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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##f, e.g., silicon) illustrated in grey, the substrate or lower
cladding (Rub, €.9., silicon dioxide, Si§) in blue, and the cover or upper cladding.(ne.g., air)

is transparent. (d) Ray picture in a side view cisEsgion 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 froedv crosssection of a ridge waveguide as in

Figure 1.2. Electrcoptic modulators. (a) Crossection of a prdoped, phase shifting rib
waveguide with implant regions labelled to indicate the impurity dopant type and resulting charge
magni tude, indicated by the numb gthecathodefiapd us o
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, p#hd silicon handle are labelled.
Top-down simple schematic illustrations of (b) a Matéhnder modulator, (c) an absorption
modulator, and (d) a ring modulator. (e) Simple PIC schematic with four wavelength inputs, ring

modulator data encoders, and ayrdrop filter wavelength division multiplex scheme outpi@

Figure 1.3. Waveguidecoupled photodiodes. (a) Perspective illustration of a photodiode (PD)
edge coupled to a waveguide (WG). Photodiodes can also be implemented using evanescent
coupling or gratings cehip or via inplane or ouf-plane fiber coupling. Figure rapted, with
permission, from44]. (b) Crosssection schematic of a laterally configured@eSi photodiode.

In this case, the Ge and Si are shown as doped, although some photodiodes only employ Si
implants. (c) lllustration of photodiode current chagaistics. Thel-V characteristics of a
photodiode are shown, with avalanche breakdown (red), reverse bias (blue), and forward bias
(green) regimes indicated. Current characteristics without illuminabich §§ o), with a small

optical input 0 € 1) om), and with a large optical inpub (¢ fl o) are shown..................... 14

Figure 1.4. Materials with large electroptic 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. f€@gund caption reproduced,
WIth PermisSSioN, frOMI76]. ...t mnne e 17
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Figure 1.5.Silicon nitride for integrated photonics. (a) Bend radius vs. propagation loss for silicon
on insulator (SOI), stoichiometric silicon nitride 4Sk), 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, f{8@). © 2018 IEEE. (b) Schematic of a full-on

chip PIC with (from I&) 11l -V laser sources, lowoss silicon nitride routing elements, and silicon

active elements. Figure reproduced, with permission, fRI1............cooovvviiiiiiiicreeeiiinnns 19

Figure 1.6. Photonic crystals. (a) The photonic band structures feaxi propagation, as
computed for three different multilayer films. In all three cases, each layer has a widtla of 0.5
(whereai s t he period I ength in the crystal). Left
Center: layers alternate between U of 13 and
Simple examples of onetwo-, and threadimensional photoui 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 Editibg John D. Joannopoulos,

Steven G. Johnson, Joshua N. Winn, & Robert D. MEHstH. Copyright © 2008 by Princeton
University Press. Reprinted by permisSiOn...........ooooeiiiiiiiiccc e 23

Figure 1.7.1-D photonic crystal waveguides. (a) A normalized band diagram of a circular airhole
PhC nanobeam with peri@ds shown, with fundamental transverse electric mé&gesandEp 2
indicated in red and the PhC bandgap shaded light red. The fundamental transverse magnetic
modes (M) are also indicated in blue. Electric field concentration at the (b) dielectric band edge
(E,nyatk = 0.5) and (c) air band edgEd2) atk = 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 Editigrdohn D. Joannopoulos, Steven G.
Johnson, Joshua N. WA, & Robert D. Mead§l51]. Copyright © 2008 by Princeton University
Press. Reprinted DY PerMISSION........ooiiiiiiiiiiteeer e eeeeas bbb e e e e e e e e e e e eeans 25

Figure 1.8. Design of photonic crystal nanobeam cavity embedded in a waveguide. (a)
Transmission spectrum of an airhole PhC nanobeam cavity from-difiéeence time domain

(FDTD) simulation. (bXd) TheEy el d di stri bution in the middl e
Resonances and symmetries of the modes are indicated in the plot. The symmetry plane is indicated
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by the dashed red line. The lengthunitof xandyin(ld ) i s em. Figure and ¢
with permission fronj152] © 2011 Optical Society of AMeriCa............cceevvvvvvviiieeneeeeeeennn. 27

Figure 1.9. Sidecoupled photonic crystal nanobeam cavity and far field scattering profile. (a)
lllustration of a sidecoupled photonic crystal nanobeam cavity and its far field scattering profile
(pink). (b) Scanning electron micrograph (SEM) of a sidapled PhC anobeam 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
Amodal fi nger pr lechRhG nanocbearh tagty is (b)dfe the fiostitpree ordered
resonance modes. (e) Normalized transmission spectrum of theosigied PhC nanobeam cavity

with fiber-coupled input and output through the bus waveguide indicated in (b). (f) Average
scatteringdetected by the infrared camera placed in the plane above the PhC nanobeam cavity as

in (a). Figure adapted with permission fr¢b59] © 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..............oooiiiii e, 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)

Si mul ated pr oy |IEgdsplacémemt fiell®) t, r iaon df iedlec t(ri ¢ yel d
a silicon antislot wavegui de. (c)ySchréermatird cl
amplitude E) , electric displDhcemandt eyekcdramplietdder
the antislot along the-axis as indicated by the dashed line in (a). (d) Schematic of a slot waveguide.
(e) Simul ated proyles of E, D, and electric
assuming the withs of the waveguide and slot ar805and 50 nm, respectively, where the
minimum feature size is comparable to the silicon antislot widtf) (a all cases, the light
polarizationisinthesa xi s (transverse el ect JE®)andelegtrit ) Sc h
yeld energy density acr oaisas indicateddy thetdaskned ineigui d e
(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 (xplane and crossectional view (yzplane) schematics and
associated air band edge electrical energy in the center bowtie cavity unit cell. (i) (lefpWop

SEM image of a single bowtie PhC unit cell and (right) tilted SEM image of an undercut bowtie
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PhC revealing the owdf-plane profile. (&) Figure and caption adapted, with permission,

from [147]. (g1) Figure and caption adapted, with permission, ff@dd]................ccoeeeenns 34

Figure 1.12.Sources of radiation. (a) The spectrum of radiation from the sun that reaches the top

of the Eartho6és atmosphere (yellow) and at sea
the light that is absorbed by components of the atmosphere. Fighoagimon reproduced from

the NASA Plankton, Aerosol, Cloud, Ocean Ecosystem (PACE) website (oceansciences.org) and
prepared by Robert Rohde (Wikipedia), reprinted under the CGB8.0. (b) Plot of the integral

flux of protons of various energies in tfian Allen Belt as a function of dipole shell or Earth radii.

Figure reprinted, with permission, frofi71], © 1988 IEEE............ccccciiiiiiiiiiiemeee e 41

Figure 1.13.Solar particle event imaged by SOHO LASCO. Images from Octoler2P®3 (a)
before and (b) after the fdAHall oweeno sol ar p
accelerated by a coronal mass ejection. Image Credit: ESA/NASA/NRL. Figure adapted, with
PEIMISSION, FrOMILT7 2] e it e e e e e et s e e e e e e st mmmeasaa e e e 42

Figure 1.14.Typical radiation levels. (a) Minimum total ionizing dose hardness requirements (in
krad(Si)) for several syax @ @nsdseinhoont es yvsetheintsl.e ,
and internal, respectively. The numbers fA10 a
vehicle. Approximate altitude ranges of lower Earth orbit (LEO), upper Earth orbits (UEO,
including MEO, GEO, HEO), and deep space eolor 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) 2aFigAre &d &aptiandaflaptedDOwith permission, fiprd], © 199

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 tegor(c) Relative
abundance of ion species in galactic cosmic
abundance is effectively negligible. (d) The integral flux of ions with linear energy transfer (LET)
greater than the LET value shownonthaxxi s f or t he Aworst dayo sol
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 shielthg. (b-d) Figures and caption adapted, with permission, fi@#b], © 1994

XVil



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, frofi66], © 2021 IEEE. (b) Schematic illustrati 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..............c.cooiiiiiiccmiiii e 48

Figure 1.16.Displacement damage. (a) lllustration of the relative probabilistic energy distribution
of protons in the space environment with the atomic interactions classifications in each energy
range (up to 4.0 MeV - coulombic, nuclear elastic, greater than 20 MeWNclear reactions) and

the scale of single defect formation (coulombic interactions) to many subcascades (nuclear
reactions). Figure reprinted, with permission, frdi@9], © 2003 IEEE. (b) Schematic illustration

of the crosssection of an nMOS trans@st (c) The formation individual lattice defects in silicon

after displacement daMAGE. ... ... ..uuiiiiiiiie e 50

Figure 1.17.Single event transient. (a) Schematic illustration of the esestion of an nMOS
transistor. The inset (right) shows the formation of eleelrole pairs along the path of an incident
high-energy particle. The generated charge imbalance causes dmihtchack into the N well.
Single event transients in (b) lateral and (c) verticalSG@IN photodiodes generated using a
pulsed laser under different bias conditionsc)lF-igure reprinted, with permission, frd202],

© 2021 IEEE-........iii ittt eeei ettt em e et e et e e e e aamne e e a e e e e e e nnnrrreeas 53

Figure 2.1.(a) lllustration 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 RO split ring
PhC is illustrated by the pink glow inside the split in eaaly.r(b) Schematic of split ring PhC
unit cell with tunable dimensions labeled. Reprinted with permission [ft6d] © Optica
(UL o1 111 a1 Vo T {0 U o TSP 61

Figure 2.2.(a) Photonic band structure of RO 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 .i(lQr&mulated
transmission spectrum for split ring PhC having a finite length of 27 unit cells. Reprinted with

permission fronj161] © Optica Publishing Group..............cccooiviiiiiieei e, 63

Figure 2.3.Electric field energy density (i.e., proportional t§) Histribution at air band edge for
(a) RO, (b) R30, (c) R60, and (d) R90 split ring PhC unit cells using a color map normalized to the
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peak energy density of the RO unit celf/@=q?), allowing direct comparison across all unit cells.

(e) Rotation angle dependence of peak energy density (normalizeefangide 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) frequencye ttotation angle is held constant at zero degrees. Reprinted

with permission fronj161] © Optica Publishing Group................coovviviiiiicccrceeceee, 66

Figure 2.4. Electric field energy density profiles at the air band edge for infinitely long PhC
waveguides with (a) the RO s%%¢(b)ithe RI0Bplitgnguniti t c e
cel l (e = 161,0.&dndhm,c)d t=he9 Of ul I ring unit cel
removed from the structure. The energy density profile is plotted using a color map normalized to

the peak energy density of the RO unit cef/Brs?). Reprinted with permission frofil61] ©

Optica PUDIISNING GrOUP.......uuuiiiiiiiiiiiiiiii ettt eeee s 66

Figure 25.El ectric field energy density profile ali
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 peakyedergsity of the airhole

PhC unit cell (B/Ean?). Reprinted with permission frofd61] © Optica Publishing Group...68

Figure 3.1. (a) Schematic of designed silicon device layer of-glati 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 directiooateohéy the

black arrow (bottom right). (b) Cros®ctional view of corresponding vertical material stack. ©
2023 IEEE.. .. o et e e —————— e et a e e rnnns 75

Figure 3.2.(a) Energy density distribution in a PhC unit cell with no-ahdt (AS) (i.e., silicon

bar) compared to unit cells with varying asldt widths (vas). The color map is normalized to the
peak energy density in the bar. (b) Normalized peak energy density of PhC unit cells with different
antislot widths. An exponential line of best fit is plotted (dashed) as a guide to the eye. (c)
Simulated transmissmospectrum of antslot PhC nanobeam waveguide shown in Fig. 3.1. © 2023
[EEE ... eei oottt ettt ——e et et e e e e e b —— et e e e amne e e e a b taee e e e e e e nnreeeannreeeeeans 77

Figure 3.3.SEM image of three unit cells of the fabricated-afdt PhC waveguide with minimum
antislot width of (&) 70 nm and (b) 1X0n. Corresponding energy density distribution in
simulation of (¢) 70 nm and (d) 110 nm asliot PhC unit cell. The energy enltament is
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concentrated at the pinched region of the design corresponding to thetoamggion with

normalized enhancements of 2.73 and 1.73, respectively. © 2023.IEEE........................ 79

Figure 3.4. Simulated (orange) and measured (blue) transmission spectra afican@hC
nanobeam waveguides with tapered-atdt features as shown in Fig. 3.3. The solid traces (left)
correspond to the 70 nm dielectric aslot and the dashed traces (right) cepeand to the 110 nm
dielectric antislot, as labeled. © 2023 [EEE..............ccuuiiiiiiieeeriiiiieeeeeee e 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 insgle#re dashed boxes.

The areas of maximum optical energy concentration are illustrated by the pink glow inside the
dielectric mode deep subwavelength slots. The inset showsdmtapschematic of the coupling
between the bus waveguide and the PhC anblléiog& bolded arrow indicates the direction of light
propagation into the nanobeam along trexis. (b) Topdown schematic of the slotted PhC design.
The PhC tuning parameters, which include air mode slot wwdtf), [dielectric mode slot width

(was), PhCperiod @), and PhC waveguide widthvgnc), 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 &ckground 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)-§&ossnal
schematic of the optical material stack in Gl@maindries FotoniX! technology. The buried oxide

(light blue), silicon rib and PhC device layer (grey), and silicon nitride (purple) are indicated.
Reprinted with permission frof257] © Optica Publishing Group............cccceeeeviiiiiieennnneen 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 indicatedesgteen
rectangular overlays. {b) 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 densitya traditional air mode slotted PhC unit cell with a 140

nm slot width (i.e., Enc/Erer?, Eret?/Eret® = 1). See Fig. 4.6 for the reference PhC design. The
enhancement factors for the energy distribution of the dielectric and air modes are 3.943and 3
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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 fi@57] © Optica Publishing Grou®0

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 im2@&snm, 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)aaacent reference waveguide (blue) of the
same total length are plotted, and the dielectric band edge of each PhC waveguide is located within
the telecommunications-Band. The noise floor in measurement is approximafsydB below

the reference wavegde transmission. (g) Normalized transmission spectra (ix.waleguidel

Tphc waveguidk 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 fronj257] © Optica Publishing Group...............coevvviviiiiiccceeeeeeii, a3

Figure 4.4. Layerby-layer sensitivity of deep subwavelength slotted PhCs. (a)dbom
schematic of the 40 nm slotted PhC patrtially filled with a uniform refractive index layer (blue). (b)
Top-down schematic of the 40 nm slotted PhC with 100 nm width masked regaonhally 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 (blueggnd mask layer (green) are indicated in the legend. A
summary of the 3D FDTD laydyy-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 (g the masked slotted PhC waveguide scheme in (l)) @ashed traces are included for

each design as a guide to the eye. Reprinted with permissiorfZ83th© Optica Publishing

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 peakielgeld amplitude of the slotted

PhC ring. The insets show a schematic of each microring resonator layout with green rectangles
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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 theeplesubwavelength slotted ring
resonator and (d) 10 nm for the traditional ridge waveguide ring resonathrTfe transmission
spectra without any added layer are also shown (orange). Reprinted with permissif25#p@

Optica PUDIISNING GrOUP.......ccoiiiiiieeieeme e e e e e e e e e e e e ameeaa e e e e e s 97

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 athisd BhCs. The color

map is normalized to the peak electric field energy density in the reference air mode slotted PhC
unit cell (i.e., Brc/Erei?, Eet?/Erer? = 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 perin@si{257]

© Optica PUBIISNING GrOUP-......oiiiiiiiiiie et eemr e e et e e e eenne e 104

Figure 4.7. Energy density scaling with PhC slot width. (a) Tagwn 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(E.:?) 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 &th the air band edge (blue) and dielectric band edge (orange). A
guadratic line of best fit is plotted (dashed) with each trace as a guide to the@ye.€hch trace,

the slot width of the mode not under study (e.g. dielectric mode dith Wor air mode traces) is

held constant at the width obtained from SEM in Fig. 2(a). Reprinted with permissiof26@m
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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 ehstiastwithout an added

layer (orange). Reprinted with permission frfgb7] © Optica Publishing Group.............. 107

Figure 5.1.Crosssectional 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
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width along the »axis and length along theaxis, respectively. (a) The double row contact pitch

of the doped Ge cathode is 60@. The approximate span of the P+ (a) and N+ (a,c) shallow Ge
implants are indicated in red and blue, respectivekg) (bheintrinsic 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 (b00nm and (c) 450 nm for the SLPIN and GSLPIN, respectively. (d) Schematic
layout of the GeSi photododes studied. From the left, device§G5VPIN), 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 cloplywith

grating couplers optimized for-Band and @and wavelengths changed between macros. © 2025

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 b to 10
protons/cn. 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 Oband modes of operation. © 2025 IEEE...............ccoo e 118

Figure 5.3.Representative 1-BleV proton irradiation results. Dark current IV characteristics of
the (a) GSVPIN, (b) SLPIN, and (c) GSLPIN following each proton irradiatien) {de order of

trace color with increasing proton fluence is indicated by the legeetimga). © 2025 IEEE.

Figure 5.4.1.8-MeV proton irradiation summary. (a) Photodiode dark currents takenwatts,

(b) ideality factor calculations, and (c) photodiode dark currents taken at O volts after each proton
fluence with the mean (marker) and standard error (error bars)dpiotldue (GSVPIN), orange
(SLPIN), and green (GSVPIN).{@ The total ionizing dose in Sg@orresponding to each proton
fluence is listed on the upperaxis and the highest ionizing dose reached wHtaxirradiation

(2 Mrad(SiQ), see Fig. 6) is indicated by the red dashed guidelines. © 2025.IEEE......121

Figure 5.5.Representative tReV X-ray irradiation results. Dark current IV characteristics of the
(a) GSVPIN, (b) SLPIN, and (c) GSLPIN following eackray irradiation. (ac) The order of trace
color with increasing Xay dose is indicated by the legend insetin © 2025 IEEE........... 124

Figure 5.6.10-keV X-ray irradiation summary. (a) Photodiode dark currents takenatlts, (b)
ideality factor calculations, and (c) photodiode dark currents taken at O volts after-eackose
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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(SiQ) occurs at 1% protons/cm) from the proton irradiations in Fig. 4. © 2025 IEER25

Figure 5.7.Normalized comparison of irradiation results. Relative current incrgase/(o) taken

at-1 volts and expressed as a percent for (aMe¥ protons and (b) HeV 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 equivatéationizing dose (2 Mrad(SiKpoccurs

at 10 protons/c). © 2025 IEEE...........cc.coueiueiuieeeeeeee et ete et vemere e eve e eae s 127

Figure 5.8.High-speed electroptic characterization. The-and electreoptic bandwidth (S21,
dB) is reported for the (a) GSVPIN, (b) SLPIN, and@&SLPIN from 10 MHz to 40 GHz before
(blue) and after (orange) irradiation with V&V protons up to 1 protons/cm. © 2025 IEEE.

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, (I183Srom one of

the X-ray irradiated samples before and after 2 Mrad{B}¥Gray dose, 24 hours after irradiation,

and after temperature testing up to 125 °C (measurements taken at room temperature). © 2025

Figure 6.1.(a) Perspective schematic of aslibt PhC nanobeam and underlying silicon rib. The
pitch @ and antislot width ( ®) are labelled. The mode propagation direction is indicated by
the white arrow (3axis). (b) Crossectional view of corresponding vertical material stack. (a, b)

The area of energy localization when operated at the band edge is highlighted. pink...137

Figure 6.2.Spectral characteristics collected using the Luna OVA of the (a) 60 nm, (b) 90 nm, (c)
130 nm antislot PhC nanobeams before (orange) and after (blue) irradiation“td.s8veV
protons/cm. (a-c) Topdown SEM images showing five unit cells across the-sloti PhC
waveguides with the minimum argiot width labelled are inset in each plot. (a) An additional
trace (dashed) for both prand posirradiation is included to examine wavelengfusbelow 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
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measurement uncertainty and reduced spectral resolution compared to the original measurement.

Figure 8.1. (a) Photographs of the higipeed electroptic 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 setupgukitufa) showing signal paths.

High-speed, die bonded RF test package (inset bottom left)............ccccovrieeee 152

Figure 8.2.(a) lllustrations 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 latodsi(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 ét@al contacts and optical gratings are positioned
closely in the chip | ayout. Pink plastic Luer
were substituted for the metal Leur needles to reduce risk of damaging fiber tips and provide a
more compactéiusi ng avoiding obstructed views from

devices with very compact fOOIPINIS..........ooeeiiiiiiiiiee e 153

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 feedttéugh.

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).

Figure 8.5.Photograph of a fully packaged RF PCB test board with a 30° angledrbdld 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 PG&,layith 11 DC

and three RF (GSGSGSG) pad locations oriented around the tile mounting position (6x6 mm
{0 [ L= =) T TP PPPPPPPPRRN 163

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 withviinegbond, long
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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) Screenwepf 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 straigtenao
transmission line on the RF PQRogers 4350B). The-Barameters are shown: S11 (top left),
S12 (top right), S21 (bottom left), S22 (bottom right). RF intensity (log scale) is represented on
the yaxis and frequency (10 MHz to 50 GHz) is represented On-&8XSX.................evveneens 166

Figure 8.7.(a) Screen capture of VNA results and (b) KiCAD layout using a straight 3 em co

planar transmission line 0N the RF PCB.............uuiiiiiii e 167

Figure 8.8.(a) Screen capture of VNA results and (b) KiCAD layout using a straigptacar
transmission line and short wire bond (~2 mm) on the RF PCB (total length 3.cm)......168

Figure 8.9.(a) Screen capture of VNA results and (b) KiCAD layout using a straigphtacar

transmission line and long wire bond (=10 mm) on the RF PCB (total length 3.cm).....168

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 rightiofage. (d) Three repeated
transmission spectra measured from-baid loopback are shown after alignment in the epoxy
(blue), after the UV spot cure (orange), and after the 100 C bake (green).................... 172
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CHAPTER 1

Introduction

In thisdissertation| discuss the ways that unique physical properties at the nanoscale can
be leveraged to advance the performance of scatablgrated photonicsomponentsind systems
Further, | address the robustness ofcbip signal modulation and detection for aerospace
applicationd1], especially focusing on footprint, power efficiency, and fsgked performance.

In this multidisciplinarythesis optics, electronics, physics, and materials science are agglomerated
to propel advancement in the strength and nature oftigttter interactions in integrated photonic

components and operational reliability in haratliationenvironmentss in outer space

1.1 The marriage of semiconductor computingand integrated photonics

Especially over the last decadlee demands for data processing and transfer have grown
exponentially, following ballooning computing requirements from revolutionary global
technology initiatives includingrtificial intelligence and machine learnirgdoud computing, 5G,
internet of things, and moreThe practical atomicscalel i mi t s t hreaten the
lithographical scaling approacb reduce transistor node size and drive computing advancements
by an approximate doubling transistor density evexy yearsashas beemescribedsince 1965
by Gor don NPg3p iHeeed sse ttaditiwnal in quotes to avoid implying that transistor
scaling is in any way a straightforward endeavbis effort has requirettillions of dollars and
many thousands of the greatest scientists and engineers across the world to revolutionize
semiconductor manufacturing its@df. 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 towardolumeproduction of a 2 nm nodwmlled N2in 2025[5]. Moreover the next
technol ogy rel ease owicis8didd aldrasstlze dompqund inagureAfl 6
global demands on computing, @@wer consumption requirements have grown in lockstep and
created a twdold bottleneck for new technologi¢s,7]. As suchthe augmentation of current
traditional copper interconnedtsnecessary to keep up with the desires of data ceotersumers,
research, and national security efforts alike.

Fiberopticcommunicationfiave long beerssential to global connectivenedse to the
great bandwidths and low power consumption achieved by using light as in information carrier in
optical fiber. Todaygdatais routed between cities, countries, and continents using billions of
kilometers of longhaul optical fiber bundle8]. Additionally, initiatives from Google, AT&T,
and others continue to construct the infrastructure required to bring optical information transfer to
businesses and homes. Ndhe attention has turned toward bridging the gap between the fiber
communications and semiconductor computing sectors, leveragingptexl and efficiency
advantages of optical datacom toward inter and even-chigacommunications using optical
interconnectswhich use fibers or enhip waveguides to transmit information where |lasgnals
are the information carrier instead of currfgijt

Hence, photonic integrated circu{ICs)have become a direct corspient to electronic
ICs for computingwith 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, siblesed chip has become alitgg10i 12].
Integrated photonic optical transceivers and photonic medical diagndsitd] have already
been commercialized and continue to grow. Moreover, new research frontiers in optical

trapping[15,16] quantum computinfl7i 19], and LIDAR[20i 22] (light detection and ranging)



have been established. In each of these areashiprphotonic 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, capafutitmultiplexing, and minimizing

cross tal23,24] As integrated photonics research and commercial technology improves, a
marriage between electronic computing and photonic data transfer circuitéikeiyl best
accommodate growing global demand for efficient information processing and t{@32&].
Research and technology development in integrated photonics has made sufficient progress to
initiate swift commercial growth; the silicon photonics industry has experiensestained0%

or greatecompound annual growth radger the last several yeasd is projected to reaehtotal

PIC die revenue of nearly obdlion USD in 2029 [27]. Just like the pa$i0 yearsn theelectrical

IC industry, researchers like me have sought to consistently imptbgeperformance and
compactness of integrated photonic componentltress datdemands across the wofRB].

While a current focus it big data centermoving transmission linkaway from bulky or
electronic hardware teard PICs, the demand necessitates improvemeritsthtthe component

and circuit level.

Current stateof-the-art research in integrated photonics is focused on design optimization
of guiding geometries and materials usedchip. One major thrust involves engineering
waveguides, which are the structures that guide light through the phobauitsg to minimize
loss and maximize efficiency. Additionally, while silic{fi) is an excellent guiding medium with
low loss in the near infrared and brings the clear advantage of existing manufacturing expertise
from commercial complimentary metaxide-semiconductor (CMOS) processing, its properties
are not easily tuned. New complimentary materials to silicon are being explored, including silicon

nitride [29], lithium niobateg30], group IIFV semiconductor compoundi31], and phase change



materialg32], each offering unique optical properties such as low absorption or tunable refractive
indices. Additionally, the use of hybrid and 2D materials (dgxagonal boron nitride, etd33i

35] and leveraging nonlinear optics in the guiding medj@6)37] are being explored to enable
active control over light signals. This research aims to not only increase bandwidth and reduce
energy consumptionf photonic components and systemg also to enable the integration of
more complex optical functionalities on a single chip, paving the way forgesdration photonic

technologies in computing, telecommunications, and sensing.

1.2 Basicphotonic components
1.2.1Optical waveguides
To understand the principles of integrated photonic devices and circuits, one must first
investigate the optical waveguidehich is the fundamental building block to a photonic device
or integrated circuitJust as metal trasand wirescarty electrical signa, silicon waveguideand
optical fibes carty optical signalsPhotonic waveguides rely on total internal reflectishere
light incident at angles above the critical limi) will reflect inside the higher refractive index
guiding medium of the waveguide:

T
_ AOAQE-E—I-sh (1.1)

where the refractive index of the guiding medjuon core(¢ ), is greater than that of the
cladding mediumg 9. Theguiding medium is used to reflaacidentlight inside its interfaces
allowing for thecreation and propagation afguidedwave satisfying the transverse waveguide

condition:
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whereQ is the wavevector within the guiding mediugis the thickness of the waveguide,
and%o. and%o 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 waarécle duality of lightThis isillustrated inFig.

1.1, which shows examples of simple waveguide structamesboth the ray and guided mode
descriptionOn-chip waveguide schematio$§ asilicon-on-insulator (SOlstyleare shown, which

is representative of the designs utilized throughout this dissertation, although it is worth noting
that optical fibers use the same wavegugdaonditions but in spherical geometriétere, the
terminology is specified into describing the waveguide as a three layer film stack with substrate
(lower cladding), film (core), and cover (upper claddidgjditionally, the transverse electric (TE)

and transverse magnetic (TM) fundamental mode distributions are shown in Figf) lvil{ere

TE and TM refer to the polarizations with electric field and magnetic field perpendicular to the
plane of incidence (ugnd down in the page), respectively. Thignsudated 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:

~

O Q h (1.3)

whereOis the electric field distribution (shown in the plots),s the angular frequency of the
wave defining its oscillation in tim& and is the wave vector or propagation constant along the

z-direction that defines the phase of the travelling wave along the waveguide.



(a) (b) (c)

Figure 1.1. Silicon on insulator waveguides. Schematics of (a) ridge, (b) rib, and (c) buried
waveguides wittthe film or core (nsm, €.9.,silicon) illustrated in greythe substrate or lower
cladding(nsun, €.9.,silicon dioxide Si(G) in blue, and theover orupper claddingrov, €.9.,air)

is transparent. (d) Ray pictune a side view crossection 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 esestion of a ridge waveguide as i

(a).

Another important waveguide description is effective index (), which can be defined

in several ways using fundamental constants:

- L6 & (1.4)

F_ 1 0
“ 0

Ol| —x

Here, the characteristic, frespace wavenumbgiQ) can be rewritten as 7¢* , where_ is the
characteristic wavelength, or asgularfrequency divided by the speed of lightfc).1 is also
equivalentto 0 , whereb 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:

& ¢ ¢ R (15)



where the value &f  for a given mode can be compared qualitatively to the material index of
the waveguide core and describes the localization of the mode; that isglargeorresponds 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 ff@8id in

1.2.2Modulators

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 photonias, thig 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 propestdd light as it propagates through anabip photonic
circuit. Unlike the electrical transistor which controls only current on or current off $éate 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 cargyunique information can be routed through
the same waveguide, a process called waveletigition muliplexing. There are three widely
studied modulator configurations: Madlehnder, ring, and absorption modulators. The most
typical design strategies for these devices leverage the application of an electrical voltage to change
the modulators optical progars, which is coined an electaptic effect. In the case of silicon, its
electrooptic coefficient is very weak39], which necessitates doping or heterogeneous materials
integration tancreaseéhe 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. | note also that theapemo
coefficient in silicon is substantially greatban its electrapptic Kerr coefficient making resistive
heating a useful method for statically tuning the optical properties of wavedd@eslowever,
Joul e heating 1 s far t oo sl ow aacheved byeoptisal t o
modulators formed in materials with strong eleairpt i ¢ coef fi ci ents or
speeds achieved by optical modulators formed in doped silldence, a combination of static
thermal tuning and dynamic electoptic switching is often used in device design.

For simplicity, | will discuss only example casa siliconand germaniurwvhereimpurity
dopng is usedo provide excess charge that can be influenced by a vatgged electric field
to modify its refractive indices and achieve amplitude or phase modulatigitionally, 1 will
omit many of the details of dopant implantation in semiconductors, which can be found along with

direct influences on optical propertied4#1]. 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-type region and holes in thetype region away from the pn interface near the
center of the waveguide, which is called carrier depletion. Thus, the effective refractive index
(¢ ) is modifieddue to the change in carrier concentratiomhich changes the rate of phase
accumulation in the waveguide, as discussed above. For the-Zéhcider modulato(MZM)

shown in Fig. 1.2(b), changing the phase accumulation tmttilagdlight signal ¢p§) causes
interference when the modulated and reference sigpadmbine. The phase difference (between

0 and 90 degrees) at the device output will dictate the output light intensity for amplitude

modulation based onconstructive or destructive interferencEig. 1.2(c) shows a straight

m e

e\



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 germanailicon) instead osilicon, reverse bias can be
applied to shift the semiconducting bandgap and influence optical absorption via the Franz
Keldysh effec{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 wéthingh
structure, reducing the transmissiorthe bus waveguid®ward zero. The relationship between
thering waveguide properties and the wavelengths of these resonances is defined by:

a (1.6)
0

¢ 2=

whered is the circumference of the ring@, is an integer,_is the resonant wavelength, and

can bemodified 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 infonrttatbuigh the device, the
ringdébs index can be modulated to match and mi s
again for amplitude modulation. In PIC design, several rings can be cascaded together each to each
individually address a specificavelength 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, sdl llimit 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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Figure 1.2. Electrcoptic modulators (a) Crosssection of a prdoped, phase shifting rib
waveguide with implant regions labelled to indicate the impurity dopant type and resulting charge
magni tude, indicated by the number of Apluso |
anode orthis pn junction route the applied voltage and are positioned to avoid interfering with the
optical mode. The buried oxidBQX; e.g., silicon dioxideSiO) and silicon handle are labelled.

Top-down simple schematic illustrations of (b) a Matéhnder modulator, (c) an absorption
modulator, and (d) a ring modulator. (e) Simple PIC schematic with four wavelength inputs, ring
modulator data encoders, and ardrop filter wavelength division multiplex scheme output.

1.2.3Photodiodes
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
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two-way communication between PICs and electrical logic, memory, and application specific
circuits. Hence, a photodetectorimployed, 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 signalAs illustrated in Fig. 1.3moston-chip photodetectorsor photodiodesare
formed as a m or pi-n junction, where the semiconductor material is strategically doped with
localized ptype and Aype implant specigsometimes with an intrinsietype region in between)
creating a junctiorpotential and buitin electric field where electrehole pairs (EHPs) can be
created43]. As photons with energy greater than the semiconductor bandgap are absorbed by the
photodiode and generate EHPs, holes are swept towarda¢igeom and electrons are swept toward
the nregion, thus generating an electrical current that is used to atlaeedsctrical IC following
the PIC. Since the bandgaf®() of silicon is around 12 eV (~1100 nm), doped silicon
photodiodes are not often employed in PICs, which use wavelengths near 1320195 eV,
O-band) or 1550 nm@ ~ 0.8 eV, CGband). Instead, germaniuri®(~ 0.66 e\}, germaniurn
silicon alloys (0.66 <O < 1.12 eV), or indium gallium arsenid® (~ 0.75 eV) can be employed
for near infrared (NIRphotodetectionSince germaniurtand germanium with silicon impuritigs
can be readily grown atop silicon layers with reasonably small lattice mismatch (~1%) and similar
thermal expansion rates, Ge or-Siephotodiodes are thmost employedavithin PICs[44].

The total photodiode curreat moderate reverse bias intended for photodiode operation
(dependent on junction design, e-d.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-afdhe p

p-i-n junction. The level of photocurrerffO  achieved for a given optical input pow@ ) is

11



characterized by the responsivity) and quantum efficienc{~) of the photodiodewhich are

related by:

0 (1.7)

¢

CA

~ (1.8)

YQ.
—h
n

A

whereQ s P 1| a n c k’Gssthe drequescly afrlight, anglis the elementary charge of an
electron. Responsivity and quantum efficiency can be characterized as a function of wavelength
using a fixed power optical inpand applying reverse bias intended for photodiode operation (e.g.,
-1V, -2 V). Then, thehotocurrents measured antbupling losses up to the photodiode interface

are estimated (using reference waveguides in a PIC layout) and subtracted.

Conversely, drk currentarises from nosndeality, or defectivity, in the junction and adds
noise to the current signal. Dark curremtsse due to EHP recombination processgtb],
including:

1. ShockleyReadHall (SRH) processes due to midgap defect trap states in the depletion
region

2. surface leakage currents along the sidewalls or at interfaces, especially in devices with poor
surface passivation

3. trap-assisted tunneling currents, particularly in devices with high doping concentrations or
under high electric fields

4. diffusion current from minority carriers injected into the depletion region

12



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 voltageMinimizing 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 signalYhis is achieved by materials engineering, improving the quality of
interfaces and mitigatindefectivity within the sensitive volume.

It is also worth noting that dominant current characteristics of photodiodes outside of
typical device operation include:

1. very large reverse bidsavalanche breakdown, where high electric fields cause cascaded
EHP recombination, or impact ionization, causing current to swiftly increase with applied
voltage magnitude

2. very small forward bia$ subthreshold current, before overcoming the junction potential
to recombine electrons and holes across the depletion

3. moderate forward biass on current, the photodiode is driven by the applied voltage and
the magnitude is dependent on recombination mechanisms

4. large forward bia$ 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 usbdiacterize the photodiode ideality

factor €), which defines how closely a diode follows the ideal diode equation. For practical
semiconductor diodep ¢ © ¢, 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
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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 déstlis detail in Chapter 5.

(b)

sio, VGe‘

Si

C
(c) Avalanche . I .
Reverse bias Forward bias
breakdown
Dark current
} Vv
1 "M Popt =0
v
Popt >0
Photocurrent §
ff Pope >0

Figure 1.3. Waveguidecoupled photodiodega) Perspective illustration of a photodiode (PD)

edge coupled to a waveguide (WG). Photodiodes can also be implemented using evanescent
coupling or gratings echip or via inplane or oubf-plane fiber coupling. Figure reprinted, with
permission, fronj44]. (b) Crosssection schematic of a latdsatonfiguredGe-on-Si photodiode.

In this casethe Ge and Si are shown as doped, although some photodiodes only employ Si
implants. (c) lllustration of photodiode current characteristics. FNecharacteristics 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 0 1), and with a large optical inpub( | T are shown.
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1.3 The research frontierin integrated photonics

As mentioneckarlierin this chapter, silicon has been the backbone material of integrated
photonics since its conception. Owed to its high refractive ine@d8 at 1550 nm) and low
extinction coefficient (<1@?at 1550 nm) in the optical communications wavelength bpt6j47]
silicon was the optimal material choice for designing-logs waveguides and other early photonic
structures. Additionally, silicoris readily processedn any commercial foundryas silicon
transistors date all the way to 1954 at Bell Labs and Texas Instrup8ht&Vhat Morris
Tanenbaum and the team of device engineers at Texas instruwoelttsiever 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, makints sourcing coseffective. 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 fabricatathbsc using
photolithography, etching, and chemical vapor deposition techniques. lon implantation can be used
to promote charge imbalances and higlality oxides (e.g., Si§pcan be formed tisolatejunction
channeldor addressable current flow, whias critical for fieldeffect 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 electoptic[39] and norlinear [49]
coefficients two-photon absorption at high input intensities and transmission cutoff around 1.1
e m, a n deffitieatdight emi$sion or optical gain. Thus, a suite of complimentary materials

are requisite to continue to drive progress in the information carrying capabilities, efficiency, and
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costeffectiveness of photonic ICs. Here, | 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 g@ples uncovered are agnostic to the

guiding material or can be combined using heterogenous integration.

1.3.1Electro-optic materials

While current commercial photonics in silicoarrently meet practical requirements for
consumer technologies, development must swiftly continue ahead of data demanasent
commercialphotonics foundry design librariedppedSi MZMs operate at up to ~30 GHz and
need to be ~2 cm long to operate at a standard IC voltage (1 M)pfave thepower consumption
and footprint associated with these devices, much research has explored the potential for
exchanging or supplementing silicon with other, mor@fable materials. For example, lithium
niobate (LINbQ) [50i 59], barium titanate (BTO)60i 65], andlithium tantalate (LiTa®@) [661 69]
offer strong electraptic effects and swift carrier dynamics, which can be leveraged for
exceptionallyefficient and highbandwidth modulationl also note that electroptic 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 cogfitiefi
However, this concept would be exceptionally difficult to implement in a CMQ8patible
process due to their low stabilify5]. Figure 14 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 f[fé&). 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
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research has focused on design at waveeggdée, coined thifilm lithium niobate (TFLN) where
electreoptic modulators have been realized with better than 100 G#t& Bandwidth without
increasing footprint or power consumpti@®,76] Additionally, novel device concepts like
electreoptic comb generatof81,58,76]or seconeharmonic generation in microringjg7,78]has

been achieved.
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Figure 1.4. Materials with largeelectreoptic 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 filiigure and captioreproduced
with permissionfrom [76].
1.3.2Silicon nitride

Silicon nitride (SiNy) is a complimentary waveguiding material for silicon photothies
further extend the capabiliies and versatility of CMOS fabricated photonic integrated
circuits[791 82]. Silicon nitride is typically grown using chemical vapor deposition techniques
(e.g., lowpressure, plasmanhanced), where saline and ammonia seed gas ratios determine the
relative content of silicon and nitrogen in the thin f{i83,84] 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 properies on
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chip, which can be leveraged for applicatgpecific requirementsFig. 15(@) shows the
propagation loss for specific waveguide bending radii and the transparency window in both silicon
nitride and silicor{85i 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 applicafbh88 91]. However, these
advantages come with the cost of lower refractive index, which reduces the effective index of
waveguides and delocalizes the optical modee Thermeoptic coefficient in silicon nitride is
approximately 10 times lowdhan siliconat room temperatuig0,92] which offers greater
stability for temperature sensitive devices (e.g., ring resonators), but lower thermal tunability (e.g.,
static thermal phase tuners). Hence, applicatioecific tradeoffs start to become apparent.
Commercial photonics foundry PDKse already starting to leverage both silicand silicon
nitride-based components, coupling between waveguide layersaaed29], which is illustrated

in Fig. 15(b). Further, silicon nitride offerextended access to novel properties, including non

linear phenomeni®3,94]and recently direct single photon generaf@sy.
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Figure 1.5. Silicon nitride for integrated photonics. (a) Bend radius vs. propagation loss for silicon
on insulator (SOI), stoichiometric silicon nitride 4Si), and indium phosphide (InP). The inset
shows the relative transmission window of each material, which is proportional to its electronic
bandgap. Figure reproducetith permissionfrom [80]. © 2018 IEEE (b) Schematic of &ull on-

chip PIC with (from left) II}FV laser sources, looss silicon nitride routing elements, and silicon

active elements. Figure reproducedth permissionfrom [29].
1.3.3Commentary on novel materials research in integrated photonics
There exist numerous other avent@@simproving the performance of PIC devices and
scope of useful applications that might one day reach consumers. For example, communications
applicationscan greatly benefit from novel materials design technigqueading the integration
of two-dimensional materials like graphej#s,96 100], where novel semiconductor properties
can be used to increase operating speed, or with patterned gold, where surfacegdffestsare
used to quickly attenuate electric fields amgrove extinction for higtspeed deviceld 017 103].
Volatile and norvolatile phase change materials have also been extensively studied, in efforts to
achieve ultrafast switching and optical memories-ohip, respectively104i 108]. Additionally,
numerous techniques have been researched to better understand and acHieeamaoptical
properties in integrated photonics devif£%,83,94,109112]. Entirely new integrated photonics
implementations, like photonic quantum computers, are also eagerly researched, with efforts
underway to develop single photon emitting platfof8ts113 127] and their addition into

photonic devicefl28i 132]. In many of these cases, a substantial barrier to commercial entry
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exists, as many of these materials are currently incompatible with semiconductor foundry
processing techniques, lack stability, or are extremely difficult to repeat at scale. Timudepth
commentary on these topical areas falls outside the scope of this dissertation. However, | note
much of my research can be extended to or paired with these ideas if they reach a suitable
technology readiness level for practical commercializafidrat is, while | focus primarily on
well-understood materials platformthe knowledge gleaned can influence the direction of

investigation for new materials and unique ideas.

1.3.4Engineered structures

A secondhrust in current photonics reseaishhe modification ogeometrical design of
waveguides and building block components themselves. Most notable in this area are photonic
crystals (which will be discussed in detail@hapter2) and topology optimized photonifk33i
142]. In both cases, the physical structure of a wavegbo@gded device aroupler is changed by
micro and nanoscale features being added to the guiding layer design layout. Topology optimized
photonics offer arfficient, albeitsometimesunintuitive, approach to the guiding of the optical
mode itself; device characteristics are determinbg inverse design or machine learning
algorithms to engineer loyosses, more compact control of polarization or phase, or efficient
wavelength selection. Photonic crystals instead offer optical properties analogous to the crystal
structure osemiconductors, where wavelengttale spatial periodicity in their dielectric function
enables light confinement, increased lighatter interactiof55,143,144] and enhangeent of
otherwise weak physical propertig<isi 147]. From a researcherds pers
require only more extensive design work and v

However, by including nanoscale shapes (< 200 nm), these designs are typically more sensitive to
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fabrication defects or tolerances and thus much qualification is still necessary to substitute
components iphotonicsPDKs. Chapters P4 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.

1.4 Fundamentalsof photonic crystalsand subwavelengthengineering
1.4.1Photonic 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 peopeagate) to
control the flow of light and manipulate lightatter interactions within a device. PhCs can have
any periodically arranged shape (elwples, ellipsoids, bars) and are typically lithographically
patterned in dielectric waveguides to strdyeg lightmatter interaction and introduce the ability
to modify or enhance the properties of photonic elemdtgent work has demonstrated the
capability of photonic crystals (PhCs) to reduce footprint and energy requirements of
commercially scalable echip photonic componenf$48i 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 semicondyetod the photonic band gap is analogous to an
electronic bandgafi51]. Additionally, the mathematical description of the electrodynamics in

photonic crystals translates directly from quantum mechanical models of electron dynamics in
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semiconductors. Figure@(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 higland lowrefractive index materials, the larger the photonic bandgap. As
shown in Figure B(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 pageHefor the 1D

PhC, leftright and inteout of for the 2D PhC, any orthogwal axis for the @ PhC). Hbwever,

most photonic crystadbased devices in integrated photonicseandedded idielectricwaveguides,
makingonedimensional PhCa practical boice Additionally, fabrication techniques to achieve

3-D PhCs span beyond traditional scalable CMOS manufacturing techniques making them

impractical forcurrentintegrated photonics.

22



—
Q
S

GaAs Bulk GaAs/GaAlAs Multilayer GaAs/Air Multilayer

0.30 0.30 T T T
/ n=2

0.25

0.30

0.25

Q

&

“g 0.20 020 | Photonic Band Gap |
3 015 0.15

[

@

=2

g 0.10 0.10

&

0.05

| |

0.00 0.00 0.00

05 025 0 025 05 95 025 0 025 05 05 025 0 025 05
Wave vector ka/2n Wave vector ka/2n Wave vector ka/2n

periodic in periodic in periodic in
one direction two directions three directions

Figure 1.6. Photonic crystals. (a) The photonic band structures feaxm propagation, as
computed for three different multilayer films. In all three cases, each layer has a widtla of 0.5
(whereai s t he period | ength in the crystal). Left
Center: |layers alternate between U of 13 and
Simple examples of oretwo-, and threedimensional photouwi crystals. The different colors
represent materials with differedielectric constants. The defining feature of a photonic crystal is

the periodicity of the dielectric material along one or more akxigsire and caption reproduced

from Photonic Crystals: Molding the Flow of Light Second EditmnJohn D. Joannopoulos,

Steven G. Johnson, Joshua N. Winn, & Robert D. MgHsiH. Copyright © 2008 by Princeton
University Press. Reprinted by permission.

This unique ability to manipulate light at specific wavelengths malkedonic crystals
valuable in various applications, such as waveguides, optical filters, and s@&tgosare a key
component in advancing integrated photonic circuits, enhancing the efficiency ebdiggd

technologies by providing unprecedented control over optical sigidide photonic crystal
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theory applies to an infinitely lonighCarray, practical photonicrystal 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, 1D PhCsof modest length (10s to 100s of unit cells) can achieve desired properties
for inclusion in integrated photonic devic&hotonic crystals are described similarly to electronic
crystalline materks using Bl ochés Theor em, whi-state i s a
physics describing the behavior of particles in periodic poterfi&ly. 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 vectorQ) in a photonic crystal can be related to the vacuum wave v&@ioand the
frequency( ) of an allowed mode using:

(1.9)

® - (1.10)

whereis the speed of light, isthecharacteristiovavelength, and is the effective index of

the guided modelust 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. I7, 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 lomdex region of the PhC unit cell (air modehile at the lower frequency

band edge, light is conotrated in the dielectric waveguiding medium. These modes exist at the

edge of the first Brillouin zoné® 1@ 2 ¢* T®in thex-direction).
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dielectric and void portions ofie PhC unit cell, respectivellgigure and caption reproduced from
Photonic Crystals: Molding the Flow of Light Second EditigrndJohn D. Joannopoulos, Steven G.
Johnson, Joshua N. Winn, & Robert D. Me§itigl]. Copyright © 2008 by Princeton University
Press. Reprinted by permission.

(o,1y Mode E 5.2y mode
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1.4.2Photonic 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 armcbdestures. Just agicon
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 Ph@iffeirgtee time
domain (FDTD) simulations ofraairhole PhC nanobeam are shown in Fi@, 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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Figure 1.8. Design of photonic crystal nanobeam cavity embedded in a waveguide. (a)
Transmission spectrum of an airhole PhC nanobeam cavity from-diiffiéeence time domain
(FDTD) simulation. (bXd) TheEy el d di stri bution in the middle
Resonances and symmetries of the modes are indicated in the plot. The symmetry plane is indicated
by the dashed red line. The lengthunitof xandyin(lkd ) i s em. Fi guced and ¢
with permissiorfrom [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 cavitiesvhere mirrors positioned at opposite ends of the lasing
medium are used to oscillate light and achieve amplificaki@ne, systematic manipulation of the
effective index of each PhC unit cell in the cavitysed 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 lt® transition between the central cavity unit cell and uniform

Amirror o u ni tend ¢he PHCsnantbhamtto abhiewvekresonafscechematic and

labelled scanning electron microscope (SEM) insagé an airhole PhC nanobeam cavity
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fabricated in SObreshown inFig 19, 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
modegFig. 19(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 resonanqeadity factor {0, time
confinement]153] and mode volume ¢ , spatial confinemenf{Ll47] and can be defined
analytically.

(1.11)

wherg is the resonance frequendyis the energy stored inside the caviiyis 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 fulNidth halfmaximum of the resonance

modelled by a Lorentzian function. The mode volume follows as:

L -SCs Q. (1.12)
I A@Cs

W
where- is the material permittivity an@is the electric fieldThus, the magnitude @ 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. Sth€es cannot create or destroy energy, but
simply redistribute it intentionally, mode volume is a smifisistent comparison across Pla@d

waveguidebased devices.
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Any PhC waveguide (uniformly periodic or cavity) can also be efficiently-smlgled to
a bus waveguide by leveraging evanescent coupling and tailoring wave vector mathimgng
of the bus waveguide width and gap betwdanbuswaveguideand nanobearfi54]. Like the
coupling into a ring resonator, this provides a high transmission baseline through the bus
waveguideand 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. 19, where sidecoupled airhole PhC nanobeam cavity modes can be studied using an infrared
camera and microscope objectipesitioned above thBhC cavity Each resonance of the PhC
cavity wil!/l h a ¥ e n g e,svpighican bebdetect@drio ideatify the mode order
and ensure that the desired quality factor and mode volume are achieved for PhC applications. The
cavity resonance of a PhC providgectral feature (fundamental and higher order resonances)
that can be leveraged for a wide variety of photonic devices including bios¢sting57],
coupling to quantum sourcgs28], notch filterg[154], modulators and switch¢$58], 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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Figure 1.9. Sidecoupled photonic crystal nanobeam cavity and far field scattering pr(dile
lllustration of a sidecoupled photonic crystal nanobeam cavity and its far field scattering profile
(pink). (b) Scanning electron micrograph (SEM) of a sidapled PhC nanobeam in silicon on
insulator (SOI). (c) SEM of a PhC nanobeam cavity with theaatis comprising the cavity center
(blue), cavity taper (green), and end mirrors (red) indicated. (d) Infrared image of the far field
i modal finger pr iechRhG nancbearh taeity in (b)df@ the fosutprée ordered
resonance modes. (e) Normalized transmission spectrum of theosidied PhC nanobeam cavity
with fiber-coupled input and output through the bus waveguide indicated in (b). (f) Average
scattering dtected by the infrared camepaced in the plane above tRBC nanobeam cavity as
in (a). Figureadapted with permissidnom [159] © 2019 Optical Society of America
1.4.3Energy confinement and properties of light in deegsubwavelength photonic crystals

While traditional wavelengtiscale photonic crystals are a promising area of research in
photonics these instances do not take full advantage of nanoscale electromagnetic interface
conditiong[146,147] The Weiss group has established a new class of PhC design, where deep
subwavelength engineering of the PhC unit dell7,160 162] (e.g., nanoscale air slot, astots,
and bowtie geometries) has enabled up tti®@s greater peak electric field amplitude than what

is achievable in traditional Ph@bk44] (10*-times greater than commercial waveguide

components), leading to further reductions in footprint and en@sgyntroduced irChapter 14
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Section2 above, this peak electric field enhancement reduces the mode volume in the PhC, greatly
improving thed 7o 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.

lustrated Energy Concentration (B = eE?/n)

Circle (E“> Anti-slot RO (178;) Ant-slot R90 (358,) Bowtie R0 (2‘)5“) Bowtie R90 (310Z,) Split Ring RO (9.3Z,) Split Ring R90 (8.5E,)

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 rejdggdtin
was shown that | ight can be progressively fsqg
matter interaction by introducing an interconnected series 800 nmvoid (e.g., slots) and
dielectric (e.g., anislots) regions into the PhC unit cell. In the case of anshnitwith RO
orientation (as in FigL.10), the energy is primarily concentrated at the corners and outside the unit
cell. When the antslot is rotated 90 degrees (R90), the-attt effect can be achieved, and energy
is strongly caofined in the central silicon baThe energy enhancement properties in all
subwavelengtiengineered PhCs are governed by the [$#6,160,163] and antislot

effect[144,147,162]and a technical description is necessary to motiGhtapters2i 4 of this
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thesisConsider the normal component (indicated by subscript n) of the electric displacement field
which liesin the same axis asansverse electriight polarization At the interface between a
subwavelength slotted region and the adjacent-pamittivity surrounding waveguide in a
system with no surface charge, the displacement field is continuous across the interface, while the
electric field is enhanced inside tHetdased on the relative ratio of the permittivity between the

dielectric and slot material

@)
= xj
O
=xj
o«

(1.13)

o . —0 (1.14)

j=xj
¢

which in turn enhances the electric field energy densgide the slgt-QJ®. 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-ladex material where the energy is
redistributed and a greater peak energy. Converdle¢ antislot effectondition requires the
tangential component of the electric field to be continuous, leading to enhancement in the
displacement fielah the antislat

0 O qh (1.15)

- (1.16)

O
¢

O
j=xj
¢

where the electric field energy density is similarly enhaneétin the dielectric antislot In
general, both the slot and antislot effect require ap®karized mode design. Further, if the
subwavelength feature is incorporated into a traditional airhole shape (as inlBigbdve), an

air mode band edge or resonance must be used to realize electric field energy enhancement.
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Conversely, if a subwavelength feature is incorporated into the high effective index region of a
PhC unit cellthen a dielectric mode band edge or resonance will experience enhancement.

slot and antislot effects are illustrated in Fig. 1.3)(& his 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 accumaulaharacteristic
wavelength of spectral features. Moreover, these advantages can be letenagetically any
photonics application space (e.ggsensing, quantum information, and optical trappimghere

standard waveguides do not manipulate aticd the optical mode and ligimatter interactions.

A bowtie PhC can be designed, as shown in Fig. 1-0l@hi ch combi ni ng both
interface principles for confinement at the b
as small as approximately 10 nm, extreoptical energy concentratias achievedand can be

leveraged for the aforementioned applications.
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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)
Simul ated pr oy |IEgdsplacémernt fiee®) t, r iacn df iedlect(ri c yel d

a silicon antislot waveguide. (c)USchrématird cl

amplitude E) , electric displDhcemandt eyekcdramplietdder
the antislot along the-axis as indicad by the dashed line in (a). (d) Schematic of a slot waveguide.

(e) Simul ated proyles of E, D, and electric

assuming the widths of the waveguide and slot are 500 and 50 nm, respeetivetg the

minimum feature size is comparable to the silicon antislot wi@f) In all casesthe light

polarization ign the yaxis(transverse electricy f ) Schemat i @E D, andeectpcr oy | e s
yeld energy density acr oaisas indicateddy thetdaskned hneigu i d e
(d). (@) Optical band structures of the cavity unit cell (red curve) and mirror unit cell (blue curve)

for a bowtie PhC(h) Top view (xyplane) and crossectional view (yzplane) schematics and
associated air band edge electrical energy in the demere cavity unit cell. () (left) Top-down

SEM image of a single bowtie PhC unit cell and (right) tilted SEM image of an undercut bowtie

PhC reealing the oubf-plane profile. (&) Figure and captionadapted with permission,

from [147]. (g-1) Figureand captioradaptedwith permissionfrom [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 requirethiftigbhput,
necessitating a blanket exposure using a mask and photolithography techniques. Howsdller, a

be discussed i€hapters B4, my recent work studying deep subwavelength-glotiand slotted
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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 demonstrationsiafrsileature sizes

<100 nm had been reported using scalable fabrication. As a result, these efforts surmount a key

obstacle to deepubwavelength PhC implementation in a commercial setting.

1.4.4Electromagnetic 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., nlajter stack) can be describedanali cal | y by Max
equations, boundary conditions quickly become too complex for any intuitive mathematical
description. Thus, modelling softwaresfaeen devel oped to sol ve Max
cartesian mesh, where the device geometry is dividéal 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 calcudgaich interface becomes
simple, millions (or more) problems must be solved to construct the full electromagrdiie
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 b&lplsedadculated.
This technique is known as finithifference time domaifFDTD) simulation.Ansys Lumerical
FDTD is consideredne of theresearch community standaifdr modelling optical properties of
photonic devices and is the primary software tool used throughout this disserGitiwan.
commonly used FDTD tools are Meep, an egearce Pythotbased software from Massachusetts

Il nstitute of Technology, and Sentaurus RSoft.
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package is the ability to utilize namiform 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 waveguidecladding, thus reducing the
computational expense. Since 3D FDTD computation time scafekses, where X is the mesh

step size, the neaniform meshing approach to meshing is especially useful for reasonable design
turnaround (and the duration of any studentoés

Also notablein the electromagnetic simulation toolkit is the firit#ference eigenmode
(FDE) technigue, which also leverages a discretized mesh but solves a matrix eigenvalue problem
instead of Maxwel |l 6s equations at spethis fi c t
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 carubed 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 theapiane
expansion method and is particularly useful ittentifying the location of air modes, dielectric
modes, and cavity modes of Ph8y 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 stratdlgicavestigated 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 thr ol
and exite all of the modes in a PhC. Bloch periodic boundary conditions are applied and a sweep

of wave vector across the fundamental Brillouin zdfe ( TiT@® ) can be used.
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Each of these simulation techniques can be combined with technical computer aided design
(TCAD) tools to examine electroptic properties. In general, coupling electrical and optical
simulations together requires simulation of charge distribution for fapembnditions and
subsequent extraction of a refractive index profile, which can be imported into the optical solver.
Ansys Lumerical CHARGE is the most accessible metwi offers easy interfacing with other
Ansys productge.g., FDTD, MODE)Howeveras the research community standard for photonics
simulations is Lumerical FDTD, the research community standard for electrical simulations is
SynopsysSentaurus TCADIt is possible but quite challenging to interface between Lumerical
FDTD and Sentaurus TCA[64]. 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 n process of acquiring Ansys (as of March, 2025), although a plan for seamless

integration between these products has yet to be clarified.

1.5 Aerospace photonics and radiation effects on photonic integrated circuits

In addition to the growth in demand for labhdsed photonic communications and sensors,
the aerospace industryodés requirements for dat
interest in PICs for space technolodigs 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 cortinued performance improvements. Moreover, this emphasis for space mission
equipment on performance, compactness, and power efficiemot directly aligned wittmore

traditional markets, where cost is a key driving factor. As such, the design and aisateri
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advancements discussed in the previous sect@or desirable and progress toward their
commercialization is catalyzed by NASA atite commercial aerospace industdowever, to
considertechnologyfor spaceflight it must be robust and tolerant to the harsh environment in
space due to temperature, shock and vibration, and radi&tiematural contradiction between
technology maturity for robustness in spaceflight and cutthge performance to advance the
capabilities of space instrumentation providehallenge 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 ciresigew, but growing research aré&hapters b6
and Arnold,et al (ArXiv ID: 2509.2026Y[165] in this dissertation merely begin to scratch the
surface of what may be uncovered. Radiation effects research on integrated photonics follows
directly amore than50 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 336 168]. Here, much of the basic physiss
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.

| 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 scienceowar the field uses
about one million (my rough estimate) separate acronyms for classifying everything from
environments to device effects to atorfegel interactions. This introduction provides a review of
the resources and topical categories thathéomost useful for developing intuition and general

conversational experience across the field. For a new researcher in radiation effects, | recommend
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reading or, if possible, attending a short course, especially at the annual Nuclear and Space
Radiation Effects Conference (NSREC), like[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 photen systems from radiation for space missiars nuclear accelerator

environments

1.5.1The harsh environment in space

In space, radiation primarily originates from galactic cosmic rays (GCRs), solar particle
events (SPEs), and trapped radiation beltg.,Earth's Van Allen bel}d170]. GCRs are high
energy particles, primarily protons and atomic nuclei, that originate from outside our solar system,
possibly from supernovae and other energetic astrophysical ptleslefine the omnipresent
background radiation in space, constantly bombarding the solar system, although intensity
fluctuatesperiodicallywith solar activity. SPEs are bursts of higihergy particles, predominantly
protons, released by the Sun during periods of intense solar activity, such as solar flares or coronal
mass gections. SPEs are highly unpredictable and can deliver significant doses of radiation in a
short time. Trapped radiatidrelts containing higienergy particles that are confined by Earth's
magnetic fieldmust also be considered by ld¥arth orbit missions, including the International
Space Station.

The Earthdés atmosphere acts as a natur al
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 atmosphe¥eare fortunate that the

radiation most harmful to people and electronics in space are almost entirely attenuated before
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reaching us. Shorter wavelength light sources like gamma raysaysXare nearly completely
blocked by the atmosphere, as shown in Big2(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, thédurora Borealis. The proton flux in the Van Allen Belt, is shown in Ei#2(b),

where a steep drop off in fliefines 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
CERNG6s Large Hadron Collider i pandSatal ftueneerof and .
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 soletepavent, 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 balanoe dluids
bodies | find the context of how harsiie space environment is to life particularly useful for

contextualizingherisk to the instruments and spacecraft that we launch.
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Figure 1.12. Sources of radiation. (a) The spectrum of radiation from the sun that reaches the top

of the Earthdéds atmosphere (yellow) and at sea
the light that is absorbed by components of the atmosphere. Figloapiion reproduced from

the NASA Plankton, Aerosol, Cloud, Ocean Ecosystem (PACE) website (oceansciences.org) and
prepared by Robert Rohde (Wikipedisgprintedunder the CC BYSA 3.0. (b) Plot of the integral

flux of protons of various energies in tfian Allen Belt as a function of dipole shell or Earth radii.

Figure repinted, with permissiorfrom [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 challenginl71,172] Fig. 1.8 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 radiationfromnh e A Hal | o we fTRA73pNhie the BOHD QASB0
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 satellitascbspacecraft, the cost lafunchand the simple inaccessibility

of performingin-flight maintenance make consideration and mitigation of these types of effects

extremely important for mission success.
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Figure 1.13. Solar particle event imaged by SOHO LASCO. Images from Octoler22®3 (a)
before and (b) after the fAHall oweend sol ar p
accelerated by a coronal mass ejection. Image Credit: ESA/NASA/NRL. Figure gdajited
permissionfrom [172].

Determining the level and type of radiation that a system will encounter through a space
mission is an exceptionally challenging problérhe 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 Eahntorbit (GEO), deep space. For each of these casedactors that must be
considered include: the particle speciessent (including ranges of energy & flugrobabilities
of occurrencexpected for each species), the total ionizing dose range rate, fluctilatimesall
radiation level (cyclically andver timé, flight path through regions of high radiation (e.g., the
south Atlantic anomaly, trapped radiation belés)dshielding employedlhis makes each task of

space qualificationnherentlyunique, although general intuition can be gained from Fig..1.14

Total ionizing doséardness requirements of vari@me mission payloads in orbit during 2008
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are reported in Fig. 1.14(a), aff&74], 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, 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 methodsnoinitoring, calculating and predictively
modelling solar radiation levels across space and for specific space migsidn&76] 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 Obserny@®FEREQ), 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 woeste outcomes to ensure that all
included equipment is radiatidmard or appropriately shielded to last. Cosmic Ray Effects on
Micro-Electronics 1996 revision (CREME 9R)77], the SPace ENVironment Information
System (SPENVIS|178], and Stopping Power and Range Tables for protons (PS[IAB)are
all examples of numerical approaches that can be usguletbct interactionsand radiation
accumulatiorresulting from higkenergy particles, such as singleent upsets (SEUSpnizing
dose and material degradation. Monte Carlo techniques are also widely lev§r8Geti82] 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 radiatibrieractions of energetic particles with materials are

inherently probabilistic, as the initial collision can cause a wide range of emitted particles or light

43



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 secoaddtgriary,

etc.) interactions in a cascadg 0]. Tools like GEANT4[183] and Monte Carlo Radiative Energy
Deposition (MRED developed from GEANTY184] 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 nisteria
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including MEO, GEO, HEO), and deep space eolor coded. Elliptical orbits are indicated by

ranges along the horizontal axis and the average altitude is representet byadeer Note that

1 krad(Si) 2aFigdre &d daptiandadaptedOwith permission, ffbidd], © 1994

IEEE. (b) Characteristic descriptions of galactic cosmic rag€R, 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 reportedRé@tive
abundance of ion species in galactic cosmic
abundance is effectively negligible. (d) The integral flux of ions with linear energy transfer (LET)
greater than theET value shown otthe xaxisf or t he Awor st dayo sol ar
primarily to CME) calculated using CREME96, the GCR during solar maximum calculated using
CREMEO96, 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, f{@#b], © 1994

IEEE.
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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 gregtgndlag on the mission and
timing throughout. During launch, relatively quick cycling between hot and cold is possible, as the
cold in Eart@#b0d X)isscountaracted gy heat generated due to vibration and
frictional drag on the rockdtipto 150°C)Once out si de the Earthodés atnm
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 whethethe spacecratft is in direct view or shadowed by Earth or another plengberature
can vary throughout orbit and the achievable range is differenebatieO vs. MEO, HEO,and
GEO[185]. In general, a temperature range betwekEs0 °C and 150 °C is possible, although
temperatures can fall even more for a fully shadowed spacecraft in deep space €in°©

(2.7 K).

1.5.2Investigation of basicradiation effects mechanisms

With a basicunderstanding of the nature of the radiatimn and temperatureariable
environment in space, we can start to understand the ways that electromagnetic radiation can affect
ElCs 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, D)D, D
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 tyggeadiation effects are most important
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to consider and how device or circuit performance may be affected. This makes for a daunting
challenge for researchérave candét just test one transistor
transistors moving forward. Instead, academic researchfiderttie basic physical mechanisms

to help determine important considerations, which in turn informs qualification standards for part
manufacturers and spafigght system designers to specifically test their components and systems
for every missionThus,a wealth of literature and an extremely detailed understanding of these

classifications of mechanisms is critical.

1.5.3Total ionizing dose

Total ionizing dose (TID) is a cumulative damage mechanism that devices and ICs
experience following prolonged exposure to ionizing radigtl@®@®,191] This includes Xrays,
gamma rays, protons, electrons, and charged heavy ions. In general, TID occurs in oxides at or
near the semiconductansulator interface in a device, where ionization leads to the formation of
interface and oxide traps, changingpegted device properties and even causing device failure.
When highenergy 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 éectronthole pairs (EHPS). This process is illustrated for-#ype MOSFET in Fig. 13,
which qualitatively depicts the valence, conduction, and defect energy levels as a function of
position across the gate stack (Fig5{a)) and the positional formation in the nMOS cresstion
(Fig. 1.15(b)). While some EHPs recombine, others become trapped in the insulating layers or at
the semiconducteinsulator interfacg192,193] The drift of these charges is dependent on the
local electric field in the oxide, and hence, the gate [ii®4]. Since electron mobility is much

greater than hole mobility, the negative charges can escape while the positive charges are trapped
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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 semiconohsttiator interface and react
with hydrogenrpassivated Si dangling bonds to craaterface trap$195i 197].

This trapped charge leads to shifts in the threshold voltage, leakage currents, and other
critical electrical parameters. For example, in metatie-semiconductor fieleeffect transistors
(MOSFETS), trapped charge in the gate oxide can cause a shétthraéishold voltage, potentially
altering the transistoroés switch[l9]gTIDadsudts act er
in gradual degradation of device performance, but failure can be avoided if tolerance limits are
identified and not exceeded in spdlight. Additionally, aluminum shielding can be included to
attenuate radiation exposuredspeciallysensitive modules of spafigght systems, although this

increases the system payload weight.
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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 permissionfrom [166], © 2021 IEEE (b) Schematic illustration of the cress
section of an nMOS transistor. The inset (right) shows the formation of oxide and interface traps
and the location of charges after irradiation.
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1.5.4Displacement damage
Another cumulative radiatieomduced 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 defdd®9,198,199] 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 t@eh 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 -ataplastdefect
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 cefit8#§, as illustrated in Fig. 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:
1. coulombic interaction$ protons with energyess than 10 MeV, single defects are
formed per irradiating particle
2. nuclear elastic collisiorisapproximatelyl0-20 MeV protons, small clusters of defects
form
3. nuclear reaction$ protons with energy greater th20 MeV, large scale cascading
defect clusters form
In space, the flux of energetic particles with sufficient energy to cause nuclear reactions is
much | ower tetemyparticle®thaficausercolumbic interactions, but some particles
across a broad range of energies in all three classificatiohalwdys be present. When these

particle interactions occur in electrically active regions, like the silicon MOSFET channel
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indicated by the black box in the Fig. &(fh) schematic, a variety of defect configurations can
result (Fig. 1.6(c)). This leads to introduction of trap states within the electronic bandgap that
degrade carrier lifetimes and increase defsstisted nomadiative recombination pathways. In
diodes, transistors, photodiodes, and solar cells, displacement damagencaaasss to leakage

currents and power consumption and degradation to noise floor, gain, and threshold voltage.
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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 4.0 MeV - coulombic, nuclear elastic, greater than 20 MeWNclear reactions) and

the scale of single defect formation (coulombic interactions) to many subcascades (nuclear
reactions). Figure repted, with permissiorfrom [189], © 2003 IEEE (b) Schematic illustration

of the crosssection of an nMOS transistdc) The formation individual lattice defects in silicon

after displacement damage.
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1.5.5Single event effects

Single event effects (SEES) are instantaneous changes to device or circuit operation that
occur during SPEs in sensitive device voluf&d]. Compared to TID and bulk displacements,
SEEs are not cumulative, but implications for system operation can include lost or faulty
information (bit flips), softerrors (requiring a software reset), h&mors (e.g., latchup), or even
total failure (e.g., brnout, gate rupture). These effects are defined as follows:

1. 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.

2. Single event upset (SEUS) are mbestructive 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 programmalaesgdevi
where even a single bit flip can affect calculations or system operations. Redundancy,
strategic radiatiohardening by design (RHBD) for devices and circuits, and error
correction are critical to account for these sofors.

3. Single event latchup (SEL) is a potentially destructive error where the deposited charge
triggers a higkcurrent state in a device. Without current limits for IC systems, this can lead
to thermal damage. SEL is common in CMOS technologies, where pasasititires 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.

4. Single event burnout (SEB) and gate rupture (SEGR) are destructive SEEs that occur in
MOSFETs and power devices. SEBs result from 4ughient conditions causing device
failure (e.g., an unaddressed SEL), while SEGR occurs when the electric field ayatess a

oxide becomes extremely intense and cause physical damage to the gate oxide material.
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SEBs and SEGRs are not recoverable and can render an IC system in sgaoetimral.
However, the charge generation required for these effects is extremely high, meaning that
devices can be designed to be tolerant to high electric fields, drasticdllgimg the
probability of a destructive error.

These interactions occur pico andnansecond time scales and cause large generation of
chargeand energy deposition at oné&hen 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 Fi§.Th& energy transferred from the
incident particle to the iadiated material is defined as the linear energy transfer (LET):

pPQO (1.17)

UNON- ¢ Y.

whered 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 jurjedn) While single event

effects are not expressly studied in this work, the device packaging and testing strategies | have
developed are intentionally compatible with pulsed laser and heavy ion SEE experiments,
providing a framework for testing photonic dexgcand 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 i.ihe
dissertation puished by Landen Ryder (former Sharon Weiss group graduate statlent

Vanderbilt University [164].
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Figure 1.17. Single event transient. (a) Schematic illustration of the esesion of an nMOS
transistor. The inset (right) shows the formation of eleehole pairs along the path of an incident
high-energy particle. The generated charge imbalance causes dréhtchack into the N well.
Single event transients in (b) lateral and (c) verticalS6®IN photodiodes generated using a
pulsed laser under different bias conditionsc)lF-igure repinted, with permissionfrom [202],
© 2021 IEEE
1.5.6Radiation effectson photonic devices

Compared to the breadth of microelectronics radiation effects research, the study of
integratedphotonicsunder irradiation forthe space environment is very new. Most photonics
research to this point has examined imaging ssfi208,204] like CMOS cameras or charge
coupled devices (CCDsand optical fiber$205]. Radiationi n d u coeptkelsii h( as i3n Fi g.
above) dark current increases, arahdom telegraph noisae all typical device susceptibilities

forimaging sensors from TID and SE[P93,206,207]complicating image analysis for telescopes,

planetary cameras, and star trackers. Displacement damage can also degrade charge transfer
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efficiency (CTE), reduce sensitivity, and cause permanent image arffa8t209] In optical

fibers, radiatioAinduced attenuation (RIA) from TID or displacement damage is common, where
defects form in the fiberdés silica core, esta
transmissionj205,210] The extent of attenuation is dependent on operating wavelength and
determined by material composition, radiation dose, manufacturing parameters, and operation
temperaturg211]. 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 matedesce and interfaces are

often similar, offering key starting points for fundamental early studies from passive waveguides
to active integrated devices. So,far few radiation effects studies have been performed on
fundamental orchip integrated photorsadevices including waveguides and ring resongirg

217], modulatorg218i 225], and photodiodejR02,226 231]. These studies are introduced in

detail inChapterssi 6 and in Arnoldet al [165].

1.5.7Test 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 anmeningpace. Akey ahallengessithatu | at |
these facilities each offer one or a few Afl a
and energy of radiation used are both limited. Additionally, while less expensive thaiflgpace
radiation efécts 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 consta@nplete (or as complete as
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possible) picture of the radiation sensitivity for any device or system. Here | 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 withMe3/ protons and ARACOR incoherent-10

keV X-ray source are primarily used, which are both availableumse at Vanderbilt University.

Heavy ion facilitiesThe 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 agel af mergies
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, LawrenceBerkeley,Brookhaven and Argonne National Laboratories, Texas A&M
University, and the TRUniversity 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 exed 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 i
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 gpétific 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 islk# limiting factor.
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X-ray and gamma ray sourcelsicoherent higkenergy light sources at gamma anday
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 i;m 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. Thiscept is leveraged Dhapter 5, where both XMeV
protons and 1&eV X-rays are used to study displacement damage and ionization effectSin Ge
photodiodes. These sources are significantly less costly than particle accelerators but are difficult
to upkeep and must be treatstefully.

Pulsed laser facilitiesA useful, accessible, and much lower cost alternative to heavy ion
testing is the pulsed laser. While only SEEs can be studied, gassdtesting can provide key
insights into the likelihood of device and circuit soft errors, hard errors, and faihaesccur
during solar particle eventBulsed lasers are used to mimic the charge deposition that occurs along
a heavy ion track via localized twzhoton absorptiowithin the beam focusThe exact charge
deposition and profileitfer 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 | aserdasatthbmicrans, whi
scale. While pulsed lasers will not produce identical results to heavy ion irradiation, pulsed laser
irradiation is especially usefufor identifying sensitive regiongo inform andmaximize the
utilization of heavy ion facilities. Espediaas the wealth of literature comparing pulsed laser and
heavy ion irradiations increases, this helps reduce surprises and refplatestg without costly

trial-anderror.
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1.5.8Device 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 impossibleynopsys 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 spadkght radiation exposurd-or phobnics, TCAD can be paired with optical solvers
(see Chapter 1.8ection4 above)to examine effects, especially TID and SEEs. Displacement
damage is more difficult to predict at the device level, since ateqdle 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
guantum mechanical computations like density functional theory to examine defect farmatio
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 | have dutailaking a closer look at

radiation degradation mechanisms.
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CHAPTER 2

Deep subwavelength photonic crystal unit cell design

Adaptedwith permission fronj161]. K. P. Arnold, S. I. Halimi, J. A. Allen, S. Hu, S. M. Weiss.
Photonic crystals with split ring unit cells for subwavelength light confinen@ptics Letters.

47(3), 661 664 (2022). @ptica Publishing group022

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 subwavelengihgtyrarameters, including split ring
rotation angle and split width, which can be leveraged to modify light confinement for specific
applications. Modi fying the split ringbés par e
energy density in the splby 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 -suiteadl 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.

2.1 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 stighggmatter 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 Mi®iAP32] and dispersive

propertieg145,233] of PhC structures. Among the notable Pbe&3ed devices that have been
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demonstrated are PhC laser234i236], electreoptic modulator$55,237,238] optical

biosensor$239,240] and solar cellf241i 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 stmwiange the energy
distribution from being relatively uniform across the unit cell to becoming highly localized in the
antislot[147,244] In another example, a bowashaped unit cell was demonstrated in experiment
to support extremely high energy density at the knot of the b¢ivtid. 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 profileithout sacrificing the quality factor (Q) of the P[Z32].

These examples of redistribution of light in PhC unit cells can be explained using fundamental
electromagnetic principldd47,244] 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 ce[ts44] 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 metamg2dégallt 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 diffetetvetween plasmonics, metamaterials, and

PhCg[144,245,246] While metallic metamaterial split rings rely on plasmonic coupling in the

59



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 negativmitivity that are not possible in
dielectric split ring PhCs, dielectric split rings are low loss, enabling incorporation in high Q
cavities with inplane light confinement for echip applications, which is not possible with split
ring metamaterials due their large optical losses. Through find#ference 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 tieaspd function of the
geometry and rotation of the split ring unit cell. By achieving more tharfald @nhancement of

the electric field energy density in the split compared to a traditional circular PhC unit cell (air
mode), the split ring PhC offesggnificant advantages for optical biosensing, optical trapping, and

applications requiring strong ligimatter interaction within an air region.

2.2 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.b2.4Gd are: split widthw), inner
(rc,inne) @and outernc,otey radi us of the dielectric ACO con
containing air holergir), and rotation angle of the split rind)( 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 -@iftplane dimension. Importantly, the general trends
analyzed for the suspended spiitgr PhC also apply to split ring PhCs fabricated on silioon

insulator wafers and can be leveraged for the design of split ring PhC cavities.
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Figure 2.1. (a) lllustration 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 RO split ring
PhC is illustrated by the pink glow inside the split in eaaly.r(b) Schematic of split ring PhC
unit cell with tunable dimensions labeleReprinted with permission frofi61] © Optica
Publishing Group.

Threedimensional 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 parametersagre10 nm,rc inner= 50 NM,rc outer
=70 nM,rar =90 nm,andfl= Oe (i . e. , RO unit cell). For <co
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 inchsige 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 thegiane x and ydirections coveringhe extent of the unit cell.
Non-uniform conditions were utilized in the eat-plane zdimension 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),alphotonic 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
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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 withire tunit cell according to electromagnetic
interface condition§l47].

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 oditfhe split ring PhC
nanobeam. A 2.5 nm mesh step in the x addgctions 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 slightfed#nces 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 holePhC is located near 1550 nm; hence, the addition of the silicon split ring in the
unit cell redshifts the transmission spectrum, as expected, without significantly changing the

extent of the bandgap.
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Figure 2.2. (a) Photonic band structure of RO 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 ir{bgr&mulated
transmission spectrum for split ring PhC having a finite length of 27 unit &dlstinted with
permission fronj161] © Optica Publishing Group.

2.3 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 thdinection, thesimulated 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 pwer 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 eff@é28].

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 aalbsimulations. 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
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parameter changes that may be applied to the design of cavities and other resonators. Figure 2.3
shows the energy density (proportional # @istribution at the air band edge of the RO, R30, R60,
and R90 split ring unit cells normalized to the peak energy density in the RO unitzgéll 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 betogrigied inside

the split to beag spread out along the upper and lower air ring regions. To understand the-rotation
dependent energy distributions, we first closely examine the RO and R90 split ring unit cells. For
the RO unit cell, the THolarized electric field that oscillates in thiane across the waveguide
width (y-direction) directly crosses the vertical silicemr-silicon interfaces of the split.
Electromagnetic interface conditions dictate that the normal component of the electric field is
discontinuous across an interface (i 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 RO split ring PhC unitselhhanced by the ratio

of the silicon and air permittivitiesthis effect is known as the slot effefd46]. 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 interéa conditions; the electric field enhancement in these air
regions is much lower than in the split due to their much larger \\id#]. Conversely, for the

R90 split ring unit cell, TEpolarized light is tangential to the silicair-silicon interfaces of the

split. Therefore, since electromagnetic interface conditions dictate that the tangential component
of the electric field is contuous 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 bottoneafriit cell between
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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. Figu24 shows the electric field energy density profiles

for the split ring (RO 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 10 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% (0.684&r R90 split

ring vs. 0.563xkg? for full ring). This slight difference can be explained largely by the enhanced

field at the sharp corners introduced by the split.
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Figure 2.3. Electric field energy density (i.e., proportional t§) Histribution at air band edge for

(a) RO, (b) R30, (c) R60, and (d) R90 split ring PhC unit cells using a color map normalized to the
peak energy density of the RO unit celf/@=q?), allowing direct comparison across all unit cells.

(e) Rotation angle dependence of peak energy density (normalizeefxangide 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) frequencye ttotation angle is held constant at zero degiReprinted

with permission fronj161] © Optica Publishing Group.
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Figure 2.4. Electric field energy density profiles at the air band edge for infinitely long PhC
waveguides with (a) the RO s%(b)ithe RA0Bplitgnguniti t c e
cell (= = 16)10.dbdndm,c)d t=hed Of ul I ring unit <cel
removed from the structure. The energy density profile is plotted using a color map normalized to

the peak energy density of the RO unit cef/ro?). Reprinted with permission frofi61] ©

Optica Publishing Group.
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With the understanding that the energy distributions for the RO 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 intermediaitation angles. For the unit cells
with rotation angle greater than O0¢e¢, the ener
rotation angle (i.e., by considering the horizontal component of the silicon/air interface). Figure
2.3(e) quantifies the pkanergy density in the split as a function of rotation angle, normalized to
the peak energy density in the RO unit cell. In comparison to the traditional circular air hole PhC,
the peak energy density in the split of the RO split ring PhC-t&ni€s higler. 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 fromFigs. 23 and 2.4offering a comparison of the energy distribution with the
split ring shape entirely removed. We note that the energy profile irRFgs 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 thisattlitional circular air hole PhC unit cell. If we normalized the data
to the peak energy density of the ROtspng PhC as in all plots in the main text, the profile would
appear only as near blackaffoe= 0.103xE0). Notably, the peak energy density inside the split
diminishes by greater than one order of magnitude from RO to R90, offering tunability of electric
field strength and location from inside the weltalized split (RO) to the surrounding airhole
(R90). Suchtunability could be advantageous for PhC cavity applications for which a large
difference in peak energy density is desirable in adjacaihtalls (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 nanobfk4ir]. The maximum energy enhancement
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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 tatlof the split ring147]. Applicationspecific
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 ofdoze
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Figure 25.El ectric field energy density profile ali

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 peakyedergsity of the airhole
PhC unit cell (B/Ean?). Reprinted with permission frofl61] © 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 Igylidalized in the air split, the air band

edge frequency decreases. The air band edge frequency decreases by 0.75 THz from RO to R90,

which corresponds to an approximate increase of 10 nm in wavelength in the near infrared.
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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 dlsahe split width increases, the
peak energy density decreases, following from theedfect. 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 b 20 nm split widths because as the split width increases to a larger
dimension than that between the ring edge and surrounding waveénuidec, oute) (i.€., Ws >
20nm), 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 fromi 30nm. This is preitted by the filling fraction because
the volume of silicon decreases in the unit cell whiea $plit 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 PhCamobeam; 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 oih&ole, could be varied

to achieve PhC cavities.

2.4 Conclusion

In summary, we present a new PhC unit cell with a split ring shape that supperts 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 asgle width, and split ring width,

that can be used to control the air band edge frequency and electric field profile. With these
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additional degrees of freedom we show for the
spot o at any |l ocation within the PhC wunit C ¢
waveguidg146], PhC unit cdl[144], or dielectric region between PhC unit c¢li§0]. With a

split width of 10nm and rotation angle of°0the split ring PhC demonstrates a-fi@
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 particlefield interactions in optical trapping or sensing platforms. Together with other recently
reported subwavelengéngineered PhC unit cell designs such as the bowtie and antislot, split ring

unit cells expand thdesign space for achieving a highly tailorable mode profile, customizable for

desired applications.
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CHAPTER 3

Deep subwavelength photonic crystals for communications

© 2023 IEEE Adapted with permission, fron247]. J. A. AllerfandK. P. Arnold? S. I. Halimi,

L. D. Ryder, F. O. Afzal, Y. BianA. Aboketaf, K. Dezfulian, M. Rakowski, R. Auger, T.
Hirokawa, K. Nummy, S. M. Weis®eep subwavelengtma-slot photonic crystals fabricated in
monolithic silicon photonicstechnology.l[EEE Photonics Technology Lettei35(9), 461 464
(2023).

AThese authors contributed equally to this work. Joshua performed the preliminary design and the
fabrication layout for submission at GlobalFoundries. Kellen performed the analysis of fabricated
structures, simulation analysis, preparation of figures, awtéews. Both authors contributed
equally to the writing of the manuscript.

We report the scalable fabrication and characterization of photonic crystal (PhC) nanobeam
waveguides incorporating subwavelengtale dielectric anlot unit cells. These ansiot PhCs

were fabricated using deep UV lithography on a monolithic siligbhotonics technology. The
dielectric band edge mode is characterized by strong field localization in trebodméigion where

the minimum dielectric feature size is approximately 70 nm. This demonstration opens the door to
further investigation of subwalength engineered photonic structures fabricated using

commercial foundry processes for integrated photonics applications that benefit from enhanced

light-matter interaction.

3.1Introduction

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 onchip signal modulation, routing, and detect|@B,248] Compatibility of silicon

photonics components with complementary metal oxide semiconductor technology has enabled
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hybrid and monolithic integration of electronic and photonic circuit elenj&h{249,250]
Although the propagation of guided modes necessitates larger feature sizes for walvageite
components compared to electronic wires, the speed and versatility of photonic information
transfer provides a significant advantage to including photonic cnems 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 performancecbiphotonic
components. PhCs leverage wavelergjged features to confine light and inase lightmatter
interaction[55,143] Deep subwavelength engineering of PhCs, including the incorporation of
nanoscale air slots and bowskaped unit cells, has enabled more extreme confinement of light
than what is achievable in traditional Ph€H44,163] Slotted PhCs, for example, have been
exploited for compact, loypower modulators and ultrahigh sensitivity biosen§tts251] With
a calculated eigHild increase in peak electric field amplitude achievable in a beshaped PhC
nanobeam compared to a slotted PhC nanobeam, even more compact and lower threshold energy
devices may be achievable with bowtie PhCs and other agldaubwavelength engineered PhC
unit cell design$144].

Given their submicron features, most PhC devices are fabricated using electron beam
lithography. However, to be considered for commercial applications, scalable fabrication with
deepultraviolet (DUV) lithography is necessary. Over the past few yeang 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 MaciZzehnder modulatorf252i 255]. Very recently, slotted PhCs have also been

achieved with an air slot width of 110 nm using DUV lithograf#B6]. We note that photonic
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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 avafag the processing.

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 haveells that include
silicon bars that taper down to 70 nm at the center of the PhC unit cells (i-slp)tiwhich is
close to the minimum feature size of photonic components in the process design kit (PDK) of the
90 nm photonics technology at GFais nears the resolution limit for proximitorrected DUV
processing; smaller features necessitate rigorous process development and potentially multiple
patterning steps. Strong light localization within the -aidis, as evidenced through the simulated
mode distribution, increases lighitatter interaction in these regions and opens the door to creating

smaller footprint antslot PhC filters and modulators that operate at low energy.

3.2 Design of antislot photonic crystals for foundry processing

The dielectric mode ansilot PhC nanobeam waveguide design chosen for this work
respects the minimum feature sizes achievable in deep UV lithography while striving to attain
strongly enhanced lighhatter interaction to enable a more compact footprint landpower
requirements. The design follows from Hai,al. ACS Photonic8(9), 2016[147] where it was
shown that | ight can be progressivel ynates que e z
interaction by introducing an interconnected series of void (e.g., slots) and dielectric (e.g., anti
slots) regions into the PhC unit cell. Ths possible due to the orthogonal nature of the

electromagnetic interface conditions. When the final element of the interconnected series inside
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the PhC unit cell is a slot, then light is localized and enhanced in air. Conversely, when the final
element is an anslot, then light is localized and enhanced in the dielectric material. While the
prior work utilized the air mode of a PhC and introdlisabwavelength features inside air holes,
here we utilize the dielectric mode and a PhC comprising a periodic array of silicdd4xdrs
modified with a subwavelengiized interlocked air slot and asstot.

A schematic of the designed silicon device layer of thesdotiPhC nanobeam waveguide
is shown in Fig3.1(a). The length of the silicon nanobeam was chosen tede 600nm and the
lattice constana = 370nm. The antislot width was designed to b&s=120nm with a length of
Las=100Nn m. The width of the silicon Nelamae 0 at
Weap = 230nm. The vertical material stack for the asioit 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. TisoamhC
nanobeam waveguide is patterned into the silicon device layer wélght lof 100 nm. We note
that fabricated samples also include aahstack 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-#tetsnti

with smaller dimensions leading to higher peak energy density.
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(b) silicon nitride

PhC layer =— -

buried oxide ®

Figure 3.1. (a) Schematic of designed silicon device layer of-glati 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 directiooateohéy the
black arrow (bottom right)b) Crosssectional view of corresponding vertical material st&k.
2023 IEEE.

To understand the scaling of energy density with-gloti feature size, the energy
distribution in antislot PhC nanobeam waveguides with different-alati widths was simulated
(Fig. 3.2(a)). The length of the ansilot was not varied in simulation due to fabrication constraints
that precluded anslots shorter than 100 nm. All simulations were carried out using-three
dimensional finitedifference timedomain (FDTD) simulations in Ansys Luarical software. The
energy density distribution simulations were performed by creating a single PhC unit cell with
mesh steps of 2 nm in thxe andy-planes covering the primary structure. Namform meshing
was used elsewhere in tkeandy-planes andh thez-dimension. Bloch boundary conditions were
set in thex-dimension to simulate an infinitely repeating array of unit cells. The structure was

excited using a transverse electric (TE) polarized dipole source placedkinaglame. The energy

density was calculated using a 2D crgsstion electric field monitor, set to measure the field at
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the dielectric band edge, and index monitor in the same region. The outputs of these monitors were

combined according to the equation

6 P _-0Oh (3.1)

whereo is the energy density,is the permittivity andis 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-alati increases approximately
exponentially with decreasing argiot width. This scaling is consistent with trends reported for
antkslot unit cells in a different geometf¥47]. Notably, the energy density is strongest at the
sharp corners of the asgiot, by a factor of 1.2 greater than the energy density in the middle of the
antkslot, suggesting that a smoother designed feature would be more favorable for localizing the
highest energy density over a larger region in the center of thelahtiConsidering the energy
density in the center of the aigliots in Fig.3.2(b), simulations show more than a doubling of the
peak energy density in the center of a 10 nmsloticompaed to that in the center of a PhC unit

cell without an antslot. The dimensions of the structure were selected felpand dielectric band

edge and to push the lower limit of achievable feature sizes with monolithic fabrication on-a multi
project wafefMPW) at GF for maximum energy enhancement.

The transmission spectrum of the asitt 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 catisiae
a nonuniform 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 148594 nm. To take advantage of the
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high peak energy density in the asilibts, the slow light band edge modes near the dielectric band

edge (i.e., near 1594m) were utilized.
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Figure 3.2. (a) Energy density distribution in a PhC unit cell with no-atdgt (AS) (i.e., silicon

bar) compared to unit cells with varying aslot widths (vas). The color map is normalized to the
peak energy density in the bar. (b) Normalized peak energy density of PhC unit cells with different
antislot widths. An exponential line of best fit is plotted (dashed) as a guide to the eye. (c)
Simulated transmissiospectrum of antslot PhC nanobeam waveguide shown in Fig.@.2023

IEEE.

3.3 Fabrication and characterization methods

Anti-s | ot PhC

nanobeam wavegui des

wer e

fabri

90 nm monolithic MPW technology, and transmission spectra were measured at GF. An automated

alignment, fibercoupled laser setup was used, which couples a continuousGsaared 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 te the anti

slot PhC nanobeam.
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3.4 Analysis of fabricated antislot photonic crystals

Figure3.3 shows scanning electron microscope (SEM) images of fabricatesl@rdhC
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 chacatterization
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
antrslot PhC nanobeam waveguiddsis =570 nm and 560m, a=370nm and 370 nm,

Weap = 150 nm and 200Gm, andwas= 70 nm and 11@m. By comparing the SEM images with the
schematic structure in Fi§.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 thataarewer at the top

than at the base. Importantly, the aslot is resolvable; the nawest region in the center of the
antrslot is pinched by approximately a factor of two compared to the silicon caps. This narrowest
region of the antslot PhC was consistent in all imaged ahtits in the PhC nanobeam.

To verify that the fabricated ardiot PhC maintained the expected energy localization and
enhancement in the asgiot region of the PhC unit cell, a 3D FDTD simulation was carried out
with feature sizes that mimicked the fabricated structure. An 1&wegrblygon was used to
approximate the fabricated astot PhC with the silicon cap width, minimum aslot width, and
nanobeam width determined from analysis of the SEM images in BgF&r simplicity, the
silicon sidewalls were assumed to be vettinghe 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 inF2ga, b.
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As shown in Fig. 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-slotanti
and 1.73 (110 nm ansilot) compared to the peak energy density in a rectangular PhC unit cell
without an antislot. This enhancement is larger than predicted by the simulations B.ZiyVe
attribute this difference to be primarily due to the smoother shape of the fabricatsidtamthich
prevents undesirablenergy concentration at the sharp corners of the designedl@astin Fig.

3.2 and enables higher energy density in the center of thalahtHence, the smoothing of the
features in fabrication is advantageous and allows the singtslanghape to partially resemble

a bowtie shape for which maximum energy density enhanceroalit be obtained.

2.73

(/1) Ansua AS1ouy yedd PIZI[BUWION

Figure 3.3. SEM image of three unit cells of the fabricated-afdt PhC waveguide with minimum
antislot width of (&) 70 nm and (b) 1X0n. Corresponding energy density distribution in
simulation of (¢) 70 nm and (d) 110 nm asliot PhC unit cell. The energy enltament is
concentrated at the pinched region of the design corresponding to tkeoaimégion with
normalized enhancements of 2.73 and 1.73, respectoe&l(p23 IEEE.
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The experimental transmission spectra showing the dielectric band edges of the fabricated
antislot PhC nanobeam waveguides are plotted in34#.We estimate the insertion loss to be
approximately 1 dB (70 nm ardiot) and 4 dB (110 nm argiot), which we believe can be reduced
with further design and fabrication optimization to reduce losses, including at the interfaces
between the input anditput waveguides and the astot PhC nanobeam. The measured dielectric
band edges are near 1485 nm (70 nmslat) and 1560 nm (110 nm aslot), which, as expected,
are blueshifted compared to the simulated spectrum of the rectargjutgnred antslot PhC
nanobeam waveguide in Fig2(c) due to the lower silicon fill factor in the unit cell. We
subsequently simulated the transmission spectrum of a modifieeslantPhC nanobeam
waveguide with the unit cell shape shown in B§. Due to computational resource constraints,
100 unit cells were included in the simulation while the fabricated structure cad@®@00 unit
cells. The simulation settings were the same as those used to obtain the spectrurd.2(ckig.
with the exception that wuniform me=slOnm).ds was
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 anslot PhC dimensions in simulation compared to the SEM imafebe

fabricated structure, resa# constraints on meshing, and neglecting the sidewall sloping.
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Figure 3.4. Simulated (orange) and measured (blue) transmission spectra aflcanBhC
nanobeam waveguides with tapered-atdt features as shown in Fig33The solid traces (left)
correspond to the 70 nm dielectric asitit and the dashed traces (right) correspond to the 110 nm

dielectric antislot, as labeled® 2023 IEEE.

3.5 Conclusion
This work reports the first monolithically fabricated silicon sttt PhC nanobeam

waveguide. A minimum feature size of it was achieved in the aidiot region of the PhC unit
cells wusing DUV lithography i n GmDblectribd@andnm mo
edge modes were measured in thbadd. The spatially localized and enhanced field in the anti
slot regions of the PhC support increased figlatter interaction in the slow light band edge mode
compared to a traditional PhC nanobeam waikgar ridge waveguide structure. Demonstration
of a scalable fabrication approach for aslots opens the door to integrating subwavelength

dielectric features into integrated photonic modulators and filters to significantly reduce their

threshold energyequirements and footprint.
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CHAPTER 4
Deep subwavelength photonic crystalfor sensing and quantum photonics

applications

Adaptedwith permission fronj257]. 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 four@dptics Express32(23),

40350 40363(2024).© OpticaPublishing 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 irelcolesgated, slotted

unit cell shape that leverages electromagnetic interface conditions to localize optical energy in low
refractive index regions, achieving a fefotd enhancement of the electric field energy compared

to an equivalent slotted photorgeystal without the nanoscale corrugations. This demonstration
establishes a basis for future study of commercially fabricated, subwavelength engineered

photonic structures where intense lighatter interaction and manipulation of optical properties

onchip is critical, including biosensing and optical trapping applications.

4.1 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, fpginformance cogputing, and quantum
information processinfl9,23,258] With the advocacy of the electrical integrated circuit industry

and semiconductor foundries for design of photonics alongside complementary metal oxide
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semiconductor (CMOS) technologigd,249,250,259] there is a renewed excitement for
revolutions in commercial photonics including materials integrgd2260], co-packagind25], and
emerging component level design. Each of these research efforts aim toward augmenting the data
transmission or sensing capabilitiesanp while simultaneously reducing the cost, size, weight,
and power consumption of photonic integrated circuitsité\core, these goals necessitate the
precise control over lighhatter interactions eanhip, which in turn requires uniformity in
fabrication. Thus, as the need for integrated photonics has grown, so have the technological
resources allocated by photosifoundries, with numerous companies now leveraging ultraviolet
(UV) and deegpultraviolet (DUV) lithographical processing for their meytioject wafer (MPW)
programg10]. 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 cacallyastiprove the

ability to manipulate lightnatter interactions on chip, such as is the case for plasni@6itls
metasurfacef262], and photonic crysta[263].

For waveguidantegrated 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 nip8a)232] and
dispersivg145,233]properties. Some notable Pivdsed devices include PhC lag@34i 236,
electreoptic modulator$55,143,237,238] optical biosensorf240,251] and solar cell241i
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 integratetéioms of MactZehnder

modulatord252i 255,264] Recent work has revealed that the specific geometry of a PhC unit cell
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has a strong influence on the local electric field and energy distributions, leading to a
subwavelength engineered class of PhCs called photonic metacii4thlis7,161,162,244,265]
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 intenserhgltiier ineractions of propagating signals in
a silicon PhC with heterogeneously integrated elegptic material§56,60,266]in the lowindex
regions to boost the otherwise weak elecptic effect in silicor{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 cacdie ensure that each photon generated
interacts strongly, improving indistinguishability and coupling to a guided &8&23,130]
Finally, in photonic biosensing, intense lighttter 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 incubatiaes for rapid, labetree, pointof-care
applicationg251]. Given their nanoscale features, most subwavelength PhC devices are fabricated
using electron beam lithography (EBJ267] or specialized research proces&68]. However,
very recently, slotted PhCs with an air slot width of 110[256] and deep subwavelength antislot
PhCs with a minimum silicon width a0 nm[247] havebeen 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 Blo@s structures, realized

using the GlobalFoundries (GF) FotoRfxsilicon photonics technology, are characterized and
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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 thenfiateenhanced performance of
integrated microring resonator biosensors featuring deep subwavelength slotted PhCs based on the
fabrication results compared to traditional wavegtbdsed microring resonator biosensors. This

work establishes a path forwavard 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

rangingfrom communications and quantum information to optical trapping and biosensing.

4.2 Deep subwavelength slotted photonic crystal design

A schematic of the deep subwavelength slotted PhC is shown id.E{g). 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 possilidabrication, the PhC nanobeam is coupled to a 700 nm
wide silicon ridge waveguide that supports the fundamental mode, which is illustrated in the Fig.
41(a) inset. The PhC layer martially etched resulting in an underlying silicon rib layer with
approxi mately 6 em width. The design paramet e
deep subwavelength slotted PhC are outlined in Eit(b) where traditional PhC tuning
parameters, unit cell pitcra and PhC waveguide widtiwgnc), and subwavelength featured
parameters, dielectriegm) and air (vam) mode slot widths, dictate the PhC nanobeam properties
and optical energy confinement. We also note that the anchor pointsealdogyathe black dashed

boxes in the schematic serve two purposes. These large silicon (Si) features improve the effective
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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 caarfice that all segments of the PhC
nanobeam will remain intact throughout all wafer processing and metrology steps.&idoye
provides a crossectional schematic view to further clarify the structures under study, with all
optically relevant layers labled. A sub200 nm silicon rib waveguide device layer (grey) is
patterned atop a buried oxide (light blue). A-<dl@® nm silicon nitride layer (purple) is embedded

in oxide and positioned 25 nm above the surface of the silicon PhC. We note that ttedayer

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 enertheisninimum slot width, with smaller

dimensions leading to higher peak energy density in a smaller volumetric region.
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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 insigieére dashed boxes.

The areas of maximum optical energy concentration are illustrated by the pink glow inside the
dielectric mode deep subwavelength slots. The inset showsdotapschematic of the coupling
between the bus waveguide and the PhC amfltck bolded arrow indicates the direction of light
propagation into the nanobeam along thexis. (b) Topdown schematic of the slotted PhC design.
The PhC tuning parameters, which include air mode slot widid), (dielectric mode slot width

(wgs), PhC period d), and PhC waveguide widthwénc), 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 évoated 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)-§&cssnal
schematic of the optical material stan GlobalFoundries Fotoni¥X technology. The buried oxide

(light blue), silicon rib and PhC device layer (grey), and silicon nitride (purple) are indicated.
Reprinted with permission frof257] © Optica Publishing Group.

4.3 Foundry scale fabrication of deep subwavelength features
All sl otted PhC nanobeam waveguides were f.
DUV lithography in their Fotoni¥' monolithic silicon photonics MPW technology. All
experimental transmission spectra were measured using an automategcatgeiibercoupled
setup at GK269], which couples a continuous waveb@nd tunable laser into each device under

test via standard grating couplers included in the design to couple to and from the ridge waveguide
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mode that connects each PhC nanobeam. Fig@a) shows a scanning electron microscope
(SEM) image of four representative unit cells from which the schematics i E{gb) 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 oaragg fully processed chips with the full
material stack. The slot width&m andwam 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 smalk&otted feature leads to the greatest optical energy enhancements. The
unit cell pitch @) is 385 nm and PhC waveguide widtirfc) was measured at ~625 nm.

To analyze the optical energy concentration profile across the PhC nanobeams, three
dimensional finitedifference time domain (FDTD) simulations were performed. Figéo-c)
shows the electric field energy density distributions\@E::?), with a color bar normalized to a
traditional slotted PhC with a slot width of 140 masishown in Fig. 4.&ee Fig4.6(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 iFig.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 SEMwas 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 anefdheenwas 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 edgd.gly) and air band edge

(Fig. 4.2(c)). Transverse electric dipole excitation and periodic boundary conditions across the x
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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,-anniiorm meshing (maximum step = 28.4 nm) was
used along the-axis. We note that to accurately assess how the picatoode, 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 igpendent 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 consta#saall 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 beiegpbd the design of cavities and other resonators. Here,
the normalized peak energy density was found to be 3.91 in the dielectric modefp.and

3.03 air mode (Fig4.2(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 incluohgt 200
cells incorporated into each PhC nanobeam. Uniform 10 nm, 5 nm, and 2%shing was
implemented in the x, y, and z axes, respectively. Figutél) 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 edgasimulation (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
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from neglecting sidewall sloping. We note that the air band edge of the PhC nanobeam could not

be experimentally studied because thba®d tunable laser used is limited to a wavelength tuning

minimum of 1460 nm.
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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 indicatedesgleen
rectangular overlays. {b) 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 degsi a traditional air mode slotted PhC unit cell with a 140

nm slot width (i.e., Enc/Erer?, Eret?/Eret? = 1). See Fig4.6 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 banelddges are shown in simulation, while only the dielectric band edge is within
the measurement windoWeprinted with permissiofiom [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). Figure4.3(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
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nm slotted PhC. In both cases, the identified slot is in the air mode region. As showrdi8(Big.

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 desigused in each case. The standard
grating couplers used dictate the overall transmission envelope, which is maximum at
approximately 1550 nm. For each PhGida, 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 sensitiive to sma
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 bandweligeglentified at 1502 nm
(Fig.4.3(d)), 1556 nm (Figd.3(e)), and 1576 nm (Fig.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 (F&§3(e)) and 140 nm (Figt.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 thicRmessthe 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 indicatest 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 iMdHgn Section 4.6.2the variation in slot

width is likely significantly less than 10 nm for different PhCs across the wafer, which is
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commensurate with typical feature width variability in traditional,-sabwavelength photonics
fabricated using wafescale process¢270,271]

Normalized spectra for the 40 nm slotted PhC are plotted in 4=3gg), 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 appliedy dol 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 &dgel passed80 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 betwedest 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 arthaipat
the insertion loss can be mitigated to less than 1 dB and that fringes fromHéabtynterference
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 Hd.(a)). Figure4.3(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 variatio in transmission amplitude across the six test sites indB¢ef) is due to the
procedural steps used in the automated,-thgbughput 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 optaialong the band edge or within the band gap. As

such, the insertion loss is analyzed only for the 40 nm slotted PhC nanobea#B(Big(d)).
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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 im@@@snm, 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)aajacent reference waveguide (blue) of the
same total length are plotted, and the dielectric band edge of each PhC waveguide is located within
the telecommunications-Band. The noise floor in measurement is approxima&&ydB below

the reference wavegde transmission. (g) Normalized transmission spectra (ix&.waleguidel

Tphc waveguidp 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 theSfdited PhCReprinted

with permission fronj257] © Optica Publishing Group.

93



4.4 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 diagnostiog, ERII'D 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 photonicpplications, as discussed in the introduction, where
commensurate advantages can be expected.

Figure4.4 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 estaltdished. We
note that typical implementations for a biosensor would include using the slotted PhC nanobeam
waveguide in a MacZehnder configuration or using a slotted PhC nanobeam resonant cavity
design. Figurel.4(a) shows a schematic otayer-by-layer analysis approach in the slotted PhC
nanobeam waveguide, where a uniform layer with a refractive indek.5 near those of typical
analytes of biological interest (e.g., proteins and DRAR] systematically fills the unit cell. We
note that our methods of characterization areatiparative, so the scale factor advantage of
using the slotted PhC design is the same regardless of the target molecule index. Since the electric
field redistributon of the slotted PhC design is wetinfined 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 FDTIasons with the
same conditions as in Fig.2(b-c) and Fig4.6in Section 4.6.1As shown in Fig4.4(c), the 40

nm slotted PhC (orange) clearly epérforms the 110 nm slotted PhC (blue) and 140 nm reference
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PhC (red) designs, with more than 2 andtilrtes 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 then#8lot). 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, thtaal energy is redistributed in an advantageous way for
specific applications.

The device design strategy presented in4&#fa) 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 amlyte, 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. Figuret.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 expstrengdield 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 regionsouf field concentration, as illustrated in Fig.
44(b). The FDTD simulations were modified to restrict the analyte attachment to a uniform
refractive index layer with span of 100 nm. Figdré(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. Indct, the advantage achieved by the 40 nm slotted PhC overQtimenldlotted PhC
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and 140 nm reference case is approximately-20753.2-times and 3.4to 4.25times, respectively.
This result is close to the identified peak energy density enhancement factors identified (3.25 vs.
3.91,(see Fig4.6 inSection4.6.1). As the window width is reduced toward a slit, the sensitivity

advantage in simulation will approach the calculated enhancement factor.
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Figure 4.4. Layerby-layer sensitivity of deep subwavelength slotted PhCs. (a)dbom
schematic of the 40 nm slotted PhC patrtially filled with a uniform refractive index layer (blue). (b)
Top-down schematic of the 40 nm slotted PhC with 100 nm width masked regaotially 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 (blyeggnd mask layer (green) are indicated in the legend. A
summary of the 3D FDTD laydyy-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 @) the masked slotted PhC waveguide scheme in (fo)) @ashed traces are included for
each design as a guide to the eReprinted with permission frof257] © Optica Publishing
Group.

To make a more direct comparison to the most mature silicon photonics biosensor platform,
the ring resonatd®73,274] 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 um and ridge waveguide width of 400 nm. The small ring
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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 pegormed to compute mode
profiles on resonance with uniform 5 nm mesh steps used across the x and y directions surrounding
the ring, and nowniform meshing elsewhere. As shown in Figdi®(ab), each mode profile is
normalized with respect to the maximuelectric 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 theptical energy has not been redistributed by interface conditions.
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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 peakielgeld 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 fieldraplitude 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 resonathrT e transmissn

spectra without any added layer are also shown (oraRge)inted with permission frofi257] ©

Optica Publishing Group.
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The surface sensitivity of the two ring resonators was compared by addmg dn5
uniform refractive index layer with 5 nm thickness to the slotted PhC ring amé 4rb 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 u$éor each ring was chosen to provide a comparison
mimicking a similar quantity of moledes 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
(greytrace) and 10 nm for the traditional ring (blue trace), respectively. Transmission spectra with
and without (orange traces) the uniform refractive index layer are reported ¥kh3tmd). The
deep subwavelength slotted PhC ring resonance shifts diigs(za 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 perfedaligned 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 ih.&ig.Section 4.6.3the 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 prograatiwally 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 welcompared to 1D PhC arrays. In practical implementation, the deep

subwavelength slotted PhC ringdés features wou
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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 expensiveesihe 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 daoglhajls

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 b&a improved to levels
commensurate with previous implementations of PhC ring resonators in expd@s®a7s

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 ofcbip photonic biosensors. Here we consider the common
metric of surface sensitivity, the ratio of resonance shift and adiaig&ness $urtacein NmM/nm).
Table4.1 shows a comparison across several siitased photonic sensing platforms, including
traditional waveguide ring resonat¢2y8i 280], subwavelength grating (SWG) ring
resonator$280], multi-box SWG waveguides and ring resonaf@g0,281] slot waveguide ring
resonator$282], and PhC nanobear{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 acrashiosensor 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 safadesity
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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 greattacsusensitivity 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 arease 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 deigin 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 R¢280] between a mukbox waveguide ring resonator and a TM

ring resonator. To date, the mdbox SWG ring resonator has only been fabricated using
EBL [281]. Importantly, it follows that for all of the nanoscd&atured photonic devices included

in Table4.1 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.
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Table 4.1 Comparison of Photonic Surface Sensing Platforms

Molecular
Experiment Layer Backgrou Fabrication Approx. Surface
VS. Material / nd Quality / Design Sensitivity
Device Class Reference Simulation Index Material Factor Notes (nm/nm)
TM Ring Resonator ~8000 ~0.55
Deep Subwavelengtt This work ~ Simulation n=15 Air Fabricable
Slotted Ring ~550 using DUV ~4.0
Resonator lithography
TM Ring Resonator Simulation Not 0.1671 0.25
reported
: : SA / b-BSA* Not .
TM Ring Resonator 78] Experiment (Exps.) - reported 0.1371 0.18
SWG Ring Resonato Simulation n=148 Not 70 nm slots ~1.0
9 (Sims.) reported '
. . 70 nm
SWG Ring Resonato Experiment ~9100 slots, EBL ~1.0
TE Ring Resonator [279] Experiment PSS /PAH* E-ll-Dr'II'SA{* ~43,000 0.127 0.14
TM Ring Resonator ~15,000 0.2571 0.3
. Not
SWG Ring Resonato [280] Simulation n=148 Water reported 60 nm slots 0.95
Multi-box SWG Ring _ .
Resonator 6,800 60 nm slots 207 21
Multi-box SWG . Tris / 4,600 60 nm .
Waveguide [281] Experiment PSS /PAH* EDTA* 7.800 slots, EBL 1.871 1.94
. . 100 nm
Slot\aveguide Ring  [22]  Experiment biotin /avidin ~ HBS* ~330  slot, DUV ~0.45
esonator ;
lithography
Airhole PhC Cavity [283] Simulation n=1.46 Aj ~15,000 0.77 0.8
ir
Antislot PhC Cavity Simulation n=1.46 ~15,000 117 1.4
Airhole PhC Cavity Experiment PQAAA;—|A*/ ~3,000 EBL 0.61 0.8
[284] Air
. . . PMAA / .
Antislot PhC Cavity Experiment PAH* ~3,000 EBL 081 1.1

*SA = streptavidin, BBSA = biotinylated bovine serum albumin, PSS = polystyrene sulfonate, PAH = polyallylamine hydrochloride,
EDTA = ethylenediaminetetraacetic acid, PMAA = polymethacrylic acid, PBS = phebpffated saline, HBS = HEPH#&iffered
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4.5 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 enemgityd
enhancement in the accessible slot region as compared to a traditional slotted PhC, which directly
correlates to the intensity of ligimatter interaction. Hence, performance metrics of a photonic
device can be greatly improved by incorporating deepwavelength 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 slotte 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 itb&ches
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 subwavelesgiitted 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 bengffrom enhanced lighinatter 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 er ametjrated
photonic component to augment enhanced dightter interaction across integrated photonics.

This first realization of deep subwavelength features at photonically relevant aspect ratios indicates
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the promise for wafescale processing not only in integrated photonics, but across tangential fields

where features smaller than 100 nm are desired, including plasmonics and metasurfaces.

4.6 Supplemental information
4.6.1Electric 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. Figure6 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 cas, the structure was directly sampled from the SEM images in the main text (see Fig. 3).
From left, the normalized energy deggirofiles are reported for the 40 nm dielectric mode (Fig.
4.6(a)), 70 nm air mode (Fig.6(b)), 110 nm air mode (Fig.6(c)), 140 nm air mode (Fig.6(d)),
and 140 nm air mode reference case (#i§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 invetisébatre 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
geometrie§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 iA.F{d) and Fig4.7(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
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slot, the closer the energy enhancement will resemble that of the bowt[@ & CThus, 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.

3.91
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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 atisd BhCs. The color
map is normalized to the peak electric field energy density in the reference air mode slotted PhC
unit cell (i.e., Bnc/Eret?, Eret?/Eret® = 1). A schematic of the reference case slotted PhC is shown
in the inset of (e), for cléy. 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 Bgdrinted with permission frof257]
© Optica Publishing Group.
4.6.2Energy 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 ind@tathematically 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 t&&M 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
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the curve was modified to study varied slot width. Figui#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 marrowed. 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 desihe narrowest deep subwavelength slot into the air mode
region for even higher energy enhancements. As shown id.FAg), 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 moelge guide (dashed blue trace) at small slot widths. Finally, we
leverage this analysis to also further support the fabrication eridiscussed 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 edd 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 thewidth 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.
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Figure 4.7. Energy density scaling with PhC slot width. (a) Fagwvn 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(E.:?) 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 &th the air band edge (blue) and dielectric band edge (orange). A
guadratic line of best fit is plotted (dashed) with each trace as a guide to the@ye.€hch trace,
the slot width of the mode not under study (e.g. dielectric mode slot width for airtracds) is
held constant at the width obtained from SEM in Fig. Raprinted with permission frof257]
© Optica Publishing Group.
4.6.3Sensitivity 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). Fron4Fgthe 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 maolle 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

subwavéength 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
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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 valueandrd.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 sensiity, 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 ggnsitiv
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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 efistiastwithout an added

layer (orange)Reprinted with permission frof257] © Optica Publishing Group.
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CHAPTER 5

Radiation effects on waveguidantegrated germaniumsilicon pin photodiodes

© 2025 IEEE. Adapted, with permission, frg&85]. K. P. Arnold, S. Musibau, H. M. Dattilo, H.

J. Sutton, S. L. Frankowski, M. Berciano, E. X. Zhang, M. W. McCurdy, M. L. Crespillo, K. Hattar,
A. Tsiara, D. Linten, K. Croes, J. Van Campenhout, R. D. Schrimpf, D. M. Fleetwood, R. A. Reed,
S. M. Weiss. Displacement damaged ionization effects on wavegutidegrated germanium

silicon pi-n photodiodesEEE Transactions on Nuclear Sciend@®(4), 1181 1190(20%).

On-chip germaniurssilicon (GeSi) 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 harshi@maents, where the benefits of photonic
integrated circuits on performance and compactness are increasingly advantageous. Effects of
contact configuration and geometry on wavegdidegrated G€5i photodiodes under eV

proton and 1&keV X-ray irradation are studied. Modest operating dark current increases up to 35
nA or 4.25 dB result from nonradiative defect center generation and iontnadioced traps.
Radiation sensitivities are compared to thermal effects on performance, supporting the relativ
robustness of G8i 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 moolestall but are important to design strategies

for space and accelerator environments, especially as performance requirements and circuit

complexity of integrated photonic technologies increase.

5.1 Introduction
Over the last few decades, cuttiedge research and commercial interest in silicon

photonics has steadily evolved, signifying a revolution of information transfer toward optical
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signal routing orchip. 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 -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 andpaokaging 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 transmissiofil90]. Given the harsh environment in space, the investigation of the
radiation response of integrated silicon photonic devices is paranjp8n{288] However, to

date, there have been relatively few studies of radiation sensitivities on PIC components, including
waveguideg[212,213,215,216modulators[222i 225,227] ring resonators and filtef214,217]

and photodiode$202,222,226,22831].

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-&bripon
photodiodes, germanium has emerged as the material of choice dwstoptibility with silicon
CMOS manufacturing processes and its exceptional absorption properties within the
telecommunications wavelength range. Germansilimon (GeSi) waveguide integrated PIN
diodes, specifically, have gained prominence for theicieficy in this optoelectronic signal
conversion. While G&i 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 tlspace environment.
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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 damagiR28,230] on GeSi waveguidentegrated
photodiodes have been identified. The radiatimuced degradation of photodiode performance
in these studies has been relatively small, but no clear avenue has been identified for device
selection or design strategies totigate the impacts of displacement damage and TID on
photodiodes for space flight.

In this work, germaniursilicon (GeSi) photodiodes are studied in harsh radiation
environments, with modest sensitivities to -M8V proton and 1&keV X-ray irradiation
demonstrated. By comparing proton anda¥ results, we identify a saturation of detgaon due
to total ionizing dose above 500 krad(&iGilicon dioxide), corresponding to a MgV proton
fluence of less than 1® protons/cm. Protoninduced displacement damage increases
proportionally to proton fluence. Defects within the bulk andhat Ge/SiQ 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 changeded 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 photoics 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.
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5.2 Device structure and experimental setup
5.2.1Samples

Three types of waveguidategrated GeSi photodiodes, which were fabricated at imec,
were utilized for this wor289]. Fig.5.1 shows crossectional 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, Fi§.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 this&ne 220 nm. Six distinct implants were
used in fabrication, as indicated in Figl: 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-Mnd Rtype 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 wavegpugéed, including an
edgecoupled inline silicon waveguidg290], 90-degree bend, and an optical grating coupler for
probing, as shown in Fi¢.1(d). For each G&i photodiode configuration, a separate, identically
designed device was tested using botha@d (1550 nm) and-Band (1310 nm) grating couplers.
Since dark current measurements are unaffected by the gratings,dhd OGband device d&

currents can be compared directly.
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Figure 5.1. Crosssectional 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-axis and length along theais, respectively. (a) The dble row
contact pitch of the doped Ge cathode is BOD The approximate span of the P+ (a) and N+ (a,c)
shallow Ge implants are indicated in red and blue, respectivet). The intrinsic silicon width
between the extent of the N body and P body intplegions is indicated at the center of the Si
layer (in tan). Widths are (B00nm and (c) 450 nm for the SLPIN and GSLPIN, respectively. (d)
Schematic layout of the G&i photodiodes studied. From the left, devicé&3VPIN), 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 forland and @and wavelengths changbdtween
macros. © 2025 IEEE.

All chips were encapsulated using standard commercial processes; while the choice of
encapsulation can potentially modify radiatimaluced response in arhip devices, e.g., viaH
transport and reactive passivating lay§291,292] no significant doseate or temperaturstress
dependent effects were identified. This suggests an absence of significant effects of encapsulation

on radiation response in these devices.
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When selecting an appropriate photodiode for inclusion into the design of a PIC, various
performance tradeffs must be consideref290,293] 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 reliaibly 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 sti4Sp Any PIC designer must
consider these traetdfs 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 comsetl, as studied in this work.

A summary of the samples on which experiments were performed is presented . Table
Proton irradiations werperformed on seven separate die selected from random locations across
the source wafer, including one chip each for the initial characterization sequence anaeptectro
bandwidth measurements. As a resul, individual devices were tested for eachf@uration to
collect dark current statistics, with ~90% packaging and handling yield throughout the full testing
sequences. Xay irradiations were performed on three separate sampgs@vidual devices).

One chip from theX-ray irradiation sample set was tested for annealing effects. One chip was

tested for thermal sensitivity.
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Table 5.1 Description of Irradiated Samples

Quantity of devices tested
Experiment Measurements Performed
(GSVPIN, SLPIN, GSLPIN)

1.8-MeV proton$ (2, 2,2 dark current, light current, wavelength spectrt
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
postrad annealingy (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 throughbthe manuscript.

dnitial testing sequence.

bPerformed on one chip from 4@V X-ray irradiations sample set.

5.2.2Device packaging and experimental setups

Chip samples were mounted using brass test packages with SMA terminals, feedthrough
inserts, and solder connections to gold, insulated microstrips. The chip contacts weonted
to each microstrip using 0.7 mil gold wire. A common ground terminalus@g for all anodes. In
general, the pattb-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 reasonahkans to minimize the pigradiation 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 cimiibinphotonics
characterization setup specially designed to support precision grating coupling of a continuous

wave laser source. Santec F510 (Gband) and TSi550 (Gband) tunable lass were used to
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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. htdighted 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
sourcemeter power supplies weused to apply bias and record current.

High-speed electroptic measurements were performed using a two port Keysight
N5245B PNAX vector network analyzer (VNA), which can measure electrical frequency
response up to 50 GHz. GGB Industries 50 GHz gresigwlal radio frequency (RF) electricalttes
probes, 50 GHz cables, and a 40 GHz, 100 mA Picosecond Pulse Labs bias tee were used to apply
static bias and measure the higbquency response of the PDs at port 2 of the VNA. A Keysight
81491A reference transmitter was connected to the port 1 aitfhe VNA to encode the optical
test carrier on a ®and laser with fixed wavelength (1547 nm). The optical signal was routed to
the onchip grating using single mode fibers; manual polarization paddles were used to optimize

for transverse electric (TEJolarized light.

5.2.3Test facilities

During all irradiation and temperature tests, all contacts were grounded. Proton irradiations
were performed at the University of Tennesk@exville Tennessee lon Beam Materials
Laboratory (TIBML) and Vanderbilt University Institute of Space and Defetessianics (ISDE)
using comparable National Electrostatics Corporation Van de Graaf Pelletron particle accelerators,
generating protons with -18eV energy[294,295] Samples were irradiated with fluxes between

2x1@ and 2x16! (TIBML) and 2x1@ and 18° (ISDE) protons/crfis with fluences incremented

115



by one order of magnitude up to't@rotons/cm. 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 currety photocurrent, and wavelength spectrum measurements were each collected
during an initial sequence of 1M\eV proton irradiations (18 10'* p/cn?) and measurements.
The timing between irradiation and megsuent for this test (e.qg., 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 allcases the test sequence timing is still much quicker than the typical time required
for roomtemperature annealing of Tildduced traps, as noted Section 5.3.5Thus, for all
statistical collections, only dark current measurements were performed.

X-ray irradiations were performed at Vanderbilt University using an ARACORY0X-
ray Irradiator. Dark current measurements were performesitu, 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 ngfally affect the dark current
response. Temperature exp@°Citom25iCtusng aveestlequitper f or
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.
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5.3 Results and discussion
5.3.11.8MeV proton irradiation results

An initial screening test sequence was performed to study a broad rangeSif Ge
photodiode device characteristics and refine the irradiation test plan for the bulk of work reported
throughout thischapter The dark current, photocurrent, and wavelength spectrum were each
measured on one chip after V&V proton irradiation steps (910" protons/cm). Active
photodiode signals were measured using O dBm (1 mW) laser input at 1310 and 1550 nm. A
representative example of a raw data set is shown ifbRigwhich 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 alignmerdt around 0.InA. To measure the wavelength spectral characteristics,
the input wavelength was swept across the laser tuning rangé (BB&0nm and 150A.630 nm)
while maintaining a fixed voltagel V) oneach photodiode. No irradiationduced changeseave
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 couploss from the input fiber and-@hip gratings
is ~10dB 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 occuf205].
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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 b to 10
protons/cm. 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 Oband modes of operation. © 2025 IEEE.

Dark currentdV characteristics under XMeV proton irradiation were collected for the
three configurations of the G& photodiode in a stegtress fashion to study the combined effects
of total ionizing dose and displacement damage on diode perfornfagses.3(ac) 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 thd tognitude of change differ among the three device types,
particularly in t he 58(@),nhg @SVPIN penorn@ance doesindt chgnge | n |
drastically until 18* protons/cr, at which fluence the reverse bia$ ¥) dark current increases

by nearly 35 nA or ~3.5 dB noise floor increase in the optical domain. Ir5Bidp), the SLPIN

dark current starts to increase at smaller fluences, arodAgrbons/cm and while the 14 nA
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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-pradiation 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 thel V dark current is reported for each device configuration. The marker and
error bars for eacllevice trace represent the mean result and standard error of each sample
distribution from the 5 irradiated chips, which is used consistently throughoutsi4gs.6, and

5.7. The results are consistent between tested devices of each configuration; the ttigdquéart
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-&i€; interface, which are not passivated and are
contactedo form the anode. These dafe@are present within the spackarge region of the
photodiode, leading to a variation in t8ockleyReadHall, trapassisted 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 experimentahynilet the population
variability, although we note that the pastdiation variability did not increase noticeably over
initial levels. An upper saxis is also included in the plot above Figl(a) to annotate the total
ionizing dose in Si@resultingfrom each proton fluence and a dashed red line is included for
comparisons of ionizing dose between proton asrdyirradiations, as discussedSection5.3.2

below.
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Figure 5.3. Representative 1-BleV proton irradiation results. Dark current IV characteristics of
the (a) GSVPIN, (b) SLPIN, and (c) GSLPIN following each proton irradiatien) {de order of
trace color with increasing proton fluence is indicated by the legeatlim&). © 2025 IEEE.
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The dark current is representative of the noise floor, meaning that as the devices are
irradiated, the attenuation budget for signal detection is reducedilyZ65IB for each geometry.
In PICs, design strategies, fabrication uniformity, and circuit dexily (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, theseinuated dark
current increases should be consader

The diode ideality factor is also extracted for each photodiode configuration using the

Shockley diode equation:

: G O 2y (5.1)
‘0 oQ ——h

wherelg is the zero bias dark curremtjs the electron charg®,is the measured voltagkyp.is

the corresponding measured dark currBats the series resistand®s is the shunt resistance,

is the ideality factorks is the Boltzmann constant, aiids 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 diodeondition is applicable. The results computed using (1) are shown ib.&fb),

where trends in photodiode ideality factor with proton fluence correspond closely to the trends in
the-1 V dark current in Fig5.4(a). We note that the ideal semiconductor photodioden kas,

and that nowmradiative recombination causes increases toward and even past= 2. The
increasing ideality factor reported here for each photodiode configuration supports that additional
bulk and interface recombination centessiaduced 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
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GSVPIN increases from ~1.38 to just less than 1.5.3fc) shows the zero bias dark current,
taken during the IV sweep. The change in current occurs after the first proton irradiation step (200
krad(SiQ) equivalent TID) and saturates, which indicates the contribution to dark current at no
bias is primarily from excess charge carriers due to traps, as discuSeetion5.3.2below. The

trend is similar for all three device configurations and the total increase is less than 0.3 nA.

5.3.210-keV X-ray irradiation results

Similarly, 10keV X-ray irradiations were performed to identify ionizing effects separately
from displacementlamage effects. The dark current IV characteristics (bi§&c)), 1 V reverse
bias dark current (Figp.6(a)), ideality factor (Fig5.6(b)), and zero bias dark current (Fsg6(c))
are all reported such that Figs5 and5.6 can be directly compared to Figs3 and54,
respectively. From Fig&.6(a,b), itis clear that ionizing effects saturate by ~500 krad{Sibich
agrees with results from previous studies on oth€se&Sphotodioded222,226] Conversely, the
dark current is still increasing at*@&nd 184 protons/cr, indicating that bulk displacements are
dominant at high fluences. We note that direct comparison of the 1V characteristics for the SLPIN
and GSLPIN in Figs5.3 and5.5(b-c) substantiates that the biggest effects from TID occur at
around-2 V and 0 V each, with the least effect at arouhd. 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 undeairradiation is similar for all
configurations: around 1.7452 dB. Further, the trends in ideality factor and zero bias dark current

are similar for all configurations, as shown in Figé(b, c), respectively.
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Figure 5.5. Representative 1ReV X-ray irradiation results. Dark current IV characteristics of the
(a) GSVPIN, (b) SLPIN, and (c) GSLPIN following eackra§ irradiation. (ac) The order of trace
color with increasing Xay dose is indicated by the legend insetain © 2025 IEEE.
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5.3.3Comparisons of irradiations
To further analyze the comparison of results of proton anayXrradiations in this work,
the-1V dark current is expressed as a relative increase using the equation:

o © Yo - (5.2)
0

wherelaqis the dark current at each respective proton fluence-@yXlose]prerad is the dark
current before any irradiation is performed, and the regibdi/lo is a percent change. The results
computed using (2) are reported for both proton amdyXrradiation in Figss.7(a,b), respectively.

This analysisnormalizes for the sensitive volume of each studied photodiode configuration,
offering a fair comparison of the relative increase for each case. As shown5tyag,. 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 configuratiatl.tBe Ge and Si
within the sensitive volume are intrinsic, as shown in 5ifyabove. We expect that the formation

of bulk defects inside the Ge layer is relatively uniform as the stopping rangeMgV.@rotons

in germanium is nearly an order of magnitude
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 Fig5.7(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 tofiGginterface,

which are treated identicallpf each device configuration. Chemical mechanical polishing (CMP)

is used to planarize the Ge surface, which is not passivated before tHay®iGs grown. The

subthreshold slope for each configuration is on the order of 80 mV/decade, corresponding to an
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ideality factor of ~1.33, which shows that these devices are of relatively high quality with mostly
bulk recombination and some surface recombination pathy288,299] Compared to the Ge
SiOz sidewall (unaffected by CMP), the top S&0; interface should contribute more significantly

to radiation sensitivity than other surfaces.
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Figure 5.7. Normalized comparison of irradiation results. Relative current incregase/(o) taken

at-1 volts and expressed as a percent for (aMe¥ protons and (b) eV 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 equivatéationizing dose (2 Mrad(SKpoccurs

at 102 protons/cri). © 2025 IEEE.
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5.3.4High-speed measurements

The highspeed response in theb@nd (1547 nm) of the three photodiode configurations
was studied under 1-8eV proton irradiation before and after a single proton fluence &f 10
protons/cm. The electreoptic bandwidth (&) is reported before and after irradiation for the
GSVPIN, SLPIN, and GSLPIN, as shown in Fi§s8(ac). The devices were grounded during
irradiation using a temporary wire bond, which was removed to allow foiipadiation probing
with a highspeed contact wedge. We note that tehnique 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 highspeed reference transmitter and VNA setup described in Sécfdh
devices were biased ail 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 intermediatenrgdpaedwidth and 10
spectral averages. For each measurement trace, the contribution to S21 of the Keysight 81491A
reference transmitter, RF cabling, bias tee, and comtadge were removed. The spectra were
normalized to O dB to remove the fiberchip insertion loss and extract exclusively the frequency
dependent loss. No measurable change to the S21 bandwidth of the devices was found after
irradiation, indicating thatadiationinduced defects from displacement damage and TID do not

affect carrier dynamics at high frequency operation.
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5.3.5Temperature testing and discussion

Temperature sensitivities of the & photodiodes are shown in Fi§9(a) across the
typical space flight operational temperature
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 terapge range. We note that the dark current degradation
due to 16" 1.8-MeV protons/cr (3.5-4.25 dB) corresponds to 4D °C increase in temperature.

It is also expected that dark current characteristics under temperature stress and irradiation are

pseudeadditive, meaning that the sensitivities to noise floor reported in this work at room
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temperature could compound or offset in practical erbit planetdependent environmental
operating conditions in space. While the radiation sensitivities of these devices are substantially
smaller than the total temperatineluced performance fluctuatis, both are important to PIC
design.

Temperature cycling was also performed on a sample irradiated wkd\1X-rays. Figs.
59(b-d) show the GSVPIN, SLPIN, and GSLPIN reverse bias dark current characteristics,
respectively. Here, the pigadiation (prerad) and 2Mrad(SiQ) curves from Figss.5(ac) are
plotted alongside measurements from 24 hours afteayXirradiation 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 performe8 &Cihtervals up to 125 °C (data not included
in this work). All measurements reported in Fi§Q(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 degradah recovery for the SLPIN and GSLPIN. This distinction is
potentially owed to internal electric fields, noting that large electric fields favor-tsageharge
annealing and small electric fields favor interface trap anneal8@fi 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 protiddy
contributions to radiaticimduced dark current increases from interface trapgprox.-0.75V)
that do recover and oxideap charge-(.1 to-2.0 V) that do not recover after temperature cycling

in lower internal electric fields.
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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, (I83rom one of
the X-ray irradiated samples before and after 2 Mrad{S}¥Gray dose, 24 hours after irradiation,
and after temperature testing up to 125 °C (measurements taken at room temperature). © 2025
IEEE.
5.3.6Comparisons to other work

Additionally, an important consideration for evaluating the potential sensitivities for space
and accelerator photonics applications of these and simil&i @beotodiodes is to contextualize
these experimental results with works on similar device strestuYhile 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 seadée GeSi photodiodes fabricated in commercial foundries under X
ray [222,226]and gamma ray227]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 estiading

comparing the relative dark current change, which removes the consideration of sensitive volume
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affecting initial current magnitudes. We are unaware of previous studies using charged patrticles at
Coulombic interaction energies (up to ~8 MeV). However, general trends discovered$or Ge
photodiodes under 28leV neutron and 24eV proton irradiation[228] and 14MeV neutron
irradiation [230] are comparable to this work and show similar low to moderate changes to dark
current. Like this work, little to no change has been identified in responsivity oifreighency
photodetector performance under irradiation in previous stuf@$,227,230] Finally, the
temperature testing results presented above agree closely with simulations and experiments in the
literature studying similar devicegl5,303 305], 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 curotmp @GeSi
photodiodes for sgce applications, so long as attenuation budgets of the greater circuit architecture

are adequately considered.

5.4 Summary and conclusions

This work examined low energy protoand Xray-induced sensitivities in vertical and
lateral GeSi photodiodes for PIC applications. Modest degradation of approximatelyZb5B
to the dark current noise floor and ~0.2 increase in photodiode ideality fvas noted, indicating
the formation of nowadiative carrier recombination centers in the sensitive volume of each Ge
Si photodiode. The photocurrent responsivity and elemptec bandwidth were unchanged,
indicating that radiative recombination patays are not inhibited for either static or high
frequency carrier dynamics regimes. Performance changes exclusively due to total ionizing dose
under Xray irradiation saturated around 500 krad(#i@nhile protoninduced effects continually

increased proportionally to proton fluence. Contributions to photodiode dark current increases
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from bulk displacements and interface traps / otide charge likely near the top &0,
interface were identified. Annealing of therXy 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 tIf®&/@IN and GSLPIN exhibit greater

dark current in practical operation across all studied proton fluences, the SLPIN dark current is
more sensitive to proton irradiati, relative to its prérradiation starting point. While the GSVPIN

dark current degradation due to TID recovers after 24 h, the SLPIN and GSLPIN patrtially recover
after annealing at 125 °C. These considerations must be included alongsiegispng
performance trad®ffs 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 spasmargiation. 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 acceleraavironments.
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CHAPTER 6

Radiation effects in nanostructured photonic devices

This work has beemcceptedio the IEEE RADiation Effects on Components and Systems
(RADECS) ConferenceK. P. Arnold, N. J. Karom, R. D. Schrimpf, D. M. Fleetwood, S. L.
Kosier, R. A. Reed, S. M. Weiddanoscaldeatured integrated photonic devices in harsh radiation
environmentsSubmitted to: Proceedings of tHeHE. (2025).

Resilience to ionizing dose and displacement damage is shown for photonic crystals with features

<100 nm, foretelling reliable nexgeneration integrated photonic devices for communications and

guantum applications in harsh radiation environments.

6.1 Introduction

In this chaptey 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 accelgsteanss No
changes in the spectral characteristics occurred in subwavelength engineered photonic crystal
nanobeams with minimum features as small as 60[247] under 1.8MeV proton irradiation
(10 p/cn? or 200 Mrad(SiQ) 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 fochip, integrated photonics has blossomed. This
interest is heavily centered around data communications, where photonic devices and circuits are
compatible with traditional electronics, enabling significant invpraents in power consumption

and bandwidth for data transmissi¢23]. Beyond communications, integrated photonics is also
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poised to disrupt numerous additional markets including LIDAR, quantum computing and atomic
clocks, and molecular and remote sensing, especially as cattgey research developments
redefine additional advantages for photonic syst¢3s].

For data communications and emerging applications alike, the need-dbrpophotonics
extends directly to several critical sectors where systems are subject to intense levels of radiation
during operation, including space missions, kegiergy physics eeriments, 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 radja86r287] 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
Atraditional 0 devices wil/| be supplanted to a
power consumption, especially by leveraging complementary materials or geometrical engineering
to modify optical properties owchip [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 ¢&44,163] Photonic crystal
design is used to manipulate optical properties in wavegu[86sl43] and subwavelength
engineering (<100 nm features) enables extreme confinement of light for intensenditygat
interaction in photonic devicefr1,251Jc ompar ed to traditional wave
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
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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 [213,214,217hnd single event transienf812,215,216]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 eusih or the surrounding oxide where fields evanescently decay (TID).
However, a natural subsequent question is whether manipulating energy concentraigm on
leads to heightened sensitivity to radiation. We note that theslantPhCs 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 &3 Thus, these changes to
physical operating principles and limits must be considered for the next generation of integrated

photonics devices.

6.2 Device structure and experimental setup

The antislot PhCs with minimum silicon width near 60 nm utilized for this work were
fabricated using GlobalFoundries Fotdaixechnology[247]. Figure6.1 shows perspective and
crosssectional schematic diagrams illustrating the device design, where the photonic crystal is
patterned in silicon. The vertical material stack for the-glotiPhC nanobeam is illustrated in Fig.
6.1(b) and includes a st200 nm silicon device layer atop an oxide lower cladding, a 25 nm oxide

upper cladding, and a sdi®0 nm silicon nitride layer buried in an oxide cladding. The-sioti
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PhC nanobeam waveguide is patterned into the silicon device layer with a height of 100 nm. For
all PhC structures, the pitck)(is held constant (375 nm) and the asitit width ( ) is varied

(60, 90, and 130 nm).

(b) - silicon nitride

PhC layer s

silicon

buried oxide y

Figure 6.1. (a) Perspective schematic of aslibt PhC nanobeam and underlying silicon rib. The
pitch () and antislot width (0 ) are labelled. The mode propagation direction is indicated by the
white arrow (xaxis). (b) Crossectional 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.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
em total thickness).

Measurements before and after proton irradiation were conducted at Vanderbilt University

using a custonbuilt photonics characterization setup specially designed to support precision
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grating coupling with laser sources. A Luna Innovations OVA (optical vector analyzer) 5100 (C
band variant) was used to perform all wavelerdghendent measurements. The Luna OVA was
swept across all possible polarizations to identify the minimum andnmaxiinsertion 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 contratigle 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 protond \BitieV energy. The sample
was irradiated with an approximate flux of 7*J0otons/cr¥s at a fluence of &protons/cm.
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 mesmsants, the ambient

temperature of the measurement stage was monitored and was found to vary by +1 °C.

6.3 Experimental Results

One chip containing the three PhC nanobeam designs and-pattemed 600 nm
waveguide (control sample, not shown) was irradiated usinlyl&\8 protons to 1& protons/cm,
which is an equivalent TID of approximately 200 Mrad(8iOThe 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).24a the dielectric band

edge, the transmission thugh the device outputtnas i t i ons 60 dBmoisd #ioerrino 0  (
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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 betweenn@hlius 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 ef @8 nm antslot 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 spectralesolution 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 tk&lcrnghotonic crystal
nanobeams studied in this work, the minimum -ghdt width was measured from scanning
electron microscope (SEM) images taken from one fabricated chip, which wagg@uedsed to
remove the encapsulation layers and selectively uncover the silicon device layer. As shown in the
Fig. 2(ac) insets, photonic crystals with astot widths of approximately 60, 90, and 130 nm
were identified. We note that the irradiation sesdwere performed on a separate chip with the

full material stack.
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— Pre-rad

10** protons/cm?

Figure 6.2. Spectral characteristics collected using the Luna OVA of the (a) 60 nm, (b) 90 nm, (c)
130 nm antislot PhC nanobeams before (orange) and after (blue) irradiation*td.s8veV
protons/cm. (ac) Topdown SEM images showing five unit cells across the-sloti PhC
waveguides with the minimum argiot width labelled are inset in each plot. (a) An additional
trace (dashed) for both prand postirradiation is included to examine wavelengtéusbelow the

PhC bandgap, which is located near the lower doohthe 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.
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