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ABSTRACT

Pivotal technologies, such as optical computing, autonomous vehicles, and biomedical implanta-
bles, motivate microscale infrared (IR) components. Hyperspectral imagers (HSI), for example,
require compact and narrowband filters to obtain high-spatial and -spectral resolution images.
HSIs acquire continuous spectra at each pixel, enabling non-destructive analyses by resolving IR
scattering/absorption signatures. Toward this end, dielectric subwavelength gratings (SWGQG) are in-
triguing filter candidates since they are low-loss, have no moving parts, and exhibit narrow spectral
features. Wireless neural implantables are another apropos microscale IR technology. Wireless IR
data and power transfer disposes of infection-prone percutaneous wires by leveraging the IR trans-
parency window in biological tissue. This dissertation contains two related topics. The first details
SWG IR filters, and the second studies progress toward wireless neural motes.

This work extends the capabilities of SWG IR filters. Following a thorough theoretical back-
ground, mid-wave infrared (MWIR, 3-7 pm) transmittance filters are experimentally demonstrated
using the zero-contrast grating scheme. Via a facile silicon fabrication process, we realize narrow-
band polarization-dependent (Q = 175) and polarization-independent (Q = 101) MWIR transmit-
tance filters with some of the highest Q observed in MWIR SWGs. An empirical study confirms
the relationship between filter performance and grating size, an important trade-off for HSIs. We
then demonstrate GaAs SWG filters for monolithic integration with active optoelectronic devices.
GaAs SWGs perform comparably to their silicon counterparts, with Q > 50 and > 50% transmis-
sion efficiency.

To enable narrowband filtering at normal incidence, we investigate symmetry-breaking in geo-
metrically asymmetric gratings. The presented SWG geometries access quasi-bound states in the
continuum (BIC) with long mode lifetimes. Studies in Fano resonance and diffraction efficiency
symmetry provide physical insight. Asymmetric 1D and 2D SWGs furnish polarization-dependent
and -independent filtering, respectively. We experimentally demonstrate normal incidence long-
wave IR (LWIR, 7-12 ym) transmittance filtering in asymmetric SWGs and confirm symmetry-
breaking implications. Best structures exhibit 159 nm resolution with a 1.22x10* um? filter size. A
reduced-symmetry hexagonal pattern presents an early design for truly polarization-independent
quasi-BIC coupling in SWGs.

Advancements in implantable neural devices promise great leaps in brain mapping and thera-
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peutic intervention. To meet this challenge, we investigated a wireless neural mote system using
near-infrared (NIR, 800 nm — 3 um) photovoltaics and LEDs to wirelessly harvest power and trans-
mit data. The neural recorders consist of three subsystems: an epitaxial GaAs-based optoelectronic
chip, a Si CMOS IC, and a carbon fiber probe. Though this work encompasses the diverse efforts
of many, this dissertation outlines contributions in a few critical areas. To overcome the limits
of low-flux LED emission, we devise an optical setup with ~0.1% photon detection efficiency.
Monte Carlo techniques model NIR scattering in biological tissue. Another steep challenge is the
heterogeneous integration of the three material systems in a compact (200x170x150 ym?) pack-
age. To relay data and power between the GaAs and CMOS chips, through-wafer vias are critical.
Using a novel selective copper plating technique, we demonstrate through-wafer GaAs vias with
<2 () series resistance. Additionally, conductive blind vias are presented for carbon fiber probe
insertion. A self-aligned parylene etch mask permits sub-k{) connection to a buried metal con-
tact while maintaining G¢2 substrate isolation. Both via structures meet the requirements of being
low-resistance, insulated from the substrate, and amendable to thinned wafer processing. Finally,
we demonstrate extensive processing on thinned chips and advances toward full heterogeneous

integration via flip-chip alignment and solder bump bonding.
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CHAPTER 1

Introduction

1.1 Microscale Infrared Technologies

Though invisible to the human eye, infrared (IR) radiation has an irreplaceable societal role.
Roughly encompassing the wavelengths between 700 nm (the edge of human vision) and 15 ym
(the far-IR), the IR waveband is integral to many fields. These notably include fiber optics, thermal
imaging, night vision, atmospheric studies, IR astronomy, photovoltaics, and IR spectroscopy. Ob-
jects near room temperature radiate electromagnetic energy that is almost entirely IR, while at our
sun’s temperature (5778 K) IR accounts for over half of the radiated power. This is a crucial consid-
eration for thermal and astronomical imaging, solar energy harvesting, and thermophotovoltaics.
IR radiation excites many molecular vibrational modes, enabling non-destructive compositional
analyses. Furthermore, the Earth’s atmosphere exhibits low absorption within the ~3-5 um and
~8-14 um wavebands [1]. Known as IR windows, these wavebands are invaluable to atmospheric
studies, remote sensing operations, and missile defense. Figure 1.1 depicts the IR spectrum, high-

lighting technologically important wavelengths.
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Figure 1.1: IR spectrum and important wavelengths. The two red curves are approximate black-
body radiation spectra corresponding to objects at 5770 K and 300 K.



Engineers face many challenges characteristic to the IR. Given their longer wavelength, IR
photons are less energetic than their visible counterparts. Consequently, a basic photodetector re-
quires a narrow band gap semiconductor. Thermal carrier generation induces a high noise factor,
making room-temperature detection challenging. Many common optical materials that are trans-
parent in the visible regime absorb strongly in the IR. In addition to reduced device efficiencies,
this restricts the engineer to a narrower materials list. As with all microscale technologies, further
downscaling complicates device fabrication, integration, and operation. Though the challenge is
steep, microscale IR devices promise lower power consumption, higher operational speeds, and
reduced size. The devices presented in this dissertation share a common goal. They tackle topical
questions by harnessing the dual prospects of IR technology and microscale device scaling. State-
of-the-art microscale IR technologies, such as hyperspectral imagers, biomedical implantables,
and optical computers, require a complete toolbox of optical components. This includes passive
structures (lenses, mirrors, filters, etc.) and active devices (sources, detectors, modulators, etc.),
as well as advanced measurement and fabrication techniques. This dissertation presents develop-
ments in subwavelength gratings (SWG) for IR spectral filtering and innovations in IR-powered

neural implantables.

1.2 Dielectric Subwavelength Gratings

It is useful to examine two attributes when judging a technology: function and feasibility. The
excitement of novel functionalities is tempered by practical concerns, such as cost, ease of fabri-
cation, durability, scalability, lifetime, etc. By this metric, dielectric SWG filters are exceptional,
embodying both facile construction and complex physical interaction. Figure 1.2 illustrates the
simplicity of the prototypical SWG. Three layers make up the SWG structure. Layer 1 is the
low-index cover (often simply air), while Layer 3 is a low-index substrate. Layer 2 contains the
grating, defined by a periodic alternation between low-index and high-index materials. SWGs
require no moving parts, possess subwavelength thicknesses, and are fabricated using routine mi-
crofabrication techniques. This contrasts with other IR filtering strategies, such as prisms, tunable
Fabry-Pérot microcavities [2], and classical diffraction gratings. Some common dielectrics are
nearly transparent at IR wavelengths, thereby avoiding the Ohmic loss endemic to metallic struc-
tures. Despite their apparent simplicity, or perhaps because of it, SWGs can service an impressive

set of societal functions.
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Figure 1.2: Schematic of a conventional dielectric subwavelength grating.

The field of SWGs began in earnest in 1965 when Hessel and Oliner proposed a new interpre-
tation of the well-known Wood’s anomaly in optical diffraction gratings [3]. Their seminal work
highlights the key difference between classical diffraction gratings and the then mysterious SWG

behavior:

“It is shown that two distinct types of anomalies may exist: a Rayleigh wavelength type due to
the emergence of a new spectral order at grazing angle, and a resonance type which is related to

the guided complex waves supportable by the grating.”

These “guided complex waves” induce “standing waves in the grating grooves”, a near field effect
distinct from far field diffraction. Twenty years later, Mashev and Popov provided early experi-
mental evidence of anomalous narrow spectral resonances in three-layer dielectric gratings [4]. In
1990, Wang et al. clarified this guided wave behavior in a numerical study, observing sharp spectral
features in periodic dielectric media [5]. Although SWGs rested on a solid theoretical foundation,
realization of their full potential required computational and fabrication advancements. Experi-
mental studies flourished by the mid-1990s, with a focus on guided mode resonant (GMR) gratings
like the one shown in Figure 1.3. Early resonant SWG work demonstrated several near-infrared
(NIR, 800 nm — 3 um) reflection-mode (notch) filters [6—9], though transmission-mode (bandpass)
filters were equally plausible [10, 11].
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Figure 1.3: (left) SEM micrograph of cross-sectioned silicon-on-sapphire GMR grating. (right)
Angular-dependent reflectance spectra. Figures are published in [9].

The advantages of resonant gratings quickly materialized, vastly outperforming homogeneous
three-film dielectric stacks such as Fabry-Pérot interferometers and distributed Bragg reflectors
[11]. Proposed applications for SWG filters include, but are not limited to, mirrors for tunable laser
facets [11,12], wavelength-division multiplexing [13], energy efficient “smart window” films [14],
and IR hyperspectral imaging [15]. A particularly fruitful application is in vertical cavity surface
emitting lasers, where a SWG mirror acts as a partially transmitting edge facet [16, 17]. Since
the resonant wavelength is dependent on the local index, SWG filters are useful refractive index
sensors, with applications in the biological and medical sciences [18, 19]. Numerous experimental
SWG filters exhibit high-Q resonances with low sideband power in the NIR [9, 20-38]. SWG
filters are, however, less proven within the mid-wave infrared (MWIR, 3-7 um) and long-wave
infrared (LWIR, 7-12 um) regimes. [15,39-46] These longer wavelengths contain many molecular
vibrational modes (as shown in Figure 1.4 for common atmospheric gases) and a high flux of low

temperature blackbody radiation.
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Figure 1.4: Transmittance spectrum of the Earth’s atmosphere showing the resonant absorption
wavelengths for common gaseous molecules.

Many other SWG applications are proposed in addition to spectral filtering. GMR-based
SWGs produce wide spectral features with near-unity transmittance or reflectance, enabling thin,
broadband mirrors [47, 48] and anti-reflection coatings respectively [49]. Strong polarization-
dependence makes SWGs useful for polarizing applications [50]. Due to local electromagnetic
field enhancement, resonant SWGs are intriguing surfaces for perfect absorbers and photovoltaics
[51,52]. Recently, SWG filters are proposed as high-pass filters for boosting thermophotovoltaic
efficiency [53]. Many other applications for periodic subwavelength dielectric structures have been
demonstrated, many of which do not use the GMR principle. These include deeply subwavelength
metasurfaces, flat lenses, SWG waveguides, and sensors based on local Mie resonances. This re-
view of SWGs is not comprehensive and the interested reader is directed to References [12, 54].
Though this dissertation focuses on bandpass filters, the reported advancements benefit many SWG
applications.

Hyperspectral imaging (HSI) is a particularly alluring application for IR SWGs and is a major
motivation for the work presented in this dissertation. HSIs represent the most ambitious digital
imaging system, aiming for high-spatial and -spectral resolutions. This contrasts with RGB cam-
eras, for example, which have high pixel density but only detect three wavebands, or a spectrom-
eter which possesses extremely high-spectral resolution but gathers limited spatial information.
The applicability of IR HSI is virtually limitless. Accessing each pixel’s full spectrum unlocks
profound compositional insight, as most objects scatter, absorb, reflect, or emit IR radiation with

strong wavelength dependence. For decades these systems saw use in remote sensing operations,



including astronomy [55], atmospheric studies [56,57], and resource management [58, 59]. More
recently, IR HSIs are turned toward rapid, non-destructive analyses of nearby objects. Examples
include art conservation [60], food quality monitoring [61,62], crime scene forensics [63], miner-
alogy [64], and medical diagnostics [65-67]. This list is not exhaustive, as HSIs are well-equipped
for creative problem solving. However, for HSIs to meet our many needs, compact and narrowband
IR filters are indispensable. As shown in Figure 1.5, a HSI is only as powerful as its filters since

the filter size and linewidth limit the achievable spatial and spectral resolutions, respectively.

Filter w
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array

Figure 1.5: Schematic of a hyperspectral imaging pixel.

With no unified roadmap for SWG filter development, one may consider the requirements of a
HSI pixel. These include high-Q resonance, small footprint, bandpass response, normal incidence
operation, and polarization-independence. The studies in this dissertation each address at least one
of these considerations. Refinement of experimental methods boosts quality factors in the MWIR
and LWIR [43, 68]. Another study characterizes the effects of grating size on filter performance
[69]. To obtain narrowband filtering at normal incidence, geometrically asymmetric SWGs access
symmetry-protected modes [15,43]. Gratings with < 7/2 rotational symmetry, such as a square or
hexagonal lattice, furnish polarization-independent optical response by coupling to leaky [68] and
symmetry-protected [70] modes. Another experiment realizes SWG IR transmittance filters on the

GaAs material platform.

1.3 Wireless Neural Motes

Advancements in neural interfaces portend great leaps in our understanding of neurological pro-
cesses [71-73] and unveil new possibilities for therapeutic intervention [74—76]. Brain machine

interfaces can establish motor prediction, potentially recovering motor control in paralyzed indi-
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viduals [77]. These prospects motivate innovative neural recorder technologies. IR power and
data transfer poses a solution to many of the roadblocks impeding microscale neural implanta-
bles. Traditional wired probe assemblies cause bleeding and infection, are prone to corrosion, and
limit the subject’s mobility. Wireless power transfer and communication circumvents these issues.
Existing neural recorders use wireless telemetry via near field RF [78,79] or ultrasonic power trans-
fer [80], though these techniques suffer from dangerously high exposure requirements and bulky
dimensions, respectively. Moreover, it is imperative to preserve the dura mater during chronic
implantation. This motivates subdural devices, and subsequently, NIR transmission through the
dura. Conveniently, most biological tissues are highly transparent to NIR radiation [81]. Cortese
et al. demonstrated a 100 um-scale wireless sensor containing a NIR data uplink and powered by a
visible laser source [82]. This design has, however, limited functionality and requires illumination
that far exceeds standards for safe tissue heating over cm-scale areas. Developing a safe, wireless,
high-channel count, sub-mm neural interface remains an extraordinary task with the potential to
profoundly improve the quality of life for those with neurological injuries and conditions. Figure
1.6 depicts the dramatic downscaling of recent neural interfaces, though there is still considerable

work to be done. Reference [83] provides an excellent review of the overall problem.
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Figure 1.6: Progress in neural interface scaling. The smallest device (labeled [38] in the figure)
was published by Lim et al. at the University of Michigan [84]. Figure is adopted from [83].
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To meet the the challenge, a joint team at the University of Michigan and ETH Zurich pro-
posed a novel wireless neural dust system containing a NIR photovoltaic (PV) cell and a NIR light
emitting diode (LED) [84]. A narrowband radiation source (centered at ~850 nm) illuminates a
GaAs/AlGaAs PV cell [85,86], wirelessly powering the entire assembly. Neural activity coupled to
a carbon fiber probe is processed on-chip and transmitted to an external detector. A uLED furnishes
data uplink via a 1000 nm emission wavelength. A subcranial repeater unit receives the emitted
LED signals using a single-photon avalanche diode, simultaneously servicing 100s of probes dif-
ferentiated by on-chip ID and location. Due to its larger size, the repeater uses an inductive link for
wireless power transfer and data communication. As depicted in Figure 1.7, the proposed system
contains several essential features: simultaneous neural recording of upwards of 1000 motes over
a cm?-scale area, on-chip computing and power functionalities, fully untethered operation, and
sub-mm dimensions (~2200x170x150 um?®). The project is multifaceted, demanding innovations in
circuit design (stringent area and power limitations), NIR optoelectronics (demands for small size

and high efficiency), and biomedical engineering (challenges in implantation, biocompatibility,



and device lifetime).
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Figure 1.7: Schematic of the wireless neural dust system showing subdural implanted motes, NIR
power and data uplink, and subcranial repeater unit. b) Schematic of an implanted wireless neural
dust mote. Figure is referenced from [87].

The second half of this dissertation describes contributions to the work presented in [84]
and [87], exploring solutions to the unique optical and microfabrication questions it presents. First,
an efficient optical setup is crucial for detecting pulses from low-flux implanted LEDs. Data up-
link efficiency calculations account for emission and propagation through dura tissue using a turbid
material scattering model and Monte Carlo statistics. A dual-wavelength optical setup (PV illu-
mination and LED emission) is optimized for maximal detection sensitivity. As suggested by
Figure 1.7b, mote assembly is no trivial task. For the NIR-powered sub-mm implantable sensor
described in Reference [82], the circuitry and PV share a single die. This simplifies construction,
but intensifies trade-offs between size, functionality, and required illumination intensity. By using
fully 3D integration, the system in Figure 1.7 is superior in all of these aspects at the expense
of fabrication complexity. Many microfabrication innovations are demanded, including dry etch
development, conductive through-wafer GaAs vias, blind silicon vias for carbon fiber probe inser-
tion, thinned wafer processing, and heterogeneous integration of GaAs-based optoelectronics and
a silicon CMOS IC.

1.4 Thesis Organization

This dissertation is organized as follows. Chapter II describes IR spectral filtering via geomet-
rically symmetric silicon SWGs. Fundamental concepts of resonant gratings are introduced, fol-
lowed by experimental studies in dielectric zero-contrast gratings. Chapter I1I extends the concepts
in Chapter II to the GaAs material system, enabling direct integration of SWG filters with active IR

devices. Chapter IV explores coupling to symmetry-protected modes using geometrically asym-
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metric SWGs. Theoretical analyses elucidate the bases of symmetry-protection and -breaking in
SWGs. Analytical Fano resonance theory and experimental studies further support understand-
ing. Chapter V describes modeling of NIR emission and propagation through biological tissue.
Efforts to optically characterize wireless neural motes are introduced. Chapter VI outlines the de-
velopment of fabrication techniques for wireless neural motes, highlighted by the demonstration
of through-wafer GaAs vias and GaAs/Si heterogeneous integration. Lastly, Chapter VII proposes
additional questions to continue the efforts in Chapters II-VI.

The work in Chapters II-IV and Chapters V, VI represent largely separate projects, though both
topics fall within the purview of microscale IR optical devices. One intriguing application relates
these topics by using resonant SWGs to boost light extraction efficiency in embedded NIR LEDs.
Additionally, several of the microfabrication developments presented in this report are germane to
both SWGs and neural mote assembly. The chief example is a reactive ion etch process possessing
high selectivity between GaAs and an AlGaAs etch stop while maintaining high quality surface
and sidewall profiles. Such a process is relevant to both SWGs and neural motes as both structures

require high aspect ratio GaAs structures.
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CHAPTER 2

Symmetric Subwavelength Grating Transmittance
Filters

2.1 Fundamental Principles

2.1.1 The Resonant Subwavelength Region

Subwavelength gratings (SWG) facilitate narrowband spectral filtering through the phenomenon
of guided mode resonance (GMR). In GMR, SWGs hold the dual role of waveguide and coupling
element [88]. Figure 2.1 provides an illustration of GMR, wherein incident light couples into quasi-
guided (finite lifetime) modes supported by the grating layer, with close analogy to the discrete
modes allowed in a slab waveguide. Unlike slab waveguides, which cannot in-couple light from
the low-index cladding, SWG periodicity provides the additional momentum to allow free space
coupling. By reciprocity, guided modes coupled through GMR re-radiate and interfere with non-

resonantly scattered light, lending GMR gratings their unique spectral signatures.
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Figure 2.1: Schematic of guided mode resonance, the coupling of incident light into quasi-guided
modes. The background image is an SEM cross-section of a SWG filter.

To better understand GMR, it is instructive to clarify what constitutes the subwavelength
regime. Two conditions bound this waveband. The first stipulates purely zeroth order diffraction,
with complete suppression of all higher orders in the far field. This condition enables efficient spec-
tral features (i.e. near-unity poles and near-zero zeroes) since incident power is solely diffracted
through one order [89]. In contrast, achieving total interference with multiple diffraction orders is
challenging. For transmission through a classical 1D diffraction grating at normal incidence, the
grating equation is given by

mA = Angpsin(0,,) 2.1

where ) is the incident wavelength, A is the grating period, ny,;, is the substrate refractive index,
and 0, is the diffraction angle through diffraction order m. If the substrate is vacuum, the condition

for purely zeroth order diffraction reduces to

A > Asin(6,,) (2.2)

Thus, as their name suggests, SWGs require A > /.

The second condition defines the upper wavelength limit. The subwavelength regime char-
acteristically resists homogeneous effective medium approximation (EMA) [90], as many SWG
properties result from Bragg-like reflections (e.g., optical band gaps, sharp spectral features, etc.).
Figure 2.2 illustrates the inadequacy of the homogeneous slab approximation. The figure shows

simulated transmittance spectra for a SWG and a homogeneous slab waveguide with refractive
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index defined by zeroth-order EMA. For transverse-magnetic (TM) polarization (electric field per-

pendicular to the grating bars), zeroth-order EMA gives

Neff = \/n%acuum(l - FF) + n}ZLighFF (23)

where FF is the grating fill factor [91]. As Figure 2.2 clearly shows, the homogeneous slab ap-
proximation fails to capture essential SWG physics. This discrepancy is only partially attributable
to numerical error, as higher order approximations better estimate the effective indices of SWG
modes [90]. Regardless of the n.s; calculation accuracy, treating the SWG as a homogeneous
layer misses key features induced by the grating periodicity. In particular, the SWG’s narrow
spectral features are totally absent in the slab transmittance spectrum. These narrow resonances
peculiar to SWGs are GMR signatures [88].
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Figure 2.2: Simulated transmittance spectra of a slab waveguide and a SWG. The effective index
of the slab waveguide is given by Equation 2.3. The thickness, ¢, is the same in each case.

It is thus necessary to distinguish the “resonant subwavelength” and “deep subwavelength”
regions [92]. Deep subwavelength structures (A/A — 0) are well-approximated by zeroth-order
EMA [90,91]. Though SWGs suppress non-zero diffraction orders in the far field, the grating
periodicity supports GMR via near-field evanescent coupling through higher orders. A SWG can
only support GMR if it admits at least the first evanescent diffraction order [92]. Recently, this
condition was leveraged in Equation 2.4 to analytically distinguish the (guided mode) resonant

subwavelength region from the deep subwavelength region.
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A = 2AF Fnpign (2.4)

In Equation 2.4, \! is the cut-off wavelength for the first evanescent diffraction order, while the
other parameters are defined in Figure 2.2. Finally, this defines the conditions necessary for GMR
filters: A < A <2 AFFny;g,.

2.1.2 Homogeneous Slab Analysis

While a naive homogeneous slab approximation does not account for GMR, the slab waveguide
analogy is still quite useful. In fact, GMR structures are sometimes referred to as ”waveguide grat-
ings” [93]. Figure 2.3a shows the basic scheme of a slab waveguide. A dielectric slab sandwiched
between two lower index layers guides laterally propagating modes via total internal reflection at
the ny /ny interfaces. To avoid destructive interference, the z-component of the wavevector must
be a discrete multiple of 7/d, noting that the fundamental mode (k, = 0) is always an eigen-
solution. Guided modes possess either symmetry or anti-symmetry with respect to the xy-plane.
Satisfying electromagnetic boundary conditions at the n;/n, interfaces allows derivation of the
transcendental dispersion relations in Equations 2.5 and 2.6, where w is the frequency and p is the
magnetic permeability of free space. Equation 2.5 refers to transverse-electric (TE) eigensolutions

and Equation 2.6 to transverse-magnetic (TM).
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Figure 2.3: a) Schematic of a slab waveguide. (b,c) Dispersion relations of b) a slab waveguide
and c) a SWG. Blue(green) curves correspond to TE(TM) modes. The black line is the light line.

tan(k:zd) w2 po(n2—n2)
= eelnne) g 2.5
{ —cot(k,d) } \/ b (2)
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tan(kzd) n?  [w?pg(n?—n3)
=4/ /31— -1 2.6
{ —cot(k.d) } "%\/ k2 (20)

The dispersion relation in Figure 2.3b shows the discrete guided modes calculated with Equa-
tions 2.5 and 2.6. The black line corresponds to the dispersion relation of a plane wave in free
space, also known as the light line, and is given by w = ck, where c is the speed of light. Since
every mode in the slab waveguide lies beneath the light line, no light may couple in from the
lower-index layers.

Extending these concepts to resonant SWGs, Reference [88] considers the same three-layer

structure in Figure 2.3a, but allows n; () to become a function of position:

ni(x) = \/n?] + An?cos(Kz) (2.7)

where n, is average refractive index, An? is the modulation amplitude, and K" = 27/ A. Similarly
to the homogeneous waveguide, GMR is supported if the effective index of the guided mode, n.yy,
allows total internal reflection at the cover and substrate interfaces. That is, ny < nepp < ng.

Letting An? — 0 gives an expression for the effective propagation constant for mode i:

Bi = k(n2sind —iX/A) (2.8)

where @ is the angle of incidence. The SWG eigenvalue equations take on a form reminiscent of
Equations 2.5 and 2.6. For TE polarized light

tan(r;d) = S50 (2.9)
where r; = (n2k* — B2)Y/2,~; = (82 — nik?)"/? and &; = (B} — n3k?)"/2. This analysis, which
stems from homogeneous waveguide physics, provides useful insight into SWGs. With minimal

computational expense, one can closely estimate a GMR’s effective index and spectral location

using Equations 2.8 and 2.9, respectively.

2.1.3 Guided Mode Resonant Gratings

Several features distinguish the slab waveguide from the GMR filter. Foremost, as shown in Figure
2.2, SWG spectra possess sharp GMR features. Bloch’s Theorem expresses the modes in a periodic

structure by introducing a function w,,, () with periodicity equal to A:

En(r k) = exp(—jksx)ump(r)) (2.10)
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In Equation 2.10, E,,(r,k.) is the resonant field profile for the m"™ modal order and 7 is the
position vector. As shown in Figure 2.3c, the grating vector &K = 27 /A folds the reduced Brillouin
zone at k, = K/2, bringing resonant modes into the continuum of radiative states above the light
line [94]. Incident plane waves (with k., = k;ncesin(6;,.)) cannot phase match with the guided
modes in an unmodulated waveguide. In SWGs, the grating vector, K, endows incident light with
the lateral momentum needed to match GMR phase (k, = kineSin(fin.) + mIK, where m is an
integer). Accordingly, the SWG can couple light incident from any angle.

The grating modulation also opens the optical bandgaps observed in Figure 2.3c. Electromag-
netic modes concentrated in a high-index material have lower energy than modes in lower-index
media [94,95]. Via the variational principle familiar in quantum mechanics, for both bands to be
real eigensolutions of the SWG implies modal orthogonality [94]. Chapter IV gives a thorough
treatment of the properties and consequences of modal symmetry.

It is worth noting that EMA can model GMR with an alternate interpretation of the EMA

effective index [92]. In standard EMA analysis, the exact formulation for the TE polarization is

V13 — (nF)tan(ZE(1—FF)\/ng — (nP)?) = \/n? — (nPPtan(LFF\[n? — (nF)?)) 2.11)

Solving Equation 2.11 for n” gives the effective medium index. The function tan(z) has infinitely
many roots, though EMA studies typically discard all but the lowest order. Consequently, the
zeroth-order approximation treats the modulated layer as a homogeneous slab with only one re-
fractive index value per wavelength. However, allowing the refractive index to have multiple values
per wavelength accounts for evanescent coupling through higher diffraction orders. These addi-
tional n” indices are the higher order roots of the tan(x) functions in Equation 2.11. The cut-off
wavelengths for each n” index is given by Equation 2.4, corresponding to the wavelengths sup-
porting GMR through evanescent diffraction order |m| > 0. This reinterpretation of EMA yields
excellent agreement with known GMR spectra [92], affirming the essential nature of evanescent

coupling in GMR gratings.

2.2 Characteristics of Guided Mode Resonances in SWGs

2.2.1 Symmetry-Protected Modes

As alluded in the previous section, understanding filter performance requires knowledge of the
symmetries of the GMR field profiles. Symmetry influences many aspects of the filters, including

mode selection rules, resonance lifetime, and angular tolerance. Under certain high-symmetry
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conditions, a GMR may possess infinite lifetime and be prohibited from external coupling. In the
broader physics community, these prohibited states are known as bound states in the continuum
(BIC), manifested as discrete bound resonances within the continuum of radiative states [96-98].
Chapter IV provides in-depth analysis of BICs in SWG filters, though for Chapters II and III
explanation of a few basic concepts is in order.

Figure 2.4 illustrates one configuration containing a BIC. Consider a planewave impinging on a
1D rectangular HCG at an angle . Since the field profiles of GMRs must have the same symmetries
as the grating itself [94], each mode is either symmetric (even) or anti-symmetric (odd) across the
yz-plane. At normal incidence, the planewave possesses even symmetry, preventing coupling to
modes with odd field profiles, such as the one depicted in Figure 2.4. Since the overlap between

even and odd functions integrates to zero, this mode is a symmetry-protected BIC.

y X H E

Figure 2.4: Illustration of symmetry mismatch between a normally incident plane wave and a
resonant mode with odd field symmetry. Mirror symmetries are referenced to the yz-plane, as
depicted by the dashed black line. The angle @ is the polar angle of incidence.

Access to symmetry-protected modes is as simple as breaking one of the symmetries by either
introducing oblique incidence (# > 0°) or employing an asymmetric grating geometry [43,99,100].
Figure 2.5a shows simulated transmittance spectra for a symmetric rectangular grating for several
angles of incidence. As expected, at normal incidence there is no transmission peak since the
targeted mode is symmetry-protected. For the oblique angles of incidence, a sharp transmittance
peak appears since the even-symmetry of the planewave is broken. This principle is the basis
for the high-Q filters in Chapter II and III, while geometrically asymmetric filters are explored in
Chapter I'V.
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Figure 2.5: a) Simulated transmittance spectra of a rectangular SWG for varying angle of inci-
dence. b) SWG dispersion near zone center (I'-point). The red line is the light line at § = 9°.

2.2.2 Resonance Linewidth

In Figure 2.5a the resonance linewidth increases with 6. As the incident light becomes more
oblique, the degree of symmetry-breaking increases. The greater field overlap increases the ra-
diative decay rate, 7,4, decreasing the resonance lifetime via 7 = 7,,4~! and broadening the
linewidth. Throughout this dissertation, the quality factor (Q) is defined by the ratio between a
resonance’s central wavelength and its full width at half maximum linewidth. In a general two-
port system, temporal coupled mode theory reveals a simple relation between Q and an asymmetry

parameter ¢ [101]. Equation 2.12 gives an expression for small 9.

Q ox 672 (2.12)

This relationship is reflected in Figure 2.5a. In addition to radiative decay, Q is dependent on en-

ergy loss through non-radiative absorption and scattering, giving the relation: 1/Q = 1/Q,adiative+
1/Qnonfradiative‘

2.2.3 Angular Tolerance

Obliquely incident light reduces Q and redshifts the resonant wavelength. This latter effect stems
from the dispersive nature of SWGs. Figure 2.5b shows a close view of a SWG dispersion relation
near zone center. As signified by its negative dispersion, the band labeled TM!" is a lower band and
is symmetry-protected at ¢ = (° by virtue of its odd field symmetry. Though obliquely incident
light may couple to this mode, the coupling condition shifts according to the dispersion relation.
In Figure 2.5b the red line depicts the light line for a plane wave incident at 9°. For this particular
HCG geometry, this corresponds to a redshift of ~ 0.007A.
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Angular tolerance is of practical importance for narrowband filters. High numerical aperture
imaging systems (permitting a wide range of incident angles) cause significant peak broadening
due to dispersion. Furthermore, angular tolerance places a scaling limit on finite SWG filters, as
angular divergence is inversely proportional to beam spot size. For a Gaussian beam with full waist

wy, angular divergence 64, is given by

= 4 (2.13)

ediv Two
Thus, as the beam size decreases, so does Q. This is a limiting factor for optical systems like
hyperspectral imagers, since increasing pixel density comes at the expense of spectral resolution

[102]. Several works improve angular tolerance by flattening the dispersion curves [31, 103, 104].

2.3 Subwavelength Grating Geometries

This section describes the important subclasses of GMR SWGs. To prevent confusion, it is nec-
essary to disentangle the definitions of “high-contrast grating” used in SWG nomenclature. In
some instances, the eponymous index contrast refers to the grating modulation strength (An =
ny —na(ng) in Figure 2.6(a,b)). As shown in Figure 2.6(a,b), this corresponds to the index contrast
between the high index grating bars and the gaps between them. In a high-contrast grating, no
is small (typically air), while in low-contrast gratings the gap infill has an index ng that is closer
to ny. To study the influence of An, the relative permittivity in a SWG may be expanded into
a Fourier series as in Equation 2.14, where ¢, is the Fourier coefficient for the ¢™ harmonic and
K =27 /A [105].

[e.9]

e(r) = Z eqexp(jgK ) (2.14)

q=—00

Tuning the An-dependent harmonics of the grating permittivity has large consequences for the
bandwidth and location of spectral features [104—106]. While interesting, this work is not the
focus of this dissertation.
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Figure 2.6: a,c) The two "high-contrast grating” definitions. b) A “low-contrast grating”. d) A
’zero-contrast grating”. The dashed yellow line signifies the interface referred to by the high-
/zero- contrast distinction.

Instead, the following studies emphasize the grating classes depicted in Figure 2.6(c,d). In this
case ’index contrast” refers to the contrast between the high index grating bars and the homo-
geneous layer directly beneath them. In high-contrast gratings (HCG) An = n; — no, while in
zero-contrast gratings (ZCG) An = 0. ZCGs rest above a homogeneous slab of the same refractive
index, though not necessarily the same material. In all HCGs and ZCGs described in this work,
Nef > 20, Where nesy is the effective index of the targeted resonance [105]. This condition
guarantees that the GMR condition is met. For the remainder of this report, HCG refers to this
second definition.

Though there are a few interesting differences, HCG and ZCG filters operate on the same
fundamental GMR principle. Neither structure has a clear advantage in performance, though there
is evidence that ZCGs may achieve somewhat broader resonances than comparable HCGs [107].
HCGs have the practical advantage of permitting liquid between the grating lines [40, 43]. This
allows simple wet etching of an underlying layer, enabling a very large index contrast for gratings
suspended in air. ZCGs can suffer from substrates with unfavorable optical properties. On the
other hand, ZCGs offer greater design flexibility. Introducing the homogeneous (slab) layer allows
greater control of the permittivity Fourier harmonics, enabling filters with greater angular tolerance
[104]. By judiciously designing the gratings and slab, TE and TM modes are independently tunable
[44]. Lastly, the slab layer supports structures that are physically impossible in suspended HCGs,
such as the 2D pillar arrays presented in Reference [68].
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2.4 Experimental Methods

The techniques described in this section apply to the SWG studies in Chapters II-IV. These methods

are generalized; the specific studies provide additional detail where necessary.

2.4.1 Numerical Modeling

The structures in this dissertation are simulated using two numerical models. Due to its computa-
tional efficiency, rigorous coupled-wave analysis (RCWA) calculates SWG transmittance spectra.
For problems requiring full wave analysis, such as dispersion relations, field profiles, and SWGs

with finite periodicity, finite element methods (FEM) are used.

2.4.1.1 Rigorous Coupled Wave Analysis

RCWA decomposes the dielectric function of each layer in a periodic structure into a set of Fourier
harmonics. The boundary conditions between the layers are satisfied for each harmonic using the

coupled-wave equation

~

P 4 12, — K2\ /eg5ind — iA/N)?8i(2) + 0.5k A S (2) + Sio1(2)] = 0 (2.15)

where S’Z(z) is the amplitude of the i harmonic, ¢, is the average grating permittivity, A is the
grating modulation strength, and £ = 27/ [108]. Solving the set of coupled equations yields
a wavelength-dependent scattering (S)-matrix, from which reflection and transmission spectra are
extracted. Since RCWA is not a full wave solver it is computationally efficient, yet has limited
functionality as it does not calculate field profiles nor can it simulate non-periodic structures. The
SWG transmittance spectra in this dissertation are calculated using an open-source RCWA package
(S*, [109]). A control file accepts the number of layers, the dielectric function and thickness of
each layer, the direction and polarization of an incident planewave, and the number of harmonics

to compute.

2.4.1.2 Finite Element Methods

Full wave FEM calculations are performed using the COMSOL Multiphysics, Wave Optics pack-
age. To model periodic gratings, the computational domain is truncated to a single unit cell. Flo-
quet boundary conditions simulate infinite periodicity, as shown in Figure 2.7. In the case of
gratings periodic in multiple dimensions, the model defines two (square lattice) or three (hexago-

nal lattice) periodic boundary pairs. A port boundary condition at the top of the unit cell defines
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the angle of incidence and polarization state of the excited fields. This model calculates S-matrices
and electromagnetic field profiles.

1D simulation 2D simulation

Top port
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\ iy |

Periodic
boundaries

4} Periodic
s> boundaries

s

“ii e

e A

Nivae:

ASTANYA

Bottom port Bottom port

Figure 2.7: Meshed FEM models of 1D and 2D SWG unit cells with labels for the excitation (top)
port, listener (bottom) port, and periodic boundary conditions.

2.4.1.3 Genetic Algorithm Optimization

An in-house genetic algorithm (GA) aids SWG design, enabling efficient optimization without
sweeping the entire solution space. The ZCG, for example, has four geometric parameters to
optimize (A, F'F, tyaing and tgq). A full sweep over the four parameters is impractical on a
personal computer. Fortunately, numerical methods such as particle swarm optimization [110] and
genetic algorithms [111] can efficiently find a global solution. Figure 2.8a shows the evolution of

a HCG bandpass filter designed by the GA. The initial solution is extremely unfit but converges to
a high-quality narrowband filter within 80 iterations.
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Figure 2.8: SWG geometry optimization via a genetic algorithm. a) Solution convergence as a
function of iteration number. b) High-level flow chart of the genetic algorithm.
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Figure 2.8b shows a high-level flow chart of the GA. It begins by randomly generating a popu-
lation of solutions, each consisting of the set of parameters to be optimized (or chromosomes in the
biological analogy). The population size is typically 20-30. The initial population is evaluated by
computing the transmittance spectrum of each individual using RCWA. The spectra are processed

to extract fitness, f, given by the function

f=ANer x| Ao — Narl (2.16)

where A, is the width of the high-reflectivity (T < 5%) window, ), is the central wavelength of
the transmittance peak, and )\, is the target peak wavelength. The fitness function does not con-
sider peak transmittance or linewidth since these parameters are more strongly dependent on other
factors, such as geometric asymmetry and angle of incidence. After determining each individual’s
fitness, the population generates the next generation through the genetic operations of crossover
and mutation. In crossover, individuals are randomly chosen to breed the next generation, with
fitter functions more likely to be chosen. The selected parent members split their chromosomes to
create solution children for the next generation. To ensure genetic diversity, some of the chromo-
somes undergo random mutation. In the GA employed by the following studies, mutated values

are chosen from the Gaussian distribution

T—Pord)?
Prew(w) = —=eap(Lye-) (2.17)

where pew (o) 1 the new(old) parameter value and o = 0.1 is the variance. The new generation
is then evaluated and the GA iterates until a specified end point, usually a set number of iterations
or a fitness threshold value. For SWGs, the initial values do not need to be accurate. Reasonable
values are A = Ay, /2, FF = 0.5, and t, ;, = \4-/3. Even with these very rough guesses the GA

routinely converges in under 100 iterations, a doable task for modern personal computers.
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2.4.2 Subwavelength Grating Fabrication

One of the prime advantages of SWGs over other IR filtering techniques is its straightforward
fabrication. SWGs require minimal processing steps and are compatible with most standard mi-
crofabrication technologies, as they do not introduce material or thermal restrictions. The basic
microfabrication flow is outlined in Fig. 2.9 and is applicable to the silicon SWGs in Chapters II
and IV as well as the GaAs SWGs in Chapter III.

(a) Device layer thinning (b) Clean substrate (c) Spin photoresist
SPR 955
Si Si
I
i i (g) HF dip (HCG)
(d) Expose and develop (e) DRIE (ZCG) (f) DRIE (HCG) | | | ‘

[
Figure 2.9: Basic SWG microfabrication process flow. a) Thin device layer to target thickness
b) Clean substrate with solvents and a plasma descum. c) Apply adhesion promoter and spin

photoresist. d) Expose and develop grating pattern. (e,f) Dry etch to define e) ZCGs and f) HCGs.
g) Dip in HF to release HCGs from the etch stop.

Si gratings are fabricated on commercial silicon on insulator (SOI) wafers with the specifica-
tions given in Table 2.1. Before processing, the wafer is coated in a protective layer of photoresist
(PR) and diced into ~ 2x1 cm? pieces. Since the device layer is initially 4 um thick, it is thinned to
the designed thickness with a SFg reactive ion etch. After thinning, the substrates are thoroughly
cleaned using acetone and isopropyl alcohol (IPA), followed by a rinse in deionized water and
dried with compressed N,. A low-power oxygen plasma removes any organic residue (100 W, 35
sccm O,). A vapor deposited layer of hexamethyldisilazane (HMDS) promotes PR adhesion by
bonding to OH" groups in silicon’s native oxide, creating a hydrophobic surface. Next, a 1 um layer
of PR is spin coated at 3000 rpm (MEGAPOSIT SPR 955), followed by a 90 s dehydration bake
at 115°C. The PR is exposed using a projection lithography system (GCA AS200 AutoStep, A\ =
365 nm). A 90 s, 115°C post exposure bake promotes diffusion of photo-activated compounds in
the PR. Development is performed using a spin developer system (MicroChemicals AZ 726 MIF).
The samples are then subject to another low-power oxygen descum and mounted to a 100 mm Si
wafer coated with a 2 um oxide layer. The grating pattern is transferred to the silicon via deep re-

active ion etching (DRIE). Deep, vertical features are achieved using the switched Bosch process,
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wherein the DRIE process alternates between a SF¢/O, etch and a C4Fg deposition for sidewall
protection. As shown in Figure 2.9(e,f), in ZCGs the DRIE step is timed to achieve the appropriate
grating and slab thicknesses, while in HCGs the etch reaches the buried oxide layer. To release
HCGs, the samples are placed in 49% hydrofluoric acid (HF) for 4 min, taking advantage of the
very high selectivity between Si and SiOy. Lastly, the PR is stripped using a high power oxygen
plasma (800 W, 80 sccm O5).

’ Parameter Specification
Diameter 100 mm
Crystal Orientation < 100 > £0.5°
Polish Front and back side polished

Device Layer Undoped, > 1, 000§2-cm FZ silicon
Device Layer Thickness 44 0.5 ym

Buried Oxide Thermal oxide
Buried Oxide Thickness 4 um +5%

Handle Wafer >1,000 Q2-cm FZ silicon
Handle Wafer Thickness 500 £ 15 ym

Table 2.1: Specifications of the commercial SOI wafer.

2.4.3 Optical Characterization

Spectral transmittance is measured using Fourier transform infrared spectroscopy (FTIR). Mea-
surements are carried out on a Perkin-Elmer GX FTIR with AutoIMAGE microscope attachment.
To allow for LWIR characterization, the system uses a KBr beam splitter and a liquid nitrogen
cooled MCT-B detector. An interferometer creates a time-domain interferogram consisting of a
range of frequency components. This signal passes through the grating sample to the detector, af-
ter which a digital Fourier transform recovers the spectral transmittance profile. Taking the ratio of
this measurement to an air background approximately yields the grating transmittance spectrum.
Polarization dependence is determined by placing a gold wire-grid polarizer in the beam path of the
incident light. Resolution is set to 4 cm™', which is small enough to resolve the narrow resonance
peaks in the following studies. Figure 2.10 shows a schematic of the optical setup.

A drawback to this technique stems from the Cassegrain objectives in the FTIR optics. The
Cassegrain lenses permit light at an angle of incidence between 16° and 36°. To better approximate
normally incident collimated light, several adjustments are made to FTIR optical beampath. To
achieve normal incidence, the gratings are placed on a sample holder angled at 20° with respect to

the stage. The range of incident angles is restricted by placing an iris in the incident beam path.
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Iris size is chosen to minimize the numerical aperture while still permitting useful signal power.

Most measurements are performed with a £4° range of incident angles.

Upper Lower
Cassegrain Cassegrain
Polarizer Sample MCT-B
(on mount)

Figure 2.10: Schematic of the FTIR optical setup.

2.5 1D Zero-Contrast Grating MWIR Transmittance Filters

With the principles and methods outlined in the preceding sections, high-Q MWIR transmittance
filters are realized by Si/Si0, ZCGs. This work fulfills two goals: experimentally demonstrate the
viability of ZCG filters and improve the Q achieved by prior MWIR SWG filters. An enhanced Q is
achieved using innovative fabrication and optical characterization techniques. The ZCGs presented
in this section are periodic along one direction (1D) and are therefore strongly polarizing. This
work was presented in Reference [68].

For operation in the MWIR, the ZCG design uses the air/Si/SiO, material system. Though
the ZCG geometry prevents chemically etching the buried oxide layer, SiO; is suitably low index
and transparent. The complex refractive indices of Si and SiO, at A = 4 um are approximately
3.42+01 and 1.39+0.000441, respectively [112]. The fabrication process follows Figure 2.9 through
the DRIE process in step (e). To improve sidewall and surface morphology, a dry oxidation process
thermally grows a 50 nm layer of oxide, followed by an HF dip for oxide removal. The gratings are
dry-oxidized for 100 min at 1000°C (the initial temperature is 400°C with a 13°C/min ramp rate).
The resultant surface is smoother than the initial post-etch surface as a consequence of diffusion-
limited oxidation [113], as depicted in Figure 2.11a. Figure 2.11b shows atomic force microscopy

(AFM) images of the ZCG surface before and after the oxidation and etch treatment, proving the
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gratings are visually and empirically smoother.

(b) Before Oxidation + HF Etch

Si

RMS roughness 8.5 nm

After Oxidation + HF Etch

\ RMS roughness 3.8 nm

Figure 2.11: a) Schematic of surface smoothing by thermal oxidation and etching. b) AFM images
of the ZCG surface before and after the oxidation and etch treatment.

Figure 2.12b shows the experimental transmittance spectrum for the ZCG pictured in the SEM
image in Figure 2.12a. The best filter demonstrates high peak transmittance efficiency (T >
40%), broadband high-reflectivity (R < 20% from 3.6-5.5 um), and a small footprint (40 peri-
ods, ~ 100x100 um?). The greatest experimental Q is 175. Comparison to simulation shows strong
agreement, yet with a less efficient peak, lower Q, and increased side band power. To obtain a better
fit, the simulation accounts for material absorption, Fresnel reflection at the lower Si0,/Si interface
(R =~ 30%), and oblique incidence during optical characterization. The remaining discrepancies
are attributed to fabrication variability, the finite periodicity nonideality, and non-resonant scatter-
ing from residual surface roughness. Compared to an unoxidized control SWG, the oxidation and
etch process improved transmission efficiency by 22% and Q by 34%. Measured transmittance

spectra comparing unoxidized and smoothed SWGs are shown in Figure 2.13.
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Figure 2.12: a) Scanning electron micrograph of a cross-sectioned air/Si/Si0, ZCG MWIR trans-
mittance filter. b) Experimental transmittance spectrum of ZCG in (a). The insets show FEM-

calculated field profiles for the resonances at 4.45 um and 4.6 pm. Figure referenced from [68].
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Figure 2.13: Experimental transmittance spectra showing the effects of surface smoothing.

Physical constraints in the FTIR optical setup make it difficult to realize true normal incidence
excitation. While often an inadvertent source of frustration, a large azimuthal tilt reveals interesting
physics. The experimental optical configuration contains a polarizer to permit only nominally
TM-polarized incident light. However, obliquely incident light contains a component of the E-
field perpendicular to the gratings, effectively mixing TE- and TM-polarizations. Thus, the total

optical response is a linear combination of orthogonal polarization responses, per the Fresnel-
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Arago laws. The insets in Figure 2.12b show the out-of-plane modal field profiles for the two
resonant peaks near 4.5 um. Clearly, the transmittance spectrum contains resonances with both
TE and TM modal field profiles. In this configuration, the TE mode is very prominent since ¢ is
large. The highlighted modes have odd symmetry and are therefore symmetry-protected at normal
incidence. TE modes couple more weakly than TM modes, characteristically allowing higher O
factors. This phenomenon is presented in Figure 2.14. For a similar degree of asymmetry (6 ~
¢), the TE mode has a narrower linewidth, an important practical consideration. An explanation
follows from the Maxwell equations. The E-field is continuous when parallel to an interface; when

the E-field is perpendicular, the interface condition is

ESiESi = eairEair (218)

Under TE polarization, light can concentrate in the dielectric because the E-field does not cross
any interfaces, whereas the continuity condition forces TM-polarized energy into the air gaps [94].

Therefore, TE modes have less overlap with incident radiative states, allowing higher Q.
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Figure 2.14: a) Schematic of a ZCG, defining polarization states and incidence angles. b) Grating
response for varying polar angle ¢ for fixed ¢ = 0°. c¢) Grating response for varying azimuthal
angle ¢ for fixed § = 6°. Figure referenced from [68].

2.6 2D Zero-Contrast Grating MWIR Transmittance Filters

Though the 1D ZCG filters demonstrated promising performance, the bandpass optical response is
highly polarization-dependent. As shown in Figure 2.15, quality filter performance occurs for the

designed TM-polarization state, while the TE-polarization response is less useful. The polarizing
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nature of 1D SWGs is an expected consequence of the boundary conditions imposed by Maxwell’s
equations. The transverse electric field is continuous across a dielectric boundary but follows
Equation 2.18 when the field is normal to the boundary (assuming no surface charge). Intuitively,
a 1D SWG’s dielectric function changes significantly when rotated 90° about the z-axis (see Figure
2.14a). For 1D SWGs, ensuring the filter response matches the designated polarization requires an

external polarizer or knowledge of the incident polarization state.

A=255um
FF=10.65
t;=1.21 pm
ts=0.58 um
g=1°
p=214°

0.6 |

05

04 r

03 r

Transmittance

02 r

0.1

3.5 4.0 4.5 5.0 5.5 6.0 6.5
Wavelength (um)

Figure 2.15: Experimental transmittance spectra of the 1D ZCG for TE- and TM-polarization and
an intermediate polarization (45°) containing equal TE and TM components.

There are many instances when polarization-independent filtering is desirable. Configuring an
external polarizer adds bulk and complexity to the optical setup. Furthermore, a linear polarizer
attenuates over 50% of incoherent light, a significant hindrance for low-flux IR optics. Fortunately,
structures with a < 7/2 rotational symmetry are inherently polarization-independent [114], such
as grating elements arrayed in square or hexagonal lattices (2D gratings) [20, 22, 32, 38, 39, 44,
115, 116]. Though Reference [114] rigorously proves polarization independence in square and
hexagonal SWGs, one may intuitively see that the dielectric function is the same in orthogonal

directions.
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Figure 2.16: Schematic of a polarization-independent MWIR transmittance filter via a square lat-

tice ZCG.

A schematic of a 2D air/Si/Si0O, square lattice ZCG is shown in Figure 2.16. Save for the tran-

sition from 1D to 2D, the optimization, fabrication, and characterization techniques are identical

to the 1D experiment. Figure 2.17a presents a tilted SEM image of the fabricated square gratings,

revealing high morphological quality. The transmittance spectra in Figure 2.17b give an experi-

mental(simulated) Q of 101(327). Allowing for the nonidealities enumerated in Section 2.5, the

square lattice ZCGs respond reasonably closely to the simulated curves. Measuring the structures

at two orthogonal polarizations demonstrates a high degree of polarization-independence. Similar

results are obtained for hexagonal lattice ZCGs, with an experimental(simulated) Q of 93(145) and

convincing polarization-independence (not shown).
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Figure 2.17: a) Tilted SEM image of a square array 2D air/Si/SiO, ZCG. b) Simulated transmit-
tance spectrum (dotted curve) and experimental transmittance spectra (solid curves) for orthogonal
incident polarization states. c¢) Experimental transmittance spectra for ZCG with two different

periods. Figure referenced from [68].
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2.7 Effects of Finite Periodicity

Up to this point each simulated SWG was assumed to have an infinite number of infinitely long
grating bars. Of course this does not describe any physical structure. It is therefore worth study-
ing the effects of finite periodicity in SWG filters. Recall from Section II.1 that once excited
through an evanescent diffraction order, resonant guided modes laterally propagate a distance, L,
before radiating back into space. The nature of a GMR 1is dependent on its interference with non-
resonantly scattered light [117] as well as the interference between counter-propagating quasi-
guided waves [118]. The simulation in Figure 2.18 displays the resonant field profile for a HCG
with only 40 periods. Modeling a finite structure requires the use of scattering boundary condi-
tions in place of the periodic Floquet boundaries. Though the resonance is strong near the center
of the SWG, it is nearly lost at the edges. Light that propagates to a SWG edge is lost as lateral
radiation, a nonideality that degrades filter efficiency and contributes to spectral linewidth broad-
ening [69,102,119, 120].

: Grating edge Simulated H, field profile on resonance Grating edge =

AR R PR RN PO PO PO OO POPODODODDDOOOODOODOOOPODODOOD DD DO OO DO DO PO RO BB Fa B0 A0 0

Figure 2.18: Resonant H-field profile for a HCG with 40 periods.

The effect of finite periodicity is closely tied to the lifetime of the GMR. Figure 2.19 compares
the two cases, one with near-normal incidence and one with a large oblique angle. In Section 11.2, it
was shown that symmetry-protected modes in SWGs with rectangular symmetry are accessible by
introducing an oblique angle of incidence. A larger angle of incidence allows for stronger coupling
and consequently a shorter radiative lifetime. Laterally propagating GMRs travel a characteristic

distance

L =c/yness (2.19)

where c is the speed of light, v is the total resonance decay rate, and n.g is the mode’s effective
index. More strongly coupled modes have larger v with proportionally lower L. Therefore, weakly
coupled modes are more strongly affected by finite periodicity effects and require a larger number
of periods to approach the optical response of infinitely periodic gratings. For the small 6 in Figure
2.19a, the 25 period grating shows severe degradation, while for the larger 6, 20 periods results
in only a ~25% drop in efficiency. This illustrates an important trade-off between filter size and
resolution: a narrower linewidth requires a greater number of periods.

Another interesting feature is the resonance shift with the varying numbers of periods. Upon

first inspection this may seem unexpected, but consider again Figure 2.18. In finite SWGs with a
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large number of gratings, the guided modes mostly exist at a large distance from the edges and are
minimally perturbed from infinite gratings. By contrast, in gratings with few periods, the guided
modes are always in the vicinity of an edge, causing a perturbation in the modal effective index

with attendant dispersion.
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Figure 2.19: Simulated transmittance spectra for finite HCGs under a) near-normal and b) highly
oblique incidence conditions. The spectra include HCGs with varying numbers of periods (simu-
lated in a finite domain) compared to one of indefinite periodicity. Figure referenced from [69].

To verify the impact of finite periodicity, an array of Si HCG LWIR filters with varying num-
ber of periods was fabricated [69]. The experimental results clearly follow the trends predicted
by theory. In Figure 2.20, Q and peak transmittance, 7)., both monotonically increase with the
number of periods. For this optical setup, approximately 25 periods are required before a signifi-
cant performance drop-off is observed. Incrementally reducing the grating size then results in an
outsize reduction in resolution. Gratings with more than 25 periods behave comparably, with the

200 period gratings showing only modest superiority.
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Figure 2.20: a) Quality factor (Q) and peak transmittance (7}q;) as a function of number of
periods. b) Experimental transmittance spectra for varying number of periods. Each grating is 180
um long. The angle of incidence is § =~ +3° and ¢ =~ 14 — 20°.

In addition to having a definite number of periods, physical gratings also have finite length.
Since 1D SWGs are only periodic in one direction, it is less clear what the importance of the

length of the grating bars is. The phase matching condition is given by

[kypsin(8) + 2w /AL )T + kysin(9)y = kemr (2.20)

where 6 and ¢ are respectively the polar and azimuthal angles of incidence as defined in Fig-
ure 2.14a. Incident light only diffracts in the directions of the grating modulation, that is, the
x-direction. However, if the incident k-vector has a y-component (i.e. ¢ # 0), the excited GMR
may also propagate along the unmodulated direction. In this case, lateral loss also occurs at the
grating anchors (the top and bottom edges in 1D SWGs). Measurements on gratings with varying
line lengths support this theory. As shown in Figure 2.21, Q and T),.,;, monotonically increase with
grating line length and begin to saturate around 90 pm. This study on finite gratings provides useful
information about pixel size and resolution, such as would be needed in a hyperspectral imaging
system. Figures 2.20 and 2.21 give clues about the minimum grating size needed to achieve rea-
sonable filter performance. For the presented LWIR filters at the specified incidence angles, a filter

size of 135 um x 90 um (1.22x10um?) gives a spectral resolution of 159 nm.
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Figure 2.21: Quality factor (Q) and peak transmittance ( T),;) as a function of grating length. b)
Experimental transmittance spectra as a function of grating length. Each grating is 40 periods. The
angle of incidence is # =~ +3° and ¢ =~ 14 — 20°.

Introducing reflectors at the grating edges can ameliorate the negative effects of the finite grat-
ing nonideality. Judiciously positioned reflectors create self-images of the guided resonances,
effectively mimicking a periodic boundary condition. This class of grating, known as a cavity-
resonator integrated guided-mode resonance (CRIGF) filter, has been demonstrated with dielectric
distributed Bragg reflectors [121]. A CRIGF with metallic gold mirrors is illustrated in Figure
2.22a. Instead of being lost to lateral radiation, light reflects at the grating edge. Fig 2.22b shows
transmittance spectra for two gold mirror CRIGFs, a finite grating, and an infinite grating. The
distance between the SWG and reflectors, g, is optimized so that the incident and reflected waves
interfere constructively. Two instances are given for the CRIGF. In the first, labeled "Gold reflec-
tors: 4.48 um” in Figure 2.22b, the gold mirrors are the same thickness as the gratings so that
the structure is fully planar. In the other, the mirrors are infinitely tall and are able to reflect the
evanescent fields that extend around the edges of the finite thickness mirrors. As expected, the
CRIGFs offer superior filter performance than the finite grating without reflectors. Calculations
were performed to determine the number of periods required to restore the transmittance peak to
at least 70% of its ideal (infinitely periodic) value. With no reflectors, 37 periods are required. The

infinite and finite CRIGFs required 16 and 21 periods, respectively.
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Figure 2.22: a) Schematic of a CRIGF employing gold metallic reflectors. b) Simulated trans-
mittance spectra comparing the CRIGF to finite and infinitely periodic HCG filters. The SWG
parameters are /A = 4.68 um, FF = 0.65, t, = 2.82 um, and ¢, = 1.66 um. The finite grating and
CRIGFs have 15 periods.
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CHAPTER 3

GaAs High-Contrast Grating Transmission Filters

3.1 Introduction

The silicon on insulator (SOI) platform has many advantages for MWIR/LWIR SWGs and silicon
photonics generally. Si has a large index contrast with its oxides throughout the IR. For instance,
at A =5 um, ng; = 3.42 and ng;o, = 1.33 [112]. Si is highly transparent throughout the NIR
to LWIR waverange while SiO, weakly absorbs below A = 7 um. Microfabrication processes are
well-established for Si, Si0y, and SixNy, making these the primary materials in photonic integrated
circuits. Furthermore, hydrofluoric acid (HF) is highly selective to SiO, over Si, allowing easy
release of Si structures. These characteristics make SOI an excellent platform for passive optical
structures, yet silicon’s indirect band gap makes it a poor candidate for active devices such as lasers
and photodetectors. Direct band gap III-V semiconductors enable much higher device efficiency as
electronic transitions may occur without thermal phonon assistance. Additionally, the SOI platform
suffers from poor wafer uniformity associated with the wafer bonding and thinning processes used
to fabricate SOI wafers. In commercial SOI wafers, the quoted device layer tolerance is often
as high as £0.5 pm, a major limitation considering IR SWGs are typically under 2 um thick.
Epitaxially grown III-V layers, on the other hand, are routinely grown to nanometer tolerances.
Gallium arsenide (GaAs) presents an intriguing alternative to the SOl SWGs described in Chap-
ter I. With a large index (ngqas = 3.3 at A = 5 um) and low absorption (x < 12107?) [122], GaAs
offers similar optical performance to Si. Epitaxial growth techniques allow precise control of SWG
thickness. A high-quality GaAs layer may be grown on its aluminum alloy (AlGaAs), though the
index contrast is slight. Fortunately, HF is highly selective to AlGaAs with Al content >~ 70%,
yielding suspended GaAs structures after removing the underlying AlGaAs layer as depicted in

Figure 3.1.
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Figure 3.1: Schematic of a suspended GaAs/AlGaAs HCG. The etch stop layer is AlyoGagAs
before an HF dip, and air after.

Two considerations motivate the development of suspended GaAs/AlGaAs HCG filters: im-
proved filter performance via precise device thickness control and direct integration with III-V
optoelectronic devices. III-V HCG mirrors are already heavily utilized as top p-side mirrors in
vertical cavity surface emitting lasers [123—125]. The narrow bandpass filters presented in Chap-
ter II are another potential application. GaAs HCGs may be monolithically fabricated above a
photodetector array since the gratings and diodes belong to the same material system, an im-
portant consideration for hyperspectral imaging systems. Transmittance filters are not the only
application for high-Q resonant SWGs. Harnessing GMR opens possibilities for refractive in-
dex sensing [126, 127] and optical phase arrays [128]. Since optical structures do not require
electronics-grade material quality, the suspended GaAs platform is potentially integrable with sili-

con via GaAs-on-silicon epitaxy.

3.2 HCG Design

HCG transmittance filters are designed for MWIR optical response. In high quality material there
are no absorption lines below the band gap (1.441 eV at 300 K, A.;0¢f = 860 nm), giving charac-
teristically low dispersion and absorption across the telecommunications wavelengths through the
LWIR [122]. GaAs HCGs are therefore highly scalable. The MWIR is chosen as a compromise
between patterning demands at shorter wavelengths and large layer thicknesses at longer wave-
lengths. The genetic algorithm from Section 1.4 optimizes the grating geometry. An array of
HCGs are patterned with nominal dimensions consisting of each combination of A = [2.65, 2.75,
2.85, 2.95, 3.05, 3.15] um, FF= [0.68, 0.7, 0.72, 0.74, 0.76], and grating length = [30, 50, 70,
90, 115] um. Each grating contains 40 periods. Given the strong polarization-dependence of 1D
HCGs, the gratings are designed to operate under TM polarization, as defined in Figure 3.1.
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Often overlooked in SWG studies, the air gap thickness (¢, in Figure 3.1) is another crucial
design parameter. HCGs are well-modeled as lossy two-port systems consisting of a grating mode
and ports at the cover and substrate high-contrast interfaces [117]. If the air gap is short, the
grating mode evanescently couples to the substrate, effectively introducing a third radiation port.
This is distinct from the two-port system, wherein resonant guided modes radiate into space and
interfere with non-resonantly transmitted light and then propagate to the substrate. Instead, light
coupled to the third port reaches the substrate without interfering with the background radiation.
Consequently, this increases the radiative decay rate, leading to the linewidth broadening observed
in the ¢, = 0.2 um curve in Figure 3.2a. The high-reflectivity background is also impacted by the air
gap thickness, though the non-resonant optical response is determined by Fabry-Pérot interference
rather than GMR. HCGs furnish broad high-reflectivity bands via interference between vertical
waveguide modes in the grating bars and the grating gaps [129], a mechanism that is perturbed by
the substrate proximity.
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Figure 3.2: a) Simulated transmittance spectra for varying air gap heights, ¢,. b) Normalized
E-field for three representative air gaps on resonance (A = 5.85 um).

The simulation results in Figure 3.2a indicate that a 1.5 um air gap is sufficient for HCG filters
operating near 6 um, even though this is only 25% of the resonant wavelength. Figure 3.2b shows
resonant E-field profiles for three representative air gap distances. It is apparent that substrate
coupling increases with shorter air gaps, such that the coupling is very strong for ¢, = 0.5 um
and negligible for ¢, = 3 pym. The choice of ¢, = 1.5 pm is therefore an appropriate compromise
between optical response and fabrication constraints. While wider air gaps theoretically improve

filter performance, a thick AlGaAs layer increases fabrication cost/time and aggravates film strain.

39



3.3 Grating Fabrication

Suspended GaAs HCG fabrication follows the same high-level process flow in Figure 2.9, though
the specific process details require modification to accommodate the different materials. The SOI
and GaAs fabrication process flows diverge in two important ways. First, since anisotropic dry etch
processes are less standardized for GaAs compared to Si, extensive etch development is required.
Second, extra care must be taken to avoid damaging the brittle GaAs grating bars. This section
describes developments for these process steps and summarizes the suspended GaAs/AlGaAs HCG

fabrication results.

3.3.1 GaAs Dry Etch

The GaAs etch process defines the morphology of the grating sidewalls and is hence a critical
determiner of filter performance. Excessive sidewall roughness can degrade high-Q spectral res-
onances [130], while undercut and sidewall slope can move the HCGs out of design tolerance by
altering the effective filling factor. For high performance GaAs HCGs it is incumbent to obtain a
dry etch process that yields smooth, vertical sidewalls for high aspect ratio (AR > 2:1) features.
Reactive ion etching (RIE), a directional plasma containing physical and chemical etch compo-
nents, is the standard technique for fabricating high aspect ratio structures. To obtain satisfactory
etch results, several RIE parameters must be optimized, namely etch chemistry, gas flow rates,
chamber pressure, and forward bias voltage. Chlorine-based etch chemistries dominate GaAs
RIE [131-136]. There is evidence that bromine-based RIE can achieve similar etch rates and
sidewall smoothness as chlorine [137, 138], possibly due to Br being less electronegative than CI.

The fabrication process begins with molecular beam epitaxy (MBE) on a GaAs (100) substrate
(V80OH MKII MBE system), performed by Yuanchang Zhang (Wright Patterson Air Force Base).
After deoxidation, a layer of 200 nm GaAs buffer was grown, followed by a 1500 nm thick layer
of undoped Al,Ga; As (x = 0.9) grown at 530°C, and lastly a 1730 nm thick layer of undoped
GaAs layer grown at 580°C. The nominal growth rate for the full stack was roughly 0.5m/hr with
a beam equivalent pressure ratio BEP (Ga):BEP (As) of ~1:3-5. Cleaning and photolithography
precisely follow the processes described in Chapter II. Samples are cleaved to ~1x2 cm? pieces
and are mounted to a Si carrier wafer for RIE. An HBr-based inductively coupled plasma (ICP)
reactive ion etch (LAM 9400 SE, LAM Research Corporation) transfers the HCG pattern into the
GaAs layer. In ICP RIE, the energy for plasma ignition is supplied by electromagnetic induction
and not the RF field referenced to the platen (electrode holding the sample). This allows a very
high density of low energy ions, a useful combination for maximizing etch rate while minimizing
surface damage. A 10 s breakthrough etch removes native oxides. The breakthrough process

parameters are 5 mtorr chamber pressure, 300 W ICP power, 100 W RF power, and 60 sccm Cl,
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flow. The parameters for the main etch step are 30 mtorr chamber pressure, 600 W ICP power, 100
W RF power, 100 sccm HBr flow, and 100 sccm He flow. Appendix A.1 gives details behind the
GaAs etch development. Figure 3.3 shows SEM images of the HCGs after etching the GaAs.

(b)

10.0kV 20.6mm L-x40.0k 10.0kV 16.4mm L-x25.0k - B

Figure 3.3: a) SEM cross-section of a HCG after the GaAs RIE step. b) Top-down SEM image of
grating lines.

The SEM cross-section view in Figure 3.3a shows that the gratings are mostly rectangular,
though there are several nonidealities related to the RIE process. Foremost, the grating sidewalls
exhibit a —4° sidewall slope. This is a consequence of the formation of a passivation layer dur-
ing the etch process. As shown in Figure 3.4, a layer clearly forms on the sidewalls during the
etch process. Energy-dispersive X-ray spectroscopy (EDS) measurements indicate that this layer
contains redeposited Si, a claim corroborated by other studies [133, 138]. Since the etch chem-
istry does not contain Si, it is highly likely that the Si is sputtered from the carrier wafer or quartz
chamber lid. The passivation layer protects the HCG morphology by inhibiting lateral etch. After
etching, this layer is removed by HF during the grating release step. Due to transport limitations,
the passivation layer grows more slowly as the aspect ratio increases, a likely explanation for the
observed sidewall taper. Though tapered, the sidewalls appear relatively smooth, save for a notch

near the top of the gratings due to an overlong breakthrough step.
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Figure 3.4: SEM image of an isolated grating line showing the Si-rich passivation layer. An
isolated line is imaged for visibility, as the passivation thickness decreases with aspect ratio.

3.3.2 Gratings Release

After etching, the next step is to release the gratings from the AlGaAs layer. This step requires ex-
treme care since III-V semiconductors are brittle compared to Si [139]. It is imperative to minimize
mechanical stress during release, otherwise the gratings may suffer from stiction and mechanical
failure. Before release, the photoresist etch mask is removed in a high power oxygen plasma (180
s, 150°C chuck temperature, 80 sccm O, flow, 8 sccm NF; flow, and 800 W RF power). HF
very weakly attacks AlGaAs for Al concentration under < 70%. In one study using a 7:1 DI
H,O:buffered oxide etch solution, AlyssGag 14As was etched at ~15 nm/s while Al concentrations
below < 70% had negligible etch rate [140]. The HCGs are released by a wet etch in a 1:5 mix-
ture of HF(49%):H,0 for 90 s. Both HF and H,O have large enough surface tension to destroy
the released HCGs if allowed to dry [141, 142]. Thus, a liquid bead is maintained on the sample
surface at all times during release, rinse, and transfer between beakers. After a gently cascaded
DI H,O rinse, the sample is placed in IPA. After a few minutes the water is evacuated from the
gratings and the sample is placed in air to dry. This simple evaporation technique leverages IPA’s
low surface tension, giving comparable device yield to critical point drying. SEM images of the

released gratings are shown in Figure 3.5.
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Figure 3.5: Top-down SEM images of 115 pm and 50 um long HCGs after the release step. Images
are taken near the center of the gratings. The white dashed circle draws attention to bowing.

As is apparent in Figure 3.5, the 115 um long gratings exhibit pronounced bowing. The ex-
istence of bowing is further confirmed by post-processing SEM images to extract the distance
between grating bars (labeled trench” in Figure 3.5). Figure 3.6 shows the distribution of trench
widths for HCGs with varying lengths. The 115 um grating contains a large outlier, denoting ad-
jacent grating bars with opposite bowing inflection. Across the entire sample, bowing was not

observed for any gratings shorter than 115 pm. This places an approximate limit on the suspended
HCG length.
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Figure 3.6: Statistical distribution of the measured trench widths for varying HCG lengths. Mea-
surements are extracted from SEM images such as those in Figure 3.5. Images are taken near the
center of the gratings and are averaged over 10 measurements.
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3.4 Optical Performance

The gratings are characterized using the FTIR setup described in Section 11.4. As shown in Fig.
3.8a, the measured transmittance spectra strongly agree with simulated response for TM polariza-
tion and ~%3° angle of incidence. Due to the -4° sidewall taper, the actual fill factor is decreased
by about 0.05. Although the nominal FF of the experimental HCG in Figure 3.8 is 0.72, adjusting
FF to 0.66 gives much closer agreement to the numerical model. The reduced FF correctly pre-
dicts the resonant blueshift, since removing dielectric material from the grating cell increases the
modal energy, corresponding to higher energy (shorter wavelength) photons. As shown in Figure
3.7, this magnitude of sidewall slope negligibly affects filter performance. The remaining discrep-
ancy between simulation and experiment is attributable to other nonidealities, including sidewall
roughness [68, 130], finite periodicity [69, 102], and reflection at the high contrast interfaces of
the handle wafer [40]. The latter effect accounts for a nearly 30% transmittance loss. Since the
model employs a plane wave at § = 3°, Q is also degraded due to the optical setup’s ~+3° cone of
incident light. Figure 3.8b shows measured transmittance spectra for HCGs with varying FF, A =
3.15 ym, and 90 pm long. Q values >50 are experimentally observed. As expected, the resonance
wavelength redshifts with FF and A (not shown).
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Figure 3.7: Simulated transmittance spectra for GaAs HCGs with varying sidewall slope.
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Figure 3.8: a) Experimental and simulated transmittance spectra for a suspended GaAs/AlGaAs
HCG. b) Experimental transmittance spectra for HCGs with varying FF. c) Measured Q and peak
transmittance for the curves in (b). All measurements refer to HCGs 90 um long with A = 3.15 ym
and are referenced to an air background.

As alluded to in the previous paragraph, reflection at the GaAs handle wafer causes a signifi-
cant reduction in the measured peak transmittance. To better understand the intrinsic grating per-
formance, transmittance spectra are referenced to the GaAs handle wafer. Figure 3.9 remeasures
the structures in Figure 3.8b using the GaAs handle wafer as the reference spectrum. The peak
efficiencies are improved by over 30%, proving that absorption and reflection in the handle wafer
are partly responsible for the low efficiency observed in Figure 3.8. This result has technological
importance. In most optical systems, the gratings would be directly integrated with photodetectors
or other surface components, precluding the need to transmit light completely through the handle
wafer. While these results are promising, further process development may boost filter perfor-
mance. Better optimizing the GaAs etching process can reduce sidewall roughness and taper. A

larger air gap is also expected to encourage a more ideal optical response.
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Figure 3.9: Figure 3.8b remeasured with a GaAs handle wafer reference.

Table 3.1 places this work in the context of past MWIR/LWIR SWG filters. Refs. [41,42,45]
are reflectance (notch) filters, yet still provide insightful comparison. In this section, peak effi-
ciency (7peqr) refers to the maximum transmittance(reflectance) of bandpass(notch) filters. The
MWIR/LWIR offers minimal options for optical characterization, thus these studies all use a non-
collimated FTIR beam. In comparing Q, it is difficult to separate the influence of the optical setup
from that of the grating response. Still, the suspended GaAs HCGs are comparable to past works,
and especially the other bandpass filters in [68] and [40]. In the MWIR, limited materials are
available for achieving favorable index contrast. This leads several groups to use exotic materi-
als like SrF,, CaF,, and ZnSe. Though low-index, these materials present many difficulties dur-
ing device fabrication and are not necessarily compatible with other components. The suspended
GaAs/AlGaAs platform, on the other hand, is directly integrable with other III-V devices.
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Ref. Materials Peak wavelength | 7peqr (%) 0 Transmittance
(um) /Reflectance
This | GaAs/Air 6.31 57 56 Transmittance
work
[42] | SiN,/CaF, | 4.13 84 240 Reflectance
[41] | Ge/SrF, ~7.5 ~80 ~25 | Reflectance
[45] | Ge/ZnSe 9.6 ~100 23 Reflectance
[68] | Si/S10, 4.44 43 175 Transmittance
[40] | Si/Air ~10.9 ~~34 44 Transmittance

Table 3.1: Summary of previous work in SWG filters, highlighting the grating materials and key
performance metrics. The approximate values are estimated from published figures.
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CHAPTER 4

Access to Symmetry-Protected Modes in Asymmetric
Subwavelength Gratings

4.1 Background

The description of guided mode resonance in Chapter II suffices as a primer to resonant SWG
filters, but is in many ways incomplete. This section provides a fuller view of SWG physics,

providing theoretical insight into the uniquely shaped gratings presented in this chapter.

4.1.1 Photonic Bound States in the Continuum

A full appreciation for resonant SWGs calls for an introduction to the extraordinary field of pho-
tonic bound states in the continuum (BIC) [143]. BICs are a general wave phenomenon and were
first proposed for a hypothetical quantum system containing a bound electronic state with energy
above the bounds of a potential well [144]. Irrespective of the medium, a BIC’s defining feature is
its infinite lifetime despite existing in an open system with leakage channels into the continuum.
This is an incredible result. The electron in a BIC state, for example, remains localized despite
having a higher energy than the bounding potential well! A true BIC has infinite lifetime and
is therefore inaccessible. Additionally, even if external leakage channels are prohibited, internal
damping induces finite lifetime. Thus, technologically useful BICs are in actuality quasi-BICs,
since a non-zero decay rate is necessary to excite the bound state. Going forward, use of "BIC”
refers to finite lifetime quasi-BICs unless explicitly stated otherwise.

Electromagnetic BICs are of growing importance in photonic device research. Two character-
istics of BICs make them exceptionally useful in photonic technologies. As observed in the HCG
filters in the previous chapters, high-Q modes manifest narrow spectral features. Naturally, this is
useful for bandpass/notch filters as well as all-pass filters, where the sharp resonances can produce
a full 27 phase shift over a short modulation waverange. This latter purpose has been put to good

use in beam steering applications [145]. Perhaps more importantly, the enhancement of a mode’s
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electromagnetic fields is proportional to the mode’s lifetime. In this respect, the applicability of
photonic BICs is quite broad. Applications include second harmonic generation (and enhancement
of nonlinear effects, generally) [146], lasing [147], light guiding [148], perfect absorption [51],
and refractive index sensing [18, 126]. Figure 4.1a depicts a schematic of a BIC in a SWG. At
normal incidence and in the absence of material absorption, the symmetry-protected guided mode
resonances possess infinite lifetime. As shown in the dispersion relation in Figure 4.1b, guided
mode resonances (GMR) overlap with the radiative states, indicating that phase matching and en-
ergy conservation conditions are met. However, energy does not leak from the gratings due to the
mode’s symmetry-protection at normal incidence. In periodic photonic surfaces, a pair of bands
split at the highly-symmetric band edge (k, = 0). The symmetry-protected BIC comprises the lower

branch and is often referred to as the dark mode due to its inaccessibility.
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Figure 4.1: a) Illustration of a SWG showing a guided mode resonance and the continuum of radia-
tive states. Incident light has a continuous distribution for incident angle, , and wavenumber, kq =
27w /A. b) SWG dispersion relation showing discrete, bound states within the radiative continuum
(yellow region).

A distinction should be made between two classes of BICs. Symmetry-protected BICs will
be referred to as “’stable BICs”, since the BIC is totally insensitive to the grating geometry so
long as the symmetry operations are preserved. Rectangular gratings at normal incidence are an
example. One sees that the symmetry mismatch persists for every combination of grating period,
fill factor, thickness, and (isotropic) refractive index. ”Accidental BICs”, on the other hand, exist
for specific grating geometries where complete destructive interference between grating modes
blocks radiation channels. This phenomenon finds some analogy with electromagnetically induced
transparency [149]. Accidental BICs can be found via parameter sweeps and are highly sensitive

to geometry [150].
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4.1.2 Group Theoretical Analysis

Now that the symmetry-protected modes are identified as stable BICs, it is incumbent to define
selection rules for accessing these high-Q states. Group theory provides a complete picture of the
situation. Stated briefly, a grating mode is only accessible if it belongs to the same irreducible
representation as the incident plane wave [151]. That is, for every symmetry operation the mode
field profile must transform in the same way as the plane wave. A depiction of the symmetry
operations are shown in Figure 4.2. The symmetry operations include mirror symmetry (e.g. o,
is a reflection across the yz-plane), rotational symmetry (e.g. Cs, corresponds to a 180° rotation
about the x-axis), inversion symmetry, i (inverting all points through a central point), and the
identity operation, E. At the I'-point, rectangular 1D gratings belong to the D5, point group. The
character table in Table 4.1 lists the symmetry operations for each irreducible representation of the
Dy, point group. A value of 1(-1) indicates a symmetry(antisymmetry) after the given symmetry
operation. Since the magnetic field is a pseudovector, mirror operations are improper rotations and

therefore have inverted sign.

Figure 4.2: a) Illustration of the transverse component of the magnetic field of the first-order stable
BIC (for TM-polarization) in a rectangular SWG. b) Components of a normally incident TM-
polarized plane wave. Both (a) and (b) define reflection symmetry planes (o) and 180° rotational
symmetry axes (Cy;), where j is one of the Cartesian directions.

For a grating mode to be an eigensolution of Maxwell’s equations (ensuring that the symmetry
operations are Hermitian), it must match an irreducible representation of the grating point group
[94]. The magnetic field profile shown in Figure 4.2a transforms like By, in the Dy, point group
[152]. Figure 4.2b shows a normally incident TM-polarized incident plane wave with the same

symmetry as the B; irreducible representation of the Cj, point group, where y corresponds to the
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’ Doy, H E ‘ Cy, | Oy ‘ Cor | 1 ‘ o, | oy ‘ Oy
A, 1 1 1 1 1|1 ]1]1
By, || 1 1 -1 S [ I T O S O |
By || 1] -1 1 1|1 |-1 1| -1
Bs, || 1] -1 -1 1 1| -1]-1]1
A, 1 1 1 I | -1]-11-1]-1
By, |1 1 -1 1| -1 -1 1|1
By, || 1| -1 1 -1 |-1 )1 (-1 1

1

-1 -1 I (-1, 1 1]-1

Table 4.1: Character table for the D, point group at the I" point.

sole axis with C, rotational symmetry. That is, its symmetries are E = 1, Cy, = -1, 0, = 1, and
o, = -1. As described in Reference [152], the B; representation of Cj, maps to By, and Bs, of
Doy, Thus, since the first-order mode in Figure 4.2a matches By, group theory accurately predicts
that this mode is symmetry-protected at normal incidence. By contrast, an obliquely incident TM-
polarized plane wave under classical mounting (i.e. |¢| > 0) has only two symmetries: E = 1 and
0, = 1. Consulting Table 4.1 shows that By, also transforms according to £ =1 and o, = 1. Thus,
relaxing the symmetry condition via oblique incidence allows access to the symmetry-protected
BIC.

Similar arguments apply to 2D SWGs, though the larger degree of freedom introduces signifi-
cantly more symmetries to consider [153]. In both the 1D and 2D cases, the question amounts to

whether symmetry-protection causes the coupling coefficient, v, to vanish.

V= // [Efne X Hiode + Eode X Hy, JdA 4.1)
A

In Equation 4.1, inc and mode refer to the incident field and mode field profile, respectively. Rigor-

ous analysis and complete enumeration of selection rules are given in References [152] and [153].

4.2 Two-Step Asymmetric Gratings

4.2.1 Design

Now consider the two-step HCG depicted in Figure 4.3. As before, when the step height, ¢4, 18
zero, the grating is rectangular and belongs to the Dy, point group. Introducing a nonzero .,
reduces the geometry to the C'Z point group possessing only E and o, symmetries. Though the
modes in the two-step and rectangular HCG are not strictly speaking the same, for small pertur-

bations the modal energy and field profile are minimally affected. For instance, the first order TM
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mode in Figure 4.2a qualitatively maintains its two lobe profile for small ¢, values. However,
the two lobes in the two-step HCG are asymmetric, whereas they are antisymmetric in the stable
BIC configuration. This particular mode transforms as the A" irreducible representation of CzZ(E
=1 and o, = -1), which is the same representation as a TM-polarized normally incident plane
wave. Therefore, the two-step HCG enables quasi-BIC coupling at normal incidence. This argu-
ment is numerically confirmed in Figure 4.4b, where coupling to the high-Q modes near 8 and
11 um only occurs for nonzero step heights. Though the two-step geometry in Figure 4.3 is not
the only possibility fulfilling these symmetry requirements, it is perhaps the most practical. The

binary geometry introduces only one additional patterning step, presenting reasonable lithographic

and etching demands.

H E
™
K
\

Figure 4.3: Schematic of the two-step asymmetric HCG. Figure referenced from [43].

As expected, the transmittance passbands in Figure 4.4b broaden with increasing step height.
This is a predictable consequence of increased radiative decay for more strongly coupled modes.
The resonance wavelength also blueshifts with ¢4 since a reduction in dielectric material raises
the modal energy. Figure 4.4c shows the influence of the trench width, wg,,. The coupling is
strongest at wg,., = 0.5FF x A. Detuning in either direction heuristically makes the geometry

more symmetric since the grating is rectangular at the extrema (wg, = 0 and F'F' x A).
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Figure 4.4: a) H-field profiles for a two-step HCG at three representative step heights. (b, c)
Simulated transmittance spectra for varying step b) height and ¢) width. Figure referenced from
[15].

4.2.2 Diffraction Efficiency Symmetry

Analysis of diffraction efficiency symmetries provides another, perhaps more intuitive, perspective
of stable BICs in SWGs. Figure 4.5a depicts the basic situation, where light diffracted through
the £1 evanescent diffraction orders excites laterally-propagating guided mode resonances. The
magnitude of the E-field contributed by modes excited through the 7'y, diffraction orders, Er1,

is proportional to the coherent interference of the counter-propagating modes

Eriq Ae i witprz) + Be iwt+po1z) (4.2)

where [3,, is the propagation constant for the mode diffracted through order m (m=1 or-1), and A

and B are the diffraction efficiency coefficients of orders 1 and -1, respectively.
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Figure 4.5: a) Diffraction in a two-step HCG. (b, c) Scattering parameters for b) symmetric (¢; =
0) and ¢) asymmetric (¢, = 0.017)\g) HCGs at normal incidence. Figure referenced from [70].

For the case of t; = 0 at normal incidence, A = B and |$_;| = |f;| by inspection. That is,
the o, symmetry implies that the counter-propagating modes are degenerate. This is reflected by
the complete overlap of the T.; and T, scattering parameters in Figure 4.5b. Since the two modes
propagate in opposite direction, 5_; = — (31, corresponding to a w-phase shift. Thus, Equation 4.2
evaluates to 0 and coupling is prohibited, as indicated by the lack of narrow resonances in Figure
4.5b. With the introduction of a nonzero step height the diffraction efficiency becomes asymmetric
and A # B. In this configuration complete destructive interference cannot be assumed, implying
|E7+1]* > 0. Accordingly, the T.; and T scattering parameters in Figure 4.5¢ are no longer equal,
allowing access to the high-Q BIC manifested by the narrow transmittance peak. The preceding
analysis does not lead to any conclusions in disagreement with group theory. Rather, it offers an
alternative model to understand quasi-BIC coupling in SWGs, later proving useful for achieving
polarization-independent access to quasi-BICs.

4.2.3 Fano Analysis

In guided mode resonant SWGs, radiation leaving a quasi-bound mode interferes with non-resonantly
scattered light. This interference between two scattering channels, a resonant discrete state and
the continuum of non-resonant background states, suggests that the asymmetric features in SWG

scattering spectra are Fano resonances [154—156]. Like BICs, Fano resonance is a general wave
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phenomenon and was originally formulated to describe certain quantum systems [157]. Refer-
ence [156] provides a great introduction to Fano resonance in photonic devices, whereas this sec-
tion focuses on insight germane to practical SWG filters.

Equation 4.3 describes the general transmittance lineshape for a Fano resonance (1'4,,) at the

resonant frequency Wo
Trano = [tp|? L2 43
Fano — | D| 1462 ( . )

where ¢ p is the non-resonant transmission coefficient (S72 = S5 of the scattering matrix), g is the
asymmetry factor, 6 = (w — wy)/~ is the reduced frequency, and - is the total decay rate. In the

absence of loss the asymmetry factor is given by

q = p\/4Amna/|tpl? — 1 (4.4)

where 7,, is the partial decay probability of the quasi-bound state into port m (e.g. resonant trans-
mission or reflection) and p is the parity of the mode (1 for even-like and -1 for odd-like) [154].
Figure 4.6 shows the Fano lineshape for three characteristic values of g. When ¢ approaches infin-
ity the lineshape becomes purely Lorentzian. From Equation 4.4 this occurs when ¢ = 0, proving
that the asymmetry is due to interference with the non-resonant background radiation. When ¢
= ( the spectrum exhibits a symmetric extinction dip. Intermediate values of g display the spec-
tral asymmetry characteristic of Fano resonance. The basic Fano lineshape in Equation 4.3 does
not account for optical absorption. Using temporal coupled mode theory, Yoon and Magnusson

formulated an expression for the lossy Fano resonance (7°(9)),

T(6) = NradTFano(0) — [lzpdlts 4 nys |t p| 4.5)

where 17,4 is the total radiative probability, 74 is the absorption probability, 5 = 4mm9/(m +
n2)?, and Tpan,(0) is defined in Equation 4.3 [117]. Equation 4.5 may be used to fit empirical or
numerical transmittance spectra, yielding useful information about the resonance in the form of

the fitting parameters: wo, 7V, N1, 72, Naps and & p.
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Figure 4.6: Fano lineshape for three values of the asymmetry factor, g.

Fitting Equation 4.5 to numerically calculated transmittance spectra reveals interesting rela-
tions between the fitting parameters and the step height of the two-step HCG. Figure 4.7 plots ex-
tracted Q and peak transmittance values for two-step HCGs with varying step height. Previously, O
was defined by wy/Aw, where Aw is the resonance’s full width at half maximum linewidth. Figure
4.7, on the other hand, uses the definition () = wy/27, enabling direct extraction of Q from the
fitted curve. The Q-dependence on step height is unsurprising, as it is already established that step
height, symmetry breaking, coupling strength, and radiative decay rate are all directly related in
stable BICs. The peak transmittance has the opposite relationship to step height and monotonically

increases.
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Figure 4.7: Extracted Q and peak transmittance as a function of step height. Equation 4.5 is fit to a
numerical transmittance spectra at normal incidence with kg; = 1 x 10~%. Figure referenced from
[15].

Figure 4.7 is better understood by considering the total decay rate, -y, and absorption probabil-
ity, naps. The step height dependencies in Figure 4.8a are reminiscent of the curves in Figure 4.7.
Of course, Q and y are related by () = wy/2v. It may be less clear to the reader why 7, is strongly
dependent on step height. Across the MWIR and LWIR, silicon is highly transparent and mini-
mally dispersive [112]. The extinction coefficient, x, is the imaginary component of the complex
refractive index, n(\)* = n(\) +irk(N). At A = 10 um, kg; ~1 x107*. The intensity of radiation
propagating through a lossy homogeneous medium may be calculated with I(x) = lyexp(—az),
where x is the penetration depth and o« = 4mk/\ is the absorption coefficient. For a 2 pm thick
slab of silicon at = 10 pm, I(2 um) = 0.99981,, a negligible attenuation. This is clearly not the
case in Figure 4.8a where 7),,s converges to 1 at small step heights. To explain this discrepancy,
~ and 745 cannot be assumed to be independent. Larger y corresponds to faster radiative decay,
giving the resonant guided modes less time to laterally propagate within the gratings. At shorter
step heights light remains in the gratings longer, giving more opportunity for absorption. Thus,
the absorption spectra are also resonantly enhanced. The peak transmittance and 7,5 are directly
related by energy conservation: T = 1 — Rpeak — Nabs, Where [2,cqx 18 0 at a true pole in the

transmittance spectrum.
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Figure 4.8: a) Relationship between the total decay rate, v, and the absorption probability, 7,,s as
a function of step height. b) Step height optimization via an ad hoc figure of merit, Q) X Tpeqk.
Figure referenced from [15].

The relationship between « and 7, presents a practical trade-off between Q and 7),.,. In the
absence of loss, arbitrarily small step heights lead to indefinitely large Q factors. Prior studies
on symmetry-protected modes in SWGs only consider the influence of the non-radiative decay
rate, Y, on Q [99, 100]. Non-radiative losses place an upper bound on the total achievable Q via
1/Qiot = 1/Qraqg + 1/Qnr. However, as was shown in Figures 4.7 and 4.8a, the transmittance
peak rapidly diminishes as ¢4, approaches zero. A clear trade-off emerges. The peak linewidth
cannot be made arbitrarily narrow without adversely impacting the filter transmission efficiency.
In Figure 4.8b an ad hoc figure of merit (FOM = () x T.;) optimizes the step height. For this
particular geometry, the optimum step height is ~ 50 nm, which is ~2% of the total grating
thickness. Interestingly, ¢4, = 50 nm corresponds to 77,55 = 0.35, which is not too far from the
critical coupling point (1,44 = 7aps) OCcurring at ¢y, = 36 nm. The critical coupling condition is
a central principle in the design of perfect absorbers using low-loss materials [158, 159]. Highly
symmetric structures like HCGs are fundamentally limited to 50% absorbance even when 7),,s >
0.5.

As shown in Figure 4.9, Fano resonance analysis also reveals the emergence of nonreciprocity
in resonant, lossy gratings. The y-axis gives the ratio between the radiation probabilities for ports
1 and 2. Asymmetry across the xy-plane leads to 7; # 72. As shown in the inset, the absorption
(and reflection, not shown) spectra become non-reciprocal. The peak absorbance is expressed by
Equation 4.6 [154]. Though transmittance is still reciprocal, absorbance and reflectance are depen-
dent on which port is illuminated in an asymmetric structure. This is an important consideration
for absorbance and reflectance mode resonant SWGs. In the presence of loss, Figure 4.9 shows

that the two-step grating perturbation can induce large nonreciprocity.
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Figure 4.9: Ratio of the radiation probabilities for ports 1 and 2 for varying step heights. (inset)
Absorbance spectra near resonance for light incident from above and below the gratings.

4.2.4 Experimental Two-Step HCGs

Reference [43] presents an early experimental demonstration of BIC access in geometrically asym-
metric SWGs. Two-step HCGs are optimized for LWIR transmittance filtering, with thickness, t =
2.8 um and consisting of an array of periods, A = [4-5] um and fill factors, FF = [0.70-0.86]. The
filters are designed to operate under TM-polarization. Employing the Si/air material system, the
experimental methods closely follow the outline in Section I1.4 with an additional patterning and
dry etch step to define the two-step structure. Figure 4.10 shows an SEM image of a cross-sectioned
Si two-step HCG. Though the designed step width is A x FF/2, the actual value is somewhat lower.
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Figure 4.10: SEM images of a cross-sectioned silicon two-step HCG. Figure referenced from [43].

Figure 4.11a compares measured and simulated transmittance spectra and Figure 4.11b con-
firms the ease of tuning the filter by adjusting the grating period. Though there is reasonable agree-
ment to simulation, the experimental peaks have significantly lower transmittance and broader
linewidth. Several non-idealities are responsible for this disagreement, including fabrication pro-
cess variations, sidewall scalloping, SOI device layer thickness variation, and finite periodicity
effects. Due to the non-ideal range of angles in the FTIR setup, the apparent filter performance
is closely tied to the optical setup. If the measurements permit a large numerical aperture (NA)
then a large range of incident angles impinge on the filters (NA = n-sin(f), where n is the refrac-
tive index of the incident medium and € is the maximal half angle of the cone of light incident
on the gratings). Large NA excitation lowers Q via increased BIC coupling and mode dispersion.
For the measured transmittance spectrum in Figure 4.12, light is incident from an approximately
0-5° cone of incident angles, corresponding to NA = 0.087 in air. Temporarily discounting other
non-idealities, numerically calculated transmittance spectra indicate a maximum Q of ~500. Due

to strong leaky mode coupling at oblique angles of incidence, this value is mostly due to strong
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radiative coupling. The grating with the smallest step height in Figure 4.12 (Z5, = 16 nm) has a

measured Q of 70. Thus, experimental non-idealities restrict the achievable Q to ~81.
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Figure 4.11: a) Comparison of measured and simulated transmittance spectra. b) Peak wavelength
tuning by lithographically varying the grating period. Figure referenced from [43].

To determine the influence of step height on filter performance, four sets of two-step HCGs
were fabricated with ¢, values of 16, 60, 140, 500 nm. Though the large NA of the FTIR char-
acterization precludes definitive proof of normal incidence BIC coupling, the experimental struc-
tures demonstrate the expected relationship between Q and ?4.,, showing that coupling strength
increases with step height. The Q of the 500 nm filter is significantly lower than the filter with a
140 nm step height. This is consistent with increased radiative decay in highly asymmetric HCGs.
The experimental dependence of Q on ¢4, is much lower for the three shorter step heights. This
is primarily a consequence of the FTIR setup’s large NA, since strong radiative coupling due to
symmetry-breaking at oblique-incidence sets an upper bound on the purely radiative Q. While
the cone of incident angles obscures the signal for low values of ., this study demonstrates

symmetry-relaxation for BICs in an asymmetric two-step HCG.
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Figure 4.12: Measured transmittance spectra of two-step HCG with varying step heights. Figure
referenced from [15].

4.3 Reduced Symmetry Hexagonal Gratings

The asymmetric 1D gratings in the preceding section are strongly polarization-dependent. For
applications with an arbitrary polarization state, finding a geometry that permits polarization-
independent BIC access is critical. At first glance, the 2D polarization-independent filters in Chap-
ter 1.6 may appear to fit the bill. However, the mode responsible for the narrow transmittance
peak is a leaky bright mode. These modes occupy the upper bands at the high symmetry points in
the SWG reciprocal lattice [68]. The mode symmetries are compatible with a normally incident
plane wave, yielding intrinsically low Q values with little room for design (as opposed to stable
BIC access via controlled symmetry-breaking). Many studies on polarization-independent SWGs
target these symmetric bright modes [22,32,35,39,68,115]. Other structures provide polarization-
independent access to BICs, but of the accidental variety. These configurations require tight control
of the geometric parameters and incident light conditions [32, 116]. Along this line, other works
seek quasi-polarization-independence using careful design to achieve degenerate optical response
for orthogonal polarizations [20, 38, 160]. The structures presented in this section enable truly

polarization-independent access to symmetry-protected BICs, surmounting the limitations of pre-
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vious work by relaxing strict design rules and fabrication tolerances.

4.3.1 Reduced Symmetry Square Grating

In some sense, polarization-independent BIC access presents conflicting goals, as stable BIC ac-
cess prompts symmetry-relaxation while polarization-independence requires symmetry-preservation.
The path to polarization-independent BIC access begins by considering the diffraction efficiency
symmetry analysis in Section 2. The two-step 1D SWG induces asymmetric diffraction, preventing
the complete destructive interference of pairs of modes evanescently coupled through diffraction
orders of the opposite sign. It was shown in Chapter I1.6 that SWGs with a < 7/2 rotational
symmetry are inherently polarization-independent [114]. The task, then, is to engineer asymmetric
diffraction for each diffraction order pair (e.g. £1) at normal incidence. If the dielectric function
is identical along orthogonal diffraction directions (e.g. T4 o and T 1), degenerate BICs may be
simultaneously excited, allowing polarization-independent BIC access.

An illustration of this concept is shown in Figure 4.13a for a 2D square array. The figure shows
the unit cell of a 2D square grating from the top-down view. By symmetrically perturbing one
corner of a square pillar, the grating symmetry is reduced to the C point group at the I' point.
The 7, ,, parameter signifies the diffraction efficiency of order m,n. By inspection, 191 = 710,
Mo,—1 = N—10, and 791 7# 710. The asymmetric C, grating induces asymmetric diffraction in
two orthogonal directions. Accordingly, Figure 4.13b shows a sharp transmittance peak for the
asymmetric grating, while the symmetric square-shaped grating predictably does not exhibit any
high-Q resonances. Given the grating symmetry, it is clear that modes propagating along the x- and
y-axes will have the same propagation constant. While analyzing diffraction efficiency symmetries
reveals this insight, it is still unclear whether the structure in Figure 4.13 is fully polarization-

independent.
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Figure 4.13: a) Unit cell of the C; symmetry square lattice SWG. b) Simulated transmittance
spectra of symmetric and asymmetric (C;) square lattice SWGs.

Figure 4.14a defines the polarization angle, p, for light normally incident upon the square
lattice gratings. Four high-symmetry angles are considered (p = 0, 45, 90, and 135°). The p =
0 and 90° linear polarization states correspond to the orthogonal directions indicated in Figure
4.13a (double-sided black arrows). Figure 4.14b shows that the 0° and 90° polarizations are fully
degenerate but limited to < 50% transmission efficiency. In contrast, the 45 and 135° states are
strongly polarization-dependent, as the 45° polarization is still symmetry-protected. The 0 and
90° states are thus a linear combination of p = 45° and 135°. The 135° state fully accesses the
BIC since the propagating light alternates between “seeing” a corner and a notch. Diffraction is
asymmetric along this direction. In the 45° direction, light only encounters corners and diffraction

is symmetric.
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Figure 4.14: a) Definition of polarization directions in the Cy symmetry square lattice SWG. b)
Simulated transmittance spectra for three high-symmetry polarization states.
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4.3.2 Reduced Symmetry Hexagonal Grating

The hexagonal lattice SWG is next evaluated as a platform for polarization-independent BIC cou-
pling. Figure 4.15 shows a schematic of the proposed design. In the reduced symmetry hexagonal
grating, a hexagonal lattice of circular holes are patterned into a homogeneous slab. The unit cell
is then perturbed every 120° by an amount a, as shown in Figure 4.15b. After perturbation, the unit

cell belongs to the same symmetry group as an equilateral triangle.

Figure 4.15: Schematic of the reduced symmetry hexagonal grating from a) perspective and b) top-
down viewpoints. The E-field is parallel to the plane of incidence in the “in-plane” polarization
state. The parameter p is the polarization angle. Figure referenced from [70].

Simulated transmittance spectra are shown in Figure 4.16a for varying values of the asymmetry
parameter, a. The refractive index of the dielectric is chosen to be 3.29, which similar to GaAs in
the IR [122]. For a > 0 a narrow transmittance peak appears near A = 1.25A and monotonically
broadens with a, a clear signature of a symmetry-protected BIC. The spectra in Figure 4.16a are
fully polarization-independent (not shown since spectra completely overlap). Figure 4.16b shows
the simulated transmittance spectra for a = 0.006A with an extracted Q of 8400. Though this
slight degree of asymmetry is impractical for most lithography systems, larger values of a are
equally valid with a proportional drop in Q. A small value for a is used in Figure 4.16 to give an
illustrative comparison to the symmetric (a = 0) grating. Greater asymmetries distort the grating
and require re-optimized parameters. The field profile in the inset reveals that the polarization-
independent symmetry-protected mode belongs to the TM-mode E> irreducible representation of
the (s, hexagonal point group. Using group theoretical analysis, Overvig et al. independently

proposed this same mode for polarization-independent BIC access [153].
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Figure 4.16: a) Simulated transmittance spectra as a function of the asymmetry parameter, a, at
normal incidence. b) Normal incidence transmittance spectrum for the parameters FF = 0.826,
t =0.2244, and a = 0.006A. The inset shows the out-of-plane E-field profile at the A = 1.264
resonance. Figure referenced from [70].

By perturbing the unit cell every 120°, asymmetric diffraction occurs for the three diffraction
pairs depicted in Figure 4.17a. The unperturbed hexagonal lattice possesses C rotational symme-
try which is reduced to C's when a > 0. Figure 4.17a also defines the polarization angle, p. For the
hypothesis of the diffraction efficiency analysis to be upheld, asymmetric diffraction must occur
in each pair. The dispersive scattering parameters given in Figure 4.17b provide a useful stand-in
for direct diffraction efficiency calculation. To estimate diffraction efficiencies, a listener port is
placed in close proximity to the gratings and couples in the near field to the evanescent diffraction
orders. Though the port interferes with the grating modes, the symmetries are maintained. Figure
4.17b shows asymmetric diffraction within the three groups of diffraction pairs: T(; and T_1, 17" 19
and 179, 711 and T_1_1.
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Figure 4.17: a) Reduced symmetry hexagonal grating schematic with definition of first-order
diffraction vectors and polarization angle, p. b) Simulated out-of-plane scattering parameters at
normal incidence and p = 0°. The grating parameters are FF = 0.826, r = 0.22/, and a = 0.015A.
Figure referenced from [70].

A fuller picture is obtained by sweeping the polarization angle in a full 27 rotation and observ-
ing the diffraction efficiencies. In the symmetric grating the diffraction pairs remain completely
degenerate for every polarization angle as shown in Figure 4.18a. This is expected as circular
holes yield symmetric diffraction. As p rotates, the efficiency of each diffraction pair possesses
27 periodicity. The pairs are phase shifted by a predictable +27/3 with respect to each other. In
the reduced symmetry grating in Figure 4.18b, the two efficiencies within each pair experience
a phase shift. Diffraction efficiency is asymmetric with the exception of certain high-symmetry
polarizations, such as 1",y and 7'y at p = 7/2. At the high-symmetry polarizations, the two re-
maining asymmetric pairs are at their largest degree of asymmetry. Thus, as one pair loses energy,
the other two perfectly compensate. In true polarization-independent fashion, the relationship
T 10+ To-1+ T = Tio+ To1 +T-1_1 is upheld for every value of p. Given the grating’s sym-
metry, the BIC is degenerate regardless of which diffraction order it is excited through. This is an
interesting result since the grating is polarization-independent despite only possessing a C rota-
tional symmetry. In one sense the grating is polarization-dependent, as shown in Figures 4.16b and
4.17b, but it is actually the combined response of the the three diffraction pairs that is polarization-

independent.
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Figure 4.18: Dependence of scattering parameters on polarization angle for the a) symmetric and
b) reduced symmetry hexagonal SWGs at the 1.26/ resonance. The FF and ¢ values are the same
as in Figure 4.17. Figure referenced from [70].
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CHAPTER 5

Emission and Propagation of Infrared Light in
Subcranial Tissue

5.1 Introduction

As neural interfaces approach sub-mm dimensions, the optimal power source remains an open
question [83]. Percutaneous wires cause infection and limit mobility. Battery-powered devices
are safer, but have limited lifetime, require invasive surgery to replace depleted batteries, and have
large form factor [161]. Harvesting environmental energy (e.g. heat, motion, chemical poten-
tial) is an interesting option, though present technologies cannot supply enough power for neural
interfaces.

To overcome these limitations, several wireless modalities have been investigated. Inductive
coupling via near-field RF radiation offers large channel counts and high power transfer efficiency
(PTE) at mm-dimensions [78,79]. The PTE is dependent on coil size, distance, and alignment,
rapidly diminishing as the coils scale to sub-mm dimensions [162, 163]. The calculated PTE for
a 10 mm? mote area is 23%, which decreases to 0.036% and 5.98u% for 1 mm? and 0.1 mm?
areas, respectively [83]. Moreover, smaller coils increase the optimal PTE frequency. In tissue,
power attenuation worsens with frequency, raising heating concerns. Ultrasonic (US) power is
also proposed for sub-mm implants [80, 164—166]. Slow propagation velocity imbues US waves
with much shorter wavelengths than electromagnetic waves, allowing dramatically higher PTE,
particularly for large implantation depths. Still, US power suffers drawbacks of its own, includ-
ing high attenuation in bone. Bulky US transducers are difficult to scale to sub-mm dimensions
and vertically integrate with CMOS circuitry. In US neural implants, data uplink is furnished via
amplitude-modulated backscattering. This passive communication scheme requires external in-
terrogation. For large numbers of motes this requires precise beamforming by the interrogator,
degrading alignment tolerance and data bandwidth.

A third option uses near-infrared (NIR) light, taking advantage of a high-transparency window

in biological tissue [81, 167]. Photovoltaic (PV) cells generate electrical power from an incident
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radiation source, such as an LED, laser, or ambient light. Like the RF electromagnetic link, NIR
power transfer is primarily limited by safe tissue heating limits. The central question is whether
a given implant size can harvest enough power without exceeding safe tissue heating guidelines.
Previous work in NIR powered neural recorders [168] and sub-mm sensors [82] assume intensity
limits exceeding 200 mW/mm?, though this assumption is based on highly localized multiphoton
microscopy experiments [169]. Irradiation over a centimeter-scale area would likely cause danger-
ous heating, as the recommended exposure limit is 1.36 mW/mm? based on a 1-2°C temperature
increase [170]. Clearly, designing a high efficiency NIR link is an urgent task.

Reference [84] uses a dual-wavelength NIR link for wireless power and data transfer. The
implanted neural dust motes are powered by a dual-junction PV cell [85, 171] irradiated by an ex-
ternal source with a 850 nm central wavelength. An on-chip 1000 nm pLED relays detected neural
activity to a subcranial repeater unit. The mote is implanted above the pia but beneath the dura,
as shown in Figure 5.1. Preservation of the dura mater is imperative to long-term subject health,
as this thick connective tissue serves several important anatomical roles. Consequently, photons

emitted from implanted motes must propagate through the dura before reaching the repeater.

Skull

Water -
hr»ter . ‘__
W, N

Water g HLED

Mote
Arachnoid i
/ Pia Carbon fiber probe

Figure 5.1: Optical beam path between an implanted mote and the detector/repeater unit.

Compared to electronics-grade materials, biological tissue is far less homogeneous. The size,
orientation, and positioning of optical defects are somewhat randomly distributed. Different bodily
tissues scatter light with varying degree of anisotropy [81, 172, 173]. The optical path from an
embedded LED to a detector is therefore complicated and dependent on local tissue conditions. To
account for this random scattering, Monte Carlo simulations are performed using an open source

turbid material simulator (MCML) [174]. The following section models the beam path depicted in
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Figure 5.1. Section 3 characterizes the experimental optical setup for uLED measurements.

5.2 Monte Carlo Simulations of NIR Propagation in Tissue

5.2.1 Model Details

MCML [175] constructs a light propagation model using five parameters for each material layer:
layer thickness, ¢, refractive index, n, absorption coefficient, p, scattering coefficient, ps, and
anisotropy coefficient, g. The simulation domain is divided into a user-defined mesh, as illustrated
in Figure 5.2, with an infinitely narrow photon beam normally incident upon the tissue stack. When
a photon enters the next meshed element, it may be absorbed with a probability commensurate to
1o and the element size. Similarly, p; determines the probability of a change in propagation
direction. If g = +1(-1), scattering is fully forward(backward), while g = 0 corresponds to complete
isotropy. In tissue, g typically ranges from 0.3-0.98. Scattered photons are deflected at an angle

chosen from a g-dependent probability distribution. The deflection angle, # is calculated by:

_g2 .
%{1 + 92 - [1_19_5295]2} lfg # 0
28 —1 ifg=0

cos(0) = (5.1

where ¢ is a random number (0 < ¢ < 1). The azimuthal angle, ¢, is randomly chosen according

to 2m€. The model accounts for specular reflections via input n values:

R = (mnap (5.2)

(n14+n2)?
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Figure 5.2: Illustration of example photon paths (not simulated). Figure displays the three scatter-
ing events: absorption, anisotropic defect scattering, and specular reflection at material interfaces.

Two scored physical quantities are of chief interest: transmittance and fluence. A launched
photon begins with a weight, W. When a photon enters a new grid element a portion of the weight
is deposited in the element according to AW = Wy, /(i + f1s). After launching the full set of
photons, the accumulated weight gives the absorption distribution, which is convertible to fluence
by W/ .. A launched photon can terminate by falling beneath a threshold weight or encountering
a boundary and leaving the tissue. When a photon encounters a boundary, it deposits its weight
into the adjacent grid element, giving a transmission(reflection) distribution at the top(bottom)

boundary. Extracted fluence and transmission distributions are useful for calculating the NIR PTE.

5.2.2 NIR Link Efficiency

Passive neural recording is but one of the arenas driving the development of wireless neural tech-
nology. Devices capable of high-fidelity recording and wireless signal transmission inspire great
promise toward reestablishing severed nervous connections. For instance, NIR-powered motes
may synthetically reconnect damaged spinal cords [75]. To estimate the efficiency of a NIR link in
the spinal column, Monte Carlo simulations are performed for propagation through cerebrospinal
fluid (CSF). This simple model provides initial insight before studying propagation through the
complex stack in Figure 5.1. The optical properties of CSF are sourced from Reference [167] and
are listed in Figure 5.3a. Figure 5.3a plots the fluence distribution at A = 1000 nm. A 200 pm
wide detector (labeled SPAD in the figure) is positioned directly above the photon source (labeled
LED). At a 2.5 um distance, the link efficiency between the LED and the SPAD (7);,,1) is ~ 0.1%.
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That is, 0.1% of the emitted photons are transmitted at the boundary where the 200 pm diameter
detector would be.

The link efficiency is strongly dependent on the detector distance, dspap. Figure 5.3b plots
the relationship between 7);;,,x on dgpap. Shortening dgp4p from 4 mm to 2 mm boosts 7, from
0.038% to 0.16%, a fourfold increase. Since CSF is 99% water it very weakly scatters light, as
reflected by its low empirical scattering coefficients (y, = 0.04 cm™ and p, = 1 cm™). Thus, the
approximately quadratic relationship in Figure 5.3b is chiefly a geometric effect. Even slightly
isotropic scattering (i.e. |g| # 1 and ps > 0) significantly lowers 7, at large distances. At
2.5 mm, a deflection of only 1.1° will cause the photon to miss the detector. The situation is
even worse for realistic angular emission profiles, such as the Lambertian distribution where the
emission intensity is proportional to the cosine of the emission angle. Light emitted at an oblique
angle is even less likely to reach the detector, especially for highly tangential configurations like

the one in Figure 5.3a.
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Figure 5.3: (a) Monte Carlo simulation of propagation through cerebrospinal fluid at A = 1000 nm.
The optical parameters are n = 1.4, p1, = 0.04 cm™, 1, = 1 cm™, and g = 0.89. (b) Link efficiency
for varying detector distance.

To evaluate realistic operating conditions for motes implanted in the brain, the model simulates
a 1 mm layer of human cerebral dura mater sandwiched between two 0.2 mm films of water [176].
Optical parameters are sourced from previous empirical studies at A = 1 um [81, 167]. Incomplete
NIR data requires extrapolation and rational guesses at realistic parameters. The optical parameters
for dura(water) are n = 1.4(1.32), 1o = 0.8(0.04) cm™, 1, = (45)(0) cm™, and g = 0.75(1). Roughly
1e7 test photons are needed for statistical convergence. Figure 5.4 shows the fluence plot of a 1 ym
LED aligned to a 200 um diameter detector. Compared to the CSF study in Figure 5.3, modeling
propagation in the multilayer water/dura/water stack introduces several additional considerations.
Since water and dura have similar optical density, Equation 5.2 indicates that only 0.09% of the

incident power is reflected at the water/dura interfaces. Dura absorbs and scatters light much more
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strongly than CSF. Thus, at a 1.4 mm detector distance, 7;;,,% 1s only 0.1% compared to 0.3% in
CSF. In addition to increased absorptive loss, light propagating through dura is more likely to scat-
ter and is deflected with a more isotropic angular distribution, lowering the probability of reaching
the detector. Table 5.1 shows the dependence of 7);;,,;, on the dura optical parameters, demonstrating

the expected degradation for increased scattering, absorption, and deflection isotropy.

| Mink (%) | ps (em™) | pro (em™) [ g |

0.102 45 0.8 0.75
0.075 100 0.8 0.75
0.137 10 0.8 0.75
0.060 45 0 0.75
0.088 45 1.6 0.75
0.117 45 0.8 0.85
0.188 45 0.8 0.65

Table 5.1: Influence of the dura optical parameters on link efficiency at A = 1000 nm. The layer
thicknesses, optical parameters of water, and dura refractive index are all fixed.

The detector sensitivity Sg.; (optical power required to register a data pulse), 7;,x, and the
LED’s external quantum efficiency (EF Q) Egp) are sufficient to calculate the electrical energy re-

quired to register an optical pulse (F,;s.) from the LED:

Epuise = Sdet/ (mmk : EQELED) (5.3)

As an example, if the detector’s pulse detection limit is 50 photons/pulse (for A = 1000 nm), 7;;,.x
=0.1%, and EQFE;rp = 2.5%, the system must supply the LED with 189 fJ/pulse. The following

section gives a more thorough treatment of pulse detection efficiency.
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Figure 5.4: Monte Carlo simulation of NIR propagation through dura mater at A = 1000 m. The
dura optical parameters are n = 1.4, j1, = 0.8 cm™, ji; =45 cm™!, and g = 0.75.

5.3 Experimental Pulse Detection

5.3.1 Experimental Setup

Reliable photon detection is vital, as poor light collection may negate even the most exemplary
neural recorder designs. The overarching wireless neural dust project includes two phases of op-
tical testing. First, pulses must be reliably detected from a single neural dust mote under realistic
operating conditions. Then, after validating single-unit performance, another setup detects an array
of simultaneously pulsing units. Given the weak LED signal, the system requires extremely reli-
able detection efficiency. When operated in Geiger mode, single-photon avalanche diodes (SPAD)
offer exceptional quantum efficiency with sub-kilohertz dark count. AUREA Technology’s ther-
moelectrically cooled InGaAs/InP SPAD (SPD_OEM _NIR) offers high efficiency at 1000 nm (QE
> 15%) with 700 counts/second dark count [177]. The SPAD position within the test setup is
shown in Figure 5.5. As a feature of the wireless neural dust application, the setup must simultane-
ously provide radiation for light harvesting and detect the emitted LED pulses [84]. To minimize
crosstalk, the PV is powered by 850 nm light while the LED emits at 1000 nm. The InGaAs SPAD
advantageously cuts off near 900 nm. A Y-shaped reflection probe (RP23, Thorlabs) handles the
two wavelengths. The RP23 consists of a seven-fiber bundle, the central fiber branching to one
leg and the outer six going to the other leg. A ferrule combines the legs into a single fiber probe.
An 850 nm modulated laser source couples into one leg, while the 1000 nm signal detected at the
probe is out-coupled into the SPAD at the other leg. Lastly, given the extreme (indeed, single-
photon) sensitivity of the SPAD, it is critical to filter the 850 nm light reflected at the sample

75



surface. A high-density long pass filter fulfills this task. An 850 nm bandpass filter at the LED

output promotes spectral purity. Figure 5.5 shows a schematic of the full optical setup.

CMOsS 47

Figure 5.5: Schematic of integrated PV and CMOS chips interfaced with the Y-probe optical setup.
All of the components in the Y-probe setup are fiber-coupled. Figure referenced from [179].

Carriers photogenerated in the SPAD active area rapidly multiply via avalanche breakdown.
To prepare the SPAD for the next detection cycle, the photogenerated carriers are cleared by a
quenching circuit. The quenching duration is known as “dead time”, ¢4, and places an upper
limit on the detector bandwidth. An optimal quenching time of 20 us ensures low afterpulsing
with adequate resolution to detect 50 us pulses from the LED, as shown in Figure 5.6. The SPAD
bandwidth and pulse detection efficiency are also impacted by the dark count rate (DCR), referring
to the rate that thermally generated carriers initiate avalanche breakdown. When fully cooled and
set for &~ 10% QE with ¢4 = 10 ps, the DCR is &~700 Hz. When the laser is turned on with a
0.64 mW/mm? intensity, 850 nm light reflects from the GaAs substrate, increasing the effective
DCR to 1300 Hz. At A = 850 nm, the long pass filter transmits 0.038% of photons, affirming the
importance of filtering the reflected laser light. Removing the 850 nm bandpass filter raises the
effective DCR to 10 kHz.

76



120 120 ——

=9f.7% Detection rate = 9|

K
3

Deadtime

=20us
-+»

Deadtime
40 =30us

Detection rate [%
Detection rate [%]
Detection rate [%]

Deadtime
=40us

Deadtime
=50us

Detection rate (%)

]
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 BO 90 100 10 20 30 40 50 60 70 80 90 100

o
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Time [us] Time [us] Time [us)

Time [us] Time [us)
1 1 1 1 1
T T T T g

L]
10 20 30 40 50
Deadtime [us]

Figure 5.6: Afterpulsing after a 10 us LED pulse for several dead time durations. (The measure-
ments and figure are provided by Jongyup Lim).

The many components possess variously sized optical fiber cores. Specialty components such
as the SPAD (@ 50 um) and RP23 (@ 200 um) are fixed, while the fiber patch cables are flexible.
Filters are housed in specialty compartments for rapid interchanging. A collimating lens couples
light from the fiber to the free space of the filter compartment. Light transmitted through the fil-
ter(s) couples back into a fiber via a second collimating lens with a coupling efficiency proportional
to the fiber core diameter. However, mismatch with the @ 50 um SPAD coupler presents another
loss avenue. Given these considerations, it was found that the @ 200 um fibers allow the highest
efficiency amongst the other commercially available core sizes. Photographs of the experimental

optical setup are shown in Figure 5.7. The figure shows a slight variation on Figure 5.5, where a
fiber-coupled LED is used in place of the laser.
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Figure 5.7: Photographs of the optical setup showing a) the total setup and b) a closer view of the
sample/probe interface.

5.3.2 Empirical Pulse Detection Probability

The neural dust system in Reference [84] differentiates each mote by a randomly generated on-chip
ID. Detected neural activity is transmitted via the NIR uplink in the form of digital pulses corre-
sponding to the mote ID. Accurate recordings require both high fidelity detection and minimal
crosstalk between nearby motes. It is imperative to determine the detection efficiency to properly
choose the pulse power and duration. Poor optimization can severely degrade the detection band-
width and accuracy. Pulse detection is a probabilistic function, as the SPAD signal is binary; either
a photon initiates avalanche breakdown or it does not. The probability that an emitted photon

initiates a detection event is given by:

Pdet,photon - QESPAD * Mink (54)

In this case 7, still refers to percentage of emitted photons that reach the SPAD, though the
link now consists of propagation through dura as well as the Y-probe setup. An unpackaged mote
was wire-bonded to a pin grid array and the Y-probe was positioned approximately 1 mm above, as
shown in Figure 5.7b. The measured attenuation of 7, was -61.3 dB (7.35e-3%), -43 dB of which
occurs after light has been coupled into the Y-probe. Thus, for a 10% SPAD QE, an emitted photon
at a distance of 1 mm has a 7.35e-4% chance of initiating a detection event. If a pulse contains N
photons, the probability that the pulse is detected is given by Equation 5.5. For example, achieving
a 99% pulse detection probability requires 62654 photons.
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Pdet,pulse =1- (1 - Pdet,photon>N (55)

This, however, significantly underestimates 7, for an array of detectors embedded beneath
the skull, such as Reference [84] envisions for the subcranial repeater unit. Pixelated SPAD de-
tector arrays are commercially available. An example includes the SPC3 series (Micro Photonic
Devices), which consists of a 64x32 array of 30 um wide SPADs with a 150 um pitch [178]. The
specifications are well-suited for the wireless neural dust application, with 300 Hz DCR, ~ 1%
QE, and 100 ns dead time. For a SPAD array, the pulse detection probability needs to be calculated
for both aligned and misaligned detectors. Since the NIR link is analogous to a free-space LiFi

network [179], the power incident on the detector is

Hpo = U552 cos™(6)cos () Ly<pron () (5.6)

m = —logs(cos(¢1/2)) (5.7)

where ¢ is the radiant angle between the LED and SPAD, ¢ is the angle between the LED and
the direction normal to the SPAD, 1oy is the SPAD field of view, A, is the SPAD area, D is the
distance between the SPAD and LED, and m is the Lambertian emission order determined by the
half-power semi-angle ¢, /». Equation 5.6 is an approximation, since it assumes small solid angles,
where D? >> A,. The link efficiency must then be revised to

02

nlink(¢7 917 02) = Ndura HDC((b’ 0) do (58)
01

where (o) is the radiant angle from the LED to the near(far) edge of the SPAD and 74y, is
the transmission probability through the dura. The preceding analysis estimates the dependence
of pulse detection efficiency on SPAD misalignment. The model considers SPADs with 2 mm
vertical displacement and 30 um? active area. 17.9x107'2 Coulombs/pulse are supplied to the
LED, corresponding to 1.9x10° photons/pulse at A = 1000 nm. The SPAD and LED QE are
10% and 1.7%, respectively. Under these conditions the pulse detection remains >99% for 200
um displacement and >50% for 3 mm displacement. This bodes well for alignment tolerance,
but suggests major crosstalk between adjacent motes. That is, an emitting mote will trigger a
large number of SPAD pixels. This poor light collimation is due to the approximately Lambertian
emission profile and tissue scattering within the dura. Fortunately, crosstalk may be overestimated
since the model does not account for specular reflection at the high index contrast interface between
dura/water and the SPAD semiconductor, which increases with angle of incidence.

To determine the number of emitted photons needed to register a pulse, it is not enough to use
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Equation 5.5. Though this expression correctly models the likelihood of missing pulses, it does not
account for the signal-to-noise ratio (SNR). Depending on the DCR and the detection time window
(At), the number of photons emitted by the LED must exceed

NLED > (DCOR)(F)(At) (5_9)

MinkQ@EspAD

where F' is the noise margin for the number of additional photons needed to achieve a given SNR,
Mink 18 defined in Equation 5.8, and () Esp4p is the SPAD quantum efficiency.

Chapter VII.3 summarizes the culmination of this chapter’s work, wherein the CMOS neural
recording chip [84] is integrated with a PV/uLED chip (PV cell presented in [171]). The Y-probe
setup is aligned ~2 mm above the PV/LED and an 850 nm LED illuminates the PV cell with 150
uW/mm? optical intensity, which is below the 190 uW/mm? exposure limit. A test neural signal
triggers an LED pulse train. Under these realistic conditions, the decoded SPAD output identifies
LED pulses with an over 99% detection rate [87].

80



CHAPTER 6

Hybrid Integration of GaAs-Based Optoelectronic
Devices and Si CMOS Chips for Neural Systems

6.1 Mote Assembly Overview

While Chapter V details important progress, a true demonstration of wireless neural motes requires
full mote assembly. The proposed design in Figure 6.1 has a 150x170x 190 um* volume (not
including the carbon fiber shank) [84]. These tiny dimensions push the envelope in circuit design,
PV efficiency, microfabrication, and surgical implementation. Cortese et al. demonstrated an NIR-
powered microscale sensor at similar dimensions, though the system only contains a Si PV cell, a
ULED, and a field effect transistor to amplify the detected signal [82]. Wireless neural recording
prompts more sophisticated circuitry. The CMOS integrated circuit (IC) in Reference [84] contains
circuits for clock and data recovery, random chip-ID generation, spiking-band power detection,

neural recording amplification, and an LED driver.
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Figure 6.1: Schematic cross-section of the fully assembled wireless neural mote.

Scaling to smaller sizes complicates mote design and construction. As the motes shrink so
does the available footprint of the IC and the PV active area. The PV supplies less current while
the LED power requirements remain largely unchanged. Further, non-radiative sidewall recom-
bination worsens at smaller PV dimensions [86, 180]. It is therefore essential that the IC and PV
encompass the entire 150 x 170 um? footprint. To utilize the respective advantages of Si and GaAs,
mote assembly requires heterogeneous integration of these disparate material systems. Many in-
teresting approaches have been proposed to meet this challenge. Direct bonding heterogeneous
wafers allows high alignment accuracy but is mostly confined to back-end CMOS processes [181].
Novel approaches such as epitaxial growth of GaAs on Si [182] and micro-transfer printing [183]
are still in development. Flip-chip bonding is a mature technology poorly suited to large scale
integration, but realistic for small batches of motes. In addition to stringent lateral dimensions,
the proposed design is exceptionally thin (150 um). This has steep fabrication consequences since
thinned wafers are brittle and require careful mounting to avoid damage and bowing during pro-
cessing.

This chapter explores the challenges and solutions to realize the complicated design in Figure
6.1. Special attention is given to three areas of the fabrication process flow: 1) GaAs through-wafer

vias 2) blind Si probe vias for carbon fiber insertion and 3) heterogeneous integration. The CMOS
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circuitry is fabricated at an industrial foundry in the 180 nm node. The multilayer PV and LED
structures are grown via molecular beam epitaxy on a semi-insulating GaAs substrate. LED mesa

structures, contact pads, and interconnects are defined using standard microfabrication techniques.

6.2 GaAs Through-Wafer Vias

The mote assembly consists of four components: the LED, the PV, the IC, and the carbon fiber
probe. The PV and LED are monolithically integrated in the same epitaxial stack and are positioned
at the mote surface to maximize light harvesting and LED signal strength. On the opposite side
of the mote, the carbon fiber probe inserts into brain tissue. These basic considerations fix the
orientation of the GaAs and Si wafers as shown in Figure 6.1. PV-generated current flows to the
IC, while signal detected by the probe is relayed to the LED. This requires an electrical conduit
between the top and bottom of the GaAs wafer, known as a through-wafer via (TWV). Though
through-silicon vias are well-established in 3D ICs [184], GaAs TWVs have seen considerably
less attention. The generalized process flow is illustrated in Figure A.6 in Appendix A.2. For

thorough review of TWVs, the curious reader is directed to References [185-187].

6.2.1 Via Hole Definition

GaAs TWYV fabrication begins by defining an etch mask, followed by pattern transfer into GaAs by
an anisotropic etch. Maximizing the PV active area means minimizing the TWV size. The target
via hole dimensions are thus deep (=60 um) and high aspect ratio (AR, >3:1). This places several
demands on the etching process, which must be anisotropic, highly selective to the etch mask,
and produce reasonably smooth sidewalls. Inductively-coupled plasma reactive ion etching (ICP)
is an attractive option. An inductive coil generates a high density of reactive species in plasma,
which are accelerated by an RF bias to an electrode holding the sample. Via the dual action of
chemical and physical etching, a well-optimized ICP process can exhibit excellent anisotropy with
high selectivity between various materials. In this work, 15-35 pm wide TWVs are patterned into
a photoresist (PR) etch mask. An HBr-based ICP process transfers the pattern into GaAs. Process
details are given in Appendix A.2.

Bromine etch chemistries are uncommon in the GaAs device literature, the bulk of which uti-
lizes chlorine- or fluorine-based etchants (e.g. Cl,, BCl;, CCl3F,, CHF;3, etc.) [131-133,188]. An
HBr-based ICP process deviates from this trend. HBr ICP is a proven alternative for shallow InP
and GaAs structures, such as gratings and ridge waveguides [137, 138], yet no results are pub-
lished for deep through-wafer structures. The HBr ICP process gives a favorable trade-off between

etch rate, sidewall quality, and selectivity to a PR mask. Figure 6.2a shows a cross-sectioned
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GaAs TWYV after a 35 min HBr ICP etch. The time averaged etch rates for TWVs with 2.3:1
and 3.2:1 ARs were 2.6 pm/min and 2.3 um/min, respectively, corresponding to 91.5 um and 79.0
um etch depths. This is comparable to chlorine-based processes, at ~ 50% — 150% of the pub-
lished rates [131-133]. Exceptional selectivity to PR is another advantage of the HBr ICP process,
with >80:1 GaAs:PR selectivity. High selectivity to PR minimizes etch mask erosion and enables

high-fidelity pattern transfer and smooth sidewalls after long etch durations.

10.0kV 19.5mm L-x3.00k .0u 10.0kV 20.8mm L-x2.50k

Map data 1791
MAG: 1500 x HV: 10.0 kv WD: 20.2 mm

Figure 6.2: SEM cross-sectional images of a GaAs TWYV a) immediately after ICP and b) after a
BHF dip and O, treatment. c) SEM image of post-etch sidewall passivation. d) Energy-dispersive
X-ray spectroscopic imaging of (c) for energies corresponding to Si transitions.

A thin sputtered film conspicuously coats the TWV sidewalls in Figures 6.2(a, c¢). As shown
in Figure 6.2d, energy-dispersive X-ray spectroscopic measurements suggest that this film is a Si-
containing polymer, a claim corroborated by other studies [133, 138]. The use of a PR soft mask
in Figure 6.2 implies that the Si originates at the Si carrier and/or quartz chamber walls. Si plays
two important roles in the HBr ICP process, protecting the TWV sidewalls from lateral etch and
stabilizing the plasma. Replicating the results in Figure 6.2 requires a large area of exposed Si
(=~ 90% in this study). A short BHF dip cleanly removes the sputtered film as shown in Figure
6.2b. The excellent verticality and minimal sidewall roughness are a testament to the passivating
qualities of the Si-containing film. As the AR increases, the thickness of the Si film decreases
while sidewall pitting worsens. This is possibly due to transport limitations, as sputtered Si is
more likely to adsorb near the top of the vias. Since Br is less electronegative than Cl and F,

the physical component of the ICP process is of greater importance, promoting sidewall quality
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and anisotropy at the expensive of etch rate. There is evidence that adding O, may thicken the
Si passivation layer [138], though the ICP tool does not permit a low enough O, flow to confirm
this. For any chemistry, basic ICP principles introduce trade-offs between sidewall quality, etch
rate, and material selectivity [131-133, 137,138, 189]. The sidewall quality may be improved by
lowering the chamber pressure and/or the HBr flow rate. Reference [132] describes a Cl,-based
ICP etch that produces GaAs TWVs with smooth sidewalls, a 3 um/min time averaged etch rate at
10:1 AR, and high selectivity to a PR mask. It is therefore unclear which etch chemistry is superior

for GaAs TWVs, but HBr shows promise and meets the needs of the motes.

6.2.2 Thin Film TWVs

After etching the via holes, the TWVs need to be electrically isolated from the GaAs substrate
and coated with a conductive film. Infilling the vias with copper allows m¢)-scale resistances
[185]. Electrochemically deposited (ECD) Cu requires a conductive seed layer to initiate plating
and provide a current path to reduce adsorbed Cu ions. Figure A.6 in Appendix A.2 shows the
fabrication process flow. In applications requiring only sub-k{2 TWYV resistance, it is possible to
skip the complication of Cu ECD and simply be content with the conductive thin film layer. Atomic
layer deposition (ALD) is an ideal thin film deposition technique, allowing conformal deposition
of metallic and dielectric thin films with precise thickness control. A 300 A layer of insulating
AlL,O; is deposited, followed by a 100 A layer of conductive TiN. After ALD, the sample surface
is coated in a 7 pm thick layer of parylene C, infilling the vias and providing critical structural
support for thinned GaAs. Lastly, the chip is thinned to 50 um and Ti/Au contacts are patterned on
the backside of the TW Vs for electrical measurement. A microscope image of the sample backside

after thinning is shown in Figure 6.3a.
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Figure 6.3: a) Optical microscope image of the backside of a thinned GaAs sample, showing
Ti/Au contact pads above parylene-infilled thin film TWVs. b) Measured I-V curves for several
representative GaAs TWVs.

Electrical measurements are performed by probing the backside contact pads and extracting
current-voltage (I-V) curves using a Keithley 4200 parameter analyzer. The TWVs are shorted at
the surface by TiN, thus the current path between adjacent TW Vs consists of the two TWVs and
the planar TiN connecting them (100 um distance). DC via resistances (R,;,) are calculated by
dividing the slope of the I-V curve by two, noting that the TiN connection at the surface makes
this somewhat of an overestimation. Figure 6.3b shows representative I-V curves for the thin film
TWVs with a best measured value of R,;, = 685 €2 for TWVs that are 20 um wide and 50 um deep.
The considerable variability between structures is attributed to non-uniformities in the TiN film,
particularly near corners and other sharp features. Hall effect measurements of unpatterned TiN
on semi-insulating GaAs indicate a resistivity of pp;y = 1.45x10* Q- cm. For a 20 um diameter
circular TWV that is 50 um long, pr;n gives R,;, = 110 §2, which is the same order of magnitude
as the observed values.

6.2.3 Seed Layer Patterned TWVs

Applications requiring lower R,;, necessitate a Cu infill. As shown in Figure A.7 in Appendix
A.2, the Cu-filled TWYV process flow begins similarly to the thin film TWVs. After defining the
via holes, ALD Al,Oj; insulates the sidewalls while 100 A of ALD Pt acts as a seed layer for Cu
ECD. While TiN is sufficiently conductive, poor Cu adhesion was observed. Additionally, the

Pt seed layer provides a barrier for detrimental Cu diffusion into GaAs [190]. Since the Pt seed
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layer conformally covers the entirety of the sample surface, Cu will be plated everywhere. This
technique, known as ”damascene plating”, is the predominant Cu plating technique for TWVs.
Cu plated on (or protruding above) the chip surface is known as overburden. Overburden shorts
the TWVs, enlarges the mote form factor, and blocks NIR transmission. In high-density CMOS
applications, overburden is removed by chemical-mechanical polishing (CMP). However, CMP
presents many uncertainties, since CMP increases fabrication cost and complexity and is less un-
derstood for GaAs processes [191]. CMP may also endanger delicate surface structures like the
PV/LED mesas in the motes. Lastly, for thinned chips mounted with a temporary adhesive, total
thickness variation presents a major cause of defects during CMP. For these reasons, the neural
dust motes require a CMP-less GaAs TWYV fabrication process flow.

The literature offers several techniques for CMP-less TWYV fabrication. One solution uses a
wet copper etch to remove most of the overburden, but leaves an unacceptable amount for mote
assembly [192]. Another strategy electropolishes the overburden using a negative anodic current in
a phosphoric acid bath [193]. While effective, precise timing control is needed to avoid excessive
electropolishing, similarly to dishing in CMP. To overcome these limitations, two novel CMP-
less process flows are proposed. In the first, referred to as “’seed layer patterned TWVs”, the Pt
seed layer is selectively patterned and etched, as shown in Figure 6.4a. This technique allows
the simultaneous plating of TWVs and surface-level interconnects. Figure 6.4b shows the Cu-
plated interconnects after ECD. A pulsed plating program encourages deposition uniformity by
periodically turning off the power supply, allowing the Cu?* concentration to regain equilibrium
[194]. Further details of the plating process are given in the Appendix A.2. Figure 6.4c shows the
backside of the chip after thinning, revealing significant non-uniformity in Cu thickness between
TWVs. In most of the vias, the Cu is only a few um thick. As shown in the SEM cross-section
in Figure 6.4d, Cu plates the surface interconnects much more rapidly than the TWVs. Contact
profilometric measurements reveal an interconnect height of ~16 pm despite the TWV plating
being only a few um thick. Though the ECD process is poorly optimized, the vias are significantly
more conductive than their thin film counterparts whose conductive layer is only 10 nm thick.
Figures 6.4(e, f) show experimental R,;, measurements, revealing a best value of 1.7 2. This
technique is, however, sub-optimal for mote assembly, since the Cu interconnects are themselves

overburden and must be broken to electrically isolate the TWVs.
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Figure 6.4: Optical microscope images of a) Pt seed layer patterning b) Cu-plated interconnects c)
the backside of a thinned GaAs chip after ECD. d) SEM cross-sectional image of a plated TWV.
e) Measured via resistances for several opening widths. f) Measured I-V curves.

6.2.4 Selective Damascene Plating

Traditional damascene plating requires CMP since the electroplated metal covers the entire chip
surface. This section introduces “’selective damascene plating”, wherein the sample is conformally
coated in a Pt seed layer yet plating is restricted to the TWVs. This is accomplished using pulse
reverse current (PRC) plating and an evaporated TiO, mask. In PRC, a negative bias is placed on
the anode for a short duration after the forward pulse, as shown in Figure 6.5. During the reverse
pulse, ECD copper is oxidized and removed from the vias, a process that occurs more rapidly near
the top of the structures [193—197]. For purely forward pulse plating, the top of the vias close off
before the TWVs are completely infilled, leaving a keyhole in the center. On the other hand, the
stripping step during PRC enables bottom-up filling and reduces overburden. The other essential
technique is the deposition of a TiO, mask before plating (see Appendix A.2 for process details).
Evaporation via an electron beam is highly directional, leaving a thick layer of TiO, on the chip
surface but a negligible amount on the sidewalls. The deposited mask is self-aligned to the TWVs
and is easily removed by a short BHF dip. PRC plating promotes bottom-up filling while the

dielectric mask prevents any surface deposition.
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Figure 6.5: Pulse timing program for pulse reverse current plating.

Figure 6.6 compares PRC plating to pulse forward plating using a set of TWVs with an evapo-
rated TiO, plating mask. The current densities and timing parameters are given in Table 6.1. The

plating durations (7}.,;) are chosen for equal charge transfer, as given by:

T;fotal = Qtotal : (tfwd + trev + toff)/([fwd : tfwd - Irev) : trev) (61)

where (). 18 the total charge transferred. For example, the parameter sets in Table 6.1 both
yield Qote; = 500 mA-min. As shown in Figure 6.6, the pulse forward TWVs exhibit significant
overburden, while PRC TWVs have minimal overburden for an equivalent (), transfer. This
result confirms the fundamental assertions that PRC plating promotes bottom-up filling and that
the evaporated dielectric mask prevents Cu deposition on the chip surface. For the neural dust
motes, via resistance values on the order of 1-5 {2 are well within the application tolerance. Thus,
the TWVs provide a conductive path through the GaAs wafer without the need for CMP to remove
overburden. However, the ECD process is clearly nonoptimal as large voids exist at the bottom of
each structure. Achieving a complete via in-fill is a difficult task that requires optimizing the five
PRC parameters as well as other variables (plating solution, temperature, agitation rate, electrode
size and distance, etc.). Increasing t,s and t,, promotes bottom-up filling but requires a longer
plating time. In fact, if the ¢, /¢ .4 ratio is too large the denominator of Equation 6.1 equals zero

and no plating occurs at all.

Plating program ‘ J fwd (mA/cm?) ‘ Jrer (MA/cm?) ‘ T fwa (MS)

trev (ms) Zfoff (ms) ‘ 7—12501‘,al (mln) ‘
Pulse forward 50 N/A 5 0 10 30
Pulse reverse 50 100 5 1 10 53.3

Table 6.1: Parameters for the pulse forward and pulse reverse plating programs in Figure 6.6
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Figure 6.6: SEM cross-sections of Cu-infilled GaAs TWVs. The top row was subject to the PRC
program while the bottom had only forward pulses. The slot vias are 100 pm long.

Figure 6.7 exemplifies the efficacy of selective damascene plating. Despite the TiO, mask,
TWVs given the pulse forward program show many instances of overburden and mask breakdown.
Alternatively, the PRC TWVs show no such instances. The failure mechanism is ascertained in
Figure 6.7c, where ECD Cu grows on the Pt seed layer beneath the TiO,. In pulse forward plat-
ing there is no mechanism to prevent this and the TiO, is simply pushed aside. PRC remedies
this by stripping any copper that deposits near the surface. Further, by periodically applying re-
verse bias, PRC prevents charge buildup at high aspect ratio features, such as surface roughness
or via edges. This aids plating uniformity and discourages TiO, mask failure. Selective dama-
scene plating has several advantages over other CMP-less TWYV strategies. A common strategy
for bottom-up filling is the use of organic additives to slow the deposition rate near the top of the
TWVs [185, 190, 193, 198]. Compared to PRC plating, the use of additives is expensive, raises
optimization complexity, and adversely affects Cu conductivity [194]. As previously mentioned,
electropolishing is another option for CMP-less TW'V fabrication [193]. This technique uses dam-
ascene plating and PRC timing to achieve bottom-up filling and to uniformly deposit Cu on the
chip surface. A reverse current uniformly strips the overburden, requiring precise timing con-
trol to fully remove overburden without over-stripping the copper infill. Particularly for instances
where <1 pm of overburden is acceptable, selective damascene offers a straightforward CMP-less

fabrication technique.
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Figure 6.7: Top-down optical microscope images of GaAs TWVs plated with a a) pulse forward
and b) PRC program. c¢) SEM micrograph of a TWYV after pulse forward plating, showing Cu
deposition beneath TiO,.

6.3 Blind Si Vias for Carbon Fiber Probe Insertion

GaAs TWVs are not the only vias in the mote assembly. Deep Si vias in the IC chip provide two
essential functions. They lend a strong mechanical base for a carbon fiber probe and relay neural
data from the probe to the CMOS circuitry. Figure 6.8 illustrates the fully processed Si chip. In
addition to the ICs fabricated in the 180 nm process mode, the CMOS chip contains metal layers
embedded within dielectric silicon oxynitride (SiO4Ny). Unlike the GaAs TWVs, the Si probe
via is blind, meaning it does not extend completely through the wafer. This presents a particular
challenge: how to insulate the via sidewalls while maintaining connection to the buried CMOS

metal layer? This section details conductive blind Si vias that solve this dilemma.
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Parylene

Figure 6.8: Schematic of the fully processed CMOS chip, including blind probe via, through-wafer
alignment mark, and Ni/Au solder contacts for flip-chip bonding. The dashed black circles indicate
1) the buried Al etch stop junction 2) the edge leakage path.

To ensure the fidelity of recorded neural signals, via conductivity should be maximal while sub-
strate leakage should be minimal. Designing the fabrication process flow is further complicated
by material incompatibilities. For example, a viscous material like PR outgasses at low pressures,
making it incompatible with ALD and other high vacuum processes. The blind probe via fabrica-
tion is further complicated by its back-end of the line position within the process flow, requiring
all of the fabrication steps to be performed on a thinned chip. A self-aligned parylene etch mask
overcomes these challenges. The via fabrication process is briefly as follows. An alignment mark
is etched through the topside of the wafer, followed by wafer thinning to 40 um. Next, ~5 pum of
parylene C is deposited on the backside. After spinning thick (/= 7 um) photoresist on the parylene,
the probe via pattern is aligned to the through-wafer marks and developed into an etch mask. An
O, plasma transfers the via pattern to parylene, followed by a deep reactive ion etch (DRIE) to
etch the Si down to the Al etch stop. To insulate the sidewalls, a 300 Alayer of ALD AL,O3 is
deposited. Another reactive ion etch removes the ALD Al,O; that covers the exposed Al, allowing
a conductive path to the CMOS circuits without compromising the sidewall insulation. Lastly, a
100 A of ALD TiN makes the via conductive. Optical microscope images, schematic images of
key process steps, and greater technical detail are given in Appendix A.3.

Given the difficulty of characterizing the blind vias on a CMOS chip (requiring nearly complete
mote assembly), test structures are fabricated on a bulk Si wafer patterned with 500 nm thick

aluminum contacts on the topside, serving as an etch stop for probe vias processed on the backside.
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Experimental DC measurements are shown in Figure 6.9, showing via resistances as low as 150 €2.
The electrical measurements are similar to the GaAs TWV measurements, where adjacent vias are

probed from the backside and shorted through the topside (in this case by a single 100 pm long Al

contact).
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Figure 6.9: a) Measured resistance of blind Si vias with varying nominal widths. b) Characteristic
I-V curves for several of the structures in (a).

To understand the relationship between via resistance and width, consider the buried Al contact
after Al,O3 deposition (denoted by the dashed circle labeled ”1” in Figure 6.8). The Al,O3; con-
formally coats the entire via, blocking electrical access to the buried Al etch stop. Given the high
directionality of reactive ion etching, the films at the bottom of the via are etched more quickly than
the sidewalls. However, this becomes less true for higher aspect ratio vias, as transport limitations
reduce the etch rate. Even worse, sample tilt can cause the via bottom to be completely shadowed,
preventing any Al,O; etching. These effects becomes worse as the aspect ratio increases. Thus,
the narrower vias are less likely to be fully etched through, as reflected by the distribution in Figure
6.9a.

While this technique gives high enough conductivity for the neural dust motes, the substrate
insulation must also be confirmed. The dashed circle labeled *2’ in Figure 6.8 designates another
area of concern. During the Al,O; etch, the surface of the chip will etch at least as quickly as
the bottom of the via, inevitably creating a current leakage path at the via edge. However, using
the insulating parylene mask, significant edge erosion may occur before a leakage path opens.
A similar technique is given in Reference [199]. Parylene is insulating, biocompatible, and may
be conformally coated in thick layers. It has seen diverse application in biomedical applications

[200-203] and through-silicon vias [199,204]. Given the high chemical resistivity, oxygen plasma
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etching is nearly the sole technique for parylene patterning and removal [200,201,203]. Despite its
high stability, deep features may be etched into parylene with minimal sidewall slope, particularly
at the probe via aspect ratios (/1:4 for 20 um wide vias) [203]. In Figure A.10c of Appendix A.3,
the parylene mask yields circular vias that are roughly the correct size.

As shown in Figure 6.10b, the resistance between adjacent vias that are not shorted at the
topside is on the order of 10s of Gf). For the majority of the voltage sweep, the current is below
the detection limit. In conclusion, the blind Si probe vias provide sub-k¢? series resistance and G¢2
isolation. The self-aligned parylene etch mask helps minimize current leakage and lends structural
support to the thinned CMOS chip.

(a) 900

Current (pA)

20
Bias (V)

Figure 6.10: a) Optical microscope image showing the measurement setup for the isolation mea-
surements. b) Collection of I-V curves between adjacent disconnected vias. For most of the voltage
sweep, the current is below the source meter detection limit.

6.4 Heterogeneously Integrating GaAs and Si CMOS Chips

Integrating the PV/LED and CMOS chips is perhaps the tallest obstacle to full mote assembly.
As discussed in Section 6.1, flip-chip bonding is a realistic option for a system of this complexity
[205]. Flip-chip bonding requires solder pads on the top of the CMOS chip and the bottom of the
PV/LED chip. Using solder jetting and a short, localized laser reflow, the pads on the CMOS chip
are bumped with solder balls. The PV/LED chip is then flipped and aligned to the CMOS chip.
Finally, the solder is reflowed at high temperature, assuring electrical and mechanical connection.
In many flip-chip applications, the gap between the chips is underfilled with a dielectric material.
This section describes a conventional flip-chip process flow, though alternative techniques such
as anisotropic films and nonconductive adhesives are promising [206]. Both chips are thinned to

<50 pum prior to bonding. Thin film stress induces extreme bowing on the order of millimeters,
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requiring a temporary bonding technique that minimizes total thickness variation (TTV) and is
compatible with high reflow temperatures.

To heterogeneously integrate the CMOS and PV/LED chips, contact pads are first defined on
both chips. In the microelectronics industry, the solder pads are referred to as 'under bump metal-
lization’ (UBM). UBM typically consists of electrolessly plated Ni or Cu coated wtih a thin noble
metal to prevent oxidation [207]. To obtain adequate shear strength, flip-chip pads are typically
several micrometers thick, whereas metal layers deposited via physical vapor deposition are <1
um. The electroless UBM processes are not amenable to thin, mounted chips or the laboratory
setting generally. Instead, the chips are coated in a 50 nm Au seed layer and spin-coated with
photoresist. A contact pad pattern is exposed into the photoresist mask and 3-5 um thick Ni con-
tacts are deposited using pulsed electrochemical deposition. Another 50 nm Au deposition coats
the UBM, followed by ion milling to remove excess Au. Appendix A.4 provides process details.
Figure 6.11 shows SEM images of solder balls jetted and reflowed on the Ni/Au UBM.

Figure 6.11: Perspective SEM images of solder bumps jetted onto Ni/Au UBM after reflow.

For successful flip-chip bonding, the mounting technique must be temporary, have low TTV
(<10 pm), and be stable at the solder reflow temperature. A beeswax-like polymer is used in this
work. First, the beeswax is melted on a carrier wafer at 85°C and spread over an appropriate area.
Next, the thinned sample is placed on the melted wax and compressed under high pressure for
5 min at 85°C. The high pressure allows only a thin layer of beeswax between the sample and
carrier. Surface tension keeps the sample firmly affixed to the carrier, enabling low TTV even at
temperatures above the beeswax melting point. After 15 min, pressure is removed and the carrier
is rapidly cooled on a water-cooled table. Excess beeswax is cleaned with xylenes, acetone, and
IPA. A photo of a mounted 3x2.6 cm? Si test chip is shown in Figure 6.12a. The chip contains
a 2x2 array of ~4x5 um? dies, each consisting of 480 UBM bumps and through-wafer alignment

marks. The contact profilometric measurement in Figure 6.12b shows that TTV across one die is
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on the order of 1-2 pym, which is well under the ~10 pm requirement for solder bump jetting.
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Figure 6.12: a) Photo of a 50 um thick Si test structured mounted to a Si carrier with beeswax. The
black arrow indicates the profilometric path taken in (b). b) Contact profilometry of the mounted
Si piece in (a).

Due to the temporary adhesive mounting, thermal budget is limited. Thus, a laser reflow is
ideal, since a small beam spot can provide localized thermalization without heating the substrate.
The samples in this work are bumped via the SB2-Jet process offered by PacTech, wherein solder
balls are individually jetted on the UBM pads and reflowed by a 1064 nm laser. Up to 8 J can
be delivered in 10 ms at the bumps while maintaining approximately ambient conditions at the
substrate. A <6 mrad beam divergence assures high localization. SAC 305 (96.5% Sn, 3% Ag,
and 0.5% Cu) is used in Figure 6.11. SAC 305 melts at 217°C and is typically reflowed at 233-
235°C. The initial solder ball height is 40 um, and reduces to ~27 um after laser reflow. Every
tested solder joint withstood 13.6 gf pad lift and 12.6 gf ball shear tests. As shown in Figure 6.11,
solder balls were accurately placed on the UBM of a thinned Si test chip. This positive result is
largely attributable to the low TTV allowed by the beeswax mounting technique and the nearly

nonexistant substrate heating during laser reflow.

96



Figure 6.13: X-ray image of the bonded solder junctions after flip-chip alignment and reflow.

Early attempts at flip-chip bonding the two thinned chips show mixed results. As shown by
the X-ray image in Figure 6.13, the chips are well-aligned. However, the flip-chip process uses
a global 233°C reflow to attach the solder balls to the PV/LED chip. Though the chips are well-
bonded, the beeswax chemistry is altered, preventing dismounting from the carrier wafer. Further
process development is needed to overcome this limitation. It is unclear at which temperature the
changes occur. Using a lower temperature solder, such as Sn42/Bi58 (1,,,.;; = 138°C)), may be a
solution. Laser reflow may also be used for flip-chip bonding, though it is unclear how well the
laser will transmit through the substrate. Lastly, the use of a non-conductive adhesive may lower
the temperature requirement [206].

Several questions still linger for the realization of the mote in Figure 6.1. Dicing and encapsu-
lation processes remain untested and are described in Chapter VII. Preliminary results for carbon
fiber probe insertion experiments are also included. Chapter VII illuminates the remaining path for
the novel wireless neural assembly, highlighting possible strategies for heterogeneous integration,

dicing, encapsulation, and carbon fiber probe insertion.

97



CHAPTER 7

Future Work and Conclusions

7.1 Hyperspectral Imaging via Subwavelength Grating Filters

The subwavelength grating (SWGQG) filters studied in Chapters II-IV are partially motivated by hy-
perspectral imaging (HSI) systems and their myriad applications [55-62,64—66]. Recall that HSIs
strive for high-spatial and -spectral resolution, necessitating compact and narrowband spectral fil-
ters. A schematic of a 2x2 HSI pixel is shown in Figure 7.1, containing electrically isolated solid
state detectors integrated with a SWG filter array. The resonant wavelength (\;) of each filter is
statically tuned by adjusting the period, A, with each detector corresponding to a different wave-
length.

Figure 7.1: Schematic of a hyperspectral imaging pixel, containing a SWG filter array integrated
with a solid state detector array.

The prospect of directly integrating SWG filters with solid state photodetectors is bolstered
by the GaAs high contrast gratings (HCG) in Chapter III and the reduced-symmetry hexagonal
grating design in Chapter IV [70]. The polarization-independent hexagonal grating design is well-
suited for the HSI application. By geometrically tuning the peak linewidth, optimization of the
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filter size/resolution trade-off is straightforward. Furthermore, InGaAs photodetectors offer effi-
cient NIR detection, with cut-off wavelengths exceeding 1700 nm. InGaAs, AlGaAs, and GaAs
are readily integrated via epitaxial growth, prompting monolithic integration between an InGaAs
detector, an AlGaAs etch stop, and a GaAs HCG. Emerging room-temperature infrared photode-
tectors, such as InGaAs/GaAsSb Type-II superlattices [208], may push the cut-off wavelength
beyond 2.5 um while maintaining compatibility with suspended GaAs photonic structures.

7.2 Neural Mote Assembly

The neural motes still require considerable effort to realize the fully working system in Figure 6.1.
After individual processing, the CMOS and PV/LED chips must be heterogeneously integrated,

diced, inserted with a carbon fiber probe, and hermetically sealed.

7.2.1 Heterogeneous Integration

Chapter VI demonstrated progress toward heterogeneously integrating <50 um thick Si CMOS
and GaAs PV/LED chips. As shown in Figures 6.11 and A.11 in Appendix A.4, solder jetting and
laser reflow can reliably bump the chips with ~27 pm thick SAC 305 solder balls. Preliminary
efforts to bond the two chips gave mixed results. Though the chips are well-aligned, the high
SAC 305 reflow temperature (7., 233°C) produced chemical changes in the temporary beeswax
adhesive, inhibiting sample dismount after flip-chip bonding.

Going forward, it is imperative to develop a flip-chip bonding process that is in harmony with
the temporary adhesive. The two optimization knobs are 7;.. and the choice of adhesive. The adhe-
sive must admit low (<10 um) thickness variation, maintain adhesion at 7., and be easily removed
after bonding. If this last condition is not met, such as with beeswax at ;.. = 233°C, the assembly
may be destroyed while dismounting from the carrier wafers. Most polymer adhesives transition
to liquid well before 233°C, though they are still viable if surface tension is strong enough to hold
the chips in place. Alternatively, 7;.. may be reduced by using a lower temperature solder, such as
Sn42/Bi58 (1;.. = 138°C), or using a flip-chip process that minimizes substrate heating. Examples
of the latter include laser reflow and non-conductive adhesives (NCA) [206]. As shown in Fig-
ure 7.2, NCA flip-chip bonding mates the two chips under high pressure. Instead of reflowing the
solder, the chips are fixed together by curing the adhesive at a lower 7., (<180°C) [209]. NCA flip-
chip bonding enables lower 7}.. and shorter bump pitch, but suffers from high thermal expansion
coefficients, humidity absorption, and polymer trapping between the under bump metallization and
solder [206,209].
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Non-conductive adhesive

Figure 7.2: Schematic of flip-chip bonding using a non-conductive adhesive.

7.2.2 Mote Singulation

After bonding the chips, the motes must be singulated. Previous attempts at mechanically dicing
150 pm thick Si test motes resulted in ~20% die loss and significant chipping at the mote edges,
as shown in Figure 7.3. These non-idealities are expected to worsen for the complicated chip stack
in Figure 7.2. Though the actual CMOS circuits have a built-in crack stop, the PV/LED chip does

not. A less stressful dicing process is needed to avoid catastrophic failure during singulation.

Figure 7.3: Mechanically diced Si test motes. a) Photograph showing ~20% die loss. b) Optical
micrograph of diced test motes. Figures courtesy of Eunseong Moon.

Figure 7.4 depicts a schematic for singulating the motes via etching. A combination of wet
and dry etching processes can theoretically etch each of the diverse materials in the assembly.
Table 7.1 outlines the proposed etching strategy. As shown in Figure 7.5, plasma dicing produces

much smoother edges and reduces die loss (not shown). While successful for bulk Si pieces, this
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technique has not been tried on the full chip stack. In addition, photolithography has not been

attempted on bonded chips. Though plasma etching induces thermal stress, this is mitigated by

breaking long etch steps into several shorter ones. Nevertheless, the etching scheme may present a

viable alternative to the stresses of mechanical dicing.

Parylene

CMOS chip
(via TSMC) c-Si

Metallization (Al, < 1% Cu

SAC305 | Epony
Solder /nderfill

o

[(ON)]

GaAs
epi-wafer GaAs

—

Si carrier

Y

Figure 7.4: Schematic of the proposed plasma dicing scheme.

Layer name ‘ Material(s) ‘ Wet / Dry ‘ Etchant ‘
Parylene parylene C dry 0,
c-Si c-Si dry SFg
Metallization Al (low Cu %) wet BHF
Oxynitride SiO.Ny wet BHF
Epoxy underfill epoxy dry 0,
GaAs GaAs dry HBr
Epi-layers GaAs, AlGaAs, InGaAs dry HBr
Parylene parylene C dry 0,

Table 7.1: Proposed etching techniques to singulate the motes without mechanical dicing.

7.2.3 Carbon Fiber Probe Insertion

To assess the feasibility of inserting carbon fiber probes into the blind vias, test structures were

fabricated on a 350 pum thick Si wafer. After coating one side of the wafer with 7 pm thick pary-

lene, through-wafer via holes and dicing trenches are etched into the other surface using switched
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deep reactive ion etching (described in Appendix A.3). The vias are coated in a 100 A layer of
conductive TiN via plasma-assisted atomic layer deposition. Each mote has a 50x50 um? Ti/Au
contact pad to evaluate the carbon fiber’s electrical connection. The test motes are shown in Figure
7.5 after plasma dicing. As shown in Figure 7.6a, it is possible to individually insert carbon fiber
probes by hand. A 3x2 array of test motes are inserted with carbon fiber probes and mounted to
an insertion rig using a putty. The array was successfully implanted into a in vivo rat brain (not
shown; performed by Joseph Letner). As a key component of the mote assembly, further process
development is required for full heterogeneous integration. The carbon fiber probe must be inter-
faced with the CMOS blind via, sharpened for insertion, seamlessly encapsulated with the rest of

the mote, and functionalized at the tip with Ptlr.

Figure 7.5: Optical micrographs of a) Si test motes singulated via switched reactive ion etching
and b) a Si test mote tipped on its side showing sidewall profile.

Figure 7.6: a) A Si test mote inserted with a carbon fiber probe. b) A 3x2 array of Si test motes
inserted with carbon fiber probes and mounted to an insertion rig with a putty. (Figures courtesy
of Joey Letner).
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7.2.4 Mote Encapsulation

Encapsulation is a pressing question for chronically-implanted neural dust. A high-quality her-
metic seal prevents toxic chemicals from entering brain tissue, and conversely extends the lifetime
of the motes by keeping the electronics dry. The schematic in Figure 6.1 depicts a parylene en-
capsulation. Parylene has many attractive properties, such as biocompatibility, flexibility, and high
conformality. However, parylene consistently cracks after months of implantation [210,211]. For
chronic implantation, encapsulation layers should withstand the brain’s saline environment for
years. Bilayer approaches, such as parylene C and ALD Al,O; [211] or ALD Al,O3 and ALD
HfO, [212] may significantly extend the lifetime of implanted neural devices. Despite promising
results on planar structures it is less clear how these bilayer films perform on more complicated
topographies [202]. The problem requires innovative deposition technique, as even the most in-
trinsically robust films are subverted by poor conformality. This issue is mitigated by minimizing
contact between the devices and the deposition stage, which can be accomplished, for example, by

a specially designed mesh [212]. Multi-step depositions may also be a solution.

7.3 The ”’Last Millimeter” Gap of the Neural Dust Interface

A demonstration of NIR wireless data and power transfer under realistic operating conditions is
an important step toward the realization of the neural dust system. Akin to the last kilometer
problem in transportation and telecommunications, bridging the last millimeter between the motes
and an external detector is a technological challenge. Reference [87] demonstrates full end-to-end
functionality for a PV/LED chip integrated with a CMOS neural recording chip. Using the optical
setup in Figure 5.5, the Y-probe is aligned ~2 mm above the uLED. An 850 nm illuminates the PV
cell with a 150 pyW/mm? optical intensity, which is well below the 190 yW/mm? exposure limit.
The PV cell delivers 1.5 uW at 1.35 V, meeting the continuous power requirements of the CMOS
IC (0.73 uW and 0.9-1.5 V). As shown in Figure 7.7, an input neural signal triggers a sequence of
LED pulses, which are in turn detected by the SPAD via the Y-probe optical setup. When decoded,
the SPAD output signal identifies the LED trigger events with a >99% detection rate. As indicated
by the Monte Carlo calculations for NIR propagation, the expected optical link has -30 dB power
attenuation, which is less lossy than the Y-probe setup (-41.3 dB). Going forward, wireless power
and data transfer remains unproven for implanted motes, though the demonstration in [87] lends

confidence.
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Figure 7.7: Demonstration of end-to-end recording, beginning with an input neural signal and
ending with decoded neural events. Figure is referenced from [87].

The Y-probe optical setup is a useful test platform but is unsuitable for the simultaneous de-
tection of a large ensemble of motes. Ultimately, a repeater unit will be placed beneath the skull
to inductively relay detected neural signals from the motes to external electronics. Key compo-
nents in the repeater unit include a pixelated SPAD array for mote detection, integrated uLEDs to
power implanted motes, and inductive coils for wireless power and communication. To develop
this system, an intermediate goal is to image multiple uLEDs using a SPAD camera, such as the
64x32 pixel SPC? available from Micro Photon Devices [178]. The ideal camera reliably detects

simultaneously pulsing motes and is resilient to crosstalk.

7.4 Enhancing LED Light Extraction Efficiency

The InGaAs/GaAs uLEDs in Chapter V exhibit 2.5% experimental EQE compared to a 90% calcu-
lated IQE. Temperature-dependent photoluminescence experiments confirm high epitaxial growth
quality, suggesting that poor light extraction efficiency (LEE) is responsible for this disparity. In
planar LED structures, reflection at the semiconductor/air interface severely limits LEE, especially
as the emission angle deviates from perpendicular incidence.

All LEE enhancement strategies possess the same goal: improve phase matching between the
optical states in the semiconductor and those in the low index cover material. The chief techniques
are surface texturization and mode manipulation. Surface texture increases the probability that an
emitted photon impinges below the critical angle and allows more opportunities for light to escape

via multiple reflections [213-215]. Alternatively, periodic structures can also remedy interfacial
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momentum and energy mismatch. Example devices include photonic crystals (such as the SWG
structures in Chapters II-1V) [216,217] and plasmonic nanostructures [218]. Periodic texturization
may also alter the local density of states, increasing the LED emission rate via the Purcell effect
[219].

Random surface texturization is an effective yet practical LEE enhancement strategy. Rough-
ening techniques include chemical roughening [215] and colloidal lithographic masks [213]. In
Reference [213], close-packed colloidal polystyrene spheres create a randomly textured mask that
is transferable to the LED via dry etching. Using 400 nm wide spheres with a 200 nm etch depth,
~4 x extraction enhancement was observed [213]. This result is understandable via simple geo-
metric optics, where emitted light is more likely to impinge below the critical angle.

In Figure 7.8, full-wave calculations (via finite element methods) estimate LEE enhancement
for several pseudorandom surface textures. The simulated structure consists of a textured GaAs
substrate, an air cover layer, and a radiating dipole point source. The LEE enhancement is defined
relative to the emission profile of a similar planar structure. Figure 7.8a shows the extraction
enhancement for seven textures, demonstrating consistent improvement for all patterns and dipole
orientations. Though seven measurements are insufficient to establish full Monte Carlo analysis,
these calculations show the promise of using texturization to boost NIR LED LEE.

a) b)

Far field boundary =)

—e—Texture #1
—+—Texture #2
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Figure 7.8: a) Calculated LEE enhancement for several pseudorandom surface textures. Enhance-
ment is relative to the unpatterned, planar structure. b) E-field radiation pattern of textured GaAs
LED with “Texture 1. The texture depth is 200 nm and the dipole radiates at 1000 nm.

7.5 Conclusions

As with the decades-long miniaturization enjoyed by the microelectronics industry, optical systems

are rapidly scaling to the microscale. This dissertation introduced a diverse group of studies to
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advance the capabilities of microscale infrared (IR) technologies. The reduced scale makes almost
every phase of the engineering process more difficult (design, fabrication, characterization, etc.).
The presented works addressed each of these considerations, experimentally demonstrating novel
subwavelength grating (SWGQ) filters and important developments for wireless neural devices.

Chapter II presented a background on SWG filters, lending insight into the fundamental physics
of these surprising structures. An experimental study on zero-contrast grating transmittance filters
observed quality factors (Q) exceeding 150, some of the highest reported for SWGs in the mid-
wave IR (MWIR). Innovations in fabrication and characterization technique enabled these findings.
By extending the SWG filters into gratings periodic in two directions, a polarization-independent
optical response was confirmed. Finally, the effects of finite grating periodicity were empirically
clarified. A SWG bounded by gold reflectors was proposed to mitigate these deleterious effects.
This latter study is of keen importance for microscale devices.

The SWG filter technology was translated from the Si platform in Chapter II to the GaAs
material system in Chapter III. Epitaxially growing GaAs and AlGaAs layers on a GaAs substrate
presented two advantages. First, the epitaxial layers were grown to device thickness with minimal
variation. Second, the availability of highly selective etch chemistries allowed easy release of
suspended GaAs structures. This study found comparable filter performance to other material
systems in the MWIR, with > 50 Q and > 50% transmission efficiency. These filters promise
monolithic integration with other III-V optical devices, such as lasers and photodetectors.

Chapter IV gave an in-depth study into bound states in the continuum (BIC) in SWGs. High
symmetry SWG geometries prohibit access to infinite lifetime grating modes. An asymmetric
“two-step” grating broke this symmetry-protection, enabling high-Q coupling to quasi-BICs at
normal incidence. The theoretical effects of symmetry-breaking were experimentally confirmed by
fabricating two-step SWGs with varying degrees of asymmetry. Fano resonance analysis lent addi-
tional insight into quasi-BIC coupling, revealing a trade-off between Q and transmission efficiency.
In another study, a reduced symmetry hexagonal grating enabled fully polarization-independent
access to symmetry-protected modes at normal incidence. Design and analysis was bolstered by
analyzing diffraction efficiency symmetries.

To determine the detectability of implanted wireless neural recorders, Chapter V studied near
IR (NIR) emission and propagation in subcranial tissue. Monte Carlo scattering simulations ac-
counted for random scattering and absorption in turbid materials such as dura tissue and cere-
brospinal fluid. For a neural mote positioned 1 mm from a 200 um wide detector, the calculated
link efficiency was ~0.1%. An optical setup was presented to simultaneously provide a power
downlink at 850 nm and a communication uplink at 1000 nm. A Y-shaped reflectance probe and
single photon avalanche photodetector enabled >99% pulse detection efficiency at a safe optical

intensity. This work is a milestone on the path toward >1000 channel systems.
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Chapter VI presented innovative fabrication strategies to realize wireless neural motes. The hy-
brid integration of GaAs-based optoelectronic devices and Si CMOS integrated circuits prompted
extensive process development. Key achievements included conductive GaAs through-wafer vias
(TWYV), blind Si vias for carbon fiber probe insertion, and progress toward bonding two thinned
(<50 pm) heterogeneous chips. An evaporated dielectric plating mask enabled copper-infilled
GaAs TWVs without overburden or the use of destructive chemical mechanical polishing. Series
resistances as low as 1.4 2 were recorded. For the blind Si probe vias, a self-aligned parylene
etch mask allowed sub-k{2 connection to a buried metal contact and G{? substrate isolation. Lastly,
developments in thinned wafer mounting, solder bump jetting, and flip chip bonding represented
progress toward fully assembled neural motes.

This dissertation concluded with several proposed studies to further advance IR microscale
technologies. Before in vivo experiments may be considered, the neural motes require significant
development, particularly in the fabrication process flow and system-level detection scheme. Chap-
ter VII outlined a path toward full heterogeneous integration, mote singulation, encapsulation, and
carbon fiber probe insertion. Strategies to detect an ensemble of implanted modes were also sug-
gested. A SWG-integrated hyperspectral imager was a natural culmination of the work presented
in Chapters II-IV. While hyperspectral imaging is a focal point, the high-Q SWG filters are also in-
triguing structures for any application requiring narrow linewidth or high field enhancement, such

as biosensors, optical absorbers, nonlinear devices, and optical phased arrays.

107



APPENDIX A

Fabrication Process Details

A.1 GaAs Etch Development for Shallow Optical Structures

GaAs is an important material in this dissertation and IR devices generally. Many GaAs structures
require controlled, anisotropic etch profiles. Examples include suspended optical structures (Chap-
ter III), through-wafer vias (Chapter VI), LED surface texture (Chapter VII), and nanoelements for
flat optics technologies. The various applications have different considerations such as etch rate,
sidewall smoothness, anisotropy, and selectivity to etch mask and etch stop materials. With the ap-
propriate parameter adjustments, an HBr-based inductively-coupled plasma reactive ion etch (ICP)
meets all of these needs. Chapters III and VII describe the etch details for suspended gratings and
through-wafer vias, respectively.

While not investigated in this dissertation, metalenses and other flat optical structures also mo-
tivate GaAs etch development. Tuning a nanoelement’s optical phase shift requires precise thick-
ness control. Rather than timing the etch depth, high etch stop selectivity simplifies the proposition
since the etch rate plummets when the target depth is reached. To ensure the fidelity of the nanoele-
ment dimensions, the etch must have minimal undercut and be highly selective to an AlGaAs etch
stop. To obtain high selectivity between GaAs and Alj,GajgAs, Reference [134] introduced an
ICP process containing BCl; and SF¢. The SFq forms AlF, groups with AlGaAs, inhibiting the
chemical etch component at the etch stop. Figure A.1 repeats this experiment with a similar process
to Reference [134]. The process parameters in Figure A.1 are 400 W ICP power, 7 mtorr cham-
ber pressure, 45 sccm BClj, 45 sccm He flow, and 8 sccm SFg flow. Though GaAs:Aly,GaggAs

selectivity is as high as 22:1, Figure A.1b shows significant undercut.
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Figure A.1: a) GaAs etch rate and Aly,GaggAs for varying RF chuck power. b) SEM cross-section
for the 40 W point in (a).

An HBr ICP process reduces undercut by passivating the sidewalls with a Si-containing poly-
mer, as was shown in Sections III.3 and VI.2. The process parameters are 600 W ICP power, 30
mtorr chamber pressure, 100 sccm HBr flow, 20 sccm SFq flow, and 100 sccm He flow. Figure
A.2 shows SEM cross-sectional images for structures with varying aspect ratio (AR). Low AR
trenches, such as the 3000 nm gratings in (a, e) and the isolated lines in (d, h) exhibit high sidewall
verticality, whereas the high AR trenches experience significant undercut. Transport limitation pre-
vents passivation in the deep, high AR trenches. Accordingly, this etch is better suited for isolated

features (such as metalens nanolements) rather than high AR gratings.

Figure A.2: SEM cross-sections showing dependence of sidewall quality on feature size. Figures
(a-c) and (e-g) are patterned with 1D rectangular gratings with nominal periods of (a,d) 3000 nm,
(b,c) 1000 nm, and (c,g) 700 nm with a 50% nominal duty cycle. (d) and (h) show isolated 500 nm
lines. The RF chuck power is (a-d) 50 W and (e-h) 120 W.
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As shown in Figure A.3a, the GaAs:Aly,GaygAs selectivity exceeds 160:1 at 50 W RF chuck
bias. The GaAs:Aly,GaygAs and GaAs:photoresist(SPR) selectivities monotonically decrease with
bias, while the GaAs etch rate only modestly increases. This suggests that the GaAs etch rate is
limited by the density of charged ions rather than the physical bombardment energy. In this case,
raising the chamber pressure may increase etch rates at the expense of sidewall quality [135]. The
50 W bias gives enough energy to remove volatile GaAs byproducts but not enough to sputter sig-
nificant amounts of AlF,. This leads to the very high observed selectivity. As the bias increases,
the physical component of the AlF, etch increases while the GaAs rate remains roughly the same.
A similar effect occurs with the GaAs:SPR selectivity. At higher bias the physical etch component
dominates the chemical component and the process loses selectivity. Figure A.3b shows the de-
pendencies on the SF¢ flow rate. As expected, since AlF, cannot form without SFg, selectivity is
lost at 0 sccm SFg. For a constant pressure, introducing SF¢ displaces HBr, causing the GaAs etch
rate to decrease at higher SF¢ flow rates. The severe reduction in GaAs etch rate at 30 sccm SFg

may be due to the formation of a nonvolatile GaFy layer.
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Figure A.3: GaAs etch rate and selectivity to Aly,GaggAs and photoresist (SPR) for varying a) RF
chuck bias and b) SF¢ flow rate. The AlGaAs selectivity is unmeasurable at 30 sccm SF¢ flow.

A.2 GaAs Through-Wafer Vias

Figure A.4 depicts the process flow for the thin film TWYV, which has considerable overlap with
the CMP-less processes in Figures A.6 and A.7. To minimize the waste of epitaxially grown
material, process validation is performed on 50 mm single-crystal (100) GaAs substrates (AXT
Inc.). The wafer is first stripped of organic residues with a high power oxygen plasma (150°C
chuck temperature, 800 W RF power, 80 sccm O, flow, 180 s). In step (b) of Figure A.4, positive
photoresist (PR) is spin-coated to a thickness of ~3 um (MEGAPOSIT SPR 220). A 90 s soft-bake
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at 115°C evaporates solvents in the PR. Using h-line contact lithography, the PR mask is exposed
with 15-35 um wide circular and rectangular TWVs, 100 um long slot vias, dicing trenches, and
alignment marks. The wafers are again placed on a hot plate at 115°C for 90 s, followed by an 80
s development in AZ 726 MIF (MicroChemicals). A short, low power oxygen descum strips any
undeveloped PR (60°C chuck temperature, 100 W RF power, 35 sccm O, flow, 20 s). Next, the

wafer is mounted to a 150 mm Si carrier wafer using a thermally conductive diffusion oil.
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Figure A.4: Fabrication process flow for the thin film GaAs TWVs.

Step (c) depicts the ICP-RIE step. Prior to the main etch, a short breakthrough step removes
native oxides. The breakthrough step parameters are 5 mtorr chamber pressure, 300 W ICP coil
power, 100 W RF power, and 60 sccm Cl, flow. The parameters for the main etch step are 30
mtorr chamber pressure, 600 W ICP coil power, 90 W RF power, 100 sccm HBr flow, and 100
sccm He flow. Etching is performed using a LAM 9400 SE (LAM Research Corporation). Fol-
lowing the etch step, the mounted wafer is placed in acetone at 65°C to safely dismount from the
carrier. Acetone residue is removed by a dip in isopropyl alcohol dip (IPA) followed by a rinse
in deionized water (DI). To remove the Si-containing passivation layer, the wafer is placed in a
buffered hydrofluoric (BHF) acid solution for 5 min then rinsed in DI. Finally, organic residue is
stripped with another high power oxygen plasma treatment for 180 s. In step (d), 300 A of Al,O5
are deposited at 200°C via thermal atomic layer deposition (ALD) (Cambridge Nanotech Fiji).
Next a 100 A layer of TiN(or Pt) is deposited at 250(200)°C via plasma-assisted ALD. In step (f),
the wafer is backgrinded to 50 um, which is a precarious state for a brittle material like GaAs. To
infill the TWVs, protect the surface during thinning, and provide structural support for the thinned
substrate, step (e) deposits a 7 um thick layer of parylene C (Speciality Coating Systems, PDS
2035 CR) with adhesion promoter. After parylene deposition, the wafer is mounted to dicing tape,
backgrinded to 50 um, and given a 4000 grit polish (performed by Integra Technologies, Wichita,
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KS).

Post-thinning, the wafer is removed from dicing tape by first applying Crystalbond 555 wax
(Aremco) to a Si carrier wafer, heating the adhesive to 80°C on a hot plate and spreading over an
area larger than the thinned wafer. Next, the thinned wafer is placed on the Crystalbond adhesive
and removed from the hot plate. Figure A.5a shows this step of the process. From the bottom-up,
the stack consists of a 4” Si carrier wafer, Crystalbond 555 wax, a thinned 3” Si wafer containing
test chips, and the dicing tape on a metal frame. Now that the thinned wafer is glued to the carrier,
the tape may be carefully pealed from the carrier and thinned wafer, leaving the thinned GaAs
wafer face-up on the carrier as shown in Figure A.5b. The thinned GaAs wafer is removed from
the carrier by submerging the wafer in DI at 85°C until the samples debond. The PR pattern in step
(b) includes dicing trenches that are partially etched into the wafer during step (c). After thinning,
multiple samples on one wafer are automatically singulated during the hot DI release step. As
shown in Figure A.5c, the thinned samples are then mounted backside-up on Si carrier wafers
using a 10 um layer of PR (SPR 220) as an adhesive. A lift-off PR (LOR-B, MICROCHEM) and
SPR 220 are spin-coated on the samples. A pattern containing 50 um wide contact pads is aligned
to the TWVs, followed by the standard contact lithography steps detailed in the first paragraph
of this section. 10 nm of Ti and 500 nm of Au are deposited via magnetron sputtering. Lastly,
a 15 min soak in Remover PG at 65°C facilitates lift-off and completes the backside contact pad

fabrication.

(a) (b) (c)

Figure A.5: a) Photo of the tape removal process for a thinned Si wafer. b) Two thinned 3” Si
wafers mounted to 4” carrier wafers after tape removal. ¢) Thinned sample mounting using thick
SPR 220 photoresist.

The seed layer patterning technique in Figure A.6 follows Figure A.4 through step (d). After
depositing ALD Al,O3 and Pt, the seed layer pattern is defined in a PR etch mask using standard

contact lithography. In step (a) an ion mill (Intlvac Nanoquest II) removes the Pt layer, while a sec-
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ondary ion mass spectrometer monitors the sputtered Pt and Al concentrations to ensure minimal
overetch into Al;O5;. The PR mask is then stripped in a high power oxygen plasma. The Cu ECD
process in step (b) is performed in a commercially-available additive-free plating solution (Copper
Plating Acid Type, Transene), containing copper sulfate and sulfuric acid. The plating solution
is maintained at approximately room temperature (~=21°C), agitated at 220 rpm, and continually
filtered. The power supply anode is connected to a Cu sheet, while the cathode is clipped to the
GaAs sample, providing a low resistance path to the Pt seed layer. The pulse timing is 5,4 = 5 ms
and 7, = 50 ms, with an approximate forward current density of 10 mA/cm?®. The plating time is

55 min. Steps (c-e) are the same as in Figure A .4.
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Figure A.6: Fabrication process flow for the selective seed layer patterning technique.

In the selective damascene technique in Figure A.7, after ALD a 300 nm thick layer of TiO,
is deposited via electron beam evaporation (Angstrom Engineering, Evovac). An SiO, film was
also investigated, but it exhibited a high defect density after Cu ECD. The ECD plating setup is
identical to that of the seed layer patterning technique in Figure A.6. The current densities and
timing parameters are given in Table 6.1. After plating, the TiO, is removed by a 5 min dip in

BHEF, and the Pt layer is etched with an ion mill. Steps (c-e) are the same as in Figure A .4.
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Figure A.7: Fabrication process flow for the selective damascene plating technique.

Though the studies in Chapter VI are performed on a bulk GaAs substrate, the GaAs TWV
fabrication techniques are compatible with the greater PV/LED process flow. As shown in Figure
A.8, TWVs fabricated on the epitaxially-grown PV/LED structure minimally effect device per-

formance. The output current drop is primarily related to the loss of PV active area and sidewall
recombination at the TWVs.
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Figure A.8: Optical micrograph of an array of PV/LED cells for the neural motes, showing suc-
cessful integration with the GaAs TWV flow in Figure A.7. (Figures from Eunseong Moon)

A.3 Si Blind Vias for Probe Insertion

Via test structures are fabricated on a 3” p-type (100) Si wafer with 0-100 €2 resistivity. The wafer is
first cleaned in acetone at room temperature, then successively rinsed in IPA and DI. A high power
oxygen plasma strips the surface of organic residue (150°C, 800 W RF power, 80 sccm O, flow,
180 s). Next, SPR 220 positive photoresist is spin-coated and baked at 115°C for 90 s. A through-

wafer alignment mark pattern is exposed into the PR using h-line contact photolithography, then
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baked at 115°C for 90 s and developed for 80 s in AZ 726. Next, the wafer is mounted with a
diffusion oil to a 4” Si carrier wafer containing 2 um of thermally grown SiO,. An inductively-
coupled plasma reactive ion etch (ICP) tool (SPTS Technologies) etches ~ 50 um deep features
using a switched Bosch process. The etch(deposition) cycle parameters are 2800(200) W ICP coil
power, 60(0) W RF bias power, 30(24) mtorr chamber pressure, 30(250) sccm C4Fg flow, 390(0)
sccm SFq flow, 39(0) sccm O, flow, 2.6(2) s, 20°C chuck temperature, and 10 min total duration.
After another solvent and O, clean, a 300 A layer of Al,O; is deposited at 200°C via thermal ALD.
This layer isolates the Al contacts from the substrate. Next, LOR-B lift-off resist and SPR 220
are spin-coated and baked at 165°C(for 180 s) and 115°C(for 90 s), respectively. A contact pad
pattern is exposed using standard SPR 220 photolithography, and 500 nm of Al is deposited via a
magnetron sputtering tool. A 15 min soak in Remover PG at 65°C facilitates lift-off, followed by
another solvent and plasma clean. The wafer is then coated in 7 um of parylene C, backgrinded to
40 um, and given a 4000 grit polish.

The preceding process steps simulate a CMOS chip, as shown in Figure A.9a. After thinning,
dicing tape is removed using the process described in Section 2. Trenches etched during the align-
ment mark etch step automatically singulate the wafer into 13x 15 mm? pieces. Next another 5
um layer of parylene C is coated on the backsides of the pieces. The thinned samples are then
mounted backside-up on a 3” Si carrier wafer using a 10 um layer of PR (SPR 220) as an adhesive.
An extended 15 bake time (at 85°C) is required to evaporate the suspended solvents. Probe via
holes are patterned into a PR mask using thick SPR 220 spin-coated at 1000 rpm and baked for
240 s at 115°C. Post-exposure, the sample is baked at 115°C for 120 s and developed in AZ 726
for 160 s. The via hole pattern is transferred into the parylene by an oxygen plasma etch (60°C,
800 W, 50 sccm O, flow, 9 min), as depicted in Figure A.9b. Notably, the parylene:SPR selectivity
is ~1:1. Next, the 3” Si carrier wafer is mounted to a 4” with a thermally conductive diffusion
oil. In Figure A.9c, another use of the switched ICP process (18 min) etches via holes from the

backside of the piece to the bottom of the topside Al contacts.
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(b)

Figure A.9: Optical micrographs and schematics showing a) the PR mask for the parylene etch
b) the parylene etch c¢) DRIE through the parylene mask into Si d) Au contacts for electrically
characterizing the vias.

Since PR is incompatible with the high vacuum of ALD, the samples are demounted via an
overnight soak in acetone. For the first step of Figure A.10d, a 300 A layer of Al,O; coats the
sidewalls via 200°C thermal ALD. The samples are then remounted to Si carriers with thick SPR
220. The Al,O; coating the buried Al contact is removed by another ICP process (600 W ICP coil
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power, 50 W RF bias power, 5 mtorr chamber pressure, 25 sccm HBr flow, 25 sccm BCl; flow,
and 160 s total duration). The samples are again demounted by an overnight acetone soak. Next,
a 100 A layer of TiN is deposited by plasma-assisted ALD at 250°C. To provide contact pads for
electrical measurement, 500 nm Ti/Au contacts are fabricated via photolithography and lift-off, as
shown in Figure A.9d. An ion mill removes the TiN between the contacts.

The preceding process flow is modified for the actual CMOS chip fabrication. After CMOS
processing, the Al contact is already buried within the SiONy layer. Therefore the first step is to
define the through-wafer alignment marks. A single etch mask must withstand both the SiO.N,
and Si etch steps. A Si-containing hard mask will be rapidly etched by one of the etch steps, while
a metal hard mask is incompatible with the etch tools. Thus, a 10 um thick layer of SPR 220
(7.0) is spin-coated at 1500 rpm and baked for 600 s at 85°C. Exposure and development times are
comparably increased. The ICP parameters for etching through the SiO4N, are 600 W ICP coil
power, 50 W RF bias power, 5 mtorr chamber pressure, 25 sccm HBr flow, 25 sccm BCl; flow,
and 160 s total duration. The Si etch uses the same switched Bosch process as the test structures in
Figure A.9c. In Figure A.10a, alignment marks are aligned to the CMOS circuitry and etched ~ 50
um through the SiO4N; and into the Si. Figure A.10b shows a Si probe via etched through the Si
from the backside of a thinned CMOS chip. When aligned to the through-wafer marks, the probe
via holes are well-aligned to the buried Al layer near the top of the chip. Backside processing of the
probe vias uses the same self-aligned parylene mask technique as the test structures. Fabrication is

completed after the TiN deposition, as the motes do not require backside contact pads.

(b)

Through-wafer

alignment m_afk-." Blind Si probe via

RN

&

Alignment mark

Figure A.10: Optical micrograph showing a) a through-wafer alignment mark within the CMOS
mote circuitry and b) a blind Si probe via fabricated on the backside of a thinned CMOS chip.

A.4 Flip-Chip Bonding UBM

This section describes the fabrication process for the flip-chip bonding under bump metallization

(UBM). A 500 A Au seed layer coats the sample via a magnetron sputtering tool. A plating mask is
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patterned by first spin-coating the wafer with 3 pm thick SPR 220 positive photoresist and baking
at 115°C for 90 s. Next, the sample is exposed with h-line contact photolithography and baked
again at 115°C for 90 s. The resist is then developed in AZ 726 for 80 s. The adhesion strength
between Ni and the Au seed layer is greatly improved by introducing a plasma activation treatment
before electroplating (300 mT base pressure, 300 W power, 50 sccm O, flow, 7 sccm Ar flow,
120 s duration, Glen Technologies Glen 1000p). Plasma treatment promotes adhesion by stripping
organic contaminants, activating the Au surface by introducing chemical functional groups, and
increasing the surface area of the bonding interface [220].

Nickel is electrochemically deposited in a solution containing nickel (I1) sulfate (NiSO4(H,0)¢)
and nickel sulfamate (Ni(SO3;NH,),). The plating solution is maintained at 50°C, continuously
filtered, and agitated at 220 rpm. A pulse plating program alternates between 1 ms of 20 mA/cm?
anodic current density and 1 ms of zero bias, with a measured Ni deposition rate of ~180 nm/min.
The sample is then cleaned in acetone and IPA to remove the photoresist mask. A second 500 A Au
seed layer is sputtered to prevent Ni oxidation. Another iteration of photolithography patterns the
Ni/Au bumps for excess Au removal. An ion mill removes the excess Au between the UBM, while
the UBM is protected by the photoresist mask. Figure A.11(a, b) shows Ni/Au UBM before and
after solder bump jetting and laser reflow. Figure A.11c shows Ni UBM fabricated on the backside
of a thinned GaAs wafer, aligned above GaAs TWVs. This proves that the Ni/Au UBM fabrication

process flow is amenable to thinned wafer processing.

(a) (c)

)

e e 8%

Figure A.11: Optical micrographs of a) Ni/Au UBM before solder bump jetting b) Ni/Au UBM
after solder bump jetting and laser reflow and c) Ni UBM fabricated on the backside of a thinned
GaAs wafer, aligned above GaAs TWVs.
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