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Abstract

Silicon photonics has enabled next-generation optical technologies that have facili-
tated revolutionary advances for numerous fields spanning science and engineering,
including computing, communications, sensing, and quantum engineering. In recent
years, the advent of visible-light integrated photonics platforms has opened up the
potential for further diverse applications. This thesis builds upon these recent tech-
nologies to demonstrate novel applications of visible-light integrated photonics.

First, we combine the fields of silicon photonics and photochemistry to propose
the first chip-based 3D printer, consisting of only a single millimeter-scale photonic
chip without any moving parts that emits reconfigurable visible-light holograms up
into a simple stationary resin well to enable non-mechanical volumetric 3D printing.
This work presents a highly-compact, portable, and low-cost solution for the next
generation of 3D printers.

Next, we propose integrated-photonics-based system architectures and the design
of key integrated-photonics components for both polarization-gradient and electro-
magnetically-induced-transparency cooling of trapped ions. Further, we experimen-
tally demonstrate a pair of polarization-diverse gratings and design the first integrated
polarization rotators and splitters at blue wavelengths, representing a fundamental
stepping stone on the path to advanced operations for integrated-photonics-based
trapped-ion quantum systems involving multiple polarizations.

Finally, we demonstrate optical trapping and tweezing of microspheres and cancer
cells using an integrated optical phased array for the first time, representing a two-
orders-of-magnitude increase in the standoff distance of integrated optical tweezers
and the first cell experiments using single-beam integrated optical tweezers.

Thesis Supervisor: Jelena Notaros
Title: Robert J. Shillman (1974) Career Development Assistant Professor of Electrical
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Chapter 1

Introduction

By leveraging scalable CMOS fabrication techniques to enable chip-based optical
microsystems with new functionalities, improved system performance, decreased cost,
and reduced size, weight, and power, silicon photonics has enabled next-generation
optical technologies that have facilitated revolutionary advances for numerous fields
spanning science and engineering, including computing, communications, sensing,
and quantum engineering [1-8]. However, motivated by applications such as LiDAR
sensing and free-space optical communications, integrated-photonics demonstrations
to date have primarily focused on systems that operate at infrared wavelengths.

In recent years, the advent of visible-light integrated-photonics platforms and
novel chip-based beam-forming and steering methods has opened up the potential for
diverse applications, ranging from augmented reality and display technology to opto-
genetics [9-13]. In this thesis, we will build upon these recent technologies to introduce
3D printing as a novel application area for visible-light integrated photonics |14], pro-
pose integrated-photonics-based system architectures for trapped-ion quantum sys-
tems [4] and demonstrate the design and testing of key devices for these architec-
tures [15], and demonstrate integrated-optical-phased-array-based optical trapping
and tweezing for the first time [164|17].

First, in Chapter [2| to address the need for an advanced 3D-printing technology,
we combine the fields of silicon photonics and photochemistry to propose the first

chip-based 3D printer. The proposed system consists of only a single millimeter-
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scale photonic chip without any moving parts that emits reconfigurable visible-light
holograms up into a simple stationary resin well to enable non-mechanical volumet-
ric 3D printing. Furthermore, we experimentally demonstrate a stereolithography-
inspired proof-of-concept version of the chip-based 3D printer using a visible-light
beam-steering integrated optical phased array and visible-light-curable resin, show-
ing 3D printing using a chip-based system for the first time. This work demonstrates
the first steps towards a highly-compact, portable, and low-cost solution for the next
generation of 3D printers.

Second, in Chapter [3| we propose integrated-photonics-based system architectures
and the design of key integrated-photonics components for both polarization-gradient
and electromagnetically-induced-transparency cooling of trapped ions. Specifically,
we design the systems for a wavelength of 422 nm to target the S, /5 to Py, transition
of 88Sr*, a commonly used ion species for trapped-ion qubits. Further, we design and
experimentally demonstrate a pair of integrated polarization-diverse gratings, rep-
resenting the first development of integrated TM-emitting gratings for trapped-ion
systems, and, thus, a fundamental stepping stone on the path to advanced opera-
tions for integrated-photonics-based trapped-ion quantum systems involving multiple
polarizations. Then, we design the first integrated polarization rotators and split-
ters operating at blue wavelengths; specifically, using combinations of single and dual
silicon-nitride waveguide sections, we show an adiabatic polarization rotator, a com-
pact off-axis polarization rotator, and a mode-coupling polarization splitter.

Finally, in Chapter [, we demonstrate integrated-optical-phased-array-based opti-
cal trapping and tweezing for the first time. The optical phased array system focuses
emitted light and provides a steerable potential-energy well that can be used to trap
and tweeze microscale particles. Using this approach, we increase the standoff dis-
tance of integrated optical tweezers by over two orders of magnitude compared to
prior demonstrations and show trapping and non-mechanical tweezing of polystyrene
microspheres 5 mm above the surface of a silicon-photonic chip. We then use the
tweezers to stretch mouse lymphoblast cells, showing, to the best of our knowledge,

the first cell experiments using single-beam integrated optical tweezers.
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Chapter 2

Silicon-Photonics-Enabled
Chip-Based 3D Printer

The following work was done in collaboration with Milica Notaros (MIT), Tal Sneh
(MIT), Alex Stafford (UT Austin), Zachariah A. Page (UT Austin), and Jelena No-
taros (MIT). This work has been published in [14].

2.1 Introduction

3D printing has transformed modern manufacturing by enabling technologies impact-
ing numerous markets from consumer products to public infrastructure and medicine
[18-25]. In recent years, the field has evolved to enable a wide range of print modali-
ties, from high-resolution prints with feature sizes as low as 25nm [26] to the fabrica-
tion of large-scale components, spanning rocket engines to bridges [22,27]. As the field
of 3D printing has grown to encompass an ever-larger application space, researchers
have continued to push the boundaries of the field, developing novel methods for
printing.

To date, numerous methods have been commercialized for 3D printing using extru-
sion, powder-bed fusion, jetting, and light-induced polymerization, among other tech-
niques [28|. At the consumer level, fused deposition modeling (FDM), an extrusion-

based method, is the most widely used type of 3D printing [29]. In FDM, parts are
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(b) Integrated-Photonic Chip

Figure 2.1: Photographs showing (a) a typical commercial 3D printer with a photonic
chip (outlined in black) for scale and (b) a fabricated and packaged photonic chip.

built layer by layer by heating and extruding thermoplastic filaments [28,[30]. While
FDM has enabled numerous advances in additive manufacturing, especially in re-
gards to rapid prototyping and bioprinting , its filament-based approach tends

to result in a lower print resolution compared to other common printing methods [33].

In contrast, photocuring-based methods, such as stereolithography (SLA), digital
light processing (DLP), and masked stereolithography (MSLA or LCD), offer higher
print resolutions, with commercial printers offering feature sizes as low as 10pm [33].
In SLA, a laser beam is used to solidify a pattern into a thin resin layer on a build
platform, after which the build platform lifts and a new layer of liquid resin forms.
These cycles of curing and platform movement are repeated layer by layer to form
a solid 3D object ,,. Similarly, DLP printers also create prints through the
layer-by-layer curing of resins. However, while SLA creates prints using a single beam,
DLP utilizes the projection of entire 2D images onto a resin’s surface, resulting in
faster curing ,,. Although these photocuring-based methods enable increased
print resolution, they require bulky and complex mechanical systems (Fig. [2.1a), in-
cluding advanced laser routing schemes (for SLA), anti-aliasing measures (for DLP),

specialized build platforms, and precise elevator mechanisms , 35]. This require-
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ment for large and complex mechanical systems and reliance on layer-by-layer printing
limits portability, form factor, resolution, print speed, and material complexity. To
combat these challenges, numerous research efforts have been made to push towards
new volumetric modalities for 3D printing that benefit from increased build speeds, a
lack of reliance on elevator mechanisms, and decreased anisotropy [36-38|. However,
these methods still remain reliant on bulky and intricate mechanical systems, such
as rotating stages and multi-angle illumination frameworks. Thus, there remains a

growing need for a new compact, portable, and low-cost 3D-printing technology.

The field of silicon photonics has the potential to enable a paradigm-shifting solu-
tion to address this need for a next-generation 3D-printing technology. By leveraging
scalable CMOS fabrication techniques to enable chip-based optical microsystems with
new functionalities, improved system performance, decreased cost, and reduced size,
weight, and power, silicon photonics has enabled next-generation optical technolo-
gies that have facilitated revolutionary advances for numerous fields spanning science
and engineering, including computing, communications, sensing, and quantum engi-
neering [1-8]. An emerging class of integrated photonic systems is integrated optical
phased arrays, which consist of an array of on-chip optical antennas fed with con-
trolled phases and amplitudes using an integrated photonic circuit, enabling emission
and dynamic control of free-space radiated light in a compact form factor, at low
costs, and in a non-mechanical way [39-51]. As such, optical-phased-array-based sys-
tems have already emerged as a prominent and promising solution for next-generation
LiDAR sensors for autonomous vehicles [8,39,/40]. However, motivated by this ini-
tial LIDAR application, integrated-optical-phased-array demonstrations to date have
primarily focused on systems that operate at infrared wavelengths, rendering them in-
compatible with the UV-wavelength-activated photochemistry traditionally used for
3D printing [52]. Integrated optical phased arrays, and the field of silicon photonics
in general, have never before been proposed or demonstrated as a solution for 3D
printing.

In this chapter, to address this need for an advanced 3D-printing technology,

we combine the fields of silicon photonics and photochemistry to propose the first
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(a) Chip-Based 3D Printer Concept (b) SLA-Inspired Chip-Based 3D Printer Demo

Holographic Projection Liquid Resin Well
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. | Chamber . <+— Mechanically-
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Figure 2.2: (a) Conceptual diagram of the proposed chip-based 3D printer, showing
a hologram formed by a chip within a resin chamber (not to scale). (b) Concep-
tual diagram of the proof-of-concept stereolithography-inspired chip-based 3D printer
demonstrated in this chapter (not to scale).

chip-based 3D printer. The proposed system consists of only a single millimeter-
scale photonic chip without any moving parts that emits reconfigurable visible-light
holograms up into a simple stationary resin well to enable non-mechanical volumetric
3D printing (Fig.[2.2a). It presents a highly-compact, portable, and low-cost solution

for the next generation of 3D printers.

First, we propose this general chip-based 3D printer concept and outline the key
requirements for a complete implementation. Second, as a proof-of-concept demon-
stration, we experimentally demonstrate a stereolithography-inspired version of this
chip-based 3D printer concept by combining the emerging technologies of visible-
light integrated optical phased arrays and visible-light-activated photochemistry; the
system consists of a visible-light integrated optical phased array that emits and non-
mechanically steers a beam up into a well of visible-light-curable resin. Third, we
utilize this system to photocure a voxel, thus demonstrating 3D printing using a
chip-based system for the first time. Fourth, we characterize the curing rate of this
system by measuring the size of individual 3D-printed voxels as a function of cur-
ing time, observing printing of sub-millimeter-scale voxels within seconds. Fifth, we
utilize the non-mechanical beam-steering capabilities of the system to implement 3D

printing of lines in one dimension without any moving parts. Finally, we extend this
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capability to demonstrate 3D printing of arbitrary patterns in two dimensions using

the system.

2.2 The Silicon-Photonics-Enabled Chip-Based 3D

Printer Concept

The proposed chip-based 3D printing system consists of a single millimeter-scale
silicon-photonics chip sitting at the bottom of a simple stationary well of visible-light-
curable liquid resin, as shown in Fig. 2.2h. The proposed chip projects visible-light
3D holograms in the shape of a desired object upwards into the resin well to induce
selective solidification of the resin, resulting in a volumetric 3D print. To implement

such a system, several key components are required.

The system involves a chamber of liquid resin designed to cure selectively and
rapidly when exposed to the visible wavelength of light emitted from the chip [53].
The resin is modular, with the ability to replace the components of the photosystem
as required for different wavelengths depending on the desired application [53},54].
In the proposed system, a silicon-photonics chip sits at the bottom of this chamber
and projects a reconfigurable programmable visible-light hologram upwards into the
resin, causing the resin to selectively polymerize into a solid print in the shape of the

desired object.

The creation of holographic images requires the ability to precisely tune the local
phase and amplitude of the light emitted from an aperture [10,55]. As such, the
proposed system incorporates a 2D grid of on-chip visible-light integrated optical
phased arrays that act as pixelated emitters, akin to the system demonstrated in
[10,12]. Within the proposed system, the phase and amplitude distributions necessary
for generating a desired holographic image are closely approximated by discretizing
the ideal continuous distributions into local one-dimensional phase gradients with
arbitrary amplitudes and absolute phases corresponding to the size of the pixels in

the projection system.
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To enable routing and emission of light at visible wavelengths, critical for ensuring
compatibility with the visible-light-curable resin, the system is based on silicon-nitride
waveguides, since silicon nitride has a low absorption coefficient within the visible
spectrum and is CMOS compatible. However, silicon nitride has a low thermo-optic
coefficient and does not exhibit significant electro-optic properties, which has made
integrated modulation at visible wavelengths challenging [56,57]. As such, liquid-
crystal material, with a strong birefringence in the visible spectrum, is integrated into
the silicon-photonics platform and used to enable dynamic modulation and encoding
of the optical-phased-array-based pixels in the system, as demonstrated in [58,59).

In the following sections, we develop a proof-of-concept system that serves as a
fundamental stepping stone on the path towards this volumetric chip-based 3D-printer
vision. Specifically, we experimentally demonstrate a stereolithography-inspired ver-
sion of the chip-based 3D printer (Fig. 2.1b, [2.2b) capable of 3D printing arbitrary
patterns in two dimensions; the system consists of a visible-light integrated opti-
cal phased array that emits and non-mechanically steers a beam up into a well of

visible-light-curable resin.

2.3 Visible-Light Integrated Optical Phased Array

System

As a proof-of-concept demonstration, we develop and experimentally demonstrate a
stereolithography-inspired version of the chip-based 3D printer. The system is based
on a visible-light integrated optical phased array consisting of a liquid-crystal-based
cascaded-phase-shifter architecture that linearly controls the relative phase applied
to an array of antennas, as shown in Fig. and developed in [59].

At the input, an on-chip inverse-taper edge coupler couples 637-nm-wavelength
light from an off-chip laser into an on-chip single-mode 160-nm-thick silicon-nitride
waveguide. A 100-um-long escalator device (an adiabatic layer-transition structure)

then couples the input light from the single-mode waveguide into a second 160-nm-
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(a) Top-View Schematic of the LC-Based Cascaded OPA

(b) Vertical-Transition Escalator (c) Phase-Shifter Cross Section
UV-Cured  Alignment Layer

Epoxy

Electrode
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Figure 2.3: Top-view simplified schematic of (a) the visible-light liquid-crystal-based
cascaded integrated optical phased array that enables the SLA-inspired chip-based
3D-printer system and (b) the vertical-transition escalator from the bottom waveguide
to the top waveguide directly underneath the liquid-crystal region. (c) Cross-sectional
simplified diagram of the phase shifter after the in-house post-processing packaging
steps. (d) Top-view simplified schematic of a cascaded evanescent tap that couples
light from the upper bus waveguide to the bottom tap waveguide. (e) Top-view
schematic of the grating-based antennas (not to scale). ,

thick silicon-nitride bus waveguide that is 10nm below a liquid-crystal-filled trench
(Fig. [2.3p). Next, evanescent tap couplers, placed with a pitch of 20pm and with
increasing coupling lengths, uniformly distribute the light from the bus waveguide to
16 vertically-stacked and horizontally-offset tap waveguides (Fig. [2.3d). These tap
waveguides then route to 16 grating-based 400-pm-long antennas with uniform per-

turbations and a 2-pm pitch to emit the light out of the surface of the chip (Fig. [2.3¢).

To enable non-mechanical beam steering, phase modulation of the light emitted
out of the array of antennas is required. However, modulation at the visible wave-
lengths required for this system is difficult because silicon nitride has a low thermo-
optic coefficient and does not exhibit significant electro-optic properties ,. Thus,
to enable one-dimensional far-field beam steering, the system leverages the birefrin-
gence of liquid-crystal medium to enable cascaded phase control to the array of an-
tennas. In a nematic liquid-crystal medium, the refractive index varies based on the
orientation of the liquid-crystal molecules with respect to the propagation direction
of the light. Thus, by applying an electric field across the liquid-crystal region to
orient the molecules in the direction of the applied field, the index of the liquid-
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crystal media can be actively tuned, resulting in a change in the effective refractive
index of the optical mode in the waveguide and a linear phase shift to the antennas.
To enable this functionality, the liquid-crystal-based phase-shifting region consists of
a silicon-nitride bus waveguide to weakly confine and guide the light, liquid-crystal
medium deposited into an 800-nm-deep and 5-pm-wide oxide trench to enable strong
interaction between the optical mode and the liquid-crystal medium, 820-nm-thick
and 1-pm-wide metal electrodes on each side of the liquid-crystal-filled trench for
applying an electric field across the liquid-crystal region, and a top glass chip with a
mechanical alignment layer on the underside to anchor the liquid-crystal molecules. A
cross-sectional diagram of the phase-shifting region is shown in Fig. 2.3k. Additional
details regarding the integrated optical phased array and the integrated liquid-crystal
modulators are provided in [58],59).

This liquid-crystal-based cascaded integrated optical phased array was fabricated
in a CMOS-compatible 300-mm wafer-scale silicon-photonics process at the State Uni-
versity of New York Polytechnic Institute’s (SUNY Poly) Albany NanoTech Complex.
We then diced the fabricated photonic wafer and performed a chip-scale liquid-crystal-
packaging process at MIT. Further fabrication and packaging details are provided
in [58},60].

2.4 Visible-Light-Curable Liquid Resin

The resin used in the stereolithography-inspired proof-of-concept demonstration of
the chip-based 3D printer is a three-component-photosystem-based resin designed for
efficient photocuring at visible wavelengths, as developed in [53,54].

Typical resin photosystems rely on either a single photoinitiator or a combination
of a photocatalyst and either a hydrogen donor or an electron donor/acceptor. In
the latter case, photocuring occurs by electron transfer from a photoredox catalyst
to a coinitiator, followed by bond scission to generate radicals or ions that initiate
polymerization [61-65]. While the use of a photoredox compound enables photocuring

via excitation of a m — 7* transition with high attenuation at visible wavelengths
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(>500nm), photosystems of this kind typically exhibit long curing times (>60s) due
to their multistep reaction mechanisms. To combat this, we use a three-component
photosystem in this work [53], consisting of a photoredox compound and a pair of
coinitiators, rather than a single coinitiator. The presence of the two coinitiators
enables curing that promotes both photoredox compound regeneration and doubles
the concentration of radicals produced per photon absorbed, as detailed in [53].

To create the resin used in this work, we first synthesize the photoredox compound
(aza-Br) — an aza-boron-dipyrromethene (Aza-BODIPY) dye — using acetophenone
and benzaldehyde derivatives as well as N-bromosuccinimide, in a process detailed
in [54]. During the synthesis process, we halogenate the BODIPY to increase its
intersystem crossing rate to long-lived triplet excited states, further improving the
reaction efficiency of the photosystem by increasing the number of collisions between
initiators and excited photoredox compounds per photon absorbed [66]. The resulting
aza-Br compound exhibits peak extinction around 660nm, enabling compatibility
with the chip-based 3D printer’s operating wavelength of 637nm [54]. To complete
the photosystem, we combine the aza-Br (7.6mg, 0.4 mol%) with a coinitiator pair
of Borate V (3.8mg, 0.4 mol%) and H-Nu 254 (52.0mg, 4.0 mol%). Finally, we fully
dissolve the photosystem in a 10:1 mixture of tetraethylene glycol diacrylate (0.7mL)
and trimethylolpropane triacrylate (0.07mL) to create the complete resin. We dissolve

the photosystem in a dark environment to avoid unnecessary onset of polymerization.

2.5 Beam-Forming and 3D-Printed Voxel Results

Using the visible-light integrated optical phased array and the visible-light-curable
resin described above, we demonstrate 3D printing using a chip-based system for the
first time.

The setup used for this printing demonstration is shown in Fig. 2.4 The fabri-
cated and packaged 3D-printer photonic chip is mounted on a chuck, with a sample
stage that supports liquid resin wells mounted on a positioning system above the chip.

Light is routed from an off-chip diode laser centered at 637nm via a P1-630Y cleaved
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Figure 2.4: Photograph of the setup used for the proof-of-concept 3D-printer demon-
stration, depicting the input fiber, photonic chip, and resin well.

fiber and is edge coupled to the on-chip system. The setup is visualized using a 10x
Mitutoyo objective, and split into both near- and far-field imaging paths using a visi-
ble beam splitter and focusing lens. Using this setup, we image the beam emitted by
the integrated optical phased array in the far field, resulting in the pattern depicted
in Fig. 2.5h. The beam is elliptical with a power full-width half maximum of 0.4° x
1.6°, due to the difference in aperture size between the antenna and array dimensions.
Further details regarding integrated-optical-phased-array radiation-pattern character-
ization are provided in [59].

To create a well for the liquid resin, two coverslips are separated by one layer of
double-sided tape on the left-hand side of the well and one layer of single-sided tape
on the right-hand side of the well to ensure that the coverslips are securely attached,
while also creating an easy-access hinge for removing cured prints from the well. This
creates a chamber with a thickness of approximately 60pm into which 55uL of liquid
resin is pipetted. The well containing the resin is then clamped into the sample
stage above the chip and centered on the main lobe emitted by the integrated optical
phased array. Resin preparation and 3D printing are performed in a dark environment
to prevent curing from visible-light sources other than the integrated optical phased

array.
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(a) Chip Radiation Pattern (b) Voxel 3D Print
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Figure 2.5: (a) Measured far-field radiation pattern emitted by the visible-light
integrated optical phased array used for the stereolithography-inspired chip-based 3D
printer, showing the main lobe and a grating lobe [59]. (b) Photographs of a 3D-
printed voxel, created using the chip-based printer, within a well of remaining liquid
resin (top) and the same solid 3D-printed voxel after separation from the remaining
liquid resin (bottom).

After centering the resin sample on the main lobe of the integrated optical phased
array, we use the visible-light microscope path to monitor curing, which is observable
via diffraction of the integrated optical phased array’s radiation pattern around a
solidified voxel. As depicted in Fig. 2.5b, a 3D-printed voxel presents as a bleached
region (white/transparent) within remaining leftover resin (blue) due to photobleach-
ing of the blue aza-Br photoredox compound during the photocuring reaction. Using
a Kim wipe and isopropyl alcohol, we separate the cured print from the remaining
uncured liquid resin. The result is a free-standing 3D-printed voxel in the shape of the
integrated optical phased array’s main lobe (Fig. [2.5a). The single voxel depicted in
Fig. measures approximately 0.5mm x 0.125mm in the plane of the photograph
with a height of approximately 60pm. The voxel height is determined by the spacing
of the resin well’s coverslips (60pm for this test). The planar dimensions of the voxel
are determined by the distance between the integrated optical phased array and the
resin well, since the integrated optical phased array used for this proof-of-concept 3D
printer emits a diffracting beam (0.4° x 1.6°). In this demonstration, we placed the

resin well 2.5cm over the surface of the 3D-printer chip, resulting in sub-millimeter-
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Figure 2.6: Measured dimensions for four separate voxels 3D printed with varying
printing times of 3, 4, 5, and 10 seconds, demonstrating the formation of voxels as a
function of time.

scale voxels (Fig. , . The use of focusing integrated optical phased arrays
developed by our group in future iterations of the chip-based 3D printer would
enable printing of even smaller micron-scale voxels.

To characterize the curing rate and print formation process of these voxel prints,
we performed curing and profilometry for 3D prints with varying curing time intervals
(Fig. [2.6). Specifically, we 3D printed four single voxels using four separate resin
wells with varying printing times of 3, 4, 5, and 10 seconds. After separating the
resulting voxels from the remaining liquid resin, we used a Veeco Dektak 150 Surface
Profilometer to measure the height of the prints along their major and minor (longer
and shorter) axes. As depicted in Fig. [2.6, we find that 3D-printed voxels grow as
a function of time, eventually reaching a plateau upon growing to the top of the
resin well, at a height of approximately 60pm. To demonstrate the rapid curing
capability of the system for this test, we set the power of the off-chip diode laser
such that approximately 6.7nW of optical power was supplied to the main lobe of
the integrated optical phased array. At this power, we observe voxel printing within
seconds (Fig. . Even at significantly lower optical powers on the order of 100pW,
we can still observe voxel formation within 10 minutes, with a nonlinear relationship

between optical power and printing time .
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2.6 Non-Mechanical Beam-Steering and 3D-Printed
Pattern Results

Utilizing the non-mechanical beam-steering capabilities of the visible-light integrated
optical phased array, we then moved beyond the printing of single voxels and demon-
strated 3D printing of one- and two-dimensional patterns.

To enable non-mechanical beam steering in the array dimension of the integrated
optical phased array, we use electronic probes to contact the photonic chip’s integrated
electrodes and apply a 10-kHz square wave across the electrodes of the liquid-crystal
phase shifter. We vary the peak voltage of this applied square wave to tune the phase
gradient applied across the antennas and, hence, steer the formed beam in the array
dimension by up to 7.2° within +3.4V. as shown in Fig.[2.7h. Further details regarding
integrated-optical-phased-array beam-steering characterization are provided in [59].

Using this non-mechanical beam-steering capability, we demonstrate 3D printing
of a line into the resin, as shown in Fig.[2.7b. We print this line by sweeping the voltage
applied to the liquid-crystal phase shifter from 0V, to 3V,. As the voltage applied to
the phase shifter is increased, the refractive index of the liquid crystal relative to the
mode in the phase shifter increases, leading to lower confinement of the mode in the
bus waveguide. As a result, the power delivered to the integrated optical phased array
antennas decreases as the radiation pattern steers. To compensate for this, we print
for longer times at higher voltages than for lower voltages, to ensure uniform curing
along the line. As depicted in Fig. 2.7b, the 3D-printed line is distinguishable from
the remaining blue liquid resin, as in the case of the single-voxel print in Fig. [2.5b. We
again separate the print from the remaining liquid using a Kim wipe and isopropyl
alcohol, and we demonstrate that the result is once again a free-standing 3D-printed
solid.

Using single-line prints as a building block, we now demonstrate the system’s
ability to 3D print arbitrary patterns in two dimensions, thus realizing our proof-
of-concept stereolithography-inspired chip-based 3D printer system. To transition

from single-line prints to arbitrary two-dimensional patterns, we use the resin well’s
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Figure 2.7:  (a) Electrically controlled beam steering of the main lobe of the 3D-
printer chip’s visible-light integrated optical phased array when a square wave with
a varying peak voltage is applied across the liquid-crystal-based phase shifter. (b)
Photographs of a 3D-printed line, created using the chip-based printer, within a well
of remaining liquid resin (top) and the same solid 3D-printed line after separation
from the remaining liquid resin (bottom).

mechanical positioning stage. Specifically, after printing each one-dimensional line in
a desired pattern, we use the mechanical stage to move the well with micron-scale
precision in the second dimension. As a specific demonstration, we perform a print of
the Massachusetts Institute of Technology (MIT) logo, creating each line in the print
from a subset of the single-line voltage range (0-3V},). To promote rapid yet controlled
printing for this demonstration, we set the power of the off-chip diode laser such that
approximately 1.9nW of optical power was supplied to the main lobe of the integrated
optical phased array. Between each line of the print, we decrease the integrated optical
phased array’s output power to prevent curing between components. As oxygen in
the sample is quenched during the print, the curing rate becomes faster . We thus
adapt the amount of time spent on each component of the logo to ensure uniform
curing (e.g., printing the vertical component of the “T” in the logo faster than the
bottom component of the “I”). The final print, performed in under 6 minutes total,
is depicted in Fig. 2.8, once again separated from any remaining liquid resin using a

Kim wipe and isopropyl alcohol.
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Massachusetts Institute of Technology Logo 3D Print

Figure 2.8: Photographs of a 3D-printed MIT logo, created using the chip-based
printer, with a U.S. nickel for scale (left) and zoomed in (right).

2.7 Conclusion

This chapter combines the fields of silicon photonics and photochemistry to pro-
pose the first chip-based 3D-printing technology. The proposed system consists of
only a single millimeter-scale photonic chip without any moving parts that emits re-
configurable visible-light holograms up into a simple stationary resin well to enable
non-mechanical volumetric 3D printing.

First, we proposed this general chip-based 3D printer concept and outlined the key
requirements for a complete implementation. Second, as a proof-of-concept demon-
stration, we experimentally demonstrated a stereolithography-inspired version of this
chip-based 3D printer concept by combining the emerging technologies of visible-
light integrated optical phased arrays and visible-light-activated photochemistry; the
system consists of a visible-light integrated optical phased array that emits and non-
mechanically steers a beam up into a well of visible-light-curable resin. Third, we
utilized this system to photocure a voxel, thus demonstrating 3D printing using a
chip-based system for the first time. Fourth, we characterized the curing rate of this
system by measuring the size of individual 3D-printed voxels as a function of curing
time, observing printing of sub-millimeter-scale voxels within seconds. Fifth, we uti-
lized the non-mechanical beam-steering capabilities of the system to implement 3D

printing of lines in one dimension without any moving parts. Finally, we extended
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this capability to demonstrate 3D printing of arbitrary patterns in two dimensions
using the system. In the future, we will utilize a holographic visible-light optical-
phased-array-based system [10]| to extend this work and demonstrate the complete
volumetric chip-based 3D printer concept.

The chip-based 3D-printing technology introduced in this chapter has the potential
to enable a highly-compact, portable, and low-cost solution for the next generation
of 3D printers. Such a solution would offer a more accessible and rapid mechanism
for generating 3D objects, impacting a wide range of application areas, including

military, medical, engineering, and consumer.

34



35



Chapter 3

Integrated Photonics for Trapped-Ion

Quantum Systems

3.1 Integrated-Photonics-Based Architectures for Ad-
vanced Cooling of Trapped Ions

The following work was done in collaboration with Ashton Hattori (MIT), Tal Sneh
(MIT), Milica Notaros (MIT), Reuel Swint (MIT Lincoln Laboratory), Patrick T.
Callahan (MIT Lincoln Laboratory), Colin D. Bruzewicz (MIT Lincoln Laboratory),
Felix Knollmann (MIT), Robert McConnell (MIT Lincoln Laboratory), John Chi-
averini (MIT Lincoln Laboratory), and Jelena Notaros (MIT). This work has been
published in [4].

3.1.1 Introduction

Systems of trapped ions are a promising modality for quantum information processing
due to their long coherence times and strong ion-ion interactions, which enable high-
fidelity two-qubit gates |67]. Most current implementations are comprised of complex
free-space optical systems, whose large size and susceptibility to vibrations and drift
can limit fidelity and addressability of ion arrays, hindering scaling to large numbers

of qubits. Recent works based on integrated photonic devices offer a potential avenue
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to address many of these challenges [3-5,/68].

Motional state cooling is a key optical function in trapped-ion systems. To date,
integrated-photonics-based cooling demonstrations have been limited to Doppler and
resolved-sideband cooling [3}/68]. However, polarization-gradient (PG) and electro-
magnetically-induced-transparency (EIT) cooling can offer better cooling performance
in multi-ion systems, where sub-Doppler temperatures in several non-degenerate modes
are desirable. While free-space demonstrations of these cooling schemes have been
shown ,, each having an advantage for differing applications, integrated versions

of these systems have not yet been realized.

Conceptual Diagram

Figure 3.1: Conceptual diagram of the integrated PG-cooling system.

In this section, we propose integrated-photonics-based system architectures and
the design of key integrated photonic components for both PG and EIT cooling of
trapped ions (conceptual diagram shown in Fig. [3.1). Specifically, we design the
systems for a wavelength of 422 nm to target the S;/» to P12 transition of ®Sr*, a

commonly used ion species for trapped-ion qubits.

3.1.2 Integrated-Photonics-Based System Architectures for
Trapped-Ion Cooling

We leverage a 200-mm wafer-scale visible-wavelength process developed at MIT Lin-
coln Laboratory to enable low-loss waveguide fabrication over a wavelength range

relevant to commonly used ion species . The platform consists of two bottom lay-
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Figure 3.2: (a) TE grating and (b) TM grating, showing focusing near the height of
the ion.

ers of 100-nm-thick silicon nitride (SizN,) and an upper layer of 100-nm-thick alumina
(Al;O3) separated by 90 nm of silicon dioxide (SiO3). A top metal layer is etched to
create linear-ion-trap electrodes that confine ions 50 um above the trap surface via
radiofrequency and DC voltages [67].

Trapped ions located in a suitable laser-polarization gradient can achieve sub-
Doppler temperatures due to the preferential scattering of cooling photons in a
spatially-varying, state-dependent energy potential [69]. Appropriate polarization
gradients can be realized on-chip using different configurations of integrated grating
couplers; for example, two transverse-electric (TE) gratings placed orthogonal to each
other (TE-TE), a TE and transverse-magnetic (TM) grating placed opposite to each
other (TE-TM), or two TM gratings placed opposite to each other (TM-TM) all suf-
fice. The simulated emission profiles for gratings specifically designed for TE and TM
are shown in Fig. fb (introduced in detail in Sec. . Both gratings are designed
to match intensity and focus near the ion at an angle of 45°, maximizing intensity at
the ion location. In all three polarization configurations, light is routed to these grat-
ings via two separate inverse-taper edge couplers and a combination of 650-nm-wide
alumina waveguides, 300-nm-wide dual-layer silicon-nitride waveguides, and vertical
transitions between layers. The final proposed architectures for PG cooling are shown
in Fig. 3.3p-b.

EIT cooling enables near ground-state cooling over a wide frequency range by
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Figure 3.3: Simplified schematics showing the proposed integrated-photonics-based
architectures for (a) TE-TM or TM-TM PG cooling, (b) TE-TE PG cooling, and (c)
EIT cooling (not to scale).

suppressing unwanted heating mechanisms otherwise incurred during laser cooling.
Previous free-space demonstrations have relied on two appropriately-polarized laser

sources (one circular and one linear) to create the desired laser absorption profile [70].

Fig. depicts integrated realization of both the circular and linear sources.
To generate the circularly polarized source, light is coupled on chip via an inverse-
taper edge coupler to an alumina waveguide. Next, the light is split evenly into two
arms using a 32.2-pum-long 1x2 alumina multi-mode interferometer (MMI); simulated
efficiency as a function of device length for the MMI is shown in Fig. [3.4h. In the
upper arm, the light is transitioned to single-layer silicon nitride. Then, the waveguide
is adiabatically widened for a given length, forming a phase bump to impart a 90°
phase shift; simulated phase as a function of bump width is shown in Fig. [3.4b. After
passing through the phase bump, the light is transitioned to dual-layer nitride. There,
it goes through an off-axis polarization rotator, which rotates the incoming light from

TE to TM (introduced in detail in Sec. ; the conversion efficiency as a function of
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Figure 3.4: (a) Simulated MMI efficiency as a function of MMI length (inset shows
device schematic). (b) Simulated phase delay as a function of phase bump width
(inset shows device schematic). (c) Simulated conversion efficiency of the off-axis
polarization rotator with TE in blue and TM in red (inset shows device schematic).

device length can be seen in Fig. 3.4, with a peak simulated conversion efficiency of
99.15% [15]. Finally, the TM light in the upper arm is emitted via a TM grating. In
the lower arm from the MMI, the TE light is transitioned to dual-layer nitride and
is emitted via a TE grating. The two gratings in each arm are angled so that the
beams combine and form approximately circularly polarized light at the ion location.
The linear TM input is coupled on-chip from an inverse-taper edge coupler into an
alumina waveguide. Next, it is transitioned to dual-layer silicon nitride, where it
emits from a focusing TM grating placed opposite to the circularly polarized source,

thus enabling EIT cooling.

3.1.3 Conclusion

In this section, we have developed a framework for two advanced trapped-ion cool-
ing schemes, PG and EIT, using a visible-wavelength silicon-photonics platform at
422 nm. We have also developed designs of key integrated-photonics components
required to realize these architectures. This approach provides a scalable platform
that promises more rapid cooling of multiple vibrational modes when compared to
previously shown integrated approaches. Additionally, these approaches should be

applicable to neutral-atom laser cooling when tailored to other wavelengths.
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3.2 Integrated Polarization-Diverse Grating Emitters

for Trapped-Ion Systems

The following work was done in collaboration with Ashton Hattori (MIT), Reuel
Swint (MIT Lincoln Laboratory), Milica Notaros (MIT), Gavin N. West (MIT), Tal
Sneh (MIT), Felix Knollmann (MIT), Patrick T. Callahan (MIT Lincoln Labora-
tory), Thomas Mahony (MIT Lincoln Laboratory), Ethan R. Clements (MIT), Cheryl
Sorace-Agaskar (MIT Lincoln Laboratory), Dave Kharas (MIT Lincoln Laboratory),
Robert McConnell (MIT Lincoln Laboratory), John Chiaverini (MIT Lincoln Labo-
ratory), and Jelena Notaros (MIT).

3.2.1 Introduction

As discussed in Section [3.1.1] systems of trapped ions are a promising modality for
quantum information processing due to their long coherence times and strong ion-ion
interactions, which enable high-fidelity two-qubit gates [67]. However, most current
implementations are comprised of complex free-space optical systems, whose large size
and susceptibility to vibrations and drift can limit fidelity and addressability of ion
arrays, hindering scaling to large numbers of qubits. Recently, integrated-photonics-
based devices and systems have been demonstrated as an avenue to address these
challenges [3,/68].

To date, these prior integrated demonstrations have been limited to operations
using light of only a single linear polarization, specifically transverse electric (TE),
nominally parallel to the ion-trap chip surface. However, diverse polarizations are crit-
ical for enabling numerous operations for advanced trapped-ion systems, leading to an
interest in developing polarization-diverse emitters |71}/72|. For example, integrated-
photonics-based architectures involving light of both TE and transverse-magnetic
(TM) polarizations (such as the configuration in Fig. are necessary for enabling
advanced ion cooling schemes that offer sub-Doppler temperatures over several non-

degenerate trap-vibrational modes, such as polarization-gradient and electromagnet-
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ically-induced-transparency cooling, as discussed in Section [4].

In this section, we design and experimentally demonstrate a pair of integrated TE-
and TM-emitting gratings with an operating wavelength of 422 nm, corresponding
to the 525y, to 52Py ), transition of **Sr* ions, a key transition for ion control. We
implement a custom optimization-based design algorithm to realize bilayer, apodized,
and curved gratings that emit unidirectional focused beams, with experimentally
measured spot dimensions of 7.6 pm x 4.3 pm for the TE grating and 5.0 pm x
3.6 nm for the TM grating at a target ion height of 50 pm above the surface of the
chip. This work represents, to the best of our knowledge, the first development of
integrated TM-emitting gratings for trapped-ion systems, and, thus, a fundamental
stepping stone on the path to advanced operations for integrated-photonics-based

trapped-ion quantum systems involving multiple polarizations.

3.2.2 Grating Design Process and Simulation Results
(a) Simulated TE Beam (b) Simulated TM Beam
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Figure 3.5: Simulated zz intensity profiles for the (a) TE and (b) TM grating.

Both of the gratings in this section are comprised of two 100-nm-thick layers of
silicon nitride separated by 90 nm of silicon dioxide, with the grating teeth fully etched
into the nitride. The pitch and duty cycles of each layer’s grating teeth are optimized
such that the gratings emit focused beam profiles that maximize the percentage of
light emitted towards a target ion location 50 pm above the surface of the chip.

In addition, the teeth in each layer are offset from each other in the propagation
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dimension (z) to enable unidirectional emission upwards [73]. Finally, the grating
teeth are curved to enable focusing in the transverse dimension (y) of the grating.

To design each grating, we utilize a particle swarm algorithm to determine the
optimal pitches, duty cycles, and offsets of the teeth in both layers. Then, we use a
slab mode simulation to determine the optimal grating tooth curvature, based on the
phase front of the mode propagating in the grating. Finally, we simulate the grating
and compute its expected emission angle, beam dimensions, and efficiency.

The gratings developed in this work are designed with a 17 pm x 18 pm emitting
aperture area. This size was chosen such that the optimized TE and TM gratings emit
with matching efficiencies — a necessary condition for many ion operations involving
both polarizations, such as polarization-gradient cooling . The resulting simulated
emission profiles in the zz plane for both gratings are plotted in Fig. [3.5h-b. The TE
grating has an expected emission angle of 48.6° and a spot size (1/e* diameter) of 9.9
pm x 5.0 pm at the ion location 50 pm above the chip surface. The TM grating has
an expected emission angle of 47.8° and a spot size of 6.1 nm x 3.7 pm at the ion

location 50 pm above the chip surface.

3.2.3 Grating Fabrication and Experimental Results

Figure 3.6: Micrograph of a fabricated grating.

The designed gratings were fabricated in our 200-mm wafer-scale fabrication pro-

cess developed at MIT Lincoln Laboratory for wavelengths spanning the range from
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ultraviolet to near infrared (Fig. [13].

To characterize the gratings, light is routed to the chip from a benchtop laser
source through a series of polarization-maintaining fibers. At the chip facet, we use a
polarizing beam-splitter cube on a mount aligned with the axes of the chip to align the
incident polarization of the fiber to the operating polarization of the measured grating
(either TE or TM). The light from the fiber is then coupled onto the chip using an
on-chip tapered edge coupler, and light is routed to the gratings using a combination
of alumina waveguides, silicon-nitride waveguides, and vertical transitions between
layers [13]. To measure each grating’s performance, we visualize the chip with a 50X
objective and a visible-light camera, and use an automated setup to increment the
height of the optical train in 1-pm steps to capture images of the grating’s emitted
beam over a range of 0 to 100 pm above the surface of the chip (Fig. —b). We then
use the resulting data to compute the grating’s emission angle and beam dimensions
(Fig. [3.7c-1).

Using this characterization procedure, we find that the fabricated TE grating
successfully emits TE-polarized light at an angle of 43.2° (Fig. [3.7h) with a spot size
(1/e* diameter) of 7.6 pm x 4.3 pm at 50 pm above the chip (Fig. mc,e). Similarly,
the fabricated TM grating successfully emits TM-polarized light at an angle of 43.1°
(Fig. [3.7b) with a spot size of 5.0 nm X 3.6 pm at 50 pm above the chip surface

(Fig. [3.7d,£).

3.2.4 Conclusion

In this section, we designed and experimentally demonstrated a pair of integrated
TE- and TM-emitting gratings with an operating wavelength of 422 nm, correspond-
ing to the 52S;/5 to 5°Py/s transition of ®¥Sr* ions. This work represents, to the
best of our knowledge, the first development of integrated TM-emitting gratings for
trapped-ion systems, and, thus, a fundamental stepping stone on the path to advanced
operations for trapped-ion quantum systems involving multiple polarizations, such
as polarization-gradient and electromagnetically-induced-transparency cooling [4}15],

using an integrated photonics platform.
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Figure 3.7:  Experimentally measured zz intensity profiles for the (a) TE and (b)
TM grating. Measured spots in the zy plane at z = 50 pm for the (¢) TE and (d)
TM grating. Measured spot profiles in the z (blue) and y (red) dimension at z = 50
nm for the (e) TE and (f) TM grating.

3.3 Integrated Visible-Light Polarization Rotators and

Splitters for Trapped-Ion Systems

The following work was led by Tal Sneh (MIT) and Ashton Hattori (MIT) and done
in collaboration with Milica Notaros (MIT) and Jelena Notaros (MIT). This work
has been published in [15].

3.3.1 Introduction

Polarization control plays an important role in photonic integrated circuits (PICs),
where it can enhance polarization-sensitive device performance as well as enable sys-
tems that can benefit from orthogonal modes, such as increased channel density for

communications |74}/75]. As such, there has been extensive research into integrated
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polarization rotators and splitters |75-79|; so far, however, they have primarily been
shown at infrared (IR) wavelengths.

Recently, there has been a significant drive to develop PICs at visible wave-
lengths that require polarization manipulation, in particular for chip-scale atomic
systems and qubit state preparation [3,[79] (discussed in Sec. . However, inte-
grated polarization-control devices for these systems have yet to be developed, a
particular challenge given the scaling of device dimensions with wavelength.

In this section, we demonstrate the design of the first integrated polarization
rotators and splitters operating at blue wavelengths. Specifically, using combinations
of single and dual silicon-nitride (SiN) waveguide sections, we show an adiabatic
polarization rotator, a compact off-axis polarization rotator, and a mode-coupling

polarization splitter all operating at a wavelength of 422 nm.

3.3.2 Fabrication Process

Similar to the above sections, the devices in this work were designed for fabrication
compatibility with the MIT Lincoln Laboratory 200-mm wafer fabrication platform
for ultraviolet to near-IR wavelengths [13], which consists of a 100-nm-thick alumina
(AlyO3) layer and two 100-nm-thick silicon-nitride (SizNy) layers separated by 90 nm
of silicon dioxide (SiO,).

3.3.3 Adiabatic Polarization Rotator Design

First, we design an adiabatic polarization rotator which converts between the funda-
mental TE and TM modes on chip (Fig. ) This device begins with an asymmet-
ric coupler that converts the input fundamental TE mode to the next higher order
TE mode. The mode then enters an adiabatic taper, which passes through an anti-
crossing between the higher order TE and fundamental TM modes, transferring power
from one mode to the other. This anti-crossing is enabled by breaking the vertical
symmetry via the dual SiN layer (Fig. [3.8h) [76]. By utilizing a three-stage taper

that varies more rapidly on either side of the anti-crossing, the total device length is
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(a) Adiabatic Rotator Schematic (c) Off-Axis Rotator Schematic (e) Polarization Splitter Schematic
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Figure 3.8:  (a) Schematic (not to scale) of the adiabatic rotator, with relevant
mode profiles shown. (b) Mode conversion efficiency of the adiabatic rotator as a
function of TE-TM taper length. (c) Schematic of the off-axis rotator, with mode
profiles that demonstrate the 45° optical axis rotation of the fundamental modes in the
interaction region. (d) Mode conversion efficiency of the off-axis rotator as a function
of interaction length. (e) Schematic of the polarization splitter, with mode profiles
demonstrating the effective index match and contrast between the fundamental TM
and TE modes, respectively. (f) Mode splitting efficiencies for the thru and tap ports
for the polarization splitter as a function of interaction length.

reduced without a significant sacrifice in performance. The total device length is 550
um, giving a simulated device efficiency of 93.78%, corresponding to an extinction

ratio of 11.78 dB (Fig. [3.8p).

3.3.4 Off-Axis Polarization Rotator Design

As a complement to the above device, it is useful to have a more compact polarization
rotator that can be used in more densely integrated systems. To this end, we also
design an off-axis rotator that works on the principle of mode coupling between the
two lowest-order modes (Fig. [3.8), which have a high coupling coefficient [77]. By
horizontally offsetting two stacked waveguides appropriately in the coupling region,
both the fundamental modes become quasi-TE and TM, corresponding to an effective

optical axis oriented at 45°. As a result, the fundamental modes exhibit beating and,
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by appropriate choice of length, the input TE mode can be efficiently converted to
TM |77]. Gradual tapers into and out of the coupling region minimize radiative losses
due to mode mismatch. The total device length is only 111 wm, achieving a simulated

efficiency of 99.15%, corresponding to an extinction ratio of 20.7 dB (Fig. [3.8d).

3.3.5 Polarization Splitter Design

Third, we design an integrated asymmetric directional-coupler-based polarization
splitter, using the dual SiN layers to maximize TM coupling into the tap port, while
minimizing coupling of the TE mode (Fig.[3.8¢). The device consists of a single-layer
thru port and a dual-layer tap port, where the effective indices of the TM modes are
matched between the two arms of the coupler. Due to their asymmetry, the two arms
exhibit very different effective indices for TE [78] (Fig. [3-8k). As a result, the funda-
mental TM mode periodically strongly couples between the arms of the device along
the length of the coupling region, while the TE mode exhibits only low-amplitude
oscillations (Fig. ) The length of the coupling region of this device is only 16 wm,
providing a compact device that allows for extinction ratios of 46.3 dB for TM input

and 18.7 dB for TE input for their respective ports.

3.3.6 Conclusion

In this section, we designed the first integrated polarization rotators and splitter
operating at blue wavelengths, enabling integrated polarization-diversity schemes,

increased datacom channel density, and advanced chip-scale atomic systems.
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Chapter 4

Optical Tweezing of Microspheres and
Cells Using Integrated Optical
Phased Arrays

The following work was led by Tal Sneh (MIT) and done in collaboration with Milica
Notaros (MIT), Kru Kikkeri (MIT), Joel Voldman (MIT), and Jelena Notaros (MIT).
This work has been published in [16}|17].

4.1 Introduction

Optical trapping and tweezing has garnered significant interest as a preferred tech-
nology for the non-contact manipulation of cells and microscale particles, producing
impactful research for applications including cell classification, force sensing, and
characterization [80,[81]. However, the cost, size, and complexity of these tools when
using standard bulk-optical components has limited their utility. As an alternative,
the development of on-chip optical traps has been pursued, using evanescent fields
from waveguides, resonators, and plasmonic devices [82,)83]. While these systems
have offered significant advantages in cost, form factor, and complexity, they have
been restricted to trapping within microns of the chip surface, which limits their

widespread adoption in practical biophysics experiments and for in-vivo applications
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that require millimeter-scale standoffs. In addition, many of these prior integrated
optical tweezers have been fundamentally limited to passive trapping demonstrations
that lack active spatial tuning of the optical fields, necessary for object tweezing and

manipulation.

In contrast, integrated optical phased arrays (OPAs), which enable emission and
non-mechanical control of arbitrary free-space radiation patterns from compact pho-
tonics chips, have the potential to resolve these limitations. Specifically, they provide
a promising approach to extending the standoff operating distance, enabling spatial
tuning for tweezing, and expanding to holographic multi-beam capability for sort-
ing in the future. However, motivated by applications such as LiDAR sensing, the
majority of integrated OPA demonstrations to date have been limited to generating
and steering beams in the far field [44], which do not generate the tightly-focused
beam profiles required for optical trapping. Recently, our group demonstrated the
first integrated OPAs that enable these focusing beam profiles [12].

In this chapter, we demonstrate integrated OPA-based optical trapping and tweez-
ing for the first time. The OPA system focuses the emitted light and provides a steer-
able potential-energy well that can be used to trap and tweeze microscale particles
(Fig. —b). Using this approach, we increase the standoff distance of integrated op-
tical tweezers by over two orders of magnitude compared to prior demonstrations and
show trapping and non-mechanical tweezing of polystyrene microspheres 5 mm above
the surface of a silicon-photonic chip. We then use the tweezers to stretch mouse
lymphoblast cells, showing, to the best of our knowledge, the first cell experiments

using single-beam integrated optical tweezers.

4.2 Focusing Integrated Optical Phased Array Ar-

chitecture

The near-field-focusing integrated OPA [12] was fabricated in a CMOS-compatible
foundry process at the SUNY Polytechnic Institute. At the input, an inverse-taper
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(a) Tweezing Concept (b) Standard vs Focusing OPAs (c) Focusing OPA Architecture
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Figure 4.1: (a) Conceptual diagram depicting microsphere tweezing using an OPA
by varying the input laser wavelength. (b) Simulated array-factor intensity above
the chip for a standard non-focusing OPA (left) and near-field-focusing OPA with a
20-mm focal height (right). (c) Schematic of a passive splitter-tree-based focusing
OPA architecture with 4 antennas (not to scale). (d) Element phase distribution for
a focusing OPA with a 20-mm focal height, 512 antennas, 2-pm antenna pitch, and
1550-nm wavelength.

edge coupler couples light from a 1550-nm-wavelength off-chip tunable laser source
into an on-chip silicon waveguide. A 9-stage splitter tree network then distributes
the input power to 512 waveguide arms with a final pitch of 2 pm. Each arm is
terminated with a 0.9-mm-long grating-based antenna that radiates the light upwards
out of the chip. Before each antenna, a phase bump structure is placed to encode a
static hyperbolic phase distribution (Fig. [£.1ld) that enables focusing of the off-chip
emission in the array dimension (z). Additionally, the antenna period is adiabatically
chirped to enable focusing in the antenna dimension (y). The OPA architecture is
shown in Fig. [f.1c. Additional details on the focusing integrated OPA are provided
in [12].

4.3 Optical Trapping and Tweezing Results

To characterize our integrated OPA-based optical trap, the trap chip is mounted
beneath a sample stage, and light is coupled onto the chip from a tunable benchtop
laser.

To demonstrate optical trapping, we use samples consisting of two coverslips sep-

arated by a thickness of 375 pm, into which a 5.5% v/v solution of 10-pm-diameter
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polystyrene microspheres suspended in deionized water is pipetted. The sample is
clamped into the stage, and a target sphere is moved into the focal spot of the trap,
where its motion is recorded for 75 sec. To verify that the motion of the sphere is
reduced specifically due to the trap, the laser is turned off, and the sphere’s motion
is recorded for an additional 75 sec. Using the TrackMate plugin for ImageJ [84], we
track the motion of a group of microspheres, of which the middle sphere is trapped,

as shown in Fig. [.2h.

To quantify the trap’s stiffness, we use the equipartition theorem and the mean
squared displacement of spheres in the trap, measured using TrackMate [84),85]. We
perform four repeated measurements over a range of input powers. As shown in
Fig. 4.2, the results follow the expected linear trend, with error bars calculated as

the standard error of the measurements.

To transform the system from a static trap to dynamic tweezers, we leverage the
non-mechanical spot steering capability of our OPA system. Specifically, we vary the
wavelength of the laser input into the OPA system to steer the location of the spot
emitted by the OPA, resulting in the microsphere successfully following its motion.
To demonstrate that the microsphere can be steered in arbitrary patterns in one

dimension, we show repeated tweezing of the microsphere in a sine-wave pattern with

two different frequencies (Fig. [4.2c—d).

Finally, we use the OPA system to perform, for the first time, cell experiments
with single-beam integrated optical tweezers, showing controlled deformation of cells.
We culture TIB-49 mouse lymphoblast cells in RPMI-1640 media with 10% Fetal
Bovine Serum and 1% 10,000 U/mL Penicillin-Streptomycin. We incubate the cells
at 37°C in a humidified 5% CO2 incubator and pipette them into a sample well. We
position a cell in the optical trap and steer the trap in the y direction in the focal
plane. We record the cell and observe that its bottom edge is attracted to the new
trap position (Fig. [4.2¢), leading to an increase in the cell aspect ratio of over 25%
along its long axis. Upon turning off the laser, the cell relaxes to its prior unstretched

state.
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Figure 4.2: (a) Micrograph of microspheres in a sample well with superimposed tracks
showing their motion over time (red lines); the motion of the microsphere located at
the focal spot of the OPA (circled in white) is significantly reduced compared to its
neighbors, indicating successful trapping. (b) Measured trap stiffness versus optical
power for polystyrene microsphere trapping; error bars are found by calculating the
standard error of the dataset. (c¢) Micrographs showing the position of a microsphere
for input wavelengths of 1550nm (left), 1549nm (center), and 1551nm (right); the
position varies with input wavelength, confirming successful tweezing. (d) Position
of the spot formed by the optical trap (dashed line) and position of the optically
tweezed microsphere (solid line) versus time for two different sinusoidal wavelength
control signals, demonstrating consistent tweezing over arbitrary 1D patterns. (e)
Micrograph showing a TIB-49 mouse lymphoblast cell trapped in the focus of the
optical trap (left); the wavelength of the input laser is reduced by 0.6nm, steering
the trap focus in the -y direction below the cell, resulting in the cell being stretched
downward by the movement of the trap (right).

4.4 Conclusion

This chapter introduces a new modality for integrated optical tweezers, presenting a
fundamentally different approach based on integrated OPAs that enables significantly
larger standoff distances and arbitrary active tweezing functionality. This OPA-based
approach offers the advantages in cost, footprint, complexity, and mass-producibility

of integrated tweezers, while providing much of the functionality of bulk-optical sys-

54



tems. It thus represents a significant improvement in the utility and compatibility of
integrated optical tweezers for biological research and opens the door to a variety of
experiments that have not been previously possible with prior implementations of inte-
grated tweezers, spanning biophysics research with microsphere-conjugated molecules,

cell experimentation and sorting, and emerging in-vivo trapping research.
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Chapter 5

Conclusion

In this thesis, we built upon recent advances in visible-light integrated photonics
technologies to introduce 3D printing as a novel application area for visible-light
integrated photonics [14], propose integrated-photonics-based system architectures
for trapped-ion quantum systems [4] and demonstrate the design and testing of key
devices for these architectures [15], and demonstrate integrated optical-phased-array-
based optical trapping and tweezing for the first time [16,(17].

First, in Chapter [2 we combined the fields of silicon photonics and photochem-
istry to propose the first chip-based 3D printer. The proposed system consists of only
a single millimeter-scale photonic chip without any moving parts that emits recon-
figurable visible-light holograms up into a simple stationary resin well to enable non-
mechanical volumetric 3D printing. Furthermore, we experimentally demonstrated a
stereolithography-inspired proof-of-concept version of the chip-based 3D printer using
a visible-light beam-steering integrated optical phased array and visible-light-curable
resin, showing 3D printing using a chip-based system for the first time. This work
demonstrates the first steps towards a highly-compact, portable, and low-cost solution
for the next generation of 3D printers.

Second, in Chapter [3, we proposed integrated-photonics-based system architec-
tures and the design of key integrated-photonics components for both polarization-
gradient and electromagnetically-induced-transparency cooling of trapped ions. Specif-

ically, we designed the systems for a wavelength of 422 nm to target the Sy, to Py /s
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transition of ®Sr*, a commonly used ion species for trapped-ion qubits. Further, we
designed and experimentally demonstrated a pair of integrated TE- and TM-emitting
gratings, representing the first development of integrated TM-emitting gratings for
trapped-ion systems, and, thus, a fundamental stepping stone on the path to ad-
vanced operations for integrated-photonics-based trapped-ion quantum systems in-
volving multiple polarizations. Then, we designed the first integrated polarization
rotators and splitters operating at blue wavelengths.

Finally, in Chapter [, we demonstrated integrated-optical-phased-array-based op-
tical trapping and tweezing for the first time. The optical phased array system focuses
emitted light and provides a steerable potential-energy well that can be used to trap
and tweeze microscale particles. Using this approach, we increased the standoff dis-
tance of integrated optical tweezers by over two orders of magnitude compared to prior
demonstrations and showed trapping and non-mechanical tweezing of polystyrene mi-
crospheres 5 mm above the surface of a silicon-photonic chip. We then used the
tweezers to stretch mouse lymphoblast cells, showing, to the best of our knowledge,

the first cell experiments using single-beam integrated optical tweezers.
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