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Abstract

Integrated optical phased arrays, fabricated in advanced silicon-photonics platforms,
enable manipulation and dynamic control of free-space light in a compact form factor,
at low costs, and in a non-mechanical way. As such, integrated optical phased arrays
have emerged as a promising technology for many wide-reaching applications, includ-
ing LiDAR sensors and augmented-reality displays. In this thesis, novel integrated-
optical-phased-array devices, systems, results, and applications are presented.

First, beam-steering optical phased arrays for LIDAR are shown, including the
first beam-steering optical phased arrays powered by monolithically-integrated on-
chip rare-earth-doped lasers, the first beam-steering optical phased arrays controlled
using heterogeneously-integrated CMOS driving electronics, and the first single-chip
coherent LiDAR with integrated optical phased arrays and CMOS receiver electronics.
These demonstrations are important steps towards practical commercialization of low-
cost and high-performance integrated LiDAR sensors for autonomous vehicles.

Next, integrated optical phased arrays for optical manipulation in the near field
are developed, including the first near-field-focusing integrated optical phased arrays,
the first quasi-Bessel-beam-generating integrated optical phased arrays, and a novel
active butterfly architecture for independent amplitude and phase control. These
near-field modalities have the potential to advance a number of application areas, such
as optical trapping for biological characterization, trapped-ion quantum computing,
and laser-based 3D printing.

Finally, a novel transparent integrated-phased-array-based holographic display is
proposed as a highly-discreet and fully-holographic solution for the next generation of
augmented-reality head-mounted displays; novel passive near-eye displays that gener-
ate holograms, the first integrated visible-light liquid-crystal-based phase and ampli-
tude modulators, and the first actively-tunable visible-light integrated optical phased
arrays are presented.
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Chapter 1

Introduction

By enabling optical microsystems with new functionalities, improved system per-
formance, and reduced size, weight, and power, integrated photonics is positioned
to enable next-generation optical technologies that facilitate revolutionary advances
for numerous fields spanning science and engineering, including computing, sensing,
communications, displays, quantum, and biology.

An emerging class of integrated photonic systems is integrated optical phased ar-
rays, which enable manipulation and dynamic control of free-space light in a compact
form factor, at low costs, and in a non-mechanical way. As such, integrated optical
phased arrays have emerged as a promising technology for many wide-reaching ap-
plications, including light detection and ranging (LiDAR) for autonomous vehicles,
three-dimensional (3D) holography for augmented-reality displays, free-space optical
communications, and trapped-ion quantum computing.

In this thesis, novel integrated-optical-phased-array devices, systems, results, and
applications will be presented [1-6].

First, in Ch. 2, beam-steering optical phased arrays for LiDAR will be shown,
including the first beam-steering optical phased array powered by a monolithically-
integrated on-chip rare-earth-doped laser [7,8], the first beam-steering optical phased
array controlled using heterogeneously-integrated CMOS driving electronics [9, 10],

and the first single-chip coherent LiDAR with integrated optical phased arrays and
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CMOS receiver electronics [11]. These demonstrations are important steps towards
practical commercialization of low-cost and high-performance integrated LiDAR sen-
sors for autonomous vehicles.

Next, in Ch. 3, integrated optical phased arrays for optical manipulation in the
near field will be developed, including the first near-field-focusing integrated opti-
cal phased arrays [12,13], the first quasi-Bessel-beam-generating integrated optical
phased arrays [14, 15|, and a novel active butterfly architecture for independent am-
plitude and phase control [16,17]. These near-field modalities have the potential to
advance a number of application areas, such as optical trapping for biological char-
acterization, trapped-ion quantum computing, and laser-based 3D printing.

Finally, in Ch. 4, a novel transparent integrated-phased-array-based holographic
display will be proposed as a highly-discreet and fully-holographic solution for the next
generation of augmented-reality head-mounted displays; novel passive near-eye dis-
plays that generate holograms [18,19], the first integrated visible-light liquid-crystal-
based phase [20,21] and amplitude [22,23] modulators, and the first actively-tunable
visible-light integrated optical phased arrays |24| will be presented.

The work discussed in this thesis has resulted in a number of publications upon
which this thesis is based [1-24]. Contributions were also made to a number of ad-
ditional results, including the first optical frequency synthesizer using an integrated
rare-earth-doped laser [25, 26|, the first monolithically-integrated rare-earth-doped
tunable lasers [27,28] and mode-locked lasers [29], the first integrated datalink pow-
ered by an on-chip rare-earth-doped laser [30], a novel integrated transceiver for
quantum-secure communications [31,32], and a novel integrated high-speed non-linear
modulator operating at cryogenic temperatures [33]; however, these additional con-

tributions will not be discussed in this thesis.
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Chapter 2

Beam-Steering Integrated Optical
Phased Arrays for LIDAR

Light detection and ranging (LiDAR) has emerged as a vital and widely-used sensing
technology for autonomous systems, such as autonomous vehicles, since it enables
3D mapping with higher resolution than traditional RADAR. However, current com-
mercial LIDAR systems utilize mechanical beam-steering mechanisms that decrease
reliability and increase production cost. To address these limitations, integrated op-
tical phased arrays, which enable low-cost, high-speed, and compact non-mechanical

beam steering, have emerged as a promising solution for next-generation LiDAR.

In this chapter, the first beam-steering integrated optical phased array powered
by an on-chip rare-earth-doped laser will be shown in Sec. 2.1 [7,8]; this system rep-
resents the first demonstration of a rare-earth-doped laser monolithically integrated
with an active CMOS-compatible silicon-on-insulator photonics system. Addition-
ally, the first beam-steering optical phased array heterogeneously integrated with
CMOS driving electronics [9,10] and the first single-chip coherent LiDAR with in-
tegrated optical phased arrays and CMOS receiver electronics [11], both in a novel
3D-integrated electronics-photonics platform, will be presented in Sec. 2.2 (collab-
oration with the Berkeley Stojanovic group); this 3D integration scheme allows for

photonics and CMOS electronics to be independently optimized and scaled, while
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maintaining dense interconnections. These laser- and electronics-integration demon-
strations are important steps towards practical commercialization of low-cost and

high-performance integrated LiDAR sensors for autonomous vehicles.
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2.1 Integrated Optical Phased Arrays with

Monolithically-Integrated Lasers

The following work was done in collaboration with Nanxi Li (MIT), Christopher
V. Poulton (MIT), Zhan Su (MIT), Matthew J. Byrd (MIT), Emir Salih Magden
(MIT), Erman Timurdogan (MIT), Christopher Baiocco (SUNY Poly), Nicholas M.
Fahrenkopf (SUNY Poly), and Michael R. Watts (MIT). This work has been published
in [7,8].

2.1.1 Introduction

Integrated optical phased arrays, fabricated in advanced silicon-photonics platforms,
enable manipulation and dynamic control of free-space light with large aperture sizes
and fast steering rates [9,12,19,34-44]. As such, integrated optical phased arrays have
many promising wide-reaching applications, including light detection and ranging
(LiDAR) [34], holographic displays [19, 35|, and free-space optical communications
[36].

However, due to the absence of a direct-band-gap material in standard silicon-
photonics platforms, many of these demonstrations have been limited to systems
with off-chip fiber-coupled input lasers. Given that the majority of phased-array
applications require sources with narrow linewidths and wide tunability, this results
in systems utilizing expensive benchtop tunable lasers with large form factors that
restrict the systems’ practicality.

To improve the practicality of these systems, phased-array systems with on-chip
laser sources have been demonstrated using a hybrid I1I-V /silicon laser integration ap-
proach (wherein a ITI-V epitaxial material is bonded to the silicon chip and patterned
to define the gain regions of the on-chip laser) [37,38| and using an indium-phosphide-
based platform (wherein gain is achieved using a front-end quantum-well intermixing
technology) [39]. However, although there have been significant commercial efforts in

large-scale production of heterogeneously-integrated photonics platforms, including
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by Intel [45], Juniper Networks [46], and HP Enterprise [47], these platforms require

complex fabrication methods.

Compared to these approaches, optically-pumped monolithically-integrated rare-
earth-doped lasers [27,48-57| offer an approach to on-chip light generation that re-
quires only a single CMOS-compatible back-end deposition step that could be per-
formed at a low cost on the wafer scale. Although rare-earth-doped lasers require an
optical pump source, this approach greatly reduces the linewidth and tunability re-
quirements for the input pump since the output wavelength, linewidth, and tunability
of the laser are determined by the integrated cavity design. As such, these lasers en-
able high output powers |49], kilohertz linewidth [50|, and wide tunability |27] using

inexpensive single-frequency pump sources.

Although rare-earth-doped lasers have been demonstrated in prior work, they
have been limited to passive stand-alone lasers [48-56|, passive lasers powering pas-
sive systems [57], and stand-alone tunable lasers based on metal heaters [27]. Thus
far, a monolithically-integrated rare-earth-doped laser has yet to be demonstrated in
an active silicon-on-insulator (SOT) photonics system. This is due to the challenges
associated with integrating the rare-earth-doped gain material into an active photon-
ics layer stack with multiple waveguide layers, silicon dopants, and routing metals,
and ensuring that the gain deposition temperature does not detrimentally affect the

active components [48].

In this section, an erbium-doped laser and an electrically-steerable optical phased
array are monolithically integrated in an active silicon-photonics platform. An ad-
vanced CMOS-compatible 300-mm-wafer silicon-photonics platform was developed
that consists of a silicon layer with eight doping masks, two silicon-nitride layers,
three metal and via layers, a dicing trench for smooth edge-coupled facets, and a
gain-film trench that enables interaction between the gain material and waveguide
layers. This platform was used to demonstrate an integrated system consisting of
an optically-pumped on-chip laser, layer-transition and wavelength-filtering devices,
and an active optical phased array. Lasing with a single-mode output, 30dB side-

mode-suppression ratio (SMSR), and 40 mW lasing threshold was shown, and one-
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dimensional beam steering with a 0.85° x 0.20° full-width-at-half-maximum (FWHM)
beam and 30°/W electrical steering efficiency was demonstrated. This system repre-
sents the first demonstration of an active SOI photonics system powered by a rare-
earth-doped monolithically-integrated laser and paves the way for future monolithic
silicon-photonics systems, such as data communication links [58] and on-chip optical

synthesizers |26, 59].

2.1.2 Platform

The monolithically-integrated system was fabricated at SUNY Poly in an advanced
CMOS-compatible 300-mm-wafer silicon-photonics platform consisting of a silicon
layer with eight doping masks, two silicon-nitride (SizNy) layers, three metal layers
for electrical routing and contact pads, two via layers and metal-to-silicon contacts,
a dicing trench for fiber coupling, and a trench for deposition of an erbium-doped
aluminum-oxide (Al,O3:Er®") thin film (performed at MIT). Figure 2.1 shows a sim-
plified schematic of the layers in the platform.

In the developed platform, a 300-mm-diameter SOI wafer with 2 pum buried silicon-
dioxide (SiO;) thickness and a standard 220-nm-thick silicon device layer was used.
This silicon layer was patterned using 193 nm deep-ultraviolet immersion lithography
in two steps: a full etch to define silicon strip waveguides and a 120 nm partial etch
to define 100-nm-thick silicon ridges. Any residual line-edge roughness was reduced
using oxidation and removal steps. The active silicon devices, such as thermal phase
shifters [40] and modulators [60], were then P- or N-type doped to define junctions
for modulation or increase electrical conductivity for on-chip heaters. A suite of
eight dopant masks was used with varying dopant species (Arsenic, Phosphorus, and
BF5), doses, and energies to enable P- and N-type doping for both full-height and
partial-height waveguides.

Next, a tetraethylorthosilicate (TEOS) plasma-enhanced-chemical-vapor-deposition
(PECVD) SiO, layer was deposited on top of the silicon layer and its top surface was
planarized using a chemical-mechanical polishing (CMP) step leaving 100 nm of SiOs

above the silicon layer. A SizN, layer was then deposited using another PECVD
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process, polished to reduce optical scattering loss resulting in a final layer thickness
of 200 nm, and patterned using 193 nm immersion lithography. This process was then
repeated with a second 100-nm-thick SiO, layer and a second 200-nm-thick SizNy
layer. The two resulting SizN, layers, called the first nitride and second nitride, de-
fine the passive SigN, devices in the system. Additionally, the second-nitride layer

was also used as an etch stop for the gain trench.

Above these three waveguide layers, three metal and via layers were formed using
a series of additional SizNy etch stop layers, trenches, metal depositions, and SiOq
layers. A metal via was used for electrical contact to the silicided regions of the
silicon layer, two 1-um-thick copper metal layers were patterned to enable routing of
electronic signals, copper vias were used for interconnection between the copper metal
layers, and a third aluminum metal layer and aluminum vias were used to define pads

for electronic probe connection.
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Figure 2.1: Simplified layer schematics of the monolithically-integrated silicon-
photonics platform utilized for the phased-array system (a) before the gain trench
is etched, (b) after the gain trench is etched, and (c) after the gain film is deposited
(not to scale).
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Figure 2.1a shows a schematic of the platform at this stage. At this point in the
process, the platform resembles a standard multi-layer photonics platform (similar
to [61,62]) with measured waveguide losses on the order of 3dB/cm and 1.5dB/cm
for the silicon and Si3N, waveguides, respectively. (Note that, since PECVD SizNy
was used, the SigN, waveguide loss increases by about 3dB around 1520 nm due to
residual N-H bonds; this loss could be reduced by optimizing the stoichiometry of the
SizNy.)

Next, to enable interaction between a gain material and the waveguide layers in
the platform, a trench was formed into which gain material can be deposited. In the
majority of prior rare-earth-doped-laser demonstrations [48-54|, a gain trench was
not used and the gain material was deposited directly on top of passive waveguides
using a blanket film approach; this approach enabled strong interaction between the
gain material and the waveguide modes, but limited the demonstrations to passive
stand-alone devices. By introducing the gain trench, strong interaction between the
gain material and the waveguide modes is maintained while simultaneously enabling
fabrication of a vertical stack of multiple waveguides, metals, and vias using stan-
dard CMOS processes (as discussed in Sec. 2.1.2 above). Specifically, a 4-pm-deep
trench was etched into the SiOs using the second-nitride layer as an etch stop. The
second-nitride etch stop was then dry etched selectively to the underlying oxide. An
additional 100-nm-thick SiO, layer was then deposited as a liner within the gain
trench, such that the final spacing between the first-nitride layer and the bottom of
the trench is 200 nm, as shown in Fig. 2.1b.

Finally, a deep dicing trench was etched to define the edge of each chip and create a
smooth facet for fiber edge coupling after dicing, and the oxide above each aluminum

pad was removed to create an opening for each pad.

After dicing the wafer into individual reticles, a 1170-nm-thick Al,Os:Er®*t film
was deposited on top of the chip via reactive co-sputtering at MIT [63], as shown
in Fig. 2.1c. The gain-film thickness was chosen to ensure high mode overlap and
confinement within the film for the pump and signal modes (as discussed in Sec. 2.1.3).

Additionally, the deposition temperature was optimized experimentally to ensure that

34



the silicon contacts in the system did not degrade due to the deposition process
and that the laser performance was not sacrificed significantly [48]. Specifically, the
temperature was reduced on successive deposition iterations until a change in contact
resistance was not measured post deposition. The resulting optimized deposition
temperature was measured to be 397°C at the substrate. The background loss of the
film was measured to be <0.1dB/cm. Finally, the Erbium doping concentration was

optimized experimentally and estimated to be 1.5 x 10%° cm 3.

At the same pump
power, a lower doping concentration would lead to lower lasing power due to reduced
gain, while a higher doping concentration would lead to lower lasing power due to

doped-ion clustering or quenching [64, 65].

2.1.3 Architecture

This advanced platform was used to demonstrate an integrated phased-array system
powered by an on-chip laser. The system consists of an optically-pumped on-chip
laser, layer-transition and wavelength-filtering devices, and an electrically-steerable
integrated optical phased array. Figure 2.2 shows a simplified schematic of the system.

The system uses an on-chip distributed-feedback (DFB) laser [57] as the optical
source. The gain waveguide of the DFB laser consists of five Si3sN, segments patterned

in the first-nitride layer underneath a 30-um-wide gain trench and Al,Os:Er®* film,

System Schematic

Phase Shifters

Layer
Transitions

Antennas

DC Filter

DFB Laser

Figure 2.2: Simplified schematic of the phased-array system with an on-chip laser
showing major components and process layers (not to scale).
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as shown in Fig. 2.3a. The widths of and gaps between the SizN, pieces were both
selected to be 300 nm to ensure high transverse-electric mode overlap and confinement
within the gain film for both the 980-nm-wavelength pump and 1599-nm-wavelength
signal. The confinement factors in the film were calculated to be 96.9% and 89.8% for
the pump and signal modes, respectively, using a two-dimensional mode solver (the
simulated mode profiles are shown in Figs. 2.3b—c). The DFB cavity was formed by
patterning a 230-nm-wide SizgN, grating in the first-nitride layer along both sides of the
gain waveguide, as shown in Fig. 2.3a. To enable a strong single-mode lasing output
at the desired signal wavelength, each grating was designed with a 509 nm period,
0.5 duty cycle, 350 nm lateral gap between the gain waveguide and the grating, and
quarter-wave gap at the center of the cavity. The total length of the DFB laser is
2cm, limited by the size of the reticle. Note that variation in the absolute thickness

of the gain film will result in a shift of the lasing wavelength [52|, whereas variations

Laser Schematic

Laser Pump Mode

Laser Signal Mode

Grating — =700 Grating

Segmented Waveguide

Figure 2.3: (a) Schematic of the center section of the on-chip DIFB laser showing
the five-segment gain waveguide, gratings, and center gaps. Simulated mode profiles
of the (b) 980-nm-wavelength pump and (c¢) 1599-nm-wavelength signal in the DFB
waveguide.
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of the gain-film thickness along the length of the laser will affect the quality factor
of the cavity [51]; to compensate for radial film-thickness variations, a curved DFB

laser could be used [51].

At the far end of the DFB laser, a three-stage 600-um-long layer transition adia-
batically couples the mode from the five-segment gain waveguide under the trench into
a 1.2-um-wide double-layer (first-and-second-nitride) SisN, waveguide, as shown in
Fig. 2.4a. After this layer transition, the 1599 nm signal wavelength is separated from
the 980 nm pump using a wavelength-dependent directional coupler (DC). As shown
in Fig. 2.4b, the DC acts as a wavelength filter with an approximately 500 nm sim-
ulated 3dB bandwidth and approximately 30 dB simulated signal-to-pump tap-port
extinction ratio. The pump output port of the filter is terminated with a doped-
silicon block to ensure efficient absorption of any excess pump light. On the signal
output port of the filter, another 200-um-long layer transition adiabatically couples

the signal into a 400-nm-wide silicon waveguide connected to the input bus of the

Transitions and Filter Schematic
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Figure 2.4: (a) Schematic of the layer transitions and DC wavelength filter (not to
scale). (b) Simulated transmission versus wavelength for the tap (blue) and thru
(green) ports of the DC filter.
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integrated phased array with <0.1 dB measured loss, as shown in Fig. 2.4a.

The integrated optical phased array utilizes a grouped cascaded phase-shifter ar-
chitecture [34], as shown in Fig. 2.5, which controls the relative phases applied to
an array of antennas. Evanescent couplers with 120 nm coupling gaps and increas-
ing coupling lengths were used to uniformly distribute the input power from the bus
waveguide to 49 grating-based antennas with a 2 um pitch. Note that the coupling
lengths could also be engineered to enable an apodized Gaussian amplitude profile
for sidelobe suppression [40]. The antennas utilize a full-etch perturbation geome-
try (a 64nm perturbation is etched with a period of 621 nm along the length of the
500-pum-long and 610-nm-wide antennas) to enable radiation out of the plane of the
chip at the signal wavelength. A phase shifter was placed on the bus between each
evanescent coupler to enable cascaded electronic phase control to the antennas for
one-dimensional beam steering. A doped waveguide-embedded thermal phase shifter
in an adiabatic-bend configuration was used to ensure thermally-efficient control with
low optical loss |[40]. The phase shifters are grouped and controlled by 6 electronic
signals to reduce control complexity while enabling fine tuning for any fabrication-
induced phase variations [34]. Given the 0.5mm x 0.1 mm aperture size and 2 pm
antenna pitch, a 0.80° x 0.16° main beam FWHM and grating lobes at 4+51° are

expected in the far field of the array when the main beam is centered at 0°.

OPA Schematic

Figure 2.5: Simplified schematic of the cascaded-architecture integrated optical
phased array.
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2.1.4 Experimental Results

To characterize the fabricated system, an off-chip 980-nm-wavelength laser diode was
used for optical pumping, as shown in Fig. 2.6. The pump was routed through a fiber
wavelength-division multiplexer (WDM) to enable single-sided characterization of
the on-chip laser’s signal using either an optical spectrum analyzer (OSA) or a power
meter and through a polarization controller to ensure that the transverse-electric
mode was coupled into the gain waveguide. The pump was then coupled into the
on-chip laser with 254 mW of optical power launched from the input fiber facet (the
facet coupling loss was estimated to be 6.2dB from experiment and was calibrated
out). Figure 2.7 shows the normalized laser spectrum, as measured using an OSA.

A single lasing peak at 1599nm with a 30dB SMSR was observed. Additionally,
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Figure 2.6: (a) Photograph of the fabricated phased-array system with an on-chip
laser and the experimental setup. (b) Diagram illustrating the experimental setup
used to characterize the on-chip laser.
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by varying the input pump power and measuring the resulting signal power using a
power meter, the slope efficiency and launch power lasing threshold of the on-chip
laser were estimated to be 0.01% and 40 mW, respectively.

Next, a free-space optical setup was utilized to image the far field of the phased
array onto an infrared camera. The imaging setup consists of an objective with either
a b0° or 16° field of view to serve as a near-to-far-field converter, a singlet lens for
magnification, and an InGaAs short-wave-infrared camera [41]. Figure 2.8a shows
the measured far-field intensity of the array without fine-tuning optimization. Cross-
sectional views of the intensity in the array dimension, ¥, and the antenna dimension,
0, are shown in Fig. 2.8b. As expected, the system forms a beam in the far field of the
array with a measured main-beam FWHM diffraction angle of 0.85° x 0.20°, which
closely matches both the theoretical value of 0.80° x 0.16° and the 0.85° x 0.18°
experimental value previously reported using a similar stand-alone phased array [34].
Note that the far-field pattern could be further improved by utilizing the fine tuning
capabilities of the grouped architecture. Additionally, the loss of the system (launched
on-chip pump power to radiated main-lobe power) was measured to be approximately
48 dB. Approximately 40 dB of this loss is attributed to the laser, while the remaining
8dB is largely account for by the power radiated to the higher-order grating lobes,
in addition to the minimal losses induced by the layer transitions, phase shifters, and
evanescent couplers.

Finally, a multi-pin electrical probe was used to vary the electrical power applied
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Figure 2.7: Measured optical spectrum of the on-chip laser showing (a) the full spec-
trum including the amplified spontaneous emission and (b) the lasing peak at 1599 nm.
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across the integrated phase shifters in the array and steer the generated beam in the
far field. With 0.5 W of applied electrical power, 15° of steering in the array dimension,
W, was observed, as shown in Fig. 2.8c. This closely matches the thermal steering
efficiency observed previously for a similar stand-alone phased array without gain-film
deposition [34], confirming that the film deposition procedure did not detrimentally

affect the silicon contact integrity.

2.1.5 Conclusion

In summary, an advanced CMOS-compatible 300-mm-wafer silicon-photonics plat-
form with monolithically-integrated laser sources was developed. The platform was
used to demonstrate a complex system of an electrically-steerable integrated opti-
cal phased array with a grouped cascaded phase-shifter architecture powered by an

on-chip erbium-doped DFB laser. Lasing with a single-mode 1599-nm-wavelength
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Figure 2.8: (a) Measured far field above the chip showing the main lobe of the phased
array. (b) Intensity cross sections of the far-field main lobe in the array dimension
(green) and the antenna dimension (blue). (c) Experimental results showing beam
steering in the array dimension, W, versus applied electrical power.
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output, 30dB SMSR, and 40 mW lasing threshold was shown. Beam forming and
one-dimensional beam steering with a 0.85°x0.20° FWHM and 30°/W electrical steer-
ing efficiency were demonstrated. This system enables integrated CMOS-compatible
beam steering capabilities for a variety of applications, ranging from LiDAR to free-

space optical communications [34, 36].

Furthermore, this work represents the first demonstration of a monolithic rare-
earth-doped laser source integrated into an active SOI photonics system. The success-
ful realization of such a platform paves the way for future advanced monolithic silicon-
photonics demonstrations, ranging from integrated communication links |30, 58| to

on-chip optical synthesizers [26,59].

For future improvements to this system, first, a laser source with a tunable wave-
length output (similar to [27]) could be implemented to enable steering of the far-field
spot in the antenna dimension (since the antennas in the phased array are based on
grating principles, as the wavelength of the input light is tuned, the effective period
of the antennas and, subsequently, the angle of the radiated light varies). Second,
the relatively low slope efficiency of the current on-chip laser compared to previous
reports [50] is largely attributed to the loss induced by the roughness at the bottom of
the gain trench due to voids in the first-nitride cladding oxide. To improve the overall
system performance, an updated oxide cladding recipe will be used to ensure higher
quality gap fill, reduced trench roughness and loss, and improved laser efficiency. To
further improve the overall system efficiency, a number of additional modifications
could be implemented, including using a tighter pitch and improved design for the
antennas in the phased array to reduce the power radiated to the higher-order grating
lobes [36], refining the layer transitions for increased efficiency, and implementing ad-
vanced laser designs with enhanced grating performance to enable higher laser output
powers [50]. Third, the input optical pump could be packaged with the integrated
chip by leveraging recent advances in photonics packaging [66]. Fourth, to enable
high-speed beam steering with lower drive power, the thermo-optic phase shifters in
the phased array could be replaced with high-speed and low-power electro-optic phase

shifters [36]; this would be a straightforward modification since customizable doping
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masks are already present in the developed platform. Fifth, the CMOS compatibil-
ity of the system could be leveraged to enable either monolithic or heterogeneous

integration with driving CMOS electronics (as discussed in Sec. 2.2) [9,42,43].

43



2.2 Integrated Optical Phased Arrays with

3D-Integrated Electronics

The following work was led by Taehwan Kim (UC Berkeley) and Pavan Bhargava (UC
Berkeley) and done in collaboration with Christopher V. Poulton (MIT), Ami Yaacobi
(MIT), Erman Timurdogan (MIT), Christopher Baiocco (SUNY Poly), Nicholas M.
Fahrenkopf (SUNY Poly), Seth Kruger (SUNY Poly), Tat Ngai (SUNY Poly), Yukta
Timalsina (SUNY Poly), Michael R. Watts (MIT), and Vladimir Stojanovic (UC
Berkeley). A brief summary of the work is included in this section for completeness;

additional details can be found in [9-11].

2.2.1 Introduction

As discussed in Sec. 2.1, integrated optical phased arrays have emerged as a promis-
ing solution for next-generation light detection and ranging (LiDAR) sensors for au-
tonomous systems, since they enable optical beam steering in a compact form factor,
at low costs, and in a non-mechanical way [36,41,67].

However, the majority of prior integrated-optical-phased-array demonstrations
have been limited to systems controlled by off-chip discrete electronics [36, 41, 67].
This limits the scalability and practicality of these systems, especially as the number
of antenna elements (and corresponding electronic control signals) increases to meet
the small spot size, large directivity, and wide steering range requirements necessary
for LIDAR applications.

To improve the scalability and practicality of these systems, monolithic integration
of integrated optical phased arrays with CMOS driving electronics has been explored
[42,68]. However, monolithic integration results in (1) limitations on the performance
of the photonic components due to constraints placed by CMOS design rules and
available materials and (2) larger die footprints and reduced photonics fill factors due
to placement and routing constraints.

In this section, the first beam-steering optical phased array heterogeneously inte-
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grated with CMOS driving electronics [9,10] and the first single-chip coherent LIiDAR
with integrated optical phased arrays and CMOS receiver electronics [11], both in a
novel 3D-integrated electronics-photonics platform, will be reviewed. This 3D in-
tegration scheme allows for (1) the photonics and electronics to be independently
fabricated, which enables introduction of custom materials and processes for the pho-
tonics (such as Germanium for photodetectors) while simultaneous utilizing the most
advanced CMOS nodes for the electronics, and (2) flexible and dense vertical inter-
connections between the photonics and electronics, which reduces wiring overhead,
increases the photonics fill factor, and maintains bandwidth performance. These
demonstrations are important steps towards scalable and practical commercialization

of low-cost and high-performance integrated LiDAR sensors for autonomous systems.

2.2.2 Platform

The beam-steering optical phased array heterogeneously integrated with CMOS driv-
ing electronics and the single-chip coherent LiDAR with integrated optical phased
arrays and CMOS receiver electronics were both fabricated at SUNY Poly in a novel
3D-integrated electronics-photonics platform [69], as shown in Fig. 2.9a.

In the developed platform, the photonic components were fabricated in a custom
300-mm-wafer silicon-photonics platform (as described in Sec. 2.1), while the elec-
tronic circuits were fabricated separately in a 65 nm bulk CMOS technology. The two
300-mm-diameter wafers were then oxide bonded and the silicon handle on the pho-
tonics wafer was removed using a global etch. Next, through-oxide vias (TOVs) and
a back metal layer were formed to enable interconnection between the photonics and
electronics and to define pads for wirebonding. Finally, the resulting wafer was diced

and a diced chip was wire bonded to a ceramic package, as shown in Figs. 2.9b—c.

2.2.3 OPA Architecture and Experimental Results

The 3D-integrated platform was first used to demonstrate a beam-steering optical

phased array heterogeneously integrated with CMOS driving electronics.

45



The integrated optical phased array utilizes a cascaded phase-shifter architec-
ture [34], as shown in Fig. 2.10. At the input, an on-chip inverse-taper edge coupler
couples light from an off-chip laser into an on-chip single-mode silicon bus waveg-
uide. Cascaded evanescent couplers with increasing coupling lengths uniformly dis-
tribute the input light from the bus waveguide to 32 500-um-long antennas with a
4 um pitch. The antennas utilize a sidewall-grating-based geometry with apodized

scattering strength to enable radiation out of the plane of the chip with a uniform
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Figure 2.9: (a) Simplified layer schematics showing the key process steps of the 3D-
integrated electronics-photonics platform (not to scale). Photographs of (b) the fabri-
cated 3D-integrated 300-mm-diameter wafer and (c) the packaged 3D-integrated chip.
(Figures from [9-11].)
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emission profile and wavelength-controlled beam steering in the antenna dimension,
¢. Thermal ridge-waveguide-based phase shifters are placed on the bus between the
evanescent couplers to enable cascaded electronic phase control to the antennas for

beam steering in the array dimension, . The phase shifters are controlled using inte-
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Figure 2.10: Simplified (a) diagram and (b) schematic (not to scale) of the cascaded-
architecture integrated optical phased array with integrated CMOS driving electron-
ics. (Figures from [9].)
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grated CMOS driving electronics with individual digital-to-analog converters (DACs)
for each phase shifter and an on-chip lookup table for storing the associated DAC

codes.

To characterize the fabricated array, an off-chip tunable laser was coupled onto
the chip, a free-space optical system was used to image the far field of the array onto
an infrared camera, and the array was calibrated by optimizing the DAC codes for
each phase shifter. The experimentally measured far-field patterns before and after
calibration are shown in Figs. 2.11a-b. As shown, after calibration, the array forms a
high-fidelity beam in the far field with a 0.60° x 0.15° power full width at half max-
imum and 8.5dB sidelobe suppression. Next, the DAC codes were updated and the

wavelength of the input tunable laser was varied to demonstrate the two-dimensional

Integrated OPA Results
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Figure 2.11: Measured far field above the packaged chip showing the main lobe of the
integrated optical phased array (a) before and (b) after calibration. Experimental re-
sults showing beam steering in the (¢) array dimension, 6, and (d) antenna dimension,
¢. (Figures from [9].)

48



beam steering functionality of the array. Experimentally measured far-field patterns
for a variety of DAC codes and input wavelengths are shown in Figs. 2.11c-d. As
shown, beam steering of 16° and 18.5° was achieved in the array dimension, 6, and

antenna dimension, ¢, respectively.

2.2.4 LiDAR Architecture and Experimental Results

Next, the 3D-integrated platform was used to demonstrate a single-chip coherent

LiDAR system with integrated optical phased arrays and CMOS receiver electronics.

The integrated coherent LiDAR system is based on a frequency-modulated continuous-
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Figure 2.12: (a) Simplified diagram of the integrated coherent LiDAR system with
integrated optical phased arrays and integrated CMOS receiver electronics. (b) Mi-
crograph of the fabricated integrated coherent LIDAR system. (Figures from [11].)
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wave (FMCW) operating modality [34], as shown in Fig. 2.12. At the input, an
on-chip inverse-taper edge coupler couples light from an off-chip FMCW swept laser
source (an external-cavity laser with injection current modulated using a triangular
waveform with a 9 THz/s sweep rate) into an on-chip single-mode silicon waveguide.
An adiabatic coupler then taps off half of the input light to serve as the local oscilla-
tor. The remainder of the light is emitted out of the plane of the chip into free space
by a passive transmitting integrated optical phased array consisting of a 7-layer multi-
mode-interference (MMI) splitter tree and 128 500-pum-long grating-based antennas
with a 2pm pitch [70]. The transmitted light is then reflected off of a target and

received by a similar receiving passive integrated optical phased array. The received
(a) LiDAR Characterization Setup (b) LIDAR System Results
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Figure 2.13: (a) Photograph of the LiDAR characterization setup showing the pack-
aged integrated coherent LiDAR chip and three target positions. (b) Experimental
results showing the raw receiver output signals and corresponding post-processed mea-
sured versus actual target distances for each of the three target positions. (Figures
from [11].)
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signal is then mixed with the local oscillator using a second adiabatic coupler and a
germanium-based balanced photodetector. Finally, the output photocurrent is am-
plified and digitized by an integrated transimpedence amplifier and analog-to-digital
converter.

To demonstrate the ranging functionality of the fabricated system, a target con-
structed out of reflective tape was placed at three different positions above the pack-
aged integrated coherent LiDAR chip, as shown in Fig. 2.13a. The raw receiver output
signals and corresponding post-processed measured versus actual target distances for

each of the three target positions are shown in Fig. 2.13b.

2.2.5 Conclusion

In summary, a novel 3D-integrated electronics-photonics platform was developed that
enables photonics and CMOS electronics to be independently optimized and scaled,
while maintaining dense interconnections. This 3D-integrated platform was used to
demonstrate the first beam-steering optical phased array heterogeneously integrated
with CMOS driving electronics and the first single-chip coherent LiDAR with inte-
grated optical phased arrays and CMOS receiver electronics. These demonstrations
are important steps towards scalable and practical commercialization of low-cost and

high-performance integrated LiDAR sensors for autonomous systems.
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Chapter 3

Near-Field Integrated Optical Phased

Arrays

Motivated by the initial application of LiDAR, integrated-optical-phased-array demon-
strations to date have primarily focused on systems that form and steer beams in the
far field of the array (as discussed in Ch. 2). However, there are many high-impact ap-
plication areas that require near-field optical manipulation that would greatly benefit
from the compact form factors and large standoff distances enabled by integrated op-
tical phased arrays, such as optical trapping for biological characterization, trapped-
ion quantum computing, laser-based 3D printing, and short-range LiDAR and data

communications.

A variety of integrated optical phased arrays with novel components, architec-
tures, and functionalities for optical manipulation in the near field will be reviewed.
First, the first integrated optical phased arrays that focus radiated light to tightly-
confined spots in the near field will be discussed [12,13]; this focusing modality has the
potential to advance a number of important application areas, such as optical trap-
ping for biological characterization, trapped-ion quantum computing, laser-based 3D
printing, and short-range LiDAR and data communications. Second, the first demon-
stration of a quasi-Bessel beam generated using an integrated optical phased array

will be shown [14, 15]; owing to its elongated central beam output, this chip-based
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Bessel-beam generator has applications in a range of fields, including multiparticle
optical trapping, increased-depth-of-field microscopy, and adaptive free-space optical
communications. Third, an active scalable two-dimensional integrated optical phased
array architecture with cascaded butterfly-shaped pixels will be presented [16,17]; this
novel architecture enables compact, in-line independent amplitude and phase control

with power recycling for space- and power-efficient near-field operation.
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3.1 Near-Field-Focusing Integrated Optical Phased

Arrays

The following work was done in collaboration with Christopher V. Poulton (MIT),
Manan Raval (MIT), and Michael R. Watts (MIT). This work has been published
in [12,13).

3.1.1 Introduction

As discussed in Ch. 2, integrated optical phased arrays [14,34-37, 40,41, 70-74| have
emerged as a promising technology for many applications, such as light detection
and ranging (LiDAR) [34], projection systems [35], and free-space optical data com-
munications [36], due to their ability to manipulate and dynamically steer light in
a compact form factor, at low costs, and in a non-mechanical way. Motivated by
these initial applications, optical phased array demonstrations to date have primarily
focused on systems that form and steer beams or project arbitrary radiation patterns
in the far field of the array [34-37,40,41,70-73|.

However, many potential applications of optical phased arrays require focused
spots in the near field of the array (as typically generated by bulk-optics lenses) in-
stead of diffracting beams or patterns in the far field (as generated by standard phased
arrays). For example, optical trapping and tweezing — the manipulation of parti-
cles through non-contact forces for biological characterization [75-77| and trapped
ion quantum computing [78] — require tightly-focused spots since optical forces are
formed due to intensity gradients. Similarly, high-resolution three-dimensional print-
ing using laser-based additive manufacturing is dependent on high-intensity focused
spots to enable small voxel sizes [79]. Furthermore, for short-range LiDAR or data
communications with targets or receivers within the near-field of the transmitter ar-
ray, focusing the signal on the object under test or receiver as opposed to forming
a diffracting beam in the direction of the target would improve the overall system

efficiency.
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Typically, focusing beams have been generated using free-space methods, such as
conventional and Fresnel bulk-optics lenses, focusing spatial light modulators [80], and
metamaterial-based lenses [81], which generally provide diffraction-limited spots at
a variety of designed focal lengths. However, these numerous potential applications
would benefit from the waveguided compact form-factors [37], low-cost wafer-scale
production [34], monolithically-integrated light sources 7], and high-speed dynamic
steering capabilities [35] that focusing integrated optical phased arrays could provide
while maintaining required performance with large aperture sizes (and, consequently,

large focal lengths and small spot sizes) [70].

In this section, Fresnel-lens-inspired focusing integrated optical phased arrays are
demonstrated for the first time. Foremost, the phase distributions necessary for gen-
erating focused beams are derived, and discussion and simulations detailing the effect
of the array aperture and focal length on the full width at half maximum (FWHM)
of the focal spot are included. Additionally, the effect of conventional linear steer-
ing on the focal length is shown and a modified non-linear steering phase is derived.
Next, two architectures are proposed for experimentally demonstrating focusing inte-
grated optical phased arrays. First, a one-dimensional (1D) splitter-tree-based phased
array architecture [70] is modified to enable passive near-field focusing in two dimen-
sions. The architecture consists of a 1D splitter tree to evenly distribute the input
light to the antenna array, a novel phase bump device before each antenna to pas-
sively encode arbitrary phase distributions to the elements of the array and enable
focusing in the array dimension, and the first millimeter-scale focusing grating-based
antennas to enable focusing in the antenna dimension. This splitter-tree-based archi-
tecture is implemented to demonstrate a 512-antenna integrated phased array with a
1.024 mm x 0.9 mm aperture that focuses light down to a ~7 um spot 5 mm above the
chip. Additionally, experimental data showing wavelength steering of the focal spot
in the antenna dimension is shown and discussion on extension of the architecture
to electronic control in the array dimension is presented. Next, a two-dimensional
(2D) pixel-based architecture [71] is utilized to show a second type of passive focus-

ing phased array with the potential for active electronic focusing in two dimensions.
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This pixel-based architecture consists of a 2D grid of pixels with each pixel passively
encoding the amplitude and phase of the light radiated by a compact antenna emit-
ter using a directional coupler and a waveguide offset, respectively. Specifically, a
1024-antenna variant with 32 rows by 32 columns and a 0.32mm x 0.32mm aper-
ture is demonstrated that focuses light to a ~21 um spot 5mm above the chip, and
a 10,000-antenna variant with 100 rows by 100 columns and a 1 mm X 1 mm aper-
ture is demonstrated that focuses light to a ~21 um spot 10mm above the chip.
By using a CMOS-compatible platform for both architectures, the systems are nat-
urally scalable to active demonstrations with wafer-scale 3D-bonded electronics [9]
and monolithically-integrated lasers [7] (as discussed in Ch. 2) for a fully-integrated

and steerable chip-based source of focused light.

3.1.2 Theory

In general, a phased array is a system comprised of an array of antennas that are fed
with controlled phases and amplitudes (as shown in Fig. 3.1a) to generate arbitrary
radiation patterns. If the antennas are spaced with a uniform pitch, d, and fed with
a uniform amplitude and a linear phase distribution, the array creates a steerable,
diffracting beam in the far field of the array. The near-field electric-field profile
generated by this phased array can be approximated using a quasi-array-factor model

for the near field (analogous to standard array-factor simulations in the far field):

N N
E (SL’, y? Z) = Z EH (3’5, y7 Z) ~ Z Anefi(%rrn/)\ﬁ»(bn) (31)
n=1 n=1

where N is the total number of antennas in the array, A, is the amplitude applied
to the nth antenna, ®,, is the phase applied to the nth antenna, r, is the distance
from the nth antenna to the point under consideration at coordinate (z,y, z), and A
is the propagation wavelength. Using this method, a standard array with N = 512,
d = 2um, and A = 1550 nm is simulated; the generated intensity profile is shown in
Fig. 3.2a.

In contrast, if a “lens-like” hyperbolic element phase distribution is applied, the ar-
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ray will focus light into a tightly-confined spot in the near field above the array. This
element phase is derived by calculating the relative delay necessary such that con-
structive interference of the wavefronts occurs at the focal point. First, the distance

from each antenna to the focal point is calculated as:

L, = \/fg +d2(N/2+1/2 —n)? (3.2)

where f, is the desired focal length. To enforce the focusing condition, the phase
applied to each antenna should compensate for the differences in the correspond-
ing optical path lengths such that the wavefronts at the focal point constructively

interfere. This gives the desired feeding phase distribution

2

=5 (L= L), (3.3)

Similarly to a Fresnel lens, this phase can be encoded modulo 27, as shown in
Figs. 3.1b—c. This wrapped phase encoding is utilized so that any potential fabrication-
induced phase variations in the array will not compound over more than 27. As such,
the system is very robust to phase variations in the array dimension; variations will

result in minimal power loss in the focal spot as opposed to causing displacement
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Figure 3.1: (a) Schematic of a generalized focusing phased array showing the antenna
pitch and focal length. Element phase distribution for a focusing phased array with
(b) 40mm and (c) 20 mm focal length assuming 512 antennas, 2 um antenna pitch,
and 1550 nm wavelength.
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of the spot. Additionally, the wrapped phase encoding requires less relative phase
difference between antennas, which enables shorter, smaller, and more-fabrication-
tolerant phase delay structures for both splitter-tree-based and pixel-based phased

array architectures.

Figures 3.2b-d show the simulated intensity profiles generated by two focusing
phased arrays with N = 512, d = 2um, A = 1550 nm, and varying focal lengths.
As shown, by applying the derived element phase profiles, the arrays focus light to
tightly-confined and highly-enhanced spots. Additionally, due to discretization of the
continuous theory onto arrays with d > \/2, higher-order grating lobes, which also
exhibit focusing properties, are generated by the arrays at larger angles (not shown

in the simulation windows).

For appreciable focusing, the desired focal length of a focusing array should be
limited to the Fresnel region (i.e., the near field) of the phased array, mpea ~ A%/\
where A = Nd is the array aperture size, as given by antenna theory. Consequently,

by increasing the aperture size, the possible focal length of the array quadratically
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Figure 3.2: Simulated array-factor intensity above the array for a (a) non-focusing,
(b) 40 mm focal length, and (c¢) 20 mm focal length phased array. (d) Simulated cross-
sectional array-factor intensity at the focal plane for the 40 mm focal length (black)
and 20mm focal length (red) phased array. Simulated intensities are shown for an
array with 512 antennas, 2 pum antenna pitch, and 1550 nm wavelength.
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increases.

Additionally, for potential applications that require highly-enhanced and tightly-
focused spots, a valuable figure of merit of a focusing array is the power FWHM of
the resulting spot at the desired focal length. For example, for a 512-antenna array
with 2 um antenna pitch at a 1550 nm wavelength, as simulated in Figs. 3.2b—-d, the
FWHM is found to be 53.5 um and 26.6 um for focal lengths of 40 mm and 20 mm,
respectively.

Similarly to bulk lenses, the FWHM depends on the aperture size of the array
and the focal length. As shown in Fig. 3.3a, as the array aperture size increases,
the FWHM decreases with an inverse scaling. In contrast, as shown in Fig. 3.3b, as
the desired focal length increases, the FWHM increases linearly. These relationships
match with the well-known Rayleigh criterion derived from the Airy pattern, which
describes the resolution limit of an imaging system as R ~ Af,/A where R is the spa-
tial resolution (analogous to the FWHM). As such, for maximally-enhanced focusing
at long focal lengths, large aperture sizes are necessary.

One advantage of using integrated optical phased arrays for focused-light applica-
tions is that phased arrays allow for dynamic steering on-chip to enable high-speed

arbitrary manipulation. In a standard phased-array system, a linear phase gradient
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Figure 3.3: (a) Simulated power full width at half maximum (FWHM) versus aperture
size for a focusing phased array with 5 mm focal length and 1550 nm wavelength. (b)
Simulated power FWHM versus focal length for a focusing phased array with 1 mm
aperture size and 1550 nm wavelength.
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is applied to the antennas to steer the radiated beam in the far field [34,35,40,71,72].
However, when this conventional linear steering approach is applied to a focusing
phased array, in addition to the desired steering in the array dimension, the steering
induces an undesired offset to the focal length of the spot. As an example, an array
with 512 antennas, 2 um antenna pitch, 5 mm desired focal length, and 1550 nm wave-
length is simulated, as shown in Fig. 3.4a. When this array is steered to a 1.5 mm
offset in the array dimension using linear steering, as shown in Fig. 3.4b, the resulting
focal spot is formed at z = 4.19mm. For many applications, this steering-induced
shift in the focal length can prove to be detrimental; for example, for optical trap-
ping applications wherein the sample under test is often housed in a flat microfluidic
channel [75], this effect can shift the focal spot out of the channel.

Instead, the desired horizontal offset should be encoded directly in the focusing
phase as follows. First, the distance from each antenna to the focal point, initially

given by Eq. (3.2), is modified as:

L,= \/fg +[d(N/24+1/2—n)+ f.]° (3.4)

No Steering Linear Steering Non-Linear Steering

Distance Z Above Array (mm)

-2 0 2 -2 0 2 -2 0 2
Distance X Along Array (mm)

Figure 3.4: Simulated array-factor intensity above the array assuming (a) no steering,
(b) linear steering, and (c) corrected non-linear steering. Simulated intensities are
shown for an array with f, = 1.5 mm offset, 512 antennas, 2 um antenna pitch, 5 mm
focal length, and 1550 nm wavelength.
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where f, is the desired focal length and f, is the desired focal offset. The necessary
element phase distribution then follows directly from Eq. (3.3). For comparison, the
linear and non-linear steering phases are shown in Fig. 3.5 without 27 phase wrapping
for clarity. By applying this non-linear steering approach for f, = 1.5 mm, the focal
spot is formed with the correct offset at the desired 5mm focal length, as shown in
Fig. 3.4c. Note that, similar to a standard beam-forming phased array, as the array
is steered, the array’s effective area is changed, which, in turn, increases the FWHM

of the focal spot from 6.6 pm to 7.6 um.

3.1.3 Splitter-Tree-Based Architecture and Experimental
Results

As a proof of concept, a passive focusing integrated optical phased array is designed
and fabricated, as shown in Fig. 3.6. The phased array architecture utilized in this
demonstration is based on a one-dimensional silicon-based splitter tree (similar to
the silicon-nitride tree architecture demonstrated in [70]) with additional novel phase
components and focusing antennas added to enable focusing in the array and the

antenna dimensions, respectively.
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Figure 3.5: Element phase distribution for a focusing phased array with an f, =
1.5 mm offset assuming linear steering (red) and corrected non-linear steering (yellow).
Phase profiles are shown for an array with 512 antennas, 2 um antenna pitch, 5 mm
focal length, and 1550 nm wavelength.
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The phased array and accompanying device test structures are fabricated in a
CMOS-compatible foundry process at SUNY Poly on a 300-mm silicon-on-insulator
(SOT) wafer with a 2-um-thick buried oxide. The 220-nm-thick silicon device layer is

patterned using 193 nm immersion lithography.

At the system input, an on-chip inverse-taper edge coupler is designed to efficiently
couple light from a 6.5-pum-mode-field-diameter lensed fiber to a 400-nm-wide silicon

waveguide with a ~2.5dB measured coupling efficiency.

Next, a 9-layer splitter tree network is used to evenly distribute the input power
to 512 waveguide arms with a final pitch of 2 um. Within the network, a compact
Y-junction is used as a symmetric 1-to-2-waveguide splitting device, as developed
in [82]. The Y-junction devices are connected by either 90° bends or sinusoidal-
shaped bends with 5um minimum bending radii to reduce bending radiation loss.
The final waveguide pitch is limited to 2 um to reduce undesired evanescent coupling

between antennas in the array.

At the output of the splitter tree, a phase bump structure is placed on each
waveguide arm to impart a static phase delay dependent on the maximum width
of the device. The phase bump adiabatically increases the width of the waveguide
from the nominal 400 nm width to a variable wider width using a sinusoidal shape,
as shown in Fig. 3.7a. The length of the structure is chosen to be 6 um to reduce

undesired excitation of higher-order modes while keeping a compact form factor. As
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Figure 3.6: (a) Schematic of a splitter-tree-based focusing phased array with 4 an-
tennas. (b) Micrograph of a fabricated splitter-tree-based focusing phased array with
512 antennas and 2 um antenna pitch.
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shown in Fig. 3.7b both numerically using a finite-difference time-domain (FDTD)
solver and experimentally, as the width of the device is increased, the relative phase
induced by the structure increases. As such, by choosing the appropriate widths
for each phase bump, the correct phase profile, given by Eq. (3.3), is applied. Note
that, due to the robustness of the wrapped phase encoding, the discrepancy between
the simulated and measured phase shown in Fig. 3.7b (which can be attributed to
discrepancy between the expected and actual fabricated silicon device layer thickness)

does not have a significant effect on the resulting performance of the system.

Finally, after each phase bump, a 0.9-mm-long grating-based focusing antenna is
placed on each arm to create a 1.024 mm x 0.9 mm aperture size. The antenna utilizes
a full-etch perturbation geometry, similar to [34], to enable radiation out of the plane
of the chip, as shown in Fig. 3.8a. By manipulating the symmetric inward perturba-
tion of each period of the antenna, the local scattering strength, defined as the power
radiated by the antenna per unit length, can be controlled, as shown in Fig. 3.8b
numerically and experimentally (the discrepancy between simulated and measured

values can be attributed to rounding of the perturbations during fabrication without

(a) Phase Bump Length

Waveguide
Width

Phase Bump Relative Phase

Phase (rads/m)

0 L L L L L
400 500 600 700
Phase Bump Width (nm)

Figure 3.7: (a) Schematic of a phase bump device. (b) Simulated (red) and measured
(black) relative phase versus phase bump width for the phase bump device.
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optical-proximity-correction techniques). As such, the antenna is designed with uni-
form perturbations along the antenna length — i.e., constant scattering strength — to
generate an exponentially-decaying intensity profile. Specifically, a 30 nm perturba-
tion is chosen to minimize the excess power at the end of the 0.9-mm-long antenna

while maintaining a large effective aperture.

Next, to enable focusing in the antenna dimension, the period of the antenna
is adiabatically chirped along the antenna length. This process is similar to adi-

abatic synthesis of locally periodic vertical grating couplers with varying radiation
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Figure 3.8: (a) Schematic of a grating-based antenna. (b) Simulated (red) and mea-
sured (black) scattering strength versus antenna perturbation for the grating-based
antenna. (c) Simulated relative phase versus length of the unperturbed section of
the grating-based antenna. (d) Synthesized unperturbed section length versus dis-
tance along the antenna necessary for focusing at 1mm (yellow), 5mm (red), and
10mm (black) for a focusing antenna with a constant 30 nm perturbation and 310 nm
perturbed length.
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angles [83-85]. To implement this synthesis, the relative phase induced by a single
period unit cell of the antenna is simulated in FDTD as the length of the wider, un-
perturbed section of the antenna is varied and the length of the narrower, perturbed
section is kept at a constant 310nm, as shown in Fig. 3.8c. These period unit cells
are then chosen and concatenated such that the synthesized phase along the antenna
follows the unwrapped phase given by Eq. (3.3). The synthesized lengths for focus-
ing at 1mm, 5mm, and 10 mm are shown in Fig. 3.8d. Note that an unperturbed
section length of 295nm is chosen as the reference phase point during the synthesis
since, at that point, the antenna radiates upwards with a slight angle. Although this
introduces a slight angle offset to the beam in the antenna dimension, it ensures that
the antenna does not induce undesired back reflections as dictated by the Bragg con-
dition. Additionally, since the focusing antenna is synthesized using the unwrapped
phase, it is more susceptible to compounded fabrication-induced phase errors, which
can result in undesired variations in the focal spot location and size. Generally, fabri-
cation variations will have a more significant effect on the spot size of antennas with

shorter focal lengths and on the focal length of antennas with larger focal lengths.

To characterize the fabricated array, an optical system is used to simultaneously

image the plane of the chip onto a visible camera and an InGaAs IR camera, as
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Figure 3.9: Photographs of (a) a fabricated integrated optical phased array chip on
the scanning near-field characterization setup and (b) the scanning near-field charac-
terization setup.
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shown in Fig. 3.9. The height of the optical imaging system is then progressively
scanned such that top-down views of the intensity at varying heights above the chip
are recorded. These top-down views are then integrated in the antenna or the array
dimension to visualize the cross-sectional intensity as a function of the distance above

the chip.

The resulting cross-sectional intensity as a function of the distance above the chip
and three top-down views are shown in Figs. 3.10a—e for the fabricated splitter-tree-
based 2D-focusing phased array with 512 antennas, 2 um antenna pitch, 5 mm focal
length, and 1550 nm wavelength. In the plane of the chip (Fig. 3.10e), the aperture is
illuminated by the antennas. As the system scans to the expected focal plane 5 mm
above the chip (Fig. 3.10d), the radiated light is tightly-focused in both the z and y
dimensions. At this height, a FWHM of ~6.4 um is measured in the array dimension,
x, closely matching the simulated value of 6.6 um. Similarly, a FWHM of ~7.6 um

2D-Focusing Array Intensity

Distance Z Above Array (mm)
Distance Y Along Antennas (mm)

0 1 2 0 1
X (mm) Y (mm) X (mm)

Figure 3.10: Measured cross-sectional intensity (in dB) above the chip for a 2D-
focusing splitter-tree-based phased array in the (a) x plane and (b) y plane with
top-down intensity shown (e) in the plane of the chip, (d) at the focal plane, and (c)
above the focal plane. Intensities are shown for an array with 512 antennas, 2 um
antenna pitch, 5mm focal length, and 1550 nm wavelength.
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is measured in the antenna dimension, y, matching the expected value of 7.6 um.
A sidelobe suppression of ~9.5dB is measured with an approximately symmetric
pattern in the array dimension and an asymmetric pattern in the antenna dimension
due to the exponentially-decaying intensity profile of the antennas. Additionally, as
expected, the angle in the antenna dimension is slightly offset. Finally, above the
focal plane (Fig. 3.10c), the light is, once again, diffracted out. Next, using a pinhole
shutter at the focal plane to block any grating lobes and stray light and a detector
above the shutter, an on-chip input to main lobe efficiency of approximately —12dB
is measured (the losses can be attributed to waveguide propagation loss, Y-junction
splitter losses, and antenna emission losses, including power radiated to the grating
lobes).

For comparison, a similar 1D-focusing array is also fabricated. The array uti-

lizes the same splitter-tree-based architecture with 512 antennas, 2 um antenna pitch,

1D-Focusing Array Intensity
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Figure 3.11: (a) Measured cross-sectional intensity (in dB) above the chip for a 1D-
focusing splitter-tree-based phased array with top-down intensity shown (d) in the
plane of the chip, (¢) at the focal plane, and (b) above the focal plane. Intensities are
shown for an array with 512 antennas, 2 um antenna pitch, 5mm focal length, and
1550 nm wavelength.
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5mm focal length, and 1550 nm wavelength to focus in the array dimension; however,
standard non-focusing antennas are used such that the system does not focus in
the antenna dimension. The resulting cross-sectional intensity as a function of the
distance above the chip and three top-down views are shown in Figs. 3.11a—d. In
the plane of the chip (Fig. 3.11d), the aperture is illuminated by the antennas. As
the system scans to the expected focal plane 5 mm above the chip (Fig. 3.11c), the
light is tightly-focused in the array dimension to a FWHM of ~6.4 pm, which closely
matches both the simulated and 2D-focusing results. Finally, above the focal plane

(Fig. 3.11b), the light is, once again, diffracted out in the array dimension.

Similarly, both 1D- and 2D-focusing phased arrays are also fabricated with a 1 mm
focal length. The resulting measured focal spots had FWHMs of ~1.7 um in the array
dimension and ~2.9 um in the antenna dimension, compared to the simulated values
of 1.4 um and 1.5 um, respectively. These slight discrepancies can be attributed to
experimental error in measuring such small spot sizes with the finite pixel size of
the TR camera and compounding fabrication-induced phase errors in the focusing

antennas.

Finally, the wavelength of the light coupled into the 5-mm-focal-length 2D-focusing
array is swept to demonstrate wavelength steering in the antenna dimension. In the-
ory, since the antennas are based on grating principles, as the wavelength of light
is increased, the effective period of the antenna becomes smaller and the angle of
the light radiated by the antenna varies such that the beam is steered closer to the
input of the chip. Three cross-sectional intensities in the antenna dimension for wave-
lengths of 1550 nm, 1560 nm, and 1570 nm are shown in Figs. 3.12a-c. As expected,
as the wavelength is increased, the radiation angle is shifted while still maintaining
its focusing characteristics. To quantify this shift, the spatial offset of the beam in
the antenna dimension is plotted as a function of the input wavelength, as shown in

Fig. 3.12d.

Since the array is fabricated in a CMOS-compatible platform, it is naturally scal-
able to a dynamic arbitrarily-tunable system with active silicon-based phase shifters

on each waveguide arm [34,35,37,41,72,73]. This extension of the system would enable
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steering of the focal spot in the array dimension in addition to the wavelength steering
capability in the antenna dimension. However, although the array-dimension tuning
would be fully arbitrary, this architecture is fundamentally limited to 2D-focusing in
only one focal plane since the wavelength steering is only capable of inducing a lateral
offset. For applications where both focal length and offset tuning is required, a differ-
ent architecture capable of scaling to non-linear electrical tuning in both dimensions

(as described in Sec. 3.1.4) is necessary.

3.1.4 Pixel-Based Architecture and Experimental Results

Next, as a second method for experimentally demonstrating focusing integrated opti-
cal phased arrays, a passive focusing phased array using a two-dimensional pixel-based
architecture is designed and fabricated, as shown in Fig. 3.13. By using the architec-
ture developed in [71,86] and applying it to the focusing theory developed in Sec. 3.1.2,

this system is capable of scaling to electrical phase control in both dimensions of the
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Figure 3.12: Measured cross-sectional intensity (in dB) above the chip for a 2D-
focusing splitter-tree-based phased array at (a) 1550 nm, (b) 1560 nm, and (c) 1570 nm
wavelengths. (d) Experimental results showing steering in the antenna dimension, y,
versus wavelength. Results are shown for an array with 512 antennas, 2 pm antenna
pitch, and 5 mm focal length.
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array to enable dynamic tuning of the spot’s focal length and offset, simultaneously.

The pixel-based phased array and accompanying device test structures are also
fabricated in a CMOS-compatible foundry process at SUNY Poly on a 300-mm silicon-
on-insulator (SOI) wafer with a 2-pm-thick buried oxide using 193 nm immersion
lithography. However, a non-standard 380-nm-thick silicon device layer is used (com-
pared to the standard 220 nm thickness used in [71,86]), which requires redesign of

all photonic components in the system.

At the system input, an on-chip inverse-taper edge coupler is designed to efficiently
couple light from a 6.5-pum-mode-field-diameter lensed fiber to a 450-nm-wide silicon
waveguide with a ~2.5dB measured coupling efficiency. A set of M row pixels are
then used to couple light from the input waveguide to M row waveguides. Next, on
each row waveguide, M emitter pixels are used to couple light from the row waveguide
to M compact antenna emitters. This creates an array aperture of M x M antennas,
as shown in Fig. 3.13a. Notably, the row pixels and the emitter pixels are designed
with the same topology (with the exception that the emitter pixels are terminated
with antenna emitters) to enable arbitrary control of each antenna’s amplitude and
phase |71].

Within each row and emitter pixel, a directional coupler is used for amplitude con-
trol [71]. By increasing the length of the coupling region of the device, the percentage

of power coupled either from the input waveguide to the row waveguide or from the
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Figure 3.13: (a) Schematic of a pixel-based focusing phased array with 64 antennas.
(b) Micrograph of a fabricated pixel-based focusing phased array with 1024 antennas
and 10 um antenna pitch.
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row waveguide to the emitter is varied. Figure 3.14a shows this relationship as simu-
lated in FDTD assuming a 380 nm waveguide height and a 120nm gap between the
coupler and the waveguide. To enable uniform emission from each antenna within the
array, the power coupling coefficients for both the row pixels and the emitter pixels

are set to
1

- M_m+Nphantom+1

T (3.5)

where 7, is the coupling coefficient for both the m'™ row pixel and the m'" emitter
pixel within each row, M is the total number of rows and the total number of emitters
in each row, m varies from 1 to M, and Nyhantom is the number of desired “phantom”
antennas [74,86]. This phantom antenna concept is introduced to reduce the necessary
coupling coefficient of the last pixel. Although this results in some power being
discarded at the end of the input waveguide and each row waveguide, it eliminates
the need for the last directional coupler to have 100% coupling, which would require
a relatively long coupling length and increase the pixel size [86]. For example, in this
implementation, Nphantom 18 set to 3 such that the highest coupling coefficient needed

is 25%.

Each directional coupler is followed by two compact adiabatic curves with a vari-

able offset length between them to allow for arbitrary phase control to each row or
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Figure 3.14: Simulated (a) coupling versus coupling waveguide length and (b) relative
phase versus offset length for the pixel-based architecture unit cell. Schematics of the
unit cell are included as insets with each variable length indicated.
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emitter [71]. Figure 3.14b shows the resulting relative phase versus offset length as
simulated in FDTD. For focusing in two dimensions, the offset lengths of each row
and emitter pixel are set accordingly such that the correct phase profile, given by
Eq. (3.3), is applied. Since the phase required for focusing in two dimensions is sepa-
rable, the phases for focusing in each dimension can be independently applied — i.e.,
the phase profile for focusing in the y dimension is applied to the row pixels whereas
the phase profile for focusing in the x dimension is applied to the emitter pixels.
Additionally, the phase encodings are modified to compensate for the variable phase

induced by the directional couplers, as discussed in |86].

Finally, a compact emitter antenna is placed in each emitter pixel to radiate
the light out of the plane of the chip at a slight angle from vertical to reduce back
reflections. The emitter design is similar to the design presented in [71]; however,
its dimensions are optimized for the custom 380-nm-height silicon. Specifically, each
emitter antenna consists of 5 fully-etched grating teeth with a 490 nm period and a

172nm gap between teeth.

To characterize the array, the same scanning optical imaging system is used as in
Sec. 3.1.3. The resulting cross-sectional intensity as a function of the distance above
the chip and three top-down views are shown in Figs. 3.15a—e for the fabricated pixel-
based 2D-focusing phased array with 1024 antennas (i.e., 32 rows by 32 columns),
10 um antenna pitch, 5 mm focal length, and 1550 nm wavelength. Due to the 10 um
antenna pitch, multiple grating lobes are generated in the array factor in both the x
and y dimensions. Two beams — the main beam and one of the first-order grating lobes
— are seen in the camera’s field of view in the  dimension, as shown in Fig. 3.15a. As
the system scans to the focal plane 5 mm above the chip (Fig. 3.15d), the main beam
is tightly focused, as expected. At this height, FWHMSs of ~21.5 um are measured
in both the x and y dimensions, closely matching the simulated value of 21.4 um.
Sidelobe suppression of ~8dB and ~5dB is measured in the z and y dimensions,
respectively. Additionally, using a pinhole shutter at the focal plane to block any
grating lobes and stray light and a detector above the shutter, an on-chip input

to main lobe efficiency of approximately —18.5dB is measured (the losses can be
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attributed to waveguide propagation loss, bending losses in the tight adiabatic bends,
phantom antenna losses, and antenna emission losses, including power radiated to the
grating lobes).

For comparison, two additional 1024-antenna pixel-based arrays are fabricated
with 3mm and 10 mm focal lengths. The measured FWHMs for all three arrays
are plotted in Fig. 3.16 against the theory developed in Sec. 3.1.2 showing excellent
agreement. As expected, the FWHM increases linearly with the focal length of the
array.

Finally, a similar pixel-based array with 10,000 antennas (i.e., 100 rows by 100
columns) is fabricated. Since the aperture size of the array is significantly larger
compared to the 1024 antenna array (1 mm X 1 mm versus 0.32mm x 0.32mm), the
range of possible focal lengths is greatly increased due to the quadratic scaling of the

near-field boundary compared to the aperture size. Similarly, the expected FWHMs
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Figure 3.15: Measured cross-sectional intensity (in dB) above the chip for a 5-mm-
focal-length pixel-based phased array in the (a) z plane and (b) y plane with top-down
intensity shown (e) in the plane of the chip, (d) at the focal plane, and (c¢) above the
focal plane. Intensities are shown for an array with 1024 antennas, 10 wum antenna
pitch, and 1550 nm wavelength.
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are much smaller due to the inverse relationship of the aperture size and the FWHM.
As such, for the fabricated 10,000-antenna 10-mm-focal-length array, the measured
FWHMs in the x and y dimensions are ~23.3 um and ~20.9 um, respectively. How-
ever, due to the large number of antennas in the array, uniform distribution of power
to each pixel in the array is more difficult since lower coupling coefficients and higher
precision are needed. As such, these measured FWHMs are larger than the simulated
value of 13.5 um. In future implementations, lower coupling coefficients and higher
precision could be achieved by varying the coupling gap, as proposed in |74, 86].
Similar to the splitter-tree-based architecture, since the pixel-based array is also
fabricated in a CMOS-compatible platform, it is naturally scalable to a dynamic
arbitrarily-tunable system with active silicon-based phase shifters integrated in each
pixel as demonstrated in [71]. This extension of the system would enable both two-
dimensional steering of the focal spot using the non-linear steering formulation de-

veloped in Sec. 3.1.2 and complete control of the focal length of the spot.

3.1.5 Conclusion

In summary, this work presents the first demonstration of integrated optical phased

arrays that focus radiated light to a tightly-confined spot in the near field. The
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Figure 3.16: Simulated (red) and measured (black) power full width at half maximum
(FWHM) versus focal length. Results are shown for pixel-based arrays with 1024
antennas, 10 um antenna pitch, and 1550 nm wavelength.
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phase profiles necessary for generating focused beams using phased arrays with non-
linear steering have been developed and relevant variables and parameters have been
presented and discussed. Furthermore, two architectures have been proposed for
demonstrating passive focusing integrated optical phased arrays: a one-dimensional
splitter-tree-based architecture with focusing antennas and a two-dimensional pixel-
based architecture. Both architectures have been used to demonstrate a variety of
aperture size and focal length arrays, including a 512-antenna splitter-tree-based array
with a ~7 um spot at a 5mm focal length, a 1024-antenna pixel-based array with a
~21 um spot at a 5mm focal length, and a 10,000-antenna pixel-based array with a

~21 um spot at a 10 mm focal length.

Since the arrays are fabricated in CMOS-compatible platforms, they are naturally
scalable to active arbitrarily-tunable systems with varying advantages. While the
splitter-tree-based architecture is limited to active focusing in only one focal plane,
it requires a smaller number of active controls and its close antenna pitch reduces
the number of grating lobes, which increases the steering range of the device. In
comparison, the pixel-based architecture enables control of the lateral steering and
focal length in both dimensions and could be arbitrarily tuned without the need for
a wavelength-tunable laser source; however, its large pixel pitch limits the steering

range and it requires a larger number of active controls.

In addition to this natural evolution to active systems, the demonstrations can
be scaled to larger aperture sizes [70] to further reduce the focal spot size and en-
able larger focal lengths. Additionally, to improve the field profile at the focal plane,
both architectures can be modified to emit with Gaussian amplitude profiles by either
using a star coupler for the splitter-tree-based architecture [41] or by modifying the
coupling coefficients in the pixel-based architecture [40]. Furthermore, using numer-
ical methods and synthesis algorithms [83,84|, the splitter-tree-based arrays can be
further improved by appropriately varying the perturbation strength of the array’s
focusing antennas to produce either a uniform or a Gaussian emission profile. Finally,
to improve the efficiencies of both architectures, the element-factor patterns of the

long grating-based antennas and compact emitter antennas could be further opti-
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mized to reduce the power radiated to the grating lobes. Additionally, the pixel pitch
of the pixel-based architecture could be reduced to lower the number of grating lobes
by implementing a 1D splitting network with outputs that route to a 2D pixel-based
emitter array [35]; however, this architecture would require individual phase control
signals for each emitter to correctly apply the 2D-focusing phase.

The demonstrated on-chip focusing optical phased arrays have important applica-
tions in a variety of areas. For example, by enabling highly-enhanced tightly-focused
beams with large focal lengths, these systems open up new possibilities for large-scale
biological characterization and monitoring through optical trapping |75-77|, especially
for in-vivo experiments wherein relatively large spatial offsets are an advantage |77].
Furthermore, by enabling a chip-based source of highly-focused beams, these devices
have applications in chip-scale laser lithography techniques ranging from trapping-

based nano-assembly [87, 88| to selective laser melting additive manufacturing [79).

7



3.2 Bessel-Beam-Generating Integrated Optical
Phased Arrays

The following work was done in collaboration with Christopher V. Poulton (MIT),
Matthew J. Byrd (MIT), Manan Raval (MIT), and Michael R. Watts (MIT). This
work has been published in [14,15].

3.2.1 Introduction

Bessel beams exhibit many interesting and useful properties [89-92], including prop-
agation of a finite-width central beam without diffraction-induced spreading in the
infinite aperture limit [89]. Due to their unique properties, Bessel beams have con-
tributed to a variety of important applications and advances [93]. For example, they
have enabled multi-plane, multi-particle optical trapping [94], reduction of scatter-
ing and increases in depth of field in microscopy [95, 96|, efficient laser lithography
and fabrication [97], promotion of free-electron laser gain [98], improved laser corneal
surgery [99], and adaptive free-space optical communications [100].

In practice, Bessel beams are experimentally approximated by introducing a trun-
cated Gaussian envelope to the Bessel beam to generate a Bessel-Gauss beam with
similar central-beam properties within the Bessel length limit [89-91|. Convention-
ally, Bessel-Gauss beams have been generated using a bulk optics approach wherein an
Axicon lens (a conical glass prism) is illuminated with a truncated Gaussian beam to
produce a Bessel-Gauss beam at the output [91]. Moreover, recent work has turned to-
wards generation of Bessel beams in more compact form factors. For example, Bessel-
Gauss beam generation has been demonstrated using spatial light modulators [101],
Dammann gratings [102], slit-groove structures [103], and meta-surfaces [104, 105].
However, these demonstrations do not provide full on-chip integration and most are
fundamentally limited to static beam formation.

Integrated optical phased arrays, which manipulate and dynamically steer light

with large aperture sizes [70] and the potential for 200 MHz rates [35], provide one
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possible approach to generation of quasi-Bessel beams in a fully-integrated platform.
However, current phased array demonstrations have primarily focused on systems
which form and steer beams or project arbitrary radiation patterns in the far field

(as discussed in Ch. 2) [35,37,41,70-72,106].

In this section, integrated optical phased arrays are proposed and demonstrated
for the first time as a method for generating quasi-Bessel beams in a fully-integrated,
compact-form-factor system. First, the phase and amplitude distributions necessary
for generating phased-array-based Bessel-Gauss beams are developed analogous to
bulk-optics Bessel implementations. Discussion and simulations detailing the effect of
the array aperture and phase parameters on the full width at half maximum (FWHM)
and Bessel length of the generated beam are included. Next, a splitter-tree-based
phased array architecture [70] is modified to passively encode arbitrary phase and
amplitude feeding of the array — necessary for Bessel-Gauss-beam generation — and
experimental device characterization data is presented. Finally, the developed theory
and system architecture are utilized to demonstrate a 0.64 mm x 0.65 mm aperture
integrated phased array that generates a quasi-one-dimensional (quasi-1D) Bessel-
Gauss beam with a ~14mm Bessel length and ~30 um power FWHM. By using a
CMOS-compatible platform, the system is naturally scalable to an active demonstra-
tion with wafer-scale 3D-bonded electronics [9] and monolithically-integrated lasers [7]
(as discussed in Ch. 2) for a fully-integrated and steerable chip-based Bessel-beam

generator.

3.2.2 Theory

In general, a phased array is a system comprised of an array of antennas that are fed
with controlled phases and amplitudes to generate arbitrary radiation patterns. If
the antennas are spaced with a uniform pitch, d, and fed with a Gaussian amplitude
and a linear phase distribution (as shown in Fig. 3.17), the array generates a steer-

able, diffracting Gaussian beam in the far field of the array. This Gaussian element
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amplitude distribution is given by

(3.6)

Ay, = exp (—4ln(2)(n_ N/2 — 1/2)2)

(NAy)?
where A,, is the amplitude applied to the nth antenna, N is the total number of
antennas in the array, and Ay is the variable amplitude parameter such that the
FWHM of the Gaussian is given by N Ay. The near-field electric-field profile generated
by this phased array can be approximated by summing the electric-field components

of each element in the array:

N N
E(z,y,2) = Z E, (z,y,2) ~ ZAnefi(%rrn/)H%Dn) (3.7)
n=1 n=1

where ®,, is the phase applied to the nth antenna, r, is the distance from the nth
antenna to the point under consideration at coordinate (x,y, z), and A is the propa-
gation wavelength. Using this method, the intensity profile generated by a Gaussian
array with Ag = 1/2, N = 64, and d = 10 um is simulated, as shown in Fig. 3.18a.
In contrast, if an “Axicon-like” element phase distribution is applied in addition

to the Gaussian amplitude, the array will generate a quasi-Bessel beam in the near
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Figure 3.17: (a) Element amplitude distribution for a Gaussian-amplitude phased
array with Ag = 1/2 (red) and Ay = 1 (yellow). (b) Element phase distribution
for a standard (yellow) and Bessel (red) phased array with ®, = 0 and ®, = 5,
respectively. Phase and amplitude profiles and simulated intensities are shown for an
array with 64 antennas, 10 pum antenna pitch, and 1550 nm wavelength.
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field of the array. This Axicon phase is given by

—|n— NJ/2—1/2| + N/2 —1/2
N/2 -1

®, = d (3.8)

where ®,, is the phase applied to the nth antenna and ®, is the variable phase param-
eter. This phase can be encoded modulo 27, as shown in Fig. 3.17b. The simulated
intensity profiles generated by three 1D Bessel-beam arrays with varying parameters,
®, and Ay, are shown in Figs. 3.18b—d. As shown in Fig. 3.18d, if the FWHM of the
Gaussian element amplitude distribution is too large compared to the aperture size of
the array, the integrity of the Bessel-Gauss beam is compromised — the beam formed
in Fig. 3.18d is degraded compared to a similar beam in Fig. 3.18c. Additionally, due
to discretization of the continuous Bessel theory on an array with d > \/2, twelve
higher-order grating lobes, which also exhibit Bessel properties, are generated by the

array at larger angles (not shown in the simulation window).

For potential applications, two valuable figures of merit of a quasi-Bessel-beam-

generating array are the power FWHM of the central radiated beam and the Bessel
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Figure 3.18: Simulated array-factor intensity above the array for a (a) Gaussian array
with &5 = 0 and Ay = 1/2, (b) Bessel array with ®; = 47 and Ay = 1/2, (c¢) Bessel
array with ®, = 57 and Ay = 1/2, and (d) distorted Bessel array with &5 = 57
and Ag = 1. Simulated intensities are shown for an array with 64 antennas, 10 um
antenna pitch, and 1550 nm wavelength.

81



length. Here, the FWHM is calculated in the plane where the power of the central
beam is maximally enhanced, and the Bessel length is defined to the point above
the array at which the central beam is overcome by the second-order beams and the
Bessel approximation breaks down. Similar to bulk implementations, these variables
depend on the aperture size of the array and the maximum variation of the Axicon
phase, ®j. Asshown in Figs. 3.19a-b, as the array aperture size increases, the FWHM
increases linearly while the Bessel length exhibits quadratic growth. In contrast, as
shown in Figs. 3.19c-d, both the FWHM and the Bessel length are related to the

phase parameter, ®, through power-law scalings. As such, when considering the
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Figure 3.19: Simulated (a) power full width at half maximum (FWHM) and (b) Bessel
length versus array aperture size for an array with ®q = 57, Ag = 1/2, and 1550 nm
wavelength. Simulated (¢) FWHM and (d) Bessel length versus maximum element
phase variation, ®g, for an array with 64 antennas, 10 um antenna pitch, Ay = 1/2,
and 1550 nm wavelength.
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application space of the device, it is important to consider the trade-offs between a
long Bessel length versus a small FWHM. For example, if the device is proposed for
simultaneous optical trapping of multiple micron-scale particles at varying heights,

both a small FWHM and a long Bessel length are desired.

3.2.3 Architecture

As a proof of concept, a passive quasi-1D Bessel-Gauss-beam-generating integrated
optical phased array is designed and fabricated, as shown in Fig. 3.20. The array
transmits a Bessel-Gauss beam in the array axis and an exponentially decaying beam
in the antenna axis (generation of quasi-1D Bessel beams has been explored [103]).
The phased array architecture utilized in the demonstration is based on a silicon-
nitride splitter tree |70] with additional components added to enable arbitrary passive
control of both the feeding phase and amplitude.

The phased array and accompanying device test structures are fabricated in a
CMOS-compatible foundry process at SUNY Poly on a 300-mm-diameter silicon wafer
with 6 wm buried oxide thickness. A 200-nm-thick silicon-nitride device layer with a
1.95 refractive index at a 1550 nm wavelength is deposited using a plasma-enhanced
chemical vapor deposition process and patterned using 193 nm immersion lithography.

At the input, an on-chip inverse-taper edge coupler is used to efficiently couple
light from a 6.5-um-mode-field-diameter lensed fiber to a 1.5-um-wide silicon-nitride

waveguide.

Figure 3.20: Micrograph of the fabricated quasi-Bessel-beam-generating phased array
with 64 antennas and 10 um antenna pitch.
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Next, a 6-layer multi-mode-interference (MMI) splitter tree network is used to
evenly distribute the input power to 64 waveguide arms with a final pitch of 10 pm.
As shown in Fig. 3.21a, an MMI is a symmetric 1-to-2-waveguide splitting device
based on self-imaging principles [107]. To ensure even splitting with high-efficiency, a
finite-difference time-domain (FDTD) solver is used to rigorously simulate the device
and optimize its geometry for low insertion loss and coupling into the symmetric
mode output. As shown in Fig. 3.21b, by setting the MMI length to 28.7 um with a
7um MMI width and 2.5-um-wide input and output waveguides, the simulated and
measured insertion losses at the design wavelength are found to be 0.04dB and less

than 0.1dB, respectively [70].

At the output of the MMI splitter tree, a tap coupler structure (shown in Fig. 3.22a)
is placed on each waveguide arm to couple a percentage of the light from each waveg-
uide to a tap port while the remainder of the light in the thru port is routed off
the chip (this approach results in inherent power loss which could be mitigated by
using a star-coupler [41] or cascaded |71,106] architecture). As shown in Fig. 3.22b,

MMI Length
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MMI Efficiency
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Figure 3.21: (a) Schematic of a multi-mode-interference (MMT) splitter. (b) Simulated
(red) and measured (black) efficiency versus MMI device length [70].
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by increasing the length of the coupling region while assuming a 500 nm coupling
gap, the input power is sinusoidally coupled from the thru port into the tap port
of the device. As such, the length of each tap coupler in the array is chosen to en-
able a Gaussian feeding amplitude, given by Eq. (3.6), to the antennas. Although
the variation in these coupler lengths induces a non-uniform phase shift on the out-
put ports, the effect on the phase is minimal due to the small waveguide dispersion
of the low-index-contrast waveguides and given the non-compounding nature of the

splitter-tree-based architecture compared to cascaded implementations [71,106].

On the output tap port of each coupler device, a phase taper structure (shown
in Fig. 3.23a) is placed to impart a static phase delay dependent on the length of
the device’s wide section. As shown in Fig. 3.23b, as the length of the 2.2-pum-wide
section of the structure is increased while the 185 um total length is kept constant, the
relative phase induced by the structure increases linearly as predicted by waveguide
theory. As such, by choosing the appropriate wide-section lengths for each phase
taper, the correct phase profile, given by Eq. (3.8), is applied. Due to the modulo
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Figure 3.22: (a) Schematic of a tap coupler device. (b) Simulated (red) and measured
(black) coupling versus coupling length assuming a 500 nm coupling gap.
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Figure 3.23: (a) Schematic of a phase taper device. (b) Simulated (red) and measured
(black) relative phase versus length of the 2.2-um-wide section of the phase taper.

271 phase encoding and the non-compounding architecture, the system is robust to
fabrication-induced phase variations.

Finally, after each phase taper, a 650-um-long grating-based antenna (shown in
Fig. 3.24a) is placed on each arm to create a 0.64 mm x 0.65 mm aperture size. The

antennas are designed to radiate perpendicularly out of the plane of the chip and
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Figure 3.24: (a) Schematic of a grating-based antenna. (b) Simulated (red) and
measured (black) scattering strength versus antenna perturbation.
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exponentially along the antenna length [70]. By varying the symmetric inward per-
turbation of the antenna, as shown in Fig. 3.24b, the rate of this exponential radiation
— i.e. the scattering strength defined as the power radiated by the antenna per unit
length — can be controlled. As such, a 200 nm perturbation and 1027 nm period are

chosen to reduce the excess power at the end of the 650-um-long antennas.

3.2.4 Experimental Results

To characterize the fabricated array, an optical system is used to simultaneously image
the plane of the chip onto a visible camera and an InGaAs IR camera. The height of

the optical imaging system is then progressively scanned such that top-down views of

Cross-Sectional Intensity Top-Down Intensity
T 1.5
(b)
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Distance Y Along Antennas (mm)

' 0
0 0.4 0.8 1.0 1.4 0 0.8 1.6
Distance X Along Array (mm) Distance X (mm)

Figure 3.25: (a) Measured cross-sectional intensity (in dB) above the chip for a quasi-
Bessel-beam-generating phased array with top-down intensity shown (d) in the plane
of the chip (z = 0mm), (c¢) within the Bessel region of the emitted beam (z = 11 mm),
and (b) after breakdown of the Bessel region (z = 22mm). Intensities are shown for
an array with 64 antennas, 10 um antenna pitch, ®, = 57, Ay = v/2/2, and 1550 nm
wavelength.
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the intensity at varying heights above the chip are recorded. These top-down views
are then integrated in the antenna axis to visualize the cross-sectional intensity as a
function of the distance above the chip.

The resulting cross-sectional intensity as a function of the distance above the
chip and three top-down views are shown in Figs. 3.25a—d for the fabricated quasi-
Bessel-beam-generating array with ®, = 57 and Ay = v/2/2. In the plane of the
chip (Fig. 3.25d), the aperture is illuminated by the antennas. As the system scans
through the Bessel region of the beam (Fig. 3.25¢), a characteristic 1D Bessel-Gauss
beam is observed with an elongated yet narrow central beam. In this region, a central-
beam FWHM of ~30 um is measured along the Bessel length, closely matching the
simulated value of 30.7 um. Finally, above the Bessel length (Fig. 3.25b), the central
beam is destroyed, the Bessel breaks down, and the light begins diffracting outwards.
The measured Bessel length of ~14 mm is slightly longer than the simulated value of
11.4mm. This deviation can be attributed to the imperfect performance of the tap
couplers (as shown in Fig. 3.22b) which deforms the feeding amplitude profile of the
device.

Next, an 18-pm-diameter gold wire is placed in the path of the central beam
along the antenna axis 7.5 mm above the chip. The resulting cross-sectional intensity
as a function of the distance above the chip and three top-down views are shown in
Figs. 3.26a—d. As shown in Fig. 3.26d, the wire obstructs the central heam. However,
the central beam reforms after a shadow-zone length and continues to propagate with

its characteristic elongated profile even after obstruction, as shown in Fig. 3.26b.

3.2.5 Conclusion

In summary, this work presents the first proposal and demonstration of integrated
optical phased arrays that generate quasi-Bessel beams in the near field of the array.
The phases and amplitudes necessary for Bessel-Gauss beam generation and relevant
variables and parameters have been presented and discussed. A new arbitrary phase-
and amplitude-controlled splitter-tree-based architecture has been developed and ex-

perimental device results have been shown. The array architecture has been used
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to experimentally demonstrate a quasi-Bessel-beam-generating array closely match-
ing simulation with a ~14mm Bessel length and ~30 um power FWHM. Due to
the elongated properties of Bessel-Gauss beams, this on-chip system has important

applications ranging from multi-particle optical trapping to scalable laser lithography.

Since the array is fabricated in a CMOS-compatible platform, it is naturally scal-
able to an active fully-integrated system with angular-steering capabilities through in-
terfacing with active silicon-based phase shifters [108]. Additionally, two-dimensional
Bessel-Gauss-beam generation can be achieved either by appropriately shaping the
phase and amplitude characteristics of the antennas in the splitter-tree-based array
(through apodization of the period and perturbation strength along the antennas [84])

or by using a two-dimensional emitter-based architecture |[71|. Furthermore, the loss
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Figure 3.26: (a) Measured cross-sectional intensity (in dB) above the chip for a quasi-
Bessel beam generated by a phased array when obstructed by a gold wire. Top-down
intensities are shown (d) in the plane of the obstacle (2 = 7.5mm), (¢) within the
shadow zone of the obstacle (z = 10mm), and (b) after reformation of the central
beam (z = 12.5mm). Intensities are shown for an array with 64 antennas, 10 um
antenna pitch, ®y = 57, Ay = v/2/2, and 1550 nm wavelength.
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naturally induced by the tap coupler amplitude approach in the array can be elim-
inated by using either a star coupler that simultaneously splits the signal and im-
parts a Gaussian amplitude profile [41] or a cascaded bus architecture with serial
taps [71,106]. Finally, the demonstration can be scaled to larger aperture sizes to
enable longer Bessel lengths; for example, assuming the 4 mm aperture previously

demonstrated in this platform [70], a 0.48 m Bessel length could be demonstrated.
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3.3 Butterfly-Pixel-Based Integrated Optical
Phased Arrays

The following work was done in collaboration with Matthew J. Byrd (MIT), Manan
Raval (MIT), and Michael R. Watts (MIT). This work has been published in [16,17].

3.3.1 Introduction

As discussed in Ch. 2, integrated optical phased arrays [14, 19,40, 42| have emerged
as a promising technology for many applications, such as light detection and ranging
(LiDAR) and free-space optical data communications, due to their ability to manip-
ulate and dynamically steer light in a compact form factor, at low costs, and in a
non-mechanical way. Motivated by these initial applications, optical phased array
demonstrations to date have primarily focused on systems that utilize dynamic phase
control to form and steer far-field beams [40].

However, there are many advantages to introducing dynamic amplitude control to
integrated optical phased arrays (in addition to standard phase functionality). For
example, amplitude apodization can be used to suppress sidelobes for far-field beam
forming [40], and amplitude encoding is required for generation of unique beams
and patterns, such as Bessel beams [14] and holographic images [19] (as discussed in
Sec. 3.2 and Sec. 4.4, respectively).

Integrated optical phased array architectures with independent amplitude and
phase control have been explored [42|. However, these previous demonstrations have
generally utilized amplitude components with large form factors, resulting in either
in-line control with large antenna pitches and significant higher-order grating lobes or
out-of-line control with highly-space-inefficient architectures [42]. Additionally, these
standard amplitude components have generally been power inefficient, utilizing either
tap couplers with “dump” ports [14] or power attenuators [42].

In this section, a scalable two-dimensional integrated optical phased array architec-

ture with cascaded butterfly-shaped pixels is introduced that enables compact, in-line

91



independent amplitude and phase control with power recycling for space- and power-
efficient operation. Additionally, proof-of-concept experimental data is presented for
the key components of the system, confirming the amplitude-control functionality of

the architecture.

3.3.2 Architecture and Experimental Results

The integrated optical phased array butterfly architecture consists of an input silicon
bus waveguide, a set of butterfly couplers that distribute the input light from the
bus waveguide to a set of row waveguides, and a set of cascaded butterfly pixels with

compact, in-line antennas that constitute each row of the array, as shown in Fig. 3.27.

(a) Integrated Optical Phased Array Butterfly Architecture
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Figure 3.27: (a) Simplified schematic of the integrated optical phased array butterfly
architecture with inset showing (b) an 8 x8 array of butterfly pixels. In the schematics,
the red, green, blue, and black shapes represent the silicon waveguides, bottom metal,
top metal, and vias, respectively (doping layers and other process layers are not shown
for clarity).
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Each butterfly coupler is based on a Mach-Zehnder interferometer (MZI) with two
sets of doped waveguide-embedded thermal phase shifters (similar to the shifters used
in [40]) on both the top and bottom arms, as shown in Fig. 3.28a. A “phase” signal
line for each butterfly coupler is connected to the first set of shifters in both the top
and bottom arm while an “amplitude” signal line is connected to the second set of
shifters in only the top arm. This enables independent control of the amplitude and
phase of the light coupled to the tap port of each coupler and, consequently, arbitrary
encoding of the light to each row of the array. (The amplitude-control functionality of

a fabricated butterfly coupler was confirmed experimentally, as shown in Fig. 3.28c¢.)

Similarly, each butterfly pixel is also based on an MZI with two sets of thermal

phase shifters for independent amplitude and phase control; however, instead of be-
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Figure 3.28: Simplified schematics of (a) a butterfly coupler and (b) a butterfly pixel.
In the schematics, the red, green, blue, and black shapes represent the silicon waveg-
uides, bottom metal, top metal, and vias, respectively (doping layers and other pro-
cess layers are not shown for clarity). (¢) Experimentally measured transmission into
the thru (blue) and tap (green) waveguides versus applied amplitude-line electrical
power for the fabricated butterfly coupler. (d) Experimentally measured transmission
into the thru waveguides (blue/green) and radiation out of the antenna (red) versus
applied amplitude-line electrical power for the fabricated butterfly pixel.
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ing terminated with a typical directional coupler, the pixel MZI is terminated with
a symmetric three-waveguide coupler (similar to the three-waveguide coupler used
in [109]), as shown in Fig. 3.28b. This enables the pixel to connect directly to the
subsequent pixel without an additional splitter while also coupling directly to a com-
pact emitter antenna. In the array, all of the “amplitude” signal lines and all of the
“phase” signal lines for the pixels in each column are wired together to reduce routing
and control complexity while maintaining arbitrary row and column array encoding.
(The amplitude-control functionality of a fabricated butterfly pixel was confirmed

experimentally, as shown in Fig. 3.28d.)

3.3.3 Conclusion

A scalable two-dimensional integrated optical phased array architecture with cas-
caded butterfly-shaped pixels has been developed and proof-of-concept experimental
data has been presented for the key components of the system. The architecture
implements independent amplitude and phase control with no “dump” port in the
MZI configuration such that all power can be routed to the antennas with proper am-
plitude encoding (i.e. power recycling amongst pixels), resulting in a power-efficient
architecture. Additionally, the compact, in-line pixel approach enables space effi-
ciency on-chip (important for commercial applications and scaling to larger array
sizes) while maintaining reasonable pixel size for reduced higher-order grating lobes.
In future work, a scaled-up demonstration of this architecture will be experimentally
shown and applied to generate unique amplitude and phase encodings for dynamic

far-field sidelobe suppression [40] and complex pattern generation [14,19].
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Chapter 4

Visible-Light Integrated Photonics for

Augmented Reality

Augmented-reality head-mounted displays that display information directly in the
user’s field of view have many wide-reaching applications in defense, medicine, engi-
neering, gaming, etc. However, current commercial head-mounted displays are bulky,
heavy, and indiscreet. Moreover, these current displays are not capable of producing
holographic images with full depth cues; this lack of depth information results in
users experiencing eyestrain and headaches that limit long-term and wide-spread use

of these displays (an effect known as the vergence-accommodation conflict).

In this chapter, recent advances in the development of VIPER (Visible Integrated
Photonics Enhanced Reality), a novel integrated-photonics-based holographic display,
will be reviewed. The VIPER display consists of a single discreet transparent chip
that sits directly in front of the user’s eye and projects visible-light 3D holograms that
only the user can see. It presents a highly-discreet and fully-holographic solution for
the next generation of augmented-reality displays.

First, a variety of novel integrated visible-light components, required for the
VIPER display, will be demonstrated. The first integrated visible-light liquid-crystal-
based phase [20,21] and amplitude [22,23] modulators (with device lengths an order

of magnitude smaller than traditional inefficient thermo-optic visible-light modula-
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tors) will be shown in Sec. 4.1 and Sec. 4.2, respectively. Additionally, the first
actively-tunable visible-light integrated optical phased array [24] will be presented
in Sec. 4.3 (prior visible-light integrated optical phased arrays have been limited to
passive demonstrations).

Next, the VIPER display will be introduced in Sec. 4.4. First, a novel transparent
300-mm-wafer foundry platform on glass for visible-light integrated photonics will be
presented [18]. Second, a novel large-scale passive VIPER display that generates a
holographic image of a wire-frame cube using 1024 optical-phased-array-based pixels
passively encoded to emit light with the appropriate amplitudes and phases will be
discussed [18,19]. Third, a novel active VIPER display consisting of cascaded compact

active optical-phased-array-based pixels will be shown [18].
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4.1 Integrated Visible-Light LC-Based Phase
Modulators

The following work was done in collaboration with Milica Notaros (MIT), Manan

Raval (MIT), and Michael R. Watts (MIT). This work has been published in |20,21].

4.1.1 Introduction

Integrated photonics systems at visible wavelengths have many wide-reaching po-
tential applications, including dynamic displays and projection systems (such as the
VIPER display discussed in Sec. 4.4), underwater optical communications and Li-
DAR, and optogenetics [19, 110]. Generally, integrated visible-light systems have
been demonstrated in silicon-nitride platforms since silicon nitride has a low ab-
sorption coefficient within the visible spectrum and is CMOS compatible. However,
silicon nitride has a low thermo-optic coefficient and does not exhibit any significant
electro-optic properties, which makes integrated phase tuning at visible wavelengths
a challenge.

As a solution, nematic liquid crystal (LC), with strong birefringence in the vis-
ible spectrum, can be integrated into photonic platforms and used to enable phase
modulation. Integrated liquid-crystal-based devices, including slot waveguide phase
shifters [111], ring resonators [112,113], and switches and tuners [114], have been pre-
viously explored. However, these demonstrations have been largely limited to infrared
wavelengths.

In this section, an integrated visible-light liquid-crystal-based phase modulator is
developed and experimentally demonstrated. 367 phase shift is achieved within 3V

in a 500-pum-long modulation region.

4.1.2 Theory and Packaging

As shown in Fig. 4.1a, the integrated liquid-crystal-based phase modulator consists

of a silicon-nitride waveguide to weakly confine and guide the light, liquid crystal
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deposited into an oxide trench above the waveguide to enable strong interaction be-
tween the optical mode and the liquid-crystal media, metal electrodes for applying an
electric field across the liquid-crystal region, and a top glass chip with a mechanical

alignment layer to anchor the liquid-crystal molecules.
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UV Cured Sealant Alignment Layer

Top Glass SU-8
Spacer
Liquid
Crystal
¥ ‘H
[ |
Oxide I
SiN Waveguide Electrodes

(b) Device Top-View Schematic

Shifter <R
Length
|
E=0 Epax

(c) Device Mode Profiles

Liquid Crystal Liquid Crystal
Nic = 1.53 Nic = 1.62

SiN Waveguide SiN Waveguide
—

=l |

Figure 4.1: (a) Cross-sectional schematic of the integrated liquid-crystal-based phase
modulator (not to scale). (b) Top-view schematic of the integrated liquid-crystal-
based phase modulator showing the liquid-crystal molecule alignment with no electric
field applied versus with maximum electric field applied (not to scale). (¢) Simulated
mode profiles of the fundamental transverse-electric mode in the integrated liquid-
crystal-based phase modulator for a liquid-crystal index of nyc = 1.53 versus npc =
1.62.
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In the device, phase modulation was achieved by leveraging the birefringence of the
liquid crystal. In a nematic liquid-crystal media, the index of refraction varies based
on the orientation of the liquid-crystal molecules. Thus, by applying an electric field
across the liquid-crystal region to orient the molecules in the direction of the applied
field, as shown in Fig. 4.1b, the index of the liquid-crystal media can be actively
tuned, resulting in a change in the effective refractive index of the optical mode in
the waveguide, as shown in Fig. 4.1c. The resulting relative phase shift due to this

change in effective refractive index is given by

B ZWLAneff

AP
oo

(4.1)

where L is the length of the liquid-crystal region, Aneg is the change in effective

refractive index, and )\ is the free-space operating wavelength.

The device was fabricated in a 300-mm wafer-scale CMOS-compatible process at
SUNY Poly. A cross-sectional schematic of the device as fabricated by SUNY Poly
is shown in Fig. 4.2a. The 160-nm-thick silicon-nitride waveguide is recessed within
the silicon dioxide cladding, a trench is etched above the waveguide using a second
silicon-nitride etch-stop layer, and metal electrodes are placed along both sides of
the trench. Further fabrication and packaging were then done at the MIT fabrication
facilities as back-end steps. First, an anisotropic dry etch was performed to etch away
some of the excess oxide on top of the waveguide, as shown in Fig. 4.2b. Bringing the
trench closer to the top of the waveguide is an important fabrication step, because it
enables the optical mode in the device to maximally interact with the liquid crystal,
hence allowing for the largest phase shift for a set modulator length. Second, an SU-8
resist spacer layer was deposited around the device, as shown in Fig. 4.2c. Third, a
glass chip, with a polyimide alignment layer on the bottom side, was epoxied on top of
the spacer layer, as shown in Fig. 4.2d. The alignment layer anchors the liquid-crystal
molecules when no electric field is applied. Fourth, 5CB nematic liquid crystal was
injected into the formed cavity via capillary action and the cavity was sealed off with

UV-cured epoxy, as shown in Fig. 4.2e.
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4.1.3 Experimental Results

To enable characterization of the device, the liquid-crystal-based phase modulator

was fabricated in an integrated Mach-Zehnder-interferometer (MZI) test structure,

(a) Initial Cross Section

Oxide Etch Stop
SiN Waveguide Electrode
(b) Dry Etch (¢) Pattern Photoresist

<+— SU-8 Spacer

(d) Epoxy Top Glass with Alignment Layer (e) Inject L.C into Cavity & Seal
Alignment Layer ‘/UV Cured Sealant
Top Glass
Liquid Crystal

Figure 4.2: Cross-sectional schematic of the liquid-crystal-based phase modulator
(a) as received from SUNY Poly with an initial cross section consisting of an SiN
waveguide, empty trench, and electrodes, (b) after in-house dry etch to bring the
trench closer to the top of the waveguide, (c) after patterning of the SU-8 photoresist
spacer layer, (d) after the top glass chip with an alignment layer is epoxied on top of
the spacer layer, and (e) after the liquid crystal is injected into the cavity and sealed
with the UV-cured epoxy (not to scale).
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Figure 4.3: Simplified schematic of the integrated MZI test structure and modulation
scheme showing major components (not to scale).

as shown in Fig. 4.3. A 632.8-nm-wavelength helium-neon laser was coupled into the
chip from an input fiber into the integrated silicon-nitride waveguide using an input
edge coupler. A 1 x 2 multimode interference (MMI) splitter was used to transition
from a single waveguide to the two arms of the MZI. A 500-um-long liquid-crystal-
based phase modulator was placed in each arm of the MZI. Finally, a 2 x 1 MMI was
used to combine the two arms of the MZI back into a single waveguide and a second
edge coupler was used to couple the light from the chip into an output fiber that was
fed into a power meter. A photograph of the fabricated and packaged chip and the

experimental setup is shown in Fig. 4.4.

Input
Fiber

Figure 4.4: Photograph of the fabricated and packaged integrated liquid-crystal-based
phase modulator chip and experimental setup.
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To characterize the device, electronic probes were used to apply a 10 kHz square
wave with a variable peak-to-peak voltage across the electrodes of the phase modulator
in one arm of the MZI, as shown in Fig. 4.3. (Note that no voltage was applied across
the second phase modulator in the MZI; the liquid-crystal molecules in this modulator
were maintained in a constant orientation by the alignment layer.) As shown in
Fig. 4.5, as the peak-to-peak voltage applied to the liquid-crystal modulator was
varied, phase modulation was achieved, which manifested as amplitude modulation
at the output of the MZI test structure. Using this method, 367 phase shift was
achieved within 3V in the 500-um-long modulation region. This result corresponds

to a 27 phase shifter length of only 28 um.

4.1.4 Conclusion

In this section, an integrated visible-light liquid-crystal-based phase modulator was
developed and experimentally demonstrated. 36w phase shift was achieved within
+3V in a 500-pm-long modulation region. This device enables compact and low-

power integrated visible-light modulation for a variety of applications, ranging from
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Figure 4.5: Experimental results for the integrated liquid-crystal-based phase mod-
ulator showing normalized output power versus peak-to-peak voltage applied to one
arm of the MZI test structure.
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optogenetics to underwater optical communications and LiDAR [110]. In Sec. 4.4,
this integrated visible-light liquid-crystal-based phase modulator will be applied to
the VIPER display to enable a dynamic visible-light near-eye holographic display for

augmented-reality applications.
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4.2 Integrated Visible-Light LC-Based
Variable-Tap Amplitude Modulators

The following work was done in collaboration with Milica Notaros (MIT), Manan

Raval (MIT), and Michael R. Watts (MIT). This work has been published in [22,23].

4.2.1 Introduction

As discussed in Sec. 4.1, integrated photonics systems at visible wavelengths have
many wide-reaching potential applications, including dynamic displays and projec-
tion systems (such as the VIPER display discussed in Sec. 4.4), underwater optical
communications and LiDAR, and optogenetics [19,110]. Generally, integrated visible-
light systems have been demonstrated in silicon-nitride platforms since silicon nitride
has a low absorption coefficient within the visible spectrum and is CMOS compati-
ble. However, silicon nitride has a low thermo-optic coefficient and does not exhibit
any significant electro-optic properties, which makes integrated phase and amplitude
tuning at visible wavelengths a challenge.

As a solution, nematic liquid crystal, with strong birefringence in the visible spec-
trum, can be integrated into photonic platforms and used to enable modulation.
Integrated liquid-crystal-based demonstrations to date have largely focused on liquid-
crystal-based phase shifters [21,111,114]. Although amplitude modulation has been
achieved by directly integrating these phase shifters in a Mach-Zehnder-interferometer
configuration (as shown in Sec. 4.1), this type of configuration has a large form factor
since it requires a splitter at both the input and output of the device, phase shifters
in each arm of the interferometer, and transitions connecting the liquid-crystal region
to the splitters.

In this section, an integrated visible-light liquid-crystal-based variable-tap ampli-
tude modulator is proposed and experimentally demonstrated. The device leverages
the birefringence of liquid crystal to actively tune the coupling coefficient between

a bus and a tap waveguide and, hence, vary the amplitude of light coupled into the
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tap. This small-form-factor variable-tap device provides a compact and low-power so-
lution to visible-light amplitude modulation and will enable high-density integrated

visible-light systems.

4.2.2 Theory and Design

The liquid-crystal-based variable-tap amplitude modulator consists of two vertically-
stacked silicon-nitride waveguides, below an oxide trench filled with liquid crystal,
with integrated metal electrodes on either side of the liquid-crystal region, as shown
in Fig. 4.6. Light is coupled from a 160-nm-thick bus waveguide, directly beneath
the liquid-crystal region, to a 160-nm-thick tap waveguide situated 410 nm below the
bus.

The amplitude of the light coupled into the tap waveguide depends on the coupling

coefficient between the two waveguides (affected by the mode overlap and difference in

Tap

»Bus

UV Cured Sealant Alignment Layer
(b)

Top Glass SU-8
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Oxide Liquid
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m
Electrodes

Bus Waveguide

Tap Waveguide

Figure 4.6: (a) Simplified schematic of the liquid-crystal-based variable-tap amplitude
modulator. (b) Cross section of the coupling region after packaging (not to scale).
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propagation constants). Since the bus waveguide is situated directly underneath the
liquid-crystal trench, the confinement and propagation constant of the bus-waveguide
mode are highly dependent on the refractive index of the liquid crystal. The liquid-
crystal index can be varied from 1.53 to approximately 1.6 by applying an electric field
across the liquid-crystal region via the integrated electrodes (as discussed in Sec. 4.1).
As the liquid-crystal index increases, the mode in the bus waveguide becomes less con-
fined and is pulled up into the liquid-crystal region, as shown in Fig. 4.1¢. This results
in less mode overlap with the tap waveguide and a change in effective index of the
bus mode (i.e. change in propagation constant), resulting in amplitude modulation

of the light coupled into the tap.

To enable optimal device performance, the coupler length and tap waveguide width
were chosen to ensure maximum modulation contrast for a given bus waveguide width.
First, the coupler length was chosen such that no light is coupled into the tap at the
high liquid-crystal index (to take advantage of the bus mode pulling up into the
liquid crystal at the higher index). To determine the appropriate length, the tap
power versus coupler length was simulated for a variety of tap waveguide widths, as
shown in Fig. 4.7a. For example, for a bus width and tap width of 320 nm and 390 nm,

respectively, the appropriate coupler length was determined to be 17 um. Second, the
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Figure 4.7: (a) Simulated tap transmission versus coupler length for various tap
waveguide widths. (b) Simulated tap transmission versus liquid-crystal refractive
index for various tap waveguide widths.
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tap width was chosen for maximum amplitude variation. To determine the optimal
tap width, the tap power versus liquid-crystal index was simulated for each tap width
and corresponding coupler length to determine the change in tap transmission, as
shown in Fig. 4.7b. For example, for a bus width of 320 nm, the optimal tap width

was found to be 390 nm, which results in amplitude variation from 60% to 0%.

4.2.3 Experimental Results

As a proof of concept, a liquid-crystal-based variable-tap amplitude modulator was
fabricated in a 300-mm wafer-scale CMOS-compatible process at SUNY Poly and
packaged with 5CB nematic liquid crystal using back-end fabrication steps at MIT
(as discussed in Sec. 4.1). The final device cross section is shown in Fig. 4.6b. To
characterize the fabricated device, a 632.8-nm-wavelength helium-neon laser was cou-
pled onto the chip, electronic probes were used to apply a 10-kHz square wave with
a variable peak-to-peak voltage across the electrodes, and the power at the tap out-
put was monitored using a power meter, as shown in Fig. 4.4. To demonstrate the
functionality of the device, the peak-to-peak voltage was modulated with a 1-Hz si-
nusoidal envelope signal (speed limited by the detection equipment), which resulted

in ~4 dB amplitude modulation at the tap output, as shown in Fig. 4.8.

Normalized Tap Power (dB)

0 1 2 3 4 5
Time (sec)

Figure 4.8: Experimental results showing tap power output under 1-Hz modulation
(speed limited by the detection equipment).
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4.2.4 Conclusion

In this section, a novel integrated visible-light liquid-crystal-based variable-tap ampli-
tude modulator was proposed and experimentally demonstrated. The device leverages
the birefringence of liquid crystal to actively tune the coupling coefficient between a
bus and a tap waveguide and, hence, vary the amplitude of light coupled into the tap.
A design procedure for optimal modulation was identified, a proof-of-concept device
was fabricated, and initial experimental amplitude-modulation results were shown.
This compact variable tap enables low-power and small-form-factor amplitude mod-
ulation for high-density integrated systems at visible wavelengths spanning a variety
of applications, ranging from optogenetics to underwater optical communications and
LiDAR [110]. In Sec. 4.4, this integrated visible-light liquid-crystal-based variable-
tap amplitude modulator will be applied to the VIPER display to enable a dynamic

visible-light near-eye holographic display for augmented-reality applications.
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4.3 Integrated Visible-Light LC-Based Integrated
Optical Phased Arrays

The following work was done in collaboration with Milica Notaros (MIT), Manan

Raval (MIT), and Michael R. Watts (MIT). This work has been published in [24].

4.3.1 Introduction

As discussed in Ch. 2, integrated optical phased arrays [35,41,67] have emerged as
a promising technology for many applications, such as light detection and ranging
(LiDAR) and free-space optical data communications, due to their ability to manip-
ulate and dynamically steer free-space light in a compact form factor, at low costs,
and in a non-mechanical way. However, optical phased array demonstrations to date
have primarily focused on the infrared wavelength regime, although there are many
potential wide-reaching applications of optical phased arrays that require visible light
operation, including dynamic displays and projection systems (such as the VIPER
display discussed in Sec. 4.4), underwater optical communications and LiDAR, and
optogenetics.

Recently, visible-light integrated optical phased arrays have been demonstrated
in silicon-nitride platforms [19, 70, 115]; however, these systems have been limited
to passive demonstrations. Since silicon nitride has a low thermo-optic coefficient
and does not exhibit any significant electro-optic properties, integrated phase tuning
at visible wavelengths is a challenge. As a solution, nematic liquid crystal, with
strong birefringence in the visible spectrum, can be integrated into silicon-nitride
platforms to enable visible-light phase modulation with low powers and short lengths
(as discussed in Sec. 4.1).

In this section, liquid-crystal-based integrated optical phased arrays are proposed
and experimentally demonstrated for the first time as a method for low-power and
compact visible-light beam steering. A cascaded integrated optical phased array

architecture with a liquid-crystal-based phase-shifting region is developed and used to
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experimentally demonstrate beam steering at a 632.8 nm wavelength with a 0.7°x2.3°

power full width at half maximum and 10.5° steering range within £3.5V.

4.3.2 Architecture

As a proof of concept, a visible-light integrated optical phased array was designed,
fabricated in a CMOS-compatible foundry process at SUNY Poly, and packaged with
liquid crystal using a back-end fabrication process at MIT. The integrated phased ar-
ray consists of a silicon-nitride-based cascaded-phase-shifter architecture that linearly
controls the relative phase applied to an array of antennas, as shown in Fig. 4.9a.
At the input, an on-chip inverse-taper edge coupler couples light from an off-chip
laser into an on-chip single-mode silicon-nitride waveguide. A 100-pum-long escalator
device (an adiabatic layer transition structure) then couples the input light from the
single-mode waveguide into the liquid-crystal-based phase-shifter bus region, as shown
in Fig. 4.9b. Next, evanescent tap couplers, placed with a pitch of 20 um and with

(a) System Schematic
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Figure 4.9: (a) Partial schematic of the liquid-crystal-based integrated optical phased
array showing major components. Simplified schematics of the (b) layer-transition

escalator, (c) evanescent tap coupler, and (d) grating-based antennas used in the
liquid-crystal-based integrated optical phased array.
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increasing coupling lengths, uniformly distribute the light from the bus region to 16

grating-based 400-pum-long antennas with a 2 um pitch, shown in Figs. 4.9¢—d.

To enable one-dimensional far-field beam steering, the system utilizes the bire-
fringence of liquid-crystal media to enable cascaded phase control to the array of
antennas. In a nematic liquid-crystal medium, the index of refraction varies based
on the orientation of the liquid-crystal molecules. Thus, by applying an electric field
across the liquid-crystal region to orient the molecules in the direction of the ap-
plied field, the index of the liquid-crystal media can be actively tuned, resulting in
a linear phase shift to the antennas. To enable this functionality, the liquid-crystal-
based phase-shifting region consists of a silicon-nitride waveguide to weakly confine
and guide the light, liquid crystal deposited into an oxide trench above the waveg-
uide to enable strong interaction between the optical mode and the liquid-crystal
media, metal electrodes for applying an electric field across the liquid-crystal region,
and a top glass chip with a mechanical alignment layer to anchor the liquid-crystal
molecules. Additional details on the liquid-crystal-based phase shifter are provided
in Sec. 4.1.

Figure 4.10: Photograph of the packaged optical-phased-array chip, experimental
setup, and output radiated light.
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4.3.3 Experimental Results

To characterize the fabricated array, a 632.8-nm-wavelength helium-neon laser was
coupled onto the chip and an optical system was used to image the far field of the
phased array onto a visible-light camera. A photograph of the experimental setup
is shown in Fig. 4.10, and the experimentally measured far-field pattern and cross
sections of the far-field main lobe are shown in Figs. 4.11a—b. As expected, the array
forms a beam in the far field with a 0.7° x 2.3° power full width at half maximum, 8 dB
sidelobe suppression, and second-order grating lobes at +28°. Next, electronic probes

were used to apply a 10 kHz square wave with variable peak-to-peak voltage across the
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Figure 4.11: (a) Measured far field above the chip showing the main lobe of the phased
array. (b) Intensity cross sections of the far-field main lobe in the array dimension
(f) and antenna dimension (V). (c) Experimental results showing beam steering in
the array dimension () versus applied peak-to-peak voltage.

113



electrodes of the liquid-crystal-based phase-shifting region to steer the beam in the
array dimension (#). As shown in Fig. 4.11c, the system enables 10.5° of visible-light
beam steering within +3.5'V.

4.3.4 Conclusion

This work presents the first proposal and demonstration of liquid-crystal-based inte-
grated optical phased arrays. A cascaded integrated optical phased array architecture
with a liquid-crystal-based phase-shifting region was developed and used to experi-
mentally demonstrate visible-light beam steering with a 0.7° x 2.3° power full width
at half maximum and 10.5° steering range within £3.5V. This system has many
important applications, ranging from optogenetics to underwater optical communica-
tions and LiDAR [110]. In Sec. 4.4, this liquid-crystal-based integrated optical phased
array will be applied to the VIPER display to enable a dynamic visible-light near-eye
holographic display for augmented-reality applications.
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4.4 Integrated-Photonics-Based Holographic
Displays for Augmented Reality

The following work was done in collaboration with Milica Notaros (MIT), Thomas
Dyer (SUNY Poly), Manan Raval (MIT), Christopher Baiocco (SUNY Poly), and
Michael R. Watts (MIT). This work has been partially published in [18,19].

4.4.1 Introduction

In many situations, including military operations and medical interventions, access
to real-time information can be a key determinant for success. Traditionally, this
information has been displayed in real time using head-down or head-up displays.
However, recently, there have been extensive efforts in developing head-mounted dis-
plays (HMDs) that are capable of relaying information directly in the user’s field of
view (FOV). These head-mounted displays enable the user to remain engaged with
their surroundings while referencing information to real-world objects and events for
an augmented-reality experience.

Typical commercially-available augmented-reality head-mounted displays employ
an optical relay system for each eye, wherein an image produced by a microdisplay is
magnified using a system of lenses to generate an image superimposed on the external
scene at a single virtual focal plane in the user’s FOV [116], as shown in Fig. 4.12a.
However, the bulk-optics components utilized in these typical head-mounted dis-
plays result in large, heavy, and indiscreet head-mounted displays. Additionally,

typical head-mounted displays employ low-luminance microdisplays (approximately

(a) Typical HMD Approach (b) VIPER Approach
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Figure 4.12: Simplified diagram of (a) a typical HMD approach using an optical relay
system versus (b) the direct-view near-eye VIPER approach.
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1000 cd/m?), which render the systems inadequate for use in ambient daylight con-
ditions, and optical relay systems with limited FOVs (limited to <40° compared to
the 60° near-peripheral FOV of the human eye). Finally, typical head-mounted dis-
plays magnify the microdisplay image such that it appears at a single virtual focal
plane (they are not capable of producing holographic images with full depth cues);
this lack of depth information results in users experiencing eyestrain and headaches
that limit long-term and wide-spread use of these displays (an effect known as the
vergence-accommodation conflict). Although there have been a number of recent pro-
posals and initial passive demonstrations of near-eye displays that utilize holographic
image projection to emit full phase fronts and resolve the vergence-accommodation
conflict [117,118], there is still a growing need for a dynamic, discrete, mobile, large-
FOV, high-brightness augmented-reality head-mounted display with full binocular
and monocular depth cues.

In this section, VIPER (Visible Integrated-Photonics Enhanced-Reality), a novel
integrated-photonics-based visible-light near-eye holographic display, is proposed and
experimentally demonstrated as a scalable solution to address this need. The VIPER
display consists of a single discreet transparent chip, fabricated in a 300-mm-wafer
foundry process, that sits directly in front of the user’s eye, as shown in Fig. 4.13, to
enable a direct-view near-eye display approach, as shown in Fig. 4.12b. The display

is comprised of a grid of on-chip visible-light optical phased arrays, as shown in

lass-Bonded Chip

Figure 4.13: Photographs showing (a) a 300-mm-diameter glass-bonded VIPER wafer,
(b) three glass-bonded VIPER chips, and (c) a glass-bonded VIPER chip in the near-
eye modality.
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Fig. 4.14a, that are encoded to emit light with the appropriate amplitudes and phases
such that a virtual holographic image is formed that only the user can see, as shown
in Fig. 4.14b. Tt presents a highly-discreet and fully-holographic solution for the next

generation of augmented-reality displays.

4.4.2 Passive Architecture and Experimental Results

As an initial proof of concept demonstration, a passive VIPER display was designed
at MIT and fabricated in a CMOS-compatible foundry process at SUNY Poly. The
display is based on a grid of coherent visible-light integrated optical phased arrays
that act as the pixels in the display, as shown in Fig. 4.15. At the input, an on-

(a) VIPER Schematic

Single Pixel Fiber Input

\

(b) VIPER Viewing Configuration

f f

Virtual Image VIPER Display

Figure 4.14: (a) Simplified schematic of the VIPER display showing the input optical
fiber, active distribution network, and grid of optical-phased-array-based pixels. (b)
Viewing configuration for the VIPER display showing the virtual holographic image
formed behind the display.
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chip inverse-taper edge coupler couples light from an off-chip laser into an on-chip
single-mode silicon-nitride waveguide. A 5-stage multi-mode-interference splitter tree
evenly distributes the input power to 32 rows with a final pitch of 32 um. On each
row, 32 compact optical-phased-array-based pixels are placed with a pixel pitch of
32 um. Each pixel consists of (1) a phase taper structure [14] on the row waveguide
to encode the absolute phase of the light emitted by each pixel, (2) an evanescent
tap to couple light from the row waveguide to the pixel bus based on the desired
pixel amplitude encoding, and (3) evanescent taps with increasing coupling lengths
to uniformly distribute light from the pixel bus to 6 grating-based antennas with

spatial offsets [115] to enable a linear phase gradient encoding for each pixel.

(a) System Schematic
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Figure 4.15: (a) Schematic of the passive VIPER display with 32 x 32 pixels, 32 um
pixel pitch, 6 antennas per a pixel, and 4 um antenna pitch. (b) Schematic of a sin-
gle optical-phased-array-based pixel of the passive VIPER display showing the phase
taper for pixel absolute phase encoding, evanescent tap for pixel amplitude encod-
ing, and pixel-to-antenna taps with varying spatial offsets for pixel phase gradient
encoding.
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To generate an example virtual image of a wire-frame cube using the passive
VIPER display, a holographic encoding procedure was used to determine the absolute
phase, amplitude, and phase gradient encodings for each pixel. Specifically, the holo-
graphic phase and amplitude distributions necessary for generating the desired image
on the retinal plane were closely approximated by discretizing these distributions into
local one-dimensional phase gradients with arbitrary amplitudes and absolute phases.
These discretized phase and amplitude distributions were then iteratively optimized
using the Gerchberg-Saxton algorithm [74] to accurately generate the desired virtual
image. The resulting image and corresponding amplitude, absolute phase, and phase
gradient encodings — simulated assuming a 632.8 nm operating wavelength, 1 m vir-

tual object distance, 12 mm eye relief, and 20 mm human eye focal length — are shown
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Figure 4.16: (a) Simulation of the virtual image projected by the passive VIPER
display and corresponding (b) amplitude, (¢) absolute phase, and (d) phase gradient
encodings, assuming a 632.8 nm operating wavelength, 1 m virtual object distance,
20 mm human eye focal length, and 12 mm eye relief.
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in Fig. 4.16.

To characterize the fabricated passive VIPER display, a 632.8-nm-wavelength
helium-neon laser was coupled onto the chip and an optical imaging system, con-
sisting of a 20-mm-focal-length lens and a visible-light camera, was used to emulate
the functionality of the human eye (photographs of the experimental setup and fabri-
cated chip are shown in Figs. 4.17a-b). As expected, the display generates the desired

wire-frame image at a single focal plane with a virtual object distance around 1m
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Figure 4.17: Photograph of (a) the VIPER characterization setup showing the input
optical fiber, photonic chip, lens emulating the lens in the eye, and camera emulating
the retina, and (b) the transparent holographic-display chip. (c¢) Experimental mea-
surement of the virtual image projected by the passive VIPER display with a ~1m
virtual object distance, 20 mm focal length lens, and 12 mm eye relief.
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and an emulated eye relief around 12 mm, as shown in Fig. 4.17c.

4.4.3 Active Architecture and Experimental Results

Next, an active video version of the VIPER display was developed by leveraging the
integrated liquid-crystal-based components discussed in Sec. 4.1-4.3. Similar to the
passive VIPER display, the active display is based on a grid of coherent visible-light
integrated optical phased arrays that act as the pixels in the display, as shown in

Fig. 4.18; however, in the active display, the amplitude and phase encodings for each
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Figure 4.18: Partial schematic of the active VIPER display with 4 x 4 pixels, 32 pm
pixel pitch, 8 antennas per a pixel, and 4 um antenna pitch.
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pixel are dynamically controlled using liquid-crystal-based components.

At the input, an on-chip inverse-taper edge coupler couples light from an off-chip
laser into an on-chip single-mode silicon-nitride waveguide. A 2-stage multi-mode-
interference splitter tree evenly distributes the input power to 4 rows with a final
pitch of 32 um. On each row, 4 compact optical-phased-array-based pixels are placed

with a pixel pitch of 32 um for a total of 16 pixels in the display.

Figure 4.19 shows a schematic of one of the pixels in the active VIPER display.
Each pixel consists of (1) a liquid-crystal-based phase shifter [21] on the row waveguide
to modulate the absolute phase of the light emitted by each pixel, (2) a liquid-crystal-
based variable tap [23] to modulate the amplitude of light coupled from the row
waveguide to each pixel bus, and (3) a liquid-crystal-based pixel bus with compact

cascaded pixel-bus-to-antenna taps to distribute the light from the pixel bus to 8
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Figure 4.19: Schematic of a single optical-phased-array-based pixel of the active
VIPER display showing major components, including the liquid-crystal-based phase
shifter for pixel absolute phase encoding, liquid-crystal-based variable tap for pixel
amplitude encoding, and liquid-crystal-based pixel bus with compact cascaded pixel-
bus-to-antenna taps for pixel phase gradient encoding.
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grating-based antennas and modulate the linear phase gradient of the light emitted
by each pixel [24].

To characterize the fabricated display, electronic probes were used to apply a
10 kHz square wave with variable peak-to-peak voltage to the active components in
one of the pixels in the display. As shown in Figs. 4.20a-b, amplitude modulation
from the “off” state to the “on” state with a contrast ratio of approximately 100:1
was achieved within +4.5V and phase gradient modulation of 0.657 per antenna was
achieved within +4.75V.

Finally, as an initial demonstration of the video functionality of the active VIPER
display, the display was encoded to spell out the letters in the word “LIGHT”. An

optical system was then used to image the near field of the chip as the display switched

between letters, as shown in Fig. 4.20c.
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Figure 4.20: Experimental results for a single active VIPER, pixel showing (a) power
radiated out of the pixel versus applied peak-to-peak variable tap voltage and (b) pixel
phase gradient shift versus applied peak-to-peak cascade voltage. (c¢) Experimental
results showing five images of the near field of the multi-pixel active VIPER display; in
this experiment, the display was encoded to spell out the letters in the word “LIGHT".
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4.4.4 Conclusion

This work presents the first proposal and demonstration of an integrated-photonics-
based visible-light near-eye holographic display. First, a novel transparent 300-mm-
wafer foundry platform on glass for visible-light integrated photonics was demon-
strated. Next, a passive phased-array-pixel-based architecture and a holographic im-
age encoding methodology were developed and used to experimentally demonstrate
virtual image projection of a wire-frame cube with a 32 x 32 pixel display, 1 m dis-
tance to the virtual object, and 12mm eye relief. Finally, a corresponding active
architecture consisting of cascaded compact active optical-phased-array-based pixels
was developed and used to experimentally demonstrate initial active video display
functionality.

In the future, a custom thin-film-transistor electronics backplane could be de-
veloped to enable integrated control of the active VIPER display and scaling up to
a large-scale video-hologram demonstration. Furthermore, the architecture of the
VIPER display could be further developed to support multi-color functionality. Fi-
nally, gain material could be integrated into the VIPER foundry platform to enable
on-chip lasers for the VIPER display.

The VIPER system has the potential to enable the next generation of augmented-
reality head-mounted displays — with highly-efficient components for daytime opera-
tion, compact form factors for discreet and mobile use, and vergence-accommodation-
conflict resolution for long-term wear — with a wide range of applications, including

military, medical, engineering, and gaming.
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Chapter 5

Conclusion

In summary, in this thesis, novel integrated-optical-phased-array devices, systems,
results, and applications were presented with a focus on augmented-reality displays
and LiDAR sensing [1-6].

In Ch. 2, beam-steering optical phased arrays for LiDAR were shown, including
the first beam-steering optical phased array powered by a monolithically-integrated
on-chip rare-earth-doped laser [7,8], the first beam-steering optical phased array con-
trolled using heterogeneously-integrated CMOS driving electronics |9, 10|, and the
first single-chip coherent LiDAR with integrated optical phased arrays and CMOS
receiver electronics [11]. These demonstrations are important steps towards practical
commercialization of low-cost and high-performance integrated LiDAR. sensors for
autonomous vehicles.

In Ch. 3, integrated optical phased arrays for optical manipulation in the near
field were developed, including the first near-field-focusing integrated optical phased
arrays [12,13], the first quasi-Bessel-beam-generating integrated optical phased arrays
[14,15], and a novel active butterfly architecture for independent amplitude and phase
control [16,17]. These near-field modalities have the potential to advance a number of
application areas, such as optical trapping for biological characterization, trapped-ion
quantum computing, and laser-based 3D printing.

In Ch. 4, a novel transparent integrated-phased-array-based holographic display
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was proposed as a highly-discreet and fully-holographic solution for the next gen-
eration of augmented-reality head-mounted displays; novel passive near-eye displays
that generate holograms [18,19], the first integrated visible-light liquid-crystal-based
phase [20,21] and amplitude [22,23] modulators, and the first actively-tunable visible-
light integrated optical phased arrays [24]| were presented.

(Note that discussions on remaining challenges and future work for each system

are included separately within the conclusions of each section of this thesis.)
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