables significantly lower power 

consumption of electronics and opens the door for significantly higher data rates [4,57-58]. 

The limited cooling power available in such low-temperature cryogenic systems sets strict 

constraints on the power budget and necessitates the use of low power consumption 

technologies. These applications are currently heavily dominated by electronics but with 
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the increase in data rates, the heat burden that electronics imposes on these cryogenically 

cooled systems becomes nonnegligible.  

Silicon photonics offers low-power consumption at very high data rates and it can 

provide greater benefits where electronics falls short. For instance, data transmission from 

the cold space to the outside environment is a significant source of energy loss due to the 

high heat conduction of conventional electrical transmission lines. Increasing the data rate 

necessitates the use of additional transmission lines which increases the energy 

consumption due to the increased thermal load on the cooling system. Replacing the 

electrical lines with a single optical fiber can significantly alleviate this problem thanks to 

its small thermal conductivity and cross section, leading to lower thermal conductance 

between the cold and warm environments. Hence, an EO data conversion in the cryogenic 

environment is needed for which silicon photonics would be a great candidate due to its 

compact footprint, while also enabling significantly higher transmission data rates. 

The field of silicon photonics has matured significantly over the last two decades and 

is now at the heart of many high-speed transceivers. Great effort has been dedicated to the 

development of a comprehensive set of robust CMOS-compatible silicon photonics 

devices. Foundries now offer photonic PDKs to circuit designers, eliminating the resource-

intensive process of designing all of the individual circuit components oneself. This enables 

designers to focus on PIC design instead of component design, reducing the time required 

to create a system, and improving the chances of developing a successful prototype using 

a single foundry run. The photonic devices in such PDKs perform well at room temperature 

and elevated temperatures common in telecommunications, however their suitability for 

cryogenic applications is unknown. 
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There are also barriers to silicon photonics entering this space. Electronics offers great 

flexibility due to the well-established and sophisticated packaging solutions that can 

withstand a wide temperature range. Photonics packaging remains a great focus of research 

and still has a long road ahead. In addition, photonic devices such as silicon modulators 

that operate based on the free-carrier effect may not necessarily be able to operate at low 

temperatures as well as they do at room temperature given that thermally excited free 

carriers become scarce at cryogenic temperatures, a phenomenon known as carrier freeze-

out [58]. That, in turn, might necessitate a higher turn-on voltage to address carrier freeze-

out and ensure an adequate modulation depth which would result in increased power 

consumption. Alternatively, raising the doping level of the device’s p-n junction has been 

shown to address the situation by creating more free carriers at the expense of higher optical 

transmission loss [59] thus degrading the link quality. Gehl et al. show that the turn-on 

voltage of a silicon micro-disk modulator designed for room temperature more than 

doubles when cooled below 60 K and can be compensated for by increasing the doping 

levels. In either case, these trade-offs would reduce the benefit offered by the proposed 

photonic solution and are of practical concern. 

In the following sections, the design and operation of a 4-channel wavelength-division 

multiplexed (WDM) photonic circuit is presented that has been fabricated at AIM 

Photonics foundry using PDK components such as the silicon micro-disk modulators 

offered by the foundry. The results confirm 25-Gbps and 10-Gbps modulation per channel 

at room-temperature and 40 K, respectively, and demonstrate 2-channel operation at 40 K. 
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4.2   WDM Circuit Design  

The WDM circuit consists of a cascade of 4 micro-disk modulators with room temperature 

resonance wavelengths of 1550 nm, 1556.4 nm, 1562.8 nm and 1569.2 nm on a shared 

silicon waveguide bus line. The modulators have a nominal free spectral range (FSR) of 

25.6 nm which sets the channels equally spaced by 6.4 nm. Figure 4.1(a) shows a closeup 

view of the circuit where modulator anode and cathode pads are marked with P and N, 

respectively. The pads marked by H are connected to each modulator’s integrated heater 

which could be used to shift the resonance to the laser wavelength, but are not utilized in 

our measurements as tunable lasers are used to optimize performance. As shown in the 

schematic diagram of Figure 4.1(b), the bus line contains tap couplers and integrated 

photodiodes for monitoring and wavelength tuning purposes that were not used for the 

present system demonstration. The circuit is coupled with fiber edge couplers on either 

side to transfer the optical signal on and off the chip. The modulator pads are placed 

immediately adjacent to each modulator in order to maintain the lumped element electrical 

behavior in subsequent measurements. 

Figure 4.1. (a) Microscope image of the 4-channel WDM circuit; relevant pads are 
highlighted with P and N denoting modulator anode and cathode pads, respectively, and H 
denoting integrated heater pads. The other pads are dummy pads. (b) Schematic diagram 
of the 4-channel WDM circuit as implemented in the system. TLS: Tunable Light Source, 
MUX: Multiplexer, DEMUX: Demultiplexer, PD: Photodiode. 
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4.3   Circuit Simulation  

The WDM link of Figure 4.1(b) is modeled using Lumerical Interconnect according to the 

schematic layout depicted in Figure 4.2. The simulation uses the model of the modulators 

imported from the AIM Photonics PDK. 4 lasers with 100-kHz linewidths launch a 

continuous-wave (CW) optical signal into a combiner that operates as an ideal multiplexer. 

The wavelength of each laser is set 0.08 nm higher than the corresponding modulator’s 

resonance wavelength to maximize the extinction ratio and minimize any transmission 

penalty. Each modulator is also biased with -1 VDC. A pseudo-random bit sequence (PRBS) 

generator in conjunction with a pulse generator create a sequence of 231-1 bits that drive 

each modulator. The modulated optical signal is then separated by a cascade of 4 ideal 

micro-ring resonators that act as an optical add-drop demultiplexer. The optical signal of 

each channel is fed to a photodiode. The electrical signal from the photodiode is passed 

through a low-pass Bessel filter before entering the bit error rate tester (BERT) to measure 

the bit error rate (BER) and obtain an eye diagram. The low-pass filter has a cutoff 

frequency that is 1.5 times the highest frequency component of the signal to provide 

channel isolation without degrading the signal power or shape. Figure 4.3 shows the eye 

diagrams obtained from the WDM circuit simulation. As the eye diagrams demonstrate, 

signal-to-noise ratio (SNR) as well as BER deteriorate as data rate is increased from 25 

Gbps to 45 Gbps in 10-Gbps increments.  
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Figure 4.2. Schematic diagram of the 4-channel WDM circuit as modeled using Lumerical 
Interconnect. 4 CW lasers send optical signals with 0.08 nm higher wavelength than the 
modulator resonances into a combiner. The modulators, imported from AIM PDK, are each 
driven by a pulse generator with a non-return-to-zero (NRZ) PRBS. A cascade of micro-
ring resonators separates the optical channels and feed each to a photodiode that is then 
filtered and passed to a bit error rate tester.  

 

Figure 4.3. Simulated eye diagrams for a single channel while all 4 channels are active. 
Eye diagrams correspond to system running at (a) 25 Gbps, (b) 35 Gbps, and (c) 45 Gbps. 
The maximum BER for any channel is <1e-20, 1.2e-5 and 3.1e-3 at 25 Gbps, 35 Gbps and 
45 Gbps, respectively. 4 CW lasers with 100 kHz linewidth are used and the modulators 
are biased with -1 VDC voltage.  
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4.4   Individual Modulator Test Results 

4.4.1   Optical Tests 

Due to the resonant nature of the modulators, slight fabrication imperfections, temperature 

variations, etc. cause their resonance wavelengths to deviate from the nominal values. As 

a first step, a broadband light source in conjunction with an optical spectrum analyzer 

(OSA) is used to identify the location of the resonances, according to the diagram of Figure 

4.4. Broadband linearly-polarized light is launched into a polarization-maintaining optical 

fiber using the amplified spontaneous emission of an erbium-doped fiber amplifier (EDFA) 

coupled with a fiber polarizer. The optical fiber is mounted on a fiber rotator that ensures 

the optical mode polarization is in-plane with the PIC, thus coupling to the TE-polarized 

mode of the PIC’s edge coupler since the on-chip circuit components are designed for TE 

polarization. A standard SMF-28 optical fiber couples light out of the PIC and into an OSA. 

Figure 4.5 shows the optical spectrum of the modulator bank at room temperature as well 

as 40 K with the room-temperature resonances having been blue-shifted by 8.54 nm on 

average relative to the nominal values predicted by AIM Photonics’ PDK due to variations 

in fabrication. Additionally, a comparison between Figure 4.5(a) and 4.5(b) demonstrates 

a 13.5-nm blue-shift in the resonance of the modulators as the chip is cooled from room 

temperature to 40 K. Using the same test setup, various DC voltages are applied to the 

modulator with nominally 1550nm resonance wavelength and the resulting shift in the 

spectrum is plotted in Figure 4.6, for both temperatures. Figures 4.5 and 4.6 show no 

significant difference in the spectral shape, including the FSR, and DC electrical behavior 

of the modulators between room temperature and 40 K. According to Figure 4.6, the Q-

factor of modulators λ0 and λ3 are 4.4e4 and 4.8e4, respectively, when the DC bias is turned 
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off. However, the actual Q-factors may be higher because the limited resolution bandwidth 

of the OSAs prevents us from fully capturing the depth of the resonances. 

 

Figure 4.4. Schematic diagram of modulator spectral analysis, spectra versus DC bias, and 
I-V curve measurements. Optical and electrical connections are drawn in green and black, 
respectively. The broadband light source is an EDFA. OSA: Optical Spectrum Analyzer. 

Figure 4.5. Spectrum of the 4-channel WDM circuit at (a) room temperature and (b) 40 K 
obtained by an OSA with resolution bandwidth of 0.02 nm. While the modulators’ nominal 
FSR is 25.6 nm, the FSR of the fabricated modulators is between 24.2 nm and 24.8 nm due 
to fabrication imperfections, principally thickness variations. The resonances seem to be 
sharper at low temperatures which is likely due to chip-to-chip fabrication variations and 
difference between room-temperature and 40 K measurement setups. 
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Figure 4.6. Spectra of a modulator for various DC voltages applied at (a) room-temperature 
and (b) 40 K. The resonances seem to be sharper at low temperatures which is likely due 
to chip-to-chip fabrication variations and difference between room-temperature and 40 K 
measurement setups. 
 
 
4.4.2 Electro-optic tests 

Using the measurement setup of Figure 4.4, the I-V curve of the modulator diode is 

obtained at room temperature and 40 K, as shown in Figure 4.7, demonstrating the carrier 

freeze-out effect through a flatter I/V curve requiring a higher forward bias turn-on voltage. 
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Figure 4.7. I-V curve of modulator with resonance λ0=1550 nm at room temperature (blue) 
and 40 K (red). The slope of the curve decreases with temperature requiring higher turn-
on voltages and demonstrating evidence of carrier freeze-out. 

To derive the electrical frequency response of the modulator, a Keysight N4373D 

Lightwave Component Analyzer (LCA) is used according to the layout depicted in Figure 

4.8. The LCA is calibrated using a Keysight N4694A Electronic Calibration Module. Using 

an impedance standard substrate, the path from the LCA to the tip of the high-speed RF 

probe is also de-embedded. Therefore, the calibration reference plane is at the point of 

contact between the tip of the probe and the modulator pads on the PIC. The S11 

(reflectivity) and S21 (electro-optic response) of modulator λ0=1550 nm are measured as 

shown in Figures 4.9 and 4.10, without any applied DC bias voltage. The reflectivity of the 

modulator indicates a pad capacitance of 100 fF. As a result, the modulator’s EO response 

indicates only a 10-GHz bandwidth. However, using a negative DC bias can increase the 

modulator’s electrical bandwidth, thereby permitting error-free operation at higher bit 

rates.  
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Figure 4.8. Measurement setup for S11 and S21 response. Optical and electrical connections 
are drawn in green and black, respectively. TLS: tunable laser source, LCA: Lightwave 
Component Analyzer.  

 

Figure 4.9. Reflectivity (S11) of the modulator with nominal resonance of λ0 = 1550 nm. 
(a) Smith chart representation and (b) magnitude and phase of S11 as a function of 
frequency. 
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Figure 4.10. Electro-optical response (S21) of the modulator with nominal resonance of 
λ0=1550 nm at room temperature and no DC bias. 

To measure the BER, the LCA shown in Figure 4.8 is replaced with an EDFA coupled 

with an optical filter and a Discovery Semiconductor DSC10H-39-FC/UPC-V-2 high-

speed photodetector which is connected to the Error Detector (ED) of an Anritsu MP1800A 

Signal Quality Analyzer (SQA). The SQA’s pulse pattern generator drives the modulator 

with a PRBS that is 231-1-bits long. The laser is set to -5 dBm, which given the -13.5-dB 

insertion loss of the chip including losses of two fiber edge couplings, according to Figure 

4.5, gives us about -11.75 dBm power in the waveguide. In order to reduce the noise 

generated by the EDFA, a 0.7-nm wide optical band-pass filter is used before the amplified 

optical signal reaches the photodetector. The photodetector converts the optical signal to 

an electrical one which then goes to the SQA’s ED for error rate measurement and an 

Agilent Infiniium DCA 86100A sampling oscilloscope to plot the eye diagram. With a 

measurement floor of 10-12, error-free operation was demonstrated at room temperature 

using a 1.2-Vpp drive voltage and -1-V DC bias at room temperature for 20-Gbps and 25-

3dB
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Gbps speeds as shown in Figure 4.11. The drive voltages reported throughout here are 

voltages at the modulator. 

 

Figure 4.11. Eye diagrams showing (a) 20 Gbps and (b) 25 Gbps error-free operation at 
room temperature. A band-pass optical filter with 0.7 nm bandwidth centered at the 
modulator resonance wavelength is used to reduce EDFA noise. A 1.2-Vpp signal is used 
to drive the modulator with -1-V DC bias. The eye diagrams are obtained using an Agilent 
Infiniium DCA 86100A sampling oscilloscope. 

 

Figure 4.12. Eye diagrams showing 15 Gbps at (a) 110 K and (b) 77 K, giving an SNR of 
5.4 and 4.5, respectively. A band-pass optical filter with 0.8-nm bandwidth is centered at 
the modulator resonance wavelength. A 1.5-Vpp signal is used to drive the modulator with 
0 V DC bias. The eye diagrams are obtained using a sampling oscilloscope with a de-
emphasis filter. 

Next the chip is wire bonded to a printed circuit board made of Rogers 3010 material 

with 50-ohm traces connected to an SMP connector. The packaged PIC is placed into a 

Montana Instruments cryostat. RF cables connect the package with the cryostat’s RF 

(a) (b)

(a) (b)
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feedthroughs. Optical fibers mounted on a pair of alignment stages couple the optical signal 

into and out of the PIC. The waveform measurements are repeated at 15 Gbps at two 

different temperatures, 110 K and 70 K, similar to the room temperature tests. A 27-1-bit 

long PRBS pulse pattern with 1.5 Vpp and no DC bias is generated to drive the modulator 

and obtain the eye diagrams shown in Figure 4.12. To find the optimum BER the de-

emphasis is manually adjusted and the BER is measured as reported in Table 4.1. There is 

a slight difference in measured signal-to-noise ratio, but the error rates are very similar at 

these two temperatures. As the cryostat temperature is further reduced to 40 K, the eye 

diagram closes further and the SNR degrades. At 15 Gbps data rate, the error rate 

significantly increases to 2.0e-7.  Reducing the data rate to 10 Gbps allows for improved 

error rates, even when running with a lower RF signal amplitude. Figure 4.13 shows the 

eye diagram of the modulator running at 10 Gbps at 40 K using a 1.25-Vpp drive voltage 

without a DC bias voltage. The open waveforms confirm that low error rates should be 

possible. Optimum RF signal amplitudes and laser wavelengths in each case were obtained 

by systematically varying these parameters using an automated setup while measuring the 

BER. This process produces a map of BER vs. signal amplitude and laser wavelength. An 

example of this search map for 40 K with 10-Gbps data rate is shown in Figure 4.13. This 

map further illustrates that the optimum wavelength varies with signal amplitude due to 

self-heating of the modulator and that error-free operation at such a low temperature is only 

achievable at signal amplitudes of 1 V or greater. 
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Table 4.1. Minimum BERs achieved at three cryogenic temperatures. 

Temperature Signal Vpp Data rate Average received power  BER 

110 K 1.5 15 Gbps 1.33 mW 6.4e-10 

77 K 1.5 15 Gbps 1.33 mW 6.7e-10 

40 K 1.5 15 Gbps 1.70 mW 2.0e-7 

40 K 1.25 10 Gbps 1.80 mW 2.7e-11 

 

 

Figure 4.13. (a) Eye diagram showing 10 Gbps operation at 40 K, and (b) map of BER vs. 
signal amplitude and laser wavelength used to find optimum conditions for error-free 
operation at 40 K with 10 Gbps data rate. Voltage on the y-axis is the signal amplitude 
which is half the Vpp. Error-free operation is indicated by crossed circles near 1000 mV 
and 1534.04 nm. Skewed outlined region of the map shows lowest BER achieved. It also 
illustrates shifting modulator resonance due to self-heating. 

4.5   WDM Circuit Demonstration  

Finally, WDM operation is demonstrated at 40 K. Due to measurement setup limitations 

including electrical interfacing of all 4 channels of the system in the cryostat environment, 

2-channel operation is demonstrated here. To this end, modulators with nominal resonances 

of λ1=1556.4 nm and λ3=1569.2 nm were selected. As shown in Figure 4.1(a), these 

modulators are physically 400 µm apart. The experimental setup shown in Figure 4.14 uses 

a 2x2 fiber coupler to combine two wavelength signals into a shared optical fiber and a 

standard coarse wavelength division fiber demultiplexer to separate the two signals. The 

(a) (b)
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performance of the system was measured at 10 Gbps. The system wavelength and signal 

amplitudes were optimized to find error free operation with both signals running. The 

optimum wavelengths for modulators 1 (λ1) and 2 (λ3) were found to be 1534.2 nm and 

1545.7 nm, respectively. The laser wavelength for modulator 1 is slightly different from 

the optimum value suggested by Figure 4.13(b) due to a thermal shift that is the result of 

the self-heating effect on the chip that shifts the modulator bias. Signal amplitudes of 

1.1Vpp and 1.05Vpp were used to drive modulators 1 and 2, respectively. The improved 

performance at lower signal amplitude for the WDM demonstration when compared to 

Table 4.1 is likely due to variations in interfacing the chips, as electronic packaging was 

changed between these measurements to accommodate greater number of signal lines 

interfacing the chip. 

Figure 4.14 also shows the power penalty measurement at 10 Gbps. Here, the BER 

versus average received power is measured for two test cases: 1) a single modulator 

running (dashed traces), and 2) both modulators running (solid traces). For modulator 1 

(red traces) the power penalty curves overlap very closely, but the BER saturates near 9e-

11 before reaching error-free operation at -5 dBm. This indicates RF crosstalk was not an 

issue in our system. The shape could either be attributed to vibrations in the cryostat that 

lead to signal power fluctuations, or the noise distribution in the ON and OFF states of the 

signal. Modulator 2 reaches error-free operation at -3.5dBm, but interestingly, shows 

slightly better performance when modulator 1 is also running (solid blue trace). This small 

discrepancy may be due to a self-heating effect on the chip that moves the modulator bias 

a small amount. 
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Figure 4.14. (a) Optical setup for the dual-wavelength BER measurements. The two 
BERTs are connected to a single clock reference. (b) BER vs. average received power. 
Optical attenuator is only used for power penalty measurement. The optical power in the 
bus waveguide is constant throughout the experiment as we increase the attenuation. 
However, some variation in the power in the waveguide can be seen since the modulator 
is operating near resonance. Attn: Attenuator 

4.6   Conclusion 

By integrating silicon photonics with electronics in cryogenically cooled environments, 

whether for computing or data transmission to the outside world, the heat burden on these 

cryogenic systems can be significantly reduced. We reported 25 Gbps and 10 Gbps 

operation of standard silicon micro-disk modulators from the AIM Photonics’ PDK at room 
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temperature and 40 K that were fabricated at AIM Photonics foundry. 2-channel WDM 

operation was realized by cascading these silicon micro-disk modulators with different 

resonance wavelengths.  Results demonstrated an aggregate data rate of 20 Gbps at 40 K. 

We are now investigating a 4-channel WDM PIC that should provide a 40-Gbps aggregate 

data rate at 40 K.  
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Appendix A 

Fabricated Photonic Integrated Circuits 

A total of 8 photonic integrated circuit chips were designed and submitted to the AIM 

Photonics and Sandia National Labs’ foundries for fabrication as part of multi-project 

wafer (MPW) runs. A brief description for each chip design is provided below. 

A.1. First Generation Silicon Nitride Inverse Taper Coupler Chip 

This chip design contains several silicon nitride inverse taper to polymer waveguide 

couplers including the one described in Section 2.2.1. The tapers are implemented in 

various configurations to study their performance and the performance of other chip 

components. This chiplet can be separated into 5 chips by dicing. One chiplet yields three 

types of chips: 1) with top silicon cladding removed from the entire chip surface, 2) 

containing trenches for laser chips and tapers with fiber input couplers, and 3) with top 

silicon oxide over the tapers removed. Type 1 chip can be used for spin-coating polymer 

films and lithographically fabricating the waveguides in the photopolymer as was shown 

in Section 2.2.2. Types 2 and 3 can be used for flip-chip bonding a prefabricated polymer 

waveguide film to the chip. Figure below shows a schematic diagram of the chip as 

submitted to the AIM Photonics foundry. 
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A.2. First Generation Silicon Inverse Taper Coupler Chip 

This chip was divided into 4 quadrants. Two quadrants contain various multi-segment 

silicon tapers including the one described in Section 2.3.2. Another quadrant contains 

silicon electro-optical micro-disk modulators as well as Mach Zehnder modulators in 

conjunction with the multi-segment silicon taper to polymer waveguide couplers as I/O 

ports. This is used to demonstrate the performance of the silicon taper to polymer 

waveguide coupler in an electro-optic circuit. Diagnostic circuits are also included which 

enable us to independently determine the performance of various circuit components such 

as waveguide’s propagation loss, bend loss, etc. Figure below shows a schematic diagram 

of this chip as submitted to the AIM Photonics foundry. 
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A.3. Second Generation Silicon Inverse Taper Coupler Chip 

This silicon chip contains the second generation of the multi-segment silicon inverse taper 

couplers with improved tolerance and coupling efficiency. Diagnostic circuits are included 

which enable us to independently determine the performance of various circuit components 

such as waveguide’s propagation loss, bend loss, etc. Figure below shows a schematic 

diagram of the chip as submitted to the Sandia National Labs foundry.  
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A.4. Second Generation Silicon Nitride Inverse Taper Coupler Chip 

This chip design contains the second generation of silicon nitride inverse taper couplers 

which use the segmentation technique described in Section 2.3.2. There are various multi-

segment silicon nitride tapers used in different circuit configurations. Diagnostic circuits 

are included which enable us to determine the performance of various circuit components 

independently. The multi-segment silicon nitride inverse tapers used here were separately 

incorporated into the I/O ports of the photonic circuits designed our collaborators. Figure 

below shows a schematic diagram of the chip as submitted to the AIM Photonics foundry. 

 

A.5. Third Generation Silicon Nitride Taper Coupler Chip 

This chip design also contains 4 quadrants that can be separated by dicing. One quadrant 

is dedicated to diagnostic circuits used to determine the performance of various PDK 

components. The other quadrants contain the third generation of silicon nitride inverse 

taper to polymer waveguide couplers that are multi-segment tapers and have improved 

efficiency and tolerance. Their layout was also adjusted to better accommodate subsequent 

changes in our polymer waveguide fabrication process. The I/O ports or tapers are also 

implemented with various pitches to determine the minimum pitch of the couplers, among 
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other things. Figure below shows a schematic diagram of the chip as submitted to the 

foundry. 

 

A.6. First Generation WDM Chip 

This chip was designed with various 4-channel WDM circuits, with the simplest containing 

a cascade of 4 microdisk modulators with different resonance wavelengths and the more 

advanced circuits containing a negative feedback loop for resonance wavelength trimming 

of the microdisk modulators to the external laser wavelengths by utilizing their integrated 

heaters. Some diagnostic circuits are also included to separately characterize chip 

components. Figure below shows a schematic diagram of the chip as submitted to the 

foundry. 

Q1:
Diagnostics

Q2:
20,30,40µm 
pitch taper 
set

Q3: 
50µm pitch 
taper set

Q4: 
50µm pitch 
taper set



 

 

81 

 

A.7. Second Generation WDM Chip 

This chip is similar to the first generation chip described in A.6 but with some 

modifications based on the feedback from the measurements of the first chip such as 

different coupler locations to simplify the optical packaging of the chip. In addition to 

diagnostic circuits, a few experimental features were also incorporated in this design 

iteration. Figure below shows a schematic diagram of the chip as submitted to the foundry. 
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A.8. Third Generation WDM Chip 

In this iteration a few other photonic circuits were also introduced. The chip contains the 

same set of photonic circuits as A.6 and A.7. Mach Zehnder modulators in conjunction 

with optical add-drop multiplexers were also added. An 8-channel, spatially distributed 

WDM was also added here. This chip also contains dicing lanes for dicing it into several 

chips. Figure below shows a schematic diagram of the chip as submitted to the foundry. 
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