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CHAPTERI

INTRODUCTION

On October %, 1957 the Soviet Union launched the Sputnik 1 satellite, capturing the
distinction as the first mamade objecto orbit the earth. This event stands as the start of the Space
Age that has seen lunar landings, deep space probes, and droves of earthsatellites. Spaee
based systems touch almost every facet of life from telecommunication to meteorology and earth
sciences to military applications with some estimates of the number of operationaksatethie
thousand§l]. Given both the immense cost and criticality of these spased systems, great care
is taken to msure reliable operation for the entirety of the mission lifetime. While there are many
factors that qualify the space environment as a hostile environment compared to terrestrial
environments, the bombardment of energetic particles is of particular naadke electronic and
photonic devices onboard. To ensure that sjased systems are able to survive their harsh
operating environments, preliminary grodpased testings commonly performed to assess the
sensitivity of the system and estimate theeliikood of missionfailure to radiatioAnduced
degradation

The space radiation environment results in both cumulative degradation over the mission
lifetime and instantaneous effects introdility single energetic particleseferred to as single
event dects (SEEs). As a broad class of radiation effects, SEEs can be responsible for a variety
of errors in system operation such as a temporary distortion of a signapstatgtially creating
bit flip in a data stream or memory architecttoemore susiaed effects such as latch up and gate
rupture that can irreparably damage devices. As microelectifeaittire sizesand nodal
capacitanceslecreasemore particles in the space environmeah deposit enough charge
induce an SEE within a device, rednir greater amounts of test data to reliable quantify risk for
designers. To further complicate this, the adoption of new technologies like integrated photonics
require extensive characterization efforts prior to integration into spseszl applications.

The everexpandingspace industry coupled witnrelativdy short supply of test hours at
high energy patrticle facilities bded to the examination of alternative means to perform SEE
testing with more available facilities. One such popular techniqpelsedlaser single event

effects (PLSEE) testing which intends to imitate the-ioduced SEE response of a device with




anultrafast laser pulse. Given that3EE testingelies on optical absorption from a focused laser
pulse,it is unsurprising thathe spatial extent of energy deposited by pulsed laser is significantly
different thanthat from an ionizing particleThis work focuses on the exploration of charge
injection using pulsed lasers in lieu of ionizing particles on both microelectronic atonph
devices, creating simulation tools to better describe and predict the results deeiSHE
measurements.

Chapter Il provides a introduction to the naturally occurring radiation sources that make
up the spaceadiation environment as well as an overview of the physical mechanisms
underpinning the three broad categories of radidatidnced device degradation: single event
effects,total ionizing dose, and displacement damage. Though this work will foc&&EBmn
microelectronic and photonic devices, the physical mechanisms that underpin total ionizing dose
and displacement damage are also discussed for sake of completeness.

As esegntially every chapter in this work is related to ligiatter interactionChapter Il
containsa general description of lighmhatter interaction, nonlinear optics, and beam propagation
that provides the groundwork for simulation approaches discussadia €hapters-urthermore,
the relative lack of radiation effects characterization on photonic devesessitatea general
overview of integrated photonic devices and potential radiation sensiti@dhagpter IV describes
the PL-SEE simulation infrasucture that was developed to directly simulate the current transient
measured from a microelectronic device during testinge dpplication of this simulation
infrastructure as well as how this tool compares with other methodologies for simulatBigHEL
measurementss discussedChapter V details PLSEE measurements conducted on silioon
insulator (SOI) FINFETs that demonstrated a dependence on the polarization of the laser light with
respect to the device orientation. This dependence is due to emdrglycement from excitation
of surface plasmons within the fin structure of the device, an effect demonstrated with simulations
prior to measurements.

In the latter portionof this work, the SEE response of integrated photonic devices are
consideredChapter VI documerd PL-SEE measurements on two geometries of waveguide
integrated germanium photodiodes that would be used for signal conversion in a silicon photonics
system. It was demonstrated that the photodiode geometry critically impacts the radiation
response, consistent with the behavior seen during standard operation. Rather than characterizing

the electrical transient as has been done in the previous ch&iterger VIl focuses on an

2



exploration of the radiatiemduced optical response of a phatowaveguide A computationally
efficient simulation approach to estimating the radiatrauced optical response of photonic
waveguide is discussed and ugsedxamine the charge transport mechanisms that drive the optical
response of a device. Furthemapthe impact of using alternative testing techniques thabto
match the charge profile from an ionizing particle are discussed. Fi@alhgter VIII highlights
important conclusions from this work and provides thoughts for future work relatedinopiet

of PL-SEE testing in microelectronic and photonic devices.




CHAPTERII

OVERVIEW OF RADIATION EFFECTS

Spacecrafts must be designed to withstand a variety of environmental hazards such as
micro-meteoroids, mamade debris, higlenergy photons, and higinergy particle radiation. The
naturally occurring radiation environment in space can actively degra@eiastimpacting the
performance of critical microelectronic and optical devices. To develop reliable areffective
spacebased systems, extensive efforts have focusé&dl theidentification of the natural radiation
sources an@) accurate climatalgy models of the space radiation environment informed by data
collected by science payloads on a variety of spacecrafts. Following an accurate forecast of the
radiation environment, the total impact of the radiation environment can be considered and
appr@riate mitigation techniques (shielding, redundancy, etc.) can be applied to ensure system
reliability while minimizing costly and unnecessary overh§i[4]. In this chaptera brief
introduction to the naturally occurring space radiation environment and the associated material and

device degradation mechanisms is provided.

A. Natural Space Radiation Sources

The origin of very high energy galactic cosmic rays is believed toltspsed supernovae.
These very high energy patrticles that bombard Earth are formed during nuclear fusion processes
(i.e., lighter elements combining to form heavier elements) within distant stars that are then
accelerated towards our solar system durifge i r b i r t [f5]. Nucleareactionsabthel a p s e
core of the star produce the necessary energy to remain active ttfumugdsion of lighter
elements like hydrogen into increasingly heavier elements. Iron represents an inflection point in
the nuclear fusion process ongoing within stassthe conversion of iron into heavier elements is
endothermic rather than the previously exothermic processes. As the core begins to cool, and the
excess fusion energy begins to diminish, gravity will eventually cause the collapse of the star. The

galadic cosmic ray (GCB spectrum mainly consists of hydrogen (~90%), helium (~9%) and
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other lighter elements, with @ery notable drop in prevalence of elements heavier than iron
commonly referred to as the iron kriéé¢.

In 1958, the United States launched the Explorer 1 and Explorer 3 satellites with the
intention of detecting GCR$ut instead discovered the presence of a belt of charged particles
trapped by the magnetic field of the Earth that saturated the onboard detectors. These trapped
charged particles, called the Van Allen Belts, exist over a wide range of altitudes wittrarape
of particle energies that fluctuate based on solar activity and cosmic ray fluctgigonk1)[7].

Since the trapped charged particles are a consequence of the magneti@afielshat body, earth

is not the only planet that exhibits this class of radiation environment. The strong magnetic field
of Jupiter has resulted in an infamous trapped radiation environment that has drawn extensive
interest since the Pioneer spacecraft provided the first measuseafi¢he Jovian environment
captured on its way to interstellar space.

First observed in the 1940s by grotimased detectors, the sun can be a source of highly
energetic particles (predominantly protons) that are emitted from the sun in the formalathe s

winds or during coronal mass ejections. As
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Figurell.2. Production of secondary particles induced by a galactic cosmic ray colliding with a p
in the Earthés atmosphere. After [ 8].

atmosphere, clisions with atomic nuclei and electrons result in the production of secondary
particles such as protons, neutrons, muons, and pionsl(E)d8]. These secondary particles can
reach ground level, contributing to the terrestrial population of these particles. While these solar
processes can occur at any time, solar activity cycles through solar maximums and minirhums wit
an approximately eleveyear period that result in the fluctuation of the radiation environment over
the mission lifetime of a systeff].

Overall, these naturally occurring radiation sources present a ligliatbncern for
microelectronics operating in a space environment. One of the most recognizable demonstrations
of the impact of radiation on an environment is the interaction of ionizing particles on image
sensors. The Solar and Heliospheric Observats@HO) satellite is a collaboration between
international space agencies to observe a variety of solar processes which includes the use of
chargecoupled device (CCD) imaging arrays to capture images of coronal mass ejections. In the
event that the sateldtis in the path of the solar energetic particles produced by the coronal mass
ejection, the charged particles will strike the imaging arrays and disrupt nominal operation by

creating white streaks in the measured image (Fi8) [10]. Given the cost associated with
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Figurell.3. Solar flare captured by CCD image arrays on SOHO (Left). Solar particles arrive
satellite and disrupts proper pixel operation (Right). After [10].

deploying spacecraft and minimal maintenance capacity, development of reliable, madiatio

tolerant systems is necessary for spaaged applications.

B. Radiation Degradation

Data driven models are critical for assessing the radiation environment that -bhapade
system must operate in, requiring orbital information and mission lifetime to estimate the impact
of the solar cycle on the radiation environment. While each radiaturce is independently
modelled, simulation packages such as Cosmic Ray Effects on MicroElectr@REMEI6)

[11]7[13] and The Space ENVironment Information System (SPENYA8) providethe total
contribution of each radiation source as a spectra of particle species and energies for a given orbital
trajectory and timeframél'he potential for radiatiecinduced degradation for a given particle is
largely dependent upon its specied anegy, therefore accurate accounting of the spectra of these
particles is critical for accessing the total degradation expected within a device or System.
variety of radiation effects thatan impact device performands discussed in the following

sections.




1) Single Event Effects

Single event effects represent a classification of radiation effects centered on the impact of
an individual ionizing particle passing through the sensitive regions of devices. Although certain
device geometries and operating conditions can result in vulnerability to destructiveerong
modifications to device behavior (i.e., bwwat, latchup, gate rupture), this work focuses on the
exploration of nordestructive transient effects from siagbnizing particles.

Charge collection during a single ionizing particle event is commonly decomposed into
three distinct physical processes based on responsd1ifji¢l8]. An individual high energy
particle (typicallyaheavy ion) passing throbiga material will primarily dissipate energy through
Coulombicinteractions that result in a dense track of eleetrole pairs along its trajectory. This
track of plasma represents a system that is out of thermal equilibrium and must return to
equilibrium (i.e., thermalization of the electrdle pairs) through scattering processes with
phonons and other electrons. Following thermalization, elettota pairs deposited in a region
with an electric field are subject to prompt collectioa drift (order d ps). Electronhole pairs
residing in regions without an electric field can still be collected by slowly migrating to regions
with electric fields through diffusioforder on100s of ps) From a practical perspective,
electronhole pairs are collected dhe contacts of a device and result in a current transient that
will exhibit temporal behavior related to collection processes. Conceptually, the decomposition

into distinct processsis visualized for a m junction in Fig.ll.4 [15].
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Figurell.4. An ionizing particle passing through anpjunction creates electrdrole pairs that are
collected by drift and diffusion processes. These collection processes can be observed based in
event transient measad on the contacAfter [15].
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Figurell .5.LET curves as a function of depth in silicon for 690 MeV copper atom (blue) and a 1.:
xenon ion (red). Note that for both ions the LET initially increases with depth in the material |
reaching a maximum LET (Bragg Peak) and decreasing until eventually stopping in the silicor
was generated with Stopping Range In Matter (SRIM).
The energy dissipated aparticle is dependent upon both the energy and species of the

particle, with the rate of energy transfer to the material defined as the linear eapsfgrt(LET)

pQo

) P

wherez is the path | ength of t”hsehe geasitytofithe maediad, t r aj
and— is the stopping power of the particle. The particle loses energy as it passes through the

material and the LET of the particle changes along its trajectory; this is indicated by the functional
dependence of the LET on path lendiimcelower energy parties tend to dissipate energy at
higher rates than higher energy particles, the LET of a particle initially increases as it passes
through the materiads the energy of the particle decreases from energy dissip@tientually,

the LET will reach a peakalue referred to as the Bragg peak before the LET quickly decreases as
the particle has loshe majority of its initial energy. An example of this behavior is shown in Fig.

[1.5 for 690 MeV copper and 1.3 GeV xenon ions as they pass through a slatoof] $8i.




An ionizing particle will result in an ensemble of free electrons with a distribution of
energies in excess tfe conduction band energy. These energetic electrons will dissipate energy
during thermalization until an equilibrated carrier density can be acted upon by charge collection
processes. While it is possible to model the complex behavior of the initially enexigetrons
using nuclear physics and band structomsed simulations, the conversion of energy lost by the
ion into the charge deposited in the material is typically performed using an empirically determined
average electrehole pair creation energyefs. With this conversion factor, the deposited charge
Qgenin a region of material can be written as the integral over the length of the region.

5— bowag )5

Not all deposited charge in a material contributes taddetion response of the device.
Charge deposited in a junction will likely be collected by the electric field while charge deposited
in a doped region away the active region of device may not contribute to the device response
all. To capture this spat sensitivityof charge collectiona device may be decomposed into-sub
regions with an associated collection efficiency, These regions aneferred to as sensitive
volumes and are used with deposited charge curves to express the total collegeeQeifaom
an ionizing particle in a devid0]i [23].

Y | ab o Qa IV ) &

Collection efficiencies are typically empirically determined for an individual device;
physicallyinformed sensitive volumes can be combined wath experimentalymeasured
collected charge and computed LET curves to extract the collection efficiencies. Once sensitive
volumes and associated collection efficiencies have been determined, the collected charge from an
untested particle can be predictsdapplying the sensitive volume to its corresponding LET curve.

A central assumption of the sensitive volume approach is that device physics impacting charge
generation and collection remain equivalent duringpigication Sensitive volumes deriveddm

a particle that results in a tightly collimated track will likely be insufficient when applied to
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Figurell .6. Notional scaling for gate charge in an inverter as a function of the technology node (1

size). It can be seen that as the feature sizes decrease the amount of charge that is responsible

information also decreasesesulting in increasedensitivity from charge deposited from ionizir

particles After [28].
particle that createsecondary ionizing particles along its track (e.g., the charge collection
efficiency may vary between drastically different radiation evi@#ig [24]).

To this point,SEE have been described at a device physics level, as carrier deasties

subjecedto drift and diffusion processes. The defimitiof sensitive volumes sew/as a vehicle
to move up the layers of abstraction to describe radiation effects of circuits and systems. For circuit
level SEE modeling, the parameterization of charge injected at a circuit node through sensitive
volumes and_ET curves can be used as a perturbation of the system, with the resulting system
response constituting a radiation response of the sy|&&jir{27]. In many cases, circuit nodes
can sustain operation up to a critical charge threshold, after which operation may be temporarily
disrupted. In the everthat a circuit was to be operated in a radiation environment, an LET
spectrum of the environment can be used in conjunction with calibrated sensitive volumes to
identify the flux of particles with LETs that will exceed the critical charge of a nodestintbge
an error ratg2]. As a general rule, shrinking device feature sizes seBulincreasing device
sensitivitiesto charge injectioffFig. 11.6) [28]. Within the past decade, even individual electrons
and muons have been shown to petentially important contributert o a s$§EEt e md s
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susceptibility[29]. Therefore, it will become increasingly important to develop radiation hardened
by design concepts alongside error detection and correcgionithms to ensure the sustained

operation of systems which leverage modern electroniciation environments.

2) Total lonizing Dose

As described in thBEEsection above, an ionizing particle passing through a material will
generate electrehole pairghroughColumbic interactions with the material. In the casa b
destructive SEE, the focusos electrorhole pairs generated in semiconductor material near the
active region of the device by particles with sufficient LETetaporarilydisrupt thedevice (heavy
ions and high energy protons). However, any ionizing particle can generate eled&rquairs in
a material as long as an amount of energy greater than the bandgap of the material is transferred,
including in oxides and insulators. As lowarergy ionizing particles dominate the total fluence
of particles present in a space environment, the cumulative degradation associated with the total
ionizing dose (TID) that a device is subjected to is a concern for reliable device operagion (
threshold voltage shifts in transistors). It should be noted that while TID is typically foocased
the electrorhole pairs that are generated in oxides and their migration to material interfaces, TID
degradation can also be the consequence of eldatdenpairs modifying the charge state of
defects within nofinsulating materialge.g, color centers iptical fiberg30]).

Within the field of microelectronics, the ubiquitous example used to describe TID
degradation mechanisms centers on the gate oxide in silicon-or&telsemiconductor field
effect transistors (MOSFETYB1]i [33]. Electronhole pairs that are genéed from ionizing
radiation passing through the gate oxide will either recombine or become spatially delocalized and
move through the oxide via drift in accordance with the electric field induced in the oxide from
voltage applied by the gate contact. Sialeztrons have a much greater mobility than holes in the
oxide, electrons will escape the oxide quickly while the holes slowly migrate towards a material
interface by fAhoppingodo through defcentaminaener gy
atoms. Ashol es i nteract with these defect energy
captured by deep energy defect states, altering the charge state of the defect and creating oxide
trapped charge that may perturb the electrostatics of the device.ohddlitj interactions with
defect energy states that are associated @atitaminatehydrogen can result in the release of

charged protons in the oxide that readily diffuse towards the material interface. At the interface,
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Figurell.7. Energy bandllustration of the peationof bulk trapped charge and interface traps fr
ionizing particles in an oxideé\fter [31].
the released protons interact with hydrogassivated silicon (introduced as a part of common
manufacturing techniques) and fodangling silicon bonds that act as interface traps that can also
impact device operatidi34]. This notional process is illustrated in Higz [31].

Following the initial creation of electreimole pairs in a material via ionization processes
prompt recombination processreduce the total number of carriers remaining in the materials.
Notionally, carrier recombination is a spatially localized process, with increasing carrier densities
resulting in an increased availability of potential carriers for recombination. Tinisigbe is
realized as carrier densitiependent recombination lifetimes, which show a decreasing
recombination lifetime for increasing carrier densities. Therefore, the ratio of charge that is not
removed via recombination to the total deposited chagejer(ed to as fractional yield) will be
increased as 1) the carrier density from the ionization decreases and 2) the-aldetymairs are
separated via drift and diffusion processes. In the case of oxides, charge separation will be

dominated by drift pycesses, implying that an increasing electric field across an oxide will
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FRACTION OF UNRECOMBINED HOLES

increase the fractional yield of an ionization process. A common demonstration optiorded

in Fig.11.8[31], which depicts the fractional yield in silicon dioxide for different ionization sources

as a function of electric field. Sim the strength of the electric field is crucial in the fractional yield
process, the thickness of the oxide along with bias voltages and internal electric fields are also
important factors for estimating the amount of carriers in the oxide that canbatatio total

ionizing dose effects.

3) Displacement Damage

An energetic partickincident on a material cafissipate energy through interactions with
the crystalline lattice othe materia] such as phonon creation and the displacement of atoms
through elastic and inelastic collisions with the atomic nuclei (i.e., displacement ddB&ge)
Provided that the incident particle has sufficient energy to dislodge an atom fraomiisl lattice
position, a pair of defectsill be generated witim the lattice of the materigbimilar to an electron

14
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Figure 11.9. (a) lllustration of potential isolated defects in Si induced by an incident particle
Representation of the initidefect configuration related to the energy of the primary knoektom in
Si. After [36].

hole pair, the displaced atom can recombine with the lattice vacancy, thereby repairing the
displacement damage, or be spatially sepdratel form quasstable dedécts.The absence of an

atom from a normally occupied location within the latticeaferred to as vacancy and the
presence of a dislodged atom in a 4tattice position igeferred to a@terstitial. Depending on

the amount of energy transferred te triginaly displaced atom (primary knoak atom), the
displaced atom can 4turn displace additional atoms, creating a cascade of defects that form
localized clusters of disordéfig. 11.9) [36]. The overall density of generated defects will depend

on the energy of the incomimarticle. Higher incident energy particles are more likely to transfer
sufficient energy to the initial atom to generate cascaded defect clusters.

These radiatiofinduced defects can result in a variety of defect tyipgisange in stability
andimpacton material characteristic¥he foundation of semiconductor device physics is the band
structure resulting from the crystal lattice of a semiconductor material, with any disruption of the
periodicity resulting in the introduction of defect energy statekarbandgap. Efect states can
lead to device degradatiaepending on the energy level of the defect state introduced into the
bandgap of the materiaDefect energy states introduced near-ga@ facilitate generation of
carriers by providing an interrdeary state for an electron in the valence band to be thermally
excited to before subsequent excitement to the conduction band. These energy states can also serve
as recombination centers by capturing both an electron and a hole from their respectiviedrands
defect energy levels introduced near the valence/conduction bands, carriers from the band can be

temporarily captured before being returned to the band. No recombination occurs in this case as
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Figurell.10. Depiction of defect energy states and an associated device degradation mechgal
defectassisted thermal generation, b) defessisted recombination, c) defestsisted carrier trapping
d) dopihg compensation, and e) defessisted tunneling. Modified from [37].

the close proximity to a single band implies that theliifood of capturing a carrier from théher

band is minimal. Depending on the doping of the material, defect energies can potentially
compensate donor or acceptor atoms, reducing equilibrium carrier concentrations mdtieed
dopant atoms. Finally, defect levels introduced near potential barriers, such a® ijuacpon,

can assist with carriers tunneling through the junction. These defect energy levels and the
associated transitions are depicted in Rig0 [37].

At a device response level, introduction of defects can result in degradation of device
performance and, with high enough defect densities, degradation can azceptdble operating
conditions[36], [37]. Increased thermal generation and junction tunneling resuitscirased
leakagecurrents(referred to aslark current in some devicef)r deviceswith depletion regions.
Froma system level, this equates to increased power consumption and a degradéd-sijaal
ratio. Defectassistedrecombination(ShockleyReadHall recombination) and charge trapping
results inremoval of mobile carriers from their bands, reducing trémrsgain and output current
of detectors. Dopingompensation impagtthe overall carrier density of a device, impacting
parameters that are very sensitive to the doping levels in particular regichsas the collector

in a bipolar transistor antrinsically doped regions in an PIN diof8].
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CHAPTERIII

OPTICS FORPULSED LASER SINGLE EVENT EFFECTSTESTING AND PHOTONIC DEVICES

As light-matter interaction is at the core of both energy deposition from nonlinear optical
processes and the behavior of photonic devicésiea discussion is pertinent for providing the
conceptual framework for the following chapters. Electromagnetic fields are governed by
Maxwel |l 6s equations, representi ng Ithatgdntbe wi t h
modified through interaatns with materialsThe physical mechanisms behind a given optical
process is important for understanding how light will be modulatetmaterial parameters are
used to quantify this behavior. Overall, this processes of describing light can bi® dedide
optical behavior such as nonlinear optical absorption for energy deposition as well as spatial

evolution of light as it propagates through a mat¢8ali [41].

A. Electromagnetics

Classical electromagnetics considers the beha¥ian@nsemble of low energy photons
as electromagnetic fields that satisfy a set of coupled partial differential equations collectively
referred to ass M&aAxwal Iniscreocguratpiican scal e, Ma x w
interaction of discrete chge (volumetric charge density and the current (current densitiéls,

with electric E) and magnetic flux density fieldB).

Pl ) )
oF — ) ¥)"
I« -1 UL ) ¥o)#
J n ) B)$

Inavacuum’{ L 1, the electric field can be analytically represented as a homogenous wave
equation and consequentially represent the temporal evolution of the electric field as it propagates

through space as an exponential function
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where=, is the amplitude, is the angular frequency of the wave, &ds the wavevector of
the wave. This representation of electromagnetic fields as comalegd functions serve®
emphasize that 1) light is characterized by both amplitude lzaepand 2) modification of these
guantities impacts the spatial propagation.

Even in the case of an electrically neutral atom, an electric field can locally displace the
negatively charge bound electros from the positively charged nucleus, inducing an electric
dipole moment in each atom. The formation of these dipslestinstantaneous; the electrons
must respond to the presence of the electric field. This required response time of the electron to
the electric field creates a dependence of the individual dipole moment not only on the
instantaneous state elfectric field but on the previous electric field behadsmwell. While it is
theoretically possible to consider a bulk material at the atomatweth the microscopic Maxwell
equations, the sheer number of atoms in a material preclude any computationally feasible
approach. Rather than considerihg electric field of each dipole individually, the total population
of dipoles per unit density cdre used to compute a polarization density fiéll that can be

i ncorporated into Maxwell 6s equations as a r

Fir - Fi i opihhadm® ) )

wherel- is the electric susceptibility of the mateid®]i [41]. Due to the temporal convolution, it
is much more common for polarizatidensities to be represented in the frequency domain where
theelectricsusceptibility is transformed to a complexlued material parameter.

With the capability to incorporate lighihatter interactions into Maxwell equations, the
impact of the polarizatiodensity on light propagating in material can be modelled as a solution

to the inhomogeneous wave equation

" A-T AT |} ) B)
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As this is an inhomogeneous differential equation, the solution will be sum of the inhomogeneous
solution (Ea. 111.2) as well as the particular solution defined by the inclusion of the polarization
density. In a general sense, the polarization density indugelde electromagnetic field in the
material results in a modification of light propagation in a vacuum. As an example, a simplified
case ofa linear polarization density that is proportional to the electric field can be used with

Egn. lll.2 and Eqlll.4 to calculate a new wavevectd) or light propagating in a material of

Q - ... iho Tt
= ) W)
whereQ Q ... Themostcommonway to represeriinear optical behavior of a material is

thecomplex dielectric function of theaterial

e "l p .. ) Bp)

with the real part of the dielectric function referred to agéfractive index & and the imaginary

part referred to as the extinction coefficierit . Based on this representation of material
parameters, it can be said ttedractive index of a material impacts the accumulation of phase as

light propagates within a material while the extinction coefficient impactaunti@itude of the
lightthgener al, an optical process can hrgatonncor po

density that will effectively modify the complex dielectric function of the material.
B. Absorption

For an individual atom, each electron inhabits a discrete energy state that is defined by the
structure of its associated atomic orbital. As addd#l atoms are brought closer to form molecular
bonds, the discrete electron energy state for each orbital coalesce into finely spaced energy states
as the Pauli exclusion principle requires that two electrons cannot occupy the same energy state.
Taken tothe extreme, the electronic band structure of crystalline lattice of atoms is a description

of the energy states that electrons can occupy within the lattice, a consequence of the electronic
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Figurelll .1. Band structure of silicon (left) arghllium arsenide (right) depicting an indirect and dir:
bandgap materiatespectively. After [42].

potential induced by the periodicity of atoms within the lattice. In the same way that unique atoms
only allow electrons to exist at discreteergy levels, the available energy states for an electron in
a crystalline material only exists for bands of enddf}. Electrons cannot exist at energy states
outside these energy bands, with the range of ersegrating thesallowablebands referred to
as the bandgap of the material. Though there are many bdisdsssion ofband structures
typically focus ontwo bands: the highest energy band with mostly occupied states (valence band)
and the next energy badnwith mostly unoccupied states (conduction band). Semiconductor
materials are classified as direct bandgap if the minima of the conduction band and the maxima of
the valence band occur at the same momentum value and indirect bandgap if the band extrema do
not. Example bandtructures fosilicon (indirect)and gallium arsenide (direcsye provided in
Fig. 1.1 [42].

Sinceeach energy state correspondsatspecific energy and momentum quantity, an
electron can tmasition between energy states as long as the change in momentum and energy is
accounted for by a scattering process.electron can transition to energy states within the same

energy band (intraband) or between energy bands (interband)I(2ig.While interactiors with
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Valence Band
Figurelll .2. Simplified depiction of interband transition (left) and intraband transistions (right).

single particles can provide both a source of momentum and energy for an electron, both photons
and phonons are crucial to electtoamsitions as a source of energy and momentum, respectively.
A common demonstration of scattering mechanisms is the creation of an eleddtrquair from
an interband transition of an electron in direct and indirect bandgap materials. In a direcpbandga
material, the conduction band miniam occurs at the same momentum as the valence band
maximum, requiring only an energy contribution to transition between bands; this occurrence
underpins the dominance of direct bandgap materials as both efficient photon absorbers and
emitters. In contrast, indirect bandgap materials exhibit conduction band naindwalence band
maxima at different momentum values, requiring both energy and momentum contribution to
move between bands. Intraband transitions at the bandgap energy can still occur with phonon
assisted mechanisms.g, phononassisted absorption, phonassisted tunneling, etc.). While it
is possible for an electrdo transitionbetween the bands using only energy contributions, it will
require greater energy than the bandgap.

From the perspective of electrtiole pair generation, amterbandelecton transition
creates a single electrdmle pair, with any photon energy greater than the banafgap material
Awastedod on promoting the electron to a high
opposed to creating additional electtoole pais. For photon energies on the order of eVs, the
electron will thermalize through subsequent scattering processes to the lowest available energy

state in the band without generating additional eledaa pairs €.g, hot electrons in solar cells).
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Howevae, electron transitions associated withra§ absorption oCoulombicinteractions can
result in free electrons in the range of keVs. At these energies the géectvasufficient energy
to create secondary electrbnle pairs asheyrelax to lower engy states, resulting in a single
interband transitiorproducing multiple electrehole pairs. The potential for a single electron
transition resulting in multiple electremole pairsis typically captured by empirically measured
electronhole pair creatiornergy Enpthat is used to convert energy deposition to elediaa
pairs for high energy radiation sources. A table of bandgaps and elboteopair creation energy
for commondevice materials are provided in Tabllel [42]i [44]. Note that the bandgap is less
than the electrohole pair creation energy due to the loss of energy to-geoerative

thermalization processes.

Material Bandgap |Bandgap Energy [eY] EcnpleV]
Silicon Indirect 1.12 3.6
Germanium Direct 0.67 2.8
Galium Arsenide Direct 1.42 4.2
Galium Phosphide Indirect 2.26 6.1

Table 1.1 Bandgap energies and electfoole pair generation energy for a small subset
semiconductor material42]i [44].

In a pristine material, the energy state the valence band are almost entirely occupied
while the energy states in the conduction band are largely unoccupied. The lack of unoccupied
states in the valence band precludes intraband transition of an electron, effectively establishing a
minimum erergy investment of the bandgap energy for electron transition. This description
translates to the notional model of photon absorption in a material, where photons with energy
greater than the bandgap of the material can be absorbed to create an-letketpar in the
material while photons with energy less than the bandgap pass through the material unabsorbed.
Once anelectron occupies an energy state in the conduction band, the vast availability of
unoccupied energy states for intraband transitiesdts inthe absorption gbhotons witha range
of energies, including photons with energies less than the bandgap of the material (termed free
carrier absorption). As the density of electrons in the conduction band increases through processes

like interbandphoton absorptioor ionization of dopant atoms, the potential for intraband photon
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absorption increases. At sufficiently high electron densities, the materials can be opaque to photons

even for sukbandgap photon energies (j@opingdependent absorptiin Fig. l11.3 [45]).
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Figurelll .3. Absorption spectra of silicon with a variety of doping densities. Note that absorptic

the undoped silicon falls off the at the bandgaprgy, butloped silicon is absorptive to photons wi
subbandgap energiesfter [45].

C. Nonlinear Optics

Rather than a singular term, nonlinear optics expresses the polarization density induced in
a material as a power series in the electric field amplitude

00 F F<« F F « F F <« E ) )

with F * corresponding to higher order optical parameters analogous dcetbetric function in

the linear polarization ca$él]. Given thehigh electric fieldintensityrequiral to the induce the
higherorder termsthe higher order optical parameters are quite small and are not accessible in
most cases. These higher order polarization density terms give rise to interesting phenomena that

are not possible without high fieldof focused laser pulses necessary to induced simultaneous
photon interactions with the materials.

23



Single Photon Absorption Two Photon Absorption

Conduction Band

Valence Band

Figurelll .4. Simplified depiction of single photon absorption (left) and two photon absorption (ri
Note that TPA can occur with photons with eneegs than the bandgap.

While nonlinear optical processes find use in a variety of applications, the nonlinear optical
processes that are of interest for energy deposition in pulsed laser radiation effects testing are the
multiphoton absorptive processd-or single photon absorption, absorption is parameterized with

an absorption coefficient¢) t hat i s used in conjunction with
oy QA ) 3))

to model the attenuation of light as it propagates in a lossy material. At higher order polarization
densities, the simultaneous absorption of photons can result in an interband electron transition with
an energy requirement that is the sum of the inteigagthotons energies. As an example, two
photon absorption (TPA) is a third order nonlinearity that describes the absorption of two photons
simultaneously. Even in the case the individual photons have subbandgap energies, as long as each
photon energy greéer than half the bandgap, an interband transition can occur. A notional
depiction of this processes is provided in Fi4.

As the nonlinear optical processes are expressed as polarization density terms, they can be
considered agnodifications ofthe linear material parameters. In the case of TPA, the total

absorption coefficient of the material can be expressed as

0| 10 ) #9)
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wherel(t) is the intensity of the electric field ahdis the two photon absorption coefficient, a
measured material parameter. In a similar fashion, strong electric fields can result in modification
of the refractive index of the material in process called the Kerr effect. While these nonlinear
processes aflargely dormant in many optical fields, the extremely high electric fields induced by
high intensity pulsed lasers result in a material response that is largely dominated by the creation
of electronhole pairs through interband transitions and perturbatiothe spatial distribution of

light as itpropagates through the materi&lthorough review of nonlinear optical effects can be
found i n ANonBoyddélar Opticso by

D. Focused BeanPropagation

As described in Eg 111.2, an electromagnetiwave propagating in a homogengplossless
material can be expressed as a solution to the wave equation. Rather than a uniform wavefront,
consider the impact ad small modification of the electric field amplitude perpendicular to the

propagation direction of the wave

PO O o ) o)

where A(X,y,z) is a spatial envelope function that modifies the amplitude of the electromagnetic
field as the light propagates in th&izection.This non-uniform wavefront results in a wavefront
that spatially evolves as firopagates, where the spatial profile of the electric field can be
calculated by using Eqrll.4. with the wave equations. Under tBwly varying envelope
approximation, an analytic solutions of the A(X,y,z) can be computed (the derivations of this
appoach can be found in literatuj46]).

The culmination of these analytic calculations, referred to as Gaussian optics, is an electric

field that notionally descrilsa focused laser bea

Flh OOQQwr‘bder}Qowsq— W Qa o ) ®)p
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with the parameters and their physical significance summarizéd.iil.5 andTablelll.2. While

not strictly applicable to highly focused laser systems due to the approximations used, the
equations still provide physical intuition that is useful foderstanding the intensigrofile of a

laser pulse. Likely the most important observation for pulsed-keserd energy deposition is the
relationship between the beam width (radial confinement) and the Rayleigh range (lateral
confinement). A distinctivéeature of ion tracks is the tight radial confinement over a long lateral
distancewhich isa configuration that is not possible for focused l&s@amsusing conventional

optics due to the fact that increasing the radial confinement of light at thedoitiesbeam also

increases the lateral confinement.

Figurelll .5. Intensity contours (Eqrill.12) for a focused Gaussian beam where theuedes mark
thee? decay from the omxis intensity. The labeled variables are provided in Tihbke
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Parameter Name| Symbol Formula Description based on intensity profile
. - Smallestradius of the beam, at the focal point of the

Beam width I

beam

. i Distancealong the central axis to reach half the peak

Rayleighrange " - I .

intensity

. 0 . : .
Beam waist oo | T) Radiusof the beam at distance z from focal point
O

Toal angular spread n T Farfield divergence of focused beam

Tablelll. 2. Gaussian optics parameters.

E. Integrated Photonics

The realization of light as a medium for data transmission is motivated by the increased
data throughput and reduced energy dissipation achievable by photonic devices compared to
electronic device$47]. Given the tight operational budget for resources in space applications,
potential for sizeable reduction in size, weight, and power represents a strong motivator for
incorporating integrated photonic devices inpacerelated systems. To understand the potential
degradation mechanisms for integrated photonic devices, it is useful to decompose an active

photonic device into its constituent parts.

1) Waveguidse
As an analog to the metal traces that shepherd elecsignials, optical waveguides are a

broad class of physical structures that serve to route light at the intrachip scale. Total internal
reflection (TIR) dictates that under appropriate conditions, light can be confined in a material with
a higherrefractiveindex than the surrounding materi@8]. Introduction of multiple interfaces
that support TIR can be used to further localize the light to the higher index matersatphest
waveguides are comprisefl a higher index core material with a lower index cladding material.
Waveguides are realized in a variety of geometries and material sySieensaterial systems
available to CMOS compatible silicon photonics rely on silicon or silicon nitride waveguide cores
and silicon dioxide claddin#9].
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Figurelll.6. Electric field intensity spatialistribution in a silicorrib waveguide for the fundamental
and TM modes. Note that in the case of the TM mode, there is significant electric field locate
cladding material.

Light propagating within a waveguide is not equally distributed withenmaterial, rather
it is spatially localized within the waveguidehe distribution of the electric field in a waveguide
is called an optical mod&hroughthe use of numerical technigueso s ol ve Maxwel | 0s
aspatial profile of the electriadld for an optical mode supported by the defined wavegrade
be computed50]. With the appropriate dimensions and material composition, a waveguide can
support multiple modes of both transverse electric (TE) and transverse magnetic (TM)
polarizations that can be guided concurrently in waveguldimg an eigenmode electromagnetic
solver, he electric field distribution of the fundamental TE and TM mode fob avaveguide
structureis provided in Fig. I1l .6.

From the electric field distributions in Fig..6, it can be observed that there is electric
field in both the waveguide agll as the surrounding cladding material. In an effort to consolidate
the complexity of an optical mode for use in other applications, an optical mode is parameterized
with an effective refractive index amtonfinement factor. Similar to light propagatiin a bulk
material, an optical mode propagating in a waveguide will accumulate phase proportional to the
effective index othewaveguide A common metric for characterizing an optical mode, referred
to as the confinement factor, is the fraction of ¢textric field intensity in the waveguide core

compared to the total electric field intensity.

2) Photon Sources
While it is possible to couple atfhip light sources for eaohip applications to leverage high
efficiency technologies, the large coupling loss and complex integration approach naturally point
to the integration of the photon sourcesahip as the optimlamplementation. To completely

integrate photonics and electronic on chip;cbip photon sources are required provide the
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continuous wavéght thatis used to carry the optical signal encoded by active modulators. In the
case of silicon photonics, arhip sources are required to produce photwee1310 and 1550 nm
(O-band and ebhand respectively) while also supporting conventional lasing behavior through
electrical pumping in a small form factor. These sources must achieve this behavior while
maintaining high watblug efficiency and compatibility with silicon foundry procesiel, [52].
Potential candidate platforms include bajineered germaniwonsilicon and
heterogeneously integrated-W materials. Due to the complexity of the field,-cimp sources

have significantly lagged behind the development of photonic device fabrication and will exhibit

radiation susceptibility distinct frotnat ofother integrated photonic components.

3) Interferametric Devices
Creation of an electromagnetic wave from the interference of two other waves can be
expressed from eompactmodelling perspective as a device with two input ports and one output
port. To calculate the output wave frone twointerfering irput waves, knowledge of the intensity
of each input wave and the relative difference in phase between the input waves is required. The

intensity of the output wav® from the interference of two input waves is expressed as

O 0 'O ¢ ‘CO6E Yn ) ¥)o

where'Q "O arethe intensies of the input waves andn is the difference in phase of the input
waves. Based on the functional form of Ejh13 the range of potential intensities of the output
wave is determined by the intensity of the two input waves. However, the intensity of the output
wave is determined by the difference in phase of the input wBvesiding active modulation

over the diffeence in phase form the basis for optical switches and optical logic devices used in

dynamic optical systems.

a) MachZehnder Interferometer
A MachZehnder InterferometgfMZI) is a straightforward interferometric device that
relies on constructive and dasttive interference to modulate the intensitythaf output optical

signal. In a symmetric two arm MZI, an incoming optical signal of inter®Sitpropagating in a
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waveguide is split equally into two optical signals. As the electric field is splitlggumaong the
two signals, the optical signal propagating along each arm has an intensity ‘af ésthe optical

intensity is proportional to the square of the electric field. At the end of the separate waveguide
arms, optical signals in each wauéde arm are interfered together to produce a single optical

signal in the output waveguide. The output of the MZI can be modelladrapnsfer function

O
O
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where the output intensity of the device is modulated bylifference in accumulated phad# |

between the two waveguide armssimple MZI diagranand output transmission as a function of
accumulated phass provided in Figll 1.7 for reference.
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Figurelll .7. A schematic of a simple MZI. The transmissidrtte MZI as a function accumulated pt
in one of thearms.

b) Ring Resonator
In a broad sense, a ring resonator is comprised of closed path optical waveguide (ring) and
a bus waveguide for coupling light into and out of the ring structure. Light aupte the ring
waveguide will accumulate phase as it propagates along the circumference of the ring and returns
to the initial coupling location. As the light completes a round trip around the ring, there is the
potential for interference witlight thatis coupling into the ring. When the accumulated phase of

the light from a round trip of the ring is an integer multiple jof the light completing the round
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trip will constructively interfere (on resonance) with light entering the ring; any other amount of
phase will result is some amount of destructive interference. An example ring resonator geometry
is displayed in Figlll.8; it should be noted that the gistructure need not be circular, just a closed
loop.

Under continuous wave operation, a coupled mode approach facilitates the calculation of
the transmission intensityp3], [54]. For a critically coupled ring resonator, the transmission

(output/input) as a function of accumulated phasiom a round trip in theing can be written
as a transfer function

0 ¢ci p AlIO
O p ¢ ATIO i ) )

where r is the coupling coefficient of a bus waveguide to the ring waveguide. To demonstrate
valuable metrics for ring resonators, transsion as a function of accumulate phase is depicted in
Fig. I11.8. The modulation depth of a resonator, defined as the difference between the maximum
and minimum transmission, captures the range in the possible output signal intensities that the
device can produce. The full width half maximum of the resonator defines the amount of

accumulated phase required to achieve a transmission intensity midway between the maximum
and minimum transmissions.
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Figure lll .8. A schematic of a simple ring restar with bus waveguide. The transmission of a
resonator as a function accumulated phase.
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4) Modulators

The role of an optical modulator is to manipulate the physical characteristics of an optical
signal such as the amplitude, phaselpolarization.To this point, the development of the analytic
equations for interferometric photonic devices is centered around the idea of light accumulating
phase as it propagates through a waveguide. For a waveguide of the length L, the accumulated
phase of the progating light can be calculated using the effective index of the optical mode. In
most cases, the length of the waveguide is fixed-fadsication, so any control over the
accumulated phase in the waveguide must be through modification of the effectixeofritie

waveguide mode.

1—Y‘s ) $)o

While nonlinear optical processes such as the Pockels effect and Kerr effect exhibit strong
refractive index modulation capabilities in some materials, silicon is notorious for weak nonlinear
optical efects. Therefore, development of optical modulators in silicon photonic devices for active
manipulation of an optical signal requires application of alternative techniques for refractive index
modulation.

In most cases the transfer function does not eixlailinear dependence on the phase
accumulation, implying an inherent efficiency to modulation based on the region of operation. In
the case of the MZM transfer function defined imB¢.14, the first order derivative with respect

the phase differencaqvides a notional modulation efficiency

2V Py e
= o ) B)X

which shows that the peak modulation efficiency occurs dréterred to as the quadrature point).
To maximize efficiency and reduce operation voltage requirements, modulators often do not
operatein the entire transmission window of the device (0 to 1) but instead operate over a

subinterval of the transmission wliow centered on the quadrature point.
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Figurelll .9. Schematics for phase shifters using three different carrier modulation techfiiqeekmshe
lines denote the location of the waveguide intersection with the modulator (@ji@arrier depletic
through reverse biasingrmpjunction. (b) Carrier injection through a forward biaisrpjunction. (c) Carrie
accumulation from a thin oxéregion separating agoped and {tloped region

a) Electro-Optic
A common technique fgoroviding active control ger phase accumulation foight in a
waveguide reliesn controlling the distribution of free carriers within the waveguide. Free carriers
within a material serve to modify thefractive index¢ ) of the base material through free carrier
effects such as the plasma dispersion effec). (The complexity of the free carrier effects models

variesfrom material to materialn the case of silicqithe plasma dispersion effect is modeled as

]
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where_ is the wavelength of light in microns agd , 30 is the change in concentration of free
electrons and free hole®spectively\[55]. Therefore, controlling the distribution of carriers in a
waveguide changes thefractive indexfor light propagating through the waveguide. Using
inspiration from device physics, electronic control over the distribution of carriersnaterial
can beachieved with carrier depleti¢b6], [57], injection[58], and acumulation59] usingdoped

junctions (Figlll.9).

b) Thermorefractive
Silicon exhibits a relatively large therruptic coefficient that has been commonly
exploited for providing active modulati¢@0] as well as fine tuning device performafég]. The

temperature dependence of the refractive index is parametrically described as

EY € | Y'Y ) H)w




where¢ s the refractive index measured at a reference tempefatanel is the thermeoptic
coefficient of the material. Strips of metal located near a device form a microheater that heats the
surrounding material through resistive hegtof the metal. Optically, the inclusion of the metal

on a photonic device is problematic as the lossy nature results in attenuation of the optical signal
While thermal modulation might be considered too slow for active modulation in data processing,

it is still likely to be used in pogabrication tuning of photonic devic§l].

5) Radiation Effect inIntegratedPhotonicSystems

Investigation of radiation effects in silicon photonic integrated circuits relies on the
decomposition of integrated photonic systems into-cmponents that are more 1) widely
available and 2) tractable for tabletop tegtiRather than radiation effects on a completelop
optical transceivereceiver, radiation effects characterization will be conducted on the control
electronics, photonic switches, optical sources, and photodetectors separately. Through the use of
existing radiation effects knowledge, potential radiation degradation mechanisms can be identified
in silicon photonic devices.

Optical transceivers/receivers represent the interconnection of the electronic and optical
domains for the purposes of communicat{big.Il1.10) [62]. Conversion of a data signal between
the electrical and optical domain requires the development of integrated photonic devices that can
manipulate light in the same way that electronics control the flow of electrons. Integrated optical
sources, such as las#indes, generate light that can be routed using optical fibers, waveguides,
and splittersOptical switches (photonic device with modulator regene)used to imprint a signal
onto the routed light, whilphotaletectors convert the optical signal intoed@ctronic signalln
typical photonic architectures, electronic devices are integrated alongside photonic devices in
order to providethe active control necessary for data processing and transmisgibaygh
alternative architectures that rely on ligiself to control photonic devicese also possiblg2],
[63].
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Figure 11l .10. Schematic representation of an optical transceiver/receiver implementation with ¢
photonic and electronicomponents necessary to functidifter [62].

a) PhotonicDevices

Similar to the creation of color centers that increase fiber losses gréated optics,
radiation degradation in passive photonic devices (no electronics) will manifest as modification of
theoptical propertiesf materialsused in the fabrication of the devices. For example, modification
of the refractive index of a waveguide core or cladding material can impact the effective index of
a waveguide. This typef degradation has been reported from -itiduced oxide growth on
unpassivated silicon ring resonat@®d] or through displacement damage in more exotic material
systems[65], [66]. However, this type of degradation provides a negligible impact to device
operation, requing the use of ring resonators to achieve enought-figditer interaction to observe
a change in the output of the device. In regards to SEESs, simulation efforts have demonstrated that
the SEEs can impact an optical signal to a minor extent throughinigjdoee carriers into the
waveguidg67]. These observations have led to the growing belief thahgnpassive photonic
devices are an inherently radiation tolerate technology.

For active photonic devices, the modulator region presents a distidifferent
susceptibility to radiation degradation than the surrounding photonic structure. As the modulator
region represents the conversion of an electrical signal to an optical signal, radiation degradation
in the electrical behavior of the device @dso be observed in the optical output of the de@8g
For example, displacement damage in the depletion region of a junction results in crystal defects

that can lead to increased leakage current across the jui@&]omhe implication of this increased
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leakage current can be interpreted as an increase in power consumption ofdiatono
(electrical) as well as reduced modulation of the effective index (optical). From an electrical
perspective, the radiation degradation-of @nd pi-n junctions have been extensively investigated
[36], [38], [69], [70]andcan be used as the basis of radiation effects in modulators. However, the
unique junction geometry in tandem with the surrounding oxide has been shown to introduce the

potential for degradation of total ionizing dose through introduction of interface{5&p

b) Drive Electronics

In most cases, the operational voltage for the optical modulator is larger thartége vo
used to encode data in the electronic domain of the device and requires amplifier circuitry to boost
the data signal to a sufficient voltage. Therefore, radiation degradation that disrupts the ability to
accurately amplify a signal voltage represemtsignificant concern. Given the role of bipolar
devices in amplifiers, radiatieimduced gain degradation from displacement damage is a potential
concern due to reduction in the output voltage of the amp#&dr With a reduced output voltage
from the amplifier, the capability of the driver circuity to operate the natduls reduced and
results in a smaller output range of the photonic device. In addition to cumulative degradation, the
voltage output of the driver can be temporarily disrupted by SETs. While any transistor in the
driver circuit can be susceptible to S&Bmplifier circuits are particularly sensitive to SETs on
the input transistor as the voltage transient is subject to amplification in the same way as an input
voltage signal71].

C) Waveguiddntegrated Photodetectors

Conversion of an optical sigl into an electronic signal is performed through interband
absorption that produces electrfoole pairs that are promptly collected by a depleted junction.
Since the photodetector needs to absorb light that propagates within the material systems used in
the photonic device, a material with a bandgap less than the photon energy of the optical signal is
required. In the case of silicon photonics, a common realization of this functionality-iiha p
structure in the waveguide (similar to a modulator strejtwvhere the intrinsic region is
intrinsically doped germanium for electrtiole pair production. Though discrete photodetectors
have received radiation testing due to their use in integrated optical systems, wairdggiaged

photodetectors are beging to receive attentiofb7], [72]. The intrinsically doped region of the
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junction is susceptible to displacement damage that can degrade its collection efficiency as well as
increase the leakage current of the junction.Heurhore, as the detector is essentially a reverse

biased junction for collection, SEE sensitivity will be problematic in these devices.

d) Modulator Length

A common technique for characterizing the susceptibility of a device to ionizing particles
is the idetification of sensitive volumes within a deviceor modern electronic devices, the
dimensions of these sensitive regions are in the nanometer regime for single devices. In contrast,
the length of the conventional modulatasscurrentlyon the order of nlimeters for MZI
applications Due tothe dramatic difference isize scale, there is the potential for photonic
modulators to dominate the sensitive area of the device. Fortunately for the SET response of the
modulator, the buried oxide layer is reminiscent of sikoorinsulator electronics which are
inherently less suspéble to SEES; the presence of theiedoxide layer prohibits the collection
of charge deposited in the substrate below the oxide.

The collection of deposited charge in the modulator induces a voltage transient on the
electrical terminals that competesth the voltage signal driven by the transceiver electronics.
Depending on the amplitude of the voltage transient relative to the voltage signal, the impact of
the transient can range from negligible to temporary disruption of the signal state. From this
perspective, increasing the amplitude of the voltage signal reduces the SET susceptibility of the
optical modulator. As the operating voltage and length are implicitly connected through Eqgn.
[11.16, an increased operating voltage necessitates a decreadethtor length to produce the
same device output. Therefore, reduction of the length of modulators 1) reduces the SET sensitive

device area and 2) requires higher operational voltages which are less susceptible to voltage SETs.

e) Thermal Management
As alluded to previously, silicon exhibits a relatively strong therafaactive index that can
be considered a doubézlged sword for photonic devices. Through the inclusion of microheaters
near photonic structures, the local refractive index of the maternde#uned by ohmic heating
[61]. While this index modulation could be used for optical switchthg, relaxation time for
thermal processes is typically considered too slow. Thermal tuning has found much more favor as

a mechanism for pogabrication tuning of devices. Due to the importance of device dimensions
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in the operation of a photonic devicabfication imperfections can significantly impact the output
of a fabricated device. Therefore, péabrication thermal tuning of individual devicesoperate
at an intended wavelengiias become an attractive process for maximizing performance.
Additional thermal sources, such as power dissipation from neighboring electronics or from
the operating environment, can adversely impact photonic devices through the same
thermaorefractive modulation. The inclusion of thermal monitoring and control circuittly w
photonic devices has been posited as a potential mitigation strategy. Parametric degradation from
cumulative radiation damage of electronics tasked with monitoring and dynamically adjusting
on-chip temperature can result in inaccurate thermal tuniegatipn that can significantly disrupt
proper device operation. Furthermore, the composition of Cld@&patible microheaters can
have implications in radiation effects if fabricated with hkigmaterials, such as tungsten, that can
result in secondaries gicles which can be problematic for radiation effd2e.
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CHAPTERIV

PULSED LASERSINGLE EVENT EFFECTSSIMULATION INFRASTRUCTURE

Traditional grounebased testing for inducing SEEs in microelectronic devices and circuits
relies on particle accelerators to accelerate atomic nuclei to energy ranges comparable with
particles that could be seen during the course of a mission lifetinch. &=zelerator facility
provides discrete particle energies dictated by the accelerator design as well as the available
Acocktail 6 of i1 on species, with most measurem
particle energies to adequately capttire SEE response of the device. The required particle
energy and range in a device drive the selection of testing facilities and can significantly limit the
candidate test facilities for most measurement campaigns. Due to the increasing demand for SEE
teging of devices, limiting the candidate testing facilities exacerbates the growing scarcity of SEE
testing hours at facilities that are meant for interdisciplinary science explofa®pnThe
exploration of alternative SEE testing techniques to bolster existing testing infrastructure is critical
to not only contribute additional testing hours but also provide testing functionality not available
during traditional SEE testing4]i [76].

PL-SEE testing has become a staple testing technique that leverages tabletop pulsed laser
systems for chargeajection through photon absorption as opposed to the charge generated by
Coulombicinteractions from an ionizing particlé6]i [80]. As charge generation is derived from
the specifics of the optical pulse, the spatial and temporal control overeéheldse translates to
greater spatial and temporal resolution with $EE testing than traditional heavy ion facilities.
Given the cost of tabletop laser systems relative to the particle accelerators used for traditional
testing, PLSEE measurement systestand to provide more accessible SEE testing infrastructure.
These advantages have led to proliferation 6fSHEE facilities and commercial systems.

Production of an electrenole pair in materialrequires sufficient energy to be transferred
to an eleabn such that the electron can be move to an excited state through an interband transition.
For photon energies greater than the bandgap of the material, a single photon can be used to create
a single electroiole pair in process commonly referred to iagle photon absorption modelled
by B e e 1[38]sWhile amindividual photon with subandgap energies is unable to provide

sufficient energy to create an electtoole pair, nonlinear optical processes can facilitate
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electronhole pair generation with stlandgap photons. Multiphoton absorption is alinear
optical process that occurs when multiple photons simultaneously interact with a single electron;
the total energy of the photons provide enough energy to generate an diebtrquair. As
multiphoton absorption processes require multiple photbese is dependence on the intensity
of the light[41] and charge generation can be localized to regions of high intdusityg focusing
optics, sukbandgap wavelengthser pulses can be used to deposit charge locally at the focal point
of the pulse without depositing charge fremgle photon absorptidg1].

Though PLSEE measurements have proven invaluable tecatffiation effectsommunity
as a qualitative technique, a recurring concern is the appropriate strategyrfoetmg PL-SEE
measurements in regard to heavy ion indusiedle event transientSETY. To better address
these concerns, interest for developing the technique on a quantitative foundation has been gaining
momentum. Though simple correlative technigbetsveen heavy ion and FREE measurements
are attractive, the prerequisite heavy ion measurements do not allow for prediction of heavy ion
measurements strictly from PREE measurement82]i[84]. A more general approach to
predicting heavy ion results from FREE requires comparison of the thidimensional
distribution of generated charge induced by both a laser pulse and a heavy ion. Thowglosimul
capabilities for ionizing particles are extensively developed and validated kgdibdon effects
community [85]i [87], equivalent capabilities for pulsed lasers have only recently begun to be
developed. To this point, a firgrinciples simulation approach for REEE measurements from
pulse to electrical measurements has been developed at Vanderbilt University and is briefly
discussed belo88].

A. Relevant Physics

A common principle used ISEEtesting is te decomposition of the entire event into
charge generation and subsequent charge collection through drift and diffusion processes.
Reviewing the entire pulsed laser measurement at Vand&aji(Fig. 1V .1), the role of individual
components can be identified and implemented within the simulation mitase. For instance,

a majority of the setup is devoted to characterizing and routing an individual laser pulse. From a
simulation perspective all this information can be condensed into a pulse, defined by the

parameters of the system, and the objedéxs used for focusing the pulse onto the device under
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test (DUT). Therefore, the optical side of-BEE testing can be represented with the geometry of

the DUT, complete with material and doping information, and the parameterization of the laser
pulse usd to deposit charge. Following the charge deposition in the device, charge is collected by
junctions in the device and induce currents on the contact of the device that are measured by the
electrical measurement systems. From a simulgignspective thes electronic processes are

suitably captured using charge transport solvers like technology aided computer design toolkits.

Electrical Measurement Systems

Laser - - XYZ
Source Controller
P2
Camera
PD
() i DUT
Spatial Filter
Y L Focusingﬂ
Polarizer Si Window Objective
pr— ),
\ ¢ d& : !
Half Waveplate

I:I Light Source

FigurelV.1. Schematic of PISEE measurement system at Vanderbilt University. The optical simu
capture all components related to the laser pulse in the system. Charge collection simulators are |
for electrical components of the measurement setup.

1) Nonlinear Optical Processes

As optical processes are exploited for electnote pair generation, accurately capturing
light-matter interaction is crucial for modeling the spatial distribution of eledtobe pairs
produced from a laser pulse passing thtpagmaterial. Classical electrodynamics, defined by
Maxwel |l 6s equations, char act er i-rmatter interaction is wi t h
captured as modification of the amplitude and/or phase of the light interacting with the material
[39], [41]. The capability of materials to modulate light is parametrized as the refractive index and
the absorption coefficient. These materials p
linear optical processes. Howeve nonl i near opti cal processes
equations by expressing higher order optical processes as in@gs@gdent modulation of the
linear material parametej4l].
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Due to the spatial and temporal confinement of the focused laser pulse use@HEPL
testing, the optical intensities present during eleetralie pair generation certainly induces
nonlinear optical processes near the focal posj88h The third order nonlinear perturbation of
the refractive index and the absorption coefficient is termed the Kerr effect and two photon
absorptim, respectively. An additional complication introduced during$HE testing is the
impact of free carriers on light propagation in the material. High free carrier densities are present
in doped semiconductor regions as well as in the region in which charge is being generated via
photon absorption. These free carriers canaichpoth amplitude and phase of light through free
carrier absorption and free carrier refraction, respectjasly [89].

Though there are simplified examples where field distributions can be expressed in analytic

terms, most electromagnetics problems require computdtiechniques to achieve numerical

results. The two Maxwell 6s equations that add
U | ) !
Soa T ) &

which, combined with the constitutive equation for the displacement figlccomprise a system
of coupled differential equationsSeveral varieties of algorithms can be used for solving
Maxwel | 6s equations; the most natur al techni o
coupled quantities that propagate forward in t{®@. Finite Difference Time Domain (FDTD)
algorithms rely ordifference formulas to discretize both the temporal and spatial derivatives to
define update equations that rely on previouinedfield components$o calculate future field
components. As this algorithm solves the Maxwell equations in the time domain, it is amenable to
incorporation of additional nonlinear models through the displacement field component.
Furthermore, théirst-principles nature of this solution technique allows for the simulation of 3D
structures of arbitrary complexity without loss of generality.

Lumerical is a commercial, mughysics software suite that seeks to provide optical
modeling of capabilities from light intaction with nanoscale featur§gl]i [93] to photonic
integrated circuit§79], [94]. FDTD Solutions is a material level simulation tool that simulates the

electromagnetic response of user defined structures based on the FDTD alf@&jti@iven the
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spatial discretization of the FDTD algorithm, the only limit on device complexity is the resolution

of the spatial mesh and the computagiloresources necessary to run the simulation. While there

are other FDTD solver packag@§], [97], FDTD Solutions provides an easy to use GUval

as additional functionality to improve simulation accuracy, reduce resource consumption, and
reduce wall time. Additionally, FDTD Solutions provides the capability for users to define custom
physics model s for i mpl e mermlug tnico nf uwmictth onlaé i &
allows FDTD Solutions to be sufficiently modified to incorporate nonlinear models germane to
PL-SEE testing.

2) Charge Transport Solvers
Sentaurus is a suite of technology compuaided design (TCAD) software tools
developd for the simulation of semiconductor device behd9&jr Similar to electromagnetics,
charge transport is governed by partial differential equations that can be solved using numerical
techniqueq99]; these solvers are integral tools for electrical characterizafiatevices. The
spatial distribution of free and bound charge within the matedaicesan electrostatic potential

3)distribution that i s described by Poissonoés

nD-nz AR & O O ) &

where the charge is contributed from the density of free electrons (n) and holes (p) as well as the
density of ionized donof( ) and acceptony ) dopant species. The DC electric permittivity)(
captures the impact of additional screening of the potential from the base material $y&tem.
temporal behavior of the density of free carriers is captured through the carrier continuity equations

that carrier curentdensity (L flowing as the net contribution of recombinatichf and

generation proces®

A payY O ) & !
d avy O ) & "
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Physically, the electrehole pairs produced from a laser pulse are represented as a generation
process in the continuity equations. Sentadi@4D provides the capability for defining custom
generation models, whichisedto incorporate the carrier distributions simulated ftbmoptical
simulations intacharge transport simulatiof@8].

To completely model a transient captured from aSHE measurement system, it is not
only necessary to capture the device response at the device level, but also the circuit response of
the meastement system. Even in the case of discrete devices, parasitic contributions from device
packaging, cabling, and measuremrhponents gadistort the measured transient by increasing
the duration and decreasing the peak response. Therefore, accuraitoemiuihe measurement
circuit within the device physics simulations is required to capture the temporal behavior of the
PL-SEE transient. Sentaurus TCAD mixed mode simulations allow for the incorporation of the
electronic measurement system as lumglechent circuit elements to simulate the systewel

response that is the output of a-BEE measurement system.

3) Simulation Output
The intent of the simulation infrastructure is to simulate éSEE measurement from the

laser pulse to the electrical meemments made on the contact of the device. To facilitate this, the
output of an optical simulation is the spatial distribution of charge generated from the laser pulse
that can be used as an input for custom models defined in Sentaurus. With the geaaiated
input to TCAD, the electrical measurements made on the contact of the device can be simulated
and compared to experimental results. From this perspective, two types of outputs can be extracted
from PL-SEE simulations: the spatial distribution gdtically generated charge and the current
transient induced by the puls& box diagram of this simulation infrastructure is provided in
Fig. IV.2.
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Nonlinear Optical Simulations

Input: Geometry, doping,
metallization

Output: 3D distribution of optically
generated carriers on FDTD
cartesian mesh

Sentaurus Structure Editor

Input: Geometry, doping,
metallization

Output: Spatial FEM mesh of the
device used in electrical Sentaurus
Device simulations

{

{

Lumerical Scripting Language

Conversion to .mat file format

Sentaurus Data Explorer and
Custom Bash Scrips

Conversion to .txt file format

MATLAB

Input: Optically generated carrier
distribution on FDTD cartesian
mesh, FEM mesh used in
Sentaurus Device simulations

Output: Optically generated
carrier distribution on FEM mesh

{

Sentaurus Device

Input: Finite element mesh of
optically generated carriers, bias
conditions, circuit netlist

Output: Current transients
measured at device contacts

FigurelV.2. Flow chart of the PISEE simulation infrastructure discussed in this chapter.
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B. Demonstration

1) Test Structure

The test vehicle for this work is a large area epitaxial silicon diode by Beijing
Microelectronics Technology Institute, with the schematic representation provide itVHEg.
[100]. To provide access to the active silicon of the device, the topside contact has a periodic
inclusion of circulaholes with a measured diameter oftl. It should be noted that the areal
contribution of the individual holes (~154n?) is negligible compared to the total contact area
(225mmM)and wondét i mpact the electrostatics of
the junction formed by qoped region and lightly-doped epitaxial region can be analytically

expressed as

L N ) &
n o 0

where is- the stait permittivity of the material, q is the fundamental charge of an electepis, V

the builtin potential of the junction, anddNand N are the dopant densities of the p and n regions
of the junction respectivel@9]. It can be seen from the analytic model that width of the depletion
region depends on both the dopant densities used to form the junction as well as the iagplied b
Va In the junction formed from asymmetrically doped regions, the extent that depletion region

extends into each region is a function of the dopant density mismatch

) &

where x is the width of the depletion region that protrudes into tdeped region. In the case of

the device used in this work, the lightly doped epitaxial region results in a depletion region that 1)
is primarily within the epitaxial region due to the low dopdensity relative to the-gegion and

2) can expand all the way to the heavily doped substate by applying suffitigtreverse bias

to the junction. Therefore, the contribution of charge collection mechanisms from the depletion
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region and from potdial modulation in the epitaxial region can be tuned through adjustment of

the applied bias during measuremdml].

2|.Jrnl

14 pm
Al Metal Contact f—s] Al Metal Contact
1 +
6 um Si—-p
1x107% ¢m-3
19 um Si—-n
1x10" ¢cm-3

1x10" cm™

3pm - Ti-Ni-Ag Metal Contact

Figure IV.3. The large area epitaxial silicon diode used as test vehicle for comparing the sil
infrastructure with PLSEE measurements. Note the hole in the topside of the diode allows for
access for the laser pulgdter [99].

2) Experimental andimulation Inputs

TPA PL-SEE measurements were conducted at Naval Research Laboratory Ulmatast
facility at an operating wavelength of 1260 nm and using an 100x objectiveedP@osimetry
measurements report laser pulses with temporalvidih at halfmaximum (FWHM) of 130 fs
and a FWHM spot diameter of 1.8361 [102]. The diode test vehicle was packaged in a custom
fabricated higkspeed electronic measurement package, with each terminal connected to a high
voltage 12.55Hz bias tee through SMAonnecters. The AC side of the oscilloscope was
monitored using a 16Hz highspeed oscilloscope while a bias is applied to the diode on the DC
side of the bias tee. Two voltages were examined durirR§EH testing: 5V and 90 V.

For the nonlinear optitasimulations, the experimental parameters extracted from the

PL-SEE measurement system were used to characterize the laselpulése duration and
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focusing objective}hat is used to inject charge in the device and complete device information
(materials doping,metallizatior) was usedo build a 3D model of the device. As the test structure

is a silicon diode, the linear and nonlinear optical coefficients can be taken from the literature to
define a usedefined materiala refractiveindex of3.5[103], TPA coefficient of Itm/GW[104],

Kerr coefficient of 4x13% m/W [104], free carrier absorption coefficient of 5x30n? [104], and

the free carrier refractioautlined by Soref and BenndfL05]. Following incorporation of these
system parameters into the optical simulations, 3D spatial distribution of optically generated
charge from TPAcan be accurately modeled. These spatial distributions of optically generated
chargecan then be incorporatétto TCAD simulations to serve as the initial distribution of charge
injected into an equilibrized device. Following this approach, the-depement current
waveform measured at the device contacts and circuit nodes can be simulated for direct comparison

with the transients captured during-BEE measurements.

3) Comparison with Experiments

As the objective of the RBEE simulation infrastructure is intended to be broadly
applicable, ensuring that the experimentata collected for quantitative comparisons span a wide
variety of charge transport phenomena. first-order, the transient respge of the device is a
consequence of the placement of deposited charge relative the depletion region of the junction as
it impacts the proportion of charge collected via drift and diffusidr® most common technique
to modulate the charge collection manlsms within the device is the applied bias that modulates
the thickness of the depletion region of the diode. In the case of #8EPLtestingcharge
generated through TPA from focused laser pulses is localized near the Joinig rise to a
common neasurement technique in F3EEthat uses motorized stage to move the focus through
the depth of the device (Fib/.4).
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FigurelV .4. Crosssectional cuts optically generated charge densities that result fA@@ pJ pulse
focal positions: @ m (surface), 10.5m, and 24.5 m The arrow indicates the direction of the laser |

propagationNote that changing the focal position of laser pulse changes the spatial distribution ¢
in the silicon diode.

Depth scan measurements at multipies conditions were conducted foultiple pulse
energiesjndividual transients were captured at eée$t condition for direct comparison. As a
demonstration of the output of FREE simulations, a simulated transient is compared with an
experimental trasient induced by a 990 pJ laser pulse focused at the surface of the diode with
a-5V and-90 V bias is provided in FiglV.5. Current waveforms are often reduced down to
metrics that characterize the tinmtegrated response (collected charge) as wdahasemporal
characteristics of the waveform.§. peak heighfall time, etc.).To simplify the comparison with
experimental results, collected charge as a function of focal positidsiaair 400 pJ and 754
is provided in FiglV.6 The excellenagreement across a variety of test conditions legitimizes the
approach outlined in this chapter for quantitativeFHE simulations.
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C. Other Applications

By design,the nanophotonic simulatiorend the PLSEE simulation infrastructure are
intended to bgeneralizedools that carhelp predict and understand FREE results in a broad
sense. The RSEE measurementand simulations discussed in the previous sectivase
intended to demonstrate the qualitative agreement with of the simulation infrastructure with
measurements. However, the intended use of this tool is to augm&EPdata collection and
analysis simar to the that software tools likéonte Carlo simulation§l?2], [86] and nuclear
physics codef85] are used for ion measurements. To this pointSEE simulations have found

use asypport took to investigate physical mechanisms anglaiefly outlined below.

1) Correlation of PI-SEE and Heavy lon Measurements

In addition to the PASEE measurements discussed in this chapter, heavy iofoeumsl
X-ray induced transient responses waaptured on the large area silicon diode with the intention
of probing charge collection mechanisms at play for each SEE measurement techrkque.
numerical technique for sampling charge collection processes in SEE testing is the definition of
spatial egions within a device that collect charge deposited within the regiontheApatial
distribution of deposited charge is necessary for both the development and application of sensitive
volumes, the ability to quantitatively simulate the distributiocasfiers with the device is critical.
The intention of this work is to leverage both the distribution of generated charge from the laser
pulse and the contact measurements from charge transport simulations to create pulsed laser
sensitive volumes. It wafiswn that pulsed laser sensitive volumes differ from heavy ion induced
sensitive volumes, showing that even in simple device structures usiBg§PImeasurements to

predict heavy ion results is more complex than simple correlgt@), [106]

2) PL-SEE Testing of Silicon Power MOSFET

Two photon absorption REEE measuremen81 nm)were conducted on silicon carbide
(SiC) power MOSFETs and power junction barrier Schottky diodes to interrogatddpasdent
charge collection involved with single event burnjd7]. Given the structure similarity between

the diode and the MOSFET structures, themt of this work is to use PEBEE measurements
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conducted on both structures to isolate charge collection mechanisms unique to the MOSFET
devices. It was observed during the measurement campaign that for the same pulse energy, charge
collection is enhanckfor focal positions beneath the gate compared to positions beneath the
source region of the device. Based on this previous work, this enhancemesuitspastedo be

parasitic bipolar amplificatioseen in other vertical power devices.

Due to the use oPL-SEE measurements, demonstrating that the enhanced charge
collection was not associated with enhanced optical charge generation from interfacial reflections
allows for the relegation of the enhancement to a charge collection process. From inspdation of t
geometry, the device can be simplified to a material stack; the source region becomes a metal/SiC
interface and the gate region becomes a metal/polysilicon/SiC interface. For a laser pulse focused
at the edge of at the edge of the SiC, a cross sedtmptioally generated carriers was simulated
using Lumerical. Due to the highly absorptive nature of the polysilicon, reflections from the metal
contact in the gate region of the device is significantly attenuated by the polysilicon layer compared
to soure region. This observation demonstrates that not only is the enhanced charge collection
from the gate region not related to enhanced optical charge generation, less optical charge
deposition is expected in the gate region than the source region.

D. Comparison with Existing Methodologies

Given that energy deposition from an ionizing particle is quantitively defined by the linear
energy transfer (LET) of the particle in the material, a natural tendency is to define a similar
framework for energy deposition froa laser pulse. A simple correlative technique involves the
empirical comparison between F8EE and heavy ion data on the same device and attempting to
map pulse energies to ion LETs based on the device resf83)s4], [108]. Aside from the
simplicity, the utility of this technique relies on the abilityuge initial ion measuremesit o fisee d 0
the empirical correlation; RBEE testing could then, in principle, emulate any ion LET within the
range of the of the crelation. While this technique has found use in the RadFX community, the
reliance on both heavy ion andfLEE measur ements to ficali brate
PL-SEE measurements cannot be used aa priori technique for heavy ion measurements.
Furthermore, the technique relies on the assumption that differences between energy deposition

and charge collection mechanisms for heavy ion and pulsed lasers are negligible. Attempts to
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improve the technique have involved incorporation of analytic mo@dslsdoon gaussian optics
and modification of the RISEE measurement setup to spatially deposit charge more similar to
ions[108]i [110].

Simulation tools for calculating energy deposition fromsi@md second&s form a
cornerstone of SEE testing and mechanism modeling in RadFX comrf85iit{87]. Therefore,
development of comparable simulation tools for$EE is necessary for building the foundation
of PL-SEE testing as a predictive tool. In the same way that nuclear physics codes are necessary
simulating ion testing, nonlinear optical plgs codes are necessary for representingSEE
testing. The first successful implementation of a nonlinear optical solver leveraged the Nonlinear
Optical Beam Propagation Method (NLEPM) tool created at UCH11] to calculate carriers
deposited in bulk materia[d04], [112] Disciples of this tool have found success in matching
simulated results with experimental measurements in some devices, even with the bulk material
appoximation prohibiting device complexities from being considered in the sim{@&p{108],

[109]. However, in the case that material interfaces @asymmetries are prominent in the device
geometry, the bulk material approximation is insufficient to capture the relevant optical physics
[113].

E. Looking Forward

The family of FDTD algorithms can be very resource intensive due to the discretization of
the all threespatial dimensions as well as the temporal steps; numerical stability criteria only serve
to exacerbate thisy mandating shrinking time steps as thatsh mesh shrink$90], [114].
Quantitative PLSEE measurements require 3D simulations that can result in extensive wall time
simulations, even on the higierformance computing available at ACCRE. However, expensive
guantitative simulations are not always necessary to examine timtgrasd relevant physical
processes. Qualitative simulations can significantly reduce resource consumption through
simplifying structures and 2D simulations; less resource consumption per simulation results in
more simulations to probe the simulation spdspatial sweeps, energy sweeps, geometric
dependence) for the same cost. To maximize the application space and extract the most utility from
the simulation infrastructure, a hybrid of both qualitative and quantitative simulations should be

used.Given the fundamental difference between nedrared photons and high energy ionizing
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particles depositing charge in a material, this simulation approach is uniquely situated for
identifying optical phenomena that impact charge deposition in ways not obsethiednaing
particles[113], [115] Natural candidates for these optigaenomena are small dimensions,
material interfaces, arasymmetrie$116].
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CHAPTERV

NANOPHOTONICEFFECTS INPL-SEEMEASUREMENTS OF FINFETS

The following chapter contains materialdapted with permission froin D. Ryderet al
APol arizati on Dep e mddeuncceed oSfE ERsu |iKEEISra&hsaNdeiSei, WA&E T s, 0
67, no. 1, pp. 3813, Jan. 202¢113]. Thischapterfocuses on thL-SEE measurements conducted
on SOI FinFETSs that were shown to exhibit dependence on the polarization of the laser light with
respect to the device orientatjoan effectthat was first predicted by the omlcsimulations
described in the previous chapt@ue the small feature size and large asymmetry of the fin,
surface plasmons induced at the dielectric/metal interface of the fin result in enlbaticatl
energy densities to generate carriers withe ative silicon of the device. Since the excitation of
surface plasmons requires an electric field normal to the intetfaegolarization of the light
relative to the device orientation dictates how much electric field satisfies this condiioig
rise to the polarizatioependence observed in the measurements. These measurepresent
the first time nanophotonic processes have been demonstrated to impact the SEE response of a
device raisingspecific concerns about the repeatability of$EE meaurements o§mallscale
devices as well as the impact of nhanophotonic processes for correlation efforts with heavy ion

measurements.

A. Introduction

Though grounébased heavy ion testing is the predominant methodology for single event
effects testing, theost and scarcity of testing hours necessitates alternate testing techniques to
augment heavy ion testifg6]. PL-SEEtesting has become a popular technique due to the ability
to use table top laser systems to inject spatially localized charge into devices through photon
absorptive pocesses in lieu of charge injected by a heavyf8ah Due to the tunability of laser
energy and wavelength, and 3D control of focal position afforded by a pulsed laser measurement
system, the technique has found extensive use within the radiation effects community for
applications such as spatial mapping of idevsensitivity[117] and examination of charge

collection contributions from buried junctiofisl8]. The spatial control afforded by pulskeder
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testing has been used to understand geordefpgndent effects in the singdgent response of
FINFET devices and circuif$16], [119], [120]

In order to create a more quantitative foundation for the pulseditakered SEE testing,
it is necessary to consider optical phenomena relevant to the geometrydeivibe For some
device geometries, it is sufficient to consider light propagating in bulk maii@8ijal[121], but
such approximations are insufficidat more complex devices exhibiting asymmetry and complex
material systems. As device features become much smaller than the wavelength of the light used
for testing, experimental measurements and results need to be reviewed from a mecewoipiics
appoach.

The pulsed lasenduced current transient response of FINFETs as a function of the
polarization of the laser pulse is experimentally examined for danbdgap testing wavelength
of 1260 nm. Due to the nanoscale feature sizes and metal/dieletgriaces in the fin region, it
is likely that plasmonic effects are responsible for the polarization dependence of the measured
transients. A surface plasmon is an electromagnetic surface wave that results from the coupling of
electromagnetic fields anakective oscillations of electrons at a metal/dielectric interfa2e).
Due to their subwavelength confinement at theaaielectric interface and their large field and
energy density enhancements, surface plasmons have been exploited with materials commonly
found in device fabrication for numerous nanophotonics applications, including nonlinear optics
[123], sensing124], and compact light routinfd 25]. Plasmonic effects are inherently polarization
dependent and therefore provide enhanced energy density and charge deposition for only certain
polarization angles of the incident ligit22]. A polarizationdependent device response has
significant ramifications for thenplementation and interpretation of pulsed laser measurements
and simulations in highly scaled devices possessing both nanoscale feature sizes and
metal/dielectric interfaces. The polarization dependence arises from an optical effect and therefore
represats a fundamental difference between energy deposition from optical processes and heavy
ion processes. Hence, modeling of laser testing requires simulation capabilities that capture all
optical processes involved in energy deposition. From a practicaleogire, during laser testing,
device orientation with respect to the incident laser polarization must be consistent across all
measurements to ensure that the same pulse energy and laser focal position produce equivalent

results.
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DEVICE DIMENEIONS
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FigureV.1. Topside view of the FINFET device structure under test with associated dimengier
[112].

B. Experimental Setup

Silicon-on-insulator FINFETs, fabricated by imewvere used as the test structures.
Specifically, two 5fin n-channel FINFETSs, of different fin widths, with dumbbell contacts were
examined with the top side layout and device dimensions provided M.Eiglhe devices feature
a highk gate dielectricZ.3 nm HfO2 on 1 nm interfacial oxide) and 100 nm of polysilicon on top
of a 5 nm TiN metal gate. The source/drain access region was formed by Selective Epitaxial
Growth (SEG) of Si on the source and drain areas, followed by NiPt silicida2éh To allow
for charge injection, the backside metallization was removed and the backside polished to provide
access to the substrate of the device. A symmetric, &aegesilicon epitaxial diode was used to
provide a control structure, with full device details provideld 06]. Periodic inclusion of circular
holes of 14 micrometer diameter (~154 square micrometer area) are included in the top contact to
allow for topside illumination of the dese without perturbing the electrostatics of the diode.

Pulsed laser measurements were conducted at Vanderbilt Unividiaity Through
substrate illumination was used to avoid topside metallization of the FINFETs while topside
illumination was used for the silicon diode. A laser waveleng@260 nm, with 100x objective
to produce an experimental FWHM spot diameter of 1.62 um @dedfg), was used to inject
charge by two photon absorption in the active silicon region of the devices. Devices were packaged
in custom higkspeed packagd&28], with all terminals connected to 40 GHz bias tees to allow
for connection of the ACide of the bias tees to an oscilloscope through high speed cables. A 36

GHz bandwidth, 80 GS/s Teledyne Lecroy Labmaster oscilloscope was used to capture individual
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Figure V.2. Modified PL-SEE measurement system usedtésting FinFETs The waveplatés adde
after any polarizatioependent optical components to ensure that no polarizédjpendent losses in-
laser pulse were introduced.

current traces. Measurements on the FInFETs were conducted with the gate and source grounded
and a safe opetian drainsource voltage of 1 V for the 40 nm structure and 0.5 V for the 30 nm
structure using Keithley 2410 sourcemeters. The silicon diode was reverse biased to 5 V for the
polarization measurements. A hathve plate was placed between the opticalpaments used in

a pulsed laser measurement setup and the device under test (DUT) in order to provide manual
polarization control of the pulse incident on the DUT without impacting the performance of the
optical components in the measurement setup {ER). Once a device package was mounted to

the testbench, the complete set of measurements was collected without moving the device package.

C. Measurements

For all measurement campaigns, the contacts of the DUT were monitored to capture
individual current trasients induced by a single laser pulse. An initial area scan was performed
with the waveplate oriented at an arbitrary angle to find the position of the laser on the active
region of the device that produced the largest current transients. This lasenpuad then kept
constant for the duration of the device measurement campaign. Due to the 180 degrees periodicity
of polarization, the half wave plate was used to rotate the polarization of the initial incident light

by up to 36alegrees to produce uptiwo full rotations of the polarization. It should be noted that
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FigureV.3. (A) Voltage response [V] as a function of polarization angle rotation for a power metet
at the DUT location in the measurement system. Uniform response shows there p@rizatior
dependent losses in the measurement system. The two measurements at 200 degrees represe
and final polarization angle measurd®) Average peak photodiode response [V] as a functic
polarization angle. Photodiode responseused to monitor the energy of individual pulses dt
measurements. Uniform response shows there is no variation in pulse energy over the cou
measuremenifter [112].

the two full rotations of the polarization wgserformed with a nomnepeating range of waveplate
angles. Current transientgere captured at discrete waveplate angles. In order to verify that
rotation of the waveplate does not impact the pulse energy that reaches the DUT through the
introduction of padrization dependent losses, an energy probe was placed at the DUT location and
monitored as the waveplate angle was rotated. The average pulse energy, as a function of wave
plate angle, characterized by the voltage response of the photodiode, is digplaiged/.3A,

which demonstrates that the pulse energy at the DUT is independent of polarization.

Every laser pulse that is used to induce a transient is also monitored with a photodiode in
order to assign an individual pulse energy to each measured transient. Photodiode response can be
used to ensure that a consistent pulse energy is provided asénesystem for the duration of a
complete polarization sweep. For each polarization sweep presented in this work, a corresponding
photodiode response was captured to ensure that the pulse energy was consistent during the

measurements. An example photo@diagsponse for a polarization sweep is displayed in Fig.
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V.3B, showing a uniform response consistent with uniform pulse energies during the course of the
measurements.

For measurements conducted on FinFETSs, the drain contact was monitored to capture
curren transients. Figv.4A and Fig.V.4B display the average peak current of the transients as a
function of the rotation of the incident light polarization for fin widths of 40 nm and 30 nm,
respectively. For both FINFETSs, the average peak current is menwith a full cycle occurring
over 180degrees displaying the characteristic lobes of angular dependence. As the two lobes are
symmetric, it can be concluded that any periodic error induced by rotation of the waveplate during
measurements has minimal ingpan the results; the use of Ampeating waveplate angles during
the measurement implies that any periodic error associated with the waveplate would be expressed
with a periodicity of 360 degrees. A polarization sweep of the silicon diode is showq W.%i
with the average peak current response of the diode as a function of the rotation of the incident

light polarization.The uniformity of the silicon diode response is indicative of polarization

independence.
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FigureV.4. (A) Average peak curremesponse [mA] of the 40 nm fin width FInFET as a functic
polarization angle. Error bars represent one standard deviation of the collected transients. Initie
angle is 120 degree®) Average peak current response [mA] of the 30 nm fin withRET as a functic
of polarization angle. Error bars represent one standard deviation of the collected transients. Initi
angle is 70 degreeafter [112].
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FigureV.5. Average peak current response [mA] of the large siiean diode as a function of polarizat
angle. Error bars, representing one standard deviation of the collected transients, fall within the
the data pointAfter [112].

D. Discussion

The polarization of a propagating electromagnetic fiefihde the direction in which the
electric field component is oscillating in a plane orthogonal to the direction of propagation. Two
orthogonal directions within the plane of polarization are defined as unique and used as the basis
to define any polarizatioas a combination of the two specified directions. Conversion from one
polarization to another is accomplished by rotating the polarization along a central axis. Definition
of the polarization of a wave is essential when describing light interactionnveaiterials and
interfaces because the direction of the electric field relative to a relevant physical direction impacts
the interaction, such as with Fresnel reflection coefficients, birefringent crystals, and in
nanostructured materid$29], [130]
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Electric Field Direction  Electric Field Direction

FigureV.6. The two polarization directions in this work are defined by the geometry of the de
shown with respect to the fin cressction. Note that the field directiondgected out of the page in:
right image After [112].

In this work, we define the two orthogonal polarization directions relative to the device
geometry such that in one case the electric field is polarized along the channel and in the other
case the electric field is polarized across the fin (Fi$). To best examine the polarization
dependence and ascribe physical significance to the device response, the polarization of light
should be considered relative to the device geometry. With knowledge of the device layout on the
chip, chip orientation on the tgsackage, package orientation on the test measurement table, and
polarization of the laser with respect to the takive, polarization angle relative to the device
geometry could be estimated within an error of ten degrees(Fig.The manual rotation dhe
waveplate contributes an additional error of approximately two degrees. Accordingly, with a
potential error of approximately twelve degrees, Mgk is plotted with the minima and maxima
peak current responses aligned with laser polarization dinscéilong the channel and across the
fin, respectively. We note that the initial waveplate angle does not correspond to the waveplate
angle that results in the maximum device response for the polarization sweep in either device,
which suggests that beam lwaff during the experiment is not occurring. In the case of the 30
nm fin width FInFET shown in FigV.4B, the initial waveplate angle was 70 degrees. Since the

laser beam position was initially selected to be at a maximum peak current value fotigiis ini

62



Figure V.7.FIinFET device under test in a higdpeed packaging used for transient capture. D
orientations were estimated relative to the features on the package itself. These package feature
used to estimate the orientation relatiwe features on the optical measurement system, whe
polarization of the light is known.

waveplate angle, beam watif due to rotation of the waveplate would lead to a reduced device
response; however, Fig.4B shows that the device response iases for some waveplate angles
measured after the initial 70 degree position. Furthermore, because the widths of the active regions
of the FINFETs are small compared to the laser spot size, the device would remain under constant
illumination even in the eant of small amounts of beam waik.

While the measurements in this work were performed with a stationary device and
manually rotated waveplate to minimize the chance of beam-offilin a typical laser
measurement setup, the polarization of the in¢itight is fixed and any changes in polarization
arise due to rotation of the device, which could be unintentional if the device is moved between
measurements. Hence, for devices whose response may be polarization dependent, additional
consideration of thdevice orientation during pulsed laser testing is necessary to ensure results are

consistent across measurement campaigns.
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E. Mechanism

The polarization independence experimentally observed in the silicon diode suggests that
the polarization dependencedonnected with the fin region of the FINFET. From the perspective
of laser light interacting with a FInFET, the fin can be simply represented as a subwavelength
structure with an appropriate dielectric function surrounded by metal/dielectric interfiaces.
general, polarizaticdependent electric field amplitudes and optical energy densities are known
to occur at metal/dielectric interfaces due to surface waves propagating along the interfaces,
referred to as surface plasmon polaritons (SPR$). Due to the confinement of the wave to the
metal/dielectric interface, SPPs exhibit large energy densities in the regions close to the interface
that may be used to enhance ligmatter interaction. Constraintsimpdse by Maxwel | 6 s e
require that SPPs can only be excited at a metal/dielectric interface by (1) light with an electric
field polarization orthogonal to the interface and (2) sufficient wavevector matching of the incident
light with the SPH122]. Hence, in general, plasmonic effects could impact both single photon and
two photon absorption based puled laser SEE testunghérmore, the laser spot size does not
impact the ability to excite SPPs, only the spatial extent to which the SPPs are excited. In the fin
region of the device under test, the presence of the metal/dielectric interface associated with the
gate/insulatdchannel provides the potential for excitation of SPPs that contribute to the
generation of carriers in the channel due to their increased energy density. While a common
technique to satisfy wavevector matching conditions for exciting SPPs requires gouplin
evanescent light from an adjacent prism, incident light can be directly coupled into SPP modes
through endire mode coupling to offer direct broadband excitation of PPH, [132] Rotation
of the polarization of the incident light modulates the amount of light that can satisfy the required
excitation conditions of SPPs, and therefore modsil#e magnitude of the energy density
enhancement provided by the SPPs. Optically, the role of SPPs propagating along slits and ridges
in a metallic film[133], [134] T test structures that resemble the FinAR35] 1 has been
well-established and corroborates the polarization dependence of the SPP energy density

enhancement.

64



1) Optical Simulations

Optical simulations can be used to examine the spatial distribution of eléclepairs
generated by a laser pulse; however, this distribution constitutes the initial state of the injected
charge. An experimental device response, such ds ptesented in SectioiC, requires
consideration of device physics processes to model the transport of charge through the device. The
consequence of this distinction is that a quantitative, analytical comparison between optical
simulations and experimentdévice responses is not always practical; rather, direct comparison
between optical simulations can be used to examine qualitative characteristics of experimental
results. As polarization is a property of the laser pulse used for charge injection atfieapoh
dependent device response is the consequence of optical charge generation.

To assist in the investigation of physical mechanisms underlying the polarization
dependence observed in the pulsed laser measurements of FINFETs, nanophotonic simulations
were conducted to elucidate the field distributions as a function of incident polarization. Lumerical
FDTD Solutions, a thredimensional finitedifference timedomain solver that incorporates
nanophotonic physical processes through the solution of Mbxved equati ons, was |
simulations. SPPs are a direct consequence of
metal and a dielectric, and therefore plasmonic physics are inherently captured by Lumerical
FDTD Solutions without any adttbnal consideration§l36], [137] Qualitatively, an individual
fin of a FINFET can be simplified to a dielectric fin (channel and gate oxide) on a substrate with a
metal gate that encompasses the datsi the fin. Additional device details that are important for
modeling electrical properties and device physics can be neglected for optical simulations. The
dimensionality of the device can be decomposed into a subwavelength gate width and a gate length
that creates an asymmetry between the two directions. As long as this dimensionality is
maintained, the impact of gate length is negligible for qualitative simulations. For the optical
simulations conducted in this work, a single 40 nm wide silicon fimeajht 60 nm and length 1
t m on a silicon substrate was encompassed with metal to approximate a single fin FInFET. The
fin was illuminated through the substrate by a laser pulse with a wavelength of 1260 nm for two

orthogonal polarization directions: atpthe fin and across the fin (Fig.6).
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FigureV.8. Normalized crossection of optical energy density squared induced in a single silic
structure from optical simulations to estimate distribution of optically generated charge. White sy
the lower right corner of each plot indicate the direction of electric field polarization. Color bar sc
equivalentAfter [112].

Following completion of the optical simulations, theienensional spatial field profiles
can be extracted to examei the distribution of fields in the simulated structure. For each
polarization direction, a cross sectional cut of the fin structure is taken to examine the optical
energy density, as depicted in Fig8. As energy density is proportional to the intgnsit the
fields, charge generation from two photon absorption is proportional to the square of the energy
density and is used to estimate the initial distribution of optical generated charge. Significant
enhancement in the energy density is observed ifirthiegion for polarization directions across
the fin (Fig.V.8B) compared to polarization along the fin (Fig8A) The enhancement is largest
near the silicon/metal interface at the base of the fin and decreases as the distance from that
interface increases. The optical constants of the dielectric material dictate the confinement of SPPs
through the decay length of the optical field into the dielectric, with multiple dielectrics near the
interface resulting in different decay lengths. Hiere, optical simulations of the device with a
complete material system rather than the approximate structure would only serve to perturb the
decay of the energy distribution from the interfaces, but would not disrupt the underlying physics.
To further enphaske that thefin structure is capable of supporting SP#Rs, fin can be
examined withmetaldielectricmetal (MDM) waveguide theory toharacterizehe plasmonic
modes that are supported by the fin structime comparison with the FDTD simulations
Individual SPPs supporteadongeach side of the fin can potentially interact with each other to

form a single plasmonic mode referred to as a gap surface plasmon (GSP) that can be characterized
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with an effective indeX138]. In the case of the fin structure, SPPs originating at the base of the
fin will propagate up the height of the fin befdyeing reflected from the topside metallization.
This reflection at the topside will result in the creation of an interference pattern where the spacing
in the fringes correspond to the effective index of thé®>@%de. In the case of the FINFET
structure in this work, the height of the fin is short enough to preclude a resotgnigrence
pattern; simulations of the FINFET structwr&ng a greater fin heighévealthe creation of the
expectednterference patterns (Fiy.9). The presence of interference fringes in the fin region
creates the potential for more heigl®@pendent optical energy deposition thgrsimply scaling
thesilicon volume of the device.

Under the appropriate Maxwéllsquation boundary conditions for the plasmonic electric
fields, a transcendental equation can be defined to compute the effective refractive difjdefx (n
the plasmonic mode:
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Figure V.9. Normalized crossection of the electric field intensity induced in a single elongated silic
structure. Note thenterference fringes associated with reflections from the metallization at the to)
fin. White symbols in the lower right corner of plot indicates the direction of electric field polarizat
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where w is the width of the fin region, is the permittivity of the metal, is the permittivity of

the dielectric material, ant ks the free space wavenumh#B8]. In the case of the simplified
optical structure considered in this work for a testing wavelength of 1260 nm, the permittivity of
the silicon fin and the surrounding metalls25and-153.73+i33.083espectivelyf103]. For the

two widths of FInFETs used in this work (30 nm and 40 nm), the effective index of the GSP mode
can be computed usifggn.V.1. The effective index of the GSP supportadthe fincan be
independently calculated using: 1) waveguide theory, 2) interference fringes fraérDBD
simulations, and 3) usingn eigenmode solver. Lumerical MODE39], a finite-difference
eigenmode solver that computes spatial profiles of electromagnetic fields supported by an optical
structure through the kdion of Maxwell equations was used to calculate the effective index of
the plasmonic mode supported by the fin. The effective index of the GSP modes supported by the
fin structure from these methods are provided in Tglle showing good agreement beemethe
methods and affirming the potential for the fin region of the device to support GSPs.

Width Effective Index

Waveguide Theory|3D-FDTD | MODE Solutions
30 nm| 5.165 5.208 5.16
40 nm)| 4.81 4.84 4.79

Table V.1. Table of effective refractive index of the GSP optical mode supported by the fin ¢
computed by independent methods. The agreeb@anieen the methods affirms the potenital for SP
contribute to optical energy deposition from-BEE testing of FInNFET devices.

Additional observations related to the optical simulations further support the assertion that
SPPs are the dominant physical process in the simulations. Additional simulations carried out on
the same single silicon fin, but without the gate metal, didenxetal the same large polarization
dependent enhancement that resulted when the gate metal was present, establishing the role of the
metal in the enhancement observed in the simulations. Furthermore, as the simulated structure is
a single fin, the polarizeon dependence observed in optical simulations cannot be associated with
any potential optical grating effect established by multiple adjacent fins. In conjunction with the
simulation results and plasmonic literature, these observations establish SRRz odmble
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mechanism for the experimentally measured polarization dependence of the pulsed laser induced

current transients on the FinFETs examined in this work.

F. Conclusions

Pulsedlaser induced current transients in an SOI FINFET were measured asi@nfoifc
device orientation relative to the optical polarization of the laser. A dependence in the device
response is experimentally observed, demonstrating that device orientation impacts pulsed laser
testing measurements. A systematic effect resulting the measurement setup was ruled out and
the geometry and feature size of the device preclude a subwavelength-lyaatagoptical
response. Similar polarization measurements conducted on a large area Si diode show no
polarization dependence, affirminiget role of the small feature size and radial asymmetries of a
FINFET in the polarization dependence. Optical simulations were conducted to further examine
the impact of incident laser polarization on the optical field distribution within a single fin. A
plausible mechanism for the polarization dependent transient current response is proposed based
on the polarization dependence of SPPs, which affects the energy density available for charge
generation in the fin region.

Based on this work, it can be preeidtthat this polarization dependence could be observed
in nanoscale devices with metal/dielectric/metal interfaces near the active region of the device,
such as in mukgate transistors. Planar devices, due to lack of the metal/dielectric/metal interface
and asymmetries, would not be expected to exhibit polarization dependence. Indeed, optical
simulations employing bulk materials to model planar devices have shown agreement with
experiments, affirming nanoscale optical processes are not dominating czegatign in planar
devices. During pulsed laser testing of devices that could exhibit polarization dependence, the
device orientation must be considered and documented to ensure robust and repeatable testing of
devices that are not rotationally symmetAay adjustments of a given device or package between
measurements, such as storage for multiday testing, or different orientations of similar devices to
be compared, may result in testing under a different polarization configuration and a different
measued device responsfFig. V.10). Due to the fundamental difference between energy
deposition from lighimatter interaction and heawgn collisions, such care with device orientation

in the measurement setup is not necessary for heavy ion testing. A tieaticexhibits a
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polarization dependence in pulsed laser testing will exhibit that dependence for any configuration

of pulsed laser testing using wavelengths larger than the critical feature size of the device.

Light Polarization Direction 2

Light Polarization Direction 1

Light Polarization Direction 2

Light Polarization Direction 1

FigureV.10. An visual representation dhe impact of package placement relative to the polari:

direction of light from the measurement setup.
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CHAPTERVI

PULSED LASERSINGLE EVENT EFFECTSTESTING OFWAVEGUIDE-INTEGRATED PHOTODIODES

The following chapter contains materialdapted with permission from D. Ryderet al,
ASi ngle Event Transi ent Re s p o4negrated Germémumt i ¢ a |
P h ot o dIEBEITERSS, Nucl. Sgivol. 68, no. 5, pp. 80806, 202172]. Thischapteifocuses
on the examination of the PREE measurements conductexh two commonly fabricated
waveguideintegrated germanium photodiode geometries that would provide efatieldctrical
signal conversion in an integrated photonic system. Photodiodes typicalyntéky high electric
field establiskdin the intrinsic region of a PIN junction Ensure tht carriers move across the
junction at saturation velocity, so the ability for a diode to maintain a high electric field is crucial
for consistent operatioat maximum bandwidthVertical PIN (VPIN) photodiodes typically
provide higher electric field amipide even at lower applied biases daalirect doping of the
germanium compared to Lateral P(NPIN) photodiodeswvhich are fabricated without direct
contact with the germanium. It is shown in this chapter that VPIN devices provide consistent
transient drations independent of the operating voltage while LPIN devices exhibit a distinct
operating voltage&lependent transient response. This experimentally observed behavior is
attributed to the perturbation of the junction electric fiaidl corroborated thugh simplified

TCAD simulations.

A. Introduction

Integrated silicon photonics offer the potential for significant reduction in energy
consumption and increased data throughput while leveraging the existing silicon fabrication
infrastructure that underpinsadern silicon electronidg7], [140]. The production of integrated
photonic devices at commercial foundries foreshadows the impending adoption of silicon
photonics alongside traditional electronic devices in a variety of commercial applidaddns
[142]. The allure of incorporating integrated photonics for improved performance and reduced
resource consumption drives the examination of the tdoby for spacéased applications

operating with constrained resource budgets. Given the harsh radiation environment, the
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investigation of the radiation response of integrated silicon photonic devices is required prior to
utilization in space applicationdHowever, to date, there have been relatively few studies
evaluating silicon photonic components, including modulgd®r§[64], waveguideg$65], [67],

[143], and photodiodef®7],[144],[145]) for use in radiation environments.

A critical aspect of the integration of silicon photonics with standard electronic devices is
the conversion of signals between the optical and electrical domains. Photodiodes are the key
component for optical to electrical signal conversion. Due to its compatibility with CMOS
manufacturing and large absorption in the telecommunication band of wavelengths, germanium
has become the preferred material forobip photodiodes. Most commonly, ganium PIN
diodes are used to convert optical signals routed in silicon waveguides to electrical[$#gials
[148].

As photodiodes generate electrical signals based on the collection of carriers generated by
an incoming optical signal, processes that pertbebcbllection of the carriers can potentially
distort the signal conversion. Cumulative parametric degradation induced by total ionizing dose
[57], [144] and displacement damaffel5] in waveguideintegrated germanium photodiodes has
been examined and the impact on device performansgauad to be minimal. Consequently,
single event transient (SET) sensitivity will likely be the dominant radiation concern for
waveguideintegrated germanium photodiodes, with charge deposited from an ionizing particle
interacting with the optical signf7] or being collected by the photodiode and corrupting the
signal integrity if it overwhelms the electronic response of the device.

To examine the SET sensitivity of waveguidéegrated germanium photodiodes, the
pulsedlaser induced single eventfect (PL-SEE) technique was employed to spatially induce
SETs in the sensitive region of the photodiodes. In contrast to standard operation where light is
routed from elsewhere echip using a waveguide, PREE testing generates charge using highly
focuseal laser pulses that propagate perpendicular to the substrate of thg ié9jchn this work,
the pulsedaser induced SETesponse of waveguidategrated germanium photodiodes is
examined for two geometries: vertical PIN (VPIN) and lateral PIN (LPIN) devices. VPIN devices
produce transients with temporal durations that are largely independent of reverse bias while
transientsollected from LPIN devices increase in duration as reverse bias decreases; these trends
hold for a range of pulse energies. As SET duration correlates to the length of time a signal is

corrupted,understanding the impact of photodiode geometries on ®BEponse will prove
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valuable for the design of integrated silicon photonic systems for use in radiation environments by
connecting performance metrics with radiation mitigation concerns.

Photodiode geometries and dimensions significantly impact devicerrparioe and can
therefore be optimized for a specific performance metric, such as high bandwidth or high
conversion efficiency, although a given design sometimes requires a tradeoff between performance
metrics.VPIN designs maximize bandwidth by ensuringhhfields, enabling carriers to drift at
saturation velocity, even at low reverse biases. However, the required structure not only increases
fabrication complexity, but also results in high leakage current and low conversion efficiency. The
high electric feld, coupled with defects due to the lattice mismatch between silicon and
germanium, results in leakage paths responsible for increased leakage [@46ErtL47] The
required doping to facilitate direct contact with germanium results in parasitic absorption of the
optical signal from free carriers, which reduces the energy available for elbcieorpair
generation and therefore reduces the conversion efficienttyealevice. LPIN designs, on the
other hand, result in higher conversion efficiency and lower leakage current, but traditionally
require higher reverse bias to achieve maximum band\idf, [150]. Importantly, beyond its
effect on device performance metrics under typical terrestrial operating conditions, the geometry
of the photodiode also dictates the SET response. Understanding the implications of design choices
is critical for designingintegrated photonic systems that balance system performance with

tolerance for radiation degradation.

B. Experimental Setup

Two geometries of waveguidetegrated germanium photodiodes, fabricatedirbgc
[148], were used as the test structures for this work. VPIN devices comprise an intrinsic
germanium layer with an-doped silicon layer below the germanium arm@doped implantation
on top of the germanium. LPIN devices comprise an intrinsic germanium raggoally contacted
by doped silicon to form the-fype and rype contacts. For both geometries, the doped silicon
regions are fabricated on a buried oxide. Gg®gions and dimensions for both geometries are
provided in FigVI.1. A key distinction beteen the geometries is the lack of metal contacts and

doping of the germanium for the LPIN devices compared to the VPIN devices. In the case of either
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FigureVI.1. Crosssectional cut of waveguide integrated photodiodes for LPIN, VPIN device geol
considered in this work. In standard operation, the optical signal propagates perpendicular to th
sections. White dashed lines denote the direction of the electric field lines in germafiarnfi39].

geometry, a PIN diode is created from doped regions contacting the intrinsic region, resulting in

an electric field that spans the extent of the germanium region and is used to collect carriers via

drift processes. As the PIN diode ensures the presenar efectric field across the intrinsic

germanium, an applied reverse bias will primarily modulate the amplitude of the electric field in

the germanium and therefore the drift velocity of carriers in the germd@gjm
Measurements were conduct ed-lasettestvig fagligr bi | t

[127]. Devices were packaged on custom ksgleed packages, allowing each terminal to be

comected to a 40 GHz bias tee that splits the AC response of the device to an oscilloscope using

high-speed cabled 28]. A 36 GHz bandwidth, 80 GS/s Teledyne Lecroy Labmaster oscilloscope

was used to record individual current traces induced by each laser pulse. To avoid the topside

metallization of the device, througfubstrate illuminatiomwas employed using a laser wavelength

of 1260 nm to generate charge in the active region of the device withvedthl half maximum

( FWHM) beam spot size of 1.6 em. At a | aser wa

in silicon is dominated bywo photon absorption while charge generation in germanium is

dominated by single photon absorption. From the perspective of the device response, charge
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generated in the surrounding silicon will be snjab9 compared to charge generated in the
germanium due to the large single photon absorption coefficient of the germ{a®BInGiven
the asymmetry of the devices, the orientation of the devices relative to the polarization of the laser
was kept consistent to ensure measurements are subjected to the same optical [fb8ksses

As heavy ions and pulséddsers deposit energy through different physical mechanisms, the
spatial distribution of deposited energy will be unique to each techfi€dg¢, [109] For the
photodiodes tested in this work, the oxide layer below the silicon region of the photodiode
truncates the potential charge collection volume and eliminates any contributions to the transient
response from the silicon substrate, imto siliconon-insulator transistors. Hence, given the
small collection depth of the devices, the radial extent rather than the depth profile of deposited
energy will be more important to consider when comparing heavy ion and {assedesting.
While the radial extent of the deposited energy from a laser pulse is larger than that from a heavy
ion, the prompt transient response from both heavy ions and gatssd will be dominated by
energy deposited in the active region of the device (the imtriregyion in these devices).
Accordingly, important insights for understanding the radiation response of germanium
photodiodes can be gained from pul&skr testing experiments.

C. Measurements

The pside contact of each device was monitored to captunedividual SET induced by
a single laser pulse. Because the energy of each laser pulse used to induce a SET is measured, each
SET can be associated with the pulse energy used to create it. The pulse energy reported for the
PL-SEE measurements is the pulenergy prior to interaction with a device; attenuation
mechanisms such as interfacial reflectifiisl] are not included in the reported values. For each
device, the fside contact is grounded and a bias is adpiethe pside contact. Measurements
were conducted with a null input optical signal state, analogous to an SET occurring during the
creation of a low voltage logic state in the electrical domain. An initial area scan was performed
to spatially map the dece response and identify the center of the germanium channel. Once the
position was selected, individual SETs were captured for a range of pulse energies under four bias
conditions:-0.5V, -1.0V, -1.5V, and-2.0V (Fig. VI.2). As PL-SEE testing doesat result in

total ionizing dose and displacement damage, repeated measurements do not cause permanent
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FigureVI.2. Full-width halFmaximum (FWHM) of SETs collected as a function of laser pulse e
under four bias conditionsd.5 V,-1.0 V,-1.5V,-2.0 V. Device labels correspond to dimensions out
in Fig. VI.1. After [139].

radiationinduced device degradati¢n49]. FigureV1.3 compares typal SETs from LPIN and

VPIN devices as a function of bias for a fixed pulse energy of 500 pJ.-&sdata transmission

is a key application for integrated photonics, this work examines SET duration because it
represents the period of time in which thgnal may be corrupted by the ionizing particle.
Transients collected from VPIN devices exhibit a consistent temporal duration for each bias
condition, while transients collected from LPIN devices display an increasing temporal duration
for decreasing revse bias. The temporal duration of SETs as a function of bias and pulse energy
are compiled in Figvl.2, demonstrating that VPIN devices display a much more consistent, and

shorter, transient duration for all pulse energies and bias conditions compéafeidNtdevices.
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FigureVI1.3. SETs as a function of bias for the same laser pulse energpdp@& LPIN (eft) and VPIN
(right). After [139].

Carriers contributing to the device response from the overlap of the laser pulse with the doped
silicon regons are collected via diffusion processes, implying that those carriers do not result in
the voltagedependent transient response. In addition to comparing the impact of device geometries
on SETSs, the impact of device dimensions can be examined by cogfdasiite responses for
devices of the same geometry. For the same Hi& V), transient duration as a function of pulse
energy is compared for each device measured Hig). While the change in the germanium
dimension for the LPIN devices (~15%) ingtsmthe temporal response of the device, the temporal

response of the VPIN devices remains consistent when the germanium width doubles.

D. Discussion

The temporal response of a photodiode to an optical signal can be decomposed into four
physical processes: carriers drifting across depleted regions, minority carrier diffusion across
undepleted regions of a device, the junction capacitance of the plaEpdiod the impact of
charge trapping at heterojunctio$52]. Under intended electroptic operation, charge
generation in a waveguidertegated photodiode is localized to the intrinsic germanium layer as

the wavelength of the optical signal is swdndgap to the surrounding silicon contacts;
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contribution to charge collection from diffusion is minimal. Therefore, the dimensionality of the
intrinsic germanium region is a design feature that is inextricably linked to the optical performance
of a device. For instance, as the intrinsic germanium region is responsible for ehetéqair
generation, a larger collection volume typically resuitsimproved metrics associated with
conversion efficiency, such as responsivity and induced photocurrent. However, increasing the
dimensionality of the intrinsic germanium also results in performance penalties. Leakage current
and junction capacitance inase as the junction area increases; moreover, increasing the transit
distance across the junction increases the transit time for carriers crossing the jL46tida47],
[152].

The impact of the design considerations discussed above can also guide understanding of
SETs induced during SEE testing. Duéfte typical dimensions of the germanium in waveguide
integrated photodiodes, it would be expected that the device response would not be limited by the
junction capacitancg153],[154]. As the temporal behavior of the waveguideegrated
photodiodes is dominated by the transit time of carriers, increasing the transit distance results in
longer temporal dation of SETs induced in the photodiodes. Therefore, as long as the photodiode
temporal response is dominated by the transit distance, junction area has minimal impact on the
temporal duration of the SET. For each of the device geometries examined \wotkjstwo
intrinsic germanium widths were used in the fabrication of the photodiodes. In the case of the LPIN
devices, the width of the intrinsic germanium region inversely affects the magnitude of the electric
field and directly corresponds to the trandistance of the junction; therefore, the temporal
duration of SETs increases for a larger intrinsic region width at the same bias. For the VPIN
devices, the width of the intrinsic germanium constitutes one dimension of the junction area;
minimal changen the temporal response occurs for a larger germanium width. Experimentally,
this expected behavior for LPIN and VPIN devices of different widths is verified by comparing
FWHM as a function of pulse energy for devices with different germanium widths ar@lérV
bias (Fig.V1.4). Two photon absorption is an intensitgpendent process so that the contribution
of charge generated in the silicon would be more pronounced as the pulse energy increases. As the
device responses can be related to the widtheointiinsic germanium across the range of pulse
energies, it can be concluded that the device response is dominated by charge deposited in the

germanium.

78



FWHM [ns]

* LPIN - 500 nm

* LPIN - 600 nm
VPIN - 1000 nm

* VPIN - 2000 nm

0 0.5 1 1.5
Pulse Energy [nJ]

FigureV!.4. FWHM of SETs as a function of pulse energy for all devices under the same bias c«
After [139].

The creation of PIN diodes through the use of the intrinsic germanium in these devices
ensures an electric field throughout the germanium, crucial for carrier collection via drift
processes. As the drift velocity of carriers is a function of the elektidl; €stablishing sufficiently
high electric field amplitudes in the intrinsic germanium region such that carriers move at
saturation velocity is often a concern for operation of photodiodes. In most cases, e built
electric field is not large enoudbr carriers to drift at saturation and additional bias is required to
enhance the electric field in the depleted region of the dg4&3, [155] The modification of the
spatial distribution of the electric field from the applied bias in turn results in a spatial distribution
of drift velocities and transit timder carriers in the junction. As transit time across the junction
dominates the temporal response of waveguitigrated photodiodes, the modulation of the
electric field with applied bias constitutes a voltage dependent temporal response of the
photodiale. The metal contact with the germanium in the VPIN geometry ensures that the electric
field is directed through the intrinsic germanium region, resulting in electric field amplitudes that

support saturation velocity even at low biases. As the LPIN dexeteon the doped silicon below
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the intrinsic germanium to establish and modulate the electric field in the photodiode (as shown in
Fig. V1.1), the amplitude of the electric field is higher near the silicon interface, impacting the drift
velocity of carters [147]. As the reverse bias is increased, the electric field distributiorein th
intrinsic germanium region results in an increased spatial extent that carriers travel at saturation
velocity. Under standard operation, charge generated in the germanium from an absorbed optical
signal effectively screens the electric field, impairihg ability for carriers to move at saturation
velocity in the germanium and reducing the electrical bandwidth of the device under illumination
(referred to as optelectric bandwidth)156]. This type of device behavior, related to the electric

field distribution and corroborated by charge transport simulaie¥®,[147],[156],[157], results

in LPIN devices exhibiting more pronounced voltatgpendent bandwidths than VPIN devices.

The same principles that govern charge collection from an absorbed optical signal are responsible
for charge generated by an ionizing particle. Therefore, it would be expected that (1) SET duration
will increase as deposited charge increases, and (2) the temporal duration of SETs induced in a
VPIN device would be independent of applied bias while the temhparation of SETs induced

in LPIN devices would decrease as a function of applied bias. These hypotheses are validated
through experimental data by comparing the FWHM of SETs in VPIN and LPIN devices as a
function of voltage (FigVI.2). While these meairements were conducted without an input optical
signal, these trends will be consistent for measurements with an incident optical signal as is the

case for voltagelependent optelectric bandwidths under standard operaticit],[158].

1) Device Physics Simulations

TCAD software tools are critical to the design and development of microelectronic devices
by modelling the electronicbehavr of a devi ce through numeri cal
and continuity equations. Given the importance of the electric field strength within the intrinsic
germanium to device operation, the capability to capture the electric field distributfon thig
device from preand posicharge injection is crucial to modelling the device response to charge
injection. While fabricated devices will have a more complex doping profile and material stack
optimized for device performance, TCAD simulations wsimplified device geometries still
allow for the examination of physical mechanisms. For the TCAD simulation relssdisssed
here,notional dimensions and doping profiles were estimated based upon similar photodetectors
VPIN and LPIN structures examin@udependently in literaturfl46], [147], [158] Schematis
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Figure VI.5. A schematic diagram of the simplified LPIN and VPIN photodiodes that were
transient TCAD simulations. Doped regions used a dopant density°dfadgd on similar structures
literature.

of the simplified VPIN and LPIN structures used in the following simulations are provide in Fig.
VI.5.

Prior to charge injection, the electric field of a device is in an equilibrium state that is
dependent upon the applied bias. For VPIN devices, thenpéateof the doped regions along the
top and bottom side of the intrinsic germanium ensures a strong electric field even at low biases.
In contrast, the location of the doped regions in LPIN devices results in the peak electric field
amplitude within the itrinsic silicon region and the electric field in the intrinsic germanium
penetrating from the silicon below. This notional model of the electric field profile prior to charge
injectionis confirmed through comparison of the equilibrium electric fieledD&V and-2.0V,
providal in Fig. VI.6. In the LPIN devices, it can be seen that increasing the reverse bias applied
to the junction substantially increases the electric field amplitude within the intrinsic germanium
region. The voltagelependent bandwidthssociated with VPIN and LPIN photodiodes is a
consequence of this electric field modulation.

2D TCAD transientsimulations were conducted for a column of charge injected into the
intrinsic germanium region analogous to the charge track from an ion pabsugh a
photodetector. Transients were captured for a range of charge injection conditions for four bias
conditions=-0.5V,-1.0V,-1.5V,-2.0V (Fig.VI1.7). Similar to the PLSEE measurements, the LPIN
device exhibits a pronounced bidspendent tranane duration while the transients observed from
the VPIN devices are largely independent of the applied voltage. Furthermore, individual
transients can be compared as a function of bias and display the same trends observed in

experiments (FigVI.8). Sincethese simulations were conducted with charge injected in the
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intrinsic germanium, the potential for contribution from charge generated in the silicon due to the
spot size of the laser relative to the device footprint was removed. The simulated relsshtsvstil

the trends observed in the experimental results, demonstrating that this behavior is a consequence
of the electric field of the devices.

LPIN
ElectricField (V'em”-1)

-0.5V - 3.207e+05

2.672e+05

2.138e+05

. 1.603e+05
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I 2.751e-08

ElectricField (V'em”-1)

- 2.089e+05
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3.48le+04
. 4.557e-06

FigureVI.6. Electric field distributions of the photodiodes under two bias conditi@5:V and-2.0 V.
For the LPIN device, increasing the bias results in an increased electric field amplitude in the ge
for charge collection. In the case of the VPIN device, there is a strong electric field across the ge
even at low bias.
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FigureVI.7. FWHMs of simulatedSETsin VPIN and LPIN photodetectoes a function ofharge injectio
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Figure VI .8. Simulated SETs as a function ¢

VPIN and LPIN devices. Note that the simulated SETs demonstrate the saideg@adent behavior tl
was observeduting PL-SEE testing. As these are 2D simulations, the normalization length used we

2) Potential Mitigation Approaches
Photodiodes convert signals from the photonic to the electronic domain, so a SET induced
in the photodiode will serve to corrugtet amplitude of the electronic signal that can propagate

downstream to components along that signal path. Even when the amplitude of the transient falls
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below the threshold to completely disrupt the signal state, the transient will still temporarily
degrae@ the signato-noise ratio of the signal and result in an increase in the bit error rate during
the duration of the transient. Therefore, an individual transient not only impacts the signal state in
which the transienbriginates but any subsequent sigstaltes that occur until the conclusion of

the transient. As the bit period is inversely related to the bit rate, for a given transient duration the
number of impacted signal states will increase as the bit rate increases.

In addition to standard circdievel mitigation techniques such as parity checking, two
types of passive radiation mitigation design considerations could be employed when working with
waveguideintegrated photodiodes based on observations made in this work. The first mitigation
principleis to minimize device dimensions that contribute to the radiation response of the device.
Photodiodes intended for use in silicon photonics application are likely to be limited by the transit
time of carriers across the intrinsic germanium region so tsejea device with features that
minimize this distance will reduce the duration of transients induced within the device.
Furthermore, dimensions that contribute to the areal footprint of the device will impact the rate at
which transients occur; with snhed footprints resulting in smaller error rates. For either geometry,
reducing the length of the photodiode (direction perpendicular to thesossnal cut) offers the
potential for greater areal reduction with less impact on the performance of tbe dewpared
to reducing the width or height of the photodiode. For the devices considered in work where the
width of the germanium region is a tunable dimension, reducing the width dimension will reduce
the sensitive error in both geometries while thedient duration will also be reduced in the LPIN
geometries.

The second mitigation principle relies on leveraging the voltegendent response of the
geometries. The minimal voltagkependent transient duration in the VPIN photodiode geometry
lends itsdfl to applications that operate within a range of operation voltages. As the duration of
transients induced in the photodiode will remain relatively constant, predicted error rates should
remain valid even if the operating voltage varies. In contrast, dhagedependent transient
duration in the LPIN photodiode geometry affords the potential to reduce the transient duration in
the photodiode by increasing the operating voltage. From a performance and manufacturing
perspective the LPIN geometry is the preble option for inclusion in silicon photonic circuits,

so it is likely that these geometries will appear in commeoffalhe-shelf systems intended for
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radiation environments. While increasing the operating voltage will incur a power penalty, the

trarsient duration can be reduced and result in lower error rates for the same photodiode design

E. Conclusion

In this work, the pulsethser induced SET response of wavegdidegrated germanium
photodiodes was experimentally examined for two common ge@seitveertical PIN junctions
and lateral PIN junctions under different bias and pulse energy conditions. The SETs of VPIN
devices exhibited a voltagedependent temporal duration that was consistently smaller than
transients collected from LPIN deviceistlhe same pulse energies. Moreover, the SETs of LPIN
devices exhibited a voltagkependent temporal duration. As the temporal response of photodiodes
is dominated by the transit of carriers across the junction, design choices that impact the transit
time of carriers by either changing the distance that carriers must cross or the speed at which they
can drift have a significant impact on device performance. Charge transport simulations suggest
that the voltagelependent temporal response of the LPIN devgassociated with electric field
amplitudes that directly affect carrier velocit¥46],[147],[156]-[158]. The impact of device
geometry on the transients can be related to riygact that design parameters have on the
performance metrics of a device operating under more typical terrestrial conditions. Similar to
other SET susceptible devices, radiation tolerance of the device depends on the system response
to the injected transm and the operating environment of the device, such as tempdd&Qie
Relating the radiation response of the photodiode to its geometry is critical for evaluating the
impact of a design decision not only oaditional performance metrics but also on the radiation

tolerance to ensure the reliability of integrated photonic systems in radiation environments.
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CHAPTERVII

RADIATION -INDUCED TRANSIENT OPTICAL RESPONSE OFPHOTONIC DEVICES

In this chapter, the radiatianduced optical response of a silicon photonic waveguide to
the injection and subsequent movement of charge is examined. The presence of chargewithin
waveguide locally modifies the refractive indices of the materialimdrn impacts the optical
mode propagating within the waveguide. Since the optical mode is not uniformly distributed within
the waveguide core, the spatial distribution of charge injected into the waveguide will drive the
optical response of the wavegesdas thelargemoves via diffusive processes. The dependence
on the spatial distribution is a particular concern for alternative SEE testing techsugbeas
pulsed lasers, that utilize charge distributions that are significantly larger than the radial

confinement associated with charge tracks from ionizing particles.

A. Radiation-InducedOptical Response

As the effective refractive index of an optical mode is derived from the opticahpters
of the constitutive materials of the waveguide, local modification of the refractive index of the
waveguide materials will result in modification of the effective refractive index of the [8{je
[160]. Engineered control over the effective index of an optical mode through mechanisms such
as thermorefractive, electaptic, and free carrier effects are critical to development of active
photonic modulators for echip manipulation of light. However, these same processes can also
result in the introduction of parasitic optical effects induced by the operating enviro(ergen
thermal environment, radiation environment) that degrade device performance. To ensure reliable
operation of photonic devices in harsh environments either through innate tolerance or mitigation
techniques, examination of these degradation meahamsust be examined.

For an optical mode, the wavelength of the light is typically subbandgap to remove any
parasitic attenuation of the optical signal due to interband absorption, resulting in bending losses
and scattering from sidewall roughness belmggdominant optical loss mechanisms for undoped
optical waveguides. However, in the case that impurities are introduced via contamination or

intentional doping processes, the excess density of free carriers from the ionized impurities will
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interact with tle photons through intraband absorption, with sufficiently large carrier densities able
to completely attenuate the signal. In a similar sense, the charge injected into a waveguide from
an ionizing particle can be conceptualized as a spatial distributicmacde that locally modifies

the refractive index of the waveguide core material. As the optical mode supported by a waveguide
is a consequence of the refractive indices of the materials composing the waveguide, the
modification of the refraction inducday the free carriers temporarily distorts the optical signal
propagating along the waveguide analogous to a single event transient in a microelectronic device.
From the notional model of the effective refractive index of an optical mode as a spatiaédeight
average of the electric field with the refractive indices of the waveguide, the overlap of the free
carriers injected into a waveguide with the electric field of the mode will drive the radiation
induced response. For example, consider the TE optici ehepicted in Fig. VII.1 which displays

a peak electric field intensity at the center of the waveguide core and with decreasing field at the
Si/SiOG, boundary of the waveguide. Carriers injected from an ionizing particle the along the center
of the wavegude would more greatly impact the optical mode then the same carriers injected near
the boundary due to the greater electric field intensity localized at the center of the waveguide
core. While this notion of modal overlap with free carrier distributiong bearelatively new to

field of radiation effects, this principle is a significant design metric for photonic modulators that

want to modulate the optical signal with as little resource investment as p¢s8ii¢163].
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Figure VIl .1. a) A diagram of a silicon ridge waveguide with the waveguide width and height den
the WW and HH. Light confied to the waveguide will propagate along the along the waveguide if
direction. b) The optical mode profile for a TE mode supported by a waveguide with dimensions ¢
450nm and WH = 220 nm. c) A plot of the optical mode along the dashed linevifti{tihe dotted line
corresponding to the Si/Sinterface. Note that the optical mode practically extents into the surrol
oxide and is not uniformly distributed within the waveguide.
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B. Modeling

The push to develop alternative SEE measurement techniques have led the adoption of
techniques such as pulskder testing and focusedrdy testing to inject charge through different
mechanisms to traditional ionizing particles. A consequence of thencel on alternative
mechanisms for charge injection is that these spatial distributions of the charge will vary between
the techniques. As discussed in previous chapters, the charge tracks from an ionizing particle are
described as thin cylinders (radiaa the order of nanometers) of high carrier densities while
alternative techniques generate charge with a radial confinement on the order of micrometers. As
photonic technologies mature and begin to demand characterization of the radiation response to
ionizing particles, PLSEE testing will likely serve as a popular preliminary technique to screen
devices prior to costly heavy ion testing. In this case, it is imperative that 1) the impact of the
spatial extent of the charge on the device response is wuabkrahd 2) there is sufficient
computational approaches for estimating the device response to a given charge injection profile.

As the spatial distribution of charge will impact the subsequent optical response of the
waveguide, it is useful to define ammon analytic representation of the spatial extent of the
injected charge. The radial charge track structure from an ionizing particle can be quite complex
due to the potential creation of secondary particles and other nuclear pr¢24¢4&64]i [166],
so there is ongoing effort to 1) computationally model these charge tracks and 2) determine the
minimum level of complexity that is required to acculsateodel iorinduced radiation effects.

For the purposes of this work, a Gaussian distribution is used to define the radial confinement (x

and y axes) carriers injected into a device

O ¢y 0 Q 6 )

where the peak carriadensity and & half-width are denoted asoNand A receptively. This
simplified approach of representing charge as a spatial Gaussian distribution is consistent with
common approximation techniques for -Hmmluced SEE modelling165] and a natural

consequence of treating ladmsed testing with Gaussiapties approximationgl6]. Based upon
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the functional form of carrier densities in Eqn. VII.2, the total amount of charge contained with a

distribution Qist can be expressed as
0 NQA O 6 )&)
where h is the thickness of the charge distribution. It should be noted that for the same peak carrier

density, increasing the width increases the total charge described by the distribution. In the case
that charge distributions corpgnding to the same total charge are to be compared

C

~ , ~

Egn. VIL.3 can be used to scale the peak carrier density in accordance with the width of the
distribution. This representation of the carrier density empésasa key comparison between
ionizing particle tracks and charge injected through alternative techniques: ions create much higher
peak carrier densities than the alternative techniques, but over a small smaller area. As the intent
is to emulate the ioniap particles, is useful to refero  as the equivalent charge deposited by

an ionizing particle of a given LET.

Simulating the radiatioinduced transient optical response of waveguides requires
capturing both the initial distribution of charge well as the subsequent transport of the charge
through the waveguide. The temporal evolution of the charge within the device results in a
corresponding perturbation to the optical modes that presents as a radidtioed phase shift
and attenuatiorSimilar to the PESEE simulation infrastructure discussed in previous Chapter IV,
TCAD and nanophotonic software tools are perfectly suited to modelling charge transport and
optical phenomena respectively. In the case of the optical simulations, 3D FBiliatgons
provide the most rigorous approach to modelling the optical response to the carriers due to the
potential for sharp carrier density gradients induced by charge injection. It should be noted that
while 3D FDTD simulations provide the most rigoroagproaches, the FDTD algorithm is
resource intensive and typically optimized within commercial solvers, significantly limiting the

potential for application within the radiation effects community.
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As opposed to leveraging FDTD simulations as broadlyiegige to nanophotonic
probl ems due t he brute force computati on of
computational technique to describe optical mode propagation can be used estimate the optical
response to distribution of charge in a waveguide.télsagnetigerturbation theory allows for
representation afarriersin awaveguide as a perturbation to the optical mode and represented by

a change in the effective refractive ind&80] Ynes)

g o AbGRYE G SE 0000
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where c is the speed of light, is the permittivity of free space, ai¥d is the pertbed refractive
indices of the waveguide materia®milar to a bulk material, the perturbation of the effective
refractive is complexegtalued with the imaginary component corresponding to attenuation of the
optical mode. The unperturbed optical mode{grarge injection) is defined by the distribution
of the electric field (E) and magnetic density (H) as the well as the unmodified refractive indices
of the waveguide materials. Based upon the notional weighted average model of the effective
refractive irdex of the optical mode, the local modification of the refractive index of the waveguide
core material perturbs the effective refractive index in accordance with overlap of the injected
charge with the optical mode. Importantly, this perturbation only iresjua single optical
simulation of the unperturbed optical mode as an initial condition that can then be used to estimate
the perturbation of the effective refractive index of an optical mode for any charge distribution
characterized by¢ «fudtr . Furtrermore, the spatial integrals of E§fil.4 can be quickly solved
by numerical techniques without any specialized software, positioning the perturbation technique
as a low barrieto-entry method for estimating radiatiamduced optical responses in phdton
devices.

To provide a benchmark for the perturbation approach, 3D FDTD simulations using
Lumerical FDTD Solutions were conducted on -ddhd silicon ridge waveguide with a height
and width of 220 nm and 450 nm, respectivelhanges in the accumulatgzhase and
transmission ofthe optical modeinduced by a spatial distribution of charge injected in the
waveguide were monitored as function tbe width defined in Eqn.VIl.1. Two cases were

considered for the deposited charge when the width attaege distribution was variedonstant
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peak charge densitfEgn. VII.1) and constant total deposited chatgen. VI1.3). The carrier
densityto-refractive index modification of silicon empirically determinedSwyef{105] was used

for these simulations, however it should be noted that the simulations can be conducted with
alternative models (different materials or analytic modelshout any loss of generality. To
perform the perturbation computations, an eigenmode solver (Lumerical NJCEOR was used

to compute the unperturbed optical mode to be usedBgittVIl .4.to compute optical response
induced by the charge distribution in the waveguide. A compilation of the FDTD simulations (data
points) and the perturbation approach (solid lifiesa variety of charge distributions are provided

in Fig. VII.2[167]. It can be seen that by matching the peak carrier density with increasing widths
increases the magnitude of radiatioduced phase shift and attenuation. On the othedh
ensuring that distributions represent the same amount of charge results in reduced peak carrier
densities as the width increases and a reduction in the radiadioced degradation. Therefore, it

can be said that trying to match the peak carrierityeofsan ionizing particle with a wider charge
distribution will overestimate the device response while matching the total charge will
underestimate the response. Furthermore, it can be seen that there is good agreement between both
the rigorous 3D FDTDiswulations and the perturbative approach, demonstrating the potential for
the perturbative approach to estimate the radiatidaoced response of the device in place of more

complicated optical simulations.
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C. ChargeTransport

A common technique used in SEE testing is the decomposition of transient waveforms into
features that can be correlated to a charge transport mechanism that is driving the device response
at that time. In the case of microelectronic devices,dften takes the form of denoting the sharp
peak of a transient waveform as a consequence of the prompt collection via drift of carriers
deposited within a junction while the subsequent tail is related to the slower collection via
diffusion. Based upon éhcorrelation of features with charge collection mechanism, monitoring of
these waveform features can be used to understand the predominant mechanisms (e.g. SOI devices
have durations as there is no diffusion from the subdgit&®). This feature approach can be a
seen in the previous chapter as the duration of the photodetectors rewwatatioh related to
the amplitude of the electric field in the junction.

In this section, the transient optical response of a passive photonic waveguide was
examined using TCAD simulations coupled with the perturbation approach to examine the
temporal chracteristics of the response and the underlying mechanisms. A benefit of the
perturbation approach is that it can be directly incorporated into Sentaurus TCAD through the
physical model interface and used to estimate the instantaneous optical resplomseaveguide
to the distribution of charge currently within the waveguide at every timestep that is used for the
charge transport solutions. For these simulations, a silicon ridge waveguide embedded in silicon
with a height and width of 220 nm and 450 was used as test structure. Following standard
practice, charge was injected through the middle of the waveguide with a temporal Gaussian with
an envelope with aevalue of 150 fs to ensure numerical stability of the solver. No additional
optical loss mehanisms were considered so the waveguide will provide unity transmission prior
to charge injection. Since injected charge results in both a phase shift and attenuation of the optical
mode, the temporal response of the on optical signal within the waeagillidxhibit both a phase
and amplitude transient. In the case of an isolated waveguide, the transmission is the only
measurable quantity and will be the focus of these discussion for simplicity. However, the

mechanisms and waveform characteristics ballgeneralizable to the phase transient response

93



] T T T
_|L 22 fC
0.995 -
— 100 iC
- 099~
< r
=]
=]
‘7 0.985 -
2
: 0.98 220 fC
0.975 (
0.97 : ' :
100 120 140 160 180 200

Time [ps]

Figure VI1.3. Radiationrinduced change in transmission in a ridge waveguide for charge depositei€
110 fC and 220 fC (equivalent to a particle LET of 10, 50, andMI@®@cm?/mg) with a width ofA = 1C
nm. Charge injection occurs at 100 ps.

and is still computed. To begin the process of identifying features of the optical transient
response, simulations of charge inj everdusedln fr o]
to inject a téal charge of 22 fC, 110 fC, and 220 pC (charge equivalent of a particle with an LET
of 10, 50, and 10MeVEcn?/mg respectively) into waveguides with the simulated transients
provided in FigVIl.3. From a radiation environment perspective, the fluenqeadicles greatly
decreases as a function of LET with several orders of magnitude difference between the fluence
of 10 andLO0OMeVEcn?/mg particles. In most cases, the impact of aNIe¥Fcm?/mg is not even
considered due to the likelihood of a device intgracting with such a particle during a mission
lifetime. Therefore it can be said that if an application can tolerate the relatively small change in
the transmission of the signal then then single event effects from ionizing particles will be of
negligible concern. However, when testing with alternative testing techniques the wider spatial
extent of the charge and the ability to easily modulate the total charge deposited will allow for
testing that will show large changes in transmission (e.gpaitd switching[169], [170) not
practically seen in a space environment.
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Figure VIl 4. A linecut of thehole density along the width of the waveguide (dashed lines corresy
silicon boundary) at injection and 5 ps after injection of charge equivalent to a particle
50 MeVEcm?/mg. The prompt lateral diffusion reduces the peak electron densityitimgsin a mor:
uniform distribution of carriers.

In each waveguide response the same prominent features can be identified: a shiarp drop
transmission, a quick initial recovery, and a long tail that slowly returns to thiej@cgon
transmission. Contrary to microelectronic devices, passive photonic waveguides have minimal
interaction with electric fields (lack of doped junctions areexally applied fields) that can drive
movement of charge via drift. Therefore, the movement of charge within the waveguide will be
driven by diffusion of carriers from the carrier density gradient induced by the injection of charge.
While the initial digribution of charge from an ionizing particle will be represented as high carrier
densities with radial confinement on the order of nanometers, the extremely large carrier density
gradient created with the surrounding silicon will results in a promptsiloifiuof carriers away
from the strike location as the carrier densities tries to homogenize. In the event that the spatial
extent of the charge distribution is less than the width of the waveguide, carriers will be able to
diffuse in both lateral and longitudinal directions within the waveguide. Waveguides are fabricated
with highly asymmetric dimensions (width << length), resulting in carriers diffusing laterally
quickly reaching the Si/Sigboundary and beginning to reduce the lateral carrier density gradient

as they build up at the boundary (Rgl.4). As the carrier density homogenizes in the lateral
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Figure VII 5. a) Peak hole density and b) Transmission for an injection event with an equivalent c
a particle with an LET of 1M e V A2mminjected at 100 ps for four different widths: 10 nm, 50 nm
nm, 200 nm. Though there is an initial difference in thaéateresponse, the prompt lateral diffusion re:
across the waveguide resultsiuivalent device response on the order of picoseconds. Subsequer
movement is longitudinal and as the deposited charge will remain in the waveguide core, the
remains consistent. The dotted line notionally separates the two diffusion regimes.

direction, the lateral diffusion of carriers will be minimal shortly after charge injection. Due to the
effectively infinite extent that carriers can diffuse into the longitudinal direction of the
waveguide, longitudinal diffusion will continue to reduce the overall peak carrier density after
lateral diffusion has ceased. It should be noted that surrounding oxides necessary to confine the
optical mode to the wavegle core also ensures that carriers cannot escape the waveguide core
and will remain overlapping with the optical mode until they are removed via recombinative
processed-or the purposes of this work, the bulk carrier of lifetime for silicon was ugesi48d
10t s for electrons and holes respectividlyl]) resulting in recovery taominal transmission on
the order of microseconds. Introduction of additional recombination mechanisms, such as surface
recombination at the Si/SiOnterface introduced by fabrication imperfectiga&9Ji [171], will
result in reduced carrier lifetimes and resulfaster recovery of the transmission signal similar to
the impact of surface recombination on the radiation response of microelectronic fEx2¢es

Now that distinct features of the transient optical response of the waveguithe related
to charge transport phenomena, the significance of the spatial extent of the charge distribution
injected into the waveguide can be examined. Since the sharp drop in transmission is associated

with the brief time following injection were theonfined carriers overlap with region of peak
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electric field intensity within the waveguide, injecting the same amount of charge for increasing
widths will result in smaller changes in transmission. To demonstrate this, the transient optical
response ohte waveguide was simulated for 22 fC injected into waveguide using the four different
widths: 10 nm, 50 nm, 100 nm, and 200 nm. In order to succinctly represent diffusion in 3D, the
peak hole density in the entire waveguide was monitored as a functimnecdnd provided in
Fig. VIl.5a. It can be seen that increasing the width reduces the maximum peak hole density
observed in the device, but quickly after injection (<10 ps) the peak hole density for the different
charge distributions become effectivelyuay Referring to device response (Fig. VII.5b), the
expected dependence of the transmission minimum on the charge width is observed but shortly
after injection the transient response become equivalent. It can be seen that with sufficiently wide
charge digibutions the transmission drop and the start of the tail become indistinguishable as the
wide charge distribution results in minimal carrier gradient in the lateral direction, effectively
eliminating the lateral diffusion process from the response.

The equivalent tails of the transients after lateral diffusion is indicative of the fact that the

tail behavior is driven by the total charge injected. These observations can be corroborated by
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Figure VI1.6. Transmission as function of the width of the charge distribution for total charge depc
22 fC, 110 fC and 220 fC, corresponding to charge deposited from particles with an
10 MeVien?/mg, 50 MeVEEm?mg, and 100MeVEcn?/mg respectiely. As the width of the distributic
increases, the transmission asymptotically approaches a transmission value consistent with
density of carriers in the waveguide. This behavior is analogous to the transmission response of
in time & the carriers diffuse in the waveguide.

97



comparing the optal response of the device for the injected charge distribution as a function of
width (Fig. VII.6). To demonstrate that the response is bounded by the total charge injected into
the waveguide, a total charge Q was injected in the waveguide as unifoien dansity defined

by dimensions (width, thickness, length) of the waveguide in the simulation

0
00 a 6 )d)
and is provide by the dotted lines that the simulated results asymptotically approach. In total the
observations made in this section have significant implications for alternative testing techniques
attempting to emulate the device response of an ionpantgle with a larger charge distribution.
Due to the larger spatial widths, alternative techniques will not be able to match both the total
injected charge and the peak carrier density of the charge injected by an ionizing particle. Opting
to match the lsarge will result in underestimating the optical response during the initial charge
injection and lateral diffusion, but the transient responses will be equivalent following the

completion of the lateral diffusion.
D. Mitigation Techniques - Waveguide Geom#ies

The mechanisms section above centered around the simulation of the movement of charge
injected into waveguide within a ridge waveguide, showing that the while the initial transient
response is dominated by diffusion processes, the tails of thalop8ponses are dictated by the
total charge injected in the waveguide. The same oxide that is used to confine the optical mode to
the waveguide core also ensures that carries remain overlapping with the optical mode until they
are removed. In general gltarriers do not need to be removed from the waveguide materials for
the waveguide to return to pngjection behavior, the carriers just need to be delocalized from
optical mode. While a ridge waveguide was used for simulations above, it by no meassnspr
the only waveguide geometry commonly used in photonic defdddg. Rather than completely
etching the silicon away from the sides of theveguide core, a partial etch of the silicon can be
performed to leave a thin slab of silicon on the oxide substrate for a waveguide geometry referred

to as rib waveguide. Since waveguides require the index contrast for confinement of the optical
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Figure VI1.7. a) Crosssectional cut of a rib waveguide. In addition to the width (WW) and height
of the waveguide, the slab height (SH) is a device dimension that impacts the optical mode. b) /
mode of rib waveguide with WW = 450 nm, WH =22m, and SH of 100 nm. c) Charge deposited i
waveguide core can diffuse into the silicon and delocalize from the mode. Note the presence o
in the silicon slab as the mode is less confined. The black box notionally defines the wave
comparisons.

mode, the addition of silicon pad will result in a more delocalized optical mode than in the case of
the ridge waveguide. However, the silicon slab contacting the waveguide core from below creates
a diffusion path for charge to diffusevay from the injection location and delocalize from the
optical mode confided to the core (Fig. VII.7).

To examine the impact of carrier diffusion away from the waveguide core of a rib
waveguide, the transient optical response of rib waveguides with #t@é heights (50 nm,
100nm, and 150 nm) were simulated. For each device, the total charge equivalent of a
50 MeVEcnm?/mg particlewas injected with a 10 nm width into center of the waveguide. Since the
silicon slab allows for charge to escape from th@egaide core, it is expected that as the pad
height increases, the ratio of the charge in the waveguide core compared to the total charge injected
would decrease (demonstrated in Fig. VII.8a). The reduction of charge in the waveguide will not
only reduce he sharp drop in transmission, but also expedite the recovery of the waveguide
transmission typified by the confinement of charge in the waveguide core in ridge waveguides as
shown in Fig. VII.8b. These observations demonstrate the potential for waveguities
continuous semiconductor regions that allow for the delocalization of the carriers from the optical
mode confined to the core of the waveguide to serve as a passive radiation mitigation technique

for photonic devices.
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Figure VI1.8. The radiatiorinduced response from an ionizing particle with an LET dff8¥icn?/mgis
examined for a ridge waveguide and rib waveguide with three different slab heights: 50 nm, 10C
nm. a) Charge in the waveguide core (black bdxdn VIII.7) normalized to the total deposited charge
b) The transient response of the transmission of the waveguide. As the slab allows for carriers
away from the waveguide core, the duration of the transient will be decreased.

E. Photonic Integrated Circuits

While considering the SEE response of an individual device is informative from a
mechanism perspective, it does not capture the feedback imposed by the neighboring circuits that
can impact the propagation of an SEE in a circuit or system. @fenthese circuit responses
(i.e., capacitive and resistive loading or feedback delay) can be fortuitously used to mitigate the
SEE response of a circuit to ensure that even if an SET occurs at a device, the overall system
response is minimal. Circdliével simulations for assessing the radiation tolerance of a circuit
topology commonly represent the radiatioduced response of a device as a parametrized
compact model that can be readily integrated within a circuit nj@égl [27], [173] Photonic
integrated circuit (PIC) solvers serve as the analog to electronic SPICE solvers, modelling photonic
devices as transfer functions that impact the phase and amplitude of an opticdPdigr&hce
the radiatioAnduced optical response of a photonic device can be expressed as a phase and
amplitude modulation, PHevel radiation responses to a strike on a waveguide can be

characterized through optical simplified optical compact models.
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Passive silicon waveguides were considered in the previous sections as they represent one
of the fundametal building blocks used to construct other photonic devices such asAdhdner
Modulators (MZM) and ring resonators. Therefore, the optical responses simulated by the
approach outlined in the previous sections can be incorporated in PIC simulatzorapote
overall response of these composite photonic devices. Since there is an optical signal path between
the input and output sides of these devices, a patrticle strike at a location in the device will impact
photonic structures further down the signalpph . Usi ng Lumerical 6s PI C s
[174], the radiatioAnduced response of a ring resdor structures and MZM and ring resonator

structures are considered for charge injected into a waveguide used to construct the device.

1) Passive Ring Resonator Filter

While modulation regions can be inserted into ring resonators to provide inline modulation
of an input optical signal, they can find use as passive ring resonators can be used to demultiplex
an input signal with multiple wavelengths by exploiting the rasbrondition of the ring53].
The simplest realization of this wavelength filtering functionality is a single waveguide ring with
top and bottom waveguides optically coupled to the ring {Aig9). An input optical signal can
be decomposed into a wavelength spectrum, with eacheveytk component either propagating
to the AThrroegboampoe)lY ddofcéoupling into the ri
port (onresonance). To evaluate the impact of the long tail of the radiaimced response for
a strike at the waveguideng on the filtering capability a passive ring resonator, the uniform
charge density approximation described in Egn. VII.5 can be used to parameterize the transmission
as function of charge for on and off resonance wavelengths. For simplicity, the ssinamif an
onr esonance wavelength in the AThrougho and AL
total charge injected into the waveguide increases, the resonance wavelength of the ring begins to
shift eventually resulting in the input optical s&j switching output optical ports as the charge

imparts additional phase on the light passing through the ring.

101



—
ﬁ ﬁ
Input IS Through

Drop I—
e

Figure VII.9. A schematic of a ring resonator used as wavelength filtere@mance wavelength lig

(purple arrow) passes throughtheggrint o t h e A Dr ergs@nangeomavielength light (eed arn
passes to the AThrougho port of the device.

Through Port |

S
=N

Transmission [A.U.]|
< (=]
= 9]

=
(¥

It
o

01 Drop Port

0 1 1 1
0 500 1000 1500 2000
Total Charge Injected [fC]

Figure VII.10. Transmission of an eresonance signal at the Through and Drop ports of the ring res
filter as a function of theharge injected into the waveguide. Note that as the charge increases, the r
of the ring shifts, resulting in the signal becoming routed through the incorrect port.
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2) MachZehdner Modulator

As an MZM is commonly utilized to encode data carbigé voltage signal onto an optical
signal, the input is a continuous wave optical signal that is transformed into an output signal that
falls within an intensity range that can be used to denote signal states. Using the ridge waveguides
examined above,Z M wi t h modul ation in a single arm w;
distribution that deposits equivalent charge of particle with an LET of 100 M&¥mgmin an
attempt to emulate echip operation with a 3 dB transmission range centered on tlusaquise
point, the MZM was held at a nominal transmission of 0.75. The radianiuced change in
transmission of the MZM were considered for two strike locations: in the input waveguide and in
the arm without the active phase modulator (Fig. VII.11)c&ithe operation of MZMs are
interferometric in nature, both the radiatimmluced phase and amplitude response must be
considered in the waveguide to fully model the response of the MZM to a particle strike
(Fig. VI.12). A particle strike at the input dhe waveguide will attenuate the incoming optical
signal prior to being split, but as the modulation in an MZM is driven by the phase difference from
in the waveguide arms, the radiatimmiuced phase shift does not contribute to the radiation
response oMZM. For a particle strike in the arm, the transmission of the MZM is sensitive both
the phase shift and amplitude modulation of the light. Furthermore, the magnitude of radiation
induced device response induced by a strike in the modulator arm is depemdiee operating
condition of the device; the closer the nominal state is to the quadrature point, the more susceptible
the MZM will be to charge injection.

Spatial SEE sensitivity is a common occurrence during testing of devices and circuits as

some structures are inherently more radiation tolerant than others. At heavy ion facilities

Figure VII.11. A schematic of a MacEehnder modulator with active phase in the bottom &minpu
continuous wave (CW) signal is input into the device and a voltage signal is encoded onto the de
impact of the device response for a particle strike (red x) at the input and at the arm is considere:
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