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Abstract

Optical trapping and tweezing — the manipulation of particles using optical forces
— enables direct interaction with biological samples and non-invasive monitoring of
their properties. As such, optical trapping has become a common tool in biology with
applications ranging from better understanding of DNA mechanics to non-invasive
manipulation of red blood cells in vivo. While optical trapping using bulk optics
is a well established technique, recent work has turned towards chip-based optical
trapping using integrated devices. However, many of these integrated systems are
fundamentally limited to passive demonstrations within microns of the chip surface.

Integrated optical phased arrays, which manipulate and dynamically steer light,
provide one possible approach to scaling and arbitrary tweezing of optical traps. How-
ever, current on-chip optical phased array demonstrations have focused on systems
which form and steer beams or project arbitrary radiation patterns in the far field.

In this thesis, Fresnel-lens-inspired focusing integrated optical phased arrays are
demonstrated for the first time and proposed as a method for chip-based optical trap-
ping. These systems focus radiated light to tightly-confined spots in the near field
above the chip to enable applications in wide-angle trapping at millimeter scales. Fur-
thermore, 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. Through generation of quasi-Bessel beams with elongated proper-
ties, these devices have potential for applications in multi-particle, multi-plane optical
trapping. To enable these phased array systems, a suite of integrated nanophotonic
architectures and devices for waveguiding, coupling, routing, phase control, and ra-
diation are developed, simulated, fabricated, and tested and a CMOS-compatible
foundry platform is leveraged for natural scaling to active demonstrations.
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3






To the pioneering giants of electromagnetics and photonics

for providing the foundation of this thesis.

To my current and past advisors and professors

for helping me to nearly understand and fully love this field.

To my group members throughout the years

for all the collaborations and friendships.

To Branislav, Olivera, Milica, and Tesh

for everything else.






Contents

1 Introduction 22
1.1 Introduction to Optical Trapping . . . . .. .. ... ... ... ... 22
1.2 Introduction to Optical Phased Arrays . . . .. .. ... ....... 23
1.3 Thesis Overview . . . . . .. . . . . ... 24

2 Focusing Phased Array Theory 28
2.1 Element Phase Derivation and Focusing Phased Array Simulations . . 28
2.2 Parameters and Limits of Focusing Phased Arrays . . . . .. ... .. 31
2.3 Non-Linear Steering of Focusing Phased Arrays . .. .. ... .. .. 32
2.4 Conclusion . . . . . ... 33

3 Bessel-Beam Phased Array Theory 36
3.1 Introduction to Bessel-Beam Generation . . . .. ... ..... ... 36

3.2 Element Phase and Amplitude Derivation and Bessel-Beam Phased

Array Simulations . . . . .. ... 38
3.3 Parameters and Limits of Bessel-Beam Phased Arrays . . . . ... .. 40
3.4 Conclusion . . . . . ... ..., 41

4 Splitter-Tree-Based Integrated Optical Phased Array Architecture 44
4.1 Overview of the One-Dimensional Splitter-Tree-Based Phased Array

Architecture . . . . . . ... ... 44
4.2 Overview of the Foundry Fabrication Processes . . .. .. ... ... 45
4.3 Fiber-to-Chip Coupling: Edge Couplers . . . . . . .. ... ... ... 47
4.4 Splitter Networks . . . . . . . .. . ... 48



4.4.1 Multi-Mode-Interference Splitters . . . . . . .. .. ... ...
4.4.2 Y-Junction Splitters . . . . . . .. ... ... ...
443 Waveguide Routing . . . . . .. ... ... ... .. ......
4.5 Amplitude Control: Tap Couplers . . . . . .. . .. ... ... ....
4.6 Phase Control . . . . . ... ...
4.6.1 Phase Tapers . . .. .. .. . ... ... ... ... ...
4.6.2 PhaseBumps . ... ... ... .. ... ... ... ...
4.7 Antennas . . ... ...
4.7.1 Exponentially-Radiating Antennas . . . . . .. .. ... ...
4.7.2 TFocusing Antennas . . . . . . . ... ... ...
4.7.3 Focusing Antennas with Uniform Emission . . . . . .. .. ..

4.8 Conclusion . . . . . . . .

Pixel-Based Integrated Optical Phased Array Architecture

5.1 Overview of the Two-Dimensional Pixel-Based Phased Array Architec-
ture . ..

5.2 Amplitude Control: Directional Couplers . . . . . . .. ... ... ..

5.3 Phase Control . . . . . . .. ...
9.3.1 Adiabatic Bends . . .. ... ... ... .. .. ... .. ...
9.3.2 Delay Lines . . . .. ... ... ...

5.4 Emitter Antennas . . . . .. . ...

5.0 Conclusion . . . . . . . . ..

Focusing Integrated Optical Phased Arrays
6.1 Characterization Setup . . . . . .. ... ... ... .. ... ...,
6.2 Focusing Splitter-Tree-Based Phased Arrays in Silicon-Nitride
6.2.1 Implementation in the Splitter-Tree-Based Architecture . . . .
6.2.2  One-Dimensional-Focusing Experimental Results. . . . . . . .
6.2.3 Discussion of Extension to Active Tuning and Future Work . .
6.3 Focusing Splitter-Tree-Based Phased Arrays in Silicon . . . . . . . ..
6.3.1 Implementation in the Splitter-Tree-Based Architecture . . . .

8

7



6.3.2 1D- and 2D-Focusing Experimental Results . . . . .. .. ..
6.3.3 Wavelength Steering in the Antenna Dimension . . .. . . ..
6.3.4 Discussion of Extension to Active Tuning and Future Work . .
6.4 Focusing Pixel-Based Phased Arrays . ... .. ... ... ......
6.4.1 Implementation in the Pixel-Based Architecture . . . . . . ..
6.4.2 Two-Dimensional-Focusing Experimental Results . . . . . . .
6.4.3 Discussion of Extension to Active Tuning and Future Work . .

6.5 Conclusion . . . . . . . . .

Bessel-Beam Integrated Optical Phased Arrays

7.1 Quasi-Bessel-Beam Splitter-Tree-Based Phased Arrays . . ... . ..
7.1.1 Implementation in the Splitter-Tree-Based Architecture . . . .
7.1.2  One-Dimensional Quasi-Bessel-Beam Experimental Results . .
7.1.3 Discussion of Future Work . . . . . . ... ... ... ... ..

7.2 Quasi-Bessel-Beam Pixel-Based Phased Arrays . . . . . . ... . ...
7.2.1 Implementation in the Pixel-Based Architecture . . . . . . . .
7.2.2 Two-Dimensional Quasi-Bessel-Beam Experimental Results . .
7.2.3 Discussion of Future Work . . . . . ... ... oL

7.3 Conclusion . . . . . . . . ..

Conclusion

8.1 Summary of Thesis . . . . . . .. . .. ... ... ...
8.2 Optical Trapping and Additional Applications . . . . . .. ... ...
8.3 Acknowledgments . . . . ... ... ...

91
92
92
93
95
96
96
98
99
100



10



List of Figures

1.1

1.2

2.1

2.2

2.3

Overview of select chip-based integrated optical trapping demonstra-
tions using (a—c) photonic crystal nanocavities (figures from [13-15]),
(d—e) plasmonic nanoantennas (figures from [17,20]), and (f) microring

resonators (figure from [21]). . . . .. . ... ... ...

Overview of select integrated optical phased array demonstrations (fig-

ures from [23-27]). . .. ...

(a) Schematic of a generalized focusing phased array showing the an-
tenna pitch and focal height. Element phase distributions for a focusing
phased array with (b) f, = 40mm and (c¢) f, = 20mm focal height

assuming 512 antennas, 2 um antenna pitch, and 1550 nm wavelength.

Simulated array-factor intensity above the array for a (a) non-focusing,
(b) f. = 40mm focal height, and (c) f, = 20 mm focal height phased
array with 512 antennas, 2 um antenna pitch, and 1550 nm wavelength.
Simulated array-factor intensity above the array showing higher-order
grating lobes for a f, = 5mm focal height phased array with 64 anten-

nas, 4 um antenna pitch, and 1550 nm wavelength. . . . . . . .. . ..

(a) Simulated power full-width half-maximum (FWHM) versus aper-
ture size for a focusing phased array with 5 mm focal height and 1550 nm
wavelength. (b) Simulated power FWHM versus focal height for a fo-

cusing phased array with 1 mm aperture size and 1550 nm wavelength.

11

23

24

29

31



2.4

2.5

3.1

3.2

3.3

3.4

Simulated array-factor intensity above the array assuming (a) no steer-
ing, (b) linear steering, and (c) corrected non-linear steering. Simulated
intensities are shown for an array with f, = 1.5 mm offset, 512 anten-

nas, 2 um antenna pitch, 5mm focal height, and 1550 nm wavelength.

Element phase distribution for a focusing phased array with a f, =
1.5 mm offset assuming linear steering (red) and corrected non-linear

steering (yellow). Phase profiles are shown for an array with 512 an-

33

tennas, 2 pm antenna pitch, 5 mm focal height, and 1550 nm wavelength. 34

Overview of select compact-form-factor quasi-Bessel-beam-generating
demonstrations using (a) spatial light modulators (figure from [49]), (b)
Dammann gratings (figure from [50]), (c) slit-groove structures (figure

from [51]), and (d) meta-surfaces (figure from [52]). . . ... ... ..

(a) Element amplitude distribution for a Gaussian-amplitude phased
array with A9 = 1/2 (red) and Ay = 1 (yellow). (b) Element phase
distribution for a standard (yellow) and Bessel (red) phased array with
®y = 0 and ¢y = 57, respectively. Phase and amplitude profiles and
simulated intensities are shown for an array with 64 antennas, 10 um

antenna pitch, and 1550 nm wavelength. . . . . . . ... ... .. ..

Simulated array-factor intensity above the array for a (a) Gaussian
array with &y = 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 ®; = 57 and Ay = 1. Simulated intensities
are shown for an array with 64 antennas, 10 um antenna pitch, and

1550 nm wavelength. . . . . . ... ... Lo

Simulated (a) power full-width half-maximum (FWHM) and (b) Bessel
length versus array aperture size for an array with ®; = 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.

12

37

38

39

41



4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

(a) Schematic of a four-antenna splitter-tree-based phased array archi-
tecture with arbitrary amplitude and phase control. (b) Schematic of
an example splitter-tree-based focusing phased array integrated imple-

mentation. . . . . . . ...,

Schematic of the nominal single-mode waveguides in the (a) silicon,
(b) silicon-nitride, and (c) custom-height silicon platforms (the buried

oxide thickness is not shown toscale). . . . . . .. ... ... ... ..

Overview of select device demonstrations in the CNSE SUNY foundry
platform including (a) modulators (figure from [54]), (b) distributed-
feedback lasers (figure from [55]), (c) phase shifters (figure from [30]),
(d) detectors (figure from [56]), (e) ring lasers (figure from [57]), (f)
higher-order filters (figure from [58]), and (g) wafer-scale 3D-bonded

electronics (figure from [59]). . . . . . . .. ... .. L.
Schematic of an edge coupler. . . . . . ... ... ... ... .....

(a) Schematic of a multi-mode-interference (MMI) splitter. Simulated
(red) and measured (black) efficiency versus MMI device length for a

(b) big and (c) small silicon-nitride MMI [23]. . . .. ... ... ...
Schematic of a Y-junction splitter as developed in [65]. . . ... ...

(a) Simulated mode overlap of a bent waveguide compared to a straight
waveguide versus bend radius for silicon (red) and silicon-nitride (yel-
low). (b) Simulated full power transfer length versus waveguide pitch
for two silicon waveguides (red) and two silicon-nitride waveguides (yel-

low). . . .

(a) Schematic of a tap coupler device. (b) Simulated coupling versus
coupling gap assuming Opum coupling length for a silicon-nitride tap
coupler. (c) Simulated (red) and measured (black) coupling versus
coupling length assuming a 500 nm coupling gap for a silicon-nitride

tap coupler. . . . ...

13

45

46

46

47

49

50

52



4.9

4.10

4.11

4.12

4.13

(a) Schematic of a phase taper device. (b) Simulated (red) and mea-
sured (black) relative phase versus length of the 2.2-um-wide section

of the silicon-nitride phase taper. . . . . . .. . ... ... ... ...

(a) Schematic of a phase bump device. (b) Simulated (red) and mea-
sured (black) relative phase versus phase bump width for the silicon
phase bump. (c) Simulated relative phase versus phase bump width

for the silicon-nitride phase bump. . . . . . . . . ... ... ... ...

(a) Schematic of a grating-based antenna. Simulated (red) and mea-
sured (black) scattering strength versus antenna perturbation for the
(b) standard silicon antenna [30] and (c) standard silicon-nitride an-

tenna [23]. . . ...

Simulated relative phase versus length of the unperturbed section of
the (a) silicon and (c) silicon-nitride antenna. Synthesized unperturbed
section length versus distance along the (b) silicon and (d) silicon-
nitride antenna necessary for focusing at 1 mm (yellow), 5mm (red),
and 10mm (black). Simulated and synthesized plots are shown for a
silicon antenna with 30 nm perturbation and 310 nm perturbed length
and a silicon-nitride antenna with 156 nm perturbation and 500 nm

perturbed length. . . . . ... ...

Desired (a) radiation angle and (b) scattering strength versus distance
along the antenna for a uniform-emission focusing antenna with 5 mm
focal height. Simulated (c) radiation angle and (d) scattering strength
for varying antenna perturbation and unperturbed section length for a
silicon-nitride antenna with 500 nm perturbed length. Synthesized (e)
unperturbed section length and (f) antenna perturbation for a silicon-

nitride uniform-emission focusing antenna with 5mm focal height. . .

14

54

35

o7

39

61



5.1

5.2

2.3

6.1

6.2

6.3

6.4

(a) Schematic of a nine-antenna pixel-based phased array architecture
with arbitrary amplitude and phase control using row and emitter
pixels. (b) Schematic of an example pixel-based quasi-Bessel-beam-

generating phased array implementation. . . . . . .. ... ... ...

(a) Schematic of a directional coupler within a row or emitter pixel [25].
Simulated coupling versus coupling waveguide length for (b) the 220-
nm-height directional coupler with a 150 nm coupling gap and (d) the

380-nm-height directional coupler with a 120 nm coupling gap. . . . .

(a) Schematic of an emitter pixel with adiabatic bends and phase de-
lay line labeled. (b) Simulated electric-field in a 380 nm-height adia-
batic waveguide bend. Simulated relative phase versus phase waveg-
uide length for the pixel-based architecture unit cell in (c) the 220-nm-

height platform and (d) the 380-nm-height platform. . ... .. ...

Photographs of (a) a fabricated integrated optical phased array chip
on the near-field characterization setup and (b) the near-field charac-

terization setup. . . . . . .. ...

Synthesized phase bump width versus antenna number for a focusing
silicon-nitride splitter-tree-based phased array with 128 antennas, 4 pm

antenna pitch, 5mm focal height, and 1550 nm wavelength. . . . . . |

(a) Measured cross-sectional intensity (in dB) above the chip for a 1D-
focusing silicon-nitride splitter-tree-based phased array with top-down
intensity shown (d) in the plane of the chip, (c) at the focal plane,
and (b) above the focal plane. Intensities are shown for an array with
128 antennas, 4 um antenna pitch, 5mm focal height, and 1550 nm

wavelength. . . . . . ..

Micrograph of a fabricated splitter-tree-based focusing phased array

with 512 antennas and 2 um antenna pitch. . . . . . . . .. ... ...

15

65

66

68

74

75

76



6.5

6.6

6.7

6.8

6.9

6.10

Synthesized phase bump width versus antenna number for a focusing
silicon splitter-tree-based phased array with 512 antennas, 2 um an-

tenna pitch, 5mm focal height, and 1550 nm wavelength. . . . . . . .

Measured cross-sectional intensity (in dB) above the chip for a 2D-
focusing silicon 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, 5 mm focal

height, and 1550 nm wavelength. . . . . . . . . ... ... ... ...

(a) Measured cross-sectional intensity (in dB) above the chip for a
1D-focusing silicon splitter-tree-based phased array with top-down in-
tensity shown (d) in the plane of the chip, (c) at the focal plane, and
(b) above the focal plane. Intensities are shown for an array with 512

antennas, 2 pm antenna pitch, 5mm focal height, and 1550 nm wave-

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 steer-
ing in the antenna dimension, y, versus wavelength. Results are shown
for an array with 512 antennas, 2 um antenna pitch, and 5mm focal

height. . . .. . ...

Micrograph of a fabricated two-dimensional pixel-based focusing phased

array with 1024 antennas and 10 um antenna pitch. . . . . . . . . ..

Synthesized (a) coupling waveguide lengths and (b) phase offset lengths
versus pixel number for each set of row and emitter pixels for a focusing
pixel-based phased array with 1024 antennas, 10 um antenna pitch,
5mm focal height, and 1550 nm wavelength. . . . . .. .. ... ...

16

79

80

81

82

84



6.11 Measured cross-sectional intensity (in dB) above the chip for a 5 mm-
focal-height pixel-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 1024 antennas, 10 pm antenna pitch, and 1550 nm wavelength. 86

6.12 Simulated (red) and measured (black) power full-width half-maximum
(FWHM) versus focal height. Results are shown for arrays with 1024

antennas, 10 um antenna pitch, and 1550 nm wavelength. . . . . . . . 87

7.1 Micrograph of the fabricated splitter-tree-based quasi-Bessel-beam-generating

phased array with 64 antennas and 10 um antenna pitch. . . . . . . . 92

7.2 Synthesized (a) tap coupler length, (b) tap coupler gap, and (c) phase
taper length versus antenna number for a quasi-Bessel-beam-generating
splitter-tree-based phased array with 64 antennas, 10 pm antenna pitch,

®y = 57, Ag = v/2/2, and 1550 nm wavelength. . . . . .. ... .. .. 93

7.3 (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 (2 = Omm), (c) within the Bessel
region of the emitted beam (z = 11 mm), and (b) after breakdown of
the Bessel region (2 = 22 mm). Intensities are shown for an array with
64 antennas, 10 pm antenna pitch, ®y = 57, A9 = v/2/2, and 1550 nm
wavelength. . . . . . ... 94

7.4 (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), (c) within the shadow zone of the obstacle (z =
10 mm), and (b) after reformation of the central beam (z = 12.5mm).
Intensities are shown for an array with 64 antennas, 10 um antenna

pitch, &g = 5, Ay = \/5/2, and 1550 nm wavelength. . . . . .. . .. 95

17



7.5

7.6

7.7

Synthesized (a) coupling waveguide lengths and (b) phase offset lengths
versus pixel number for each set of row and emitter pixels for a quasi-

Bessel-beam-generating pixel-based phased array with 1024 antennas,

10 pm antenna pitch, &, = 37, Ag = V21n2/2, and 1550 nm wavelength.

Measured top-down intensity (in dB) above the chip within the Bessel
region for a quasi-Bessel-beam-generating pixel-based phased array. In-
tensity is shown for an array with 1024 antennas, 10 um antenna pitch,
by = 37, Ay = M/Q, and 1550 nm wavelength. . . . . ... ...
Phase encoding for a two-dimensional pixel-based quasi-Bessel-beam-
generating array with 1024 antennas showing (a) the compounding ef-
fect of applying the Axicon phase independently.on the row and emitter
pixels versus (b) directly applying a two-dimensional Axicon mapping.

Phases are shown without 27 phase wrapping. . . . . .. .. .. ...

18

97



19



List of Tables

6.1 Summary of experimental results for various 1D- and 2D-focusing phased
arrays showing array architecture (silicon-nitride splitter-tree-based
1D-focusing, silicon splitter-tree-based 1D-focusing, silicon splitter-tree-
based 2D-focusing, or pixel-based 2D-focusing), number of antennas
(N), aperture size (A), focal height (f,), and FWHM in the = and y
directions (FWHM, and FWHM,, respectively). . . . . . .. .. . .. 89

20



21



Chapter 1

Introduction

1.1 Introduction to Optical Trapping

Optical traps and tweezers enable trapping and manipulation of particles through
non-contact forces caused by optical intensity gradients and photon momentum trans-
fer [1,2]. Due to these properties, optical trapping has become a common tool in
biology since it enables direct interaction with biological samples and non-invasive
monitoring of their properties [2,3]. For example, this technique has been used to
better understand DNA mechanics [4], for non-invasive manipulation of red blood
cells in vivo [5], to study kinetochore-microtubule attachments [6], for real-time Ra-
man spectroscopy of living cells [3], and for tracking of cell growth [7]. Moreover,
optical trapping has been used as a tool for microfabrication using nanowires and
microrods [8,9] and for quantum computing using trapped ions [10,11].

While optical trapping using bulk optics is a well established technique, recent
work has turned towards chip-based optical trapping using integrated devices such
as photonic crystal nanocavities [12-16], plasmonic nanoantennas [17-20], and mi-
croring resonators [21,22|; as shown in Fig. 1.1. However, these systems have been
limited to trapping either directly on or within microns of the chip surface. Moreover,
many of these devices have been fundamentally limited to passive trapping demon-
strations which prevent any optically-driven manipulations. Dynamic and wide-angle

integrated tweezing at millimeter scales above the chip — especially advantageous for
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Figure 1.1: Overview of select chip-based integrated optical trapping demonstra-
tions using (a—c) photonic crystal nanocavities (figures from [13-15]), (d-e) plasmonic
nanoantennas (figures from [17,20]), and (f) microring resonators (figure from [21]).

in vivo applications [5] — has not been demonstrated.

1.2 Introduction to Optical Phased Arrays

Integrated optical phased arrays, which manipulate and dynamically steer light with
large aperture sizes [23] and the potential for 200 MHz rates [24], provide one possible
approach to scaling and arbitrary tweezing of optical traps.

Historically, radio-frequency (RF) phased antenna arrays have enabled the devel-
opment and advancement of numerous applications such as radio transmitters, radar,
television broadcasting, and radio astronomy. However, due to the relatively long
wavelengths of RF frequencies, large-scale implementation of these arrays - necessary
for generation of ultra-high resolution and arbitrary radiation patterns — is cum-
bersome and expensive. As a solution, optical phased arrays, operating at much
shorter optical wavelengths and fabricated in integrated nanophotonic platforms,
open up possibilities for large-scale applications in a variety of areas including three-
dimensional holography, biomedical sciences, communications, and light detection
and ranging (LIDAR) [25].

Current on-chip optical phased array demonstrations have focused on systems
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Figure 1.2: Overview of select integrated optical phased array demonstrations (figures
from [23-27]).

which form and steer beams or project arbitrary radiation patterns in the far field, as
shown in Fig. 1.2 [23-30]. However, since optical forces are formed due to intensity
gradients, optical trapping requires a system with a tightly-focused spot in the near
field of the array. (Near-field optical phased array manipulation has only recently

been theoretically explored for holography applications [31].)

1.3 Thesis Overview

In this thesis, Fresnel-lens-inspired focusing integrated optical phased arrays are
demonstrated for the first time and proposed as a method for chip-based optical trap-
ping. These systems focus radiated light to tightly-confined spots in the near field
above the chip to enable applications in wide-angle trapping at millimeter scales.
Furthermore, 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. Through generation of quasi-Bessel beams with elon-
gated central beams, these devices have potential for applications in multi-particle,
multi-plane optical trapping. This work has led to three publications upon which this
thesis is based [32-34].

Foremost, in Ch. 2, the phase distributions necessary for generating focusing
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beams are derived, and discussion and simulations detailing the effect of the array
aperture and focal height on the full-width half-maximum (FWHM) of the focused
spot are provided. Additionally, the effect of conventional linear steering on the focal

height is shown and a modified non-linear steering phase is derived.

In Ch. 3, Bessel and Bessel-Gauss beam generation is discussed and the derived
near-field phased array theory is extended to develop the phase and amplitude distri-
butions necessary for generating phased-array-based Bessel-Gauss beams analogous
to bulk-optics Bessel implementations. Discussion and simulations detailing the effect
of the array aperture and element parameters on the central-beam FWHM and Bessel

length of the generated beam are presented.

Next, two integrated optical phased array architectures are proposed for experi-
mentally demonstrating near-field focusing and quasi-Bessel-beam-generating optical
phased arrays. First, in Ch. 4, a one-dimensional (1D) splitter-tree-based phased ar-
ray architecture [23,35] is modified to passively encode arbitrary phase and amplitude
distributions to the elements of the array — necessary for focusing-beam and Bessel-
Gauss-beam generation — in both a silicon and a silicon-nitride platform. An overview
of the architecture and foundry fabrication processes are presented and the various
integrated nanophotonic components of the systems are developed, numerically sim-
ulated, and experimentally demonstrated. Second, in Ch. 5, a two-dimensional (2D)
pixel-based architecture [25] is utilized to show a second type of passive focusing and
Bessel-Gauss-generating phased array with capabilities for active electronic focusing
in two dimensions. The architecture and corresponding nanophotonic system compo-
nents are developed for two foundry processes with numerical device characterization

data presented.

In Ch. 6, the developed theory and system architectures are utilized to exper-
imentally demonstrate a variety of focusing integrated optical phased arrays with
varying aperture sizes and focal heights. First, the silicon-nitride splitter-tree-based
architecture is utilized to show a 1D-focusing integrated phased array with capabil-
ities for high-power operation. The 128-antenna array focuses the radiated light in

one-dimension to a line with a ~13um FWHM at a 5mm focal height. Second,
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the silicon splitter-tree-based architecture is implemented to demonstrate both 1D-
and 2D-focusing integrated phased arrays with a variety of focal heights, including a
512-antenna array with a ~7pum spot at a 5mm focal height. Additionally, exper-
imental data showing wavelength steering of these arrays in the antenna dimension
is demonstrated and discussion on extension of the splitter-tree-based architecture to
electronic control in the array dimension is presented. Third, the two-dimensional
pixel-based architecture is utilized to enable a variety of 2D-focusing phased arrays
with capabilities for active electronic focusing in two dimensions, including a 1024-
antenna array with a ~21 um spot at a 5mm focal height and a 10,000-antenna array
with a ~21 um spot at a 10 mm focal height.

In Ch 7, both of the developed architectures are used to experimentally demon-
strate on-chip quasi-Bessel-beam generation. First, the silicon-nitride splitter-tree-
architecture is implemented to generate a quasi-one-dimensional Bessel-Gauss beam
with a ~14mm Bessel length and ~30um central-beam FWHM. Second, the pixel-
based architecture is used to demonstrate Bessel-Gauss-beam generation in two di-
mensions with a ~30um central-beam FWHM and discussion is presented on exten-

sion of the system to generation of a radial-symmetric Bessel-Gauss beam.
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Chapter 2

Focusing Phased Array Theory

In this chapter, focusing phased array theory is derived and discussed. First, the field
generated by a standard, non-focusing array is calculated in the near-field of the array
as a comparison. The element phase distributions necessary for generating focusing
beams in the near field are then derived and the resulting fields are compared. Next,
the effects of the array aperture and focal height on the full-width half-maximum
(FWHM) of the focused spot are simulated and compared to bulk optics theory.
Finally, the effect of the conventional linear steering phase on focusing phased arrays

is shown and a modified non-linear steering phase is derived.

2.1 Element Phase Derivation and Focusing Phased

Array Simulations

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. 2.1a, to generate arbitrary
radiation patterns [36]. 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 by summing the electric-
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field components of each element in the array:

N
ZE T,y 2 Z W2 A+ Bn) (21)

where N is the total number of antennas in the array, ®,, 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 propagation wavelength. Using this method, a
standard array with NV =512, d = 2 um, and A\ = 1550 nm is simulated; the generated

intensity profile is shown in Fig. 2.2a.

In contrast, if a “lens-like” hyperbola element phase distribution is applied, the ar-
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:

— 2+ (N/2+1/2 - n)? (2.2)

where f. is the desired focal height as shown in Fig. 2.1a. To enforce the focusing

condition, the phase applied to each antenna should compensate for the differences
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Figure 2.1: (a) Schematic of a generalized focusing phased array showing the antenna
pitch and focal height. Element phase distributions for a focusing phased array with
(b) f. = 40 mm and (c) f, = 20 mm focal height assuming 512 antennas, 2 pm antenna
pitch, and 1550 nm wavelength.
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Figure 2.2: Simulated array-factor intensity above the array for a (a) non-focusing,
(b) f. = 40mm focal height, and (¢) f. = 20mm focal height phased array with
512 antennas, 2 um antenna pitch, and 1550 nm wavelength. Simulated array-factor
intensity above the array showing higher-order grating lobes for a f, = 5mm focal
height phased array with 64 antennas, 4 um antenna pitch, and 1550 nm wavelength.

in the corresponding optical path lengths such that the wavefronts at the focal point

constructively interfere. This gives the desired feeding phase distribution

27
@ = 5 (Ly = La). (23

Similarly to a Fresnel lens, this phase can be encoded modulo 27 as shown in Fig. 2.1b-
c.

Figures 2.2b—c show the simulated intensity profiles generated by two focusing
phased arrays with N = 512, d = 2um, A = 1550 nm, and varying focal heights.
As shown, by applyving the derived element phase profiles, the arrays focus light to
tightly-confined and highly-enhanced spots. Additionally, due to discretization of
continuous theory onto arrays with d > A\/2, higher-order grating lobes are generated
by the arrays at larger angles as shown in Fig. 2.2d. These higher-order grating
lobes also exhibit focusing properties although they do not focus at the design focal
height. Since these additional beams reduce the power radiated into the main focal

spot and limit the possible steering range without aliasing of the main beam [36],
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tighter antenna pitches are desired.

2.2 Parameters and Limits of Focusing Phased Ar-
rays

For appreciable focusing, the desired focal height of a focusing array should be limited
to the Fresnel region (i.e. the near field) of the phased array, rje., ~ A?/\ where
A = Nd is the aperture size, as given by antenna theory [36]. Consequently, by
increasing the array aperture size, the possible focal height of the array quadratically
increases.

Additionally, for potential applications which 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 height. For example, for a 512-antenna array
with a 2 um antenna pitch at a 1550 nm wavelength as simulated in Figs. 2.2b—c, the
FWHM is found to be 53.5 um and 26.6 um for focal heights of 40 mm and 20 mm,
respectively.

Similar to bulk lenses, the FWHM depends on the aperture size of the array and

the focal height. As shown in Fig. 2.3a, as the array aperture size increases, the

20 : : : : ’ 60
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Figure 2.3: (a) Simulated power full-width half-maximum (FWHM) versus aperture
size for a focusing phased array with 5mm focal height and 1550 nm wavelength. (b)
Simulated power FWHM versus focal height for a focusing phased array with 1mm
aperture size and 1550 nm wavelength.
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FWHM decreases with an inverse scaling. In contrast, as shown in Fig. 2.3b, as
the desired focal height 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 & \f/A where R is the spatial
resolution (analogous to the FWHM). As such, for maximally-enhanced trapping at

long focal heights, large aperture sizes are necessary.

2.3 Non-Linear Steering of Focusing Phased Arrays

One advantage of using integrated optical phased arrays for focusing and optical
trapping is that phased arrays allow for dynamic steering on-chip to enable arbitrary
tweezing of optical traps. In a standard phased array system, a linear phase gradient
is applied to the antennas to steer the radiated beam in the far field [24-26,29, 30].
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 in the focal height of the spot. As an example, an ar-
ray with 512 antennas, 2 um antenna pitch, 5 mm desired focal height, and 1550 nm
wavelength is simulated as shown in Fig. 2.4a. When this array is steered to a 1.5 mm
offset in the array dimension using linear steering as shown in Fig. 2.4b, the result-
ing focal spot is formed at z = 4.19mm. For optical trapping applications where the
sample under test is often housed in a microfluidic channel [2,7], this steering-induced

shift in the focal height can prove detrimental.

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 in Eq. (2.2), can be modified as:

Ln=\/f2+[d(N/2+1/2 =) + L] 2.4)

where f, is the desired focal height and f, is the desired focal offset. The necessary
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Figure 2.4: 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 pm antenna pitch, 5mm
focal height, and 1550 nm wavelength.

element phase distribution then follows directly from Eq. (2.3):

D, = 2 (Ly — L,). (2.5)

A
Once again, this phase can be encoded modulo 27. By applying this non-linear
steering approach for f, = 1.5mm, the focal spot is formed with the correct offset
at the desired 5mm focal height as shown in Fig. 2.4c. For comparison, the linear
and non-linear steering phases are shown in Fig. 2.5 without 27 phase wrapping for

clarity.

2.4 Conclusion

In this chapter, the element phase distributions necessary for generating focusing
beams using phased arrays have been developed using a robust Fresnel-lens-inspired
encoding. Discussion of the effects of the phase array parameters on the focus spot
have been included with emphasis on the advantages of large aperture sizes. Ad-

ditionally, the effects of conventional linear steering on the focal spot have been
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Figure 2.5: Element phase distribution for a focusing phased array with a 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, 5mm focal
height, and 1550 nm wavelength.

demonstrated and a non-linear steering approach has been developed. The developed
focusing phased array theory will be utilized to demonstrate both one-dimensional

and two-dimensional focusing integrated optical phased arrays in Ch. 6.
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Chapter 3

Bessel-Beam Phased Array Theory

In this chapter, theory for generating quasi-Bessel beams is derived and discussed.
First, an introduction to Bessel beams and their experimental approximations, Bessel-
Gauss beams, is presented with discussion on applications and prior demonstrations.
Next, the near-field theory developed in Ch. 2 is extended to derive the phases and
amplitudes necessary for quasi-Bessel-beam generation using phased arrays. Addi-
tionally, discussion and simulations showing the effect of the array aperture and ele-
ment parameters on the full-width half-maximum (FWHM) and Bessel length of the

generated beam are included.

3.1 Introduction to Bessel-Beam Generation

Bessel beams, first discovered in 1987 [37], exhibit many interesting and useful proper-
ties including non-diffraction [37,38], self-healing [39], and optical pulling forces [40].
These beams enable propagation of a central beam with a finite width without
diffraction-induced spreading [37, 38].

However, Bessel beams are not experimentally realizable due to the infinite power
and aperture necessary to generate a non-diffracting beam. Instead, by introducing a
truncated-Gaussian envelope to the Bessel beam to place a finite limit on the power
requirements, a new type of experimentally-realizable beam, the Bessel-Gauss beam,

was developed to approximate a Bessel beam [37-39]. Within the Bessel length limit,
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these quasi-Bessel beams have properties similar to physically-unrealizable Bessel

beams, including an elongated central beam.

Due to their unique properties, Bessel-Gauss beams have contributed to a variety
of important applications and advances [41|. For example, they have enabled multi-
plane, multi-particle optical trapping [42|, reduction of scattering and increases in
depth of field in microscopy [43, 44|, efficient laser lithography and fabrication [45],
promotion of free-electron laser gain [46], improved laser corneal surgery 47|, and

adaptive free-space optical communications [48].

Bessel-Gauss beams are conventionally generated using a bulk optics approach
wherein an Axicon lens (a conical glass prism) is illuminated with a truncated Gaus-
sian beam to produce a Bessel-Gauss beam at the output [39]. Moreover, recent
work has turned towards generation of Bessel beams in a more compact form factor.
For example, Bessel-Gauss beam generation has been demonstrated using spatial
light modulators [49], Dammann gratings [50], slit-groove structures [51], and meta-

surfaces [52,53] as shown in Fig. 3.1.

However, these demonstrations do not provide full on-chip integration and most
are fundamentally limited to static beam formation. Integrated optical phased arrays
provide one solution for generating quasi-Bessel beams in a fully-integrated, compact-

form-factor system.

\:‘T.
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Figure 3.1: Overview of select compact-form-factor quasi-Bessel-beam-generating
demonstrations using (a) spatial light modulators (figure from [49]), (b) Dammann
gratings (figure from [50]), (c) slit-groove structures (figure from [51]), and (d) meta-
surfaces (figure from [52]).
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3.2 Element Phase and Amplitude Derivation and

Bessel-Beam Phased Array Simulations

If the antennas in a phased array are spaced with a uniform pitch, d, and fed with a
Gaussian amplitude and a linear phase distribution (as shown in Figs. 3.2a-b), the
array creates a steerable, diffracting Gaussian beam in the far field of the array. This

Gaussian element amplitude distribution is given by

(3.1)

A, = exp (_4111(2)(” — N/2 - 1/2)2)

(N Ap)?

where A, is the amplitude applied to the nth antenna, N is the total number of
antennas in the array, and A, is the variable amplitude parameter such that the
FWHM of the Gaussian is given by NAj. Similar to Eq. 2.1, 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 Bz, y,2) & ZAne_i(QW“/’Hq’”) (3:3)
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Figure 3.2: (a) Element amplitude distribution for a Gaussian-amplitude phased
array with Ay = 1/2 (red) and A; = 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 um antenna pitch, and 1550 nm wavelength.
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where @, is the phase applied to the nth antenna, r, is the distance from the nth
antenna to the point under consideration at coordinate (r,y,z), and A is the prop-
agation wavelength. Using this method, a Gaussian array with A = 1/2, N = 64,
and d = 10 pm is simulated; the generated intensity profile is shown in Fig. 3.3a.

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

field of the array. This Axicon phase is given by

—|n— N/2—1/2| + N/2 — 1/2
N/2—1

where @, is the phase applied to the nth antenna and ®, is the variable phase pa-
rameter. This phase can be encoded modulo 27 as shown in Fig. 3.2b. The simulated
intensity profiles generated by three one-dimensional Bessel-beam arrays with vary-
ing parameters, ®, and Ay, are shown in Figs. 3.3b—d. As shown in Fig. 3.3d, 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

Cross-Section Intensity

Distance Z Above Array (mm)

0.3 0.6 0 0.3
Distance X Along Array (mm)

Figure 3.3: Simulated array-factor intensity above the array for a (a) Gaussian array
with @9 = 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 ®, = 57
and Ay = 1. Simulated intensities are shown for an array with 64 antennas, 10 pm
antenna pitch, and 1550 nm wavelength.
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the beam formed in Fig. 3.3d is degraded compared to a similar beam in Fig. 3.3c.
Additionally, due to discretization of the continuous Bessel theory on an array with
d > A/2, higher-order grating lobes, which also exhibit Bessel properties, are gener-
ated by the array at larger angles (not shown in the simulation window), similarly to

the high-order focusing grating lobes discussed in Sec. 2.1.

3.3 Parameters and Limits of Bessel-Beam Phased

Arrays

For potential applications, two valuable figures of merit of a quasi-Bessel-beam gener-
ating array are the power FWHM of the central radiated beam and the Bessel 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
arfay and the maximum variation of the Axicon phase, ®;. As shown in Figs. 3.4a-b,
as the array aperture size increases, the FWHM increases linearly while the Bessel
length exhibits quadratic growth. In contrast, as shown in Figs. 3.4c-d, the FWHM
and the Bessel length both are related to the phase parameter, ®,, through power-law
scalings. As such, when considering the application space of the Bessel-generating
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 trapping of
multiple small particles at varying heights, both a small FWHM and a long Bessel
length are desired.

Similar to focusing-beam generation, Bessel-beam generation using phased arrays
is limited to the Fresnel region (i.e. the near field) of the phased array, rneqr &~ A%/
where A = Nd is the aperture size, as given by antenna theory [36]. Consequently, by

increasing the array aperture size, the possible Bessel length of the array quadratically
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Figure 3.4: Simulated (a) power full-width half-maximum (FWHM) and (b) Bessel
length versus array aperture size for an array with &5 = 57, Ap = 1/2, and 1550 nm
wavelength. Simulated (¢) FWHM and (d) Bessel length versus maximum element
phase variation, ®q, for an array with 64 antennas, 10 pm antenna pitch, Aqg = 1/2,
and 1550 nm wavelength.

increases.

3.4 Conclusion

In this chapter, the element phase and amplitude distributions necessary for gen-
erating Bessel-Gauss beams using phased arrays have been developed analogous to
conventional bulk optics approaches. Additionally, the effects of the array aperture
and element parameters on the full-width half-maximum (FWHM) and Bessel length
of the generated beam have been presented and discussed. The developed Bessel-beam

phased array theory will be utilized to demonstrate both one-dimensional and two-
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dimensional quasi-Bessel-beam-generating integrated optical phased arrays in Ch. 7.
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Chapter 4

Splitter-Tree-Based Integrated
Optical Phased Array Architecture

In this chapter, a one-dimensional splitter-tree-based integrated optical phased ar-
ray architecture is proposed and developed in both a silicon and a silicon-nitride
platform for experimentally demonstrating near-field focusing and quasi-Bessel-beam-
generating optical phased arrays. First, overviews of the splitter-tree-based architec-
ture and the CMOS-compatible foundry fabrication processes are presented. Next,
the various integrated nanophotonic components of the systems — including edge cou-
plers, splitter networks, amplitude-control devices, passive phase-control structures,
and grating-based antennas — are developed, numerically simulated, and experimen-

tally demonstrated.

4.1 Overview of the One-Dimensional Splitter-Tree-

Based Phased Array Architecture

A splitter-tree-based phased array architecture is based on a one-dimensional array of
antennas. The power inputted into the system is evenly split into N channels using
a splitter tree network comprised of symmetric 1-to-2 splitters. At the output of the

splitter tree network, the amplitude and phase for each channel are set to enable
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Figure 4.1: (a) Schematic of a four-antenna splitter-tree-based phased array archi-
tecture with arbitrary amplitude and phase control. (b) Schematic of an example
splitter-tree-based focusing phased array integrated implementation.

arbitrary feeding of an array of N antennas. This process is shown in Fig. 4.1a.

In the utilized integrated platform, each step within the proposed phased array
architecture is performed using a suite of nanophotonic devices. At the system input,
an edge coupler or a grating coupler is used to couple light onto the chip. The splitter
tree network is formed using a set of splitting devices, either multi-mode-interference
or Y-junction splitters, and routing waveguides [23,35]. Next, amplitude control
is achieved using tap couplers and phase is controlled passively using either phase
tapers or phase bumps. Finally, a variety of long grating-based antennas with varying
characteristic - including exponentially radiating, focusing, and uniform emission —
can be used to manipulate the light in the second dimension of the array and form
a full two-dimensional aperture. An example implementation of a splitter-tree-based

integrated phased array is shown in Fig. 4.1b.

4.2 Overview of the Foundry Fabrication Processes

The proposed phased arrays and accompanying device test structures are fabricated
in a variety of CMOS-compatible foundry processes at CNSE SUNY. Specifically,
three different platforms are used: a silicon platform, a silicon-nitride platform, and
a custom-height silicon platform, as shown in Fig. 4.2.

In the silicon platform, 300 mm silicon-on-insulator (SOI) wafers with 2 um buried
oxide (SiO3) thickness and a standard 220-nm-thick silicon (Si) device layer are
used and patterned using 193 nm immersion lithography. Similarly, a non-standard

custom-height silicon-on-insulator platform is also used with a 380-nm-thick silicon
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Figure 4.2: Schematic of the nominal single-mode waveguides in the (a) silicon, (b)
silicon-nitride, and (c) custom-height silicon platforms (the buried oxide thickness is
not shown to scale).

device layer. Finally, in the silicon-nitride platform, similar 300 mm silicon wafers
are used with 6 um buried oxide thickness. A 200-nm-thick silicon-nitride device
layer with 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.

These state-of-the-art CMOS-compatible platforms, coupled with multiple dopant,
metal, and trench layers, have enabled a suite of advanced nanophotonic devices

including modulators, distributed-feedback semiconductor lasers, phase shifters, de-

W e S
AT TR

Figure 4.3: Overview of select device demonstrations in the CNSE SUNY foundry
platform including (a) modulators (figure from [54]), (b) distributed-feedback lasers
(figure from [55]), (c) phase shifters (figure from [30]), (d) detectors (figure from [56]),
(e) ring lasers (figure from [57]), (f) higher-order filters (figure from [58]), and (g)
wafer-scale 3D-bonded electronics (figure from [59]).
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tectors, ring lasers, and higher-order filters, as well as wafer-scale 3D-bonding to
electronics, as shown in Fig. 4.3 [30,54-59]. In this work, the standard-height sili-
con and the silicon-nitride platform are used for the splitter-tree-based architecture
while the pixel-based architecture (discussed in Ch. 5) uses the standard-height and
the custom-height silicon platforms. By using these CMOS-compatible platforms for
both architectures, the systems are naturally scalable to active demonstrations with
wafer-scale 3D-bonded electronics [539] and monolithically-integrated laser sources [55]

for fully-integrated and steerable chip-based optical trapping systems.

4.3 Fiber-to-Chip Coupling: Edge Couplers

At the input to the splitter-tree-based system, an on-chip edge coupler is used to effi-
ciently couple laser light from an off-chip lensed fiber to the on-chip input waveguide.
As shown in Fig. 4.4, an edge coupler is an inverse-taper structure [60]. At the chip
facet, the edge coupler has a narrow width such that the optical mode is not well
confined in the waveguide and closely matches the relatively-large 6.5 um mode field
diameter of the input fiber. The edge coupler then adiabatically tapers up to the
single-mode waveguide width wherein the field is well confined in the fundamental
transverse-electric mode.

For the 220-nm-height silicon-based systems, the edge couplers are designed with
a 140nm input width, 400 nm waveguide width to insure transverse-electric single-
mode operation, and 150 um total length to ensure an adiabatic transition from the
input width. Similarly, for the 200-nm-height silicon-nitride-based systems, the edge
couplers are designed with a 320 nm input width, 1.5 pm waveguide width, and 300 um

total length and, for the 380-nm-height silicon-based systems, a 120 nm input width,

Total Length

Input " : Waveguide
Width 1. i Width
i Chip

'Facet

Figure 4.4: Schematic of an edge coupler.
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450 nm waveguide width, and 150 um total length are used.

As a different method for fiber-to-chip coupling, record-efficiency grating couplers
with unidirectional and Gaussian-mode-matched operation have been investigated
[61-63]. However, since grating couplers are inherently more bandwidth limited and

are not as fabrication tolerant, edge couplers are used throughout this work.

4.4 Splitter Networks

Next, after the edge coupler, the input waveguide is split into NV waveguide arms using
a set of cascaded 1-to-2-waveguide splitting devices with even splitting ratios to evenly
distribute the input power to the multiple waveguide arms (as developed in [23,35]).
In this work, the silicon-nitride-based networks use multi-mode-interference splitters,
as discussed in Sec. 4.4.1, while Y-junction splitters were used for the silicon-based
networks, as discussed in Sec. 4.4.2. Additionally, either 90° waveguide bends or
sinusoidal-shaped bends are designed to reduce bending radiation loss while routing

between the splitter devices as discussed in Sec. 4.4.3.

4.4.1 Multi-Mode-Interference Splitters

Silicon-nitride multi-mode-interference (MMI) splitters present one method for evenly
distributing power within the splitter network of a splitter-tree-based phased array
architecture [23]. As shown in Fig. 4.5a, an MMI is a symmetric, 1-to-2-waveguide
splitting device based on self-imaging principals [64]. To ensure even splitting with
high-efficiency, a commercially-available 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. 4.5b, by setting the MMI length to 28.7 um with a 7 um 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 0.04 dB and less than 0.1 dB,
respectively [23]. Additionally, since it is desirable for the last layer of the splitter

network to have to small waveguide pitch to reduce grating lobes (as discussed in
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Figure 4.5: (a) Schematic of a multi-mode-interference (MMI) splitter. Simulated
(red) and measured (black) efficiency versus MMI device length for a (b) big and (c)
small silicon-nitride MMI [23].

Sec. 2.1), a smaller MMI is designed to be used in the last layer within the splitting
network [23|. By setting the smaller MMI length to 16 um with a 5 pum MMI width
and 1.6-um-wide input and output waveguides, the simulated and measured insertion
losses of this smaller MMI at the design wavelength are found to be 0.27dB and

~0.35dB, respectively, as shown in Fig. 4.5¢ [23].

4.4.2 Y-Junction Splitters

Similarly to the MMI splitters, a Y-junction device can be used to evenly distribute
power within the splitter network of a splitter-tree-based phased array architecture.
Compared to the MMI splitters, a Y-junction device can be optimized to be shorter
while demonstrating comparable insertion losses and, therefore, can be more space
efficient.

In this work, silicon Y-junctions, as shown in Fig. 4.6 and developed in [65], are

used for the silicon-based splitter networks. The Y-junctions have 500-nm-wide input
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Figure 4.6: Schematic of a Y-junction splitter as developed in [65].

and output waveguides and are only 2 um long. In the CNSE process, the insertion

loss of this splitter is measured to be ~0.15dB [35].

4.4.3 Waveguide Routing

To route between the output of each splitter device to the input of the next layer of
splitters, a network of routing waveguides is used in a configuration similar to the
schematic shown in Fig. 4.1a. However, unlike electronic wiring, the bend radii of
the waveguides in the network need to be designed such that the radiation losses due
to the waveguide bends and the mode mismatch between the straight waveguides
and the bent waveguides are reduced. Figure 4.7a shows the mode overlap between
the fundamental mode in a straight waveguide and the radiating mode within a bent
waveguide for varying bend radius in both the silicon and silicon-nitride platforms as
simulated using a mode solver. As shown, as the radius of the bend decreases, the
mode overlap between the straight waveguide mode and the bent mode is reduced.
Similarly, as the bend radius decreases, the propagation loss in the bent waveguide
increases. As shown, this effect has a more dominate manifestation in the silicon-
nitride platform due to the low index contrast between the 1.95-index silicon-nitride
and the 1.45-index oxide cladding. As such, in the silicon and the silicon-nitride
splitter networks, the minimum waveguide bending radii used are limited to 5pum
and 200 um, respectively. To meet this limitation while keeping a compact footprint,
a mixture of 90° bends and sinusoid-shaped bends are used for routing [23, 35|.
Additionally, similar to electronic circuits, if the waveguides in an integrated pho-
tonics system are placed too close together, evanescent crosstalk between waveguide

arms occurs. To quantify this crosstalk, the full power transfer length between two
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Figure 4.7: (a) Simulated mode overlap of a bent waveguide compared to a straight
waveguide versus bend radius for silicon (red) and silicon-nitride (yellow). (b) Sim-
ulated full power transfer length versus waveguide pitch for two silicon waveguides
(red) and two silicon-nitride waveguides (yellow).

waveguides is calculate. First, a mode solver [66] is used to simulate the symmet-
ric and anti-symmetric modes in a pair of waveguides and obtain their propagation
coefficients. Next, these propagation coefficients are used to calculate the full power

transfer length as follows:

r T
Hra =
PR 2 (ﬁsym - Bantifsym)

(4.1)

where (4, and Bunu-sym are the propagation coefficients of the symmetric and the
anti-symmetric modes, respectively. Figure 4.7b shows this full power transfer length
versus waveguide pitch in the silicon and silicon-nitride platforms. As the pitch
between the waveguides decreases, the full power transfer length gets smaller. As
such, given that the proposed splitter-tree-based arrays use long antennas on the
order of 1 mm long, the pitches of the last layer of the silicon and the silicon-nitride
splitter trees are limited to 2 um and 4 pm, respectively, to reduce crosstalk between

the antennas while limiting the number of undesired grating lobes.
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4.5 Amplitude Control: Tap Couplers

At the output of the splitter tree, a tap coupler structure (shown in Fig. 4.8a) can be
placed on each waveguide arm to enable amplitude control in the splitter-tree-based
architecture as schematically shown in Fig. 4.1a. A tap coupler couples a percentage
of the light from each waveguide arm to a tap port while the remainder of the light
in the thru port is routed off the chip. Similar to the crosstalk discussed in Sec. 4.4.3,
the coupling between the input port and the tap port is a result of the evanescent
coupling between the bus waveguide and the tap waveguide. As such, this coupling
can be controlled by appropriately setting the coupling gap and the coupling length.

To design these coupling gaps and lengths, the tap coupler is rigorously simulated
using an FDTD solver. Figure 4.8b shows the resulting power coupling versus the
coupling gap assuming a 0 um coupling length; as expected, by decreasing the cou-

pling gap, the coupling increases. Similarly, Figure 4.8c shows the power coupling
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Figure 4.8: (a) Schematic of a tap coupler device. (b) Simulated coupling versus
coupling gap assuming 0 um coupling length for a silicon-nitride tap coupler. (c)
Simulated (red) and measured (black) coupling versus coupling length assuming a
500 nm coupling gap for a silicon-nitride tap coupler.
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versus the coupling length assuming a 500 nm coupling gap; as expected, by increas-
ing the length of the coupling region, the input power is sinusoidally coupled from the
thru port into the tap port of the device. Additionally, fabricated test structures with
varying coupling lengths are used to experimentally validate the performance of the
device. As shown in Fig. 4.8c, the experimental results confirm the sinusoidal coupling
relationship; however, due to the low tolerance of the device and fabrication imperfec-
tions, an imperfect performance is seen which can be improved in future fabrication
iterations. As such, the length and gap of each waveguide arm’s tap coupler in the
array can be chosen to enable a variety of amplitude feeding profiles to the antennas,
including the Gaussian profile, given by Eq. (3.1), necessary for Bessel-Gauss-beam

generation.

4.6 Phase Control

On the output tap port of each coupler device, a phase control device is placed
to enable arbitrary phase encoding to each antenna in the array. In this work, both
passive phase tapers (discussed in Sec. 4.6.1) and phase bumps (discussed in Sec. 4.6.2)
are used to enable static phase encoding, although future scaling to active-control

using phase shifters is available using the same fabrication platforms [67].

4.6.1 Phase Tapers

First, phase tapers are developed as one method for arbitrary passive phase control. A
phase taper structure (shown in Fig. 4.9a) imparts a static phase delay dependent on
the length of the device’s wide section. If the length of the wide section of the structure
is increased while the total length is kept constant, the relative phase induced by the
structure increases linearly. To quantify this relationship, a mode solver [66] is used to
simulate the fundamental modes in the standard waveguide width and in the device’s

wide section to obtain the effective refractive index of each mode. Next, the effective
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Figure 4.9: (a) Schematic of a phase taper device. (b) Simulated (red) and measured
(black) relative phase versus length of the 2.2-pm-wide section of the silicon-nitride
phase taper.

indeces are used to calculate the relative phase induced as follows:

2T
¢ = 7 (LW'C'neff.W'G + Ltaperneff:mper) (42)

where A is the free-space propagation wavelength, Ly and Ly, are the lengths of
the narrow and wide sections of the device, respectively, and Nefrwa and Mef; taper

are the effective indices of the narrow and wide sections, respectively.

To confirm this relationship, a silicon-nitride phase taper is rigorously simulated
using an FDTD solver. The standard 1.5 wm width is tapered up to and down from the
2.2-um-width wide section of the device using a 50-um-long taper. The wide section of
the structure is then increased while the total length is kept at a constant 185 pm. The
simulated relative phase induced by the structure is shown in Fig. 4.9b. Additionally,
fabricated interferometer-based test structures with varying phase lengths are used
to experimentally validate the performance of the device. As shown in Fig. 4.9b, the
experimental data closely matches the expected performance. As such, the phase
length of each waveguide arm’s phase taper in the array can be chosen to enable a
variety of phase feeding profiles to the antennas, including the “Fresnel” and “Axicon”
profiles, given by Eq. (2.3) and Eq. (3.3), necessary for focusing-beam and Bessel-

(Gauss-beam generation.
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4.6.2 Phase Bumps

Similarly to the phase tapers, a phase bump device (shown in Fig. 4.10a) can also be
placed on each waveguide arm to impart a static phase delay and passively control
the feeding phase in a splitter-tree-based phased array architecture. However, phase
bumps present an advantage over phase tapers since they enable similar phase encod-
ing while encompassing a smaller footprint. Specifically, a phase bump adiabatically
increases the width of the waveguide from the nominal waveguide width to a variable
wider width using a sinusoidal shape while keeping the length of the device constant.

At the output of the device, a static phase delay dependent on the variable width is

induced.

To enable phase control in both the standard-height silicon and silicon-nitride
platforms, two phase bump structures are rigorously designed using an FDTD solver.
The silicon phase bump structure is designed to interface to the nominal 400 nm
waveguide width. 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. Figure 4.10b
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Figure 4.10: (a) Schematic of a phase bump device. (b) Simulated (red) and measured
(black) relative phase versus phase bump width for the silicon phase bump. (c)
Simulated relative phase versus phase bump width for the silicon-nitride phase bump.
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shows the simulated and measured relative phase versus phase bump width (the
experimental data is obtained using fabricated interferometer-based test structures
similar to the fabricated phase taper tests as described in Sec. 4.6.1). As expected, as
the width of the phase bump is increased, the relative phase induced by the structure
increases. Similarly, a silicon-nitride phase bump structure is designed starting at the
nominal 1.5 um waveguide width with a 75 um total length. The resulting simulated
relative phase versus phase bump width are shown in Fig. 4.10c. As expected, the
phase bump structure is able to impart a full 27 phase encoding in less than half the
length of the silicon-nitride phase taper structure. Similarly to the phase tapers, the
width of each waveguide arm’s phase bump in the array can be chosen to enable a
variety of feeding phase profiles to the antennas, including the “Fresnel” and “Axicon”
profiles, given by Eq. (2.3) and Eq. (3.3), necessary for focusing-beam and Bessel-
Gauss-beam generation. Additionally, due to the modulo 27 phase encoding, the

architecture is very robust to any phase variations due to fabrication.

4.7 Antennas

Finally, after each phase structure, a long grating-based antenna is placed on each arm
to create a large quasi-two-dimensional aperture using the one-dimensional splitter-
tree-based architecture as shown schematically in Fig. 4.1a. In this work, a variety
of antennas are used with varying characteristics. First, standard, exponentially-
radiating antennas (as developed and demonstrated in [23,30]) are proposed as one
solution in Sec. 4.7.1. However, these antennas were original developed for formation
of beams in the far field of the array such that the light radiated out of the array is
not focused in the near field in the antenna dimension. As such, additional grating-
based antennas are developed to focus light in the antenna dimension; silicon and
silicon-nitride focusing antennas are demonstrated in Sec. 4.7.2 and a silicon-nitride

focusing antenna with uniform emission is developed in Sec. 4.7.3.
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4.7.1 Exponentially-Radiating Antennas

Standard grating-based antennas (as shown in Fig. 4.11a) present one solution for
emitting light out of the phased array with a quasi-two-dimensional aperture. The
antennas are designed to radiate out of the plane of the chip and exponentially along
the antenna length by periodically perturbing the waveguide [23,30]. By varying
this symmetric inward perturbation of the antenna, the rate of this exponentially
radiation — i.e. the scattering strength defined as the power radiated by the antenna

per unit length — can be controlled.

To quantify this scattering strength and design the antennas, an FDTD solver is
used to rigorously simulate a standard silicon antenna. A 610 nm nominal antenna
width is chosen to reduce grating lobes in the antenna dimension [30]. Next, as the an-
tenna perturbation is increased, the period of the antenna is adjusted correspondingly
to insure that the optical path length of one period of the antenna remains the same

and the antenna continues to radiate at approximately 90° out of the plane of the chip.
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Figure 4.11: (a) Schematic of a grating-based antenna. Simulated (red) and measured
(black) scattering strength versus antenna perturbation for the (b) standard silicon
antenna [30] and (c) standard silicon-nitride antenna [23].
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The resulting simulated scattering strength as a function of the antenna perturbation,
as well as the corresponding experimental data, is shown in Fig. 4.11b. Similarly, the
scattering strength versus perturbation is simulated and experimentally measured for
a 1.5-um-wide silicon-nitride antenna as shown in Fig. 4.11¢ [23]. As expected, as the
perturbation of both antennas is increased, more light is scattered and the scattering
strength increases. However, the experimental data exhibits some discrepancies when
compared to the simulated results - the measured scattering strength is, in general,
lower than the simulated scattering strength — which can be attributed to fabrication
imperfections and can be further improved in future fabrication iterations.

As such, for a given antenna length, the perturbation can be chosen to reduce
the excess power lost at the end of the antenna. For example, a 156 nm perturbation
is used for the 1.2-mm-long silicon-nitride antennas in Sec. 6.2, a 178 nm perturba-
tion is used for the 0.65-mm-long silicon-nitride antennas in Sec. 7.1, and a 30 nm

perturbation is used for the 0.9-mm-long silicon antennas in Sec. 6.3.

4.7.2 Focusing Antennas

Next, to enable focusing in the antenna dimension, silicon and silicon-nitride focusing
antennas are developed. By appropriately adiabatically chirping the period of a
grating-based antenna along the antenna length, the radiation angle along the antenna
can be varied such that the device focuses light above the chip. This process is
similar to adiabatic synthesis of locally periodic vertical grating couplers with varying
radiation angles [61,63,68|.

To implement this synthesis, the relative phase induced by a period unit cell of
the antenna is simulated in FDTD as the length of the wider, unperturbed section
of the antenna is varied and the length of the narrower, perturbed section is kept
constant as shown in Figs. 4.12a and 4.12c. The silicon antenna is simulated with
a 30nm perturbation and a 310 nm perturbed section length. Similarly, the silicon-
nitride antenna is simulated with a 156 nm perturbation and a 500nm perturbed
section length. The unit cells for each antenna type are then chosen and concatenated

such that the synthesized phase follows the unwrapped phase given by Eq. (2.3).
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Figure 4.12: Simulated relative phase versus length of the unperturbed section of the
(a) silicon and (c) silicon-nitride antenna. Synthesized unperturbed section length
versus distance along the (b) silicon and (d) silicon-nitride antenna necessary for
focusing at 1 mm (yellow), 5 mm (red), and 10 mm (black). Simulated and synthesized
plots are shown for a silicon antenna with 30 nm perturbation and 310 nm perturbed
length and a silicon-nitride antenna with 156 nm perturbation and 500 nm perturbed
length.

The synthesized lengths for focusing at 1 mm, 5mm, and 10 mm above the chip for
both the silicon and silicon-nitride antennas are shown in Figs. 4.12b and 4.12d,
respectively. Note that lengths of 295 nm and 475 nm are chosen as the reference phase
points for the silicon and silicon-nitride antennas, respectively, during the synthesis
since, at those points, the antennas radiate upwards with a slight angle. Although
this introduces a slight angle offset to the focusing in the antenna dimension, it
ensures that the antennas do not induce undesired back reflections through the Bragg

condition.



4.7.3 Focusing Antennas with Uniform Emission

As a third antenna option for the splitter-tree-based architecture, a silicon-nitride fo-
cusing antenna with uniform emission is developed. For both the standard antennas
discussed in Sec. 4.7.1 and the focusing antennas developed in Sec. 4.7.2, the perturba-
tion of the antenna is kept constant along the antenna length such that the scattering
strength of each period of the antenna is approximately equal and the antenna emits
with an exponentially-decaying profile. However, to optimize the performance of the
array at the focal plane, either a uniform or a Gaussian amplitude profile in the plane
of the chip is desired. As such, a uniform-emission focusing antenna is developed and
synthesized by adiabatically chirping both the period and the perturbation of the

grating-based antenna along its length.

To implement this synthesis, first, the desired radiation angle and scattering
strength of the antenna along its length are derived. The desired radiation angle

along the antenna length is given as

0 (y) = arctan (’t/fﬂ> (4.3)

where [, is the total length of the antenna, y is the distance along the antenna, and
f> is the desired focal height. Similarly to beam shaping of the scattering strength
in grating couplers [62,69], the desired scattering strength for uniform emission in an

antenna is derived as

a(y) = zaml— " (4.4)

The resulting desired radiation angle and scattering strength as a function of the

distance along the antenna assuming a 1 mm length and 5 mm focal height are shown

in Figs. 4.13a-b.

Next, a portion of the antenna is simulated in FDTD as the antenna perturba-
tion and the unperturbed section of the antenna are varied while the length of the
perturbed section is kept at a constant 500 nm. The resulting two-dimensional de-

sign plots for the radiation angle and scattering strength calculated from the FDTD
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Figure 4.13: Desired (a) radiation angle and (b) scattering strength versus distance
along the antenna for a uniform-emission focusing antenna with 5mm focal height.
Simulated (c) radiation angle and (d) scattering strength for varying antenna per-
turbation and unperturbed section length for a silicon-nitride antenna with 500 nm
perturbed length. Synthesized (e) unperturbed section length and (f) antenna per-
turbation for a silicon-nitride uniform-emission focusing antenna with 5mm focal
height.

simulation sweep are shown in Figs. 4.13c¢—d.

Finally, using these two-dimensional design plots, the unit cells are then cho-
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sen and concatenated such that a uniform-emission focusing antenna is synthesized.
Specifically, for each period of the antenna, the unperturbed section length and per-
turbation are chosen such that the desired simulated radiation angle and scattering
strength at that point in the antenna are obtained. Figures 4.13e-f show the syn-
thesized unperturbed section length and perturbation for a 1-mm-long silicon-nitride

antenna with a 5mm focal height.

4.8 Conclusion

In this chapter, a one-dimensional splitter-tree-based integrated optical phased ar-
ray architecture has been developed in both silicon and silicon-nitride platforms for
demonstrating near-field focusing and quasi-Bessel-beam-generating optical phased
arrays. A one-dimensional splitter-tree-based phased array architecture used for far-
field beam forming [23,35] has been modified to passively encode arbitrary phase and
amplitude distributions to the elements of the array. Discussion has been presented
on the utilized platforms, the input coupling, and the devices and waveguide routing
in the splitter-tree-network. A variety of nanophotonic components have been numer-
ically simulated and experimentally demonstrated for amplitude and phase control
including tap couplers, phase tapers, and phase bumps. Additionally, exponentially-
radiating and uniform-emission focusing antennas have been developed, simulated,
and synthesized. This architecture presents one method for implementing the fo-
cusing and Bessel theory developed in Ch. 2 and Ch. 3, respectively, and is used
throughout Ch. 6 and Ch. 7 to experimentally demonstrate near-field focusing and

quasi-Bessel-beam-generating phased arrays.
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Chapter 5

Pixel-Based Integrated Optical
Phased Array Architecture

In this chapter, a two-dimensional pixel-based integrated optical phased array ar-
chitecture in both the standard-height and the non-standard-height silicon platform
is proposed as a second method for experimentally demonstrating near-field focus-
ing and quasi-Bessel-beam-generating optical phased arrays. First, overviews of the
pixel-based architecture and the CMOS-compatible foundry fabrication processes are
presented. Next, the various integrated nanophotonic components of the systems — in-
cluding directional couplers, adiabatic bends, delay lines, and grating-based emitters

— are reviewed and numerically simulated.

5.1 Overview of the Two-Dimensional Pixel-Based

Phased Array Architecture

A pixel-based phased array architecture is based on a two-dimensional array of anten-
nas. The input to the system is split into M rows using a set of M row pixels which
couple light from the input into each row. Next, on each row, M emitter pixels are
used to couple from each the row into M antennas. This creates an array aperture of

M x M antennas as shown in Fig. 5.1a.
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Figure 5.1: (a) Schematic of a nine-antenna pixel-based phased array architecture
with arbitrary amplitude and phase control using row and emitter pixels. (b)
Schematic of an example pixel-based quasi-Bessel-beam-generating phased array im-
plementation.

In the developed integrated platform, each step within the architecture is per-
formed using a suite of nanophotonic devices as developed in [25]. At the system
input, an edge coupler or a grating coupler is used to couple light onto the chip as
discussed in Sec. 4.3. Both the row pixels and the emitter pixels are designed with
the same topology; a directional coupler is used for amplitude control, two adiabatic
bends are used to enable a compact footprint and small antenna pitch, and delay lines
are used for phase control. Finally, compact grating-based emitters within each emit-
ter pixel are used to radiate light and form a two-dimensional aperture. An example

implementation of a pixel-based integrated phased array is shown in Fig. 5.1b.

The pixel-based phase array architecture and accompanying device test struc-
tures are also fabricated in a CMOS-compatible foundry process at CNSE SUNY
on a 300 mm silicon-on-insulator (SOI) wafer with 2 pm buried oxide thickness using
193 nm immersion lithography as described in Sec. 4.2. However, for most demon-
strations, the non-standard 380-nm-thick silicon device layer is used (compared to the
standard 220 nm thickness used in previous demonstrations [25,70]) which requires

redesign of all photonic components in the system.
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5.2 Amplitude Control: Directional Couplers

Within each row and emitter pixel, a directional coupler (shown in Fig. 5.2a) is used
for amplitude control [25]. By increasing the length of the coupling region of the
device or decreasing the coupling gap, the percentage of power coupled either from
the input waveguide to the row waveguide or from the row waveguide to the emitter
1s varied similarly to the tap coupler in the splitter-tree-based architecture in Sec. 4.5.

To design these coupling gaps and lengths, the directional coupler is rigorously
simulated using an FDTD solver. Figure 5.2b shows the resulting power coupling
versus the coupling length for the 220 nm platform assuming a 150 nm gap between
the coupler and the waveguide. Similarly, Figure 5.2c shows the power coupling
versus the coupling length for the 380 nm platform assuming a 120 nm coupling gap.
As expected, by increasing the length of the coupling region, the input power is

sinusoidally coupled from the thru port into the tap port of the device.
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Figure 5.2: (a) Schematic of a directional coupler within a row or emitter pixel
[25]. Simulated coupling versus coupling waveguide length for (b) the 220-nm-height
directional coupler with a 150 nm coupling gap and (d) the 380-nm-height directional
coupler with a 120 nm coupling gap.
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To enable a desired arbitrary near-field emission from the array, the power coupling

coefficient for the emitter pixel in the (m,n) unit cell is set to [70]
A

= o (5.1)
2
Ay + DA
Jj=n

Timn

where 7),,,, is the coupling coefficient for the n'® emitter pixel in the m'® row, M is the
total number of rows, N is the total number of emitters in each row, and A,,, is the
desired amplitude element amplitude for the (m,n) antenna in the array. Similarly,

the power coupling coefficient for the m®™ row pixel is set to [70]
N
Ann+ )AL
j=1

N M N )
JERE SV o ( oy )
j=1 i=m j=1

Nm =

Using this formalism, the length of each directional coupler in the array can be chosen
to enable a variety of amplitude feeding profiles to the antennas, including the uniform
emission necessary for focusing-beam generation and the Gaussian profile, given by
Eq. (3.1), necessary for Bessel-Gauss-beam generation. Discussion on simplification

of the coefficient encodings for each array type are given in Ch. 6 and Ch. 7.

5.3 Phase Control

After each directional coupler, as shown in Fig. 5.3a, two compact adiabatic curves
are placed and the offset length between them is varied to allow for arbitrary phase
control to each row or emitter [25]. This architecture allows for full phase control
independent of the position of the antenna while keeping a compact footprint and

enabling direct scaling to an active demonstration.
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5.3.1 Adiabatic Bends

For direct scaling to a tunable architecture, adiabatic bends are used within each
row and emitter pixel as described in [67,70]. In summary, for efficient thermo-
optic phase shifting, it is advantageous to directly integrate silicon heaters within
the routing waveguide. However, the silicon leads necessary for this integration can
scatter the light and cause loss. As such, by adiabatically increasing the width of the
waveguide in the bend, the field can be confined to the outer edge of the bend (as
shown in Fig. 5.3b) such that the leads can interface to the inner edge to enable a

direct, low-loss contact to the device [67].

In this work, adiabatic bends are developed for both the 220-nm-height and the

380-nm-height silicon platform. The bends are rigorously simulated using an FDTD
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Figure 5.3: (a) Schematic of an emitter pixel with adiabatic bends and phase de-
lay line labeled. (b) Simulated electric-field in a 380 nm-height adiabatic waveguide
bend. Simulated relative phase versus phase waveguide length for the pixel-based
architecture unit cell in (c¢) the 220-nm-height platform and (d) the 380-nm-height
platform.
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solver to optimize their bend diameters and bend widths to ensure low-loss per-
formance while enabling a 10 um pixel pitch. For the 220 nm platform, a 4 um bend
diameter and a 950 nm bend width are used while a 4 um bend diameter and a 900 nm

bend width are used for the 380 nm platform.

5.3.2 Delay Lines

Next, the offset between the two adiabatic curves (i.e. the length of the delay lines)
is varied to enable arbitrary passive phase control for each pixel within the array [25].
Specifically, the position of the second bend is varied while keeping the position of
the first bend and the antenna constant such that the phase encoding does not cause
undesired shifts in the position of the antennas within the array. The induced relative
phase versus the offset phase length is simulated using an FDTD solver and confirmed
using a mode solver (similar to the technique developed in Sec. 4.6.1). Figures 5.3c—d
show the resulting phase versus offset length for the 220-nm-height and the 380-
nm-height silicon platforms, respectively. As such, the phase offset delay lines of
each pixel in the array can be chosen to enable a variety of phase feeding profiles to
the antennas, including the “Fresnel-like” encoding, given by Eq. (2.3), necessary for
focused-beam generation and the “Axicon-like” profile, given by Eq. (3.3), necessary
for Bessel-Gauss-beam generation.

Additionally, to ensure correct operation, these phase encodings must be modified
to compensate for the variable phase induced by the directional couplers within the
array [70]. As the length of the coupling region of a directional coupler is varied, a
slight phase variation, dependent on the coupling length, is induced in both the tap
and thru ports [71]. Although the variation due to one directional coupler is relatively
small compared to the necessary phase encodings, this variation compounds in larger
pixel numbers. To account for this compounding variable phase, the phase encoding

for the m'™ row is modified to
m—1
(I)m,encoding = (I)m - (I)m,tap - Z (I)j,thru (53)
j=1
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where @, cncoding is the modified phase encoded into the m'" row pixel’s phase delay
lines, ®,, is the desired phase for the m'® row pixel, ®,, ;4 is the phase induced in the
tap port of the m' row pixel’s directional coupler, and ®,, ¢4, is the phase induced in
the thru port of the m™ row pixel’s directional coupler. Similarly, the desired phase

encoding for the emitter pixel in the (m,n) unit cell is modified to
n—1
(I)mn,encoding = (I)mn - (I)mn,tap - Z (I)mj,thTu (54)
7=1

where @y encoding s the modified phase encoded into the (m, n) emitter pixel’s phase
delay lines, ®,,, is the desired phase for the (m,n) emitter pixel, ®,,, 1o, is the phase
induced in the tap port of the (m, n) emitter pixel’s directional coupler, and DPron thry 18
the phase induced in the thru port of the (m,n) emitter pixel’s directional coupler. As
such, the row pixels are programmed to compensate for the phase induced by the row
pixels’ directional couplers while the emitter pixels are programmed to compensate

for the phase induced by the emitter pixels’ directional couplers.

5.4 Emitter Antennas

Finally, a compact grating-based emitter antenna (as shown in Fig. 5.3a) is placed in
each emitter pixel within the pixel-based array architecture to radiate the light out
of the plane of the chip. The emitter radiates light at a slight angle from vertical
to reduce back reflection. For the 220-nm-height platform, the emitter developed
in [25] is used while a similar design is developed using a rigorous FDTD solver with
optimized dimensions for the non-standard 380-nm-height platform. Specifically, in
the 220-nm-height design, each emitter antenna consists of 4 fully-etched circular
grating teeth with a 728 nm period and a 483 nm gap between teeth and one partially-
etched circular grating to break the vertical symmetry in the device [25]. Similarly,
in the 380-nm-height design, each emitter antenna consists of 5 fully-etched grating

teeth with a 490 nm period and a 172nm gap between teeth.
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5.5 Conclusion

In this chapter, a two-dimensional pixel-based integrated optical phased array archi-
tecture has been shown in two silicon platforms for demonstrating near-field focus-
ing and quasi-Bessel-beam-generating optical phased arrays. Using the architecture
developed in [25], a variety of nanophotonic components have been designed and
numerically simulated, including directional couplers, adiabatic bends, phase delay
lines, and grating-based emitters, and synthesis of the device parameters for arbi-
trary amplitude and phase control has been presented. This architecture presents a
second method for implementing the focusing and Bessel theory developed in Ch. 2
and Ch. 3, respectively, and is used throughout Ch. 6 and Ch. 7 to experimentally

demonstrate near-field focusing and quasi-Bessel-beam-generating phased arrays.
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Chapter 6

Focusing Integrated Optical Phased
Arrays

In this chapter, the splitter-tree-based and pixel-based phased array architectures are
used to experimentally demonstrate focusing integrated optical phased arrays. First,
the one-dimensional silicon-nitride splitter-tree-based architecture is implemented to
demonstrate a 128-antenna integrated phased array with a 0.5mm x 1.2 mm aperture
which focuses the radiated light in one-dimension to a line with a ~13 pm FWHM at
a focal height of 5mm. Next, the one-dimensional silicon splitter-tree-based architec-
ture is implemented to demonstrate both 1D- and 2D-focusing 512-antenna integrated
phased arrays with 1.024 mm x 0.9mm apertures which focus light down to ~7 pm
and ~2um spots at focal heights of 5mm and 1mm above the chip, respectively.
Additionally, experimental data showing wavelength steering of the focused spot in
the antenna dimension is shown and discussion of extension of the architecture to
electronic control in the array dimension is presented. Finally, the two-dimensional
pixel-based architecture is utilized to show a second type of passive focusing phased
array with capabilities for active electronic focusing in two dimensions. Specifically, a
1024-antenna variant with 32 rows by 32 columns and a 0.32 mm x 0.32 mm aperture
is demonstrated which 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 aperture

is demonstrated which focuses light to a ~21 um spot 10 mm above the chip.
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6.1 Characterization Setup

To characterize the fabricated arrays, a near-field optomechanical characterization
setup is developed. First, the fabricated chip is placed on a mounting base with
pitch-yaw-tilt mechanical controls as shown in Fig. 6.1a. Next, an off-chip 1550-
nm-wavelength pigtail laser diode is connected to an attenuator and a fiber-based
polarization controller. The output of the polarization controller is then connected
to a 6.5 um mode-field-diameter lensed fiber that is mounted on a tapered V-groove
fiber holder on a NanoMax stage. Using the mechanical controls on the NanoMax
stage, the pitch-yvaw-tilt stage, and the polarization controller, the position of the
lensed fiber and the polarization of the input light is optimized such that the laser
light is maximally coupled into the transverse-electric mode of the device under test

on the chip.

Next, an optical system is used to simultaneously image the plane of the chip
onto a visible camera and an InGaAs IR camera using a Mitutoyo objective, shortpass
dichroic mirror, and plano-convex lens as shown in Fig. 6.1b. The height of the optical
imaging system is then progressively mechanically scanned using a microscope focus
block 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 array dimension

Figure 6.1: Photographs of (a) a fabricated integrated optical phased array chip on
the near-field characterization setup and (b) the near-field characterization setup.

74



to visualize the cross-sectional intensity as a function of the distance above the chip.

6.2 Focusing Splitter-Tree-Based Phased Arrays in
Silicon-Nitride

Foremost, a passive 1D-focusing integrated optical phased array is implemented and
fabricated using the one-dimensional splitter-tree-based silicon-nitride architecture
described in Ch. 4. The array focuses the radiated light in one-dimension to a line

with a ~13 pm FWHM at a focal height of 5 mm.

6.2.1 Implementation in the Splitter-Tree-Based Architecture

The fabricated 1D-focusing phased array utilizes the silicon-nitride one-dimensional
splitter-tree architecture as developed in Ch. 4. A 7-layer multi-mode interference
(MMI) splitter tree (see Sec. 4.4) is used to evenly distribute the input power to 128
waveguide arms with a final pitch of 4 um. On each arm, a phase bump structure (see
Sec. 4.6.2) is placed which imparts a static phase delay dependent on the width of
the bump. The width of each bump is chosen so that the correct phase profile, given

by Eq. (2.3), for focusing in the array dimension at 5mm above the chip is applied

1.8¢

Phase Bump Width (um)

=

| 60 120
Antenna Number

Figure 6.2: Synthesized phase bump width versus antenna number for a focusing
silicon-nitride splitter-tree-based phased array with 128 antennas, 4 um antenna pitch,
5mm focal height, and 1550 nm wavelength.
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as shown in Fig. 6.2. Finally, a 1.2-mm-long exponentially-radiating grating-based
antenna (see Sec. 4.7.1) is placed on each arm to create a 0.5mm x 1.2 mm aperture

size.

6.2.2 One-Dimensional-Focusing Experimental Results

The resulting cross-sectional intensity as a function of the distance above the chip
and three top-down views are shown in Fig. 6.3. In the plane of the chip (Fig. 6.3d),
the aperture is illuminated by the antennas. As expected, the antennas radiate with
a characteristic exponentially profile. As the system scans to the expected focal plane
5mm above the chip (Fig. 6.3c), the light is tightly-focused in the array dimension.

At this height, a FWHM of ~13um is measured in the array dimension, r, matching

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

Distance X Along Array (mm)

Figure 6.3: (a) Measured cross-sectional intensity (in dB) above the chip for a
1D-focusing silicon-nitride 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 128 antennas, 4 um antenna pitch,
5mm focal height, and 1550 nm wavelength.
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the simulated value of 13um. Finally, above the focal plane (Fig. 6.3b), the light is,

once again, diffracted out.

6.2.3 Discussion of Extension to Active Tuning and Future

Work

Since the array is fabricated in a CMOS-compatible platform, it is naturally scal-
able to an active arbitrarily-tunable system by interfacing with active silicon-based
phase shifters [67]. Specifically, in place of the passive phase bump structures on
each waveguide arm, a vertical layer-transition device can be used to transition from
each silicon-nitride waveguide to a silicon waveguide, an adiabatic thermo-optic phase
shifter can be placed on each arm, and the inverse layer transition can be utilized to
return to the silicon-nitride layer to connect to the antennas.

Additionally, two-dimensional focusing can be achieved using this same silicon-
nitride one-dimensional architecture by using silicon-nitride uniform-emission focus-
ing antennas as developed in Sec. 4.7.3. Furthermore, the demonstration can be
scaled to larger aperture sizes to further reduce the focus spot size and enable larger
focal heights. For example, assuming the 4 mm aperture previously demonstrated in
this silicon-nitride platform [23], a 3.3 um spot size could be demonstrated 10 mm
above the chip. Finally, since silicon-nitride has a higher bandgap than silicon [72],
this array could be used for high-power applications at the designed 1550 nm wave-
length [73] while a silicon array would be limited by two-photon absorption in this

regime.

6.3 Focusing Splitter-Tree-Based Phased Arrays in
Silicon

To remove the need for vertical layer transitions in future active demonstrations,
the one-dimensional splitter-tree-based silicon architecture developed in Ch. 4 is im-

plemented to demonstrate a variety of focusing phased arrays as shown in Fig. 6.4.

7



Figure 6.4: Micrograph of a fabricated splitter-tree-based focusing phased array with
512 antennas and 2 um antenna pitch.

Results are shown for both 1D-focusing and 2D-focusing arrays with 1 mm and 5mm
focal heights. Additionally, experimental data showing wavelength steering of the
focused spot in the antenna dimension is demonstrated and discussion of extension

of the architecture to electronic control in the array dimension is presented.

6.3.1 Implementation in the Splitter-Tree-Based Architecture

The fabricated 1D- and 2D-focusing phased arrays utilize the silicon one-dimensional
splitter-tree architecture as developed in Ch. 4. A 9-layer Y-junction splitter tree (see
Sec. 4.4) is used to evenly distribute the input power to 512 waveguide arms with a
final pitch of 2 um. On each arm, a silicon phase bump structure (see Sec. 4.6.2) is
placed which imparts a static phase delay dependent on the width of the bump. The
width of each bump is chosen so that the correct phase profile, given by Eq. (2.3),
for focusing in the array dimension at either 1 mm or 5mm above the chip is applied
as shown in Fig. 6.5. Finally, a 0.9 mm-long exponentially-radiating grating-based
antenna is placed on each arm to create a 0.5mm x 1.2 mm aperture size. For the
ID-focusing arrays, the antenna used is the standard, non-focusing silicon antenna
(see Sec. 4.7.1), while, for the 2D-focusing arrays, the focusing silicon antenna (see

Sec. 4.7.2) is used.
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Figure 6.5: Synthesized phase bump width versus antenna number for a focusing
silicon splitter-tree-based phased array with 512 antennas, 2 um antenna pitch, 5 mm
focal height, and 1550 nm wavelength.

6.3.2 1D- and 2D-Focusing Experimental Results

The resulting cross-sectional intensity as a function of the distance above the chip
and three top-down views are shown in Figs. 6.6a—e for the fabricated splitter-tree-
based 2D-focusing phased array with 512 antennas, 2 um antenna pitch, 5mm focal
height, and 1550 nm wavelength. In the plane of the chip (Fig. 6.6e), the aperture is
illuminated by the antennas. As the system scans to the expected focal plane 5mm
above the chip (Fig. 6.6d), the 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, z, closely
matching the simulated value of 6.6 wm. Similarly, a FWHM of ~7.6 um is measured
in the antenna dimension, y, matching the expected value of 7.6 um. Additionally,
as expected, the angle in the antenna dimension is slightly offset. Finally, above
the focal plane (Fig. 6.6¢), the light is, once again, diffracted out. Note that, due
to the favorable high enhancement of the focal spot, the light source inputted into
the system had to be severely attenuated so that the IR camera did not artificially
saturate at the focal plane while obtaining the data.

For comparison, a similar 1D-focusing array is also fabricated. The array utilizes
the same splitter-tree architecture with 512 antennas, 2 um antenna pitch, 5 mm focal
height, 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
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Figure 6.6: Measured cross-sectional intensity (in dB) above the chip for a 2D-focusing
silicon splitter-tree-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 (¢) above
the focal plane. Intensities are shown for an array with 512 antennas, 2 um antenna
pitch, 5 mm focal height, and 1550 nm wavelength.

dimension. The resulting cross-sectional intensity as a function of the distance above
the chip and three top-down views are shown in Figs. 6.7a-d. In the plane of the chip
(Fig. 6.7d), the aperture is illuminated by the antennas. As the system scans to the
expected focal plane 5mm above the chip (Fig. 6.7c), the light is tightly-focused in
the array dimension to a FWHM of ~6.4um which closely matches both the simulated
and 2D-focusing results. Finally, above the focal plane (Fig. 6.7b), 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 height. The resulting measured focal spots had FWHMs of ~1.7um in the array
dimension and ~2.9um in the antenna dimension, compared to the simulated values
of 1.4um and 1.5um, respectively. These slight discrepancies can be attributed to

experimental error in measuring such small spot sizes with the finite IR-camera pixel
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Figure 6.7: (a) Measured cross-sectional intensity (in dB) above the chip for a 1D-
focusing silicon splitter-tree-based phased array with top-down intensity shown (d) in
the plane of the chip, (c¢) 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 height,
and 1550 nm wavelength.

size and compounding phase error in the antenna since the antenna is synthesized

using the unwrapped phase which makes it more susceptible to phase variations.

6.3.3 Wavelength Steering in the Antenna Dimension

Finally, the wavelength of the light inputted into the 5-mm-focal-height 2D-focusing
silicon array is swept to demonstrate wavelength steering in the antenna dimension.
In theory, since the antennas are based on grating principals, 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 offset closer to
the input of the chip. Three cross-sectional intensities in the antenna dimension for

wavelengths of 1550 nm, 1560 nm, and 1570 nm are shown in Fig. 6.8a-c. As expected,
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Figure 6.8: 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 wave-
lengths. (d) Experimental results showing steering in the antenna dimension, y, versus
wavelength. Results are shown for an array with 512 antennas, 2 um antenna pitch,
and 5mm focal height.

as the wavelength is increased, the radiation angle is shifted while still maintaining its
focusing characteristics. To quantify this shift, the offset of the beam in the antenna

dimension is plotted as a function of the input wavelength as shown in Fig. 6.8d.

6.3.4 Discussion of Extension to Active Tuning and Future

Work

Since the arrays are fabricated in a CMOS-compatible platform, they are natu-
rally scalable to dynamic arbitrarily-tunable systems with active silicon-based phase
shifters on each waveguide arm [67]. This extension of the system would enable steer-
ing of the focused 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 height and offset tuning is required,
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a different architecture capable of scaling to electrical tuning in both dimensions is
necessary.

In addition to this natural evolution to active systems, the demonstrations can be
scaled to larger aperture sizes [23] to further reduce the focus spot size and enable
larger focal heights. Additionally, to improve the field profile at the focal plane, the
splitter-tree-based architecture can be modified to emit with a Gaussian amplitude
profile by using a star coupler [27]. Finally, using similar synthesis algorithms as de-
scribed in Sec. 4.7.3, the 2D-focusing arrays can be further improved by appropriately
varying the perturbation strength of the focusing antennas in the array such that the

antennas emit with either a uniform or Gaussian amplitude.

6.4 Focusing Pixel-Based Phased Arrays

Next, as a second method for experimentally demonstrating focusing integrated op-
tical phased arrays, passive focusing phased arrays using the two-dimensional pixel-
based architecture with the non-standard 380-nm height described in Ch. 5 are de-
signed and fabricated as shown in Fig. 6.9. Specifically, focusing pixel-based arrays
with 1024 antennas (i.e. 32 rows by 32 columns) and with 10,000 antennas (i.e. 100
rows by 100 columns) are demonstrated. By using the two-dimensional architecture
and applying it to the focusing theory developed in Ch. 2, this system is capable of
scaling to electrical phase control in both dimensions of the array to enable dynamic

tuning of the spot’s focal height and offset, simultaneously.

6.4.1 Implementation in the Pixel-Based Architecture

As described in Ch. 5, the pixel-based arrays consist of an input waveguide, a set of
M row pixels which couple light from the input waveguide to M row waveguides, and
a set of M emitter pixels on each row waveguide which couple light from each row
waveguide into M antenna emitters to create an aperture of M x M antennas. In the
following demonstrations, array sizes of M = 32 and M = 100 are chosen.

Within each row and emitter pixel, a directional coupler (see Sec. 5.2) is used for
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Figure 6.9: Micrograph of a fabricated two-dimensional pixel-based focusing phased
array with 1024 antennas and 10 wm antenna pitch.

amplitude control. The coupling length and coupling gap of each directional coupler
in the array are set such that the correct amplitude is feed into the emitters within
the array. As shown in Sec. 2.1, to generate a focused beam using a phased array,
a uniform element amplitude distribution can be used. As such, the power coupling
coefficients for the directional couplers in the pixel-based array, given by Eqs. (5.1)-

(5.2), can be simplified to

1

= 6.1
M—m+ Nphuntom + 1 ( )

nn (2

b row pixel and the m'™ emitter

where 7, is the coupling coefficient for both the m*
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 Nppantom is the number of desired “phantom”
antennas [31,70]. 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
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the need for the last direction coupler to have full 100% coupling which would require
a relatively long coupling length and increase the pixel size [70]. For example, in this
implementation, Nppantom 1S set to 3 such that the highest coupling coefficient needed
is 25%. Figure 6.10a shows the coupling lengths applied to each set of row or emitter
pixels in an array with 1024 antennas, 10 um antenna pitch, 5mm focal height, and

1550 nm wavelength.

After each directional coupler, two compact adiabatic curves are placed and the
offset length between them is varied to allow for arbitrary phase control to each row
and emitter, as described in Sec. 5.3. However, since the phase required for focusing
in two dimensions is separable, the phases for focusing in each dimension, given by
Eq. (2.3), can be independently applied — i.e. the phase profile for focusing in the y
dimension is applied to the coupler pixels while the phase profile for focusing in the
r dimension is applied to the emitter pixels. Additionally, the phase encodings are
modified to compensate for the variable phase induced by the direction couplers as
discussed in in Sec. 5.3. Figure 6.10b shows the phase lengths applied to each set
of row or emitter pixels in an array with 1024 antennas, 10 um antenna pitch, 5 mm

focal height, and 1550 nm wavelength.

Coupling Length (pum)
Phase Length (um)

0 20 30 10 20 30

Pixel Number Pixel Number
Figure 6.10: Synthesized (a) coupling waveguide lengths and (b) phase offset lengths
versus pixel number for each set of row and emitter pixels for a focusing pixel-

based phased array with 1024 antennas, 10 pm antenna pitch, 5mm focal height,
and 1550 nm wavelength.



6.4.2 Two-Dimensional-Focusing Experimental Results

The resulting cross-sectional intensity as a function of the distance above the chip
and three top-down views are shown in Figs. 6.11a—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 height, and 1550 nm wavelength. Due to the 10 um antenna
pitch, multiple grating lobes are generated in the array factor in both the r and
y dimensions. Two of these orders — the main beam and one of the second-order
grating lobes — are seen in the camera’s field of view in the x dimension as shown in
Fig. 6.11a. As the system scans to the focal plane 5mm above the chip (Fig. 6.11d),
the main beam is tightly focused as expected. At this height, FWHMs of ~21.5um

are measured in both the x and y dimensions, closely matching the simulated value

2D-Focusing Array Intensity
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Figure 6.11: Measured cross-sectional intensity (in dB) above the chip for a 5 mm-
focal-height pixel-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 1024 antennas, 10 pum antenna
pitch, and 1550 nm wavelength.
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of 21.4pum.

For comparison, two additional 1024-antenna pixel-based arrays are fabricated
with 3mm and 10mm focal heights. The measured FWHMSs for all three arrays
are plotted in Fig. 6.12 against the theory developed in Sec. 2.2 showing excellent
agreement. As expected, the FWHM increases linearly with the focal height 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 1mm versus 0.32mm x 0.32mm), the
range of possible focal heights is greatly increased due to the quadratic scaling of the
near-field boundary compared to the aperture size and the expected FWHMSs 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-height array, the measured FWHMs
in the z and y dimensions are ~23.3um and ~20.9um, respectively. However, due
to the large number of antennas in the array, it is harder to evenly distribute power
to each pixel in the array since lower coupling coefficients and higher precision are
needed. As such, these measured FWHMs are larger than the simulated value of
13.5um. In future implementations, lower coupling coefficients and higher precision

could be achieved by varying the coupling gap as proposed in |31, 70].

60
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Figure 6.12: Simulated (red) and measured (black) power full-width half-maximum
(FWHM) versus focal height. Results are shown for arrays with 1024 antennas, 10 pm
antenna pitch, and 1550 nm wavelength.
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6.4.3 Discussion of Extension to Active Tuning and Future

Work

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 [25]. This extension of the system would enable both two-
dimensional steering of the focused spot using the non-linear steering formulation
developed in Sec. 2.3 and complete control of the focal height of the spot.

In addition to this natural evolution to active systems, the pixel-based architecture
can be scaled to larger aperture sizes by engineer of the coupling gap to enable lower
coupling coefficients and high precision [31,70]. Additionally, to improve the field
profile at the focal plane, the architecture can be modified to emit with a Gaussian
amplitude profile by modifying the coupling coefficients of the array, as described in

Sec. 7.2.1.

6.5 Conclusion

In summary, 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 archi-
tectures have been used to demonstrate a variety of aperture size and focal height
arrays including a 512-antenna splitter-tree-based array with a ~7 um spot at a 5mm
focal height, a 1024-antenna pixel-based array with a ~21 um spot at a 5mm focal
height, and a 10,000-antenna pixel-based array with a ~21 um spot at a 10 mm focal
height. The experimental results are summarized in Table 6.1.

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
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Architecture N A I FWHM, FWHM,
SiN Tree (1D) 128 0.5mm x 1.2mm 5mm ~13um N/A

Si Tree (1D) 512 1.024mm x 0.9mm | 1mm ~1.7um N/A

Si Tree (2D) 512 1.024mm x 0.9 mm 1 mm ~1.7um | ~2.9um
Si Tree (1D) 512 1.024mm x 0.9mm | 5mm ~6.4pum N/A

Si Tree (2D) 512 1.024mm x 0.9mm | 5mm ~6.4um | ~7.6um
Pixel (2D) 1024 0.32mm x 0.32mm | 3mm ~12.2pm | ~12.2um
Pixel (2D) 1024 0.32mm x 0.32 mm Smm ~21.5um | ~21.5pm
Pixel (2D) 1024 0.32mm x 0.32mm | 10mm | ~45.9um | ~42.5um
Pixel (2D) 10,000 Imm X 1 mm 10mm | ~23.3pum | ~20.9um

Table 6.1: Summary of experimental results for various 1D- and 2D-focusing phased
arrays showing array architecture (silicon-nitride splitter-tree-based 1D-focusing, sil-
icon splitter-tree-based 1D-focusing, silicon splitter-tree-based 2D-focusing, or pixel-
based 2D-focusing), number of antennas ( V), aperture size (A), focal height (f.), and
FWHM in the z and y directions (FWHM, and FWHM,, respectively).

number of grating lobes which increases the steering range of the device. In com-
parison, the pixel-based architecture enables control of the steering and focal height
in both dimensions and could be arbitrary 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.
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Chapter 7

Bessel-Beam Integrated Optical
Phased Arrays

In this chapter, the splitter-tree-based and pixel-based phased array architectures are
used to experimentally demonstrate quasi-Bessel-beam generating integrated optical
phased arrays. First, the one-dimensional silicon-nitride splitter-tree-based architec-
ture is implemented to demonstrate a 64-antenna integrated phased array with a
0.64mm x 0.65 mm aperture which generates a Bessel-Gauss beam in the array axis
with a ~14 mm Bessel length and ~30pum central-beam FWHM. Additionally, a gold
wire is used to obstruct the radiated beam and demonstrate reforming of the central
beam with its characteristic elongated profile. Next, the two-dimensional pixel-based
architecture is utilized to show a second type of quasi-Bessel-beam-generating phased
array with capabilities for generating fully-circularly-symmetric Bessel-Gauss beams.
As a proof of concept, a 1024-antenna pixel-based variant with 32 rows by 32 columns
and a 0.32mm x 0.32 mm aperture is utilized to demonstrate Bessel-Gauss-beam for-

mation in two-dimensions with a ~30um central-beam FWHM.
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7.1 Quasi-Bessel-Beam Splitter-Tree-Based Phased
Arrays

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. 7.1. The array
transmits a Bessel-Gauss beam in the array axis and an exponentially decaying beam
in the antenna axis (generation of quasi-one-dimensional Bessel beams has been ex-
plored [51]). The silicon-nitride one-dimensional splitter-tree-based phased array ar-

chitecture, as developed in Ch. 4, is utilized in the demonstration.

7.1.1 Implementation in the Splitter-Tree-Based Architecture

The fabricated quasi-Bessel-beam-generating phased array utilizes the silicon-nitride
splitter-tree-based architecture as developed in Ch. 4. A 6-layer multi-mode interfer-
ence (MMI) splitter tree (see Sec. 4.4) is used to evenly distribute the input power to
64 waveguide arms with a final pitch of 10 um. On each arm, a tap coupler structure
(see Sec. 4.5) is placed to to couple a percentage of the light from each waveguide
arm to a tap port while the remainder of the light in the thru port is routed off
the chip. The length and coupling gap of each tap coupler in the array is chosen to
enable a Gaussian feeding amplitude, given by Eq. (3.1). to the antennas as shown in
Figs. 7.2a-b. On the output tap port of each coupler device. a phase taper structure

(see Sec. 4.6.1) is placed which imparts a static phase delay dependent on the length

L]

Figure 7.1: Micrograph of the fabricated splitter-tree-based quasi-Bessel-beam-
generating phased array with 64 antennas and 10 pm antenna pitch.
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Figure 7.2: Synthesized (a) tap coupler length, (b) tap coupler gap, and (c) phase
taper length versus antenna number for a quasi-Bessel-beam-generating splitter-tree-
based phased array with 64 antennas, 10 wm antenna pitch, ®; = 57, Ay = \/ﬁ/ 2,
and 1550 nm wavelength.

of the device’s wide section. By choosing the appropriate lengths for each taper as
shown in Fig. 7.2¢c, the correct phase profile, given by Eq. (3.3), is applied. Finally, a
650-pum-long exponentially-radiating grating-based antenna (see Sec. 4.7.1) is placed

on each arm to create a 0.64 mm x 0.65 mm aperture size.

7.1.2 One-Dimensional Quasi-Bessel-Beam Experimental Re-

sults

To characterize the array, the scanning optical imaging system developed in Sec. 6.1
is used. The resulting cross-sectional intensity as a function of the distance above
the chip and three top-down views are shown in Figs. 7.3a-d for the fabricated quasi-
Bessel-beam generating array with ®, = 57 and 4y = v/2/2. In the plane of the
chip (Fig. 7.3d), the aperture is illuminated by the antennas. As the system scans
through the Bessel region of the beam (Fig. 7.3c), a characteristic one-dimensional
Bessel-Gauss beam is observed with an elongated yet narrow central beam. In this
region, a central-beam FWHM of ~30um is measured along the Bessel length, closely
matching the simulated value of 30.7um. Finally, above the Bessel length (Fig. 7.3b),
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
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Figure 7.3: (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 (2 = 0 mm), (¢) within the Bessel region of the emitted beam (z = 11 mm),
and (b) after breakdown of the Bessel region (2 = 22mm). Intensities are shown for
an array with 64 antennas, 10 um antenna pitch, ®, = 5w, Ay = V2 /2, and 1550 nm
wavelength.

value of 11.4 mm. This deviation can be attributed to the imperfect performance of
the tap couplers (as shown in Sec. 4.5) 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. 7.4a-d. As shown in Fig. 7.4d, the wire obstructs the central beam. 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. 7.4b.
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Figure 7.4: (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 (z = 7.5mm), (c) 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, &g = 5w, Ay = \/5/2, and 1550 nm wavelength.

7.1.3 Discussion of Future Work

Since the array is fabricated in a CMOS-compatible platform, it is naturally scal-
able to an active arbitrarily-tunable fully-integrated system through interfacing with
active silicon-based phase shifters [67]. Additionally, two-dimensional Bessel-Gauss-
beam generation can be achieved in this architecture 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 antenna [61]
similar to the synthesis technique developed in Sec. 4.7.3. Furthermore, the loss
naturally induced by the tap coupler amplitude approach in the array can be elim-
inated by using a star coupler which simultaneously splits the signal and imparts a

Gaussian amplitude profile [27]. Finally, the demonstration can be scaled to larger
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aperture sizes to enable longer Bessel lengths; for example, assuming the 4 mm aper-
ture previously demonstrated in this platform [23], a 0.48 m Bessel length could be

demonstrated.

7.2  Quasi-Bessel-Beam Pixel-Based Phased Arrays

Next, as a second method for generating quasi-Bessel-beams using integrated op-
tical phased arrays, a passive quasi-Bessel-beam-generating phased array using the
two-dimensional pixel-based architecture with the standard 220-nm height described
in Ch. 5 is synthesized and fabricated. Specifically, a quasi-Bessel-beam-generating
pixel-based array with 1024 antennas (i.e. 32 rows by 32 columns) is demonstrated.
By using the two-dimensional architecture and applying it to the Bessel theory de-
veloped in Ch. 3, the array generates a Bessel-Gauss beam in two dimensions with

future capabilities for generating a fully-circularly-symmetric Bessel-Gauss beam.

7.2.1 Implementation in the Pixel-Based Architecture

As described in Ch. 5, the pixel-based arrays consist of an input waveguide, a set of
M row pixels which couple light from the input waveguide to M row waveguides, and
a set of M emitter pixels on each row waveguide which couple light from each row
waveguide into M antenna emitters to create an aperture of M x M antennas. In the

following implementation, an array with M = 32 is demonstrated.

Within each row and emitter pixel, a directional coupler (see Sec. 5.2) is used for
amplitude control. The coupling length and coupling gap of each directional coupler
in the array are set such that the correct amplitude is feed into the emitters within the
array. As shown in Sec. 3.2, to generate a Bessel-Gauss beam using a phased array,
a Gaussian element amplitude distribution must be used. Since the desired Gaussian
distribution is separable, the required power coupling coefficients for the row pixels

and emitter pixels are the same. As such, the coefficients for all sets of directional
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couplers, given by Egs. (5.1)-(5.2), can be simplified to
A

L (7.1)
A% 4 Z Az
d

Nm =
j=m

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 A,, is given by Eq. (3.1). Figure 7.5a shows
the coupling lengths applied to each set of row or emitter pixels in an array with 1024
antennas, Ay = \/M/ 2 amplitude parameter, and 1550 nm wavelength.

After each directional coupler, two compact adiabatic curves are placed and the
offset length between them is varied to allow for arbitrary phase control to each row
and emitter, as described in Sec. 5.3. In this implementation, the Axion phase profile
necessary for Bessel-Gauss-beam generation, given by Eq. (3.3), is independently
applied to the row pixels and the emitter pixels such that a Bessel-Gauss beam is
generated in the z and in the y dimension. Additionally, the phase encodings are
modified to compensate for the variable phase induced by the direction couplers as
discussed in in Sec. 5.3.2. Figure 7.5b shows the phase lengths applied to each set of

row or emitter pixels in an array with 1024 antennas, ®, = 37 phase parameter, and

1.4

(b)

Coupling Length (um)

Phase Length (um)
l (3]

10 20 30 10 20 30
Pixel Number Pixel Number

Figure 7.5: Synthesized (a) coupling waveguide lengths and (b) phase offset lengths

versus pixel number for each set of row and emitter pixels for a quasi-Bessel-beam-

generating pixel-based phased array with 1024 antennas, 10 pm antenna pitch, &g =
37, Ap = v2In2/2, and 1550 nm wavelength.
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1550 nm wavelength.

7.2.2 Two-Dimensional Quasi-Bessel-Beam Experimental Re-

sults

The resulting intensity above the chip for the quasi-Bessel-beam-generating pixel-
based array with 1024 antennas, 10 um antenna pitch, ®; = 37, Ay = v2In2/2, and
1550 nm wavelength is shown in Fig. 7.6. Due to the 10 um antenna pitch, multiple
grating lobes are generated in the array factor in both the z and y dimensions. Two of
these orders — the main beam and one of the second-order grating lobes — are clearly
seen in the camera’s field of view in the x dimension and two additional orders are
faintly seen in the y dimension. As expected, within the Bessel region, the array
generates a Bessel-Gauss beam in the z and y dimensions within each grating lobe.

A central-beam main-lobe FWHM of ~36um and ~27um is measured in the z and

n

—
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Figure 7.6: Measured top-down intensity (in dB) above the chip within the Bessel re-
gion for a quasi-Bessel-beam-generating pixel-based phased array. Intensity is shown
for an array with 1024 antennas, 10 um antenna pitch, ®5 = 37, Ag = v2In2/2, and
1550 nm wavelength.
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y dimensions, respectively, closely matching the simulated value of 28.2um.

7.2.3 Discussion of Future Work

The pixel-based architecture can be further utilized to generate a fully-circularly-
symmetric Bessel-Gauss beam. In order to generate a full Bessel-Gauss beam, instead
of applying the appropriate phase encoding independently to the row and emitter
pixels, the entire phase profile must be generated using a two-dimensional mapping,.
Figure 7.7 shows the compounded effect of applying the “Axicon” phase independently
on the row and emitter pixels versus the proposed direct two-dimensional mapping.
As shown, the two-dimensional mapping could be used to more accurate mimic an
Axicon lens to enable circularly-symmetric Bessel-Gauss-beam generation.
Additionally, since the array is fabricated in a CMOS-compatible platform, it
is naturally scalable to an active arbitrarily-tunable fully-integrated system through
interfacing with active silicon-based phase shifters within each row and emitter pixel
[25,67]. Finally, the demonstration can be scaled to larger aperture sizes, such as the

10,000 array demonstrated in Sec. 6.4, to enable longer Bessel lengths.

Antenna Number
Antenna Number

10 20 30 10 20 30
Antenna Number Antenna Number

Figure 7.7: Phase encoding for a two-dimensional pixel-based quasi-Bessel-beam-
generating array with 1024 antennas showing (a) the compounding effect of applying
the Axicon phase independently on the row and emitter pixels versus (b) directly
applying a two-dimensional Axicon mapping. Phases are shown without 27 phase
wrapping.
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7.3 Conclusion

In summary, this chapter presents the first proposal and demonstration of integrated
optical phased arrays which generate quasi-Bessel beams in the near field of the array.
The splitter-tree-based architecture has been utilized to demonstrate a quasi-one-
dimensional Bessel-Gauss-beam-generating phased array which transmits a Bessel-
Gauss-beam in one dimension with a ~14 mm Bessel length and ~30um central-beam
FWHM. Next, the pixel-based phased array architecture has been implemented to
generate a Bessel-Gauss-beam in two dimensions with a measured FWHM of ~30um
and a two-dimensional phase encoding has been presented for application of the sys-

tem to demonstrate a fully-circularly-symmetric Bessel-Gauss-beam.

100



101



Chapter 8

Conclusion

8.1 Summary of Thesis

In summary, in this work, a variety of integrated optical phased arrays with ca-
pabilities for applications in optical trapping have been proposed, developed, and
experimentally demonstrated. Specifically, integrated optical phased arrays which fo-
cus radiated light to tightly-confined spots in the near field have been demonstrated
for the first time. Additionally, this work has presented the first proposal and demon-
stration of integrated optical phased arrays which generate quasi-Bessel beams in the
near field of the array.

To enable these demonstrations, relevant theory for focusing and Bessel-beam
phased arrays has been developed and discussed. Foremost, the phase profiles neces-
sary for generating focusing beams with non-linear steering using phased arrays have
been derived, and the effects of the aperture size and focal height on the full-width
half-maximum (FWHM) have been simulated and discussed. Furthermore, the phases
and amplitudes necessary for Bessel-Gauss beam generation have been developed, and
relevant variables and parameters — including the aperture size, maximum phase vari-
ation, Gaussian FWHM parameter, Bessel length, and central-beam FWHM - have
been presented and discussed.

Additionally, two architectures have been proposed for demonstrating passive

near-field focusing and quasi-Bessel-beam-generating integrated optical phased ar-
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rays. First, a one-dimensional splitter-tree-based phased array architecture has been
modified to passively encode arbitrary phase and amplitude distributions to the el-
ements of the array — necessary for focused and Bessel-Gauss-beam generation. Al-
though this architecture is capable of wavelength steering in the antenna dimension,
1t is limited to arbitrary electronic control in only the array dimension. As such, a
two-dimensional pixel-based architecture has also been utilized to show a second type
of focusing and Bessel-Gauss-generating passive phased array with capabilities for
active electronic control in two dimensions. To enable these phased array systems,
a suite of integrated nanophotonic devices for waveguiding, coupling, routing, phase
control, and radiation have been developed, numerically simulated, fabricated, and
experimentally demonstrated.

Using the developed theory and architectures, a variety of focusing and Bessel-
beam integrated optical phased arrays have been experimentally demonstrated. First,
both architectures have been used to demonstrate a variety of aperture size and focal
height focusing arrays, including a 512-antenna splitter-tree-based array with a ~7 um
spot at a 5mm focal height, a 1024-antenna pixel-based array with a ~21 pm spot
at a 5mm focal height, and a 10,000-antenna pixel-based array with a ~21 pm spot
at a 10mm focal height. Next, the splitter-tree-based architecture has been utilized
to demonstrate a quasi-one-dimensional Bessel-Gauss-beam-generating phased array
which transmits a Bessel-Gauss-beam in one dimension with a ~14 mm Bessel length
and ~30 um central-beam FWHM, and the pixel-based phased array architecture
has been implemented to generate a Bessel-Gauss-beam in two dimensions with a
measured central-beam FWHM of ~30um. Additionally, discussion on scaling of
the various architectures and arrays to active arbitrarily-tunable systems and future

improvements of the systems have been presented.

8.2 Optical Trapping and Additional Applications

The demonstrated on-chip focusing and Bessel-beam optical phased arrays provide

one possible approach to scaling and arbitrary tweezing of optical traps. For example,
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by enabling highly-enhanced tightly-focused beams with large focal heights, the focus-
ing systems open up new possibilities for large-scale biological characterization and
monitoring through optical trapping [4-7], especially for en vivo experiments wherein
relatively large offsets are an advantage [5]. Similarly, leveraging the elongated prop-
erties of Bessel-Gauss beams, the quasi-Bessel-beam-generating phased arrays could
enable chip-based multi-particle trapping in multiple spatially-separated planes [42].
Furthermore, the demonstrated focusing and Bessel-beam integrated optical phased
arrays have important applications in a variety of additional areas. For example, by
enabling a chip-based source of highly-focused beams, the focusing systems have
applications in chip-scale laser lithography techniques ranging from trapping-based
nano-assembly [8,9] to selective laser melting additive manufacturing [74]. Further-
more, by generating quasi-Bessel beams in a fully-integrated, compact form-factor
system, the Bessel-beam phased arrays promise new developments in scalable and

adaptive optical communications [48] and microscopy [43,44].
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