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Figure 1.1. Silicon on insulator waveguides. Schematics of (a) ridge, (b) rib, and (c) buried waveguides with the film or core (nfilm, e.g., silicon) illustrated in grey, the substrate or lower cladding (nsub., e.g., silicon dioxide, SiO2) in blue, and the cover or upper cladding (ncov., e.g., air) is transparent. (d) Ray picture in a side view cross-section of a ridge (or slab) waveguide with incident angle greater than the critical angle. Fundamental (e) transverse electric (TE) and (f) transverse magnetic (TM) guided modes in a front view cross-section of a ridge waveguide as in (a).	6
Figure 1.2. Electro-optic modulators. (a) Cross-section of a pn-doped, phase shifting rib waveguide with implant regions labelled to indicate the impurity dopant type and resulting charge magnitude, indicated by the number of “plus” marks. Metal contacts, indicated by the cathode and anode on this pn junction route the applied voltage and are positioned to avoid interfering with the optical mode. The buried oxide (BOX; e.g., silicon dioxide, SiO2) and silicon handle are labelled. Top-down simple schematic illustrations of (b) a Mach-Zehnder modulator, (c) an absorption modulator, and (d) a ring modulator. (e) Simple PIC schematic with four wavelength inputs, ring modulator data encoders, and a ring drop filter wavelength division multiplex scheme output.	10
Figure 1.3. Waveguide-coupled photodiodes. (a) Perspective illustration of a photodiode (PD) edge coupled to a waveguide (WG). Photodiodes can also be implemented using evanescent coupling or gratings on-chip or via in-plane or out-of-plane fiber coupling. Figure reprinted, with permission, from [44]. (b) Cross-section schematic of a laterally configured Ge-on-Si photodiode. In this case, the Ge and Si are shown as doped, although some photodiodes only employ Si implants. (c) Illustration of photodiode current characteristics. The I-V characteristics of a photodiode are shown, with avalanche breakdown (red), reverse bias (blue), and forward bias (green) regimes indicated. Current characteristics without illumination (), with a small optical input (), and with a large optical input () are shown.	14
Figure 1.4. Materials with large electro-optic coefficients. (a) Pockels coefficient of various materials in different types, including bulk, thin film, and thin film on silicon. (b) Overview of preparation and application of LN and BTO ferroelectric thin films. Figure and caption reproduced, with permission, from [76].	17
Figure 1.5. Silicon nitride for integrated photonics. (a) Bend radius vs. propagation loss for silicon on insulator (SOI), stoichiometric silicon nitride (Si3N4), and indium phosphide (InP). The inset shows the relative transmission window of each material, which is proportional to its electronic bandgap. Figure reproduced, with permission, from [80]. © 2018 IEEE. (b) Schematic of a full on-chip PIC with (from left) III-V laser sources, low-loss silicon nitride routing elements, and silicon active elements. Figure reproduced, with permission, from [29].	19
Figure 1.6. Photonic crystals. (a) The photonic band structures for on-axis propagation, as computed for three different multilayer films. In all three cases, each layer has a width of 0.5a (where a is the period length in the crystal). Left: every layer has the same dielectric constant ε=13. Center: layers alternate between ε of 13 and 12. Right: layers alternate between ε of 13 and 1. (b) Simple examples of one-, two-, and three-dimensional photonic crystals. The different colors represent materials with different dielectric constants. The defining feature of a photonic crystal is the periodicity of the dielectric material along one or more axes. Figure and caption reproduced from Photonic Crystals: Molding the Flow of Light Second Edition by John D. Joannopoulos, Steven G. Johnson, Joshua N. Winn, & Robert D. Meade [151]. Copyright © 2008 by Princeton University Press. Reprinted by permission.	23
Figure 1.7. 1-D photonic crystal waveguides. (a) A normalized band diagram of a circular airhole PhC nanobeam with period a is shown, with fundamental transverse electric modes E(o,1) and E(o,2) indicated in red and the PhC bandgap shaded light red. The fundamental transverse magnetic modes (Mx) are also indicated in blue. Electric field concentration at the (b) dielectric band edge (E(o,1) at k = 0.5) and (c) air band edge (E(o,2) at k = 0.5) are shown, with field concentrated in the dielectric and void portions of the PhC unit cell, respectively. Figure and caption reproduced from Photonic Crystals: Molding the Flow of Light Second Edition by John D. Joannopoulos, Steven G. Johnson, Joshua N. Winn, & Robert D. Meade [151]. Copyright © 2008 by Princeton University Press. Reprinted by permission.	25
Figure 1.8. Design of photonic crystal nanobeam cavity embedded in a waveguide. (a) Transmission spectrum of an airhole PhC nanobeam cavity from finite-difference time domain (FDTD) simulation. (b)-(d) The Ey ﬁeld distribution in the middle plain of the nanobeam cavity. Resonances and symmetries of the modes are indicated in the plot. The symmetry plane is indicated by the dashed red line. The length unit of x and y in (b)–(d) is μm. Figure and caption reproduced with permission from [152] © 2011 Optical Society of America.	27
Figure 1.9. Side-coupled photonic crystal nanobeam cavity and far field scattering profile. (a) Illustration of a side-coupled photonic crystal nanobeam cavity and its far field scattering profile (pink). (b) Scanning electron micrograph (SEM) of a side-coupled PhC nanobeam in silicon on insulator (SOI). (c) SEM of a PhC nanobeam cavity with the unit cells comprising the cavity center (blue), cavity taper (green), and end mirrors (red) indicated. (d) Infrared image of the far field “modal fingerprint” of the side coupled PhC nanobeam cavity in (b) for the first three ordered resonance modes. (e) Normalized transmission spectrum of the side-coupled PhC nanobeam cavity with fiber-coupled input and output through the bus waveguide indicated in (b). (f) Average scattering detected by the infrared camera placed in the plane above the PhC nanobeam cavity as in (a). Figure adapted with permission from [159] © 2019 Optical Society of America.	30
Figure 1.10. Electric energy distribution in several different photonic metacrystal unit cell designs compared to a traditional circular unit cell.	31
Figure 1.11. Nanoscale interface conditions and bowtie photonic crystals. (a) Schematic of a photonic crystal waveguide formed with a R90 unit cell, termed an antislot waveguide. (b) Simulated proﬁles of electric field (E), displacement field (D), and electric ﬁeld energy density of a silicon antislot waveguide. (c) Schematic line proﬁles of the dielectric constant (ε), electric ﬁeld amplitude (E), electric displacement ﬁeld amplitude (D), and electric ﬁeld energy density across the antislot along the x-axis as indicated by the dashed line in (a). (d) Schematic of a slot waveguide. (e) Simulated proﬁles of E, D, and electric ﬁeld energy density of a silicon slot waveguide assuming the widths of the waveguide and slot are 500 and 50 nm, respectively, where the minimum feature size is comparable to the silicon antislot width. (a-f) In all cases, the light polarization is in the y-axis (transverse electric).  (f) Schematic line proﬁles of ε, E, D, and electric ﬁeld energy density across the slot waveguide along the y-axis as indicated by the dashed line in (d). (g) Optical band structures of the cavity unit cell (red curve) and mirror unit cell (blue curve) for a bowtie PhC. (h) Top view (xy-plane) and cross-sectional view (yz-plane) schematics and associated air band edge electrical energy in the center bowtie cavity unit cell. (i) (left) Top-down SEM image of a single bowtie PhC unit cell and (right) tilted SEM image of an undercut bowtie PhC revealing the out-of-plane profile. (a-f) Figure and caption adapted, with permission, from [147]. (g-i) Figure and caption adapted, with permission, from [144].	34
Figure 1.12. Sources of radiation. (a) The spectrum of radiation from the sun that reaches the top of the Earth’s atmosphere (yellow) and at sea level (red). The difference between the two indicates the light that is absorbed by components of the atmosphere. Figure and caption reproduced from the NASA Plankton, Aerosol, Cloud, Ocean Ecosystem (PACE) website (oceansciences.org) and prepared by Robert Rohde (Wikipedia), reprinted under the CC BY-SA 3.0. (b) Plot of the integral flux of protons of various energies in the Van Allen Belt as a function of dipole shell or Earth radii. Figure reprinted, with permission, from [171], © 1988 IEEE.	41
Figure 1.13. Solar particle event imaged by SOHO LASCO. Images from October 28th, 2003 (a) before and (b) after the “Halloween” solar particle event resulting from high energy protons accelerated by a coronal mass ejection. Image Credit: ESA/NASA/NRL. Figure adapted, with permission, from [172].	42
Figure 1.14. Typical radiation levels. (a) Minimum total ionizing dose hardness requirements (in krad(Si)) for several space mission systems. The letters “v,” “e,” and “i” denote vehicle, external, and internal, respectively. The numbers “1” and “2” denote different payloads on the same space vehicle. Approximate altitude ranges of lower Earth orbit (LEO), upper Earth orbits (UEO, including MEO, GEO, HEO), and deep space are color coded. Elliptical orbits are indicated by ranges along the horizontal axis and the average altitude is represented by each marker. Note that 1 krad(Si) ≈ 2.5 krad(SiO2). Figure and caption adapted, with permission, from [174], © 1994 IEEE. (b) Characteristic descriptions of galactic cosmic rays (GCR, top) and coronal mass ejections (CME, bottom). The relative hadron composition, maximum energy, integral fluence (only important for CMEs), flux, and relevant radiation effects are reported. (c) Relative abundance of ion species in galactic cosmic rays up to “the iron knee” after Z=26 after which abundance is effectively negligible. (d) The integral flux of ions with linear energy transfer (LET) greater than the LET value shown on the x-axis for the “worst day” solar particle event (SPE, due primarily to CME) calculated using CREME96, the GCR during solar maximum calculated using CREME96, and the cumulative SPE flux at the 90% confidence level. All results assume 100 mil of aluminum shielding. (b-d) Figures and caption adapted, with permission, from  [175], © 1994 IEEE.	45
Figure 1.15. Total ionizing dose in a MOSFET. (a) Schematic illustration of charge generation and transport processes in an irradiated nMOS transistor biased under positive gate bias. Figure reprinted, with permission, from [166], © 2021 IEEE. (b) Schematic illustration of the cross-section of an nMOS transistor. The inset (right) shows the formation of oxide and interface traps and the location of charges after irradiation.	48
Figure 1.16. Displacement damage. (a) Illustration of the relative probabilistic energy distribution of protons in the space environment with the atomic interactions classifications in each energy range (up to 6-10 MeV - coulombic, nuclear elastic, greater than 20 MeV - nuclear reactions) and the scale of single defect formation (coulombic interactions) to many subcascades (nuclear reactions). Figure reprinted, with permission, from [189], © 2003 IEEE. (b) Schematic illustration of the cross-section of an nMOS transistor. (c) The formation individual lattice defects in silicon after displacement damage.	50
Figure 1.17. Single event transient. (a) Schematic illustration of the cross-section of an nMOS transistor. The inset (right) shows the formation of electron-hole pairs along the path of an incident high-energy particle. The generated charge imbalance causes drift current back into the N well. Single event transients in (b) lateral and (c) vertical Ge-Si PIN photodiodes generated using a pulsed laser under different bias conditions. (b-c) Figure reprinted, with permission, from [202], © 2021 IEEE.	53
Figure 2.1. (a) Illustration of silicon split ring PhC nanobeam. The silicon waveguide is shaded in grey and the air regions indicated by void (black). The area of light localization in the R0 split ring PhC is illustrated by the pink glow inside the split in each ring. (b) Schematic of split ring PhC unit cell with tunable dimensions labeled. Reprinted with permission from [161] © Optica Publishing Group.	61
Figure 2.2. (a) Photonic band structure of R0 split ring PhC showing air band (red diamond) and dielectric band (yellow square). The light line above which no guided modes propagate in a PhC is shaded in black. The extent of the TE photonic band gap is shaded in grey. (b) Simulated transmission spectrum for split ring PhC having a finite length of 27 unit cells. Reprinted with permission from [161] © Optica Publishing Group.	63
Figure 2.3. Electric field energy density (i.e., proportional to E2) distribution at air band edge for (a) R0, (b) R30, (c) R60, and (d) R90 split ring PhC unit cells using a color map normalized to the peak energy density of the R0 unit cell (E2/ER02), allowing direct comparison across all unit cells. (e) Rotation angle dependence of peak energy density (normalized to ER02) inside split ring PhC unit cell (red diamonds) and air band edge (BE) frequency (yellow squares); the split width is held constant at 10 nm. (f) Split Split width dependence of peak energy density (normalized to ER02) and air band edge (BE) frequency; the rotation angle is held constant at zero degrees. Reprinted with permission from [161] © Optica Publishing Group.	66
Figure 2.4. Electric field energy density profiles at the air band edge for infinitely long PhC waveguides with (a) the R0 split ring unit cell (λ = 1604.4 nm, θ = 0o), (b) the R90 split ring unit cell (λ = 1610.5 nm, θ = 90o), and (c) the full ring unit cell (λ = 1610.9 nm) where the split is removed from the structure. The energy density profile is plotted using a color map normalized to the peak energy density of the R0 unit cell (E2/ER02). Reprinted with permission from [161] © Optica Publishing Group.	66
Figure 2.5. Electric field energy density profile at the air band edge (λ = 1568.8 nm) for an infinitely long PhC waveguide with traditional circular air hole unit cells (r = 90 nm). The energy density profile is plotted using a color map normalized to the peak energy density of the airhole PhC unit cell (E2/EAH2). Reprinted with permission from [161] © Optica Publishing Group.	68
Figure 3.1. (a) Schematic of designed silicon device layer of anti-slot PhC nanobeam and underlying silicon rib. Key feature sizes are labelled.  The area of energy localization when operated at the band edge is highlighted pink. The mode propagation direction is indicated by the black arrow (bottom right). (b) Cross-sectional view of corresponding vertical material stack. © 2023 IEEE.	75
Figure 3.2. (a) Energy density distribution in a PhC unit cell with no anti-slot (AS) (i.e., silicon bar) compared to unit cells with varying anti-slot widths (was). The color map is normalized to the peak energy density in the bar. (b) Normalized peak energy density of PhC unit cells with different anti-slot widths. An exponential line of best fit is plotted (dashed) as a guide to the eye. (c) Simulated transmission spectrum of anti-slot PhC nanobeam waveguide shown in Fig. 3.1. © 2023 IEEE.	77
Figure 3.3. SEM image of three unit cells of the fabricated anti-slot PhC waveguide with minimum anti-slot width of (a) 70 nm and (b) 110 nm. Corresponding energy density distribution in simulation of (c) 70 nm and (d) 110 nm anti-slot PhC unit cell. The energy enhancement is concentrated at the pinched region of the design corresponding to the anti-slot region with normalized enhancements of 2.73 and 1.73, respectively. © 2023 IEEE.	79
Figure 3.4. Simulated (orange) and measured (blue) transmission spectra of anti-slot PhC nanobeam waveguides with tapered anti-slot features as shown in Fig. 3.3. The solid traces (left) correspond to the 70 nm dielectric anti-slot and the dashed traces (right) correspond to the 110 nm dielectric anti-slot, as labeled. © 2023 IEEE.	81
Figure 4.1. Deep subwavelength slotted PhC unit cell schematics and tuning parameters. (a) Perspective illustration of the slotted PhC design. The silicon PhC device layer is shaded grey, with the air mode and dielectric mode regions labelled and indicated inside the green, dashed boxes. The areas of maximum optical energy concentration are illustrated by the pink glow inside the dielectric mode deep subwavelength slots. The inset shows a top-down schematic of the coupling between the bus waveguide and the PhC and the black bolded arrow indicates the direction of light propagation into the nanobeam along the x-axis. (b) Top-down schematic of the slotted PhC design. The PhC tuning parameters, which include air mode slot width (was), dielectric mode slot width (wds), PhC period (a), and PhC waveguide width (wPhC), are indicated. The locations of anchor points, for ensuring fabrication viability, are indicated inside the black, dashed boxes. The direction of optical signal propagation is indicated by the black bolded arrow located at the bottom right corner. The background color in both (a) and (b) is shaded light grey, for contrast. We note that the layer immediately below the silicon PhC device is a silicon slab. (c) Cross-sectional schematic of the optical material stack in GlobalFoundries FotonixTM technology. The buried oxide (light blue), silicon rib and PhC device layer (grey), and silicon nitride (purple) are indicated. Reprinted with permission from [257] © Optica Publishing Group.	87
Figure 4.2. PhC nanobeam fabrication and analysis. (a) SEM image of four unit cells of the deep subwavelength slotted PhC nanobeam waveguide fabricated using DUV lithography. The respective slots in which the dielectric and air modes are localized are indicated inside the green rectangular overlays. (b-c) Electric field energy density distributions simulated at the (b) dielectric band edge for the 40 nm slot and (c) air band edge for the 70 nm slot using a color map normalized to the peak electric field energy density in a traditional air mode slotted PhC unit cell with a 140 nm slot width (i.e., EPhC2/Eref.2, Eref.2/Eref.2 = 1). See Fig. 4.6 for the reference PhC design. The enhancement factors for the energy distribution of the dielectric and air modes are 3.91 and 3.03, respectively. (d) Simulated (orange) and measured (blue) transmission spectra plotted in arbitrary units (a.u.). Both band edges are shown in simulation, while only the dielectric band edge is within the measurement window. Reprinted with permission from [257] © Optica Publishing Group.	90
Figure 4.3. Comparison of different slotted PhC designs in fabrication. SEM images of two unit cells of the (a) 40 nm (dielectric mode) and 70 nm (air mode), (b) 110 nm (air mode), and (c) 140 nm (air mode) slotted PhC nanobeams. The scale bar in all three images is 200 nm, with 50 nm divisions. Transmission spectra of the (d) 40 nm, (e) 110 nm, and (f) 140 nm slotted PhC nanobeams (with a length of 200 unit cells in all cases) taken from six randomly selected wafer test sites. Spectra from the slotted PhC (orange) and adjacent reference waveguide (blue) of the same total length are plotted, and the dielectric band edge of each PhC waveguide is located within the telecommunications C-band. The noise floor in measurement is approximately -55 dB below the reference waveguide transmission. (g) Normalized transmission spectra (i.e., Tref. waveguide – TPhC waveguide) of the six characterized 40 nm slotted PhCs.  (h) Wafer map quantitatively comparing the insertion loss due to the PhC waveguide across tests sites for the 40 nm Slotted PhC. Reprinted with permission from [257] © Optica Publishing Group.	93
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Introduction

In this dissertation, I discuss the ways that unique physical properties at the nanoscale can be leveraged to advance the performance of scalable integrated photonics components and systems. Further, I address the robustness of on-chip signal modulation and detection for aerospace applications [1], especially focusing on footprint, power efficiency, and high-speed performance. In this multidisciplinary thesis, optics, electronics, physics, and materials science are agglomerated to propel advancement in the strength and nature of light-matter interactions in integrated photonic components and operational reliability in harsh radiation environments as in outer space. 

[bookmark: _Toc207957999]The marriage of semiconductor computing and integrated photonics
Especially over the last decade, the demands for data processing and transfer have grown exponentially, following ballooning computing requirements from revolutionary global technology initiatives including artificial intelligence and machine learning, cloud computing, 5G, internet of things, and more. The practical atomic scale limits threaten the “traditional” lithographical scaling approach to reduce transistor node size and drive computing advancements by an approximate doubling transistor density every two years as has been described since 1965 by Gordon Moore’s Law [2,3]. Here, I use traditional in quotes to avoid implying that transistor scaling is in any way a straightforward endeavor; this effort has required trillions of dollars and many thousands of the greatest scientists and engineers across the world to revolutionize semiconductor manufacturing itself [4]. The current leading edge transistor node is 3 nm (or about 30 atoms), produced by Taiwan Semiconductor Manufacturing Company Limited (TSMC), who plans to move toward volume production of a 2 nm node called N2 in 2025 [5]. Moreover, the next technology release on TSMC’s roadmap is A16, which seeks to address the compound nature of global demands on computing, as power consumption requirements have grown in lockstep and created a two-fold bottleneck for new technologies [6,7]. As such, the augmentation of current traditional copper interconnects is necessary to keep up with the desires of data centers, consumers, research, and national security efforts alike.
Fiber-optic communications have long been essential to global connectiveness, due to the great bandwidths and low power consumption achieved by using light as in information carrier in optical fiber. Today, data is routed between cities, countries, and continents using billions of kilometers of long-haul optical fiber bundles [8]. Additionally, initiatives from Google, AT&T, and others continue to construct the infrastructure required to bring optical information transfer to businesses and homes. Now, the attention has turned toward bridging the gap between the fiber communications and semiconductor computing sectors, leveraging the speed and efficiency advantages of optical datacom toward inter and even intra-chip communications using optical interconnects, which use fibers or on-chip waveguides to transmit information where laser signals are the information carrier instead of current [9]. 
Hence, photonic integrated circuits (PICs) have become a direct complement to electronic ICs for computing with complex optical systems miniaturized onto a single chip. Over the past two decades, research in silicon photonics has rapidly evolved as the integration of waveguides, modulators, detectors, and lasers on a single, silicon-based chip has become a reality [10–12]. Integrated photonic optical transceivers and photonic medical diagnostics [13,14] have already been commercialized and continue to grow. Moreover, new research frontiers in optical trapping [15,16], quantum computing [17–19], and LiDAR [20–22] (light detection and ranging) have been established. In each of these areas, on-chip photonic elements and circuitry enable performance benefits, in part due to the inherent advantages of optical signals over their electronic counterparts in terms of signal propagation speed, capability for multiplexing, and minimizing cross talk [23,24]. As integrated photonics research and commercial technology improves, a marriage between electronic computing and photonic data transfer circuits will likely best accommodate growing global demand for efficient information processing and transfer [25,26]. Research and technology development in integrated photonics has made sufficient progress to initiate swift commercial growth; the silicon photonics industry has experienced a sustained 40% or greater compound annual growth rate over the last several years and is projected to reach a total PIC die revenue of nearly one billion USD in 2029 [27]. Just like the past 50 years in the electrical IC industry, researchers like me have sought to consistently improve the performance and compactness of integrated photonic components to address data demands across the world [28]. While a current focus is at big data centers moving transmission links away from bulky or electronic hardware toward PICs, the demand necessitates improvements at both the component and circuit level. 
Current state-of-the-art research in integrated photonics is focused on design optimization of guiding geometries and materials used on-chip. One major thrust involves engineering waveguides, which are the structures that guide light through the photonic circuits, to minimize loss and maximize efficiency. Additionally, while silicon (Si) is an excellent guiding medium with low loss in the near infrared and brings the clear advantage of existing manufacturing expertise from commercial complimentary metal-oxide-semiconductor (CMOS) processing, its properties are not easily tuned. New complimentary materials to silicon are being explored, including silicon nitride [29], lithium niobate [30], group III-V semiconductor compounds [31], and phase change materials [32], each offering unique optical properties such as low absorption or tunable refractive indices. Additionally, the use of hybrid and 2D materials (e.g., hexagonal boron nitride, etc.) [33–35] and leveraging nonlinear optics in the guiding medium [36,37] are being explored to enable active control over light signals. This research aims to not only increase bandwidth and reduce energy consumption of photonic components and systems but also to enable the integration of more complex optical functionalities on a single chip, paving the way for next-generation photonic technologies in computing, telecommunications, and sensing.

[bookmark: _Toc207958000]Basic photonic components
[bookmark: _Toc207958001]Optical waveguides
To understand the principles of integrated photonic devices and circuits, one must first investigate the optical waveguide, which is the fundamental building block to a photonic device or integrated circuit. Just as metal traces and wires carry electrical signals, silicon waveguides and optical fibers carry optical signals. Photonic waveguides rely on total internal reflection, where light incident at angles above the critical limit () will reflect inside the higher refractive index guiding medium of the waveguide:
	
	
	(1.1)   



where the refractive index of the guiding medium, or core (), is greater than that of the cladding medium (). The guiding medium is used to reflect incident light inside its interfaces allowing for the creation and propagation of a guided wave satisfying the transverse waveguide condition:

	
	
	(1.2)   



where  is the wavevector within the guiding medium,  is the thickness of the waveguide, and and  are the phase upon reflection with the top and bottom waveguide interface, respectively. The usefulness of waveguide descriptions for both reflection of light rays and propagation of a guided wave speaks to the wave-particle duality of light. This is illustrated in Fig. 1.1, which shows examples of simple waveguide structures and both the ray and guided mode description. On-chip waveguide schematics of a silicon-on-insulator (SOI) style are shown, which is representative of the designs utilized throughout this dissertation, although it is worth noting that optical fibers use the same waveguiding conditions but in spherical geometries. Here, the terminology is specified into describing the waveguide as a three layer film stack with substrate (lower cladding), film (core), and cover (upper cladding). Additionally, the transverse electric (TE) and transverse magnetic (TM) fundamental mode distributions are shown in Fig. 1.1(e-f), where TE and TM refer to the polarizations with electric field and magnetic field perpendicular to the plane of incidence (up and down in the page), respectively. This is simulated using finite difference eigenmode (FDE) techniques, which show the electric field present inside the waveguide as the optical mode propagates, which can also be represented by the basic expression:
	
	

	(1.3)   


where  is the electric field distribution (shown in the plots), ω is the angular frequency of the wave defining its oscillation in time , and  is the wave vector or propagation constant along the z-direction that defines the phase of the travelling wave along the waveguide.


[bookmark: _Toc209649569]Figure 1.1. Silicon on insulator waveguides. Schematics of (a) ridge, (b) rib, and (c) buried waveguides with the film or core (nfilm, e.g., silicon) illustrated in grey, the substrate or lower cladding (nsub., e.g., silicon dioxide, SiO2) in blue, and the cover or upper cladding (ncov., e.g., air) is transparent. (d) Ray picture in a side view cross-section of a ridge (or slab) waveguide with incident angle greater than the critical angle. Fundamental (e) transverse electric (TE) and (f) transverse magnetic (TM) guided modes in a front view cross-section of a ridge waveguide as in (a).

	Another important waveguide description is effective index (), which can be defined in several ways using fundamental constants:
	
	

	(1.4)   


Here, the characteristic, free-space wavenumber () can be rewritten as , where  is the characteristic wavelength, or as angular frequency divided by the speed of light ().  is also equivalent to , where  is the phase propagation velocity. Thus, effective index can be used to describe the speed of the wave travelling inside the waveguide. Additionally, the magnitude of the effective index is limited by:
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where the value of  for a given mode can be compared qualitatively to the material index of the waveguide core and describes the localization of the mode; that is, larger  corresponds to a more localized mode centered in the waveguide core. A detailed description of fundamental principles of waveguides and other useful physics for basic photonics can be found in [38]. 

[bookmark: _Toc207958002]Modulators
	Armed with a basic understanding to waveguides, we can begin to discuss the basic physical principles of photonic devices, including the modulator. Photonic modulators are essential components in optical communication systems and integrated photonics, where they are used to encode information onto light waves for transmission across optical fibers or through photonic circuits. Photonic modulators are analogous to transistors in electrical integrated circuits and are used to control and manipulate properties of light as it propagates through an on-chip photonic circuit. Unlike the electrical transistor which controls only current on or current off (e.g., state 1 or state 0), the properties of light signals that can be addressed include but are not limited to amplitude, phase, frequency, and polarization. This further emphasizes the advantages of light as an information carrier since multiple signals carrying unique information can be routed through the same waveguide, a process called wavelength-division multiplexing. There are three widely studied modulator configurations: Mach-Zehnder, ring, and absorption modulators. The most typical design strategies for these devices leverage the application of an electrical voltage to change the modulators optical properties, which is coined an electro-optic effect. In the case of silicon, its electro-optic coefficient is very weak [39], which necessitates doping or heterogeneous materials integration to increase the change in refractive index (which is directly proportional to the change in device properties) without increasing the applied voltage and subsequent power requirements. This avenue of materials integration to compliment silicon photonics reaches into ongoing investigation across the field and will be discussed in Chapter 1.3. I note also that the thermo-optic coefficient in silicon is substantially greater than its electro-optic Kerr coefficient, making resistive heating a useful method for statically tuning the optical properties of waveguides [40]. However, Joule heating is far too slow a process to meet the 100’s of GHz speeds achieved by optical modulators formed in materials with strong electro-optic coefficients or even the 10’s of GHz speeds achieved by optical modulators formed in doped silicon. Hence, a combination of static thermal tuning and dynamic electro-optic switching is often used in device design.
	For simplicity, I will discuss only example cases in silicon and germanium where impurity doping is used to provide excess charge that can be influenced by a voltage-applied electric field to modify its refractive indices and achieve amplitude or phase modulation. Additionally, I will omit many of the details of dopant implantation in semiconductors, which can be found along with direct influences on optical properties in [41]. A general schematic of a doped waveguide is shown in Fig. 1.2(a), where the waveguide is cross sectioned by implants in the configuration of a pn diode. For low absorption operation, a negative bias can be applied to the cathode to sweep electrons in the n-type region and holes in the p-type region away from the pn interface near the center of the waveguide, which is called carrier depletion. Thus, the effective refractive index () is modified due to the change in carrier concentration, which changes the rate of phase accumulation in the waveguide, as discussed above. For the Mach-Zehnder modulator (MZM) shown in Fig. 1.2(b), changing the phase accumulation to the modulated light signal (Δφs) causes interference when the modulated and reference signals recombine. The phase difference (between 0 and 90 degrees) at the device output will dictate the output light intensity for amplitude modulation based on constructive or destructive interference. Fig. 1.2(c) shows a straight waveguide with an embedded pn junction. This device can be used as in the signal arm of the Mach-Zehnder modulator to direct phase modulation of a light signal. Additionally, if the doped section is comprised of germanium (or germanium-silicon) instead of silicon, reverse bias can be applied to shift the semiconducting bandgap and influence optical absorption via the Franz-Keldysh effect [41], once again for amplitude modulation. Finally, the optical transmission spectrum through a ring resonator as shown in Fig. 1.2(d) experiences periodic resonance dips from a high transmission background where light strongly couples and circulates within the ring structure, reducing the transmission in the bus waveguide toward zero. The relationship between the ring waveguide properties and the wavelengths of these resonances is defined by:
	
	

	(1.6)   


where  is the circumference of the ring,  is an integer,  is the resonant wavelength, and  can be modified by applying voltage to a pn junction cross sectioning the circular ring waveguide. Modulation of the effective index in turn modulates the wavelength that meets the resonance requirements. Thus, when a single wavelength is used to carry information through the device, the ring’s index can be modulated to match and mismatch the input signal and the resonant wavelength, again for amplitude modulation. In PIC design, several rings can be cascaded together each to each individually address a specific wavelength input. This is shown in Fig. 1.2(e) where four different laser wavelengths are input on a single waveguide, individually addressed by ring modulators (tuned to each of those four laser wavelengths), routed around the chip or to another chip using optical fibers, and then multiplexed into separate waveguide outputs using channel drop ring resonator filters. Reaching comfortability with these topics is an endeavor that takes much more time and detail than is permissible in this dissertation, so I will limit the conversation here, but provide reference to a textbook that delves into photonic device and circuit design in great detail [42]. 
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[bookmark: _Toc209649570]Figure 1.2. Electro-optic modulators. (a) Cross-section of a pn-doped, phase shifting rib waveguide with implant regions labelled to indicate the impurity dopant type and resulting charge magnitude, indicated by the number of “plus” marks. Metal contacts, indicated by the cathode and anode on this pn junction route the applied voltage and are positioned to avoid interfering with the optical mode. The buried oxide (BOX; e.g., silicon dioxide, SiO2) and silicon handle are labelled. Top-down simple schematic illustrations of (b) a Mach-Zehnder modulator, (c) an absorption modulator, and (d) a ring modulator. (e) Simple PIC schematic with four wavelength inputs, ring modulator data encoders, and a ring drop filter wavelength division multiplex scheme output.


[bookmark: _Toc207958003]Photodiodes
Just as photonic modulators are required to encode electrical signals onto an optical carrier, an electrical readout following optical data transformation and transmission is required to establish two-way communication between PICs and electrical logic, memory, and application specific circuits. Hence, a photodetector is employed, where photons in the light signal are sorted, binned, and routed based on the information they carry (e.g., wavelength, phase) through waveguides and channelizers to an appropriate destination where those photons can be captured and converted to an electrical signal. As illustrated in Fig. 1.3, most on-chip photodetectors, or photodiodes, are formed as a p-n or p-i-n junction, where the semiconductor material is strategically doped with localized p-type and n-type implant species (sometimes with an intrinsic i-type region in between), creating a junction potential and built-in electric field where electron-hole pairs (EHPs) can be created [43]. As photons with energy greater than the semiconductor bandgap are absorbed by the photodiode and generate EHPs, holes are swept toward the p-region and electrons are swept toward the n-region, thus generating an electrical current that is used to address the electrical IC following the PIC. Since the bandgap () of silicon is around 1.12 eV (~1100 nm), doped silicon photodiodes are not often employed in PICs, which use wavelengths near 1310 nm ( ~ 0.95 eV, O-band) or 1550 nm ( ~ 0.8 eV, C-band). Instead, germanium ( ~ 0.66 eV), germanium-silicon alloys (0.66 <  < 1.12 eV), or indium gallium arsenide ( ~ 0.75 eV) can be employed for near infrared (NIR) photodetection. Since germanium (and germanium with silicon impurities) can be readily grown atop silicon layers with reasonably small lattice mismatch (~1%) and similar thermal expansion rates, Ge or Ge-Si photodiodes are the most employed within PICs [44].
The total photodiode current at moderate reverse bias intended for photodiode operation (dependent on junction design, e.g., -1 V, -2 V) comes from two main contributions, photocurrent and dark current. The photocurrent is the desired signal, induced by the absorption of photons in the optical signal (photogeneration), which are collected across the depletion region of the p-n or p-i-n junction. The level of photocurrent ( achieved for a given optical input power () is characterized by the responsivity () and quantum efficiency () of the photodiode, which are related by: 
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where  is Planck’s constant,  is the frequency of light, and  is the elementary charge of an electron. Responsivity and quantum efficiency can be characterized as a function of wavelength using a fixed power optical input and applying reverse bias intended for photodiode operation (e.g., -1 V, -2 V). Then, the photocurrent is measured and coupling losses up to the photodiode interface are estimated (using reference waveguides in a PIC layout) and subtracted. 
Conversely, dark current arises from non-ideality, or defectivity, in the junction and adds noise to the current signal. Dark currents arise due to EHP recombination processes  [45], including:
Shockley-Read-Hall (SRH) processes due to midgap defect trap states in the depletion region
surface leakage currents along the sidewalls or at interfaces, especially in devices with poor surface passivation
trap-assisted tunneling currents, particularly in devices with high doping concentrations or under high electric fields
diffusion current from minority carriers injected into the depletion region

Dark current can be characterized by measuring the photodiode current without illumination and the dark current level (and processes responsible for dominant contributions) are dependent on the applied voltage. Minimizing dark current is critical to maintain high sensitivity and low noise, particularly as the requirements and complexity of PICs increase (each signal operation contributes some loss of total signal). This is achieved by materials engineering, improving the quality of interfaces and mitigating defectivity within the sensitive volume.
It is also worth noting that dominant current characteristics of photodiodes outside of typical device operation include:
very large reverse bias – avalanche breakdown, where high electric fields cause cascaded EHP recombination, or impact ionization, causing current to swiftly increase with applied voltage magnitude
very small forward bias – subthreshold current, before overcoming the junction potential to recombine electrons and holes across the depletion
moderate forward bias – on current, the photodiode is driven by the applied voltage and the magnitude is dependent on recombination mechanisms
large forward bias – on current, the magnitude is dominated by series resistance

It is worth noting that very large forward and reverse bias magnitudes applied to a photodiode can cause permanent damage and need not be characterized to understand photodiode characteristics. However, the slope of the subthreshold current can be used to characterize the photodiode ideality factor (), which defines how closely a diode follows the ideal diode equation. For practical semiconductor diodes , meaning that the ideality factor is greater than one (no fabricated device is perfectly ideal) and can approach two or more. In general, the smaller the ideality factor, the more ideal the device. This description is useful for characterizing the overall defectivity within the sensitive device volume and offers comparison between devices. Ideality factor and its use for characterizing photodiodes is discussed in detail in Chapter 5. 
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[bookmark: _Toc209649571]Figure 1.3. Waveguide-coupled photodiodes. (a) Perspective illustration of a photodiode (PD) edge coupled to a waveguide (WG). Photodiodes can also be implemented using evanescent coupling or gratings on-chip or via in-plane or out-of-plane fiber coupling. Figure reprinted, with permission, from [44]. (b) Cross-section schematic of a laterally configured Ge-on-Si photodiode. In this case, the Ge and Si are shown as doped, although some photodiodes only employ Si implants. (c) Illustration of photodiode current characteristics. The I-V characteristics of a photodiode are shown, with avalanche breakdown (red), reverse bias (blue), and forward bias (green) regimes indicated. Current characteristics without illumination (), with a small optical input (), and with a large optical input () are shown.




[bookmark: _Toc207958004]The research frontier in integrated photonics
As mentioned earlier in this chapter, silicon has been the backbone material of integrated photonics since its conception. Owed to its high refractive index (~3.48 at 1550 nm) and low extinction coefficient (<10-12 at 1550 nm) in the optical communications wavelength bands [46,47], silicon was the optimal material choice for designing low-loss waveguides and other early photonic structures. Additionally, silicon is readily processed in any commercial foundry, as silicon transistors date all the way to 1954 at Bell Labs and Texas Instruments [48]. What Morris Tanenbaum and the team of device engineers at Texas instruments could never have fathomed is the sheer momentum that this discovery would gain as today more than 10 billion silicon transistors comprise the computing units of our cell phones. For computing electronics, silicon is excellent. Silicon is abundant, making its sourcing cost-effective. In crystalline form, it is an indirect bandgap semiconductor (~1.1 eV), which is effective for promoting electrical stimulus into current readout (as opposed to a direct gap semiconductor where light emission is favored). Silicon is also thermally conductive and stable at high temperatures, promoting heat dissipation and longevity in any environment around the world. Silicon devices can be fabricated scalably using photolithography, etching, and chemical vapor deposition techniques. Ion implantation can be used to promote charge imbalances and high-quality oxides (e.g., SiO2) can be formed to isolate junction channels for addressable current flow, which is critical for field-effect transistor (FET) design. While many of the requirements for silicon photonics are similar, there are several properties of silicon that limit its utility for PICs, including weak electro-optic [39] and non-linear  [49] coefficients, two-photon absorption at high input intensities and transmission cutoff around 1.1 μm, and lack of efficient light emission or optical gain. Thus, a suite of complimentary materials are requisite to continue to drive progress in the information carrying capabilities, efficiency, and cost-effectiveness of photonic ICs. Here, I will briefly review some other photonic materials can be used alongside silicon to advance PIC performance. Additionally, while later chapters in this thesis focus primarily on design in silicon, many of the principles uncovered are agnostic to the guiding material or can be combined using heterogenous integration.

[bookmark: _Toc207958005]Electro-optic materials
While current commercial photonics in silicon currently meet practical requirements for consumer technologies, development must swiftly continue ahead of data demands. In current commercial photonics foundry design libraries, doped Si MZMs operate at up to ~30 GHz and need to be ~2 cm long to operate at a standard IC voltage (1 V). To improve the power consumption and footprint associated with these devices, much research has explored the potential for exchanging or supplementing silicon with other, more favorable materials. For example, lithium niobate (LiNbO3) [50–59], barium titanate (BTO) [60–65], and lithium tantalate (LiTaO3) [66–69] offer strong electro-optic effects and swift carrier dynamics, which can be leveraged for exceptionally efficient and high-bandwidth modulation. I also note that electro-optic polymers, where an electric field applied across the polymer induces a systematic alignment of the polymer molecules based on their polarity, have been engineered to have high Pockels coefficient  [70–74]. However, this concept would be exceptionally difficult to implement in a CMOS-compatible process due to their low stability [75]. Figure 1.4 shows a comparison of Pockels coefficients between these materials and silicon along with an illustrative view of applications of interest and fabrication methods for BTO and TFLN, which is selected from [76]. The most mature of these three platforms is lithium niobate, which is already used in its bulk form in discrete modulators available to consumers (e.g., Thorlabs, Phase Sensitive Innovations, etc.). However, recent research has focused on design at waveguide-scale, coined thin-film lithium niobate (TFLN) where electro-optic modulators have been realized with better than 100 GHz 3-dB bandwidth without increasing footprint or power consumption [59,76]. Additionally, novel device concepts like electro-optic comb generators [51,58,76] or second-harmonic generation in microrings [77,78] has been achieved.
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[bookmark: _Toc209649572]Figure 1.4. Materials with large electro-optic coefficients. (a) Pockels coefficient of various materials in different types, including bulk, thin film, and thin film on silicon. (b) Overview of preparation and application of LN and BTO ferroelectric thin films. Figure and caption reproduced, with permission, from [76].


[bookmark: _Toc207958006]Silicon nitride
Silicon nitride (SixNy) is a complimentary waveguiding material for silicon photonics that further extends the capabilities and versatility of CMOS fabricated photonic integrated circuits [79–82]. Silicon nitride is typically grown using chemical vapor deposition techniques (e.g., low-pressure, plasma-enhanced), where saline and ammonia seed gas ratios determine the relative content of silicon and nitrogen in the thin film [83,84]. In general, the higher the silicon content in the SiN film, the closer the optical properties will be to crystalline silicon. However, this tunability in manufacturing allows for the manipulation of several waveguide properties on-chip, which can be leveraged for application-specific requirements. Fig. 1.5(a) shows the propagation loss for specific waveguide bending radii and the transparency window in both silicon nitride and silicon [85–87]. Silicon nitride offers the opportunity to design more compact and lower loss waveguide structures and access to guided modes at visible wavelengths, which is especially important for scalable quantum photonic applications [17,88–91]. However, these advantages come with the cost of lower refractive index, which reduces the effective index of waveguides and delocalizes the optical mode. The thermo-optic coefficient in silicon nitride is approximately 10 times lower than silicon at room temperature [40,92], which offers greater stability for temperature sensitive devices (e.g., ring resonators), but lower thermal tunability (e.g., static thermal phase tuners). Hence, application-specific tradeoffs start to become apparent. Commercial photonics foundry PDKs are already starting to leverage both silicon- and silicon nitride-based components, coupling between waveguide layers as-needed [29], which is illustrated in Fig. 1.5(b). Further, silicon nitride offers extended access to novel properties, including non-linear phenomena [93,94] and recently direct single photon generation [95]. 
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[bookmark: _Toc209649573]Figure 1.5. Silicon nitride for integrated photonics. (a) Bend radius vs. propagation loss for silicon on insulator (SOI), stoichiometric silicon nitride (Si3N4), and indium phosphide (InP). The inset shows the relative transmission window of each material, which is proportional to its electronic bandgap. Figure reproduced, with permission, from [80]. © 2018 IEEE. (b) Schematic of a full on-chip PIC with (from left) III-V laser sources, low-loss silicon nitride routing elements, and silicon active elements. Figure reproduced, with permission, from [29].


[bookmark: _Toc207958007]Commentary on novel materials research in integrated photonics
There exist numerous other avenues for improving the performance of PIC devices and scope of useful applications that might one day reach consumers. For example, communications applications can greatly benefit from novel materials design techniques including the integration of two-dimensional materials like graphene [35,96–100], where novel semiconductor properties can be used to increase operating speed, or with patterned gold, where surface plasmon effects are used to quickly attenuate electric fields and improve extinction for high-speed devices [101–103]. Volatile and non-volatile phase change materials have also been extensively studied, in efforts to achieve ultra-fast switching and optical memories on-chip, respectively [104–108]. Additionally, numerous techniques have been researched to better understand and achieve non-linear optical properties in integrated photonics devices [49,83,94,109–112]. Entirely new integrated photonics implementations, like photonic quantum computers, are also eagerly researched, with efforts underway to develop single photon emitting platforms [95,113–127] and their addition into photonic devices [128–132]. In many of these cases, a substantial barrier to commercial entry exists, as many of these materials are currently incompatible with semiconductor foundry processing techniques, lack stability, or are extremely difficult to repeat at scale. Thus, an in-depth commentary on these topical areas falls outside the scope of this dissertation. However, I note much of my research can be extended to or paired with these ideas if they reach a suitable technology readiness level for practical commercialization. That is, while I focus primarily on well-understood materials platforms, the knowledge gleaned can influence the direction of investigation for new materials and unique ideas.

[bookmark: _Toc207958008]Engineered structures
A second thrust in current photonics research is the modification of geometrical design of waveguides and building block components themselves. Most notable in this area are photonic crystals (which will be discussed in detail in Chapter 2) and topology optimized photonics [133–142]. In both cases, the physical structure of a waveguide-based device or coupler is changed by micro and nanoscale features being added to the guiding layer design layout. Topology optimized photonics offer an efficient, albeit sometimes unintuitive, approach to the guiding of the optical mode itself; device characteristics are determined by inverse design or machine learning algorithms to engineer low-losses, more compact control of polarization or phase, or efficient wavelength selection. Photonic crystals instead offer optical properties analogous to the crystal structure of semiconductors, where wavelength-scale spatial periodicity in their dielectric function enables light confinement, increased light-matter interaction [55,143,144], and enhancement of otherwise weak physical properties [145–147]. From a researcher’s perspective, these methods require only more extensive design work and very little change to a foundry’s production scheme. However, by including nanoscale shapes (< 200 nm), these designs are typically more sensitive to fabrication defects or tolerances and thus much qualification is still necessary to substitute components in photonics PDKs. Chapters 2–4 address this problem for photonic crystals, where design strategies for nanoscale features are discussed and fabrication of both gap (~40 nm) and dielectric (~70 nm) nanoscale features are realized in a commercial photonics platform.

[bookmark: _Toc207958009]Fundamentals of photonic crystals and subwavelength-engineering
[bookmark: _Toc207958010]Photonic crystal basics
Photonic crystals (PhCs) are engineered optical materials that include a structured and periodic arrangement of dielectric materials with varying refractive index, which creates a photonic bandgap (a range of frequencies and wave vectors where light cannot propagate) to control the flow of light and manipulate light-matter interactions within a device. PhCs can have any periodically arranged shape (e.g., holes, ellipsoids, bars) and are typically lithographically patterned in dielectric waveguides to strengthen light-matter interaction and introduce the ability to modify or enhance the properties of photonic elements. Recent work has demonstrated the capability of photonic crystals (PhCs) to reduce footprint and energy requirements of commercially scalable on-chip photonic components [148–150]. To understand waveguide-embedded photonic crystals and how they can be utilized in integrated photonics, a detailed fundamental introduction is necessary. 
A useful comparison can be drawn between photonic crystals and the atomic structure of semiconducting materials, where the array of unit cells comprising a photonic crystal are analogous to the atomic lattice of a semiconductor, and the photonic band gap is analogous to an electronic bandgap [151]. Additionally, the mathematical description of the electrodynamics in photonic crystals translates directly from quantum mechanical models of electron dynamics in semiconductors. Figure 1.6(a) shows photonic band structure diagrams in gallium arsenide (GaAs) as a bulk material, in a GaAs / GaAlAs multilayer (where aluminum contributes to a lower refractive index than GaAs), and in a GaAs / air multilayer. The greater the refractive index contrast between the high- and low-refractive index materials, the larger the photonic bandgap. As shown in Figure 1.6(b), photonic crystals can be designed with periodicity up to three dimensions. It is noteworthy that increasing the dimensionality of a photonic crystal increases the number of axes along which propagating light will experience a bandgap (on the page: left-right for the 1-D PhC, left-right and into-out of for the 2-D PhC, any orthogonal axis for the 3-D PhC). However, most photonic crystal-based devices in integrated photonics are embedded in dielectric waveguides, making one-dimensional PhCs a practical choice. Additionally, fabrication techniques to achieve 3-D PhCs span beyond traditional scalable CMOS manufacturing techniques making them impractical for current integrated photonics.  
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[bookmark: _Toc209649574]Figure 1.6. Photonic crystals. (a) The photonic band structures for on-axis propagation, as computed for three different multilayer films. In all three cases, each layer has a width of 0.5a (where a is the period length in the crystal). Left: every layer has the same dielectric constant ε=13. Center: layers alternate between ε of 13 and 12. Right: layers alternate between ε of 13 and 1. (b) Simple examples of one-, two-, and three-dimensional photonic crystals. The different colors represent materials with different dielectric constants. The defining feature of a photonic crystal is the periodicity of the dielectric material along one or more axes. Figure and caption reproduced from Photonic Crystals: Molding the Flow of Light Second Edition by John D. Joannopoulos, Steven G. Johnson, Joshua N. Winn, & Robert D. Meade [151]. Copyright © 2008 by Princeton University Press. Reprinted by permission.

This unique ability to manipulate light at specific wavelengths makes photonic crystals valuable in various applications, such as waveguides, optical filters, and sensors. PhCs are a key component in advancing integrated photonic circuits, enhancing the efficiency of light-based technologies by providing unprecedented control over optical signals. While photonic crystal theory applies to an infinitely long PhC array, practical photonic-crystal devices must be fabricated using lithographical processes, which necessitates limitations on the achievable length scale (and subsequent number of photonic crystal unit cells) and dimensionality that can be leveraged. Fortunately, 1-D PhCs of modest length (10s to 100s of unit cells) can achieve desired properties for inclusion in integrated photonic devices. Photonic crystals are described similarly to electronic crystalline materials using Bloch’s Theorem, which is a fundamental principle in solid-state physics describing the behavior of particles in periodic potentials [151]. The theorem states that in a periodic potential (like a crystal lattice or photonic crystal waveguide), wave functions can be represented as plane waves modulated by a periodic function based on the periodicity of the lattice. The wave vector () in a photonic crystal can be related to the vacuum wave vector () and the frequency ()  of an allowed mode using:
	
	
	(1.9)   

	
	
	(1.10)   



where  is the speed of light,  is the characteristic wavelength, and  is the effective index of the guided mode. Just as electrons in a semiconductor can exist in the valence or conduction band states, photonic crystals have band edges allowing light to propagate outside the photonic bandgap. As shown in Fig. 1.7, these band edge states are called the dielectric and air modes, based on where the electric field is concentrated inside the PhC unit cell. At the higher frequency band edge, light is concentrated in the low-index region of the PhC unit cell (air mode), while at the lower frequency band edge, light is concentrated in the dielectric waveguiding medium. These modes exist at the edge of the first Brillouin zone ( in the x-direction).
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[bookmark: _Toc209649575]Figure 1.7. 1-D photonic crystal waveguides. (a) A normalized band diagram of a circular airhole PhC nanobeam with period a is shown, with fundamental transverse electric modes E(o,1) and E(o,2) indicated in red and the PhC bandgap shaded light red. The fundamental transverse magnetic modes (Mx) are also indicated in blue. Electric field concentration at the (b) dielectric band edge (E(o,1) at k = 0.5) and (c) air band edge (E(o,2) at k = 0.5) are shown, with field concentrated in the dielectric and void portions of the PhC unit cell, respectively. Figure and caption reproduced from Photonic Crystals: Molding the Flow of Light Second Edition by John D. Joannopoulos, Steven G. Johnson, Joshua N. Winn, & Robert D. Meade [151]. Copyright © 2008 by Princeton University Press. Reprinted by permission.


[bookmark: _Toc207958011]Photonic crystal nanobeam cavities
While a uniformly periodic photonic crystal embedded in an optical waveguide enables the creation of a photonic band gap, PhC nanobeam cavities can be leveraged to further manipulate light-matter interaction and achieve specific spectral properties and device features. Just as silicon can be doped by impurity atoms to create defect states within the electronic bandgap, deterministic breaking of symmetry can be used to create resonance modes inside a PhC. Finite-difference time domain (FDTD) simulations of an airhole PhC nanobeam are shown in Fig. 1.8, where the transmission spectrum and electromagnetic mode profiles for the first three ordered resonance modes inside the photonic bandgap are calculated. 
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[bookmark: _Toc209649576]Figure 1.8. Design of photonic crystal nanobeam cavity embedded in a waveguide. (a) Transmission spectrum of an airhole PhC nanobeam cavity from finite-difference time domain (FDTD) simulation. (b)-(d) The Ey ﬁeld distribution in the middle plain of the nanobeam cavity. Resonances and symmetries of the modes are indicated in the plot. The symmetry plane is indicated by the dashed red line. The length unit of x and y in (b)–(d) is μm. Figure and caption reproduced with permission from [152] © 2011 Optical Society of America.

The formation of a cavity mode inside a PhC waveguide can be understood similarly to Fabry-Pérot thin film or laser cavities, where mirrors positioned at opposite ends of the lasing medium are used to oscillate light and achieve amplification. Here, systematic manipulation of the effective index of each PhC unit cell in the cavity is used, which can be achieved by adjusting the waveguide width, PhC period length, or the size of the PhC unit cell itself (as is the case in Fig. 1.8). Thus, tapered PhC unit cells transition between the central cavity unit cell and uniform “mirror” unit cells that book-end the PhC nanobeam to achieve resonance. A schematic and labelled scanning electron microscope (SEM) images of an airhole PhC nanobeam cavity fabricated in SOI are shown in Fig 1.9, where variation in radius of the cavity, taper, and mirror unit cells are indicated to show the formation of the PhC characteristics that give rise to cavity modes (Fig. 1.9(c)). These resonance modes offer control over energy confinement, both spatially and temporally, when the PhC nanobeam cavity is operated at its resonance wavelength. The metrics used to quantify the performance of a PhC cavity resonance are quality factor (, time confinement) [153] and mode volume (, spatial confinement) [147] and can be defined analytically:
	
	

	(1.11)   


where  is the resonance frequency,  is the energy stored inside the cavity,  is the power loss, and  is the linewidth of the resonance mode. The linewidth can also be intuitively described in terms of wavelength (), which is described by the full-width half-maximum of the resonance modelled by a Lorentzian function.  The mode volume follows as:
	
	

	(1.12)   


where  is the material permittivity and  is the electric field. Thus, the magnitude of  describes the electric field amplitude and the square of its magnitude describes the optical energy density. Hence, the mode volume is the ratio of the integral of the energy density profile in volume normalized to the peak energy density achieved. Since PhCs cannot create or destroy energy, but simply redistribute it intentionally, mode volume is a self-consistent comparison across PhC- and waveguide-based devices. 
	Any PhC waveguide (uniformly periodic or cavity) can also be efficiently side-coupled to a bus waveguide by leveraging evanescent coupling and tailoring wave vector matching via tuning of the bus waveguide width and gap between the bus waveguide and nanobeam [154]. Like the coupling into a ring resonator, this provides a high transmission baseline through the bus waveguide and extinction when the input wavelength matches the resonance modes of the PhC cavity. The unique physics of PhC nanobeam cavities are also present in the far field, as shown in Fig. 1.9, where side-coupled airhole PhC nanobeam cavity modes can be studied using an infrared camera and microscope objective positioned above the PhC cavity. Each resonance of the PhC cavity will have a specific “modal fingerprint”, which can be detected to identify the mode order and ensure that the desired quality factor and mode volume are achieved for PhC applications. The cavity resonance of a PhC provides spectral features (fundamental and higher order resonances) that can be leveraged for a wide variety of photonic devices including biosensing [155–157], coupling to quantum sources [128], notch filters [154], modulators and switches [158], and optical traps [15]. While still an area of active academic research, PhC nanobeam cavity devices are a promising avenue for improving compactness and power efficiency in integrated photonics applications. 
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[bookmark: _Toc209649577]Figure 1.9. Side-coupled photonic crystal nanobeam cavity and far field scattering profile. (a) Illustration of a side-coupled photonic crystal nanobeam cavity and its far field scattering profile (pink). (b) Scanning electron micrograph (SEM) of a side-coupled PhC nanobeam in silicon on insulator (SOI). (c) SEM of a PhC nanobeam cavity with the unit cells comprising the cavity center (blue), cavity taper (green), and end mirrors (red) indicated. (d) Infrared image of the far field “modal fingerprint” of the side coupled PhC nanobeam cavity in (b) for the first three ordered resonance modes. (e) Normalized transmission spectrum of the side-coupled PhC nanobeam cavity with fiber-coupled input and output through the bus waveguide indicated in (b). (f) Average scattering detected by the infrared camera placed in the plane above the PhC nanobeam cavity as in (a). Figure adapted with permission from [159] © 2019 Optical Society of America.

[bookmark: _Toc147922900][bookmark: _Toc207958012]Energy confinement and properties of light in deep-subwavelength photonic crystals
While traditional wavelength-scale photonic crystals are a promising area of research in photonics, these instances do not take full advantage of nanoscale electromagnetic interface conditions [146,147]. The Weiss group has established a new class of PhC design, where deep subwavelength engineering of the PhC unit cell [147,160–162] (e.g., nanoscale air slot, anti-slots, and bowtie geometries) has enabled up to 80-times greater peak electric field amplitude than what is achievable in traditional PhCs [144] (103-times greater than commercial waveguide components), leading to further reductions in footprint and energy. As introduced in Chapter 1.4 Section 2 above, this peak electric field enhancement reduces the mode volume in the PhC, greatly improving the  metric. Figure 1.10 shows several examples of subwavelength engineered PhC unit cells, compared to a traditional, circular air hole. In all cases, the electric energy profile is redistributed as dictated by electromagnetic interface conditions. 
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[bookmark: _Toc209649578]Figure 1.10. Electric energy distribution in several different photonic metacrystal unit cell designs compared to a traditional circular unit cell.

Depending on the orientation of the subwavelength shape compared to the electric field, the PhC may enhance or suppress the peak electric energy. For example, as reported in [147], it was shown that light can be progressively “squeezed” into smaller regions with enhanced light-matter interaction by introducing an interconnected series of < 100 nm void (e.g., slots) and dielectric (e.g., anti-slots) regions into the PhC unit cell. In the case of an anti-slot with R0 orientation (as in Fig. 1.10), the energy is primarily concentrated at the corners and outside the unit cell. When the anti-slot is rotated 90 degrees (R90), the anti-slot effect can be achieved, and energy is strongly confined in the central silicon bar. The energy enhancement properties in all subwavelength-engineered PhCs are governed by the slot [146,160,163] and anti-slot effect [144,147,162] and a technical description is necessary to motivate Chapters 2–4 of this thesis. Consider the normal component (indicated by subscript n) of the electric displacement field, which lies in the same axis as transverse electric light polarization. At the interface between a subwavelength slotted region and the adjacent high-permittivity surrounding waveguide in a system with no surface charge, the displacement field is continuous across the interface, while the electric field is enhanced inside the slot based on the relative ratio of the permittivity between the dielectric and slot material:
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	(1.14)   


which in turn enhances the electric field energy density inside the slot, . Additionally, the peak energy density will be dictated by the size scale of the subwavelength slot. In general, a narrower slot leads to a smaller volume of void or low-index material where the energy is redistributed and a greater peak energy. Conversely, the antislot effect condition requires the tangential component of the electric field to be continuous, leading to enhancement in the displacement field in the antislot: 
	
	
	(1.15)   

	
	

	(1.16)   


where the electric field energy density is similarly enhanced within the dielectric antislot. In general, both the slot and antislot effect require a TE-polarized mode design. Further, if the subwavelength feature is incorporated into a traditional airhole shape (as in Fig. 1.10 above), an air mode band edge or resonance must be used to realize electric field energy enhancement. Conversely, if a subwavelength feature is incorporated into the high effective index region of a PhC unit cell, then a dielectric mode band edge or resonance will experience enhancement. The slot and antislot effects are illustrated in Fig. 1.11(a-f). This manipulation of the electric field at the nanoscale enhances the interactions between a propagating light signal and the waveguide [146,147], thus enhancing local changes in effective index. In the case of electrically switched photonics components, this means that changes to charge carrier concentrations in doped regions offer greater impact on the optical properties such as phase accumulation or characteristic wavelength of spectral features. Moreover, these advantages can be leveraged to practically any photonics application space (e.g., biosensing, quantum information, and optical trapping), where standard waveguides do not manipulate or control the optical mode and light-matter interactions. A bowtie PhC can be designed, as shown in Fig. 1.11(g-i), which combining both of Maxwell’s interface principles for confinement at the bowtie “knot” (Fig. 1.11(h)). With a minimum feature as small as approximately 10 nm, extreme optical energy concentration is achieved and can be leveraged for the aforementioned applications.
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[bookmark: _Toc209649579]Figure 1.11. Nanoscale interface conditions and bowtie photonic crystals. (a) Schematic of a photonic crystal waveguide formed with a R90 unit cell, termed an antislot waveguide. (b) Simulated proﬁles of electric field (E), displacement field (D), and electric ﬁeld energy density of a silicon antislot waveguide. (c) Schematic line proﬁles of the dielectric constant (ε), electric ﬁeld amplitude (E), electric displacement ﬁeld amplitude (D), and electric ﬁeld energy density across the antislot along the x-axis as indicated by the dashed line in (a). (d) Schematic of a slot waveguide. (e) Simulated proﬁles of E, D, and electric ﬁeld energy density of a silicon slot waveguide assuming the widths of the waveguide and slot are 500 and 50 nm, respectively, where the minimum feature size is comparable to the silicon antislot width. (a-f) In all cases, the light polarization is in the y-axis (transverse electric).  (f) Schematic line proﬁles of ε, E, D, and electric ﬁeld energy density across the slot waveguide along the y-axis as indicated by the dashed line in (d). (g) Optical band structures of the cavity unit cell (red curve) and mirror unit cell (blue curve) for a bowtie PhC. (h) Top view (xy-plane) and cross-sectional view (yz-plane) schematics and associated air band edge electrical energy in the center bowtie cavity unit cell. (i) (left) Top-down SEM image of a single bowtie PhC unit cell and (right) tilted SEM image of an undercut bowtie PhC revealing the out-of-plane profile. (a-f) Figure and caption adapted, with permission, from [147]. (g-i) Figure and caption adapted, with permission, from [144].



The bowtie PhC with 10 nm minimum features in not currently commercially achievable, requiring electron beam lithography, where the electron beam is scanned across the resist layer to expose the desired shape. Conversely, commercial processes require high throughput, necessitating a blanket exposure using a mask and photolithography techniques. However, as will be discussed in Chapters 3–4, my recent work studying deep subwavelength anti-slot and slotted PhCs fabricated in the 90 nm photonics technology at GlobalFoundries shows that deep subwavelength unit cell design strategies can be established at commercial scales with deep ultraviolet lithography techniques. Before this point, no demonstrations of silicon feature sizes <100 nm had been reported using scalable fabrication. As a result, these efforts surmount a key obstacle to deep-subwavelength PhC implementation in a commercial setting. 

[bookmark: _Toc207958013]Electromagnetic modelling techniques
To design and analyze properties of photonic devices, including photonic crystals, a simulation approach is critical. While the fundamental properties of waveguides, simple photonic devices, and even basic PhCs (e.g., multi-layer stack) can be described analytically by Maxwell’s equations, boundary conditions quickly become too complex for any intuitive mathematical description. Thus, modelling software has been developed to solve Maxwell’s equations in a cartesian mesh, where the device geometry is divided into rectangles (2D simulation) or rectangular prisms (3D simulation) such that the material inside each mesh cell is uniform and the boundary conditions at each interface are simple. While the calculation at each interface becomes simple, millions (or more) problems must be solved to construct the full electromagnetic profile of a single device at an instant in time. By solving field decay or propagation of an electromagnetic wave through the meshed photonic structure, device characteristics can be predictably calculated. This technique is known as finite-difference time domain (FDTD) simulation. Ansys Lumerical FDTD is considered one of the research community standards for modelling optical properties of photonic devices and is the primary software tool used throughout this dissertation. Other commonly used FDTD tools are Meep, an open-source Python-based software from Massachusetts Institute of Technology, and Sentaurus RSoft. At present, a key advantage of Lumerical’s FDTD package is the ability to utilize non-uniform meshing, where a finer stepped grid can be applied in regions that include small features. This is especially useful for modelling PhCs, where the unit cells can be meshed separately from the bus waveguide and cladding, thus reducing the computational expense. Since 3D FDTD computation time scales as , where x is the mesh step size, the non-uniform meshing approach to meshing is especially useful for reasonable design turnaround (and the duration of any student’s thesis work).
Also notable in the electromagnetic simulation toolkit is the finite-difference eigenmode (FDE) technique, which also leverages a discretized mesh but solves a matrix eigenvalue problem instead of Maxwell’s equations at specific time steps. Ansys Lumerical MODE includes this functionality, which is especially useful for examining the polarization dependent mode profile, effective index, and bending losses in waveguides. In general, MODE can be used to select starting dimensions of waveguides and FDTD can be used to model full devices. 
Finally, specifically for the study of photonic crystals, MPB (MIT Photonic Bands) is a software package used for calculating photonic band structure. MPB is based on the plane-wave expansion method and is particularly useful for identifying the location of air modes, dielectric modes, and cavity modes of PhCs. By identifying the photonic band structure and wavelengths of interest, FDTD methods can be used in conjunction and device properties like mode profile and transmission spectra can be more strategically investigated and correlated. The capability to model band structure is also accessible in Ansys Lumerical, where several randomly positioned and oriented dipole sources can be scattered throughout the simulation space to specify a dipole “cloud” and excite all of the modes in a PhC. Bloch periodic boundary conditions are applied and a sweep of wave vector across the fundamental Brillouin zone () can be used.
Each of these simulation techniques can be combined with technical computer aided design (TCAD) tools to examine electro-optic properties. In general, coupling electrical and optical simulations together requires simulation of charge distribution for specific conditions and subsequent extraction of a refractive index profile, which can be imported into the optical solver. Ansys Lumerical CHARGE is the most accessible method as it offers easy interfacing with other Ansys products (e.g., FDTD, MODE). However, as the research community standard for photonics simulations is Lumerical FDTD, the research community standard for electrical simulations is Synopsys Sentaurus TCAD. It is possible but quite challenging to interface between Lumerical FDTD and Sentaurus TCAD [164]. Therefore, a more direct route to trustworthy simulation results is to calibrate RSoft (Synopsys FDTD solver) using Lumerical FDTD or calibrate Lumerical CHARGE using Synopsys Sentaurus TCAD. This challenge is likely temporary, as Synopsys is currently in process of acquiring Ansys (as of March, 2025), although a plan for seamless integration between these products has yet to be clarified.

[bookmark: _Toc207958014]Aerospace photonics and radiation effects on photonic integrated circuits
In addition to the growth in demand for land-based photonic communications and sensors, the aerospace industry’s requirements for data processing and transmission have led to marked interest in PICs for space technologies [1]. However, for aerospace applications to benefit from silicon photonics technology, two key challenges must be addressed: (1) understanding the vulnerabilities of integrated photonics technology in harsh environments and (2) reducing SWaP while driving continued performance improvements. Moreover, this emphasis for space mission equipment on performance, compactness, and power efficiency is not directly aligned with more traditional markets, where cost is a key driving factor. As such, the design and materials advancements discussed in the previous sections are desirable and progress toward their commercialization is catalyzed by NASA and the commercial aerospace industry. However, to consider technology for spaceflight, it must be robust and tolerant to the harsh environment in space due to temperature, shock and vibration, and radiation. The natural contradiction between technology maturity for robustness in spaceflight and cutting-edge performance to advance the capabilities of space instrumentation provides a challenge for the space industry, but also a broad range of harsh environment research opportunities. For integrated photonics, studying radiation and temperature effects on devices and circuits is a new, but growing research area; Chapters 5–6 and Arnold, et al. (ArXiv ID: 2509.20267) [165] in this dissertation merely begin to scratch the surface of what may be uncovered. Radiation effects research on integrated photonics follows directly a more than 50 years effort by the micro and nanoelectronics industry and academic research community to identify radiation effects, physical mechanisms for degradation, and mitigation strategies for electrical devices and ICs [166–168]. Here, much of the basic physics is shared, making a brief introduction to radiation environments, types of radiation effects, and radiation effects on electronic and photonic devices useful for motivating and contextualizing my work. 
I will also provide the disclaimer that this introduction is in no way comprehensive as the field of radiation effects research spans numerous disciplines including materials science, semiconductor physics, electrical engineering, and computer science. Moreover, the field uses about one million (my rough estimate) separate acronyms for classifying everything from environments to device effects to atomic-level interactions. This introduction provides a review of the resources and topical categories that I found most useful for developing intuition and general conversational experience across the field. For a new researcher in radiation effects, I recommend reading or, if possible, attending a short course, especially at the annual Nuclear and Space Radiation Effects Conference (NSREC), like in [169]. Here, you will find a large subset of a research community of only a few thousand scientists, who are all working toward the same ultimate goal but are leveraging an almost unbelievably wide set of skills to protect the electrical, electronic, and photonic systems from radiation for space missions and nuclear accelerator environments.

[bookmark: _Toc207958015]The harsh environment in space
In space, radiation primarily originates from galactic cosmic rays (GCRs), solar particle events (SPEs), and trapped radiation belts (e.g., Earth's Van Allen belts) [170]. GCRs are high-energy particles, primarily protons and atomic nuclei, that originate from outside our solar system, possibly from supernovae and other energetic astrophysical events; they define the omnipresent background radiation in space, constantly bombarding the solar system, although intensity fluctuates periodically with solar activity. SPEs are bursts of high-energy particles, predominantly protons, released by the Sun during periods of intense solar activity, such as solar flares or coronal mass ejections. SPEs are highly unpredictable and can deliver significant doses of radiation in a short time. Trapped radiation belts containing high-energy particles that are confined by Earth's magnetic field must also be considered by low-Earth orbit missions, including the International Space Station.
The Earth’s atmosphere acts as a natural shield for harmful rays, like ultraviolet light that causes sunburns and skin cancers. While sunscreen is still a necessary precaution to absorb the harmful light rays that do make their way through the atmosphere, we are fortunate that the radiation most harmful to people and electronics in space are almost entirely attenuated before reaching us. Shorter wavelength light sources like gamma rays or X-rays are nearly completely blocked by the atmosphere, as shown in Fig. 1.12(a). Moreover, charged particles including protons, electrons, alpha particles, and heavy ions are redirected by the natural magnetosphere, both protecting life and scattering into one of the most beautiful naturally occurring phenomena to experience, the Aurora Borealis. The proton flux in the Van Allen Belt, is shown in Fig. 1.12(b), where a steep drop off in flux defines the extent of the magnetosphere at just greater than 1 Earth radius. Also noteworthy is that the physics and device sensitivities that arise from the radiation environment in space are also expressly applicable to nuclear accelerator environments, like CERN’s Large Hadron Collider in Switzerland. The particle species, flux, and total fluence of radiation are different, but the environmental modelling strategies, reliability physics, and testing methods are the same.
Without protection from high energy light rays and charged particles, life would certainly not be possible. In deep space, any unshielded organism would accumulate a fatal radiation dose (more than ~6 sieverts, Sv) in less than 10 years. During a solar particle event, a fatal radiation dose could be achieved in days or hours. And while a human without our atmosphere would survive minutes or less needing both oxygen to breathe and air pressure to balance fluids in our bodies, I find the context of how harsh the space environment is to life particularly useful for contextualizing the risk to the instruments and spacecraft that we launch. 




[image: ]
[bookmark: _Toc209649580]Figure 1.12. Sources of radiation. (a) The spectrum of radiation from the sun that reaches the top of the Earth’s atmosphere (yellow) and at sea level (red). The difference between the two indicates the light that is absorbed by components of the atmosphere. Figure and caption reproduced from the NASA Plankton, Aerosol, Cloud, Ocean Ecosystem (PACE) website (oceansciences.org) and prepared by Robert Rohde (Wikipedia), reprinted under the CC BY-SA 3.0. (b) Plot of the integral flux of protons of various energies in the Van Allen Belt as a function of dipole shell or Earth radii. Figure reprinted, with permission, from [171], © 1988 IEEE.

	For space instruments, the accumulation of background radiation and the intensity fluctuation that results from solar events makes predicting the requirements for devices in space extremely challenging [171,172]. Fig. 1.13 qualitatively shows the challenges that space radiation can present as imaged by the Solar and Heliospheric Space Observatory Large Angle and Spectrometric Coronagraph Experiment (SOHO LASCO), where a CCD camera detected the accumulation of radiation from the “Halloween” SPE in 2003 [172,173]. While the SOHO LASCO mission directly intended to study and image solar events, the hot saturation of pixels in an imager is generally undesirable and an example of performance degradation that can result from space radiation. In the case of satellites and spacecraft, the cost of launch and the simple inaccessibility of performing in-flight maintenance make consideration and mitigation of these types of effects extremely important for mission success.
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[bookmark: _Toc209649581]Figure 1.13. Solar particle event imaged by SOHO LASCO. Images from October 28th, 2003 (a) before and (b) after the “Halloween” solar particle event resulting from high energy protons accelerated by a coronal mass ejection. Image Credit: ESA/NASA/NRL. Figure adapted, with permission, from [172].

Determining the level and type of radiation that a system will encounter through a space mission is an exceptionally challenging problem. The radiation hardness requirements are highly dependent on the duration and the mission path. Typical mission destinations for launched systems include: lower Earth orbit (LEO), middle Earth orbit (MEO), highly elliptical orbits (HEO), geostationary Earth orbit (GEO), deep space. For each of these cases, the factors that must be considered include: the particle species present (including ranges of energy & flux / probabilities of occurrence expected for each species), the total ionizing dose range rate, fluctuations in overall radiation level (cyclically and over time), flight path through regions of high radiation (e.g., the south Atlantic anomaly, trapped radiation belts), and shielding employed. This makes each task of space qualification inherently unique, although general intuition can be gained from Fig. 1.14. Total ionizing dose hardness requirements of various space mission payloads in orbit during 2008 are reported in Fig. 1.14(a), after [174], describing the potential range of mission requirements depending on the orbital path and implementation of hardware. Additionally, characteristics and typical radiation levels resulting from GCRs and SPEs (dominated by coronal mass ejections, CMEs) are shown in Fig. 1.14(b-d), after [175]. Here, a qualitative description of particle species, energy levels, and particle flux characteristics are provided, informing studies of total ionizing dose, displacement damage, and single event effects.
 Fortunately, there exists a suite of methods for monitoring, calculating, and predictively modelling solar radiation levels across space and for specific space missions [175,176]. These computational models must account for both particle physics and the probabilistic nature of radiation exposure. By comparing models directly to experimental data in space, like those collected from SOHO or the Solar TErrestrial RElations Observatory (STEREO), we can develop predictive techniques to determine what radiation levels a specific space mission will be exposed in its functional lifetime and determine security factors or worst-case outcomes to ensure that all included equipment is radiation-hard or appropriately shielded to last. Cosmic Ray Effects on Micro-Electronics 1996 revision (CRÈME 96) [177], the SPace ENVironment Information System (SPENVIS) [178], and Stopping Power and Range Tables for protons (PSTAR) [179] are all examples of numerical approaches that can be used to predict interactions and radiation accumulation resulting from high-energy particles, such as single-event upsets (SEUs), ionizing dose, and material degradation. Monte Carlo techniques are also widely leveraged [180–182] and probabilistically trace the paths of millions of particles as they interact with materials to predict radiation absorption, energy deposition, and secondary particle generation, providing a detailed picture of how materials respond to radiation. Interactions of energetic particles with materials are inherently probabilistic, as the initial collision can cause a wide range of emitted particles or light ray outcomes, which in part depends on the species, energy, and angle of incidence of a bombarding particle. In turn, the result of the first interactions generate secondary (and tertiary, etc.) interactions in a cascade [170]. Tools like GEANT4 [183] and Monte Carlo Radiative Energy Deposition (MRED, developed from GEANT4) [184] seek to tackle this highly complex problem. These methods are also combined with deterministic and analytical understanding, comparisons and calibrations with experimental data, and machine learning techniques to provide best approximations of the space environment and its interaction with materials.





[bookmark: _Toc209649582]Figure 1.14. Typical radiation levels. (a) Minimum total ionizing dose hardness requirements (in krad(Si)) for several space mission systems. The letters “v,” “e,” and “i” denote vehicle, external, and internal, respectively. The numbers “1” and “2” denote different payloads on the same space vehicle. Approximate altitude ranges of lower Earth orbit (LEO), upper Earth orbits (UEO, including MEO, GEO, HEO), and deep space are color coded. Elliptical orbits are indicated by ranges along the horizontal axis and the average altitude is represented by each marker. Note that 1 krad(Si) ≈ 2.5 krad(SiO2). Figure and caption adapted, with permission, from [174], © 1994 IEEE. (b) Characteristic descriptions of galactic cosmic rays (GCR, top) and coronal mass ejections (CME, bottom). The relative hadron composition, maximum energy, integral fluence (only important for CMEs), flux, and relevant radiation effects are reported. (c) Relative abundance of ion species in galactic cosmic rays up to “the iron knee” after Z=26 after which abundance is effectively negligible. (d) The integral flux of ions with linear energy transfer (LET) greater than the LET value shown on the x-axis for the “worst day” solar particle event (SPE, due primarily to CME) calculated using CREME96, the GCR during solar maximum calculated using CREME96, and the cumulative SPE flux at the 90% confidence level. All results assume 100 mil of aluminum shielding. (b-d) Figures and caption adapted, with permission, from  [175], © 1994 IEEE.
  

While the primary focus in this thesis is the effects on photonic and electronic ICs under irradiation, susceptibilities due to thermal stress are equally important for ensuring resilience to the harsh environment in space. Temperature can vary greatly, depending on the mission and timing throughout. During launch, relatively quick cycling between hot and cold is possible, as the cold in Earth’s stratosphere (-50 °C) is counteracted by heat generated due to vibration and frictional drag on the rocket (up to 150 °C). Once outside the Earth’s atmosphere, the only thermal transfer method is via radiation as there are no air molecules in vacuum for heat conduction or convection. Thus, the temperature experienced is largely dependent on the proximity to the sun and whether the spacecraft is in direct view or shadowed by Earth or another planet. Temperature can vary throughout orbit and the achievable range is different between LEO vs. MEO, HEO, and GEO [185]. In general, a temperature range between -150 °C and 150 °C is possible, although temperatures can fall even more for a fully shadowed spacecraft in deep space down to -270 °C (2.7 K).

[bookmark: _Toc207958016]Investigation of basic radiation effects mechanisms
With a basic understanding of the nature of the radiation-rich and temperature-variable environment in space, we can start to understand the ways that electromagnetic radiation can affect EICs and PICs  [166,186–190]. These radiation effects are classified into three categories: total ionizing dose (TID), displacement damage (DD), and single event effects (SEEs). This accounts for both cumulative (building up over years of operation, galactic cosmic background, TID, DD) and instantaneous (probabilistic occurrence during solar particle events, SEEs) susceptibilities for devices. Further, parameters like material selection, device geometry, and even fabrication conditions can play a crucial role in determining what types of radiation effects are most important to consider and how device or circuit performance may be affected. This makes for a daunting challenge for researchers – we can’t just test one transistor and understand radiation effects on all transistors moving forward. Instead, academic research identifies the basic physical mechanisms to help determine important considerations, which in turn informs qualification standards for part manufacturers and space-flight system designers to specifically test their components and systems for every mission. Thus, a wealth of literature and an extremely detailed understanding of these classifications of mechanisms is critical.

[bookmark: _Toc207958017]Total ionizing dose
Total ionizing dose (TID) is a cumulative damage mechanism that devices and ICs experience following prolonged exposure to ionizing radiation [166,191]. This includes X-rays, gamma rays, protons, electrons, and charged heavy ions. In general, TID occurs in oxides at or near the semiconductor-insulator interface in a device, where ionization leads to the formation of interface and oxide traps, changing expected device properties and even causing device failure. When high-energy particles or photons (energy must be greater than the oxide bandgap) pass through oxide layers in semiconductor devices, they ionize the material by displacing electrons, creating electron-hole pairs (EHPs). This process is illustrated for an n-type MOSFET in Fig. 1.15, which qualitatively depicts the valence, conduction, and defect energy levels as a function of position across the gate stack (Fig. 1.15(a)) and the positional formation in the nMOS cross-section (Fig. 1.15(b)). While some EHPs recombine, others become trapped in the insulating layers or at the semiconductor-insulator interface [192,193]. The drift of these charges is dependent on the local electric field in the oxide, and hence, the gate bias [194]. Since electron mobility is much greater than hole mobility, the negative charges can escape while the positive charges are trapped in localized oxide states at defects sites. Furthermore, during interactions with defect energy states, protons can be released either in the bulk or near the semiconductor-insulator interface and react with hydrogen-passivated Si dangling bonds to create interface traps [195–197].
This trapped charge leads to shifts in the threshold voltage, leakage currents, and other critical electrical parameters. For example, in metal-oxide-semiconductor field-effect transistors (MOSFETs), trapped charge in the gate oxide can cause a shift in the threshold voltage, potentially altering the transistor’s switching characteristics or causing functional failures [192]. TID results in gradual degradation of device performance, but failure can be avoided if tolerance limits are identified and not exceeded in space-flight. Additionally, aluminum shielding can be included to attenuate radiation exposure in especially sensitive modules of space-flight systems, although this increases the system payload weight.


[bookmark: _Toc209649583]Figure 1.15. Total ionizing dose in a MOSFET. (a) Schematic illustration of charge generation and transport processes in an irradiated nMOS transistor biased under positive gate bias. Figure reprinted, with permission, from [166], © 2021 IEEE. (b) Schematic illustration of the cross-section of an nMOS transistor. The inset (right) shows the formation of oxide and interface traps and the location of charges after irradiation.

[bookmark: _Toc207958018]Displacement damage
Another cumulative radiation-induced mechanism is displacement damage, where elastic and inelastic atomic collisions can cause atoms in the crystalline lattice of a material to be dislodged, resulting in the formation of lattice defects [189,198,199]. The kinetic energy transferred by the collision must be greater than the bond energy that localizes an individual atom in the lattice. Here, the irradiating particle mass and energy, angle of incidence, and the location of the particle path relative to each atom in the lattice factor into whether an atom will be ejected. Once the bonds to neighboring atoms are broken, the displaced atom can recombine with a lattice vacancy (which repairs the displacement damage) or be separated into a quasi-stable defect location. Based on the energy transfer to the displaced atom, a cascade of interactions can start, creating pockets within a material with a range of defect centers [189], as illustrated in Fig. 1.16(a). As compared to total ionizing dose, displacement damage effects the material bulk as opposed to the interface. Displacement damage is classified into three categories: 
coulombic interactions – protons with energy less than 10 MeV, single defects are formed per irradiating particle
nuclear elastic collisions – approximately 10-20 MeV protons, small clusters of defects form
nuclear reactions – protons with energy greater than 20 MeV, large scale cascading defect clusters form
In space, the flux of energetic particles with sufficient energy to cause nuclear reactions is much lower than the “low”-energy particles that cause columbic interactions, but some particles across a broad range of energies in all three classifications will always be present. When these particle interactions occur in electrically active regions, like the silicon MOSFET channel indicated by the black box in the Fig. 1.16(b) schematic, a variety of defect configurations can result (Fig. 1.16(c)). This leads to introduction of trap states within the electronic bandgap that degrade carrier lifetimes and increase defect-assisted non-radiative recombination pathways. In diodes, transistors, photodiodes, and solar cells, displacement damage causes increases to leakage currents and power consumption and degradation to noise floor, gain, and threshold voltage.


[bookmark: _Toc209649584]Figure 1.16. Displacement damage. (a) Illustration of the relative probabilistic energy distribution of protons in the space environment with the atomic interactions classifications in each energy range (up to 6-10 MeV - coulombic, nuclear elastic, greater than 20 MeV - nuclear reactions) and the scale of single defect formation (coulombic interactions) to many subcascades (nuclear reactions). Figure reprinted, with permission, from [189], © 2003 IEEE. (b) Schematic illustration of the cross-section of an nMOS transistor. (c) The formation individual lattice defects in silicon after displacement damage.

[bookmark: _Toc207958019]Single event effects
Single event effects (SEEs) are instantaneous changes to device or circuit operation that occur during SPEs in sensitive device volumes [200]. Compared to TID and bulk displacements, SEEs are not cumulative, but implications for system operation can include lost or faulty information (bit flips), soft-errors (requiring a software reset), hard-errors (e.g., latchup), or even total failure (e.g., burnout, gate rupture). These effects are defined as follows:
Single event transients (SETs) occur when charge is generated by a SPE in an active region and propagates across the channel. The SET itself refers to the lifetime of this propagation.
Single event upset (SEUs) are non-destructive errors where deposited charge causes a logic or memory bit flip. For example, a "0" might change to a "1," disrupting data integrity. SEUs are problematic in microprocessors, memory chips, and programmable devices, where even a single bit flip can affect calculations or system operations. Redundancy, strategic radiation-hardening by design (RHBD) for devices and circuits, and error correction are critical to account for these soft-errors. 
Single event latchup (SEL) is a potentially destructive error where the deposited charge triggers a high-current state in a device. Without current limits for IC systems, this can lead to thermal damage. SEL is common in CMOS technologies, where parasitic structures can form unintended conductive paths. In general, SEL can be resolved by a power cycling to clear the high current state and allow charge to disperse.
Single event burnout (SEB) and gate rupture (SEGR) are destructive SEEs that occur in MOSFETs and power devices. SEBs result from high-current conditions causing device failure (e.g., an unaddressed SEL), while SEGR occurs when the electric field across a gate oxide becomes extremely intense and cause physical damage to the gate oxide material. SEBs and SEGRs are not recoverable and can render an IC system in space non-functional. However, the charge generation required for these effects is extremely high, meaning that devices can be designed to be tolerant to high electric fields, drastically reducing the probability of a destructive error. 
These interactions occur in pico and nanosecond time scales and cause large generation of charge and energy deposition at once. When a high energy heavy ion strikes a device and passes through a material, a plasma track forms along the particle trajectory, forcing the system out of charge equilibrium. A drift current is swiftly (ps scale) generated and continues until charges in the system return to balance (ns scale), as illustrated in Fig. 1.17. The energy transferred from the incident particle to the irradiated material is defined as the linear energy transfer (LET): 
	
	

	(1.17)   


where  is the particle path length,  is the material density, and  is the particle stopping power. The charge collection affecting radiation response can be calculated by an overlap integral of the charge generated in the sensitive device volume (close to a junction) [201]. While single event effects are not expressly studied in this work, the device packaging and testing strategies I have developed are intentionally compatible with pulsed laser and heavy ion SEE experiments, providing a framework for testing photonic devices and ICs to holistically elucidate sensitivities to radiation and physical mechanisms of degradation. A detailed introduction and examination of single event effects, especially as pertains to silicon photonics, can be found in the Ph.D. dissertation published by Landen Ryder (former Sharon Weiss group graduate student at Vanderbilt University) [164]. 

[bookmark: _Toc209649585]Figure 1.17. Single event transient. (a) Schematic illustration of the cross-section of an nMOS transistor. The inset (right) shows the formation of electron-hole pairs along the path of an incident high-energy particle. The generated charge imbalance causes drift current back into the N well. Single event transients in (b) lateral and (c) vertical Ge-Si PIN photodiodes generated using a pulsed laser under different bias conditions. (b-c) Figure reprinted, with permission, from [202], © 2021 IEEE.

[bookmark: _Toc207958020]Radiation effects on photonic devices
Compared to the breadth of microelectronics radiation effects research, the study of integrated photonics under irradiation for the space environment is very new. Most photonics research to this point has examined imaging sensors [203,204], like CMOS cameras or charge-coupled devices (CCDs), and optical fibers [205]. Radiation-induced “hot pixels” (as in Fig. 1.13 above), dark current increases, and random telegraph noise are all typical device susceptibilities for imaging sensors from TID and SETs [203,206,207], complicating image analysis for telescopes, planetary cameras, and star trackers. Displacement damage can also degrade charge transfer efficiency (CTE), reduce sensitivity, and cause permanent image artifacts [208,209]. In optical fibers, radiation-induced attenuation (RIA) from TID or displacement damage is common, where defects form in the fiber’s silica core, establishing color centers that absorb light and reduce fiber transmission [205,210]. The extent of attenuation is dependent on operating wavelength and determined by material composition, radiation dose, manufacturing parameters, and operation temperature [211]. As the research field turns also toward integrated photonic devices and systems, it is important to remember these sensitivities on imagers and fibers as useful context. While the device structure is very different than silicon photonics, the materials science and interfaces are often similar, offering key starting points for fundamental early studies from passive waveguides to active integrated devices. So far, a few radiation effects studies have been performed on fundamental on-chip integrated photonics devices including waveguides and ring resonators [212–217], modulators [218–225], and photodiodes [202,226–231]. These studies are introduced in detail in Chapters 5–6 and in Arnold, et al. [165]. 

[bookmark: _Toc207958021]Test facilities
Test facilities are a critical and limited resource for the study of radiation effects. While in-flight testing is possible via shared launches (especially of cube satellites), accelerated ground testing methods act as a conduit for “simulating” the environment in space. A key challenge is that these facilities each offer one or a few “flavors” of radiation for testing, meaning that the species and energy of radiation used are both limited. Additionally, while less expensive than space-flight, radiation effects testing is a costly endeavor; detailed test planning and preparation are critical to experimental success and ensuring that results are representative and reproducible. Additionally, a combination of facilities and sources is necessary to construct a complete (or as complete as possible) picture of the radiation sensitivity for any device or system. Here I will briefly highlight the types of test facilities used and which classes of radiation effects can be studied. In this dissertation, a Pelletron particle accelerator with 1.8-MeV protons and ARACOR incoherent 10-keV X-ray source are primarily used, which are both available in-house at Vanderbilt University. 
	Heavy ion facilities: The most versatile of testing sources, heavy ion colliders, accelerators, and cyclotrons are the ideal candidate for radiation effects testing in a perfect world. All three types of radiation degradation mechanisms (SEEs, TID, DD) can be studied and a range of energies and particle species can be offered. However, there are two fatal flaws: accessibility and cost. Only a handful of heavy ion facilities exist in the United States and Canada including Michigan State University, Lawrence-Berkeley, Brookhaven, and Argonne National Laboratories, Texas A&M University, and the TRI-University Meson Facility (TRIUMF). These facilities provide far less than adequate beam time for the research community, making access a key challenge. Additionally, user costs can exceed thousands of dollars per hour.
	Particle accelerators: Like heavy ion facilities, particle accelerators provide the opportunity to study SEEs, TID, and DD alike. Here, a key constraint is that most facilities are designed for only one or a few species of particle and a narrow range of energies. As discussed in the displacement damage section above, the fundamental mechanism for degradation changes depending on the charged particle energy; this means that the knowledge gleaned from irradiations performed at one particle accelerator can be somewhat limited to the specific species and energy used. Often, lighter ions and especially protons or neutrons are available. While the overall accessibility of more basic particle accelerators is certainly an improvement over heavy ion facilities, scheduling beam time is still a limiting factor.
	X-ray and gamma ray sources: Incoherent high-energy light sources at gamma and X-ray wavelengths are used exclusively to study total ionizing dose. These sources can be especially useful for studying types of devices where TID effects are dominant or for comparing to charged heavy ion experiments to separate TID contributions from DD. While the difference in device response is not exactly subtractive, an equivalent ionizing dose can be identified for a particular charged particle species and fluence. This concept is leveraged in Chapter 5, where both 1.8-MeV protons and 10-keV X-rays are used to study displacement damage and ionization effects in Ge-Si photodiodes. These sources are significantly less costly than particle accelerators but are difficult to upkeep and must be treated carefully.
	Pulsed laser facilities: A useful, accessible, and much lower cost alternative to heavy ion testing is the pulsed laser. While only SEEs can be studied, pulsed-laser testing can provide key insights into the likelihood of device and circuit soft errors, hard errors, and failures that occur during solar particle events. Pulsed lasers are used to mimic the charge deposition that occurs along a heavy ion track via localized two-photon absorption within the beam focus. The exact charge deposition and profile differ somewhat: heavy ions induce a narrow (nanometer scale), roughly cylindrical penetrating track by scattering in the lattice, while pulsed lasers induce absorption and charge formation within the laser’s focus, which is ellipsoidal and spatially confined at the micron scale. While pulsed lasers will not produce identical results to heavy ion irradiation, pulsed laser irradiation is especially useful for identifying sensitive regions to inform and maximize the utilization of heavy ion facilities. Especially as the wealth of literature comparing pulsed laser and heavy ion irradiations increases, this helps reduce surprises and refine test-planning without costly trial-and-error.


[bookmark: _Toc207958022]Device modelling
In conjunction with experimental testing, modelling techniques are critical to fully uncover basic underlying physics, especially as device geometries become increasingly complex and analytical solutions become impossible. Synopsys Sentaurus TCAD is especially critical for modelling charge deposition from ionization and heavy ion strike tracks. Further, TCAD can be combined with radiation environment and materials modelling to predict and understand ground-based and space-flight radiation exposure. For photonics, TCAD can be paired with optical solvers (see Chapter 1.4 Section 4 above) to examine effects, especially TID and SEEs. Displacement damage is more difficult to predict at the device level, since atomic-scale lattice defects are not easily modelled at the 10s of nanometers to microns scale that is needed for device simulation approximations. Instead, material and interface modelling can be performed using MRED or quantum mechanical computations like density functional theory to examine defect formation itself. While my focus within radiation effects has been largely experimentally based, collaborative efforts ongoing at the time of publication of this dissertation combine analysis from TCAD and optical solver simulations to the experimental results I have obtained, taking a closer look at radiation degradation mechanisms.
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Deep subwavelength photonic crystal unit cell design


Adapted with permission from [161]. K. P. Arnold, S. I. Halimi, J. A. Allen, S. Hu, S. M. Weiss. Photonic crystals with split ring unit cells for subwavelength light confinement. Optics Letters. 47(3), 661–664 (2022). © Optica Publishing group 2022.

Here we report a photonic crystal with a split ring unit cell shape that demonstrates an order of magnitude larger peak electric field energy density compared to a traditional photonic crystal. Split ring photonic crystals possess several subwavelength tuning parameters, including split ring rotation angle and split width, which can be leveraged to modify light confinement for specific applications. Modifying the split ring’s parameters allows for tuning of the peak electric field energy density in the split by over one order of magnitude and tuning of the air band edge wavelength by nearly 10 nm in the near infrared region. Designed to have highly focused optical energy in an accessible subwavelength gap, the split ring photonic crystal is well-suited for applications including optical biosensing, optical trapping, and enhanced emission from a quantum dot or other nanoscale emitter that could be incorporated in the split.

[bookmark: _Toc207958024]Introduction
The study of photonic crystals (PhCs) over the past three decades has led to improved understanding of optical phenomena at the micro and nanoscale while at the same time advancing the capabilities of a wide range of optical devices that rely on strong-light matter interaction. Strategic engineering of the periodic dielectric structure of PhCs and inclusion of defects to form waveguides and cavities has led to precise tailoring of the modal [137,232] and dispersive properties [145,233] of PhC structures. Among the notable PhC-based devices that have been demonstrated are PhC lasers  [234–236], electro-optic modulators [55,237,238], optical biosensors [239,240], and solar cells [241–243].
Recent work has revealed that the specific geometry of a PhC unit cell has a strong influence on the local electric field and energy distributions. For example, adding a vertical dielectric bar, referred to as an antislot, to a circular unit cell was shown to change the energy distribution from being relatively uniform across the unit cell to becoming highly localized in the antislot [147,244]. In another example, a bowtie-shaped unit cell was demonstrated in experiment to support extremely high energy density at the knot of the bowtie [144]. Prior work has also shown that a mix and match approach can be applied to PhC design wherein different unit cell shapes (e.g., antislots and bowties) can be combined in a single PhC nanobeam to achieve an even higher level of control of the mode profile without sacrificing the quality factor (Q) of the PhC [232]. These examples of redistribution of light in PhC unit cells can be explained using fundamental electromagnetic principles [147,244]; hence, other strategic unit cell shapes could be employed to realize desired field distributions that are favorable for specific applications. 
Here, we investigate the properties and design freedoms enabled by a silicon split ring-shaped PhC unit cell. Analogous to the shared electric field confinement of plasmonic bowties [245] and dielectric PhC bowtie unit cells [144] for which light is localized at the knot of the bowtie, we demonstrate that the peak electric field energy density in a split ring PhC unit cell is located in the narrow split region, similar to the case for a split ring metamaterial [246]. It is important to note that although the resulting electric field localization may be similar, and in both cases is dependent on the orientation of the split ring relative to the polarization of light, the mechanism of the field localization is different between plasmonics, metamaterials, and PhCs [144,245,246]. While metallic metamaterial split rings rely on plasmonic coupling in the resonator array, dielectric PhC split rings redistribute the field according to electromagnetic interface conditions inside the unit cell. Moreover, while metallic split ring metamaterials can enable new effective materials properties including negative permittivity that are not possible in dielectric split ring PhCs, dielectric split rings are low loss, enabling incorporation in high Q cavities with in-plane light confinement for on-chip applications, which is not possible with split ring metamaterials due to their large optical losses. Through finite-difference time domain (FDTD) analysis, we calculate the energy distribution in a silicon split ring PhC as a function of the rotation angle of the unit cell and we quantify the peak energy density in the split as a function of the geometry and rotation of the split ring unit cell. By achieving more than a 10-fold enhancement of the electric field energy density in the split compared to a traditional circular PhC unit cell (air mode), the split ring PhC offers significant advantages for optical biosensing, optical trapping, and applications requiring strong light-matter interaction within an air region.

[bookmark: _Toc207958025]Split ring photonic crystal unit cell design
A schematic of the split ring PhC is shown in Fig. 2.1(a). The localized energy inside the split is illustrated by the pink glow and is quantified in simulations presented below. The tunable dimensions of the split ring PhC unit cell are shown in Fig. 2.1(b) and are: split width (ws), inner (rC, inner) and outer (rC, outer) radius of the dielectric “C” comprising the split ring, radius of the containing air hole (rair), and rotation angle of the split ring (θ). In this work, we consider a suspended silicon split ring PhC waveguide in air due to the computational efficiency of studying a structure that is symmetric in the out-of-plane dimension. Importantly, the general trends analyzed for the suspended split ring PhC also apply to split ring PhCs fabricated on silicon-on-insulator wafers and can be leveraged for the design of split ring PhC cavities. 

[bookmark: _Toc209649586]Figure 2.1. (a) Illustration of silicon split ring PhC nanobeam. The silicon waveguide is shaded in grey and the air regions indicated by void (black). The area of light localization in the R0 split ring PhC is illustrated by the pink glow inside the split in each ring. (b) Schematic of split ring PhC unit cell with tunable dimensions labeled. Reprinted with permission from [161] © Optica Publishing Group.


Three-dimensional FDTD methods were conducted using Ansys Lumerical software. For all simulations unless otherwise stated, the period of the split ring unit cells is 390 nm, the waveguide width is 750 nm, and the split ring parameters are: ws = 10 nm, rC,inner = 50 nm, rC,outer = 70 nm, rair = 90 nm, and θ = 0˚ (i.e., R0 unit cell). For comparison, the properties of a circular air hole PhC with a period of 390 nm, waveguide width of 750 nm, and air hole radius of 90 nm (i.e., same dimensions as the split ring PhC but without the silicon split ring included inside the air hole) were simulated.
First, the photonic band structure of an infinitely long split ring PhC nanobeam was calculated for the fundamental transverse electric (TE) mode. Due to computational limitations, a 5 nm mesh step was utilized in the in-plane x- and y-directions covering the extent of the unit cell. Non-uniform conditions were utilized in the out-of-plane z-dimension and in the silicon region outside the air hole with a maximum mesh cell step of ~35 nm at the outer edge of the simulation region. As shown in Fig. 2.2(a), the photonic band gap extends from ~166 to 187 THz (~1605 to 1805 nm) and the TE band extent remains quite wide upon inclusion of the split ring into the PhC unit cell. The higher frequency air band is of particular importance for the split ring PhC; light confinement in the split requires energy localization in the air hole regions of the PhC to enable the silicon split ring to redistribute the energy within the unit cell according to electromagnetic interface conditions [147]. 
The transmission spectrum of a finite length PhC nanobeam with 27 split ring unit cells was also calculated. For this simulation, a TE modal source with bandwidth 1500 to 1630 nm was used for excitation and a transmission monitor was placed at the output of the split ring PhC nanobeam. A 2.5 nm mesh step in the x and y-directions was utilized across all unit cells. As shown in Fig. 2.2(b), the transmission spectrum is characterized by a photonic bandgap between approximately 1603 and 1813 nm. The slight differences in the air and dielectric band edge locations between the transmission simulation and band structure calculation are due to differences in the meshing between the two simulations. We note that the air band edge for the comparison circular air hole PhC is located near 1550 nm; hence, the addition of the silicon split ring in the unit cell red-shifts the transmission spectrum, as expected, without significantly changing the extent of the bandgap.



[bookmark: _Toc209649587]Figure 2.2. (a) Photonic band structure of R0 split ring PhC showing air band (red diamond) and dielectric band (yellow square). The light line above which no guided modes propagate in a PhC is shaded in black. The extent of the TE photonic band gap is shaded in grey. (b) Simulated transmission spectrum for split ring PhC having a finite length of 27 unit cells. Reprinted with permission from [161] © Optica Publishing Group.



[bookmark: _Toc207958026]Mode profile simulations and tuning parameters
With the band edge locations identified, we next calculated the mode profile inside the split ring PhC unit cell at the air band edge frequency using TE dipole excitation and a 1 nm mesh step. Using periodic boundary conditions across the x-direction, the simulated PhC waveguide is modeled as infinitely long. This calculation was repeated for multiple rotation angles. We note that in order to accurately assess how the rotation angle of the split ring affects light redistribution within the unit cell, the power emitted by the dipole source should be the same for all unit cell configurations. Typically, the power that is emitted by a dipole source is dependent on the environment surrounding the dipole (i.e., via the Purcell effect) [128].
Therefore, in our analysis of the electric fields recorded by the field monitors in simulations, we divide the square of the electric field by the Purcell factor returned by the simulation to normalize the power emitted from the dipole to be constant across all simulations. Appropriate apodization conditions are also utilized to ensure that only light coupling to the desired air mode is considered. Thus, we obtain a strict comparison of the energy density differences for various parameter changes that may be applied to the design of cavities and other resonators. Figure 2.3 shows the energy density (proportional to E2) distribution at the air band edge of the R0, R30, R60, and R90 split ring unit cells normalized to the peak energy density in the R0 unit cell (ER02). The peak energy density in the unit cell drops by ~40% as the split ring angle is varied from zero to ninety degrees, and the location of peak energy density transitions from being well-confined inside the split to being spread out along the upper and lower air ring regions. To understand the rotation-dependent energy distributions, we first closely examine the R0 and R90 split ring unit cells. For the R0 unit cell, the TE-polarized electric field that oscillates in the plane across the waveguide width (y-direction) directly crosses the vertical silicon-air-silicon interfaces of the split. Electromagnetic interface conditions dictate that the normal component of the electric field is discontinuous across an interface (i.e., scaled by the ratio of the electric permittivities of the two dielectric materials at the interface). Since the electric field is normal to these silicon/air interfaces, the electric field amplitude in the air slot of the R0 split ring PhC unit cell is enhanced by the ratio of the silicon and air permittivities - this effect is known as the slot effect  [146]. We note that the lower electric field energy density present in the air regions toward the top and bottom of the unit cell between the outer edge of the silicon ring and silicon region outside the air hole can also be explained by electromagnetic interface conditions; the electric field enhancement in these air regions is much lower than in the split due to their much larger width [146]. Conversely, for the R90 split ring unit cell, TE-polarized light is tangential to the silicon-air-silicon interfaces of the split. Therefore, since electromagnetic interface conditions dictate that the tangential component of the electric field is continuous across an interface, there is no electric field enhancement in the split of the R90 split ring unit cell. Accordingly, the peak electric field energy density in the R90 split ring unit cell is located in the air regions toward the top and bottom of the unit cell between the outer edge of the silicon ring and silicon region outside the air hole. Without light localization in the split, the peak energy density in the R90 split ring unit cell is nearly the same as that in a unit cell with a full ring having no split. Figure 2.4 shows the electric field energy density profiles for the split ring (R0 and R90) and the full ring unit cells at the respective air band edge wavelength for each unit cell type. The peak energy density enhancement of the full ring PhC unit cell is very similar to that of the R90 split ring unit cell where the orientation of the split relative to TE-polarized light (i.e., y-direction) does not support a discontinuity in the electric field that would lead to an energy density enhancement. The difference between the peak electric field energy density of the full ring unit cell and the R90 split ring unit cell is ~17% (0.681×ER02 for R90 split ring vs. 0.563×ER02 for full ring). This slight difference can be explained largely by the enhanced field at the sharp corners introduced by the split. 




[bookmark: _Toc209649588][bookmark: _Hlk196303409]Figure 2.3. Electric field energy density (i.e., proportional to E2) distribution at air band edge for (a) R0, (b) R30, (c) R60, and (d) R90 split ring PhC unit cells using a color map normalized to the peak energy density of the R0 unit cell (E2/ER02), allowing direct comparison across all unit cells. (e) Rotation angle dependence of peak energy density (normalized to ER02) inside split ring PhC unit cell (red diamonds) and air band edge (BE) frequency (yellow squares); the split width is held constant at 10 nm. (f) Split Split width dependence of peak energy density (normalized to ER02) and air band edge (BE) frequency; the rotation angle is held constant at zero degrees. Reprinted with permission from [161] © Optica Publishing Group.



 
[bookmark: _Toc209649589]Figure 2.4. Electric field energy density profiles at the air band edge for infinitely long PhC waveguides with (a) the R0 split ring unit cell (λ = 1604.4 nm, θ = 0o), (b) the R90 split ring unit cell (λ = 1610.5 nm, θ = 90o), and (c) the full ring unit cell (λ = 1610.9 nm) where the split is removed from the structure. The energy density profile is plotted using a color map normalized to the peak energy density of the R0 unit cell (E2/ER02). Reprinted with permission from [161] © Optica Publishing Group.
With the understanding that the energy distributions for the R0 and R90 split ring PhC unit cells are largely governed by electromagnetic interface conditions, we can now explain the energy distributions of the split ring PhC unit cells with intermediate rotation angles. For the unit cells with rotation angle greater than 0˚, the energy density enhancement scales with the sine of the rotation angle (i.e., by considering the horizontal component of the silicon/air interface). Figure 2.3(e) quantifies the peak energy density in the split as a function of rotation angle, normalized to the peak energy density in the R0 unit cell. In comparison to the traditional circular air hole PhC, the peak energy density in the split of the R0 split ring PhC is 10-times higher. The electric field energy profile at the air band edge wavelength of a traditional circular air hole PhC unit cell is shown in Fig. 2.5. Here, the air hole radius (90 nm) is the same as the outer air hole radius of the split ring unit cell from Figs. 2.3 and 2.4, offering a comparison of the energy distribution with the split ring shape entirely removed. We note that the energy profile in Fig. 2.5 is plotted using a different color scheme and normalization to ensure that the energy distribution across the unit cell is clearly observable. The color bar scale for the energy density is normalized to the peak energy density in the air region of this traditional circular air hole PhC unit cell. If we normalized the data to the peak energy density of the R0 split ring PhC as in all plots in the main text, the profile would appear only as near black (Eair hole = 0.103×ER0). Notably, the peak energy density inside the split diminishes by greater than one order of magnitude from R0 to R90, offering tunability of electric field strength and location from inside the well-localized split (R0) to the surrounding airhole (R90). Such tunability could be advantageous for PhC cavity applications for which a large difference in peak energy density is desirable in adjacent unit cells (e.g., optical trapping); prior work demonstrated that PhC cavities can be formed by appropriately rotating asymmetric unit cells to taper the mirror strength along the nanobeam [147]. The maximum energy enhancement achievable in the split ring PhC falls between that of an air mode circular air hole PhC and a bowtie PhC. Moreover, the maximum energy enhancement is similar to that achievable in an antislot PhC with an added air slot (i.e., split) of similar width to that of the split ring [147]. Application-specific requirements dictate which geometry is most advantageous, considering the potential tradeoffs between fabrication complexity, peak electric field energy density, spatial extent of the highest energy region, and design degrees of freedom.


[bookmark: _Toc209649590]Figure 2.5. Electric field energy density profile at the air band edge (λ = 1568.8 nm) for an infinitely long PhC waveguide with traditional circular air hole unit cells (r = 90 nm). The energy density profile is plotted using a color map normalized to the peak energy density of the airhole PhC unit cell (E2/EAH2). Reprinted with permission from [161] © Optica Publishing Group.

Figure 2.3(e) also shows the change in air band edge frequency for the split ring PhCs with different rotation angles. As expected, the air band edge position scales similarly to the peak energy density, as a function of the rotation angle; as less light is localized in the air split, the air band edge frequency decreases. The air band edge frequency decreases by 0.75 THz from R0 to R90, which corresponds to an approximate increase of 10 nm in wavelength in the near infrared. 
Finally, we examine how changing the split width affects the energy density and air band edge frequency, using similar methods to the calculations described above that investigated the effect of the rotation angle of the split ring. Fig. 2.3(f) shows that as the split width increases, the peak energy density decreases, following from the slot-effect. The peak energy density scales by a factor of nearly four as the split width changes from 5 and 40 nm. The change in peak energy density is greatest for 5 – 20 nm split widths because as the split width increases to a larger dimension than that between the ring edge and surrounding waveguide (rair - rC, outer) (i.e., ws > 20 nm), the location of the peak energy density moves from the split to the top and bottom air regions of the unit cell. Figure 2.3(f) also shows that the air band edge frequency increases by 1 THz as the slot width increases from 5 – 40 nm. This is predicted by the filling fraction because the volume of silicon decreases in the unit cell when the split width increases. Fabrication capabilities determine the smallest achievable split width. We note, as guided by the trends, that a split ring PhC cavity could be formed by appropriately varying the split width of split ring unit cells along a PhC nanobeam; this represents a unique degree of freedom offered by the asymmetry present in the split ring unit cell. We further note that other degrees of freedom in the split ring unit cell, including the width of the silicon split ring and the radius of the air hole, could be varied to achieve PhC cavities.

[bookmark: _Toc207958027]Conclusion
     In summary, we present a new PhC unit cell with a split ring shape that supports low-loss, subwavelength confinement of the electric field in air. The asymmetry of the split ring PhC unit cell offers several tuning parameters, including rotation angle, split width, and split ring width, that can be used to control the air band edge frequency and electric field profile. With these additional degrees of freedom we show for the first time that it is possible to move an optical “hot spot” at any location within the PhC unit cell, rather than being limited to the center of a waveguide [146], PhC unit cell [144], or dielectric region between PhC unit cells [160]. With a split width of 10 nm and rotation angle of 0o, the split ring PhC demonstrates a 10-fold enhancement of the electric field energy density over traditional circular air hole PhCs. Appropriate selection of the tunable parameters of the split ring PhC make it an attractive option for particle-field interactions in optical trapping or sensing platforms. Together with other recently reported subwavelength-engineered PhC unit cell designs such as the bowtie and antislot, split ring unit cells expand the design space for achieving a highly tailorable mode profile, customizable for desired applications.

[bookmark: _Toc207958028]
Deep subwavelength photonic crystals for communications
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We report the scalable fabrication and characterization of photonic crystal (PhC) nanobeam waveguides incorporating subwavelength-scale dielectric anti-slot unit cells. These anti-slot PhCs were fabricated using deep UV lithography on a monolithic silicon photonics technology. The dielectric band edge mode is characterized by strong field localization in the anti-slot region where the minimum dielectric feature size is approximately 70 nm. This demonstration opens the door to further investigation of subwavelength engineered photonic structures fabricated using commercial foundry processes for integrated photonics applications that benefit from enhanced light-matter interaction. 

[bookmark: _Toc207958029][bookmark: _Hlk148003358]Introduction
Dramatic advances in silicon photonics technology over the past two decades have led to improved performance metrics in power consumption, speed, and footprint for applications including on-chip signal modulation, routing, and detection [23,248]. Compatibility of silicon photonics components with complementary metal oxide semiconductor technology has enabled hybrid and monolithic integration of electronic and photonic circuit elements [11,249,250]. Although the propagation of guided modes necessitates larger feature sizes for waveguide-based components compared to electronic wires, the speed and versatility of photonic information transfer provides a significant advantage to including photonic components alongside electronic processing on chip.
The incorporation of photonic crystal (PhC) geometries is one promising avenue for reducing footprint and energy requirements while improving the performance of on-chip photonic components. PhCs leverage wavelength-sized features to confine light and increase light-matter interaction [55,143].  Deep subwavelength engineering of PhCs, including the incorporation of nanoscale air slots and bowtie-shaped unit cells, has enabled more extreme confinement of light than what is achievable in traditional PhCs  [144,163]. Slotted PhCs, for example, have been exploited for compact, low-power modulators and ultrahigh sensitivity biosensors [71,251]. With a calculated eight-fold increase in peak electric field amplitude achievable in a bowtie-shaped PhC nanobeam compared to a slotted PhC nanobeam, even more compact and lower threshold energy devices may be achievable with bowtie PhCs and other advanced subwavelength engineered PhC unit cell designs [144]. 
Given their sub-micron features, most PhC devices are fabricated using electron beam lithography. However, to be considered for commercial applications, scalable fabrication with deep-ultraviolet (DUV) lithography is necessary. Over the past few years, there have been several demonstrations of PhCs fabricated with DUV lithography, including PhC ring resonators, PhC filters and splitters, high quality factor PhC cavities, and Bragg grating resonators integrated into the arms of Mach-Zehnder modulators [252–255]. Very recently, slotted PhCs have also been achieved with an air slot width of 110 nm using DUV lithography [256]. We note that photonic components with small dielectric features on this size scale are, in general, more challenging to realize with current DUV lithographic processing due to the concern that small dielectric fragments could be released and redeposited undesirably on the wafer during the processing. 
[bookmark: _Hlk128306558][bookmark: _Hlk127653466]In this work, we report the design, fabrication, and characterization of PhC nanobeam waveguides with minimum dielectric feature sizes near 70 nm fabricated using a monolithic silicon photonics technology at GlobalFoundries (GF). The fabricated PhCs have unit cells that include silicon bars that taper down to 70 nm at the center of the PhC unit cells (i.e., anti-slots), which is close to the minimum feature size of photonic components in the process design kit (PDK) of the 90 nm photonics technology at GF. This nears the resolution limit for proximity-corrected DUV processing; smaller features necessitate rigorous process development and potentially multiple patterning steps. Strong light localization within the anti-slots, as evidenced through the simulated mode distribution, increases light-matter interaction in these regions and opens the door to creating smaller footprint anti-slot PhC filters and modulators that operate at low energy.

[bookmark: _Toc207958030]Design of anti-slot photonic crystals for foundry processing
[bookmark: _Hlk127645983][bookmark: _Hlk128306792]The dielectric mode anti-slot PhC nanobeam waveguide design chosen for this work respects the minimum feature sizes achievable in deep UV lithography while striving to attain strongly enhanced light-matter interaction to enable a more compact footprint and low power requirements. The design follows from Hu, et al. ACS Photonics 3(9), 2016 [147] where it was shown that light can be progressively “squeezed” into smaller regions with enhanced light-matter interaction by introducing an interconnected series of void (e.g., slots) and dielectric (e.g., anti-slots) regions into the PhC unit cell. This is possible due to the orthogonal nature of the electromagnetic interface conditions. When the final element of the interconnected series inside the PhC unit cell is a slot, then light is localized and enhanced in air. Conversely, when the final element is an anti-slot, then light is localized and enhanced in the dielectric material. While the prior work utilized the air mode of a PhC and introduced subwavelength features inside air holes, here we utilize the dielectric mode and a PhC comprising a periodic array of silicon bars [147] modified with a subwavelength-sized interlocked air slot and anti-slot. 
A schematic of the designed silicon device layer of the anti-slot PhC nanobeam waveguide is shown in Fig. 3.1(a). The length of the silicon nanobeam was chosen to be Lnb = 600 nm and the lattice constant a = 370 nm. The anti-slot width was designed to be was = 120 nm with a length of Las = 100 nm. The width of the silicon “caps” at the top and bottom of the anti-slot are wcap = 230 nm. The vertical material stack for the anti-slot PhC nanobeam is illustrated in Fig. 3.1(b) and includes a 155 nm silicon device layer atop an oxide lower cladding, a 25 nm oxide upper cladding, and a 100 nm silicon nitride layer buried in an oxide cladding. The anti-slot PhC nanobeam waveguide is patterned into the silicon device layer with a height of 100 nm. We note that fabricated samples also include a metal stack atop the uppermost oxide; however, these metal layers do not affect the optical mode and were therefore not included in our simulations. The key features that affect mode distribution and peak energy are the length and width of the anti-slots, with smaller dimensions leading to higher peak energy density.

[bookmark: _Toc209649591][bookmark: _Hlk196306441]Figure 3.1. (a) Schematic of designed silicon device layer of anti-slot PhC nanobeam and underlying silicon rib. Key feature sizes are labelled.  The area of energy localization when operated at the band edge is highlighted pink. The mode propagation direction is indicated by the black arrow (bottom right). (b) Cross-sectional view of corresponding vertical material stack. © 2023 IEEE.


[bookmark: _Hlk127642843]To understand the scaling of energy density with anti-slot feature size, the energy distribution in anti-slot PhC nanobeam waveguides with different anti-slot widths was simulated (Fig. 3.2(a)). The length of the anti-slot was not varied in simulation due to fabrication constraints that precluded anti-slots shorter than 100 nm. All simulations were carried out using three-dimensional finite-difference time-domain (FDTD) simulations in Ansys Lumerical software. The energy density distribution simulations were performed by creating a single PhC unit cell with mesh steps of 2 nm in the x- and y-planes covering the primary structure. Non-uniform meshing was used elsewhere in the x- and y-planes and in the z-dimension. Bloch boundary conditions were set in the x-dimension to simulate an infinitely repeating array of unit cells. The structure was excited using a transverse electric (TE) polarized dipole source placed in the xy-plane. The energy density was calculated using a 2D cross-section electric field monitor, set to measure the field at the dielectric band edge, and index monitor in the same region. The outputs of these monitors were combined according to the equation:
	
	
	(3.1)   



where  is the energy density,  is the permittivity and  is the electric field amplitude. To ensure a fair comparison between unit cells, the Purcell enhancement of the dipole on resonance was tracked and divided from the field monitor output, removing any temporal dependency. As shown in Fig. 3.2(b), the peak energy density in the middle of the anti-slot increases approximately exponentially with decreasing anti-slot width. This scaling is consistent with trends reported for anti-slot unit cells in a different geometry [147]. Notably, the energy density is strongest at the sharp corners of the anti-slot, by a factor of 1.2 greater than the energy density in the middle of the anti-slot, suggesting that a smoother designed feature would be more favorable for localizing the highest energy density over a larger region in the center of the anti-slot. Considering the energy density in the center of the anti-slots in Fig. 3.2(b), simulations show more than a doubling of the peak energy density in the center of a 10 nm anti-slot compared to that in the center of a PhC unit cell without an anti-slot. The dimensions of the structure were selected for a C-band dielectric band edge and to push the lower limit of achievable feature sizes with monolithic fabrication on a multi-project wafer (MPW) at GF for maximum energy enhancement. 
The transmission spectrum of the anti-slot PhC nanobeam waveguide with 50 unit cells was simulated by injecting a guided TE mode and recording the transmission through the waveguide. PML boundary conditions were utilized. Due to memory and run time considerations, a non-uniform mesh with a minimum step size of 35 nm was used in this simulation. As shown in Fig. 3.2(c), the photonic bandgap spans approximately 1435 – 1594 nm. To take advantage of the high peak energy density in the anti-slots, the slow light band edge modes near the dielectric band edge (i.e., near 1594 nm) were utilized. 

[bookmark: _Toc209649592]Figure 3.2. (a) Energy density distribution in a PhC unit cell with no anti-slot (AS) (i.e., silicon bar) compared to unit cells with varying anti-slot widths (was). The color map is normalized to the peak energy density in the bar. (b) Normalized peak energy density of PhC unit cells with different anti-slot widths. An exponential line of best fit is plotted (dashed) as a guide to the eye. (c) Simulated transmission spectrum of anti-slot PhC nanobeam waveguide shown in Fig. 3.1. © 2023 IEEE.
[bookmark: _Hlk148008323]

[bookmark: _Toc207958031]Fabrication and characterization methods
[bookmark: _Hlk128306909]Anti-slot PhC nanobeam waveguides were fabricated at GF’s 300 mm foundry, using their 90 nm monolithic MPW technology, and transmission spectra were measured at GF. An automated alignment, fiber-coupled laser setup was used, which couples a continuous wave C-band tunable laser into each device under test via standard grating couplers included in the design with standard linear waveguide tapers near the input/output gratings to couple the input waveguides to the anti-slot PhC nanobeam.

[bookmark: _Toc207958032]Analysis of fabricated anti-slot photonic crystals
Figure 3.3 shows scanning electron microscope (SEM) images of fabricated anti-slot PhC nanobeam waveguides taken from a short loop wafer that was pulled before the oxide cladding, silicon nitride and metal layer processing was carried out. We note that all optical characterization was done on separate fully processed chips with the full material stack. Based on the SEM images in Fig. 3.3(a) and Fig. 3.3(b), we estimate the following respective dimensions for the fabricated anti-slot PhC nanobeam waveguides: LNB = 570 nm and 560 nm, a = 370 nm and 370 nm, wcap = 150 nm and 200 nm, and was = 70 nm and 110 nm. By comparing the SEM images with the schematic structure in Fig. 3.1, it is apparent that the sharp features in the design are rounded off due to the resolution limitations of optical lithography processing. The bright region outlining the dielectric part of the PhC unit cell is due to slightly sloped sidewalls that are narrower at the top than at the base. Importantly, the anti-slot is resolvable; the narrowest region in the center of the anti-slot is pinched by approximately a factor of two compared to the silicon caps. This narrowest region of the anti-slot PhC was consistent in all imaged anti-slots in the PhC nanobeam. 
[bookmark: _Hlk128306510][bookmark: _Hlk127658170][bookmark: _Hlk127658313]	To verify that the fabricated anti-slot PhC maintained the expected energy localization and enhancement in the anti-slot region of the PhC unit cell, a 3D FDTD simulation was carried out with feature sizes that mimicked the fabricated structure. An 18 vertex polygon was used to approximate the fabricated anti-slot PhC with the silicon cap width, minimum anti-slot width, and nanobeam width determined from analysis of the SEM images in Fig. 3.3. For simplicity, the silicon sidewalls were assumed to be vertical in the simulation and a width halfway between the top and bottom surfaces was used. Simulation conditions (including mesh and boundary) matched those used for the initial design as presented in Fig. 3.2(a, b).  
[bookmark: _Hlk128306956]	As shown in Fig. 3.3(c) and Fig. 3.3(d), the highest energy density is localized in the anti-slot region in the center of the PhC unit cell and is enhanced by a factor of 2.73 (70 nm anti-slot) and 1.73 (110 nm anti-slot) compared to the peak energy density in a rectangular PhC unit cell without an anti-slot. This enhancement is larger than predicted by the simulations in Fig. 3.2. We attribute this difference to be primarily due to the smoother shape of the fabricated anti-slot, which prevents undesirable energy concentration at the sharp corners of the designed anti-slots in Fig. 3.2 and enables higher energy density in the center of the anti-slot. Hence, the smoothing of the features in fabrication is advantageous and allows the single anti-slot shape to partially resemble a bowtie shape for which maximum energy density enhancement could be obtained. 


[bookmark: _Toc209649593]Figure 3.3. SEM image of three unit cells of the fabricated anti-slot PhC waveguide with minimum anti-slot width of (a) 70 nm and (b) 110 nm. Corresponding energy density distribution in simulation of (c) 70 nm and (d) 110 nm anti-slot PhC unit cell. The energy enhancement is concentrated at the pinched region of the design corresponding to the anti-slot region with normalized enhancements of 2.73 and 1.73, respectively. © 2023 IEEE. 


The experimental transmission spectra showing the dielectric band edges of the fabricated anti-slot PhC nanobeam waveguides are plotted in Fig. 3.4. We estimate the insertion loss to be approximately 1 dB (70 nm anti-slot) and 4 dB (110 nm anti-slot), which we believe can be reduced with further design and fabrication optimization to reduce losses, including at the interfaces between the input and output waveguides and the anti-slot PhC nanobeam. The measured dielectric band edges are near 1485 nm (70 nm anti-slot) and 1560 nm (110 nm anti-slot), which, as expected, are blue-shifted compared to the simulated spectrum of the rectangular-shaped anti-slot PhC nanobeam waveguide in Fig. 3.2(c) due to the lower silicon fill factor in the unit cell. We subsequently simulated the transmission spectrum of a modified anti-slot PhC nanobeam waveguide with the unit cell shape shown in Fig. 3.3. Due to computational resource constraints, 100 unit cells were included in the simulation while the fabricated structure comprised 200 unit cells. The simulation settings were the same as those used to obtain the spectrum in Fig. 3.2(c), with the exception that uniform meshing was used around the PhC unit cells (Δx,y = 10 nm). As shown in Fig. 3.4, there is relatively good agreement between the simulated and experimental spectra. The ~20 nm difference in the dielectric band edge location is attributed to inaccuracies estimating the anti-slot PhC dimensions in simulation compared to the SEM images of the fabricated structure, resource constraints on meshing, and neglecting the sidewall sloping. 


[bookmark: _Toc209649594]Figure 3.4. Simulated (orange) and measured (blue) transmission spectra of anti-slot PhC nanobeam waveguides with tapered anti-slot features as shown in Fig. 3.3. The solid traces (left) correspond to the 70 nm dielectric anti-slot and the dashed traces (right) correspond to the 110 nm dielectric anti-slot, as labeled. © 2023 IEEE.

[bookmark: _Toc207958033]Conclusion
[bookmark: _Hlk127650205]This work reports the first monolithically fabricated silicon anti-slot PhC nanobeam waveguide. A minimum feature size of 70 nm was achieved in the anti-slot region of the PhC unit cells using DUV lithography in GF’s 90 nm monolithic photonics technology. Dielectric band edge modes were measured in the C-band. The spatially localized and enhanced field in the anti-slot regions of the PhC support increased light-matter interaction in the slow light band edge mode compared to a traditional PhC nanobeam waveguide or ridge waveguide structure. Demonstration of a scalable fabrication approach for anti-slots opens the door to integrating subwavelength dielectric features into integrated photonic modulators and filters to significantly reduce their threshold energy requirements and footprint. 


[bookmark: _Toc207958034]
Deep subwavelength photonic crystals for sensing and quantum photonics applications

Adapted with permission from [257]. K. P. Arnold, C. S. Whittington, J. A. Allen, S. I. Halimi, F. O. Afzal, Y. Bian, A. Aboketaf, T. Hirokawa, S. M. Weiss. Deep subwavelength slotted photonic crystal nanobeam in a monolithic silicon photonics foundry. Optics Express. 32(23), 40350–40363 (2024). © Optica Publishing Group 2024.

We report the design and experimental realization of a deep subwavelength engineered slotted photonic crystal fabricated using a commercial monolithic silicon photonics process with a minimum feature size near 40 nm. The deep subwavelength design includes a corrugated, slotted unit cell shape that leverages electromagnetic interface conditions to localize optical energy in low refractive index regions, achieving a four-fold enhancement of the electric field energy compared to an equivalent slotted photonic crystal without the nanoscale corrugations. This demonstration establishes a basis for future study of commercially fabricated, subwavelength engineered photonic structures where intense light-matter interaction and manipulation of optical properties on-chip is critical, including biosensing and optical trapping applications.

[bookmark: _Toc207958035]Introduction
Over the past few decades, research advances in silicon photonics have laid the foundation to support a versatile range of commercial photonics markets across data communications, light detection and ranging (LiDAR), biomarker sensing, high-performance computing, and quantum information processing [19,23,258]. With the advocacy of the electrical integrated circuit industry and semiconductor foundries for design of photonics alongside complementary metal oxide semiconductor (CMOS) technologies [11,249,250,259], there is a renewed excitement for revolutions in commercial photonics including materials integration [260], co-packaging [25], and emerging component level design. Each of these research efforts aim toward augmenting the data transmission or sensing capabilities on-chip while simultaneously reducing the cost, size, weight, and power consumption of photonic integrated circuits. At its core, these goals necessitate the precise control over light-matter interactions on-chip, which in turn requires uniformity in fabrication. Thus, as the need for integrated photonics has grown, so have the technological resources allocated by photonics foundries, with numerous companies now leveraging ultraviolet (UV) and deep-ultraviolet (DUV) lithographical processing for their multi-project wafer (MPW) programs [10]. Unlike the transistor scaling in the electrical integrated circuit industry, the node size in integrated photonics is limited by the wavelength of light used for signaling and the generation of guided modes. However, strategic nanoscale design can drastically improve the ability to manipulate light-matter interactions on chip, such as is the case for plasmonics [261], metasurfaces [262], and photonic crystals [263].
[bookmark: _Hlk89261654]For waveguide-integrated photonic component design, photonic crystals (PhCs), which are periodically arranged dielectric structures with feature sizes typically near wavelength scale, can be incorporated into many photonic devices to precisely tailor modal [137,232] and dispersive [145,233] properties. Some notable PhC-based devices include PhC lasers [234–236], electro-optic modulators [55,143,237,238], optical biosensors [240,251], and solar cells [241–243]. Over the past few years, there have been several demonstrations of traditional PhCs fabricated with DUV lithography, including PhC ring resonators, PhC filters and splitters, high quality factor PhC cavities, and Bragg grating resonators integrated into the arms of Mach-Zehnder modulators [252–255,264]. Recent work has revealed that the specific geometry of a PhC unit cell has a strong influence on the local electric field and energy distributions, leading to a subwavelength engineered class of PhCs called photonic metacrystals [144,147,161,162,244,265]. The advantages of incorporating deep subwavelength, nanoscale void regions into photonic crystal unit cell design have implications across numerous integrated photonics applications. In data communications, these regions generate intense light-matter interactions of propagating signals in a silicon PhC with heterogeneously integrated electro-optic materials [56,60,266] in the low-index regions to boost the otherwise weak electro-optic effect in silicon [39] and improve energy efficiency, footprint, and modulation performance. In quantum computing, PhCs are a strong candidate for achieving high fidelity waveguide coupling of single photon sources, where deep subwavelength engineered PhC waveguides and cavities can ensure that each photon generated interacts strongly, improving indistinguishability and coupling to a guided mode [89,123,130]. Finally, in photonic biosensing, intense light-matter interaction with an analyte of interest inside a deep subwavelength slot can greatly enhance the overall sensitivity of spectral features to refractive index perturbations, enabling faster incubation times for rapid, label-free, point-of-care applications [251]. Given their nanoscale features, most subwavelength PhC devices are fabricated using electron beam lithography (EBL) [267] or specialized research processes [268]. However, very recently, slotted PhCs with an air slot width of 110 nm [256] and deep subwavelength antislot PhCs with a minimum silicon width of 70 nm [247] have been achieved using DUV lithography in commercial foundries.  
In this work, we report on the first slotted PhCs with a minimum air slot width of 40 nm fabricated in a commercial foundry. Details are provided about the design of the slotted PhCs and how the energy enhancement scales with feature size. Fabricated slotted PhCs structures, realized using the GlobalFoundries (GF) FotonixTM silicon photonics technology, are characterized and demonstrate agreement with band structure calculations. Good reproducibility of the measured transmission spectrum is also demonstrated across several slotted PhCs from different regions of the wafer. Finally, simulations are carried out to reveal the potential enhanced performance of integrated microring resonator biosensors featuring deep subwavelength slotted PhCs based on the fabrication results compared to traditional waveguide-based microring resonator biosensors. This work establishes a path forward toward the scalable fabrication of a suite of photonic components and devices with deep subwavelength features and enhanced energy concentration that enable lower power consumption and smaller footprint photonic integrated circuits for applications ranging from communications and quantum information to optical trapping and biosensing. 

[bookmark: _Toc207958036]Deep subwavelength slotted photonic crystal design
[bookmark: _Hlk178857997][bookmark: _Hlk179444288]A schematic of the deep subwavelength slotted PhC is shown in Fig. 4.1(a). The energy localization inside the slot is illustrated by the pink glow. The illustration shows the PhC nanobeam waveguide operating at its dielectric mode photonic band edge, although we note that operation at the air mode band edge is also possible. In fabrication, the PhC nanobeam is coupled to a 700 nm wide silicon ridge waveguide that supports the fundamental mode, which is illustrated in the Fig. 4.1(a) inset. The PhC layer is partially etched resulting in an underlying silicon rib layer with approximately 6 μm width. The design parameters associated with tuning the properties of this deep subwavelength slotted PhC are outlined in Fig. 4.1(b) where traditional PhC tuning parameters, unit cell pitch (a) and PhC waveguide width (wPhC), and subwavelength featured parameters, dielectric (wdm) and air (wam) mode slot widths, dictate the PhC nanobeam properties and optical energy confinement. We also note that the anchor points indicated by the black dashed boxes in the schematic serve two purposes. These large silicon (Si) features improve the effective refractive index contrast between the dielectric mode and air mode regions of the PhC, giving rise to a larger, more defined photonic band gap. Additionally, anchor points are pivotal for integrity to foundry fabrication; large anchor points improve confidence that all segments of the PhC nanobeam will remain intact throughout all wafer processing and metrology steps. Figure 4.1(c) provides a cross-sectional schematic view to further clarify the structures under study, with all optically relevant layers labelled. A sub-200 nm silicon rib waveguide device layer (grey) is patterned atop a buried oxide (light blue). A sub-100 nm silicon nitride layer (purple) is embedded in oxide and positioned 25 nm above the surface of the silicon PhC. We note that this nitride layer is a required feature of the GF materials stack and is simulated to accurately model the PhC waveguide, but is inconsequential to the performance we report. The key parameter that most significantly affects the mode distribution and peak energy is the minimum slot width, with smaller dimensions leading to higher peak energy density in a smaller volumetric region.








[bookmark: _Toc209649595]Figure 4.1. Deep subwavelength slotted PhC unit cell schematics and tuning parameters. (a) Perspective illustration of the slotted PhC design. The silicon PhC device layer is shaded grey, with the air mode and dielectric mode regions labelled and indicated inside the green, dashed boxes. The areas of maximum optical energy concentration are illustrated by the pink glow inside the dielectric mode deep subwavelength slots. The inset shows a top-down schematic of the coupling between the bus waveguide and the PhC and the black bolded arrow indicates the direction of light propagation into the nanobeam along the x-axis. (b) Top-down schematic of the slotted PhC design. The PhC tuning parameters, which include air mode slot width (was), dielectric mode slot width (wds), PhC period (a), and PhC waveguide width (wPhC), are indicated. The locations of anchor points, for ensuring fabrication viability, are indicated inside the black, dashed boxes. The direction of optical signal propagation is indicated by the black bolded arrow located at the bottom right corner. The background color in both (a) and (b) is shaded light grey, for contrast. We note that the layer immediately below the silicon PhC device is a silicon slab. (c) Cross-sectional schematic of the optical material stack in GlobalFoundries FotonixTM technology. The buried oxide (light blue), silicon rib and PhC device layer (grey), and silicon nitride (purple) are indicated. Reprinted with permission from [257] © Optica Publishing Group.



[bookmark: _Toc207958037]Foundry scale fabrication of deep subwavelength features
All slotted PhC nanobeam waveguides were fabricated at GF’s 300 mm foundry using dry DUV lithography in their FotonixTM monolithic silicon photonics MPW technology. All experimental transmission spectra were measured using an automated, wafer-scale, fiber-coupled setup at GF [269], which couples a continuous wave C-band tunable laser into each device under test via standard grating couplers included in the design to couple to and from the ridge waveguide mode that connects each PhC nanobeam. Figure 4.2(a) shows a scanning electron microscope (SEM) image of four representative unit cells from which the schematics in Fig. 4.1(a-b) were based. All SEM images reported were taken from a short loop wafer that was pulled from processing before the oxide cladding, silicon nitride, and metal layer processing were carried out. We note that all optical characterization was done on separate, fully processed chips with the full material stack. The slot widths wdm and wam were measured as ~40 nm and ~70 nm, respectively. This PhC nanobeam is hence referred to as the 40 nm deep subwavelength slotted PhC nanobeam waveguide, since the smaller slotted feature leads to the greatest optical energy enhancements. The unit cell pitch (a) is 385 nm and PhC waveguide width (wPhC) was measured at ~625 nm. 
[bookmark: _Hlk182903832]	To analyze the optical energy concentration profile across the PhC nanobeams, three-dimensional finite-difference time domain (FDTD) simulations were performed. Figure 4.2(b-c) shows the electric field energy density distributions (EPhC2/Eref.2), with a color bar normalized to a traditional slotted PhC with a slot width of 140 nm as shown in Fig. 4.3 (see Fig. 4.6(e) in Section 4.6.1). The PhC unit cell portions selected for simulation are identified by the green rectangular overlays indicated in the SEM in Fig. 4.2(a). The structure identified by the SEM was directly imported into Ansys Lumerical FDTD, which was used for all simulations reported in this work. We note that the sidewalls of the PhC layer are slightly sloped, which was neglected in simulation; the SEM was processed by masking the structure halfway along the sidewall between the top and bottom surface of the PhC layer, which appears light grey in the image. The metallization fabricated in the technology does not affect the optical mode and therefore was omitted from simulation. An electric field monitor, cross sectioning the middle of the 100 nm PhC device layer, was used to calculate the mode profile at the dielectric band edge (Fig. 4.2(b)) and air band edge (Fig. 4.2(c)). Transverse electric dipole excitation and periodic boundary conditions across the x-direction were used to model the PhC waveguide as infinitely long. A 2 nm mesh step was used along the x and y axis, and high accuracy, non-uniform meshing (maximum step = 28.4 nm) was used along the z-axis. We note that to accurately assess how the photonic mode, slot width, and other geometrical parameters affect light redistribution within the unit cell, the power emitted by the dipole source should be the same for all unit cell configurations. Typically, the power that is emitted by a dipole source is dependent on the environment surrounding the dipole (i.e., via the Purcell effect) [128]. Therefore, in our analysis of the electric fields recorded by the field monitors in simulations, we divide the square of the electric field by the Purcell factor returned by the simulation to normalize the power emitted from the dipole to be constant across all simulations. Appropriate apodization conditions are also used to ensure that only light coupling to the desired mode is considered. Thus, we obtain a strict comparison of the energy density differences for various parameter changes that may be applied to the design of cavities and other resonators. Here, the normalized peak energy density was found to be 3.91 in the dielectric mode (Fig. 4.2(b)) and 3.03 air mode (Fig. 4.2(c)). A 3D FDTD simulation was performed using a transverse electric mode source to obtain a transmission spectrum using the structure obtained from the SEM image with 50 unit cells included. We note that all experimental measurements reported include 200 unit cells incorporated into each PhC nanobeam. Uniform 10 nm, 5 nm, and 25 nm meshing was implemented in the x, y, and z axes, respectively. Figure 4.2(d) shows the simulated spectrum (shown in orange) compared to a randomly selected representative measurement of the PhC waveguide transmission (shown in blue). The transmission shows good agreement in the wavelength position of the dielectric band edge in simulation (1513 nm) and measurement (1505 nm). The relatively small discrepancy (~10 nm) of the simulation can be attributed to the choice in mesh resolution made to conserve computational resources and the approximation resulting from neglecting sidewall sloping. We note that the air band edge of the PhC nanobeam could not be experimentally studied because the C-band tunable laser used is limited to a wavelength tuning minimum of 1460 nm.


[bookmark: _Toc209649596]Figure 4.2. PhC nanobeam fabrication and analysis. (a) SEM image of four unit cells of the deep subwavelength slotted PhC nanobeam waveguide fabricated using DUV lithography. The respective slots in which the dielectric and air modes are localized are indicated inside the green rectangular overlays. (b-c) Electric field energy density distributions simulated at the (b) dielectric band edge for the 40 nm slot and (c) air band edge for the 70 nm slot using a color map normalized to the peak electric field energy density in a traditional air mode slotted PhC unit cell with a 140 nm slot width (i.e., EPhC2/Eref.2, Eref.2/Eref.2 = 1). See Fig. 4.6 for the reference PhC design. The enhancement factors for the energy distribution of the dielectric and air modes are 3.91 and 3.03, respectively. (d) Simulated (orange) and measured (blue) transmission spectra plotted in arbitrary units (a.u.). Both band edges are shown in simulation, while only the dielectric band edge is within the measurement window. Reprinted with permission from [257] © Optica Publishing Group.




SEM imaging and experimental transmission measurements were carried out on three separate PhC designs fabricated in the GF DUV lithography process as shown in Fig. 3. The SEM image in Fig. 4.3(a) for the 40 nm slotted PhC is a magnified view of the image shown in Fig. 4.2(a). Figure 4.3(b-c) shows PhC designs with a 110 nm width slot and a 140 nm width slot, respectively. Henceforth, we refer to each of these cases as the 110 nm slotted PhC and the 140 nm slotted PhC. In both cases, the identified slot is in the air mode region. As shown in Fig. 4.3(d-f), raw transmission spectra are plotted for each slotted PhC design (orange), alongside that of the adjacent reference ridge waveguide (blue). The lengths of the reference waveguide and PhC waveguide are identical, and the same grating coupler design was used in each case. The standard grating couplers used dictate the overall transmission envelope, which is maximum at approximately 1550 nm. For each PhC design, six test sites were randomly selected and measured, providing a means to understand the repeatability of this design in lieu of imaging other test site locations. The spectral characteristics of deep subwavelength PhCs are especially sensitive to small changes in feature sizes. As such, the information gained by comparing spectral features and the photonic band gap provides sufficient evidence that the PhC designs were repeatable across positions and wafers. The mean wavelengths of the PhC band edges were identified at 1502 nm (Fig. 4.3(d)), 1556 nm (Fig. 4.3(e)), and 1576 nm (Fig. 4.3(f)). The red shift in dielectric band edge position is attributable to the high silicon content of the connected anchor points in the dielectric mode regions of the 110 nm (Fig. 4.3(e)) and 140 nm (Fig. 4.3(f)) slotted PhCs. The total variation in measured band edge wavelength is 6 nm, 10 nm, and 5 nm, respectively, which is attributed to the combined variation in PhC feature sizes, sidewall sloping, and wafer thickness. Since the total band edge variation is comparable between the 40 nm, 110 nm, and 140 nm slotted PhCs, we conclude that there is no noticeable decrease in fabrication consistency for the deep subwavelength photonic crystal design. In general, this indicates that we are reliably fabricating similar feature sizes, specifically in the slot width, and thus achieving similar energy density enhancement for a given design across test locations. As discussed in Fig. 4.7 in Section 4.6.2, the variation in slot width is likely significantly less than 10 nm for different PhCs across the wafer, which is commensurate with typical feature width variability in traditional, non-subwavelength photonics fabricated using wafer-scale processes [270,271]. 
[bookmark: _Hlk178862874]	Normalized spectra for the 40 nm slotted PhC are plotted in Fig. 4.3(g), where the normalized transmission is presented as the difference between that of the reference bus waveguide and PhC waveguide. Since the transmission within the photonic band gap reaches the photodetector noise floor, this difference was applied only to datapoints corresponding to wavelengths greater than the dielectric band edge. The band edge position was defined as the wavelength at which the transmission amplitude along the band edge passed -30 dB. We note that the true extinction ratio of the PhC waveguide band gap must be greater than or equal to ~55 dB, which is the measurement noise floor. The insertion loss for the 40 nm slotted PhC waveguide is relatively consistent between test sites. The insertion loss is measured by averaging the difference between the reference and PhC waveguide transmission across the range from 1525 to 1575 nm. The total range in insertion loss is 2.10 to 2.31 dB and the average is 2.23 dB. We anticipate that the insertion loss can be mitigated to less than 1 dB and that fringes from Fabry-Pérot interference can be reduced by using a tapered design for coupling between the bus waveguide and PhC modes, which was not employed in this work (see Fig. 4.1(a)). Figure 4.3(h) shows the random variation in insertion loss across the wafer, which suggests that these relatively small changes are due to a combination of uncertainty in the fiber alignment and possible minor process variation. We note that the variation in transmission amplitude across the six test sites in Fig. 4.3(e-f) is due to the procedural steps used in the automated, high-throughput measurement setup, where the positions of the single mode fiber probes are optimized at 1550 nm. Thus, for PhCs with a dielectric band edge above 1550 nm, coupling must be optimized along the band edge or within the band gap. As such, the insertion loss is analyzed only for the 40 nm slotted PhC nanobeam (Fig. 4.3(a), (d)).

[bookmark: _Toc209649597]Figure 4.3. Comparison of different slotted PhC designs in fabrication. SEM images of two unit cells of the (a) 40 nm (dielectric mode) and 70 nm (air mode), (b) 110 nm (air mode), and (c) 140 nm (air mode) slotted PhC nanobeams. The scale bar in all three images is 200 nm, with 50 nm divisions. Transmission spectra of the (d) 40 nm, (e) 110 nm, and (f) 140 nm slotted PhC nanobeams (with a length of 200 unit cells in all cases) taken from six randomly selected wafer test sites. Spectra from the slotted PhC (orange) and adjacent reference waveguide (blue) of the same total length are plotted, and the dielectric band edge of each PhC waveguide is located within the telecommunications C-band. The noise floor in measurement is approximately -55 dB below the reference waveguide transmission. (g) Normalized transmission spectra (i.e., Tref. waveguide – TPhC waveguide) of the six characterized 40 nm slotted PhCs.  (h) Wafer map quantitatively comparing the insertion loss due to the PhC waveguide across tests sites for the 40 nm Slotted PhC. Reprinted with permission from [257] © Optica Publishing Group. 



[bookmark: _Toc207958038]Photonic crystal analysis for biosensing applications
To quantify the practical advantages of deep subwavelength engineering and the deep subwavelength slotted PhC design over traditional photonics devices, we investigate the fabricated slotted PhCs through the lens of a biosensor for medical diagnostics. Using FDTD simulations, sensitivity advantages can be readily predicted, which could translate into reduced response times and spectral resolution requirements for biosensor devices. The analysis provided in this section is transferable to multiple photonics applications, as discussed in the introduction, where commensurate advantages can be expected.
[bookmark: _Hlk179451307]Figure 4.4 shows a comparison of refractive index perturbation sensitivity for varied slotted PhC designs. Presented here as slotted PhC nanobeam waveguides with the oxide fill around the PhCs removed, a clear comparison between the unit cells and slot widths can be established. We note that typical implementations for a biosensor would include using the slotted PhC nanobeam waveguide in a Mach-Zehnder configuration or using a slotted PhC nanobeam resonant cavity design. Figure 4.4(a) shows a schematic of a layer-by-layer analysis approach in the slotted PhC nanobeam waveguide, where a uniform layer with a refractive index n = 1.5 near those of typical analytes of biological interest (e.g., proteins and DNA) [272] systematically fills the unit cell. We note that our methods of characterization are self-comparative, so the scale factor advantage of using the slotted PhC design is the same regardless of the target molecule index. Since the electric field redistribution of the slotted PhC design is well-confined inside the slotted regions, the surfaces on top and outside the PhC unit cell can be neglected from the refractive index fill. The relative spectral shift in the photonic band edge is tracked using 3D FDTD simulations with the same conditions as in Fig. 4.2(b-c) and Fig. 4.6 in Section 4.6.1. As shown in Fig. 4.4(c), the 40 nm slotted PhC (orange) clearly out-performs the 110 nm slotted PhC (blue) and 140 nm reference PhC (red) designs, with more than 2 and 2.5-times greater shift in the band edge wavelength, respectively. This advantage is relatively constant up until the narrowest portion of the subwavelength slot is filled (20 nm thickness on each side filling the 40 nm slot). We note that these marked advantages would not be present for bulk sensing, where the refractive index of the entire surrounding medium is modified because subwavelength engineering does not create nor destroy energy in the system; rather, the optical energy is redistributed in an advantageous way for specific applications. 
	The device design strategy presented in Fig. 4.4(a) can also be easily improved because the analyte fills regions of both intense field concentration at the deep subwavelength slot feature and weak field concentration elsewhere. Thus, if the surface of the PhC was functionalized to attach a specific analyte, much of the material attached from solution would only weakly contribute to a spectral shift. This means that the minimum molecular concentration that could be detected is not optimized. Figure 4.4(b,d) presents a resolution to this issue that would reduce the detection limit and further accentuates the advantages from confined optical energy: by restricting the molecular attachment locally near each deep subwavelength slot, all analytes will experience strong field and contribute to perturbing the photonic band edge wavelength. Here, 100 nm windows centered on the 40 nm dielectric mode slot are proposed, which could be defined using a standard secondary aligned lithographical process to mask regions of low field concentration, as illustrated in Fig. 4.4(b). The FDTD simulations were modified to restrict the analyte attachment to a uniform refractive index layer with span of 100 nm. Figure 4.4(d) shows the results of these simulations, where the overall shift for a given thickness is reduced for all PhCs, but much more so for the 110 and 140 nm PhCs where the field is relatively uniform, increasing the advantage for the 40 nm slotted PhC. In fact, the advantage achieved by the 40 nm slotted PhC over the 110 nm slotted PhC and 140 nm reference case is approximately 2.75- to 3.1-times and 3.4- to 4.25-times, respectively. This result is close to the identified peak energy density enhancement factors identified (3.25 vs. 3.91, (see Fig. 4.6 in Section 4.6.1). As the window width is reduced toward a slit, the sensitivity advantage in simulation will approach the calculated enhancement factor.


[bookmark: _Toc209649598][bookmark: _Hlk182904690]Figure 4.4. Layer-by-layer sensitivity of deep subwavelength slotted PhCs. (a) Top-down schematic of the 40 nm slotted PhC partially filled with a uniform refractive index layer (blue). (b) Top-down schematic of the 40 nm slotted PhC with 100 nm width masked regions, partially filled with a uniform refractive index layer (blue) only at the locations of perforations in the mask (centered around the location of optical energy concentration). The silicon (grey), air (white), n = 1.5 uniform refractive index layer (blue), and mask layer (green) are indicated in the legend. A summary of the 3D FDTD layer-by-layer sensitivity simulations tracking the shift in photonic band edge for varied analyte layer thickness for (c) the original slotted PhC waveguide scheme in (a) and (d) the masked slotted PhC waveguide scheme in (b). (c-d) Dashed traces are included for each design as a guide to the eye. Reprinted with permission from [257] © Optica Publishing Group.

To make a more direct comparison to the most mature silicon photonics biosensor platform, the ring resonator [273,274], we consider a 40 nm deep subwavelength slotted ring. As shown in Fig. 4.5, both a 40 nm deep subwavelength slotted ring and a traditional ridge waveguide ring are designed with a ring radius of 2.5 µm and ridge waveguide width of 400 nm. The small ring diameter is chosen to reduce the computation time. Moreover, for fairness of comparison and to enable symmetries for simulation, the rings were modelled as surrounded by air, instead of within a foundry stack or atop buried oxide. A 2D FDTD simulation was performed to compute mode profiles on resonance with uniform 5 nm mesh steps used across the x and y directions surrounding the ring, and non-uniform meshing elsewhere. As shown in Figure 4.5(a-b), each mode profile is normalized with respect to the maximum electric field amplitude inside the subwavelength engineered slotted ring. The electric field distribution across the traditional ring is much more uniform and with a more than 90% reduced maximum amplitude when compared to the slotted PhC ring since the optical energy has not been redistributed by interface conditions.  


[bookmark: _Toc209649599]Figure 4.5. Sensitivity of deep subwavelength PhC and traditional ridge waveguide ring resonators. Electric field mode profiles of (a) the 40 nm slotted PhC ring resonator and (b) the traditional ridge waveguide ring resonator, which are normalized to the peak electric field amplitude of the slotted PhC ring. The insets show a schematic of each microring resonator layout with green rectangles indicating the segment where the electric field is recorded. The green color bar marker indicates the maximum electric field amplitude of the traditional ring in (b). Transmission spectra with a uniform refractive index layer (n=1.5) of (c) 5 nm for the deep subwavelength slotted ring resonator and (d) 10 nm for the traditional ridge waveguide ring resonator. (c-d) The transmission spectra without any added layer are also shown (orange). Reprinted with permission from [257] © Optica Publishing Group.
The surface sensitivity of the two ring resonators was compared by adding an n = 1.5 uniform refractive index layer with 5 nm thickness to the slotted PhC ring and an n = 1.5 uniform refractive index layer with 10 nm thickness to the traditional ring. This is commensurate with the size of typical biomolecular analytes such as bovine serum albumin (~7 nm), chicken albumin (~4 nm), or DNA (~1.5 – 2.5 nm). The thickness used for each ring was chosen to provide a comparison mimicking a similar quantity of molecules attached to each sensor, since the total surface area of the deep subwavelength slotted PhC ring is almost two times greater than that of the traditional ring. Uniform meshing in x and y was used surrounding each ring, with 5 nm for the PhC ring (grey trace) and 10 nm for the traditional ring (blue trace), respectively. Transmission spectra with and without (orange traces) the uniform refractive index layer are reported in Fig. 4.5(c-d). The deep subwavelength slotted PhC ring resonance shifts drastically (22 nm) when the molecular layer is added. Comparatively, the resonances of the traditional ring shift ~5.5 nm when the molecular layer is added. We note that since the molecular layer added is on the same size as the mesh step and cannot be perfectly aligned to the ring structure, there is some uncertainty in estimating the thickness of the refractive index layer, especially for the complex topology associated with the deep subwavelength PhC ring. As shown in Fig. 4.8 in Section 4.6.3, the deep subwavelength PhC ring sensitivity is between 3.4 and 4.4 nm/nm. We also note that the quality factor of the deep subwavelength slotted PhC ring is low (~550), relative to the traditional ring (~8,000). This is due in part to limitations programmatically in importing the ring shape with such small features, where a minimum feature size of 10 nm is resolved. Since the ring is radially symmetric compared to the cartesian mesh, the underlying photonic band structure properties are not retained as well compared to 1D PhC arrays. In practical implementation, the deep subwavelength slotted PhC ring’s features would be smooth, increasing the Q to a level closer to that of a traditional ring and further improving the surface sensitivity advantage. Increasing the ring radius will also increase quality factor and can be easily implemented in a fabrication layout; however, this approach is computationally expensive since the mesh step size must remain the same to adequately model the subwavelength PhC features. Further, the coupling efficiency of the slotted PhC ring was not optimized; a detailed approach to ensure appropriate coupling [154] falls outside the scope of this work. Nevertheless, the surface sensitivity of the subwavelength engineered ring resonator approaches an order of magnitude advantage over its traditional counterpart. Further, in practice, we anticipate that all metrics can be improved to levels commensurate with previous implementations of PhC ring resonators in experiment [254,275–277] leading to an even greater distinction between traditional and subwavelength engineered approaches.
Finally, we provide a comparison of the performance of the deep subwavelength slotted ring resonator biosensor to other types of on-chip photonic biosensors. Here we consider the common metric of surface sensitivity, the ratio of resonance shift and adlayer thickness (Ssurface in nm/nm). Table 4.1 shows a comparison across several silicon-based photonic sensing platforms, including traditional waveguide ring resonators [278–280], subwavelength grating (SWG) ring resonators [280], multi-box SWG waveguides and ring resonators [280,281], slot waveguide ring resonators [282], and PhC nanobeams [283,284]. We note that numerous factors play a role into the exact sensitivity magnitudes reported, including quality factor, molecule and background refractive index, and simulation vs. experimental evaluation; hence, the table provides a general comparison across biosensor designs and a relative comparison between designs for which the aforementioned factors are similar. Furthermore, for experimentally reported work in which specific molecules are captured, it can be difficult to accurately determine the surface sensitivity if the molecule density on the surface is not known. The surface sensitivities of the deep subwavelength slotted PhC ring and the traditional ring studied in this work are approximately 4.0 and 0.55 nm/nm, respectively, giving a factor of seven greater surface sensitivity for the deep subwavelength slotted PhC ring resonator biosensor. The reported surface sensitivity of the deep subwavelength slotted ring resonator is significantly larger than all other photonic sensing platforms. Moreover, the relative increase in simulated surface sensitivity between the deep subwavelength slotted PhC ring resonator and traditional TM ring resonator we report is significantly larger that the majority of the other platforms reported, when comparing an advanced photonic design with a traditional ring resonator or traditional photonic crystal nanobeam design that is simulated or measured in a similar manner; the only exception is the relative increase in surface sensitivity reported in Ref. [280] between a multi-box waveguide ring resonator and a TM ring resonator. To date, the multi-box SWG ring resonator has only been fabricated using EBL [281]. Importantly, it follows that for all of the nanoscale-featured photonic devices included in Table 4.1 that support specific regions of high field intensity, strategic designs such as in Fig. 4.4(b) may be used to provide further advantages to sensing performance (e.g., lower detection limit) while maintaining the same overall sensitivity.


[bookmark: _Toc207958080]Table 4.1 Comparison of Photonic Surface Sensing Platforms
	Device Class
	Reference
	Experiment vs. Simulation
	Molecular Layer Material / Index
	Background Material
	Quality Factor
	Fabrication / Design Notes
	Approx. Surface Sensitivity (nm/nm)

	TM Ring Resonator
	This work
	Simulation
	n = 1.5
	Air
	~8000
	
	~0.55

	Deep Subwavelength Slotted Ring Resonator
	
	
	
	
	~550
	Fabricable using DUV lithography
	~4.0

	TM Ring Resonator
	 [278]	Simulation
	SA / b-BSA* (Exps.)
n = 1.48 (Sims.)
	PBS*
	Not reported
	
	0.16 – 0.25

	TM Ring Resonator
	
	Experiment
	
	
	Not reported
	
	0.13 – 0.18

	SWG Ring Resonator
	
	Simulation
	
	
	Not reported
	70 nm slots
	~1.0

	SWG Ring Resonator
	
	Experiment
	
	
	~9100
	70 nm slots, EBL
	~1.0

	TE Ring Resonator
	 [279]	Experiment
	PSS / PAH*
	Tris / EDTA*
	 ~43,000
	
	0.12 – 0.14

	TM Ring Resonator
	 [280]	Simulation
	n = 1.48
	Water
	~15,000
	
	0.25 – 0.3

	SWG Ring Resonator
	
	
	
	
	Not reported
	60 nm slots
	~0.95

	Multi-box SWG Ring Resonator
	
	
	
	
	~6,800
	60 nm slots
	2.0 – 2.1

	Multi-box SWG Waveguide
	 [281]	Experiment
	PSS / PAH*
	Tris / EDTA*
	4,600-7,800
	60 nm slots, EBL
	1.8 – 1.94

	Slot Waveguide Ring Resonator
	 [282]	Experiment
	biotin /avidin
	HBS*
	~330
	100 nm slot, DUV lithography
	~0.45

	Airhole PhC Cavity
	 [283]	Simulation
	n = 1.46
	Air
	~15,000
	
	0.7 – 0.8

	Antislot PhC Cavity
	
	Simulation
	n = 1.46
	
	~15,000
	
	1.1 – 1.4

	Airhole PhC Cavity
	 [284]	Experiment
	PMAA / PAH*
	Air
	~3,000
	EBL
	0.6 – 0.8

	Antislot PhC Cavity
	
	Experiment
	PMAA / PAH*
	
	~3,000
	EBL
	0.8 – 1.1


*SA = streptavidin, b-BSA = biotinylated bovine serum albumin, PSS = polystyrene sulfonate, PAH = polyallylamine hydrochloride, 
EDTA = ethylenediaminetetraacetic acid, PMAA = polymethacrylic acid, PBS = phosphate-buffered saline, HBS = HEPES-buffered


[bookmark: _Toc207958039]Conclusion
We presented a deep subwavelength, 40 nm slotted PhC unit cell design that can be fabricated in a commercial monolithic silicon photonics process. With good agreement between simulation and experiment, this design achieves approximately four times energy density enhancement in the accessible slot region as compared to a traditional slotted PhC, which directly correlates to the intensity of light-matter interaction. Hence, performance metrics of a photonic device can be greatly improved by incorporating deep subwavelength features. We found approximately 5 nm in measured band edge position variation across the wafer, which corresponds to feature size variation of less than 10 nm. No additional sensitivity to fabrication variation was found in the 40 nm slotted PhC compared to those with larger features greater than 100 nm, suggesting a repeatable design. When considering the application of an optical biosensor, we found the relative sensitivity of photonic band edge wavelength shift of the 40 nm slotted PhC approaches the same four times optical energy enhancement reported for the electric field profile enhancement in simulation when a simple mask is applied to ensure that analyte is only present in the region of high field. We also analyzed a deep subwavelength slotted PhC ring resonator, which achieves more than seven times increased surface sensitivity compared to a traditional ridge waveguide ring in simulation. More importantly, this design ideology can be applied to other photonics applications that benefit from enhanced light-matter interaction, including quantum information, data communications, optical trapping, and remote sensing. It follows that this deep subwavelength slotted PhC unit cell could be integrated into a PhC nanobeam cavity design or another integrated photonic component to augment enhanced light-matter interaction across integrated photonics. This first realization of deep subwavelength features at photonically relevant aspect ratios indicates the promise for wafer-scale processing not only in integrated photonics, but across tangential fields where features smaller than 100 nm are desired, including plasmonics and metasurfaces.

[bookmark: _Toc207958040]Supplemental information
[bookmark: _Toc207958041]Electric field energy density distributions comparing fabricated slotted PhC designs
The energy density profiles of all fabricated PhC unit cells were analyzed using Ansys Lumerical 3D FDTD simulations. Figure 4.6 shows the variation in optical mode redistribution depending on the shape and width of the PhC slot. All simulation conditions (e.g., meshing, TE dipole source, electric field monitor) and analysis were kept constant for fair comparison. For each test case, the structure was directly sampled from the SEM images in the main text (see Fig. 3). From left, the normalized energy density profiles are reported for the 40 nm dielectric mode (Fig. 4.6(a)), 70 nm air mode (Fig. 4.6(b)), 110 nm air mode (Fig. 4.6(c)), 140 nm air mode (Fig. 4.6(d)), and 140 nm air mode reference case (Fig. 4.6(e)) slotted PhCs. In all cases, one unit cell is presented, with the corresponding air or dielectric mode region centered in the profile. When compared to the 140 nm air mode reference case, which is shown schematically in the inset of Fig. 4.6(e), the enhancement factors for the energy distribution of each PhC unit cell design are 3.91, 3.03, 1.53, 1.38, and 1, respectively. Intuitively, the enhancement scales inversely with feature size, where the narrowest slot regions of the 40 nm slotted PhC best concentrate optical energy. This scaling is consistent with trends reported for antislot and split ring unit cell geometries [147,161,247]. There also is a slight benefit from reducing the length along the slotted region, which is evident when comparing the 140 nm slotted PhCs in Fig. 4.7(d) and Fig. 4.7(e). When the slot is not fully cleared, the area along the slot is reduced, forcing optical energy into a smaller region and boosting the enhancement factor. The smaller the width and length along the slot, the closer the energy enhancement will resemble that of the bowtie PhC [144]. Thus, the thin silicon peninsulas that form the 40 nm deep subwavelength slot achieve a small area region of strong enhancement at the dielectric band edge.


[bookmark: _Toc209649600][bookmark: _Hlk196738642]Figure 4.6. Electric field energy density distributions comparing fabricated slotted PhC designs. Simulated energy distributions for (a) the 40 nm dielectric mode, (b) 70 nm air mode, (c) 110 nm air mode, (d) 140 nm air mode, and (e) 140 nm air mode reference case slotted PhCs. The color map is normalized to the peak electric field energy density in the reference air mode slotted PhC unit cell (i.e., EPhC2/Eref.2, Eref.2/Eref.2 = 1). A schematic of the reference case slotted PhC is shown in the inset of (e), for clarity. The enhancement factors for the energy distribution of each PhC unit cell design are (a) 3.91, (b) 3.03, (c) 1.53, (d) 1.38, and (e) 1. Reprinted with permission from [257] © Optica Publishing Group.

[bookmark: _Toc207958042]Energy density scaling with PhC slot width
The energy density and optical properties behave predictably as the PhC geometry is modified. Here, we analyze the 40 nm (air mode) / 70 nm (dielectric mode) slotted PhC design in simulation, modifying the width of the slots systematically. This is indicated schematically in Fig. 4.7(a), where the orange and blue outlines show the modifications made to the original structure in simulation. A Gaussian function was used to generate a polygon surface to match and replace the originally imported shape from the SEM image in Fig. 2(a) in the main text. The silicon device layer thickness (100 nm) was set the same as that of the fabricated structure and the amplitude of the curve was modified to study varied slot width. Figure 4.7(b) shows the functional dependence of the normalized peak energy density on the width of the slot for both the air mode (blue) and dielectric mode (orange) slotted PhC. The trend is systematic and increases approximately exponentially as the slot width is narrowed. We note that there is a small advantage in energy enhancement in the air mode as opposed to the dielectric mode, especially at small slot widths; thus, it would be advantageous to design the narrowest deep subwavelength slot into the air mode region for even higher energy enhancements. As shown in Fig. 4.7(c), the change in position of the photonic band edges with slot width approximately follows a quadratic fit. The band edge wavelength is slightly more sensitive to width changes in the air mode region, as demonstrated by the steeper slope of the air mode eye guide (dashed blue trace) at small slot widths. Finally, we leverage this analysis to also further support the fabrication variation discussed in Fig. 3 in the main text. Examining the dielectric mode eye guide (orange dashed trace) around 40 nm, the corresponding band edge position is simulated at approximately 1515 nm. Locating the corresponding slot widths for dielectric band edge of 1515 ± 2.5 nm, we can predict that the 40 nm dielectric mode slotted PhC has ~10 nm variation in width across the six test sites reported in Fig. 3 in the main text. However, this analysis assumes that the process variation comes exclusively from the width of the slot, which is unlikely. Therefore, the variation in slot width is likely significantly less than 10 nm, corresponding to only a few mesh cells in simulation.




[bookmark: _Toc209649601]Figure 4.7. Energy density scaling with PhC slot width. (a) Top-down schematic of the deep subwavelength slotted PhC design and the scaling method for the air mode (blue) and dielectric mode (orange) slot widths. (b) Normalized peak energy density (EPhC2/Eref.2) of the PhC unit cells with varied slot widths for both air mode (blue) and dielectric mode (orange) slots. A power series of best fit is plotted (dashed) with each trace as a guide to the eye. (c) Photonic band edge position with varied slot widths for both the air band edge (blue) and dielectric band edge (orange). A quadratic line of best fit is plotted (dashed) with each trace as a guide to the eye. (b-c) In each trace, the slot width of the mode not under study (e.g. dielectric mode slot width for air mode traces) is held constant at the width obtained from SEM in Fig. 2(a). Reprinted with permission from [257] © Optica Publishing Group.

[bookmark: _Toc207958043]Sensitivity of deep subwavelength slotted PhC ring resonator
Expanding on Fig. 5(c), the transmission spectra for the deep subwavelength slotted PhC ring is also simulated for 10 nm thickness added (n=1.5). From Fig. 4.8, the resonance spectral shift for the deep subwavelength slotted PhC ring with a 10 nm molecule layer compared to a 5 nm molecule layer is less that the spectral shift comparing the deep subwavelength slotted PhC ring with a 5 nm molecule layer and no molecule layer attached. This difference in magnitude of resonance shift for a 5 nm added molecule layer is primarily attributed to the analytical uncertainty in filling a nanoscale layer on the order of the mesh step in the simulation. Since the deep subwavelength slotted PhC ring geometry is neither perfectly regular nor exactly scaled to a multiple of 5 nm, the simulated thickness for each given mesh cell will be rounded to the nearest unit cell (5 nm steps) by the FDTD solver. It is likely that a slight positive bias is imposed in the 5 nm simulation (4.4 nm/nm), which is then overcorrected in the 10 nm simulation (3.4 nm/nm). Thus, the actual sensitivity falls between these values, around 4.0 nm/nm. We further note that, in practice, biomolecular sensors will not fill uniformly, but rather with some probabilistic surface coverage when attached to a functionalized sensor. Thus, this analysis provides a rough estimate of the surface sensitivity, showing clear advantages for the deep subwavelength slotted PhC ring resonator compared to a traditional ring resonator. However, experimental work falling outside the scope of this work would be required to provide a more accurate surface sensitivity.

[bookmark: _Toc209649602]Figure 4.8. Sensitivity of deep subwavelength slotted PhC ring resonator. Transmission spectra for the deep subwavelength slotted ring resonator with a uniform refractive index layer (n=1.5) of 5 nm (grey) and 10 nm (blue) thicknesses compared to the spectral characteristics without an added layer (orange). Reprinted with permission from [257] © Optica Publishing Group.
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Radiation effects on waveguide-integrated germanium-silicon pin photodiodes
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On-chip germanium-silicon (Ge-Si) photodiodes are critical elements to advancing the inclusion of silicon photonics in integrated circuit design. Understanding their radiation tolerance is essential for use in instrumentation that are operated in harsh environments, where the benefits of photonic integrated circuits on performance and compactness are increasingly advantageous. Effects of contact configuration and geometry on waveguide-integrated Ge-Si photodiodes under 1.8-MeV proton and 10-keV X-ray irradiation are studied. Modest operating dark current increases up to 35 nA or 4.25 dB result from nonradiative defect center generation and ionization-induced traps. Radiation sensitivities are compared to thermal effects on performance, supporting the relative robustness of Ge-Si photodiodes to radiation. Annealing testing is performed to evaluate interface trap stability due to total ionizing dose, which is dependent on the specific design of the photodiode. The increases to photodiode noise floor are modest overall but are important to design strategies for space and accelerator environments, especially as performance requirements and circuit complexity of integrated photonic technologies increase.

[bookmark: _Toc207958045]Introduction
Over the last few decades, cutting-edge research and commercial interest in silicon photonics has steadily evolved, signifying a revolution of information transfer toward optical signal routing on-chip. By seamlessly integrating photonic devices and circuits with traditional electronics, significant improvements in data transmission efficiency and bandwidth have been realized  [286]. This breakthrough technology capitalizes on the well-established silicon fabrication infrastructure that underpins modern electronics; we are witnessing a growing trend toward the production of photonic integrated circuits (PICs) at commercial foundries, foreshadowing their widespread adoption and co-packaging alongside traditional electronic ICs  [23,25]. The terrestrial interest in integrated photonics is followed closely by the desire of the space industry to similarly leverage size, weight, and power consumption advantages for signal routing and transmission  [190]. Given the harsh environment in space, the investigation of the radiation response of integrated silicon photonic devices is paramount  [287,288]. However, to date, there have been relatively few studies of radiation sensitivities on PIC components, including waveguides  [212,213,215,216], modulators  [222–225,227], ring resonators and filters  [214,217], and photodiodes  [202,222,226,228–231].
Photodiodes are critical to the interface between photonics and electronics as they are used to convert optical signals to electrical signals. Among the strategies employed for on-chip photodiodes, germanium has emerged as the material of choice due to its compatibility with silicon CMOS manufacturing processes and its exceptional absorption properties within the telecommunications wavelength range. Germanium-silicon (Ge-Si) waveguide integrated PIN diodes, specifically, have gained prominence for their efficiency in this optoelectronic signal conversion. While Ge-Si detectors hold great promise for commercial integrated photonics applications, it is imperative to thoroughly investigate their response to radiation, particularly at dose levels relevant to the space environment.
Any excess charge collection or recombination mechanisms introduced into a photodiode can diminish its ability to convert optical signals. Recently, single event transient (SET) effects  [202,229] have been studied, showing sensitivity dependencies based on the contact configuration and geometry of the photodiode. Further, cumulative effects due to total ionizing dose (TID)  [222,226] and displacement damage  [228,230] on Ge-Si waveguide-integrated photodiodes have been identified. The radiation-induced degradation of photodiode performance in these studies has been relatively small, but no clear avenue has been identified for device selection or design strategies to mitigate the impacts of displacement damage and TID on photodiodes for space flight.
In this work, germanium-silicon (Ge-Si) photodiodes are studied in harsh radiation environments, with modest sensitivities to 1.8-MeV proton and 10-keV X-ray irradiation demonstrated. By comparing proton and X-ray results, we identify a saturation of degradation due to total ionizing dose above 500 krad(SiO2, silicon dioxide), corresponding to a 1.8-MeV proton fluence of less than 1012 protons/cm2. Proton-induced displacement damage increases proportionally to proton fluence. Defects within the bulk and at the Ge/SiO2 interface of the depletion region contribute to degradation in the photodiode ideality factor and increases in dark current, which taxes the total attenuation budget for photonic integrated circuits (PICs) signal detection. While the performance changes noted are small in the scheme of overall device operation, increasing complexity and performance demands for PICs necessitate their consideration. Nevertheless, intuitive addition of signal amplifiers or repeaters can preserve their use for photonics applications in space. This work emphasizes the importance of strategic selection of photonic components for space missions and other photonics applications with demanding radiation environments. 

[bookmark: _Toc207958046]Device structure and experimental setup
[bookmark: _Toc207958047]Samples
[bookmark: _Hlk180486145][bookmark: _Hlk179801767]Three types of waveguide-integrated Ge-Si photodiodes, which were fabricated at imec, were utilized for this work  [289]. Fig. 5.1 shows cross-sectional schematic diagrams of the devices, with the Ge length and width listed above each respective illustration. The test structures comprise different contact configurations, doping, and geometrical features; doped Ge, doped Si, vertical (GSVPIN, Fig. 5.1(a)), doped Si, lateral (SLPIN, Fig. 5.1(b)), and doped Ge, doped Si, lateral (GSLPIN, Fig. 5.1(c)) PIN photodiodes were included in this study. For all configurations, the Ge thickness is 400 nm and the silicon waveguide thickness is 220 nm. Six distinct implants were used in fabrication, as indicated in Fig. 5.1: Ge P+, Ge N+, Si N body, Si P body, Si contact N+, and Si contact P+. Dopant concentrations for each distinct implant are consistent for each device configuration; corresponding N- and P-type levels for the same material and implant specification (e.g., Si N body, Si P body) are of similar magnitudes. In each configuration, the silicon rib layer is fabricated atop a buried oxide (e.g., SOI). The photodiode is waveguide-coupled, including an edge-coupled in-line silicon waveguide  [290], 90-degree bend, and an optical grating coupler for probing, as shown in Fig. 5.1(d). For each Ge-Si photodiode configuration, a separate, identically designed device was tested using both C-band (1550 nm) and O-band (1310 nm) grating couplers. Since dark current measurements are unaffected by the gratings, the C- and O-band device dark currents can be compared directly.




[bookmark: _Toc209649603][bookmark: _Hlk179803173]Figure 5.1. Cross-sectional schematic diagrams illustrating the geometries of the (a) GSVPIN, (b) SLPIN, and (c) GSLPIN. The Ge widths and lengths are listed for each device and refer to the width along the x-axis and length along the z-axis, respectively. (a) The double row contact pitch of the doped Ge cathode is 600 nm. The approximate span of the P+ (a) and N+ (a,c) shallow Ge implants are indicated in red and blue, respectively. (b-c) The intrinsic silicon width between the extent of the N body and P body implant regions is indicated at the center of the Si layer (in tan). Widths are (b) 400 nm and (c) 450 nm for the SLPIN and GSLPIN, respectively. (d) Schematic layout of the Ge-Si photodiodes studied. From the left, devices 2 (GSVPIN), 4 (SLPIN), and 5 (GSLPIN) are studied. Optical grating couplers (orange), Si waveguides (pink), and electrical pad contacts (blue) are shown. Two duplicates of this test macro are included on each chip, with only grating couplers optimized for C-band and O-band wavelengths changed between macros. © 2025 IEEE.


[bookmark: _Hlk180486270]All chips were encapsulated using standard commercial processes; while the choice of encapsulation can potentially modify radiation-induced response in on-chip devices, e.g., via H2 transport and reactive passivating layers  [291,292], no significant dose-rate or temperature-stress dependent effects were identified. This suggests an absence of significant effects of encapsulation on radiation response in these devices.
[bookmark: _Hlk180492014]When selecting an appropriate photodiode for inclusion into the design of a PIC, various performance trade-offs must be considered  [290,293]. The GSVPIN is the fastest device (highest operating bandwidth) at the cost of lower responsivity. The SLPIN is slower than the GSVPIN but achieves higher responsivity and offers enhanced electrical reliability  [45]. The bandwidth of the GSLPIN lies between the GSVPIN and the SLPIN; its responsivity is also high. However, the GSLPIN is more sensitive to electrical and temperature stress  [45]. Any PIC designer must consider these trade-offs carefully when selecting the most appropriate photodiode for electrical readout in their intended application. For integrated photonics applications in a space environment, radiation response must be considered, as studied in this work.
A summary of the samples on which experiments were performed is presented in Table 5.1. Proton irradiations were performed on seven separate die selected from random locations across the source wafer, including one chip each for the initial characterization sequence and electro-optic bandwidth measurements. As a result, 7-9 individual devices were tested for each configuration to collect dark current statistics, with ~90% packaging and handling yield throughout the full testing sequences. X-ray irradiations were performed on three separate samples (4-6 individual devices). One chip from the X-ray irradiation sample set was tested for annealing effects. One chip was tested for thermal sensitivity.


[bookmark: _Toc207958081]Table 5.1 Description of Irradiated Samples
	Experiment
	Quantity of devices tested (GSVPIN, SLPIN, GSLPIN)
	Measurements Performed

	1.8-MeV protonsa
	(2, 2, 2)
	dark current, light current, wavelength spectrum

	1.8-MeV protons
	(9, 9, 7)
	dark current

	10-keV X-rays
	(4, 6, 6)
	dark current

	1.8-MeV protons
	(1, 1, 1)
	light current, bandwidth

	thermal stress
	(1, 1, 1)
	dark current

	post-rad annealingb
	(1, 1, 1)
	dark current


Individual device failures were attributable to handling, via wire bond or test package failure, resulting in clear electrostatic discharge damage or pad damage preventing wire bond repair. These devices were excluded from the statistical analysis throughout the manuscript.
aInitial testing sequence.
bPerformed on one chip from 10-keV X-ray irradiations sample set.


[bookmark: _Toc207958048]Device packaging and experimental setups
[bookmark: _Hlk179901401]Chip samples were mounted using brass test packages with SMA terminals, feedthrough inserts, and solder connections to gold, insulated microstrips. The chip contacts were ball-bonded to each microstrip using 0.7 mil gold wire. A common ground terminal was used for all anodes. In general, the part-to-part dark current variability of the photodiode sample population for each configuration can be up to 1 order of magnitude across numerous wafers and fabrication runs. Test chips were screened within reasonable means to minimize the pre-irradiation variability, selecting for low starting dark current, meeting the imec process yield specifications to ensure that tested devices were of sufficient quality for system integration.
 Measurements were conducted at Vanderbilt University using a custom-built photonics characterization setup specially designed to support precision grating coupling of a continuous-wave laser source. Santec TSL-510 (C-band) and TSL-550 (O-band) tunable lasers were used to induce photocurrent. Thorlabs PIA piezo actuators, KIM controllers, and manual polarization selection paddles were used to position the fiber and select the preferred grating coupler polarization, i.e., transverse electric and transverse magnetic. In light-coupled tests, the fiber angle was 10°. No changes to dark current characteristics were identified between darkness and ambient lighting; consistent ambient lighting conditions were used for all experiments. Keithley 2400 source-meter power supplies were used to apply bias and record current.
High-speed electro-optic measurements were performed using a two port Keysight N5245B PNA-X vector network analyzer (VNA), which can measure electrical frequency response up to 50 GHz. GGB Industries 50 GHz ground-signal radio frequency (RF) electrical test probes, 50 GHz cables, and a 40 GHz, 100 mA Picosecond Pulse Labs bias tee were used to apply static bias and measure the high-frequency response of the PDs at port 2 of the VNA. A Keysight 81491A reference transmitter was connected to the port 1 output of the VNA to encode the optical test carrier on a C-band laser with fixed wavelength (1547 nm). The optical signal was routed to the on-chip grating using single mode fibers; manual polarization paddles were used to optimize for transverse electric (TE)-polarized light. 

[bookmark: _Toc207958049]Test facilities
[bookmark: _Hlk179886715][bookmark: _Hlk180486782][bookmark: _Hlk180947607]During all irradiation and temperature tests, all contacts were grounded. Proton irradiations were performed at the University of Tennessee-Knoxville Tennessee Ion Beam Materials Laboratory (TIBML) and Vanderbilt University Institute of Space and Defense Electronics (ISDE) using comparable National Electrostatics Corporation Van de Graaf Pelletron particle accelerators, generating protons with 1.8-MeV energy  [294,295]. Samples were irradiated with fluxes between 2×109 and 2×1011 (TIBML) and 2×109 and 1010 (ISDE) protons/cm2/s with fluences incremented by one order of magnitude up to 1014 protons/cm2. After each irradiation step, the sample under test was removed from the particle accelerator vacuum chamber and then mounted in the photonics setup. Measurements were started approximately 15 min after irradiation and completed within 90 min. Dark current, photocurrent, and wavelength spectrum measurements were each collected during an initial sequence of 1.8-MeV proton irradiations (1011–1014 p/cm2) and measurements. The timing between irradiation and measurement for this test (e.g., dark current, photocurrent, and spectral measurements together) was somewhat longer than when only dark current was characterized (~90 minutes vs. ~30 minutes) due to the time required for input fiber alignment. However, in all cases the test sequence timing is still much quicker than the typical time required for room-temperature annealing of TID-induced traps, as noted in Section 5.3.5. Thus, for all statistical collections, only dark current measurements were performed.
[bookmark: _Hlk179900565] 	X-ray irradiations were performed at Vanderbilt University using an ARACOR 10-keV X-ray Irradiator. Dark current measurements were performed in situ, but not in flux, between irradiation steps, starting three minutes after completion of radiation exposure. For all measurements after irradiation, the ambient temperature of the measurement stage was monitored; no variation greater than 2 °C was noted, which does not meaningfully affect the dark current response. Temperature experiments were performed from ‒50 °C to 125 °C using a TestEquity TE-140 Chamber Oven with insulated feedthroughs. Dark current measurements were performed in situ, with the sample allowed to first equilibrate for 20 minutes at the chamber setpoint.

[bookmark: _Toc207958050]Results and discussion
[bookmark: _Toc207958051]1.8-MeV proton irradiation results
An initial screening test sequence was performed to study a broad range of Ge-Si photodiode device characteristics and refine the irradiation test plan for the bulk of work reported throughout this chapter. The dark current, photocurrent, and wavelength spectrum were each measured on one chip after 1.8-MeV proton irradiation steps (1011–1014 protons/cm2). Active photodiode signals were measured using 0 dBm (1 mW) laser input at 1310 and 1550 nm. A representative example of a raw data set is shown in Fig. 5.2, which includes both the dark current and photocurrent results for one SLPIN device. The dark current increases with each proton irradiation step. However, the photocurrent, and thus the responsivity, is unchanged within the certainty of fiber alignment at around 0.1 mA. To measure the wavelength spectral characteristics, the input wavelength was swept across the laser tuning range (1260–1360 nm and 1500–1630 nm) while maintaining a fixed voltage (-1 V) on each photodiode. No irradiation-induced changes were  observed to the fixed voltage light current across the wavelength spectrum. This series of screening tests established that changes from irradiation were only observed in dark current characteristics in reverse and small forward bias. The total coupling loss from the input fiber and on-chip gratings is ~10 dB with approximately 0.1 mW reaching the photodiode for optically active characterization, which is substantially lower than the laser power required for any photobleaching of defects to occur  [205]. 




[bookmark: _Toc209649604]Figure 5.2. Example irradiation screening result. Dark current (solid traces) and photocurrent (dashed traces) IV characteristics for an SLPIN device vs. increasing proton fluence up to 1014 protons/cm2. As indicated in the plot, the dark current monotonically increases with proton fluence, while the photocurrent is unchanged. This result is consistent with each configuration in both C- and O-band modes of operation. © 2025 IEEE.

[bookmark: _Hlk179808879]Dark current I-V characteristics under 1.8-MeV proton irradiation were collected for the three configurations of the Ge-Si photodiode in a step-stress fashion to study the combined effects of total ionizing dose and displacement damage on diode performance. Figs. 5.3(a-c) shows the dark current characteristics of one typical test structure for each of the GSVPIN, SLPIN, and GSLPIN devices. The reverse bias dark current traces show that the fluence at which radiation-induced changes first appear and the total magnitude of change differ among the three device types, particularly in the range from 0 to −1 V. In Fig. 5.3(a), the GSVPIN performance does not change drastically until 1014 protons/cm2, at which fluence the reverse bias (-1 V) dark current increases by nearly 35 nA or ~3.5 dB noise floor increase in the optical domain. In Fig. 5.3(b), the SLPIN dark current starts to increase at smaller fluences, around 1012 protons/cm2 and while the 14 nA overall increase is less than the GSVPIN, the relative increase is slightly larger (~4.25 dB). Qualitatively, the dark current trends for the GSLPIN closely resemble that of SLPIN as shown in Fig. 5.3(c), although starting at a slightly greater pre-irradiation current condition around 18 nA. The total increase after irradiation is 22 nA (~3.5 dB). This dark current analysis is summarized in Fig. 5.4(a), where the -1 V dark current is reported for each device configuration. The marker and error bars for each device trace represent the mean result and standard error of each sample distribution from the 5 irradiated chips, which is used consistently throughout Figs. 5.4, 5.6, and 5.7. The results are consistent between tested devices of each configuration; the total part-to-part variability from the sample was greatest for the GSVPIN at greater than 10 nA, which may be due to variability of the defect density present at Ge-SiO2 interface, which are not passivated and are contacted to form the anode.  These defects are present within the space-charge region of the photodiode, leading to a variation in the Shockley-Read-Hall, trap-assisted tunnelling generation rate  [45]. The variability of both the SLPIN and GSLPIN devices was much less, the standard error was close to the marker span on the plot and on the order of 1 nA. The sample size in this work is much smaller than the number of parts required to experimentally determine the population variability, although we note that the post-irradiation variability did not increase noticeably over initial levels. An upper x-axis is also included in the plot above Fig. 5.4(a) to annotate the total ionizing dose in SiO2 resulting from each proton fluence and a dashed red line is included for comparisons of ionizing dose between proton and X-ray irradiations, as discussed in Section 5.3.2 below.

[bookmark: _Toc209649605]Figure 5.3. Representative 1.8-MeV proton irradiation results. Dark current IV characteristics of the (a) GSVPIN, (b) SLPIN, and (c) GSLPIN following each proton irradiation. (a-c) The order of trace color with increasing proton fluence is indicated by the legend inset in (a). © 2025 IEEE.






[bookmark: _Toc209649606]Figure 5.4. 1.8-MeV proton irradiation summary. (a) Photodiode dark currents taken at -1 volts, (b) ideality factor calculations, and (c) photodiode dark currents taken at 0 volts after each proton fluence with the mean (marker) and standard error (error bars) plotted in blue (GSVPIN), orange (SLPIN), and green (GSVPIN). (a-c) The total ionizing dose in SiO2 corresponding to each proton fluence is listed on the upper x-axis and the highest ionizing dose reached with X-ray irradiation (2 Mrad(SiO2), see Fig. 6) is indicated by the red dashed guidelines. © 2025 IEEE.

The dark current is representative of the noise floor, meaning that as the devices are irradiated, the attenuation budget for signal detection is reduced by 3.5–4.25 dB for each geometry. In PICs, design strategies, fabrication uniformity, and circuit complexity (number of devices in series) each play a part in determining the total circuit losses and requirements. In applications where small signals are expected or attenuation budgets are high, these proton-induced dark current increases should be considered. 
The diode ideality factor is also extracted for each photodiode configuration using the Shockley diode equation:
	
	
	(5.1)   



[bookmark: _Hlk179559354]where I0 is the zero bias dark current, q is the electron charge, V is the measured voltage, Iexp. is the corresponding measured dark current, Rs is the series resistance, Rsh is the shunt resistance, n is the ideality factor, kB is the Boltzmann constant, and T is the temperature (293 K). The ideality factor, zero bias dark current, and series and shunt resistances are extracted fit variables. The Shockley fit is performed using the small forward bias regime from +0.01 to +0.36 V, where the Shockley diode condition is applicable. The results computed using (1) are shown in Fig. 5.4(b), where trends in photodiode ideality factor with proton fluence correspond closely to the trends in the -1 V dark current in Fig. 5.4(a). We note that the ideal semiconductor photodiode has n = 1, and that non-radiative recombination causes increases in n toward and even past n = 2. The increasing ideality factor reported here for each photodiode configuration supports that additional bulk and interface recombination centers are induced by proton irradiation, which causes increased dark currents  [296]. Further, the ideality factor increase is nearly identical for the SLPIN and GSLPIN (1.35 to just greater than 1.6), which is the result of the geometrical similarities. The GSVPIN increases from ~1.38 to just less than 1.5. Fig. 5.4(c) shows the zero bias dark current, taken during the IV sweep. The change in current occurs after the first proton irradiation step (200 krad(SiO2) equivalent TID) and saturates, which indicates the contribution to dark current at no bias is primarily from excess charge carriers due to traps, as discussed in Section 5.3.2 below. The trend is similar for all three device configurations and the total increase is less than 0.3 nA.

[bookmark: _Toc207958052]10-keV X-ray irradiation results
Similarly, 10-keV X-ray irradiations were performed to identify ionizing effects separately from displacement-damage effects. The dark current IV characteristics (Figs. 5.5(a-c)), 1 V reverse bias dark current (Fig. 5.6(a)), ideality factor (Fig. 5.6(b)), and zero bias dark current (Fig. 5.6(c)) are all reported such that Figs. 5.5 and 5.6 can be directly compared to Figs. 5.3 and 5.4, respectively. From Figs. 5.6(a,b), it is clear that ionizing effects saturate by ~500 krad(SiO2), which agrees with results from previous studies on other Si-Ge photodiodes  [222,226]. Conversely, the dark current is still increasing at 1013 and 1014 protons/cm2, indicating that bulk displacements are dominant at high fluences. We note that direct comparison of the IV characteristics for the SLPIN and GSLPIN in Figs. 5.3 and 5.5(b-c) substantiates that the biggest effects from TID occur at around -2 V and 0 V each, with the least effect at around -1 V. Here, the operating bias chosen dictates the change in device noise floor that would be experienced in an integrated circuit operation. In total, the relative increase in dark current under X-ray irradiation is similar for all configurations: around 1.75 – 2 dB. Further, the trends in ideality factor and zero bias dark current are similar for all configurations, as shown in Figs. 5.6(b, c), respectively.






[bookmark: _Toc209649607]Figure 5.5. Representative 10-keV X-ray irradiation results. Dark current IV characteristics of the (a) GSVPIN, (b) SLPIN, and (c) GSLPIN following each X-ray irradiation. (a-c) The order of trace color with increasing X-ray dose is indicated by the legend inset in (a). © 2025 IEEE.


[bookmark: _Toc209649608]Figure 5.6. 10-keV X-ray irradiation summary. (a) Photodiode dark currents taken at -1 volts, (b) ideality factor calculations, and (c) photodiode dark currents taken at 0 volts after each X-ray dose with the mean (marker) and standard error (error bars) plotted in blue (GSVPIN), orange (SLPIN), and green (GSVPIN). The red dashed guidelines indicate the equivalent total ionizing dose (2 Mrad(SiO2) occurs at 1012 protons/cm2) from the proton irradiations in Fig. 4. © 2025 IEEE.

[bookmark: _Toc207958053]Comparisons of irradiations
To further analyze the comparison of results of proton and X-ray irradiations in this work, the -1V dark current is expressed as a relative increase using the equation:
	
	
	(5.2)   



[bookmark: _Hlk180486965][bookmark: _Hlk179891772][bookmark: _Hlk180486990][bookmark: _Hlk180487188]where Irad is the dark current at each respective proton fluence or X-ray dose, Ipre-rad is the dark current before any irradiation is performed, and the result ΔIDC/I0 is a percent change. The results computed using (2) are reported for both proton and X-ray irradiation in Figs. 5.7(a,b), respectively. This analysis normalizes for the sensitive volume of each studied photodiode configuration, offering a fair comparison of the relative increase for each case. As shown in Fig. 5.7(a), the SLPIN is slightly more sensitive to performance degradation from proton irradiation. This may be due to its effective implant concentration, which is lowest of the three configurations. Both the Ge and Si within the sensitive volume are intrinsic, as shown in Fig. 5.1 above. We expect that the formation of bulk defects inside the Ge layer is relatively uniform as the stopping range of 1.8-MeV protons in germanium is nearly an order of magnitude greater than the layer thickness (~30 μm vs. 400 nm)  [297]. Hence, as defects form from Coulombic collisions of protons within the bulk of the depletion lattice, lower implant concentrations could contribute to increases in radiation sensitivity. As shown in Fig. 5.7(b), the relative current sensitivity to total ionizing dose is consistent across the three photodiode configurations, with the standard error bars overlapping closely. This comparability is potentially attributable to the formation of traps at the top Ge-SiO2 interface, which are treated identically for each device configuration. Chemical mechanical polishing (CMP) is used to planarize the Ge surface, which is not passivated before the SiO2 layer is grown. The sub-threshold slope for each configuration is on the order of 80 mV/decade, corresponding to an ideality factor of ~1.33, which shows that these devices are of relatively high quality with mostly bulk recombination and some surface recombination pathways  [298,299]. Compared to the Ge-SiO2 sidewall (unaffected by CMP), the top Ge-SiO2 interface should contribute more significantly to radiation sensitivity than other surfaces.


[bookmark: _Toc209649609]Figure 5.7. Normalized comparison of irradiation results. Relative current increase (ΔIDC /I0) taken at -1 volts and expressed as a percent for (a) 1.8-MeV protons and (b) 10-keV X-rays. The mean (marker) and standard error (error bars) are plotted in blue (GSVPIN), orange (SLPIN), and green (GSVPIN). The red dashed guidelines indicate equivalent total ionizing dose (2 Mrad(SiO2) occurs at 1012 protons/cm2). © 2025 IEEE.





[bookmark: _Toc207958054]High-speed measurements
The high-speed response in the C-band (1547 nm) of the three photodiode configurations was studied under 1.8-MeV proton irradiation before and after a single proton fluence of 1014 protons/cm2. The electro-optic bandwidth (S21) is reported before and after irradiation for the GSVPIN, SLPIN, and GSLPIN, as shown in Figs. 5.8(a-c). The devices were grounded during irradiation using a temporary wire bond, which was removed to allow for post-irradiation probing with a high-speed contact wedge. We note that this technique was necessary due to packaging limitations; no noticeable parasitic contributions from adding and removing this wire bond were identified in a separate control test. 
Within the high-speed reference transmitter and VNA setup described in Section 5.2.2, devices were biased at –1 VDC and the reference transmitter optical power was 0 dBm. The electrical RF input power was 0 dBm, which constitutes a large signal RF measurement for each device. The measurements were performed using 5 kHz intermediate frequency bandwidth and 10 spectral averages. For each measurement trace, the contribution to S21 of the Keysight 81491A reference transmitter, RF cabling, bias tee, and contact wedge were removed. The spectra were normalized to 0 dB to remove the fiber-to-chip insertion loss and extract exclusively the frequency dependent loss. No measurable change to the S21 bandwidth of the devices was found after irradiation, indicating that radiation-induced defects from displacement damage and TID do not affect carrier dynamics at high frequency operation.


[bookmark: _Toc209649610]Figure 5.8. High-speed electro-optic characterization. The C-band electro-optic bandwidth (S21, dB) is reported for the (a) GSVPIN, (b) SLPIN, and (c) GSLPIN from 10 MHz to 40 GHz before (blue) and after (orange) irradiation with 1.8-MeV protons up to 1014 protons/cm2. © 2025 IEEE.

[bookmark: _Toc207958055]Temperature testing and discussion
Temperature sensitivities of the Ge-Si photodiodes are shown in Fig. 5.9(a) across the typical space flight operational temperature range. The dark current magnitude in reverse bias (‒1 V) is plotted at 25 °C intervals and shows approximately 0.11 dB/°C rate of increase in the dark current noise floor across the studied temperature range. We note that the dark current degradation due to 1014 1.8-MeV protons/cm2 (3.5-4.25 dB) corresponds to 40-50 °C increase in temperature. It is also expected that dark current characteristics under temperature stress and irradiation are pseudo-additive, meaning that the sensitivities to noise floor reported in this work at room temperature could compound or offset in practical orbit- or planet-dependent environmental operating conditions in space. While the radiation sensitivities of these devices are substantially smaller than the total temperature-induced performance fluctuations, both are important to PIC design.
[bookmark: _Hlk179795521]Temperature cycling was also performed on a sample irradiated with 10-keV X-rays. Figs. 5.9(b-d) show the GSVPIN, SLPIN, and GSLPIN reverse bias dark current characteristics, respectively. Here, the pre-irradiation (pre-rad) and 2 Mrad(SiO2) curves from Figs. 5.5(a-c) are plotted alongside measurements from 24 hours after X-ray irradiation and after temperature cycling up to 125 °C. We note that the devices were grounded for the duration of 24 hours at room temperature and then IV sweeps were performed at 25 °C intervals up to 125 °C (data not included in this work). All measurements reported in Figs. 5.9(b-d) were performed at room temperature and showed differing defect stability between the two contact configuration types. While the degradation recovers after 24 hours at room temperature for the GSVPIN, a 125 °C anneal was required for partial degradation recovery for the SLPIN and GSLPIN. This distinction is potentially owed to internal electric fields, noting that large electric fields favor oxide-trap charge annealing and small electric fields favor interface trap annealing  [300–302]. The GSVPIN experiences approximately two times greater internal electric field than the SLPIN and GSLPIN  [45,293], providing a likely explanation for recovery of TID effects after 24 hours with the expected source of degradation attributable to oxide trap charge surrounding the germanium layer. Additionally, the partial recovery noted in the GSLPIN and SLPIN provide likely contributions to radiation-induced dark current increases from interface traps (< approx. -0.75 V) that do recover and oxide-trap charge (-1.1 to -2.0 V) that do not recover after temperature cycling in lower internal electric fields.





[bookmark: _Toc209649611]Figure 5.9. Temperature sensitivity and defect annealing results. (a) Temperature test showing the dark current at 1 V reverse bias for the GSVPIN (blue), SLPIN (orange), and GSLPIN (green). Reverse bias dark current characteristics of a (b) GSVPIN, (c) SLPIN, (d) GSLPIN from one of the X-ray irradiated samples before and after 2 Mrad(SiO2) X-ray dose, 24 hours after irradiation, and after temperature testing up to 125 ºC (measurements taken at room temperature). © 2025 IEEE.

[bookmark: _Toc207958056]Comparisons to other work
[bookmark: _Hlk179457425][bookmark: _Hlk179457450][bookmark: _Hlk179886329]Additionally, an important consideration for evaluating the potential sensitivities for space and accelerator photonics applications of these and similar Ge-Si photodiodes is to contextualize these experimental results with works on similar device structures. While the exact nature of lattice defects and interface traps generated in semiconductor devices change with type of radiation, particle species, energy, and fluence / dose levels (and rates), a comparison of trends is apt. Previous works studying separate Ge-Si photodiodes fabricated in commercial foundries under X-ray  [222,226] and gamma ray  [227] irradiations were conducted to identify ionizing dose effects. In all cases, the total sensitivity to dark current and ideality factor is comparable to this work up to the radiation dose level investigated here. This is especially evident when estimating and comparing the relative dark current change, which removes the consideration of sensitive volume affecting initial current magnitudes. We are unaware of previous studies using charged particles at Coulombic interaction energies (up to ~8 MeV). However, general trends discovered for Ge-Si photodiodes under 23-MeV neutron and 24-GeV proton irradiation  [228] and 14-MeV neutron irradiation  [230] are comparable to this work and show similar low to moderate changes to dark current. Like this work, little to no change has been identified in responsivity or high-frequency photodetector performance under irradiation in previous studies  [226,227,230]. Finally, the temperature testing results presented above agree closely with simulations and experiments in the literature studying similar devices  [45,303–305], providing context to radiation sensitivities and potential additive effects between thermal fluctuations and radiation in orbit. In general, comparison to these works provides context to the relative robustness of current on-chip Ge-Si photodiodes for space applications, so long as attenuation budgets of the greater circuit architecture are adequately considered.

[bookmark: _Toc207958057]Summary and conclusions
[bookmark: _Hlk179886135][bookmark: _Hlk179895009][bookmark: _Hlk179879324][bookmark: _Hlk180487337][bookmark: _Hlk180492329]This work examined low energy proton- and X-ray-induced sensitivities in vertical and lateral Ge-Si photodiodes for PIC applications. Modest degradation of approximately 3.5-4.25 dB to the dark current noise floor and ~0.2 increase in photodiode ideality factor was noted, indicating the formation of non-radiative carrier recombination centers in the sensitive volume of each Ge-Si photodiode. The photocurrent responsivity and electro-optic bandwidth were unchanged, indicating that radiative recombination pathways are not inhibited for either static or high-frequency carrier dynamics regimes. Performance changes exclusively due to total ionizing dose under X-ray irradiation saturated around 500 krad(SiO2), while proton-induced effects continually increased proportionally to proton fluence. Contributions to photodiode dark current increases from bulk displacements and interface traps / oxide-trap charge likely near the top Ge-SiO2 interface were identified. Annealing of the X-ray irradiated samples demonstrated greater defect stability in the lateral photodiode compared to the vertical photodiode, which is attributed to differences in internal electric field magnitudes. While the GSVPIN and GSLPIN exhibit greater dark current in practical operation across all studied proton fluences, the SLPIN dark current is more sensitive to proton irradiation, relative to its pre-irradiation starting point. While the GSVPIN dark current degradation due to TID recovers after 24 h, the SLPIN and GSLPIN partially recover after annealing at 125 °C. These considerations must be included alongside pre-existing performance trade-offs when selecting an appropriate photodiode for PIC design in space instrumentation. Additionally, these different degradation magnitudes still fall within accepted specifications of the imec process and can be used reliably for space instrumentation. We conclude that radiation effects on performance identified in this work are important to circuits where power budgets are limited, either by circuit complexity or weak signals, but are not exclusionary for PICs in harsh space and accelerator environments.


[bookmark: _Toc207958058]
Radiation effects in nanostructured photonic devices

This work has been accepted to the IEEE RADiation Effects on Components and Systems (RADECS) Conference. K. P. Arnold, N. J. Karom, R. D. Schrimpf, D. M. Fleetwood, S. L. Kosier, R. A. Reed, S. M. Weiss. Nanoscale-featured integrated photonic devices in harsh radiation environments. Submitted to: Proceedings of the IEEE. (2025).

Resilience to ionizing dose and displacement damage is shown for photonic crystals with features <100 nm, foretelling reliable next-generation integrated photonic devices for communications and quantum applications in harsh radiation environments. 

[bookmark: _Toc207958059]Introduction
In this chapter, integrated photonic devices with nanoscale features are investigated in harsh radiation environments, showing robustness of these strategically engineered designs, which are of interest for future high performance space mission and particle accelerator systems. No changes in the spectral characteristics occurred in subwavelength engineered photonic crystal nanobeams with minimum features as small as 60 nm  [247] under 1.8-MeV proton irradiation (1014 p/cm2 or 200 Mrad(SiO2) equivalent), demonstrating robustness to displacement damage and total ionizing dose (TID), emphasizing the suitability of novel integrated photonic designs incorporating small features in intense radiation environments. 
Over the last two decades, the desire for on-chip, integrated photonics has blossomed. This interest is heavily centered around data communications, where photonic devices and circuits are compatible with traditional electronics, enabling significant improvements in power consumption and bandwidth for data transmission  [23]. Beyond communications, integrated photonics is also poised to disrupt numerous additional markets including LiDAR, quantum computing and atomic clocks, and molecular and remote sensing, especially as cutting-edge research developments redefine additional advantages for photonic systems  [306].
For data communications and emerging applications alike, the need for on-chip photonics extends directly to several critical sectors where systems are subject to intense levels of radiation during operation, including space missions, high-energy physics experiments, and defense systems  [1]. Therefore, the examination of radiation response and reliability in integrated silicon photonic devices is critical to ensuring implementations are robust to radiation  [190,287]. To date, the base of fundamental literature regarding radiation sensitivities on PIC components has begun to grow, with studies so far including waveguides  [212,213,215,216], modulators  [219,222,224,225,227,307], ring resonators and filters  [214,217], and photodiodes  [202,222,226,228,230]. However, for next generation photonics systems, these “traditional” devices will be supplanted to achieve high performance and reduced footprint and power consumption, especially by leveraging complementary materials or geometrical engineering to modify optical properties on-chip  [23,286].
Here, we examine radiation effects on integrated photonics with nanoscale design elements through the lens of a class of photonic crystals (PhCs) with deep subwavelength features, where nanoscale air slots or dielectric bars are included within unit cells  [144,163]. Photonic crystal design is used to manipulate optical properties in waveguides  [55,143] and subwavelength engineering (<100 nm features) enables extreme confinement of light for intense light-matter interaction in photonic devices  [71,251] compared to traditional waveguides (~1 μm features). While most subwavelength engineered PhCs are fabricated using electron beam lithography in academic settings to achieve feature sizes as small as 10 nm, PhCs with feature sizes as small as 40 nm have recently been achieved in commercial monolithic photonics processes using deep ultraviolet (DUV) lithography  [247,257], enabling up to 50 times greater optical energy confinement compared to a standard waveguide design and emphasizing the promise of advanced design for scalably fabricated photonics with smaller footprints and lower power requirements. 
Effects on standard waveguide designs and passive photonic elements, including TID  [213,214,217] and single event transients  [212,215,216], have been relatively modest, where the mechanisms for performance changes due to irradiation are driven by changes in the real or imaginary part of the refractive index in the silicon waveguide where the optical mode is guided (displacements, single events) or the surrounding oxide where fields evanescently decay (TID). However, a natural subsequent question is whether manipulating energy concentration on-chip leads to heightened sensitivity to radiation. We note that the anti-slot PhCs under study are comparatively sensitive to changes in refractive index with fields strongly localized at the center of the unit cell and decaying evanescently in the surrounding oxide [283]. Thus, these changes to physical operating principles and limits must be considered for the next generation of integrated photonics devices. 

[bookmark: _Toc207958060]Device structure and experimental setup
The anti-slot PhCs with minimum silicon width near 60 nm utilized for this work were fabricated using GlobalFoundries Fotonix™ technology  [247]. Figure 6.1 shows perspective and cross-sectional schematic diagrams illustrating the device design, where the photonic crystal is patterned in silicon. The vertical material stack for the anti-slot PhC nanobeam is illustrated in Fig. 6.1(b) and includes a sub-200 nm silicon device layer atop an oxide lower cladding, a 25 nm oxide upper cladding, and a sub-100 nm silicon nitride layer buried in an oxide cladding. The anti-slot PhC nanobeam waveguide is patterned into the silicon device layer with a height of 100 nm. For all PhC structures, the pitch () is held constant (375 nm) and the anti-slot width () is varied (60, 90, and 130 nm).



[bookmark: _Toc209649612]Figure 6.1. (a) Perspective schematic of anti-slot PhC nanobeam and underlying silicon rib. The pitch () and anti-slot width () are labelled. The mode propagation direction is indicated by the white arrow (x-axis).  (b) Cross-sectional view of corresponding vertical material stack. (a, b) The area of energy localization when operated at the band edge is highlighted pink.


All PhC nanobeams include 200 unit cells and are end coupled to plain ridge waveguides and grating couplers for optical input/output. We note that for all fabricated samples used in the experiments, a full metal stack atop the uppermost oxide is included. The metal traces are positioned away from the PhC waveguide layers, leaving the optical mode unaffected and providing a direct pathway for radiation to reach the device through the upper oxide layers (~15 μm total thickness). 
Measurements before and after proton irradiation were conducted at Vanderbilt University using a custom-built photonics characterization setup specially designed to support precision grating coupling with laser sources. A Luna Innovations OVA (optical vector analyzer) 5100 (C-band variant) was used to perform all wavelength-dependent measurements. The Luna OVA was swept across all possible polarizations to identify the minimum and maximum insertion loss for each measurement, which was averaged 10 times (~20 seconds total sweep duration). Since the grating couplers select specifically for TE light, the minimum insertion loss result removes uncertainty due to manual polarization control paddle alignment from the measurement.
During irradiation, the test package and chip back were connected to Earth ground. Proton irradiations were performed at Vanderbilt University using a National Electrostatics Corporation Van de Graaf Pelletron particle accelerator, generating protons with 1.8-MeV energy. The sample was irradiated with an approximate flux of 7×109 protons/cm2/s at a fluence of 1014 protons/cm2. Following irradiation, samples were removed from the particle accelerator vacuum chamber and then mounted in the photonics setup. Spectral measurements were taken starting ~15 min after irradiation and completed within approximately 60 min. For all measurements, the ambient temperature of the measurement stage was monitored and was found to vary by ±1 °C.

[bookmark: _Toc207958061]Experimental Results
One chip containing the three PhC nanobeam designs and an un-patterned 600 nm waveguide (control sample, not shown) was irradiated using 1.8-MeV protons to 1014 protons/cm2, which is an equivalent TID of approximately 200 Mrad(SiO2). The spectral characteristics, including the photonic dielectric band edge where light is intensely confined in the silicon anti-slot, were measured before and after irradiation, as shown in Fig. 2(a-c). At the dielectric band edge, the transmission through the device output transitions from “zero” (-60 dB noise floor in measurement) to full transmission as the input laser wavelength is increased above the photonic band gap where light propagation is disallowed. 
In all cases, the band edge wavelength position and total measured insertion loss are unchanged. We note that the measured insertion loss includes the grating couplers, mode splitters, routing bus waveguides (~4 mm length), and PhC (interface between PhC and bus waveguide, transmission loss), indicating that each of these passive elements is unaffected by displacement damage or TID. We note also that the wavelength span of the Luna OVA starts at 1525 nm, which is very close to the band edge wavelength of the 60 nm anti-slot PhC, as shown in Fig. 2(c). Therefore, a second spectral characterization was performed using the Santec alignment laser (plotted using the dashed traces), which has tunable wavelength span starting at 1510 nm. We note that the spectral resolution in this case was 0.1 nm (compared to 1 pm for the Luna OVA) and greater uncertainty in measurement exists due to the need for manual polarization optimization and heightened influence of fiber drift from long sweep durations (> 30 s). 
To evaluate the expected optical energy enhancement from the anti-slot photonic crystal nanobeams studied in this work, the minimum anti-slot width was measured from scanning electron microscope (SEM) images taken from one fabricated chip, which was post-processed to remove the encapsulation layers and selectively uncover the silicon device layer. As shown in the Fig. 2(a-c) insets, photonic crystals with anti-slot widths of approximately 60, 90, and 130 nm were identified. We note that the irradiation studies were performed on a separate chip with the full material stack.


[bookmark: _Toc209649613]Figure 6.2. Spectral characteristics collected using the Luna OVA of the (a) 60 nm, (b) 90 nm, (c) 130 nm anti-slot PhC nanobeams before (orange) and after (blue) irradiation to 1014 1.8-MeV protons/cm2. (a-c) Top-down SEM images showing five unit cells across the anti-slot PhC waveguides with the minimum anti-slot width labelled are inset in each plot. (a) An additional trace (dashed) for both pre- and post-irradiation is included to examine wavelengths far below the PhC bandgap, which is located near the lower bound of the Luna OVA (1525 nm). These measurements were performed using the alignment laser and Newport photodiode with increased measurement uncertainty and reduced spectral resolution compared to the original measurement.




From  [247], the 60 nm anti-slot PhC will experience the greatest increase in optical energy concentration, with normalized peak energy density enhancement of more than three times that of a PhC with wavelength scale features and 30 times that of a traditional plain waveguide. From the perspective of photonic device design, this energy density enhancement provides performance advantages for modulating and sensing devices, improving interactions of the optical mode with external stimulus, like the voltage requirements for a π phase shift in a doped silicon phase shifter or the limit of detection in a sensor  [55,71,143,251,257]. Likewise, subwavelength engineered PhCs are more sensitive to unintentional changes in effective refractive index than traditional devices. Since the optical energy is strongly concentrated within the silicon anti-slot and surrounding skin depth into the oxide, these intense fields are exposed to the formation of defects in the silicon bulk and interface traps and oxide trapped charge near the silicon-silicon dioxide interface that form during radiation exposure. Despite this added sensitivity, these results support that the resulting refractive index shifts from TID and displacement damage under 1.8-MeV proton irradiation are insufficient to trigger a measurable device response. In future work, optical finite-difference time domain simulations will be presented, highlighting photonic band edge sensitivity to effective refractive index perturbations in intense optical field (in the silicon anti-slot and at its Si-SiO2 interface) for the fabricated PhC feature sizes and smaller subwavelength designs (10 nm), which will likely be achievable in commercial foundries in the future.
Optical simulation results coupled to a heavy ion charge transport model suggest resilience of these PhC nanobeam designs to heavy ion strikes up to 1021 electron-hole pairs/cm3. These simulation results and correlated pulsed laser irradiation will be presented in a future study.

[bookmark: _Toc207958062]Conclusion
This work examines radiation sensitivities in integrated photonic devices with nanoscale features, which are a critical element to advancing the performance and efficiency of photonic integrated circuits in space mission and particle accelerator systems of the future. Subwavelength engineered photonic crystal nanobeams with anti-slot widths as small as 60 nm were found to be robust to 1014 1.8-MeV protons/cm2, emphasizing resilience of passive nanophotonic components with the smallest features currently achievable in commercial photonics foundries to both coulombic displacement damage and total ionizing dose. The promise of novel integrated photonic designs incorporating small features in intense radiation environments is demonstrated, driving feasibility for demanding applications of photonics technologies in data communications, LiDAR, quantum clocks, and sensors alike. 





[bookmark: _Toc207958063]
Conclusions

[bookmark: _Toc207958064]Summary
The investigation of novel optical phenomena and its translation to on-chip photonics is critical to advancing the performance of integrated photonic devices and systems. It is no secret that global information demands continue to grow exponentially- information is a commodity and research must keep up to avoid reaching scarcity for consumers. To this end, I have sought to bridge gaps between fundamental study and practical applications of integrated photonics in this dissertation. My contributions to address this vastly broad and complex challenge include advancement of subwavelength-engineered photonic crystals, where novel optical properties can be leveraged to improve performance and efficiency of on-chip devices, and heightened understanding of physical mechanisms leading to susceptibility of integrated photonics in harsh radiation environments, where numerous systems and instruments can greatly benefit from the advantages of integrated photonic communications, detection, and ranging.
Subwavelength-engineered photonic crystals: First, in Chapter 2, I advanced subwavelength design strategies for photonic crystals through a split ring shape that supports optical mode confinement in an accessible air gap, which is especially attractive for particle-field interactions in optical trapping or sensing platforms. With a split width of 10 nm and rotation angle of 0o, the split ring demonstrates a 10-fold enhancement of the electric field energy density over traditional circular air holes. Alongside other subwavelength-engineered PhC unit cell designs such as the bowtie and anti-slot, split ring unit cells expand the design space for achieving a highly tailorable mode profile, customizable for desired applications. In Chapters 3–4, I realized strategies for scalable fabrication of subwavelength-engineered photonic crystals through design and fabrication in a commercial monolithic silicon photonics foundry of anti-slot and slotted photonic crystals, respectively. I achieved designs with minimum features of 70 nm silicon width and 40 nm silicon spacing, which are the smallest achieved to-date in a scalable silicon photonics process and achieve three- to four-times enhancement of electrical field energy density compared to traditional wavelength-featured designs. These results emphasize the potential for subwavelength-engineering in commercial products, where intense light-matter interactions can be leveraged to drive performance and reductions in footprint and power consumption. Importantly, these achievements are extendable to scalable fabrication of any photonic device type that can benefit from subwavelength features (< 100 nm).
Radiation effects on integrated photonics: In Chapter 5, I elucidate degradation sensitivities and mechanisms to total ionizing dose and displacement damage in on-chip, waveguide-integrated germanium-silicon p-i-n photodiodes. Using low energy proton and X-ray irradiation, I identified modest degradation of approximately 3.5-4.25 dB to the dark current noise floor and ~0.2 increase in photodiode ideality factor, indicating the formation of non-radiative carrier recombination centers in the sensitive volume of each Ge-Si photodiode. Contributions to photodiode dark current increases from bulk displacements and interface traps / oxide-trap charge likely near the top Ge-SiO2 interface were identified. These considerations must be included alongside pre-existing performance trade-offs when selecting an appropriate photodiode for PIC design in space instrumentation and are important to circuits where power budgets are limited, either by circuit complexity or weak signals, but are not exclusionary for PICs in harsh space and accelerator environments. In Chapter 6, I investigated subwavelength engineered anti-slot photonic crystals with minimum features near 60 nm under low energy proton irradiation. These designs enhance light-matter interaction by more than 30 times compared to traditional waveguide geometries. No changes in the dielectric band edge, where optical energy is most strongly confined, were identified, emphasizing robustness of advanced photonic designs with nanoscale features in harsh radiation environments. 

[bookmark: _Toc207958065]Future directions – subwavelength engineered photonic crystals
The work presented in this dissertation could lead to a wide range of studies on photonic crystals in the future; my hope is that my research efforts lower the “barrier to entry” for commercial foundries and layout designers to consider novel device designs with nanoscale features to supplant traditional designs that are currently offered in photonics product design kits. In tandem, the best way to accelerate the use of photonic crystals and novel optical properties for consumer technology is to showcase exciting physics and its application toward challenging problems in communications, sensing, and quantum information. The subwavelength design strategies that I have contributed to can be translated to other material systems and photonics platforms, meaning that research efforts in silicon nitride, thin film lithium niobate, III-V semiconductors, and 2D materials could be paired with nanoscale feature design to help heighten the effects of physical phenomena and compound performance advantages. Moreover, there is ample research space for examining subwavelength engineered photonic crystals in use for specific applications, which requires robust packaging techniques. In the appendices following this thesis, I highlight a foundational framework for reliably packaging photonic chips in an academic laboratory setting. 

[bookmark: _Toc207958066]Future directions – integrated photonics for space missions
My hope for the efforts presented in this thesis to elucidate radiation sensitivities and mechanisms for degradation on integrated photonic devices is that designers of space, defense, and accelerator instrumentation will increasingly consider integrated photonics for communications, sensing, LiDAR, and quantum information applications. By understanding the physical principles leading to device susceptibility and identifying the relative robustness to radiation of photonic devices compared to electronics (so far), I believe that photonics is poised to be widely used in satellites, telescopes, rovers, and more. For research in radiation effects on integrated photonics, I anticipate a swift extension to studying photonic integrated circuit designs, especially investigating the interplay between radiation-induced degradation in on-chip electronics (and subsequent effects on analog and digital electrical signals) with photonic systems for co-packaged or monolithic schemes. Additionally, I hope that these results lead to active space flight testing and examination of fully on-chip systems (e.g., laser, active & passive components, and detection on one chip), which are costly but are also critical to building confidence for use in space missions. 
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Appendix

[bookmark: _Toc207958068]Notes to future graduate students
The following appendices are primarily designed for new graduate students joining the Weiss group or starting research in integrated photonics, providing details that are not included in my publications. I also hope to provide some advice, much of it passed down from previous “generations” of graduate students along to me, that may help new students find their footing. First, one of the most important lessons I learned is to work in as detail-oriented a manner as possible. When you first start out, most of your time is spent trying to learn what questions to even ask. Talk to the more senior graduate students around you and of course your advisor, but make sure to come with a pointed question. Tell them what you tried or researched on your own, what you think might be useful or not, right or wrong. If you ask an open-ended question, don’t expect a particularly specific response. Often, students will find a trade-off in time commitment between really studying before trying something new and just jumping in. Jumping in with no preparation is like playing poker without looking at your hand. It might work once or twice, but mostly you will find it expensive both in your time and research costs if you aren’t adequately prepared. Make sure to identify what you don’t know; you can’t answer everything all at once, but you can work your way to asking the right questions. Similarly, seek to anticipate the questions you might be asked, be that by a collaborator, a committee member during examinations, or by a peer that reads your publications or attends your presentations. Choose experiments that are most likely to yield publishable results or answer key questions. Before too long in your Ph.D., usually around the third year, you will know more about your research area than any senior member in your group, your advisor, or anyone around the field. So, go into presentations well-prepared but with confidence that you are expert in your niche. To the faculty serving as my committee members, please don’t read this next bit of advice (:p): it also doesn’t hurt to leave out a less important detail from your presentations here or there and have that information on hand to easily answer a freebee question from your committee.
	Finally, there are four keys to research that I found most important to a successful Ph.D. Armed with this knowledge, you will know you are not alone in a very difficult, but very rewarding pursuit and that you have the keys for success:
Be introspective early and make complete sure that you are passionate about your research area. Your Ph.D. is just that – yours. If you don’t love what you do (not necessarily every minute of every day, but most of the time) you can’t have fun doing it. 
Do something that gets you closer to your Ph.D. every day. No matter how small the progress (or maybe you made a lot of progress on what doesn’t work), if you accomplish one thing every day you’ll be there before you know it, writing advice to future graduate students at the end of your thesis and wondering where the time went.
It’s not weird to consider quitting. In fact, I have been told “If you didn’t consider quitting at least once a year, did you really work hard enough to earn a Ph.D.?” This might be a little extreme, but completing a Ph.D. is no easy feat. It takes dedication and hard work. Above all: YOU ARE NOT ALONE. Every single graduate student goes through this. Sometimes you will feel like the least intelligent person in the room or that there is no end in sight. Value your successes and learn from your mistakes, but don’t get too high or too low during your journey. Overcoming adversity is requisite to your growth as a scientific researcher and problem solver.
Finally, perhaps the most important advice of all: ensure that you find time for fun and recovery. This journey is an ultramarathon, not a sprint. Spend quality time with your friends, family, and significant others. Allocate time for hobbies and vacations. If you don’t have hobbies, make some. There are times to buckle down and grind to deadlines, but they should be well balanced with time spent recovering. This looks different for everyone, but I promise, when you’re happy you will be more productive and more successful in your research.

[bookmark: _Toc207958069]Investigation strategies
To conduct any comprehensive study on integrated photonic devices, a precise characterization method is critical. Of course, the primary goal is to accurately measure trends and performance fairly, without outside influence from temperature, humidity, or lighting conditions in the lab, contact wedges and fiber probes, or calibrations to the equipment itself. However, for characterizing changes in performance, as is customary with research in radiation effects, the emphasis changes slightly. Here, the focus shifts to eliminating any changes in performance due to the measurement, rather than achieving the best absolute performance. To satisfy both requirements while noting that tracking changes as a function of radiation fluence or operating temperature is the most critical goal, I developed a versatile characterization setup and a compact packaging approach. By developing high-speed photonics characterization methods and compact packaging in-house, samples were easily integrated into any radiation source and transferred between facilities. Further, sources of variation from pad degradation, probe placement, fiber alignment, etc. were eliminated, enabling consistent and repeatable optical and electrical coupling conditions for pre- and post-radiation measurements and in situ measurements during irradiation. My setup enables the study of any type of device or layout, which can vary drastically between layout designs. The following appendix sections 8.2.1 through 8.2.6 review introductions and procedures to tasks that can be performed at the high-speed electro-optic setup in the Weiss lab with the disclaimer that notes and procedures do not supplant hands-on training and practice.

[bookmark: _Toc207958070]High-speed electro-optic characterization and setup design
To fully analyze PIC components in space environments, a wide range of experiments and approaches are needed. Table 8.1 shows the range of measurements that may be performed for a variety of integrated photonic devices. Many devices require tracking of metrics across multiple measurements. As a result, the measurement equipment, software, and strategies for interfacing with devices (probing and packaging) are critical to successfully obtaining clean data. To best study how photonics fare in charge dense environments, a clear understanding of the interaction between electrical and optical signals is crucial, especially at high frequency where currents must move charge carriers into and out of devices at GHz speeds.








[bookmark: _Toc207958082]Table 8.1 Characterization Techniques 
	Measurement
	Applicable Devices

	transmission vs. voltage
	electro-optic phase shifters, phase and absorption modulators, integrated lasers

	device current vs. voltage
	integrated photodetectors, integrated lasers

	device current vs. time (fixed bias)
	integrated photodetectors, integrated lasers

	S-matrix (e.g. insertion loss vs. bias frequency, fixed DC bias)
	electro-optic phase shifters, phase and absorption modulators, integrated photodetectors

	transmission vs. wavelength
	passive components (e.g. ring resonators, filters, photonic crystals, topology optimized components, etc.), all active devices above

	Polarization (Jones) matrix
	specially designed passive components

	Return loss, reflectivity vs. wavelength
	Bragg gratings, photonic crystals, specifically designed devices for low or high reflection



 	A general schematic of the high-speed electro-optic experimental (HSEO) setup I built is shown in Fig. 8.1. This setup can be paired with RF monitoring equipment to extrapolate the RF performance metrics (e.g., S-matrix parameters) of PIC components. An image (Fig. 8.1(a)) and schematic (Fig. 8.1(b)) of the chip-coupled, high-speed electro-optic setup are shown. While the circuit schematic shows a typical setup for testing of a modulator using the vector network analyzer (VNA), equipment is easily interchangeable and can be substituted and adapted using standard electronic and optical connections. For example, to test an on-chip photodetector, the photodetector (70 GHz HS PD in the schematic) can be substituted for a device under test (DUT) and a packaged, qualified modulator or reference transmitter can be used for input. 

[bookmark: _Toc209649614]Figure 8.1. (a) Photographs of the high-speed electro-optic test setup at Vanderbilt (top) for coupling lasers, electronics, photodetectors, and a vector network analyzer (bottom) via electrical and optical probe arrays. (b) Schematic illustration of the setup pictured in (a) showing signal paths. High-speed, die bonded RF test package (inset bottom left).

At the component interface level, the setup can be modified for any grating coupled photonic device study as shown in Fig. 8.2. The electrical and optical probes with X, Y, Z, pitch, and roll adjustment are magnetically mounted and secured to the test station such that they can be oriented at any of four polar positions (N, S, E, W) with close repeatability. Two dynamic microscope cameras and a bird’s eye stereoscope are used to align the optical and electrical probes to a sample without damaging the sample, probe needles, or optical fiber. The relative position of grating coupler and electrical pads can be adjusted over a large range, which is owed to inclusion of course alignment magnetic mounts, the lifted optical breadboard (seen in Fig. 8.1(a)), and 1” travel motors and stages. As shown in Fig. 8.2(a), measurements of devices with widely varying layouts are achievable. One current challenge in integrated photonics is that there is no accepted practice for layout of photonic devices and circuits. Since I both designed my own devices and collaborated closely with multiple companies and institutions, packaging devices for testing required solving a different problem for each project. The Georgia Institute of Technology – GlobalFoundries (GT), imec, and Vanderbilt – GlobalFoundries (GF) schemes are shown. Further, as shown in Fig. 8.2(b-c), fiber arrays and single aligned fibers are mounted using custom designed probe mounts. These parts were manufactured in collaboration with John Fellenstein at the Vanderbilt Physics machine shop.


[bookmark: _Toc209649615]Figure 8.2. (a) Illustrations of probe positions for various PIC layout schemes to be used with the HSEO setup. Probe positions are shown for optical fibers (blue), DC electric (green), and RF electric (red) for the Georgia Tech MZM (GT), imec photodetectors and modulators (imec), and Vanderbilt photonic crystal waveguides and MZMs (GF). (b) Photograph of the compact fiber array holder, which can be used to adjust fiber array pitch from zero to 30 degrees. (c) Photograph of single fiber holder, which is used when electrical contacts and optical gratings are positioned closely in the chip layout. Pink plastic Luer needles (Nordson EFD 7018391 25GA TT .010” red) were substituted for the metal Leur needles to reduce risk of damaging fiber tips and provide a more compact housing avoiding obstructed views from the bird’s eye stereoscope when testing devices with very compact footprints.

[bookmark: _Toc207958071]Electrical packaging
An electronic packaging approach provides several benefits, especially by reducing the complexity of experimental setups for irradiation from charged particles. Many on-chip electronic and photonic devices are sensitive to electronic static discharge (ESD) and can be damaged if connection to ground is unstable or disconnected. Electrical needle probes and contact wedges can shift or lose contact during experiments, posing a risk to the device or measurement. Packaging from the chip to a cable terminal allows for quick setup of the device for irradiation and characterization, avoiding the time needed to align and land probes. Moreover, landing probes for each step of irradiation and characterization can lead to experimental uncertainty from changes in resistance and degradation of the device pad set. Finally, cable connections enable real-time, in-situ testing to monitor device performance as it is irradiated. Two distinct electrical packaging approaches were used during my thesis: brass test packages and printed circuit boards. The brass test package was originally leveraged for quick access to efficiently start obtaining scientific results for the work shown in Chapter 5. However, printed circuit boards (PCBs), which were fabricated at Macrofab, Inc., prove to be significantly more cost-effective and faster to individually prepare once in-hand. PCBs were used for the results shown in Arnold, et al. [165], which was not fully completed in time for inclusion in this dissertation. However, I will highlight the preparation process for both packaging strategies.
Brass test package: A photograph of a brass test package is shown in Fig. 8.3(a), where the cable terminals (K-type 2.4 mm adaptors), solder joints, microstrips, and chip are shown. The location of wire bonds to the chips is indicated but the bond wires cannot be seen at this magnification. Brass test packages were fabricated by John Fellenstein in the Vanderbilt Arts & Sciences machine shop. The internal assembly of the terminal is shown in Fig. 8.3(b), which includes an insert and a hermetic seal ceramic bead feed-through. It must be noted that once assembled, a test package can be reused more than once so long as it is well taken care of and safely stored. The chip itself can be removed from the package gently with tweezers and any remaining bond wires can be plucked. For clarity, the full process of repurposing an old, unusable test package is described; the disassembly steps can of course be skipped if all connections are in good working order.


[bookmark: _Toc209649616]Figure 8.3. (a) Photograph of brass test package with labelled electrical components. (b) The 2.4 mm adaptor is shown disassembled and separated into the terminal, insert, and feedthrough.

To prepare a new test package from an old one, all terminals must first be unbolted and removed. Generally, the terminals can be reused, so long as there are no defects in the mating threads. The insert can be reused too but should first be inspected under a microscope to make sure that the gold sleeve that mates with the cable and the feed-through pin is not damaged. Next the hermetic seal feedthroughs should be inspected. In some cases, the feedthroughs are not reflow soldered into the package. If this is the case, a soldering iron can be used to remove the solder joint to the microstrip, and the feedthrough can be removed with tweezers. Feedthroughs should not be reused if the next intended application is for RF signals. However, for DC connections, the feed-through can be reused if the pins are straight. If the package was previously used for RF signals, the feedthrough will be reflow soldered into the package. In this case, the feedthrough must be removed at the same time as the microstrips using a hotplate. Also noteworthy is that some chips are mounted to packages with a high heat epoxy, which is very difficult to remove without heating. 
The package should be heated to ~150-200 C to melt solder and melt epoxy. At this point any remaining feedthroughs, the microstrips, and the chip (if attached with thermal epoxy) can be removed. Once removed, the feedthroughs and microstrips should be inspected, and suitably defect free parts can be reused for DC packaging. Once cooled, the package should be scraped with a tweezer or razor blade to remove remaining residue. At this point, if the package will be used for RF measurements or is very damaged, it should be resurfaced, which is performed by John Fellenstein by milling the minimum depth to achieve a flat surface. Leaving scratches can affect the connection of the microstrip substrate to the package, slightly affecting parasitic signals in the transmission line. If the package is intended for DC measurements, any remaining scratches can be ignored. Once a package is cleaned (and resurfaced if necessary), it can be reassembled with fresh parts. 
The microstrips (Semi-Gen / RFMW Z50-010-035-850) should be mounted and reflowed. The microstrips should be laid out in the desired orientation with the chip flat in the package. Microstrips can be snapped to length using an allen key as a fulcrum, if needed. Fragments should be saved and can be used for ground connections to the package or with bigger chips. Once the microstrip layout is prepared (take a picture for reference if needed), all parts can be removed and set aside. A surgical needle should be used to gently spread a thin line of thermal silver paste (Ted Pella H20E Epo-Tek Silver Conductive Epoxy) directly where the microstrips will be replaced. Once all lines are prepared, the microstrips can be positioned with tweezers, taking care to make sure the substrate lays flat and the strip end is directly below the pilot hole where the feedthrough pin will sit. Then, the package should be baked at 130 C for 1 hour using the TestEquity 140 thermal chamber in SC5602.
Next, the connectors (2.92 mm jack terminal, 40 GHz) can be mounted. Note that for RF applications, the feedthrough (Hasco Components HA-2940) must be solder-reflowed into the test package. For DC packaging, the feedthrough can be directly mounted in the insert and placed in the package with tweezers. Then, the terminal can be attached using an alternating bolt tightening pattern. 
Using a stereo microscope and soldering iron (Kester SN63PB37, .015” dia, 24-6337-0007), a solder joint is applied to connect the feedthrough pin to the microstrip, making sure to avoid shorting the connection. The connection should be tested using a multimeter between the terminal insert and the microstrip. With the package itself prepared, attention can be turned to mounting the chip for testing into place and wire bonding. 
The chip is placed using quick dry silver epoxy (Ted Pella 16040-30 Fast Drying Silver Paste Silver in Iso-Butyl Methyl Ketone), which should be applied using a needle (can be found in SC5602) in a fume hood. The chip should (quickly but carefully) be placed in the epoxy, taking care to check the angular orientation of the chip relative to the package and that the chip lays flat (both important for photonics setup). The epoxy should dry for 5-10 minutes and then any excess can be gently removed with the needle. 
The final packaging step is wirebonding. Using 0.7 mil gold wire (California Fine Wire / Heraeus, 0.7 mil / 17 µm, 2-5% elongation, gold wire), ball bonds can be applied using the TPT HB10 wire bonder in SC5636A. It is important that from this point, the package be handled with ESD protection in mind, so a wrist strap should be worn and connected to the bonder static protection system. The starting ball bonding parameters (0.7 mil ceramic capillary) used are: 
Bond 1 (chip): ultrasonic = 160, time = 200 ms, force = 200 mN
Bond 2 (microstrip): ultrasonic = 160, time = 200 ms, force = 130 mN
Thermal chuck: 50 °C
Loop height: > 2000 µm
Tail step: 30 µm
Up CO: 250 µm
EFO Power: 75
Detailed instructions for wire bonding can be found in the TPT / HB10 manual and from watching videos provided by TPT / CWI Technical Sales. The current technical contact for the wire bonder is Jonathan Gold (jgold@cwitechsales.com).
Printed circuit board: A photograph of the DC electrical test printed circuit board (PCB) and solder on SMA connectors is shown in Fig. 8.4(a). The PCB includes seven sites for electrical connection to the chip. In the case of testing diodes, this can be considered six cathode sites and one common anode. A common ground plane connecting the chip and all connector grounds is included with a separate terminal site that must be connected to Earth ground. The preparation process is substantially simplified, and we immediately can skip above steps 1-4, which are required for the brass test package, since all strip lines are included in the manufactured board.
Similarly to step 5 above, SMA connectors (or pin connectors depending on the PCB design) must be soldered to the PCB. End-launch PCB connectors were used for this work, so first the signal pin is aligned and soldered to the PCB. Next, ground contacts are soldered using the four connector tabs (two on top, two on bottom). This provides a relatively mechanically stable connection to the PCB that can be tightened using an 8 in-lbs torque wrench. The remaining steps are unchanged. 
The chip must be affixed using quick dry silver paste. However, the PCB design includes a square chip bed (which is connected to ground), making alignment of the chip and the required wire bond distance and angles substantially more convenient. 
The optimal bonding parameters are slightly updated to accommodate the PCB pad material. The starting ball bonding parameters (0.7 mil ceramic capillary) used are: 
Bond 1 (chip): ultrasonic = 180, time = 200 ms, force = 220 mN
Bond 2 (microstrip): ultrasonic = 120, time = 200 ms, force = 180 mN
Thermal chuck: 55 °C
Loop height: > 2000 µm
Tail step: 30 µm
Up CO: 250 µm
EFO Power: 75
Ball bonding can be finnicky. Lots and lots of bonding practice is necessary to reach proficiency. Somewhat stochastically, the second bond to the PCB does fail. However, loose wires (bonded on one end only) can be “dressed” using a wire unplugger or needle tool to reposition the wire close to the desire PCB pad. Then, a ball bump (using the bond 2 settings) can be performed to secure the wire to the PCB. For peace of mind, I often perform two ball bumps in close succession. When refining bonding parameters, make sure to patiently change settings and watch what is happening to the wire as a bond is attempted. If the wire does not stick to the pad, and the pad does not show any sign of a bonding attempt, perhaps the force is too low. If the bond sticks, but the wire breaks while the capillary is in contact with the substrate, the ultrasonic power may be too high. Please note that the time should never be adjusted. Bond settings are chosen based on a set time. 200 ms is consistently chosen and needs not be a free parameter to find adequate bonding settings. Additionally, installation of the capillary and set up of the bonder is critical to repeatable bonding settings. Make sure to leave the bonder in better condition than you found it, and never assume that the bonder will remain in the same quality of operation as when you left it last. A few tips for successful bonding include:
After placing a ball bond in manual mode, lift the capillary up slightly (maybe up to 20x the diameter of the ball over the sample)  and traverse down (bringing the sample up, opposite direction of where you plan to bond in the end by 30-40x the diameter of the ball) before lifting the capillary higher and traversing up to the location of the second bond. This action creates an intentional kink in the bond wire, relieving stress on the initial ball bond.
When placing the second ball bond, traverse slightly further than where you want to place the final wedge bond before returning to the desired location. Again, this relieves stress in the wire and ensures that if the bond does not stick to a test package, there will be sufficient wire to dress and affix with a ball bump.
 A fully assembled PCB test package following step 3 is shown in Fig. 6(b), where short caps are used to ground all electrical connections to the PCB ground plane and a magnified view of the wire bonded photonic chip is shown in the inset.

[bookmark: _Toc209649617]Figure 8.4. (a) Photograph of DC PCB test package and SMA connector (inset). (b) Photograph of an assembled DC PCB test package with a photonic chip mounted and wire bonded (inset).

For some chip designs, 1.0 mil wire bonding may be achievable, especially in cases where bonding pads are large and spaced with 150 μm pitch or greater. 1.0 mil wire is substantially easier to work with: the wire is less susceptible to breaking during bonding, capillaries are much less susceptible to damage, bonding settings are more forgiving, its easier to see the wire with the naked eye, etc.  Starting ball bonding parameters (1.0 mil ceramic capillary) used for 1.0 mil gold wire are: 
Bond 1 (chip): ultrasonic = 200, time = 200 ms, force = 280 mN
Bond 2 (microstrip): ultrasonic = 270, time = 200 ms, force = 280 mN
Thermal chuck: 70 °C
Loop height: > 2000 µm
Tail step: 30 µm
Up CO: 150 µm
EFO Power: 90
Peltier coolers can be added to a test package (below chip or below PCB) for real-time temperature monitoring and active temperature control. In cases where photonic devices are particularly temperature sensitive, this removes any potential variance in performance with temperature fluctuation as parts are irradiated. Using K-type thermocouples, test package temperature for both the brass test package and PCB can be monitored during irradiation. No measurable change greater than typical room fluctuations was observed to the test package. However, probing the temperature on-chip at the device location itself requires specially designed test structures to monitor changes.

[bookmark: _Toc207958072]Electrical packaging for radio frequencies
For electrical characterization at radio frequencies (RF, <5 GHz), a modified approach to packaging is required. The DC electrical test board described above is designed using flame retardant 4 (FR4) laminate in the PCB construction. This is a widely used dielectric for PCBs due to its mechanical and thermal stability and accessibility for fabrication, which makes it a very cost-effective choice. However, FR4 performs poorly at high frequencies, necessitating a redesign using Rogers material 4350B, which is a dielectric that achieves low loss at frequencies up to ~50 GHz. The design and layout of the PCB was led by Anurag Reddy Veluri in the Weiss lab using CST Studio and KiCAD, respectively. As such, I will omit many of the finer details of the PCB design here, for Anurag to report later. However, it is important to note that a co-planar design was chosen to achieve low loss, low dispersion, and high isolation for RF signals. Additionally, vias were placed surrounding the signal trace to ground the co-planar waveguide to strategically achieve impedance matching (50 Ω is employed for most characterization equipment and is used for all device designs tested in this thesis). In addition to a modified PCB design, the connectors and bonding method must be updated for high-speed performance. SMA connectors are substituted for 2.4 mm bolt on connectors, which are designed to gently contact the PCB stripline with a consistent repeatable pressure without solder and perform up to 50 GHz. Ribbon wire bonds must be used to mitigate loss and parasitics from the wire bonding. Since current propagation for RF signals occurs along the surface of a metal trace or wire, a 13x38 μm gold ribbon was selected, which is wedge bonded to the chip and PCB. A photograph of the RF PCB and bolt on connectors is shown in Fig. 8.5. 

[bookmark: _Toc209649618]Figure 8.5. Photograph of a fully packaged RF PCB test board with a 30° angled bolt-on 2.4 mm connector. The pin header DC connector is at the top of the PCB. The ground plane SMA connector is not mounted in this image. The inset shows a magnified view of the PCB layout, with 11 DC and three RF (GSGSGSG) pad locations oriented around the tile mounting position (6x6 mm square).  

First, the DC connections for the ground plane (SMA connector) and pin header array (ground, 11 DC connections) are mounted and soldered into place. The bolt on high-speed connectors may then be carefully mounted and tightened using an alternating bolt tightening technique to ensure that the connector contact tab meets the PCB co-planar signal trace in its center without being damaged. This must be checked using a stereoscope after the connector is fastened. 
The chip is affixed in the same manner as for DC packaging, using Ted Pella 16040-30 fast drying silver paste. 
DC connections may be bonded as in Step 3 (printed circuit board) above using ball bonding and gold 0.7 or 1.0 mil wire. RF connections must be bonded using gold 13x38 μm ribbon wire. The starting ribbon bonding parameters (13x38 μm wedge tool, 19 mm long) used are: 
Bond 1 (chip): ultrasonic = 350, time = 200 ms, force = 600 mN
Bond 2 (microstrip): ultrasonic = 400, time = 200 ms, force = 500 mN
Thermal chuck: 80 °C
Loop height: > 500 µm
Tail step: 20 µm
Tail feed: 450 µm
For new RF PCB designs, qualification must be performed using a through check to ensure that RF insertion loss and reflections are minimal. The processes for calibrating the vector network analyzer (VNA) are shown below in appendix section 8.2.6 and the RF PCB can be checked following step 4.c.2 by connecting the RF PCB in line between port 1 and port 2 of the VNA and affixing a ribbon wire bond between two signal terminal traces. Please note that the measured insertion loss in this case would be approximately twice as lossy as for a signal input to a PIC since only one connector, co-planar stripline, and wire bond are customarily used for device testing. For single event transient testing, where signals are measured on nanosecond and picosecond timescales extra characterization is required using time domain reflectometry (TDR). A basic introduction to TDR and example results on a RF test package can be found in the Ph.D. dissertation published by Jonathan Pellish (former radiation effects group graduate student at Vanderbilt University) [308]. Basic steps for performing TDR measurements using the Tektronix digital serial analyzer (DSA) 8200 and 80E10 TDR module can be found in the system manuals (accessible online). 

[bookmark: _Toc207958073]Representative calibration results
The total loss of a PCB board comes from the following contributions:
Cable connector
Interface between cable connector and PCB transmission line
PCB transmission line (attenuation per unit length)
Interface between PCB transmission line and ribbon wire
Ribbon wire (attenuation per unit length)
As such, it is required to test a matrix of test structures, including different PCB transmission line and bond wire line lengths so that the dominant contributions from each of these loss mechanisms can be extracted. Similarly, the source of reflections comes primarily from 1, 2, and 4, and the same test structures can be studied comparatively. Figure 8.6 shows an example of a PCB layout with eight test structures included (Fig. 8.6(a)) and an example data set from a co-planar PCB transmission line in copper with Rogers 4350B dielectric and approximately 1 cm length (Fig. 8.6(b)). The total assembly has 10 dB loss and less than -5 dB reflections at around 35 GHz.


[bookmark: _Toc209649619]Figure 8.6. (a) KiCAD layout of RF PCB Rev3 (Rogers 4350B dielectric). From left: short transmission line, chip interface layout (3 RF connectors, 10 pin connector, chip adhesion plane), short transmission line with short wire bond, short transmission line with long wire bond, long transmission line with sharp 30° bond bends, long transmission line with curved 30° bond bends, long transmission line, long transmission line with short wire bond, long transmission line with long wire bond. Layout credit: Anurag V. Reddy. (b) Screen capture of  the VNA results from the short transmission line test structure (left most, indicated by the green outline). Two 30° angled bolt-on 2.4 mm connectors are affixed and electrically connected using a straight co-planar transmission line on the RF PCB (Rogers 4350B). The S-parameters are shown: S11 (top left), S12 (top right), S21 (bottom left), S22 (bottom right). RF intensity (log scale) is represented on the y-axis and frequency (10 MHz to 50 GHz) is represented on the x-axis


As shown in Figs. 8.7 (long transmission line, no bond), 8.8 (long transmission line short wire bond), and 8.9 (long transmission line, long bond), the relative loss contributions from the PCB transmission line and the wire bond can be compared. Between Fig. 8.6(b) (~1 cm transmission line) and 8.7(a) (~3 cm transmission line), the total loss is not drastically affected by the transmission line length. Similarly, between Fig. 8.8(a) and 8.9(a), lengthening the bond wire does not drastically increase the total loss. However, there is a substantial increase in loss between Fig. 8.7(a) (no wire bond) and 8.8(a) (short wire bond), suggesting that the loss (and reflections) are dominated by the interfaces between the cable connectors, PCB, and bond wire. 

[bookmark: _Toc209649620]Figure 8.7. (a) Screen capture of VNA results and (b) KiCAD layout using a straight 3 cm co-planar transmission line on the RF PCB. 


[bookmark: _Toc209649621]Figure 8.8. (a) Screen capture of VNA results and (b) KiCAD layout using a straight co-planar transmission line and short wire bond (~2 mm) on the RF PCB (total length 3 cm).


[bookmark: _Toc209649622]Figure 8.9. (a) Screen capture of VNA results and (b) KiCAD layout using a straight co-planar transmission line and long wire bond (~10 mm) on the RF PCB (total length 3 cm).

Notes for interpreting results:
A PCB test structure with a transmission line connecting two cable connectors is a reciprocal test structure. Therefore,  and .
The loss reported here is effectively a worst-case analysis. For equipment to chip testing, only one connector is needed and the wire bond and PCB transmission line lengths are shorter than what is tested in the test layouts. Additionally, it is expected that the Tx line matching between the wire bond and chip bond pad is better than the PCB (PCB is feature size limited to ~200 μm compared to 38 μm bond wire).
The total loss of these test structures is not exactly a de-embedding of the loss to the chip (interface between bond wire and PCB trace is not the same as bond pad PCB trace). Since the loss is interface dominated, approximately half the loss from Fig. 8.6 added to half the difference between Figs. 8.7 and 8.8 is closer to the approximation of the expected loss to the chip. Additional test structures can provide more quantitative estimates, but it is very difficult to quantify the loss from wire bond onto the chip without specific test structures in the chip layout (e.g., on-chip transmission line through, short, load, open connected to bond pads). 

[bookmark: _Toc207958074]Optical packaging – fiber attach
Since there is no single standard for orientation and spacing of probe points in different foundry layouts (see Fig. 8.2 above), there are some cases where optical fiber arrays cannot be attached to the device under test. In these cases, a motor controlled, automated fiber alignment procedure was applied. However, fiber attach was performed whenever possible using ultraviolet / thermally curable epoxy (Masterbond UV10TKLO-2). It should be noted that fiber attach (when grating coupled from the top) should be performed after all electrical packaging is completed. The process for packaging the fiber array is as follows:
Mount a fiber array in the angled fiber holder using electrical tape (see Fig. 8.2(b) above). Ensure that the array is mounted with its yaw in-line with the XYZ stage. This requires patience and practice, but makes the alignment process much easier. Align the fiber array and chip using the surface (array pitch, roll) and orthogonal features on the chip (sample stage yaw) and the microscope cameras (fiber pitch, roll, yaw can each be confirmed here). A good practice is to position the fiber array at the surface of the chip and ensure that the array sets perfectly flat and square onto the chip as it is slowly lowered.
 “Dry align” fiber array using red LED, stereo microscope, microscope cameras, and motorized alignment stage. Optimize the coupling and polarization for the desired wavelength (e.g. 1550 nm, 1310 nm).
Lift the fiber array using the motorized stage (50,000 x2 steps of the motor) drawing the array far from the sample.
Dispense a small dot of epoxy on the chip directly onto the grating for attach using the Nordson EFD Ultimus II pressure back epoxy dispenser (20 psi, 1.1 inH2O backpressure) and the DeWalt compressor (90 psi). Wear ear protection as-needed. A brown 15 gauge needle is best for this epoxy and should be aligned using a magnetic XYZ hand stage.
Lower the fiber array back down ~80,000 steps to be submerged in the epoxy. Realign the fiber array to optimize coupling and polarization – should achieve a similar magnitude to the dry alignment. 
Tack the fiber using the UV pocket flashlight. Sweep the flashlight across the fiber array / epoxy in “1 Mississippi” intervals. Check the coupling intensity between each dose with the UV light. Provide ~10 total doses of UV exposure at different angles to the chip / fiber array. Make sure to move the epoxy syringe away before starting the curing process.
Return the epoxy syringe to position and backfill support epoxy in intervals. Carefully add epoxy to the side and back of the fiber array to provide structural support. Apply a small amount and UV cure each subsequent patch. The goal is to avoid any perturbation to the coupling intensity across the optical gratings. Once the fiber array is fully static, provide slightly longer (2-3 seconds) sweeps of the UV light curing the epoxy as much as possible. If the coupling intensity starts to change, stop and wait. 
Gently transport the package assembly to SC5602 and bake at 100 C for one hour in the TestEquity 140 thermal chamber. Note on epoxy: The epoxy must be room temperature before use (store epoxy stock in a refrigerator to increase lifetime)
A schematic of the fiber attach setup and microscope photographs of an example fiber attach are shown in Fig. 8.10(a) and 8.10(b,c). respectively. The location of the device for test is indicated in red in both views and the epoxy does not interfere with the device or wire bonds. The support epoxy can be seen around the side of the fiber array, providing some stability and resilience to mechanical stress or vibration. As shown in Fig. 8.10(d), spectra are reported from a loopback (grating coupler, waveguide with two bends, grating coupler in-line) showing the transmission intensity recorded across the C-band. Three measurements are shown after each process step. Note that the alignment before the UV spot cure varies significantly (~5%) compared to after the spot cure and after the thermal anneal. Approximately 60% of the coupling is maintained during the thermal cure, which is an inherently stochastic process. For a research setting, this result is more than sufficient.

[bookmark: _Toc209649623]Figure 8.10. (a) Schematic of the required setup for transmission measurement and fiber attached device. Photographs of (b) the profile and (c) side view of a fiber attached die. The device is indicated in red and the bond wires can be seen in (c) at the right of the image. (d) Three repeated transmission spectra measured from a C-band loopback are shown after alignment in the epoxy (blue), after the UV spot cure (orange), and after the 100 C bake (green).

[bookmark: _Toc207958075]Combined electronic-photonic packaging
For a well-designed layout, it is possible to perform electrical and optical packaging to fully package a PIC. This constitutes providing sufficient space for a fiber array block and epoxy without interfering with the device or wire bond pads. In general, all optical I/O should be directly adjacent using grating couplers or edge-coupled spot size converters with 127 μm spacing. V-grooves for fiber attach provide an even more mechanically stable option with increased coupling efficiency, but consume significant tile space, which is always limited. Additionally, not all photonics foundries will offer V-groove options, especially to academic partners. RF pads should be positioned close to the chip edge with high quality flat pads for ribbon bonding. Optical, RF electrical, and DC electrical inputs should each face a different cardinal direction (N, S, E, W) on the chip and pads should be placed to minimize bond wire length and avoid interfering with the fiber array alignment or attachment. PCBs should be similarly designed to accommodate the chip layout, ensuring bond wires need not cross or traverse long distances. RF bonds should always use ribbon bonds (never cylindrical wire), which offer the highest surface area, and should be as short as possible; this minimizes additional parasitics and signal loss added by the packaging technique. 

[bookmark: _Toc207958076]Vector network analyzer calibration
The workhorses for the high-speed electro-optic setup and characterizing integrated photonic devices are the Keysight PNA-X N5245B (10 MHz – 50 GHz) vector network analyzer (VNA) and the Keysight N4377A (70 GHz) lightwave detector. Using this equipment, frequency dependent insertion loss (or bandwidth) and reflections can be measured, assessing the analog performance of devices and circuits. Additional testing can be similarly performed using the lightwave detector or the Newport MKS New Focus (25 GHz) 1414 photodiode (higher responsivity, lower bandwidth than the N4377A) along with the Teledyne Lecroy SDA MCM-Zi-A with LabMaster 10-36Zi-A (36 GHz) oscilloscope or the Anritsu MP1763C (12.5 GHz) pulse pattern generator and MP1764C (12.5 GHz) error detector (colloquially called a BERT). For example, the oscilloscope can be used to generate “eye” diagrams qualitatively demonstrating the digital performance of a photonic link. The BERT can be used to quantitatively measure digital performance, although at lower frequencies than the VNA or oscilloscope. Procedures for the high-speed oscilloscope and BERT are not provided in these appendices as I used this equipment under supervision of Dr. Andrew Sternberg (andrew.l.sternberg@vanderbilt.edu) from the Institute for Space and Defense Electronics (ISDE) at Vanderbilt. However, the procedures outlined for considerations to take in setting up and calibrating for high-speed testing still apply and can provide intuition for a student looking to adapt experiments to a wide range of digital and analog equipment. 
VNA Setup and Calibration:

Ground yourself and the table. The high-speed electro-optic table in the lab is directly connected to Earth ground.
Layout of experiment. Try to reduce how much the RF cables move between the experiment setup and calibration. Note that tight bends lead to extra RF loss and parasitics, which contribute to especially noisy data. Make sure all cables and connectors are tightened each time using the appropriate calibrated torque wrench (8 lb-in). Torque wrenches should always be held at the groove line to achieve the calibrated torque. The “ninja star” connector tightening guide prevents connectors from slipping or rotating, which can damage the inner connector jacket. Note: 0 dBm RF power is optimal, laser power should be kept < 10 dBm when testing discrete components. Always start with a low laser power and increase gradually, checking the high-speed N4377A photodetector, which has a built-in LED power indicator. Going above 10 dBm laser input could damage the high-speed photodetector. In general, turn RF power off when [dis]connecting cables, although this may not be possible during E-cal.
Initialization. Choose measurement settings for the PNA-X VNA. Typical settings are shown in Table X. Please note that calibration should be done for a specific group of settings. Changing the settings requires repeating the calibration procedure.






[bookmark: _Toc207958083]Table 8.2 Typical VNA Settings
	Setting
	Typical value
	Notes/Explanation

	Power (Power tab)
	0 dBm
	An RF electrical amplifier can be used in the case of excess RF signal loss or high RF input needed

	IF bandwidth (Avg BW tab)
	5 kHz
	See definition below*

	Spectral averaging (Avg BW tab)
	10
	Trade-off of smoother capture vs. capture duration

	Number of points (Sweep tab)
	501
	Trade-off of spectral features vs. capture duration

	Start / Stop (Sweep tab)
	10 MHz to 50 GHz
	Generally, I capture the full range and choose an axis limit later



*Intermediate Frequency (IF) Bandwidth: refers to the range of frequencies around the intermediate frequency in a radio receiver or signal processing system, essentially defining the band of frequencies that the IF filter allows to pass through after a signal has been converted to a lower frequency for easier processing; a wider IF bandwidth allows more signal information to be captured, while a narrower one provides better signal selectivity by filtering out unwanted noise. 

Calibration of cables and probes. 
Connect E-cal N4693-60003 module to the VNA, allowing for ~30 minutes to stabilize and warm up. The E-cal module will display a green indicator light when ready.
Perform smart calibration using Cal → Smart Cal → Check the following options: Port 1, Port 2, Perform Guided Cal. Select Next.
Port setup is measurement and test package dependent.
(c.1) Calibrating probed devices: Uncheck the option “One Connector.” Port 1: Probe – No Gender – CS-5 100, Port 2: APC 2.4 – Female – N4693-60003 Ecal 07562. Note that this example is for the CS-5 100 calibration substrate. Depending on the probe pitch (e.g. 100, 150 μm), different calibration substrates will be required. RF probes and calibration substrates are sourced from GGB Industries Picoprobe™. Follow the guided calibration procedure for port 1: Open (O on CS-5), Short (S on CS-5), Load (M on CS-5). Note that on the calibration substrate M is a 50 Ω load, L1 is a 50 Ω load for G-S-G-S-G probes, and L2 is a 25 Ω load. Make sure to use an undamaged pad set on the calibration substrate for each new calibration. Follow the guided calibration for port 2: cable connected to N4693 E-cal port B and port 2, cables connecting port 1 and port 2 using a 1” adaptor. Select a delay (~0.2 ns for two 1” adaptors). Save the Cal Set, which can be loaded later and checked by connecting port 1 and port 2 using a 1” adaptor. For this test, the system should be slightly over calibrated, accounting for the probe that is not present when the cables are directly connected. Each probe has 50 GHz insertion loss <1.5 dB, in general. S11 cannot be meaningfully compared in this case. If the through cable measurement does not meet expectations, the calibration should be repeated. In general, the cables and equipment can be calibrated with low noise from ~0.5 GHz to 43 GHz. Note that ports A & B refer to the E-cal module and ports 1 & 2 refer to the VNA.
(c.2) Calibrating fully packaged devices: Ensure the option “One Connector” is checked. Port 1: APC 2.4 – Female – N4693-60003 Ecal 07562, Port 2: APC 2.4 – Female – N4693-60003 Ecal 07562. Follow the guided calibration: cables connected to N4693 E-cal port A with port 1 and port B with port 2, respectively. Select a delay (~0.2 ns for two 1” adaptors). Save the Cal Set, which can be loaded later and checked by connecting port 1 and port 2 using a 1” adaptor. S21 should be zero and S11 should be minimal (< 10 dB). If this is not the case, the calibration should be repeated. In general, the cables and equipment can be calibrated with low noise from ~0.5 GHz to 43 GHz. Note that there will always be a “hanging” connector, which is uncalibrated. This is okay for radiation effects study where we care more about performance changes than the exact performance magnitude, as was mentioned previously in appendix section 8.2 introduction (see investigation strategies). If we wanted to qualify exact performance of a device, removing the contributions of each cable and connector is important. Since instead we want to measure changes to performance, the contribution of a hanging connector can be uncalibrated, so long as it persists throughout all measurements. Any parts not specially calibrated for should be identified in publication, for clarity. This issue could be easily solved with a separate M-F E-cal module, which costs ~$30,000.
De-embed N4377A photodiode. Turn the VNA RF power OFF. Connect the N4377A photodiode to the VNA using the USB cable and port 2 of the VNA to RF out. Using Cal → Fixtures → Fixture Setup → Select the node between the Lightwave detector and port 2 → Add Block. Check the option “Enable Block as” and select De-Embed. Select type File and choose the file corresponding to the desired wavelength for testing from the flash drive, which is internal storage on the N4377A. There is one file each for C-band and O-band characterization. Keysight provides the original S2P files from their in-house calibration techniques. Exit the configuration window (Add Block window) via OK, ensure that the de-embed fixture block is added to the block diagram view, check the option “Apply Fixtures” and select OK (Fixture Generator window). Confirm that the Apply Fixtures indicator shows “ON.” 
Run with device for test. Connect DC connectors, RF connectors / probes, fiber patches to the test package. Record and optimize the optical power and polarization in DC operation. Optimize the electrical controls if necessary (e.g., find the quadrature point for an interferometric modulator). Turn on RF power to measure S-parameters.
Make sure to restart averaging (Averaging tab) before saving data. File → Save Data As → use .csv. File → Print to File → use .png.
Save calibration and state settings. File → Save State As… → State and Cal Set Data (.csa) using User (D:)/State Recall Settings/… add a folder with your name and clearly save state settings as needed. These can be retrieved from File → Recall State. When retrieving settings, the calibration set can be retrieved from Cal → Cal Sets & Cal Kits → Cal Set… Always check that the desired calibration is selected and active when returning to use the VNA and check that the appropriate fixture de-embed is applied and active (Step 5). 

[bookmark: _Toc207958077]Tips and tricks for measuring integrated photonic devices
Take your time. Take breaks. Don’t forget to feed yourself. Better to do it right than do it twice. When you are working while tired (This does happen, a lot) make sure its simulation, coding, writing, anything where the stakes are lower.
Look before you leap. Any time you go to perform a measurement have a check list of all the items / parameters that need to be accounted for. There is nothing worse than the feeling of having shorted a device that wasn’t grounded, exposing a device to ESD because you weren’t wearing your wrist strap, or completing all your measurements with the wrong polarization. This list of things that can go wrong is long.
Know your theory. What do you expect from the measurement you are trying to make? How can you interpret and explain a result that you weren’t expecting?
A healthy amount of paranoia is not a bad thing. There is a lot to manage. Double and triple check that your experimental parameters are correct, that your data is saved, that you are measuring the correct device. When in doubt, redo the measurement.
Same goes for leaving the lab. Protect your device, protect your equipment. Don’t burn out the laser. Don’t leave the RF power on for the VNA. Both are really bad. 
Practice. Practice. Practice. Fibers are delicate and optimal alignment requires precision. Your device and fiber will be very close together and at some point or another they will accidentally touch. It’s not only touching a fiber to the sample that risks damaging one or the other, its how you respond.
Become an expert at the end-fired setup. If you aren’t an expert at making the most common measurement, how can you expect to be expert at the more complex ones? Or especially the ones that no one in the group has tried before?
Keep a golden sample. Experiment isn’t working? Measure something that you know will work and have measured before.
Data visualization is critical. Make sure to tell a story with you plots and figures. Every figure should serve a specific purpose, every plot is designed to teach and contextualize.
Back up your data. Make a data backup folder next to where your measurements are kept. Archive a duplicate of your raw data there. Ideally, you never need to touch this folder, but you never know.
Label your samples. Clearly. With a label maker. Organize their storage. 
Practice variable elimination. If you want to measure the response or changes due to radiation of a photonic device accurately and reliably, you need to eliminate intrinsic measurement variation. See 5.1.2 Electronic packaging, 5.1.3 Photonic packaging – fiber attach, 5.1.4 Combined electronic-photonic packaging. Take the extra time to perform the extra calibration check when needed. Monitor the temperature, ambient lighting, fiber alignment.
Know who and when to ask for help. Integrated photonics research is multidisciplinary: physics, optics, electronics, materials science, etc. When you are facing issues in the lab, work through several possible solutions, weigh the pros and cons, and seek advice from the faculty / senior students. Make sure to anticipate the first questions they will ask and bring a list of what you yourself have tried so far. 
Know the tools at your disposal. When troubleshooting, there is always an extra tool or piece of equipment in the lab that can help your investigation.
Learn to design parts. Machine shop on paper. 3D printing with CAD. Both are critical to accommodating new devices, layouts, and experiments.

[bookmark: _Toc207958078]Tips and tricks for RF photonic measurements
Calibration is the most important step. If you are not properly calibrated, you are not properly measuring. This process may seem tedious, but it is even more important to be careful here than during your measurement.
Loss is death. You will spend months minimizing sources of loss. Or maybe I did all that work for you up front. Either way, signals are always small and using bulk equipment to characterize on-chip components always brings extra orders of magnitude loss. Make sure to clean fibers each time. Make sure to properly tighten RF cable connectors. Take your time with packaging to achieve the best optical coupling possible and avoid parasitics.  
ESD, ESD, ESD. Wear your wrist strap and protect your equipment. It is all worth so much more than your comfort. That’s not to say you aren’t worth a lot. I’m just sure that whatever that number is – it’s less than $400,000.
Check all your cables, connectors, and in-line parts (e.g., bias tees) individually. Understanding the limitations of each part in your system can substantially help with analyzing results.
Always keep your torque wrench and “ninja star” (SMA connector adjustment guide) handy. Don’t set them down aimlessly, somehow, they tend to blend in and disappear.
Poke around and ask around. I hope that the need for this is reduced following my Ph.D. and documentation of equipment and procedures, but there exists several decades of equipment around campus from ISDE. You may find exactly what you need left in a cabinet that has been long forgotten or mistakenly moved.
To that end, no equipment is too old to be useful. Electrical characterization equipment is always built to last. The same way your parents probably lament that refrigerators and washing machines “don’t last how they used to,” electrical characterization equipment from 20 years ago can be exceptionally useful for your work. Just make sure you know what a floppy disk is.
Read manuals. I know it is the most boring read ever. But Keysight, Tektronix, Rohde & Shwarz, and Keithley all write exceptional manuals to make your life easier.
Make friends with technical engineers. I have found some of my most useful collaborations through vendors, especially Keysight. Tell them about what you are working on, I guarantee they will think it’s cool. Make sure to respect their time, investigate the issue yourself, but a pointed question posed to a technical engineer that knows the ins and outs of a product can often be the perfect missing piece.
Visit other setups whenever possible, including the lab space of your collaborators and equipment booths at conferences. The equipment / techniques you are using now may not be perfect for the job. There’s always something new and exceptionally cool that you could add to the wish list or to your skill set. 
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