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ABSTRACT

ANALYZING RADIATION DEFECTS IN PHOTONIC INTEGRATED CIRCUITS

This thesis aims to address the challenges in analyzing the performance of silicon photonic

integrated circuits under radiation effects. Silicon photonic integrated circuits (PICs) are increas-

ingly being explored for next-generation optical communication systems in both near-Earth and

deep-space missions. This growing interest stems from the rising demand for high-throughput

data links—potentially reaching terabit-per-second rates—alongside the pressing need to reduce

size, weight, power consumption, and cost (SWaP-C). As missions push further into harsh space

environments, it becomes critical to evaluate the impact of space radiation on the performance

and reliability of PICs. Physically developing and analyzing PIC performance in radiation-harsh

environments is a long and expensive process. A radiation-aware design-space exploration and

simulation framework, called RADPIC, was developed to analyze the performance of PICs under

radiation effects. RADPIC consists of optical and electrical analyses and simulations that consider

the impact of total ionizing dose (TID) on silicon-on-insulator (SOI) based PICs. As a case study,

the performance (e.g., frequency response, extinction ratio, Quality-factor) of a microring res-

onator modulator (MRM) was analyzed under radiation exposure. The results are compared with

previously reported experimental data and demonstrate good agreement. RADPIC lays the foun-

dation for developing radiation digital twin models, enabling enhanced performance and radiation

hardness of PICs for space missions.
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Chapter 1

Introduction

1.1 Problem Statement and Motivation

Silicon photonic (SiPh) devices and photonic integrated circuits (PICs) show much promise in

meeting the demands of various applications, specifically in space. Space applications like near-

Earth and deep-space communication (Figure 1.1) are one of the exciting areas for SiPh devices

and PICS because of the advantages in bandwidth, size, weight, power consumption, and cost

(SWaP-C). Due to these benefits, namely size and weight, satellites can fit smaller communication

systems on board with room for more scientific experiments, or keeping the same footprint, they

can have more powerful systems. Organizations like NASA’s Jet Propulsion Laboratory (JPL)

have been trying to utilize these advantages in communication systems in their Deep Space Optical

Communications (DSOC) program [4]. Advancements in optical space communication are crucial

in supporting the new space economy, which will not only involve governments but also the private

sector. There has been an increased interest in space tourism, asteroid mining, and climate change

monitoring [5]. The success of these optical space systems, mainly comprised of PICs, depends

on how well some key challenges are addressed. These challenges include radiation hardness,

thermal stability, reliability, and longevity [6]. Experiments aimed at addressing these challenges

have already begun. Space qualifying tests for PICs have already begun on the International Space

Station (ISS) with promising performance demonstrated in low Earth orbit [7]. PICs have also

been of great interest in other applications, other than space, such as high-energy physics (HEP)

applications. These HEP applications can require PICs to withstand harsh radiation environments.

Specifically, the European Organization for Nuclear Research (CERN) is considering using PICs

in the Large Hadron Collider (LHC) to deal with ever-increasing data traffic demands [1]. As

these optical systems become increasingly popular, the need for radiation-hard PICs will continue

to grow. Running experiments, such as placing PICs in low Earth orbit, can be very costly. The
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Figure 1.1: An example of optical communication in space with PICs. Top: Example of MRM with its

optical spectrum (right). The various components of a PIC are present, including a laser, waveguides,

modulators, and photodetectors.

design of SiPh devices in PICs varies greatly to enhance performance for specific applications.

Extensive testing will be necessary to ensure that each new design is tolerant to radiation. In

order to speed up research and development, the time for trial and error for device fabrication and

testing needs to be reduced. The radiation hardness of a PIC is determined by many factors, such

as geometries and doping levels [8] [2]. It is not ideal to iterate over many PIC designs through

experimental testing because it is inefficient and costly. A simulation approach must be considered

to tackle these challenges. Specifically, there is a strong need for a radiation-aware design space

exploration framework.

1.2 Thesis Organization

The thesis is organized into the following chapters. Chapter 2 discusses the background of

integrated photonics, the underlying physical principles, and high-energy radiation effects. Chapter

3 discusses how radiation affects SiPh devices and how radiation effects can be simulated on active

SiPh devices in RADPIC, the novel contribution of this thesis. Chapter 4 provides a case study

2



for validating RADPIC, which applies RADPIC to an active SiPh device, followed by a discussion

of the findings. Lastly, Chapter 5 focuses on future work needed to improve the accuracy and

robustness of RADPIC.
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Chapter 2

Background

2.1 Integrated Photonics

There are a few platforms that can be used for PICs. These include SiPh, indium phosphide

(InP), and silicon nitride (SiN3). Of these, SiPh has shown the most promise due to its compatibil-

ity with complementary metal-oxide semiconductor (CMOS) technology. CMOS is the most pop-

ular semiconductor fabrication process for integrated circuits such as microprocessors and memory

chips. This enables the creation of PICs with SiPh devices in existing foundries that have estab-

lished processes, thereby minimizing development costs. One of the main processes for SiPh-based

PICs is the silicon on insulator (SOI) technology, where the wafer consists of a silicon substrate

as the base, then a layer of oxide (often referred to as the buried oxide layer), and a single-crystal

silicon film. This structure provides the advantage of reduced capacitance and less susceptibility to

radiation [9]. There is often also a top layer of oxide called the "cladding" that completes a PIC as

shown in Figure 2.1. A typical wafer for SiPh devices has the silicon substrate at around 725 µm,

2 µm of buried oxide, and 220 nm of crystallized silicon as the top layer if no cladding is involved.

Beyond consideration of SWaP-C, the critical importance of SiPh includes the incredible data

transfer speeds that can be achieved. SiPh transmitters have shown great performance with On-Off

Keying (OOK) and pulse amplitude modulation with 4 levels (PAM-4)experiments in [10]. OOK is

a two-level modulation scheme where data is sent as "on" or "off"; in this case, the light modulates

between being on and off. PAM-4 has four different modulation levels encoding two bits of data.

The authors demonstrated OOK tests with 182 Gbps and PAM-4 tests with 308 Gbps transmissions

while achieving extremely high energy efficiency of 1 pJ/bit.

The author in [11] discusses how PICs can enable an order-of-magnitude increase in speed

and energy efficiency in computation due to their analog nature. This can greatly accelerate the
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Figure 2.1: The structure of an SOI wafer. There is a silicon base, followed by an SiO2 layer, which

insulates the following Si layer. Lastly, there is a cladding layer made from SiO2 on top.

need for deep learning, which can be bottlenecked by the speed of digital circuits solving matrix

multiplication computations. PICs, being analog, can perform these computations at light speed.

SiPh PICs can achieve such incredible performance because photons travel much faster than

electrons [12]. Data sent using photons travels much faster than data sent using electrons, and

therefore, PICs can operate at extremely fast data rates. Traditional electronic circuits utilize wires

that allow for the flow of electrons and transistors that modulate that flow of electrons to transmit

signals. PICs operate differently, using waveguides to transmit light, and components such as

modulators and detectors manipulate that light to transmit signals as shown in Figure 1.1.

2.2 Waveguides

A waveguide is a structure specifically designed to direct and guide light, and it can be helpful

to think of it as an optical wire. For light to be guided within a waveguide, it needs to experi-

ence total internal reflection, where the light stays confined within the waveguide. Total internal

reflection stems from Snell’s Law, illustrated in Figure 2.2, which is defined as:

5



Figure 2.2: Snell’s law illustrated with light (light green) entering from one medium to another, Si shown

in purple and SiO2 shown in gray. The refractive index values for materials are provided at 1550 nm wave-

length.
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Figure 2.3: Total internal reflection in a waveguide shown with light (light green) entering a waveguide

made from an Si (purple) waveguide and SiO2 (gray) cladding.

n1sin(θ1) = n2sin(θ2) (2.1)

where n1 and n2 are the refractive index of their respective materials, θ1 is the incident angle of

the light wave and θ2 is the transmitted angle of the light wave. When θ2 reaches an angle of 90

degrees θ1 becomes the critical angle defined as:

sin(θc) =
n2

n1

(2.2)

where θc is the critical angle. For θ1 values greater than θc, light is confined within the waveguide

because there is no transmitted light ray escaping the waveguide, as can be seen in Figure 2.3.

The refractive index of a material is a dimensionless value defined as:

n =
c

vp
(2.3)

where c is the speed of light in vacuum and vp is the phase velocity of monochromatic light in a

medium. The refractive index describes how much light slows down when it enters a medium as

compared to its speed in a vacuum. Waveguides are designed with materials that have favorable

7



refractive index values that make total internal reflection easily achievable. The most common

waveguide materials are silicon (Si) and silicon dioxide (SiO2). Si has a refractive index of around

3.47 at 1550 nm wavelength, and SiO2 has a refractive index of around 1.44 at 1550 nm wavelength.

The waveguide core, where the light travels, is made from a high refractive index material like Si,

while the surrounding cladding is made from a low refractive index material such as SiO2. This

allows for (2.1) and (2.2) to be satisfied such that the light experiences total internal reflection and

stays confined within the waveguide core.

A monochromatic plane wave traveling in space can be described as:

E = E0e
i(ωt−βx) (2.4)

where E is the electric field vector, E0 is the amplitude of the electric field, ω is the angular

frequency, t is time, and β is the propagation constant. β is defined as:

β =
2πn

λ
(2.5)

where n is the refractive index and λ is the wavelength of light. β describes the change in the phase

of the light wave as it travels through a medium.

Within the waveguide, light waves travel in distinct patterns known as optical modes, which

are solutions to Maxwell’s equations that govern the behavior of light. Light consists of alternating

electric and magnetic fields, and when the electric field is traveling transverse to the direction of

propagation and is parallel to the wafer surface, the light has a transverse electric (TE) polariza-

tion. If the magnetic field is behaving in the same way, then the light has transverse magnetic

(TM) polarization. An optical mode is transverse polarized light that travels along the waveguide

with a constant amplitude and polarization. Waveguides are designed with the intent of guiding

specific optical modes. The two common waveguide designs are strip and ridge waveguides. The

strip waveguide is a Si structure with no base, unlike the ridge waveguide, which has the waveg-

uide core placed on a Si base as illustrated in Figure 2.4. For both waveguides, the portion of

8



the mode’s electromagnetic field that extends beyond the waveguide structure into the surrounding

medium is called the evanescent tail. This wave does not propagate away from the waveguide,

and it exponentially decays. The degree to which the evanescent tail extends out past the waveg-

uide is wavelength-specific. Waveguides’ geometries are chosen to optimize optical performance,

fabrication cost, and design constraints.

Figure 2.4: On the left, the mode is illustrated by the light green wave propagating in the direction of the

arrow in a strip waveguide. On the right, the mode is propagating in a ridge waveguide.

The geometry of a waveguide, the medium of the waveguide core, and its surroundings all

impact the way that the optical mode travels down the waveguide. Instead of using the refractive

index, n, a term called the effective index is used. neff defined as:

neff =
βλ

2π
(2.6)

where β is the propagation constant of the mode and λ is the wavelength of light. neff is used to

describe the phase velocity of the mode.

In reality, an optical mode consists of a narrow range of frequencies centered around the desired

central frequency, such as 1550 nm. These frequencies, superimposed together, create a wave

9



packet that has an overall shape or envelope. This envelope is what carries information in a light

wave, or mode, through a waveguide. To describe how the mode propagates in a waveguide, the

group index is used, and it is defined as:

ng =
c

vg
(2.7)

where vg is the speed of the envelope of the optical mode.

Many optical modes can be present in a waveguide; however, not all are guided modes. In

Figure 2.5 and Figure 2.6, higher-order TE modes were simulated, in 2D, for a strip and ridge

waveguide, respectively. Both waveguides share a similar geometry of being 500 nm wide and the

core being 220 nm tall; however, the ridge waveguide has the added slab region underneath that

is 100 nm tall. The electric field is plotted with normalized intensity. Both waveguides have the

majority of the electric field intensity centered in the waveguide, illustrating a guided mode. For

the higher TE modes, the electric field intensity starts leaking out, showing increasingly unguided

modes from TE mode 2 to TE mode 3. It is important to note that 2D waveguides do not have

pure TE or TM modes but rather have quasi-TE or quasi-TM modes. This means that the electric

or magnetic field is not perfectly polarized in the transverse direction. The degree to which the

electric (or magnetic) field is polarized in the transverse direction is how modes are organized,

with the fundamental TE or TM mode having the highest polarization in the transverse plane,

while the higher-order modes have increasingly less polarization.

2.3 Modulators

In SiPh, devices that can modulate the intensity of optical signals are called modulators. The

two most common modulators are the Mach-Zehnder Modulator (MZM) and the microring res-

onator modulator (MRM). MZMs are active, optoelectronic devices that modulate optical signals

by utilizing the interference between a split optical signal beam with one or both experiencing

a phase shift. MRMs are also active, optoelectronic, wavelength-selective devices that modulate

10



(a) TE Mode 1

(b) TE Mode 2 (c) TE Mode 3

Figure 2.5: TE modes profiles within a strip waveguide, the structure superimposed with black borders,

with the color bar representing normalized electric field intensity. (a) The first TE mode has its electric field

intensity mostly centered in the waveguide, which exemplifies a guided mode. (b) For the second TE mode,

most of the electric field intensity is still centered in the waveguide, but with much less amplitude, and parts

of the mode are not contained in the waveguide. (c) The third TE mode is almost completely unguided, with

most of its electric field intensity outside the waveguide.

11



(a) TE Mode 1

(b) TE Mode 2 (c) TE Mode 3

Figure 2.6: TE mode profiles within a ridge waveguide, the structure superimposed with black borders,

with the color bar representing normalized electric field intensity. (a) The first TE mode shows a guided

mode centered in the waveguide. (b) The second TE mode shows most of the electric field intensity present

in the slab region on the sides of the waveguide core, with the waveguide core retaining some field intensity.

(c) The third TE mode has no guided mode within the waveguide, and the electric field intensity is mainly

focused in the slab region on the sides of the waveguide core.
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optical signals that utilize resonance-induced interference within a microring waveguide. Both of

these devices are widely used in high-speed optical communication. The MZM originates from the

Mach-Zehnder Interferometer (MZI), illustrated in Figure 2.7. An MZI is a device that measures

Figure 2.7: A MZI illustration. The light green arrow depicts light entering the MZI. The light splits down

each arm of the MZI, with one of the light beams experiencing an arbitrary phase shift. The two light beams

recombine at the end of the MZI with their modified phases affecting the output light intensity.

the relative phase shift of an optical signal split into two beams from one source. Any imbalance in

the light paths will result in a relative phase shift, resulting in a change in the output light intensity

at the output of the MZI. The interference can be destructive, constructive, or any amplitude in

between. Assuming an MZI with negligible losses, the output intensity is governed by:

Io =
Ii

2
[1 + cos(β1L1 − β2L2)] (2.8)

where Io is the output intensity of the MZI, Ii is the input light intensity, β1 and β2 are the prop-

agation constants of the two separate arms, and L1 and L2 are the lengths of the two separate

arms [13]. A relative phase shift between the arms can be enacted by a change in the length be-

tween the two arms or a change in the propagation constant of one of the arms. To create an MZM,

the imbalance in the light on one or both of the paths is carefully controlled by using an active

phase shifter. An active phase shifter would modify the effective index, which, from (2.5), would

modify the propagation constant, β.

A MRM originates from a microring resonator (MRR), illustrated in Figure 2.8. An MRR

device consists of a circular waveguide, the microring, with one or two straight waveguides posi-
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Figure 2.8: MRR structure showing an input waveguide, drop waveguide, and a ring in the center, all made

from Si (purple) and SiO2 (gray) cladding. When the MRR is on resonance, light (light green arrow) couples

from the input waveguide into the ring and couples from the ring into the drop waveguide.
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tioned adjacent to it. When only one waveguide is present (the input waveguide), this is referred

to as an all-pass resonator. In the all-pass structure, when an optical signal propagates through the

input waveguide that is adjacent to the ring at a specific wavelength, the resonant wavelength will

couple into the MRR microring, dropping it from the input waveguide. When the MRR consists of

two waveguides, the second waveguide, positioned opposite to the input waveguide relative to the

microring, is called the add-drop waveguide. In the add-drop configuration, resonant wavelengths

that are dropped from the input waveguide couple to the drop port of the add-drop waveguide.

This allows for the resonant wavelength that was filtered out of the input waveguide to be further

rerouted for processing. An optical signal at the resonant wavelength enters the microring due

to resonant coupling. When an optical signal at the resonant wavelength travels down the input

waveguide, the evanescent tail of the mode extends into the microring waveguide, allowing for the

optical signal to couple into it.

When the round-trip optical phase in the MRM constructively interferes at the resonant wave-

length, the optical signal is effectively dropped from the input waveguide. The optical phase is

defined as:

ϕrt =
2πneffLrt

λ
(2.9)

where ϕrt is the round-trip phase of the optical signal, λ is the wavelength of the optical signal,

neff is the effective index of the MRR, and Lrt is the round-trip length of the optical path. For an

MRR with radius r, Lrt is defined as 2πr. When the round-trip optical phase is an integer multiple

of 2π, the optical phase constructively interferes within the MRM, and resonant coupling occurs,

also called a resonant mode. Therefore, the resonant wavelength is defined as:

λres =
neffLrt

m
, (2.10)

where m is an integer value. The presence of this integer value results in many resonant wave-

lengths present throughout the optical spectrum. To create an MRM, the resonant wavelengths can

be actively shifted by altering the optical properties of the microring.

15



Altering the optical properties of an MZM or MRM, for modulating optical signals, can be

done with different approaches, but the most common ones include thermal tuning or modulat-

ing the carrier density in the devices. Specifically, the two arms in an MZM would be subject to

modulation, and for the MRM, it would be the microring. The refractive index of the materials

that these devices are comprised of, Si and SiO2, is temperature dependent. Changing the tem-

perature of these devices changes the effective index, which results in a modulated optical signal

within microseconds [14]. Common materials for the heater include titanium, platinum, nickel,

and chromium. When voltage is applied to the heater, the resulting current heats the heater ma-

terial. This heat then transfers to the waveguide, altering its material properties and consequently

affecting the effective index. An example of a heater placed in proximity to a waveguide is shown

in Figure 2.9. The second approach is modulating the free carrier density in the MZM arms or the

Figure 2.9: Heater, shown in red, placed over a waveguide.

MRM microring waveguide (as shown in Figure 2.10a and Figure 2.10b). The refractive index of

Si can be altered through changes in the concentration of electrons and holes. If the waveguide

is made from a p-n junction, applying a bias to that p-n junction modulates the majority carrier

concentration, strongly affecting the effective index of the waveguide in nanoseconds [14]. The

structure of a waveguide containing a p-n junction is shown in Figure 2.11. The change in the re-
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(a) MZM structure.

(b) MRM structure.

Figure 2.10: SiPh modulators that utilize a p-n junction as the modulation method.
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Figure 2.11: Ridge waveguide p-n junction cross-section.

fractive index due to the change in free carrier concentration is called the plasma dispersion effect.

The plasma dispersion effect is defined by Soref and Bennett [15] as:

∆n =
−e2λ2

8π2c2ϵ0n
[
∆Ne

m∗

ce

+
∆Nh

m∗

ch

]. (2.11)

where, e is electron charge, c is the speed of light in vacuum, ϵ0 is the permittivity of free space, n is

the refractive index of the material, ∆Ne and ∆Nh are, respectively, the concentration of electrons

and holes, m∗

ce is the conductivity effective mass of electrons, and m∗

ch is the conductivity effective

mass of holes. In (2.11), the change in the refractive index of a material is proportional to the

density of free carriers ∆N .

The discussion will now narrow its focus from discussing both the MZM and MRM to exclu-

sively MRMs, as the remainder of this paper centers around their design, simulation, and analysis.

The optical response of MRMs governs their performance characteristics for various applications,

including high-speed optical communications. For an MRM, the transmission is usually measured

at the output of the input waveguide. The MRM will encounter dips in its output transmission

when it experiences a resonant mode. There are a few key parameters that can be extracted from

the transmission spectrum that provide crucial insight into the MRM performance, as shown in Fig-
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ure 2.12. The frequency spacing between resonant modes is called the free spectral range (FSR),

Figure 2.12: MRM optical response with FWHM, ER, and FSR shown.

and it is defined as:

FSR =
λ2
res

ngL
(2.12)

where ng is the group index of the MRM. The group index for an MRM is described as:

ng = neff − λres

dneff

dλres

(2.13)

where neff is the effective index of the MRM, λres is the resonant mode wavelength, and
dneff

dλres

describes the change in the effective index with changing wavelength. The extinction ratio (ER)

describes the difference between the maximum and minimum transmission levels for the resonant

mode, quantifying the resonant dip. The full width at half maximum (FWHM) of the resonant
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mode represents the spectral width of the resonance dip. It is measured at half the depth of the

transmission minimum. The FWHM determines the Quality-factor (Q-factor) of an MRM, and it

is defined as:

Qfactor =
λres

FWHM
. (2.14)

The Q-factor describes the number of oscillations in the ring before the energy reaches 1/e of the

initial energy [14], and impacts an MRM’s modulation and bandwidth performance.

Modulating the resonant wavelength is the crucial function of an MRM. As discussed, thermal

tuning and the plasma dispersion effect are both mechanisms by which this modulation can take

place. An important performance parameter to consider is the modulation efficiency of an MRM.

The modulation efficiency is the measure of the shift in the resonant wavelength against an applied

voltage. (e.g. 1 V). The applied voltage changes the free carrier density in the MRM, dynamically

changing the resonant mode. One consequence of increased free carrier density is the increase in

the absorption of light within the silicon waveguide [14]. This results in a decrease in the Q-factor

of the MRM. The change to the Q-factor will move the MRM away from its resonant mode, which

also reduces the ER [14].

2.4 High Energy Radiation Effects

Radiation effects on PICs are a crucial topic that needs to be addressed thoroughly for the long-

term success of PICs in radiation-hard environments. The following discussion covers the basic

mechanisms of radiation on materials with a more focused discussion of radiation effects on PICs

in Chapter 3.

There are three main types of radiation effects: total ionizing dose (TID), displacement damage

dose (DDD), and single event effect (SEE) [1]. TID is the cumulative amount of ionizing radiation

absorbed by a material. DDD described the damage caused by incident particles colliding with

the crystal lattice of a material, creating defects in the material structure due to the displacement

of atoms. SEE occurs when a high-energy particle penetrates through a material, inducing charge

generation. The three radiation effects are compared in Table 2.1. Radiation effects such as TID
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are discussed in [16]. TID can lead to charge generation in a material due to the energy absorbed

from ionizing radiation. A single high-energy particle, such as a photon, electron, or proton, can

create large numbers of electron-hole pairs and, free carrier density. Since electrons have a higher

mobility than holes, they quickly escape from the material. The free holes have lower mobility and

have a higher probability of recombining back into the material. The fraction of holes that escape

recombination is described in [16] as:

Nh = f(Eox)g0Dtox, (2.15)

where f(Eox) is a fraction scalar that relates the electric field in the oxide to the hole yield. g0 is

the ionization constant of the material representing electron-hole pair density per rad of dose per

unit volume, D is the radiation dose, and tox is the thickness of the oxide. f(Eox) is based on

the electric field strength in the oxide. For gamma (Co-60) radiation, f(Eox) is roughly 1 under

extreme radiation, and for 10 keV X-rays, f(Eox) is around 0.8.

Table 2.1: High Energy Radiation Effects. Content from [1]

Damage Effects TID DDD SEE

Radiation particles Alpha, Beta, Gamma Alpha, Beta, Gamma,

Neutron

Alpha, Beta, Gamma,

Neutron

Time to recover Extended Extended Transient

Damage mechanism Local field modula-

tion driven by charge

generation

Displacement in lat-

tice structure driven

by collisions

Carrier population

increase driven by

charge generation

Microscopic defects Surface oxidation, in-

creased carrier pop-

ulation, bulk trapped

charges

Material point defect,

carrier recombination

center

carrier population in-

crease

Macroscopic Effects Refractive index

shift, absorption

increase, conductivity

modulation

Volume increase or

decrease, absorption

increase

transient current

surge
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To study ionizing particle radiation in SOI materials, The Stopping Range of Ions in Matter

(SRIM) [17] can be used. This tool was used to model how alpha radiation affects Si and SiO2

at very high energy levels. In Figure 2.13, the alpha radiation penetrates Si more than SiO2,

especially at higher energy levels. This tool can provide insights into the recommended depth
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Figure 2.13: Projected range of alpha radiation within Si and SiO2. Particle energy shown from 1-10 MeV.

of various layers in an SOI device. The SRIM software also includes The Transport of Ions in

Matter (TRIM) tool. This tool models detailed interactions of ions with a target material. Two

TRIM simulations were performed with He ions of 1 MeV of energy as the source, one for Si as

the target, and one for SiO2 as the target. Each TRIM simulation included modeling of collision

events, ion penetration depth, and ionization. In Figure 2.14a, the most collisions occur around 3

to 3.5 µm deep into the Si. The location of these collision events matches the projected ion range
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of 3.5 µm in Figure 2.14c. The ionization shown in Figure 2.14b shows the energy loss of ions to

the target material’s electrons. The most energy loss is present around 2 µm deep into the Si. For

the SiO2 TRIM simulations, in Figure 2.15a, the most collisions occur at around 3 µm deep. This

also coincides with the results of the ion range prediction of 3.38 µm in Figure 2.15c. The most

energy loss of the source ion occurs around 1.5 µm deep into SiO2.
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(a) Collisions

(b) Ion Ranges (c) Ionization

Figure 2.14: TRIM alpha particle radiation (1 MeV) simulation with Si as the target.
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(a) Collisions

(b) Ion Ranges (c) Ionization

Figure 2.15: TRIM alpha particle radiation (1 MeV) simulation with SiO2 as the target.
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Chapter 3

Radiation Analysis and Modeling

3.1 Radiation Effects and Analysis on SiPh Devices

SiPh devices in PICs face various challenges as they gain popularity due to their superior per-

formance compared to their electronic counterparts. Radiation effects have become a significant

topic as these devices are introduced in radiation-intensive environments, such as space, as dis-

cussed in Chapter 1.

In [18], the requirements for NASA space missions are discussed. High radiation tolerance,

greater than 100 krad (Si) TID dose, is needed for long mission durations that may have numerous

SEE and DDD events. Such missions may include deploying spacecraft to Europa and being in

a geostationary transfer orbit. Moderate radiation tolerance of 10-100 krad (Si) would be suitable

for medium duration missions that may still exhibit intense SEE events but moderate DDD events.

Missions like these include spacecraft in high and low Earth orbit. Low radiation tolerance of less

than 10 krad (Si) would be suitable for short mission durations that experience moderate SEE and

minimal DDD events. Such low radiation-tolerant devices may be suitable for the Hubble Space

Telescope. The road map for radiation-tolerant devices in [18] includes simulation tools, radiation

environment models, on-orbit experiments and validation, and design tools.

Radiation effects on these devices must be studied, and mitigation strategies such as radiation-

hard designs must be implemented into SiPh devices. The various radiation effects on SiPh devices

are shown in Table 3.1. Waveguides are vulnerable to both TID and DDD, with their effective index

being modified. Consequently, modulators are vulnerable to TID effects, lowering their modulation

efficiency. Modulation efficiency is crucial to the performance of modulators such as MRMs, and

such vulnerabilities to radiation must be mitigated.

Prior work on SOI waveguides has shown some robustness to TID. In [19] several waveguide

designs with varying widths for strip and ridge waveguides were exposed to 100 krad (Si) gamma
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Table 3.1: Radiation Effects on SiPh devices. Content from [1]

Device Laser Modulator Detector Waveguide

TID Vulnerable Vulnerable Robust Vulnerable

DDD Vulnerable Robust Robust Vulnerable

Microscopic de-

fects

Mid-gap state

induced non-

radiative recom-

bination

Trapped charge

induced car-

rier depletion

(pinch-off)

Defect genera-

tion

Mid-gap absorp-

tion and volume

change

Performance

Effects

Increased

threshold current

and decreased

slope efficiency

Decreased

modulation effi-

ciency

Minimal Effective index

change and

increased ab-

sorption

radiation. The group index change was negligible, but the propagation loss did increase after the

TID, but decreased to mostly pre-irradiation levels after heat treatment. To investigate this further,

a 3 µm wide ridge waveguide was irradiated incrementally until 1 Mrad (Si) TID was achieved.

Then a thermal annealing of 200 degrees Celsius on a hot place under normal atmospheric con-

ditions for two hours was performed, which resulted in a reduction of the propagation loss from

1 dB/cm to around 0.7 dB/cm. Furthermore, radiation hardness strongly depends on whether a de-

vice is passivated or unpassivated. Passivation for a SiPh device includes a layer above the devices

themselves, such as SiO2 cladding. Unpassivated devices are exposed to the surrounding air. In [8],

unpassivated MRRs were exposed to 145 krad (SiO2) TID and 870 krad (SiO2) TID of 10 keV X-

ray radiation exhibiting 0.17 nm blue-shift and a 0.36 nm blue-shift in the resonant wavelength,

respectively. The unpassivated MRRs were also exposed to a 147 krad (SiO2) TID of 662 keV

gamma radiation, resulting in a 0.4 nm blue-shift in the resonant wavelength. When the MRR de-

vices were passivated and exposed to the 145 krad (SiO2) of 10 keV X-rays and 147 krad (SiO2)

of 662 keV gamma rays, they exhibited no change in the resonant wavelength. These findings are

further supported by [20], where a passivated MRR experienced an absorbed dose of 15 Mrad TID

of gamma radiation and showed minimal shifts in the optical spectrum, demonstrating robustness.

However, in active devices such as MRMs and MZMs, the waveguide has the structure of a

p-n junction (see Figure 2.11) which exhibits more vulnerability to TID effects. In [21], MZMs
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Figure 3.1: Waveguide p-n cross-section implemented on an SOI wafer with all necessary structures present,

including metal contacts and regions of varying doping levels. Crucial waveguide dimensions are marked

with dark arrows.

experienced TID levels similar to the most extreme cases observed at the High-Luminosity LHC.

It was observed that nonionizing radiation did not significantly affect the modulation efficiency of

the MZMs; however, the MZMs were sensitive to TID, with essentially no modulation occurring at

a MGy of TID. This is further demonstrated in [3] where MZMs exhibited phase shift degradations

at high TID levels. Different design parameters were used to explore and identify radiation-hard

designs. The parameters included doping tail widths, doping levels, and the etch depth (see Fig-

ure 3.1).

MZMs with a deep etch degraded at a lower TID dose than those with a shallow etch, regardless

of doping level or doping tail width. A deep etch corresponds with a thin slab, while a shallow

etch corresponds with a thick slab. MZMs with twice the nominal doping and having a shallow

etch did not experience degradation within the TID limits of the experiment. When the MZMs

were irradiated under a reverse bias, their performance degraded at earlier TID levels. The higher

the bias voltage during irradiation, the lower the TID dose needed for steep degradation to occur.

Lastly, when the MZMs were irradiated at -30 degrees Celsius, there was no degradation present.

The steep degradation of the MZMs was explored in [3] with TCAD simulations in Synopsis
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Sentaurus. The deep etch nominally doped waveguide p-n junction was simulated before radiation

and after 250 kGy of radiation, shown in Figure 3.2.

After radiation, the p-n junction exhibited a pinch-off region where the holes in the waveguide

core are separated by defects at the Si/SiO2 interface and trapped holes in the SiO2 from the p

region of the slab. When a reverse bias is applied, those holes in the core waveguide can no longer

be depleted, forming a pinch-off region. MZMs with a shallow etch had a thicker slab, which

aided in reducing the effects of these defects, and the holes could still be depleted at higher TID

levels. MZMs with higher nominal doping also experienced the same benefits due to the ability to

overcome these defects at higher TID levels.

In [2], both MZMs and MRMs were tested for radiation hardness. Two MZMs with the same

geometry but with different doping levels exhibited different radiation tolerances. The MZM with

the higher doping level in the slab region of the ridge waveguide reached a higher TID before

the degradation of modulation efficiency occurred. This radiation-hard MZM was tested against

a third MZM with the same slab doping but with a shorter doping tail width. The MZM with the

shorter doping tail width had an even more radiation-hard design with much less degradation of

the modulation efficiency at very high TID levels compared to the other design. The authors in [2]

attribute the increased radiation hardness from a decreased doping tail width to a smaller possible

pinch-off region. The possible pinch-off region is smaller when the doping tail width is decreased.

Also, the p-region of the slab can compensate for the holes in the waveguide core more easily if the

doping tail width is minimized. The same is true for a higher doping level in the slab region, where

the holes in the waveguide can be compensated for and the possibility of pinch-off is reduced.

The literature presented in this section highlights the crucial role of SiPh device design in their

radiation hardness and the complexity involved in developing radiation-hard devices.

3.2 Radiation Aware Modeling

The current state of the art in radiation modeling in active SiPh devices is found in [22]. The

authors used a theoretical model for fixed charge and interface trap development from irradiation.
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(a) MZM

(b) MRM

Figure 3.2: (a) Waveguide before radiation. (b) Free hole density in the phase shifter with trapped hole

density in the SiO2 overlaid after 250 kGy for a deep etched MZM. The holes in the phase shifter are

pinched off from the slab region. Plot reproduced from [3] (Licensed under CC BY 4.0).
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The structure of the device is defined, then passed through an electromagnetic wave solver along

with a device solver, and finally, a change in the loss and effective index of the device is found.

The damage from accumulated irradiation is inserted at every time step. Therefore, the device’s

effective index and loss are calculated at every time step with increasing TID. This simulation

found reasonable accuracy compared to experimental results.

The novel contribution of this thesis is the development of RADPIC, a radiation-aware design-

space exploration and simulation framework to study the impacts of TID on SiPh devices based

on the SOI platform. This proposed platform follows a bottom-up approach, by first finding the

material refractive index change and interface traps generation from the effects of a TID dose,

then the electrical and optical properties of the SiPh devices are gathered through electro-optic

simulations.

RADPIC is built upon analytical models that capture the impact of radiation at the material

level and leverages Ansys Lumerical tools [23] for electro-optic simulations. The core structure

of RADPIC is inspired by a simulation framework for an MRM from Ansys [24]. The flow of

the RADPIC framework can be visualized in Figure 3.3 where each step is briefly defined and the

outputs described.

Given an input TID dose, the change in the material refractive index and the interface trap

charge density are calculated. Then these modified materials are inserted into a predefined 3D

structure of a SiPh device in the finite-difference time-domain (FDTD) simulation, a 3D electro-

magnetic solver. These modified materials are also inserted into a predefined 2D or 3D structure

in the finite difference eigenmode (FDE) simulation called MODE, a solver that calculates the

spatial profile and frequency dependence of modes. The calculated interface trap charge density is

inserted into the electrical simulation, called CHARGE, which outputs a spatial charge distribution

mesh for an applied bias voltage. This mesh is inserted back into the FDE (MODE) simulation to

find the effect of radiation on the p-n junction at varying applied voltages on the modal properties

inside the SiPh device under simulation. The outputs from these simulations are all gathered into

the circuit-level simulation, called INTERCONNECT, for device-level analysis.
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Figure 3.3: The RADPIC framework starts with radiation effects calculated at the material level, then

inserted into various solvers, which ultimately allow for circuit-level simulations, allowing for device-level

analysis.
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To obtain the changes in the refractive index for Si and SiO2, as well as the interface traps gen-

erated at the Si/SiO2 interface, we first use analytical models that take the radiation dose as input.

Note that the generation and effects of electrons were not included in our calculations because, as

previously discussed, electrons quickly escape upon generation. To calculate the changes in the

refractive index, (2.11) can be modified to

∆n =
−e2λ2

8π2c2ϵ0n
[
∆Nh

m∗

ch

]. (3.1)

Here, ∆Nh comes from (2.15). The changes in the refractive index at a given input radiation dose

are combined with the nominal refractive index of each material to calculate the new refractive

index values for Si and SiO2.

The interface trap charge density can be calculated using (2.15). The values for g0 for Si

and SiO2 can be retrieved from [25]. A scale factor was introduced for ∆Nh in both (2.15) and

(3.1) as these equations were generating extremely large shifts in the refractive index and interface

charge density. These large values, when used in simulation, would break down convergence in

the simulations (a value of 104 worked well to address these challenges).

Since RADPIC inserts radiation effects at the material level with equations (3.1) and (2.15),

it lends itself to being highly configurable. The active SiPh design of interest can be prepared in

the individual simulations, and RADPIC will obtain the device performance at each TID level of

interest, resulting in a comprehensive analysis of device performance under radiation effects. To

more fully describe the working principle of RADPIC, a case study is presented in the next chapter.
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Chapter 4

Ring Modulator Case Study

To illustrate a practical implementation of RADPIC, a case study is presented where an MRM

is simulated based on a previous study, [2], and the results of the RADPIC simulation framework

are compared with the experimental results of this study. As explained in Chapter 1, RADPIC is

built on the backbone of an Ansys MRM simulation framework [24]; therefore, it is fitting that

this case study involves an MRM. The following sections will discuss each step of the RADPIC

simulation framework.

4.1 Applying Analytical Models

Ansys Lumerical simulation tools, FDTD and MODE, contain predefined properties for var-

ious materials, including Si and SiO2. In order to implement radiation effects, (3.1), in these

simulations, custom Si and SiO2 materials were required. The default data for Si and SiO2 refrac-

tive index were downloaded from the Material Explorer within Ansys Lumerical tools, such as

FDTD. The data included the refractive index for the material at all wavelengths of interest. From

this, (3.1) was used to alter the refractive index based on the input TID dose. The output from

this equation is part of the input for the new custom Si and SiO2 materials that will be used for

the FDTD and FDE (MODE) simulations. These materials are automatically inserted within the

RADPIC framework scripts.

To include radiation effects in the electrical simulation, in CHARGE, the trapped charge den-

sity at the Si/SiO2 interface must be calculated. This can be done using (2.15). The output of this

equation was scaled down with a scaling factor because not all of the charges generated in (2.15)

are directly located at the interface. The scaling factor is a parameter that can be set in the scripts

of RADPIC.
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4.2 Electromagnetic Simulation

Electromagnetic simulations are performed with the Ansys FDTD tool. The purpose of the

FDTD simulation, with respect to the MRM, is to obtain the coupling coefficients from the input

waveguide to the ring. That is, how much of the light from the input waveguide couples into the

ring at each frequency. The MRM structure is shown in Figure 4.2 and Figure 4.1.

Figure 4.1: FDTD simulation 3D view. The objects made from Si are shown in red: the input waveguide,

the bent waveguide (the MRM ring), and the slab. SiO2 is not visible; it is set as a background material.

The simulation region is enclosed in the orange 3D border. The purple arrow (input port) is where light is

injected into the simulation, with the other ports collecting data (gray screens).

It consists of a straight waveguide in proximity to a bent waveguide (which represents the ring).

In practice, the bent waveguide would loop fully, creating a ring shape; however, for simulation

purposes, only half the ring is necessary to characterize the coupling of the light from the input

waveguide to the ring. Both of these waveguides are on top of a base layer of Si, meaning that

these waveguides are of the ridge type. SiO2 is the background material used for the simulation,

and it is not visible in this simulation. The simulation includes 4 ports shown in pairs of arrows.

These arrows represent the mode or wave propagation within the waveguide. The top left port of

Figure 4.2 is where the light is injected into the device, and the other ports monitor and collect

the data on the propagation of light through them. As the light travels from the top left port and
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Figure 4.2: FDTD 2D simulation view with Si structures shown in red, SiO2 is not visible as it is the

background material, the simulation boundary is shown in orange, and the ports with arrows and gray

screens.
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couples into the ring, it will pass through the bottom right port. Therefore, the bottom right port,

on the bent waveguide, is used to collect the coupling coefficients of the device. The path of the

light within the device can be visualized in Figure 4.3, which further illustrates the role of the

bottom right port in the collection of the coupling coefficients. Once the text file for the coupling

coefficients is complete, the simulation framework can move on to the next task.

Figure 4.3: Coupling of light from the input waveguide to the ring. The electric field magnitude is shown

in color with the color bar for reference.
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4.3 Electrical Simulation

Electrical simulations can be performed using the CHARGE tool from Ansys. This simulation

requires only a cross-section of the active components of the SiPh device. In the MRM, the active

structure p-n junction that exists as part of the waveguide structure, for the majority of the ring.

Since the waveguide within the ring device is identical throughout the ring, only one cross-section

of it is needed. In Figure 4.4, the ridge waveguide is present in the center, shown in purple, with

Figure 4.4: CHARGE simulation overview. The cross-section of the Si waveguide is shown in purple, SiO2

is shown in light blue, and the electric contacts are shown in dark gray.

the slab extending outwards away from it until it enlarges to reach the metal contacts shown in

gray. These metal contacts are where the bias is applied to the p-n junction within the waveguide.

The background material is SiO2 shown in light blue. The boundary between the Si and SiO2 is

where the interface trap charges are located. A boundary condition is created to include these traps

in the overall simulation, and it is illustrated in Figure 4.5. The black line that outlines the waveg-

uide structure and slab is where the trap charge density, calculated at the start of the framework,

is inserted. The highlighted green section in Figure 4.6 is useful to visualize the doping regions
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Figure 4.5: Si/SiO2 trapped charge interface boundary shown with the highlighted black lines.

of the p-n junction within the waveguide, slab, and Si near the metal contacts. The regions are

symmetrical from the middle of the waveguide. To the left is the n-doped region, and to the right

is the p-doped region. The doping here follows the structure laid out in Figure 3.1 with the waveg-

uide along with the doping tail and the slab having unique doping concentrations. Visualization

Figure 4.6: The various doping regions within the CHARGE simulation are shown with green borders.

of the doping concentrations is shown in Figure 4.7 where the hole concentration is illustrated by

various colors representing concentration. The left side of the waveguide and related structures

is dark blue due to the absence of holes in the n-doped region. The right side of the waveguide

and related structures have varying amounts of doping concentration following the same pattern

as Figure 3.1. When the CHARGE simulation runs, it simulates the charge carrier concentration

within the waveguide at various applied voltages and saves data on the spatial distribution of these

charges, creating the charge distribution mesh. The radiation dose applied to the CHARGE simu-

lation material interface boundary will also have an effect on the mesh, which is how the electrical

simulation encapsulates the radiation effects on a p-n junction within a SiPh device. This data can

later be used in optical simulations to include the effects of the p-n junction on mode propagation.
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Figure 4.7: Nominal, no radiation effects, hole concentration in the CHARGE. Hole concentration is shown

with a color gradient described by the color bar.

4.4 Modal Properties Simulation

To obtain the modal properties of a photonic waveguide, the MODE tool is used. The primary

function of the MODE simulations includes obtaining the frequency-dependent effective index for

the passive (undoped) and active (doped with applied bias) portions of the MRM ring. The input

waveguide is passive, with no doping. The ring has a certain percentage of the bent waveguide

passive, with the remaining section being active. The percentage of the ring that is doped is a

design choice made carefully based on the application of the MRM. In Figure 4.8 and Figure 4.9,

the simulation is visualized. The waveguide and slab are shown in red. The purple mesh overlaid

on the waveguide is the spatial charge distribution obtained from the CHARGE simulation. When

simulating the passive waveguide and the passive bent waveguide, this mesh is disabled. It is

enabled for the active bent waveguide simulation only. Although the structures in the simulation

can be 3D, the simulation itself is a 2D cross-section at the center of the structure, in the same

location as the charge distribution mesh. Since the simulation runs on a 2D cross-section of the

waveguide, there is no innate sense of a bend occurring, and it is a specific feature that must be
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Figure 4.8: MODE 3D view. The Si structures are shown in red with the spatial charge distribution mesh

(from CHARGE) overlaid on top in purple. When the bend setting is enabled, as shown here, an orange

circle is visible in the simulation representing a continuously bent waveguide. SiO2 is not visible here since

it is set as a background material.
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Figure 4.9: MODE 2D view with a close-up of the Si waveguide with the spatial charge distribution mesh

visible in purple. A small orange mesh region is visible too, which is only used for increased solver calcu-

lations in the region.
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enabled. Therefore, the simulation must be run separately for the passive straight, passive bent,

and active bent waveguides. After all three of these simulations are done, the effective index and

related frequency-dependent data are saved in three separate Lumerical data files. The final step

of the MODE simulation includes running a voltage sweep script provided by Ansys in [24]. This

script sweeps through applied voltages in the active bent waveguide to calculate the change in the

effective index from each applied reverse bias from -1 V to -10 V. This data, saved into a text file,

will be used in conjunction with the Lumerical data files in the final step, circuit-level analysis.

4.5 Circuit-Level Simulation

Circuit-level simulations can be performed in INTERCONNECT, where device performance

can be analyzed. This simulation brings together all of the files obtained from the previous simula-

tions, including: coupling coefficients text file, passive/active bent waveguide and passive straight

waveguide Lumerical data files, and change in effective index per applied bias text file. The MRM,

shown in Figure 4.10, is recreated with circuit components such as directional couplers, waveg-

uides, modulators, and a voltage source. All of the waveguides outside the ring are loaded with the

passive straight waveguide data. The directional couplers are loaded with the coupling coefficients,

and the ring contains two waveguides, where one is loaded with the passive bent waveguide data

and the other is loaded with the active bent waveguide data at no applied voltage. A modulation

component is inserted in the ring connection, which modulates the effective index based on the

applied voltage from the voltage source. The extent to which the effective index is modulated is

governed by the change in the effective index file loaded into the modulator. To analyze the behav-

ior of the MRM, an optical network analyzer (ONA) is connected to the MRM, and it collects the

optical transmission response from the through port and drop port. In many cases, the through port

is sufficient for MRM performance analysis. When the simulation is run, the ONA analyzes the

response of the MRM over many input light wavelengths. The simulation must be run once for ev-

ery applied voltage, and the transmission data of the MRM is saved for each simulation run. When

all simulation runs are finished, the data can be plotted to visualize the impacts of radiation on
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Figure 4.10: INTERCONNECT overview. The MRM is composed of fundamental components that are

loaded with data collected from FDTD, CHARGE, and MODE to accurately represent the MRM design of

interest.
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transmission at different applied voltages. Taking this further, the shift in the peak of the transmis-

sion dip from one applied voltage to the next can be used to calculate the modulation efficiency.

Running the full RADPIC framework through different TID levels can allow for comparing the

impacts of radiation damage on the modulation efficiency of an MRM. Scripting is implemented

in RADPIC to run through different TID levels automatically.

4.6 Validation of RADPIC

To validate RADPIC, we compare the simulation results from RADPIC with the MRM exper-

imental data from [2]. In this work, there were three different MRM designs tested. Each design

had the same physical dimensions, but the doping concentration in the p-n and p+-n+ regions was

varied as described in Table 4.1. The table shows the relative doping concentration to the base

doping concentration level of 1017 cm−3. The MRM designs shared the same ring radius of 5 µm,

100 nm gap, a waveguide core width of 500 nm, a doping tail width of 100 nm, a SOI thickness of

220 nm, an etch depth of 160 nm, and slab length of 1 µm. Note that not all the design parameters

were available in [2], so some parameters were estimated to the best of our knowledge, such as

SiO2 thickness. All of these geometrical features are illustrated in Figure 3.1. In [2], the main per-

Table 4.1: MRM relative doping concentration for each design in [2]. These designs were used for RADPIC

validation. The regions referred to in this table are illustrated in Figure 3.1

.

MRM Design
Relative Doping Concentration

p/n p+/n+

b 5x 11x

b’ 1x 50x

b” 10x 50x

formance metric was the normalized modulation efficiency of the MRM to determine the radiation

hardness of each MRM design. The modulation efficiency measured the shift of the transmission

dip from 0 V to 1 V reverse bias. The MRM designs were recreated within each of the Ansys tools
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previously described. The modulation efficiency was studied among other performance character-

istics, including Q-factor, ER, and FSR for all the MRM designs in Table 4.1.

The results for the modulation efficiency are shown in Figure 4.11 with simulation data col-

lected in RADPIC shown in Figure 4.11a and the experimental data from [2] shown in Fig-

ure 4.11b. In general, the output of RADPIC is in general agreement with the experimental data

from [2]. MRM designs b and b” follow the trends of the experimental data the closest, while

design b’ initially follows the experimental trend but deviates at the highest TID dose, 107 Gy.

This demonstrates the ability to simulate radiation-induced damage in MRMs in RADPIC. One

of the uniquely important features of RADPIC is the simulation of trapped charges at the Si/SiO2

interface using a charge boundary condition shown in Figure 4.5. The TID dose applied to the

simulation directly affects the concentration of charges placed on this border. However, RADPIC

currently does not include a broad range of physical constraints that would be governed by other

boundary conditions. This is most likely the reason for design b’ to deviate from the experimental

data at extremely high TID doses, such as 107 Gy. This design had the lowest doping concentration

in the waveguide core region. This low doping concentration, paired with extremely high TID lev-

els, could easily allow for minor physical effects to take over, which may have allowed for excess

charges in the Si/SiO2 transporting through the p-n region in the CHARGE simulation. This ex-

cess amount of charge transport allowed for an overestimated modulation efficiency. Despite this,

RADPIC overall effectively captured key physical behaviors of MRMs under radiation-induced

damage, as indicated by the strong general agreement between the RADPIC simulation and the

experimental results. This can be illustrated by focusing on design b and b”. For design b in RAD-

PIC, the modulation efficiency initially rises from a normalized value of 1 to 1.2 at 105 Gy after

which it steeply drops to 0 at the highest TID levels. This behavior closely follows the experimen-

tal results where design b rises roughly linearly from a modulation efficiency of 1 to roughly 1.2

at 105 Gy before sharply dropping to 0 right before reaching 106 Gy. For b” in RADPIC, the mod-

ulation efficiency initially stays flat until rising to a modulation efficiency of around 1.1 at 106 Gy

and remaining at that modulation efficiency for higher TID levels. In the experimental results, b”
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Figure 4.11: (a) Normalized modulation efficiency simulation in RADPIC for different MRM designs in

Table 4.1, plotted for 0 to 1 V. (b) Experimental data reproduced from [2] (Licensed under CC BY 4.0).

RM here refers to the same device as MRM. Designs b and b” closely follow experimental results, while b’

deviates from the experimental data at the highest TID level.
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rises to a modulation efficiency of around 1.1 at 106 Gy and stagnates for the remainder of the TID

levels. There is one blip in the data where the modulation efficiency jumps to 1.1 after reaching

104 Gy that is not seen in the RADPIC simulation results. The sharp drops in modulation efficiency

can be attributed to the buildup of the pinch-off region within the p-n junction, where the carriers

are no longer able to be depleted, greatly reducing the modulation efficiency. RADPIC accurately

reproduces these pinch-off regions, and that contributes to the degradation in modulation efficiency

following the trend from the experimental data.

The pinch-off regions developed in RADPIC are shown in Figure 4.12. Here, red conveys a

(a)

(b)

Figure 4.12: Pinch-off occurring at 106 Gy (SiO2) for design b. Practically no modulation occurs when 4 V

of reverse bias (b) is applied when compared to 0 V (a). The concentration of holes is shown with a color

gradient described by the color bar on the right. The main concentration of holes in the waveguide core

remains the same across different applied voltages, illustrating the consequences of the pinch-off region.

high concentration of holes and blue shows an absence of holes. In Figure 4.12a, there is no bias
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voltage applied, and the holes are present in the waveguide core, the slab, but have a very low

concentration in the doping tail region. The holes in the waveguide core are pinched off from the

holes in the slab due to the interface trap charges repelling holes, keeping the doping tail region

empty of holes. When a 4 V reverse bias is applied, as illustrated in Figure 4.12b, the holes in

the waveguide core remain at a similar concentration as when there was no reverse bias applied.

However, the 4 V reverse bias did deplete the holes present in the slab of the waveguide structure,

showing that the pinch-off region is in fact the reason for the carriers not being able to be depleted

from the waveguide core.

4.7 MRM Modulation Efficiency Under More Bias

To expand on the experimental data from [2], the RADPIC simulations included the additional

reverse bias voltages as shown in Figure 4.13. The modulation efficiency from 0 V to 1 V has

already been compared to the experimental data. The modulation efficiency at higher reverse bias

voltages reveals more drastic changes. For design b, there was a negligible change in modulation

efficiency at higher reverse bias voltages. However, for design b”, a rapid degradation at the highest

TID level occurs at the 4 V and 10 V reverse bias, which was not observed at the 1 V reverse bias.

This is most likely due to a pinch-off region forming. At these higher reverse bias voltages, the

charges in the waveguide structure are more depleted, allowing for the interface trap charges to

have a stronger impact in the waveguide core region. Lastly, design b’ unfortunately became even

more susceptible to higher TID levels, with the modulation efficiency dropping at 105 Gy, where

for 1 V reverse bias, the modulation efficiency dropped at 106 Gy. This is most likely attributed

to the fact that the p-n region is lightly doped, allowing for the interface trap charges to have a

greater effect on the region. The continued increase of the modulation efficiency for b’ at higher

TID levels may still be a result of limitations in the physical constraints of the model.
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Figure 4.13: Normalized modulation efficiency across different applied reverse biases. Designs b and b”

experience negligible change in radiation hardness, while b’ shows an increased sensitivity at higher TID

levels.
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4.8 MRM Performance Under Radiation

The RADPIC simulation captures the optical frequency response for each MRM design at

varying radiation doses and reverse bias levels. This allows for analysis of optical responses to

extract key properties that are crucial to fully characterize MRM performance. One important

property is the Q-factor, which is shown for every design in Figure 4.14. In these plots, the Q-

factor decreases with increasing TID levels. Design b” experienced the smallest changes in Q-

factor consistent with its minimal change in modulation efficiency. Radiation-induced changes in

the effective index of the MRM and the increased optical loss due to the presence of more carriers

in the waveguide are mainly what contributed to the decline in the Q-factor. More specifically,

at higher TID levels, the refractive index of a material decreases, resulting in a reduced modal

confinement within the waveguide core, leading to a higher optical loss. Ultimately, this leads

to an increased FWHM, illustrated in Figure 4.15, which reduces the Q-factor as described in

(2.14). Furthermore, increasing the reverse bias voltage improved the Q-factor and subsequently

reduced the FWHM. Since more carriers were depleted from the waveguide, light in the waveguide

experienced less absorption, allowing for the ring to retain light more effectively, increasing the

Q-factor.

The other two important MRM properties are FSR and ER, illustrated in Figure 4.16 and Fig-

ure 4.17 respectively. The FSR appears mostly unaffected by higher reverse bias voltages, which

is expected. An applied reverse bias slightly shifts the transmission dip of an optical response,

resulting in a negligible change in the spacing between spectral dips. However, higher TID levels

did slightly decrease the FSR. This can be attributed to the decrease in the refractive index from

radiation effects, which decreases the resonant wavelengths. The ER showed a decreasing trend

with increasing TID levels. This is likely due to the resonant peak shifting away from the nominal

MRM operating resonant peak, which results in a reduced contrast in the resonance dip. The MRM

designs with higher doping concentrations in the p-n junction region exhibited lower ER, possibly

due to the optical losses present from increased carrier concentration from the higher doping level

or broader resonant peaks, as seen in Figure 4.15. ER increased slightly with increasing reverse
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bias voltages, following the trend of the Q-factor. This is expected because a higher Q-factor is

correlated with a sharper and deeper transmission dip, which increases the ER.

The optical response from MRM design b is shown in Figure 4.18. The shift in the resonant

dip can be observed at various TID levels. The shift from 0 Gy to 104 Gy is very minimal, with

the spectra essentially overlapping. However, at a higher TID level of 106 Gy, the resonant peak

experiences a blue shift around 0.2 nm. This is in agreement with (2.10) since increasing TID

lowers the material refractive index, which in turn reduces the resonant wavelength.
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Figure 4.14: Q-factor for all MRM designs under various reverse bias voltages.
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Figure 4.15: FWHM for all MRM designs at various reverse bias voltages.
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Figure 4.16: FSR for all MRM designs under various reverse bias voltages.
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Figure 4.17: Extinction ratio for all MRM designs under various reverse bias voltages.
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Figure 4.18: The optical response of MRM design b with an applied reverse bias of 10 V at various TID

levels. At low TID levels, the optical response has a negligible shift; however, at higher TID levels, there is

a noticeable shift of 0.2 nm.
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Chapter 5

Future Work

RADPIC demonstrates promising potential with initial simulation results in reasonable agree-

ment with experimental data. However, several areas can be improved to make RADPIC a more

powerful platform by increasing accuracy and robustness. First, changes in fundamental physical

processes, such as recombination velocities and the formation of trap defects in the materials, are

not modeled. Including these effects could help the simulation not break down at extremely high

TID levels, such as when MRM design b’ deviated from the experimental data. Furthermore, the

current method of including interface trap charge density relies on an arbitrary scaling factor to

decrease the calculated value to allow for convergence in the Ansys simulation tools. Although

this is practical, it limits the physical fidelity of the framework, and improving this calculation

could significantly improve accuracy. In addition, the current state of RADPIC applies the refrac-

tive index change uniformly to all materials, specifically Si and SiO2. A more accurate approach,

as suggested in [22], would be to apply the refractive index changes around the boundary region,

localizing radiation effects which more closely mimic the impact of trapped charge build up on

the Si/SiO2 interface. Additionally, introducing time-dependent radiation accumulation in RAD-

PIC would likely increase accuracy in device degradation processes over the current instantaneous

application of a TID level. Further enhancements could be made to RADPIC to include radia-

tion effects from DDD and SEE, in addition to TID, to provide a more comprehensive analysis

of radiation effects on SiPh devices. Although SEE events are transient and unlikely to affect the

results presented in this thesis, incorporating the accumulated effects of DDD would likely have

a significant impact on the findings, due to increased modifications in material properties beyond

those caused by TID effects. Finally, simulating the annealing process with time and temperature

effects on the devices would greatly enhance RADPIC’s functionality.
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