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ABSTRACT

Integrated optical phased arrays (OPAs) have gained popularity for achieving beam steer-
ing with no moving parts and potential high speed and small beam divergence angle. These
characteristics are crucial for applications like free-space communication and light detection
and ranging (LiDAR), a key component in autonomous driving. Two main aspects that
affect the performance of an integrated OPA are discussed: high power handling and large
beam steering range.

High emission power from the OPA is desirable for long range detection applications.
Silicon is broadly used in integrated OPA designs as it allows for structures with a more
compact footprint. However, its power-handling capability is limited by the two-photon
absorption of the material, resulting in higher loss and potential damage at high input
power levels. In this work, high power delivery into free space is realized by using a silicon
nitride (SiN) and silicon hybrid platform. SiN components are used to direct and split high
input power into smaller portions and coupled into silicon components for a more compact
emitter array.

In order to achieve a full 180°beam steering range with aliasing-free operation, the pitch
of a periodic emitter array is required to be half of the operating wavelength or less. At
such a small pitch, evanescent coupling between adjacent emitters causes strong crosstalk.
We demonstrate the optical phased array based on uniform half-wavelength spaced grat-
ing emitter array. Two-dimensional beam confinement and a record-high aliasing-free beam
steering field-of-view of 135° from grating emitter are measured from a 32 channel SiN/Si
hybrid OPA. Evanescent coupling between waveguides are suppressed by metamaterial-based
extreme skin-depth (e-skid) waveguides. The e-skid waveguides utilize an alternating air-
silicon multi-fin side cladding. The high index contrast of those sub-wavelength ridges pro-
vides strong anisotropy, which leads to faster decay of the evanescent wave for transverse
electric (TE) input modes, thus limiting evanescent coupling between closely spaced waveg-
uides.

Furthermore, we extend the concept of the half-wavelength-pitched emitter array to the

design of a two-dimensional end-fire OPA. This OPA can potentially achieve 180° x 180°

15



full-range beam steering with no grating lobes by having a half-wavelength emitter pitch in
both dimensions. The design of a broadband 8 x 8 silicon photonics switch based on the

half-wavelength-pitched emitter array with low path-dependent loss (PDL) is also discussed.
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1. INTRODUCTION

Light detection and ranging (LiDAR) is a crucial component for advanced driver assistant
systems (ADAS) and autonomous vehicles for its capability to provide ranging and motion
detection with high speed and precision. Furthermore optical phased array (OPA) offers a
solution to the rising need for a compact, reliable LIDAR system. OPA enables chip-scale
beam steering with no moving parts, making it much more reliable than current mechanical
solutions. Thanks to the recent advance in silicon photonics, mass production of large-scale
integrated OPA has been made possible for several foundries. The rapidly maturing OPA
technology has led to numerous demonstrations with increasing performance since the last
decadel[1]. Current focus for OPA development includes minimizing pitch array for large field-
of-view beam forming[2], large aperture size of the emitter for smaller beam diffraction angle
[3], long detection range[4], compact packaging[5] and full integration[6] of OPA system, etc.
One crucial aspect of the OPAs for automotive applications is the ability to steer the output
beam into a wide field of view (FOV) without extra grating lobes. While the grating lobes
cause ambiguity and power loss in field applications, a solution of an aliasing-free OPA is in
great demand.

Optical phased arrays, adapted from radio frequency (RF) phased array, is an array of
emitters fed by a coherent source. The emitters have a phase control mechanism to adjust
the emitted wavefront, thus resulting in a desired far field pattern. To illustrate the emission
from an emitter array, we assume an array of identical emitters placed with equal spacing

in between them, each with emission[7]:

Ei(’l") = Aiej¢iejkr (1].)

where A; and ¢; are the amplitude and phase of the iy, emitter. k = 21/ is the wave vector

and r is the spatial vector of the emitter. Here we suppressed the time-dependency e/ for
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simplicity. As a result, the total emission being observed at a given angular direction 6 can

be expressed as the sum of all emitters:

N N
E(0) =Y E =Y Aekrito (1.2)

i=1 i=1
If we assume a uniform emitter array with uniform emission strength across emitters,

spacing d and a linear phase difference A¢ in between emitters, the above equation can be

simplified to

N
E(0) = A(6) 3 en(kdeos(0)+0) (1.3)

i=1
where A(f) is the emission profile of the emitter element, which is known as the element

factor. And the array factor

N
Z in(kd cos(0)+A¢) (1.4)

i=1

resembles a finite geometric series, so

sin(X (kd cos(6) + Ag))

[E(0)] = [A(0)] sin(i(/{:dCOS(Q) + Ag)

(1.5)

expresses the radiation pattern of a uniform antenna array. As illustrated in Fig. 1.1 [8],
beam forming and steering could be achieved by altering the linear phase difference A¢
between emitters, resulting in the beam steering along azimuthal direction.

More specifically, when a linear phase difference of A¢ is applied to the phased array,
the emitted beam is tilted by 6, where:

sinf = —- (1.6)

Here d is the spacing between adjacent emitters and A is the operating wavelength, A¢ €

[ — m,m|. All emitted beams, including higher order lobes as shown in Fig 1.1(b) and (c)
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Figure 1.1. Illustration of the phased array basics. (a) Flat wavefront form-
ing and beam steering from an array of emitters with a linearly increasing
phase delay. (b)/(c): Higher order emission of an OPA from constructive in-
terference, where larger emitter spacing (b) gives closer high order emission
lobes; And smaller spacing (c) gives larger angle separation between emitted
beams. The figure is adapted from [8].

(sometimes referred as grating lobes due to their similarity to higher grating order) are

emitted to 6,,, where:
MA@ + 2nm)

7 1.
o ,n € (1.7)

sinf,, =

The beam corresponding to n = 0 is called the main lobe. And n # 0 are called higher
order lobes or grating lobes. Note that the separation between the main lobe and first order
grating lobe increases with decreasing d. Fig. 1.2 illustrates a measured emission pattern
captured by an IR viewing card from a 5 pym spacing SiN OPA.

An unambiguous beam steering range is defined as the range in which only the main

lobe is visible and no grating lobes, as illustrated in Fig. 1.3. Due to the symmetry of the
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Figure 1.2. Far field emission with multiple lobes from a 5 pm pitched OPA.

beam steering scheme, this could be retrieved by putting A¢ = +x into eq.1.6. Then the

unambiguous range is given by:

A A
—sin”' | =] <O <sint | .
sin <2d> <60 <sin <2d> (1.8)

When d < A, a single-lobe steering range is defined as the range in which higher order

grating lobes are not visible in the whole 180°range, as illustrated in Fig. 1.4. This range is

given by:
d 1
=z - 1.9
A 1+ s (1.9)
Especially, when d = \/2
—90° <6 <90° (1.10)
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Figure 1.3. Illustration of the unambiguous beam steering using an example

phased array with d = v/2\. The pink shaded area indicates the unambiguous
range. (a) A¢ =0 and (b) A¢p = +m

The equation shows that if the spacing of the emitter array d is set to d < A/2, both the
unambiguous and single lobe beam steering range will be the full visible range of 180°. Thus
aliasing-free beam steering is achieved.

Another critical aspect of the emitted pattern is the far field beam width, often defined
as the full-width half maximum (FWHM) of the optical beam. This FWHM represents the
spatial resolution of the OPA and could be expressed as[9]:

C1 A

Alsgg = ———
3B 0s O Nd

(1.11)

where Afsqp (in radian) is the FWHM of the emitted beam, 6 is the steering angle discussed
earlier. And N is the number of emitters. Thus Nd is the effective aperture size of the array.
c1 is a constant related to the emitted beam profile. For a uniform rectangular array, the
power profile of the beam is a sinc function. And ¢; = 0.886 as a result of the solution of
sin iz /nz = 1/4/2. For example, the resolution of an OPA-based LiDAR often requires 0.1°
beam over +30° for fine item identification at up to 200 m. At an operating wavelength of
1550 nm, the required array size would be about 0.9 mm.

While a half-wavelength pitched emitter array seems to be the most straightforward so-

lution towards aliasing-free beam steering, the design is hard to realize due to the strong

21



(a) (b) .

o ——— e
- - o

IR R R R
@ \ @ 20| |3A¢| [4A¢| [5AG| [6AG| [TAS

=

Figure 1.4. Illustration of the single beam steering using an example phased
array with d = v/2\/2. The pink shaded area indicates the single beam steering
range. The dashed lobes are theoretically predicted higher order lobes which
are not in the visible range of [ — 90°,90°]. Note the difference from Fig. 1.3.

evanescent coupling between waveguides at such a small waveguide spacing, which intro-
duces phase and power error along the emitter array and greatly degrades the far-field
beam-forming. Efforts have been made to achieve aliasing-free beam steering with different
approaches. Sparse aperiodic arrays [10], [11] are used to break unwanted extra grating
lobes through the randomized placement of the emitters and redistribute the optical power
from the extra lobes over the full FOV as background. While achieving grating lobe-free
beam steering, this design does not increase the power efficiency in the main beam and thus
suffers from a lower signal-to-noise ratio (SNR) as a result of higher background. Index-
mismatched waveguide array(2] achieves uniform half-wavelength pitched emitter array by
limiting evanescent coupling between waveguides using propagation constant mismatch[12].
Due to the mismatch in the k-vector, this approach is currently limited to a 1-D edge
emitter array, limiting the output beam steering and confinement in only one dimension.
Furthermore, extra optical/mechanical components (e.g., cylindrical lens) are required for
two-dimensional beam steering and confinement.

In this thesis, we demonstrate the optical phased array based on uniform half-wavelength
spaced grating emitter array. Two-dimensional beam confinement and a record-high aliasing-

free beam steering field-of-view of 135° from grating emitter are measured from a 32 channel
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SiN/Si hybrid OPA. Evanescent coupling between waveguides are suppressed by metamaterial-
based extreme skin-depth (e-skid) waveguides[13]. The e-skid waveguides utilize an alternat-
ing air-silicon multi-fin side cladding. The high index contrast of those sub-wavelength ridges
provides strong anisotropy, which leads to faster decay of the evanescent wave for transverse
electric (TE) input modes, thus limiting evanescent coupling between closely spaced waveg-
uides. High emission power from the OPA is realized by using a silicon nitride (SiN) and
silicon hybrid platform. Furthermore, we extend the concept of the half-wavelength-pitched
emitter array to the design of a broadband 8 x 8 silicon photonics switch and an OPA design

with two-dimensional end-fire emitter array.
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2. DESIGN OF COMPONENTS FOR OPTICAL PHASED
ARRAY

A typical OPA system requires four major components in general: a power splitter to divide
the input light into different waveguides for emission; phase shifters tune the phase of each
antenna; a group of recombiners will adjust the array into desired spacing and emitter array
radiates to generate the desired pattern, as shown in Fig. 2.1. It is worth noting that an
OPA could also be inversely used as a receiver. When used as a receiver, the phase shifters
control the emitter array’s direction to collect the light. And combiners (originally power
splitters) combine the optical power to a single output. In this chapter, the design of those

components will be discussed in detail.

Phase shifters lRecombiner: Emitter array

Light splitters

'

Figure 2.1. Essential components of an OPA: Power splitters, phase shifters,
recombiners and emitter array.

2.1 Multimode interference couplers

Power splitters are arguably the most developed component in OPAs so far. 50:50 1 x 2
multimode interference (MMI) couplers are broadly used to split input light into 2" channels
through a n stage MMI tree. Cascade evanescent coupling has also been demonstrated to
utilize cascaded optical phase shifters for simplified system control[14]. An example of the
cascade evanescent coupler is shown in Fig 2.2. One drawback of this cascaded design is
that as the portion of power coupled is different at each stage of the coupler, each coupler

has to be designed separately and is thus less tolerant to potential fabrication variations.
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The utilization of star couplers is also reported for natural Gaussian apodization in the

emitters[15].

o (1,’9) Pin
< \ o\

(1/9) Pin /AP (/NP (/NP (1/DPin (1/)Pin  (1/9) Pin

Figure 2.2. Example of cascade evanescent couplers, adapted from [9].

As discussed in chapter 1, OPAs for LiDAR application require large aperture size for
small spot size in the far field. For example, an OPA with 1 mm aperture size and \/2
spacing between emitters at 1550 nm would need an array of 1290 emitters. Moreover, if
using a cascaded 1 x 2 MMI tree, 11 stages are needed. Thus, a low-loss design of MMI
splitter is crucial. This section discusses the design of a low loss 1 x 2 MMI for both silicon
on insulator (SOI) and silicon nitride (SiN) platforms.

A basic scheme of an MMI splitter is shown in Fig 2.3. Notice that for both input and
output waveguides, a taper is included to reduce the possible reflection when the input mode
is sent into the body of the MMI coupler. The gap between the two output tapers (taper
gap in Fig 2.3) is always kept at > 50 nm to avoid sharp corners in the device that may be

sensitive to fabrication variations.

Output waveguides

MMI length
Input waveguide

MMibody  Taper gap R

Taper width

MMI width

B N

Taper length

Figure 2.3. Basic scheme of a 1 x 2 MMI splitter, with parameters used in optimization.
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Figure 2.4. E-field distribution of designed MMI coupler in (a) SOI (b) SiN

platform. E-field is sampled along the plane parallel to the center of the input
waveguide.

Finite Difference Time Domain (FDTD) simulations were performed using commercial
software Lumerical FDTD solution™. The result is shown in Fig 2.4 and Table 2.1. We can

see that the simulated insertion loss (IL) of these two designs are well below 0.1 dB, making

them suitable for use in large-scale OPAs.

Table 2.1. Design and performance of MMI in SOI and SiN platform
Parameter SOI SiN

Input waveguide (widthxheight, nm) 450x220 1200x300
MMI body length (um) 3 12.5

MMI body width (um) 2 5

Taper length (um) 2.8 3
Taper width (um) 1 2.34
Output offset (um) 0.5 1.33
Insertion loss (dB) 0.02 0.07

2.2 Silicon nitride - silicon (SiN/Si) power coupler

2.2.1 Introduction

Numerous high performance OPA demonstrations are on SOI platform, mainly because

of the high refractive index of silicon. Silicon waveguides have strong optical confinement
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and allow emitters to be placed closer without evanescent coupling between adjacent emit-
ters, pushing forward the dream-land where d < A\/2. There are already demonstrations of
OPAs with half-wavelength spacing[2], [16]. However, these designs rely on the difference of
propagation constant between adjacent waveguides to limit coupling between them and are
therefore required to use edge emitters. These emitter arrays are hard to scale up. Further-
more, 1D edge emitter array has a large divergence angle in the other direction and is not
suitable for autonomous vehicle applications. Another problem is that silicon waveguides
cannot handle high optical power. And demonstrations of any SOI OPA system that can
deliver high enough power for long-range detection are thus limited.

Silicon nitride, on the other hand, is also a popular material in silicon photonics. SiN can
handle high optical power and is widely used in microresonators for Kerr comb generation.
However, SiN waveguides suffer from low optical confinement due to their lower refractive
index (n = 2 at 1550 nm compared to n = 3.48 for silicon at 1550 nm). Optical phased arrays
in silicon-nitride platforms have been demonstrated [17], [18], but they all have relatively
larger antenna pitch (~ 2um) in order to avoid crosstalk between emitters. To solve this
problem, we designed a power coupler between silicon nitride and silicon waveguides to
bridge between SOI/SIN platform. High emission power from OPA could then be achieved
by using SiN waveguides for high optical power input and Si waveguides and emitters for
small antenna pitch.

A further illustration of the benefit from a high power OPA in terms of its detection
range could be derived from the LiDAR Equation[19]. Here the detected signal of a LiDAR

system could be described as:

P(r)=KG(r)B(r)T(r) (2.1)

where P(r) is the detected power from an object at distance r. K is the system factor of

LiDAR, determined by system parameters as input laser power, temporal pulse width etc.
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The term (5(r) is the backscattering coefficient at distance r. And T'(r) describes the loss of

light during the roundtrip to distance r. The geometric factor G(r) is usually given by

G(r) = (2.2)

where O(r) is the overlap function determined by the emitter and detector optics. The 2
term indicates the backscattered light being distributed onto a spherical surface with radius
r. The quadratic decay of the detected signal to distance is in contrast with that of its
radio-frequency counterpart, which decays quartically, and is due to the highly collimated
output of LiDARs with large apertures.

As stated in Eq. 1.11, the divergence angle of OPA output is inversely proportional to
its effective array size Nd. A large array aperture (usually millimeter scale) is required to
achieve plane wave-like emission. For OPAs with a smaller number of channels, a focusing
lens will be used to help collimate the beam within the detection range, thus maintaining
the r=2 in the geometric factor. Due to its enhanced power handling capacity, a hybrid
OPA can increase the detection length over Si OPAs. For example, a 256-channel hybrid
structure could have 256 times the emitted power over that of a Si OPA, assuming that each
emitter (the last stage in the distribution tree) of the hybrid OPA carries the same amount
of power of the input waveguide (the first stage in the distribution tree) of the Si OPA. As
a result, the hybrid OPA could achieve 16 times the detection range of a Si OPA with the

same amount of channels.

2.2.2 Design

An overview of the implementation of the coupler design is shown in the layout in Fig.
2.5. First, high input power is sent into a SiN waveguide and then split into smaller portions
through a cascaded 1 x 2 MMI tree. Next, when the power at the end of the MMI tree is
low enough for a Si waveguide to handle, a SiN/Si coupler will couple the light from SiN
waveguide to silicon. Finally, the array of Si waveguides will go through phase control and

be adjusted into suitable array pitch and then emit through grating emitters.
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SiN/Si coupler

L ase control and !
SiN cascaded MM stages- —— pitcladjustment in Si

Si grating emitters

Figure 2.5. Scheme of implementing SiN/Si coupler to optical phased array
design. Yellow waveguides are silicon nitride and pink ones are silicon.

A design scheme of the SiN/Si coupler is shown in Fig. 2.6a below. It consists of two
tapers, one after the input SiN waveguide and the other before the output Si waveguide. The
input optical mode in SiN will be expanded by the taper and will overlap with the expanded
mode caused by the Si taper. As a result, the light will couple from SiN waveguide to Si.
The two tapers are placed back-to-back to maintain a constant gap between SiN and Si. The
size of the tip of the tapers is kept at 100 nm to reduce variation during fabrication; thus,
we can achieve better phase and power uniformity. Fig 2.7 shows the process flow for the
fabrication of the device. SiN and Si are on different layers. And the distance between two
layers has been minimized to 200 nm for better device performance. FDTD simulation is
performed to evaluate the performance of the device, as shown in Fig. 2.6b. The insertion

loss of the device is 0.2 dB, which makes it suitable for application in large-scale OPAs.

(a) f SiN taper length

08

06

0.4

Si taper length

0.2

Waveguide offset
Figure 2.6. Design (a, top view) and simulation result (b, side-view) of a

SiN/Si coupler. The blue waveguide is SiN and the orange one is Si. Yellow
arrow indicates the direction of power coupling.
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Figure 2.7. Simplified fabrication process flow for SiN/Si hybrid structure.

2.3 Phase shifters

Phase shifters are an important component in optical phased arrays. Most OPA system
demonstrations features either thermal-optic phase shifters[14] or electro-optic phase shifters
[20]. Liquid crystal based phase shifters are also reported[18]. The use of liquid crystal phase
shifter is because that the SiN waveguide they chose to use at visible wavelength suffers from
low thermal-optic coefficient and no significant electro-optic property. In this chapter, we will
present our design and simulation of phase shifters, both electro-optic based and thermal-

optic based.

2.3.1 Lithium niobate electro-optic phase shifter

Low-loss integrated lithium niobate (LN) modulators have been made possible thanks
to the recent progress in LN thin film fabrication[21]. An example design of the LN phase
shifter is shown in Fig. 2.8. The design utilizes a slab LN waveguide with a gold electrode
on each side. We chose x-cut lithium niobate to yield the highest response from the applied
electric field’s horizontal component.

Assuming a uniform electric field F is applied to a LN waveguide, the refractive index

change due to electro-optic effect is given by:

An = 2 e’f’ggE (23)
thus shifted phase A¢ is
AnlL
A¢ = gnengL — 2n% (2.4)



(a) (b)

® Lithium Niobate
Silica
m Gold

\
500 nm_

Figure 2.8. (a) Design of a LN phase shifter. (B) Optical TE mode in LN
slab waveguide and applied electric field. Figures adapted from [21]

Here n, = 2.21 is the refractive index of LN along the fast axis, 733 = 31 pm/V is the largest
component in the electro-optic coefficients of LN. L is the length of the device A is the
operating wavelength. Simulation of a LN phase shifter is carried out using both Comsol®

multiphysics and Lumerical mode solution™. The structure used in the simulation is shown

in Fig. 2.9.

Legend
m Gold electrodes

Gold

Gap between electrodes

Figure 2.9. The cross section of the LN phase shifter used in simulations

One important aspect of the phase shifter is optical loss, which mainly comes from the
absorption of the metal electrodes. As shown in Fig. 2.10, the size of the LN slab waveguide
and the gap between gold electrodes are optimized to minimize optical loss while keeping

the electrodes as close as possible. The finalized design is tabulated in Table 2.2.
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Figure 2.10. (a) Simulated optical TE mode profile. (b-d) are the optical
mode loss with respect to (b) rib waveguide height; (¢) waveguide width and
(d) gap between gold electrodes while keeping other parameters constant.

Electrostatic simulation of the designed device is then performed in Comsol multiphysics

to determine Angyy of the LN waveguide under applied electric field. Once the coefficient o
in

Anesr = aVi, (2.5)

is determined, following Eq. 2.4 we can get

A
Vil = o~ (2.6)

«

(although in OPA applications, Vo, L is of more interest, we still follow the widely accepted
notation of V;L here).

32



Table 2.2. Design and performance of LN phase shifter
Parameter Value

LN rib waveguide (widthxheight, nm) 870x360
LN slab height (nm) 240

Electrodes gap (um) 3.5

Optical mode loss (dB/cm) 1.39

The simulation result is shown in Fig. 2.11. The electric field in both rib waveguide and
slab are simulated with Comsol multiphysics, and the resulting change in material index is
put into Lumerical mode solution to find corresponding An.ss. The simulation result shows
a = 2.35x107°. Thus, the performance of the device is VyL = 3.3 Vxcm, comparable to that
of integrated LN modulators. Thus, these LN electro-optic phase shifters can integrate with
silicon photonics through techniques like wafer bonding and are expected to be a promising

solution for phase shifters in OPA.
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Figure 2.11. Simulated (a) Electric field in waveguide; (b) effective index
with respect to input voltage.

2.3.2 Thermal-optic phase shifter

Another broadly adapted phase shifter used in optical phased array design is microheater-

based thermal optical phase shifters. Those phase shifters are easy to implement but often
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have high power consumption and high thermal crosstalk. In this section, the design and
simulation of a low-power thermal phase shifter are discussed.

The traditional design of a thermal-optic phase shifter is usually a straight heater wire
on top of the waveguide. The waveguide is also cladded with a thick top cladding (usually
> 2um) to avoid optical absorption from the resistor wire. As shown in Fig. 2.12(a) and
(c), because SiO; has a low thermal conductivity (x = 1Wm™"K™'), most heat is conducted

onto the silica cladding instead of the waveguide itself in this design.

Legend Gold heater Gold heater
5o, M g
Top cladding Top cladding
SiN
Under cladding Under cladding

Si substrate Si substrate

Surface: Temperature (K Surface: Temparature (K)

(c) ) s

K

Figure 2.12. Cross section of the heater design. (a) Traditional heater line.
(b) Etched heater design. (c¢) Thermal simulation of design (a); (d) Thermal
simulation of design (b). (c) and (d) are done using Comsol multiphysics using
the same boundary condition. Top cladding thickness = 2um; under cladding
thickness = 3.5um;

Our improved heater design is shown in Fig. 2.12(b), where both the top and under
cladding around the heater are etched. As air is an even worse heat conductor compared
to SiOs, this will effectively isolate the waveguide being heated and redirect more heat onto
the waveguide. Corresponding thermal simulation is shown in Fig. 2.12(d). We can see

that when the cladding around the waveguide is etched, the waveguide is heated to 430 K
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compared to 360 K in Fig. 2.12(a). The ambient temperature in the simulation is set to
room temperature (300 K), showing that the improved design has a 100% increase in heating
efficiency. Power consumption calculated from the simulation is 0.2 W per 21 phase shift
from the following formula:

AnL aATL

(2.7)

where av = 2.4 x 107°K ™! is the thermo-optic coefficient of silicon nitride.

This power consumption could be further improved by implementing a much thicker
under cladding. When thermal equilibrium is reached, all the heat generated by the heater
is dissipated into the Si substrate (here we assume that heat conducted by air is negligible and
silicon is a good enough heat conductor with x = 148 Wm K™, so that Si substrate stays
at near room temperature). Following Newton’s cooling law, the temperature distribution
is linear from the heater to the substrate when the structure is well isolated (as shown in
Fig. 2.12(d)). Making the under cladding thicker effectively brings the waveguide closer to
the heater than the substrate (which acts as a heat sink here). In return, the power needed
from the heater to keep the waveguide at the desired temperature is significantly reduced,
shown in Fig. 2.13.

The accumulated phase of the waveguide increased from 1 radian to 4.3 radians when
the etched cladding thickness went from 3.5 um to 22.5 ym. As a result, our single heater
wire can now produce 21 phase shift with as little as 50 mW input electric power. But the
benefit of thicker under cladding comes with a longer thermal response time, which we will
be discussing below.

Optical phased array-based LiDAR system requires rapid beam steering for both high
resolution and frame rate. The response time of the phase shifter is crucial in acquiring that.
Fig. 2.14 shows the simulated rising and falling edges of a heated SiN waveguide shown in
Fig. 2.12(b). The rise time is defined as the time required for the response to rise from 10%
to 90% of its final value[22] (and 90% to 10% for fall time). The yellow and purple lines in
the figure indicate the 10% and 90% of the output step height. As a result, the rising edge
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Figure 2.13. The amount of phase accumulated along heater with increasing
undercladding thickness (cladding beside waveguide is fully etched). Simulated
using the same input voltage for the heater.

of the simulated SiN thermal-optic phase shifter is ~ 30 us, and the falling edge is less than
50 ps from a 1.2 V voltage pulse.

To emulate the case of fast sweeping, a group of step function is sent into the heater
wire for simulation, as shown in Fig. 2.15. A total of 25 increasing voltage steps are sent
in 5 ms. From Fig. 2.15 bottom, we can see that the phase response from the waveguide
follows the trend of the input voltage. However, due to the excessive heat accumulated, we
failed to observe any clear step in the phase response after 3 ms of heating. This shows that
0-21 phase sweep within 5 ms is possible, indicating a scanning rate of at least 200 lines
per second. In order to have more precise beam positioning, a shorter rising/falling time is

required to have a sharper phase response.
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Figure 2.14. The (a) rising and (b) falling edge of the phase response from
the heated silicon nitride waveguide. Simulated by sending in a 1.2 V voltage
pulse into the heater. Under cladding thickness is 3.5 pm.
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Figure 2.15. Simulation of a continuous voltage sweep of the heater wire.
Top is the input voltage; Bottom is the Accumulated phase from the heated
waveguide.

The performance could be further improved by implementing either an external cooling
system or a design for lower heater power. The latter may be accomplished through the use
of silicon waveguide instead of SiN, which has a thermo-optic coefficient of 1.8 x 10~*K™*,
one order of magnitude higher than that of SiN. As shown earlier in Fig. 2.13 and 2.14,
thicker under cladding requires less power for phase shifting at the price of slower scanning
speed. For thermo-optic (TO) phase shifters on Si waveguides (for designs on both Si and
hybrid platform), standard cladding thickness could be used to achieve a potentially faster
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scanning speed. Fig. 2.16 shows the simulated rising and falling edges of a heated silicon
waveguide. The rising edge is 30 s, and the falling edge is 34 us from a 0.4 V voltage pulse
for 0 — 21 phase sweep, showing that Si waveguides are ~ 30% faster in phase response

compared to SiN waveguides shown in Fig. 2.14.
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Figure 2.16. The (a) rising and (b) falling edge of the phase response from
the heated silicon waveguide. Simulated by sending in a 0.4 V voltage pulse
into the heater. Under cladding thickness is 2 pm.

2.4 Emitter array

The emission from a grating emitter in the longitudinal direction (i.e., the direction along

the waveguide) is pointed towards ¢ as illustrated in Fig. 2.17 where [23]

neff — N)\/CL

Neladding

sin gy = (2.8)

here ness is the effective index of the grating and ngqdding the index of cladding. a is the
grating period. In a broadly accepted case where silica upper cladding is used, neadding = 1.44
at 1550 nm. Notice that ¢y is used to represent the emission angle of the Ny, lobe of the
grating. As discussed in earlier chapters, multiple lobes of emission should be avoided as
it redirects power from the main lobe to grating lobes, thus reducing the overall emission

efficiency of the main lobe. In our design, we usually set ne;; = A/a to make sure that only
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the N =1 lobe is supported. We can steer the output beam in the longitudinal direction by
changing the input wavelength.

n

cladding

Figure 2.17. Illustration of the emission angle ¢ in a grating coupler.

A grating emitter is realized mainly through periodic perturbation of the waveguide. The
strength of emission correlates with the scale of the perturbation. For uniformly distributed

perturbation along the grating, a linear attenuation model may be applied
I(z) = I(0)e™** (2.9)

where « is the attenuation constant related to the emission strength of the grating. For a
grating emitter of fixed length, larger o (in absolute value) leads to more power emission.
However, as the emitted power decays exponentially along the grating, larger a will lead to
smaller effective aperture size and larger beam divergence. To quantify this effect, we can

rewrite Eq. 2.9 to its normalized form

I(z) = 1(0)e~(eL)x=/L (2.10)

I(L)/1(0) = e~ @) (2.11)
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where L is the total length of the grating, which makes [ the normalized attenuation
constant (which is unitless). Assuming negligible loss from the grating itself, the far field
beam divergence angle is proportional to oL and emitted power is proportional to 1 —
e L. Fig. 2.18 shows the simulated result of the total emitted power with respect to the
attenuation constant. Using L = 1 mm and A = 1550 nm, o between 1.7 and 2.2 is
considered a good trade-off between emission and beamwidth. Around 85% to 90% of the

power is emitted in this region, and the beamwidth is ~ 0.17°.
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Figure 2.18. Simulation of beam divergence angle and emitted power with
respect to emission strength. The simulation uses L = 1 mm and A\ = 1550
nm.

Other approaches have been made to maximize the aperture size from a grating of fixed
length. Apodization of the grating for larger aperture has been demonstrated by increasing
the emission strength along the grating to compensate for the exponential decay[24]. neyy
and grating period a is matched along the grating to ensure that the output beam is always
emitted to the same direction.

Perturbation on the grating is mainly realized in two ways: either at the top of the

grating (top-etched grating) or on the sides of the grating (sidewall grating), as shown in
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Legend Top View Side View

Figure 2.19. Tllustration of different grating types. (a) sidewall grating. (
top-etched grating.

SlO2

Fig. 2.19. As for fabrication, sidewall gratings are easier to fabricate as all the structures
are of the same height and require only one exposure for patterning. However, the drawback
is that sidewall gratings are up/down symmetric. Due to this symmetry, the power emitted
from the top of the grating will always be 50% of the input power if the interference from

the back-reflection of the substrate is omitted.
Legend
Uppercladding

Figure 2.20. Proposed fabrication process flow for SiN/Si hybrid structure.

Breaking the vertical symmetry of the grating coupler is for potentially higher emission
efficiency to the top with proper design[25]-[27]. The optimum condition is when there are
two diffraction centers within each grating period. And the diffraction centers needs to be

placed with a A/4 offset both horizontally and vertically to achieve a complete constructive

41



interference[28]. Unidirectional grating emitters based on two SiN layers have been demon-
strated with a high directionality of >90%[29], [30]. This method utilizes two silicon nitride
layers to acquire the \/4 offset requirement between diffraction centers. The drawback of
this design is that extra power splitting/phase control mechanisms need to be applied (e.g.,
adiabatic couplers[31]). And top-etched grating, by its nature, is capable of breaking this
vertical symmetry. For our SiN/Si hybrid platform, we propose an alternative fabrication
process to enhance the directionality of the top-etched grating, as shown in Fig. 2.20. SiN-
cladded silicon structure could be achieved by following the procedure. And we designed a
SiN/Si hybrid grating with high directionality by utilizing the interference between emission
from SiN and Si layers. The SiN-cladded silicon is used as a single-mode waveguide as a
whole; thus no power re-distribution between different material/layers is required during the
operation. The design and simulation result is shown in Fig. 2.21. The parameters used are

tabulated in Table 2.3, which shows a directionality of 88%.

(a) Legend Side View (b)

QA

(c)

y(microns)
y(microns)

10 15 2
x(microns)

5
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Figure 2.21. Design and simulation of the hybrid grating (a) Illustration of
the grating design (b) Simulated mode profile in Si/SiN hybrid waveguide. (c)
Simulated emission from the top of the grating. (d) Simulated emission from
the bottom of the grating.
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Table 2.3. Design and performance of SiN/Si hybrid grating
Parameter Value

Si waveguide (widthxheight, nm) 490x280
SiN layer thickness (nm) 300
Si etch depth (nm) 12
SiN etch depth (nm) 200
Si grating duty cycle 70%
SiN grating duty cycle 60%
offset between Si and SiN grating (nm) 150
Directionality 88%

For the SiN cladded silicon waveguide, both Si and SiN are etched to form a set of
top-etched grating on its own. Because the optical mode is still primarily confined in the
Si part, as shown in Fig2.21(b), SiN layer is etched more than the Si to have comparable
emission strength. Then the SiN grating is offset along the waveguide with respect to the
Si grating to let the emission from those two gratings interfere constructively. As a result,
the directionality of the hybrid grating is simulated to be 88% at an offset of 150 nm, which
shows great potential for application in a high-efficiency OPA system.

For emitter spacing, as described by Eq. 1.8, an optical phased array system with spacing
less than d = A/2 can achieve the maximum possible unambiguous beam steering range of
180°. There has been several demonstrations of OPA with d = \/2 [2], [16]. The A\/2 spacing
is achieved by introducing propagation constant mismatch between adjacent waveguides to
limit the maximum power coupling. However, those designs are based on edge emission
with a pseudo-1D aperture, which makes the output beam diverges rapidly over the other
dimension. This section will introduce our design of A\/2 spaced emitter array based on
grating emitters for large emission aperture.

Recently reported extreme skin-depth (e-skid) waveguides use cladding pairs with small
periodicity and high index contrast to shorten the decay length of evanescent waves, thus
reducing evanescent coupling between waveguides at small pitch[13]. The schematic and

simulated field profile of an e-skid waveguide with multilayer cladding is shown in Fig. 2.22.
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Figure 2.22. (a) Illustration of a e-skid waveguide with periodic cladding
pairs (b) Simulated mode profile in e-skid waveguide.

The effectiveness of the e-skid structure is simulated using Lumerical mode solution. The
simulation is based on the coupled-mode theory (CMT) for optical waveguides[32], where

the coupling length L. equals to

A

Lo= st
2(N, — N,)

(2.12)

Here A is the wavelength, Ny, and N, are the effective index of the symmetric and anti-
symmetric supermodes. The structure used for coupling length simulation is shown in Fig.
2.23. And the simulated coupling length of the e-skid waveguides is shown in Fig. 2.25. In
this simulation, we set the spacing between adjacent waveguides as 775 nm (half of the 1550
nm operating wavelength for aliasing-free beam steering) and set the number of cladding

pairs besides the main waveguide to 5.

(a) (b)
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Figure 2.23. (a) Waveguide structure and (b) simulated mode profile used
in coupling length simulation based on CMT.
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During simulations using Lumerical software, it is worth noting that the result greatly
depends on the grid size used in simulation. Fig. 2.24 contains results of coupling length
simulation at different grid size. It could be seen that the result first oscillates and then
converges beyond a certain grid size. In this case the result converges beyond a grid number
of 140, which corresponds to a grid size of 15 nm. The simulations in this thesis are validated

in a similar way that ensures the result to be converged.

1.6
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—

(@) —
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Coupling length (mm

o
o

0.4 ' ' '
0 50 100 150 200

Number of y axis grids in simulation

Figure 2.24. Simulated coupling length with respect to y-axis grids in simulation.

Fig. 2.25(a) shows that for an e-skid waveguide with five cladding pairs, its coupling
length is at least 1 cm long in the single mode regime (400 nmx 220 nm to 500 nmx 300
nm) and could be as long as several tens of centimeters. Tolerance of fabrication error is also
considered. Fig. 2.25(b) shows the coupling length when the dimension of the fabricated

waveguide is offset from its designed parameter by 5 nm in either waveguide width or height.
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Figure 2.25. Simulation of the coupling length of the E-skid waveguide. (a)
coupling length of the waveguide with respect to waveguide width and height.
(b) Zoomed in view of the area indicated by the red circle in (a).

A coupling length of more than 10 cm could still be observed even when the waveguide has
a slight variation in its dimensions, showing good robustness of the system.

To verify the performance of the e-skid structure, an array of e-skid emitters with spacing
d = 775 nm and length L = 200 pm is simulated using Lumerical FDTD solution. Beam
steering in the simulation is achieved by sending input modes with linear phase differences
into the e-skid array. The far-field emission from the simulated array is shown in Fig. 2.26,
indicating an aliasing-free beam steering in the range of £70°. Notice that only the far-field
image with A¢ of up to 70°s shown. Recall from Eq. 1.11 that the beam divergence angle
of an OPA scales with ——. When the beam is steered further, the output beam also quickly
broadens. At 6§ = 75°, the beam width is already 3.8 times the original beam. Beams with

larger 6 are thus obviously not suitable for practical use due to their low power density.

2.5 Fabrication of the device

Yun Jo Lee performed the fabrication of the OPA devices in this thesis. This section

introduces the fabrication process.
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Figure 2.26. Simulated far-field emission from a e-skid emitter array. Phase
difference A¢ in the array is (from left to right) 0°, 90°and 170°.
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Figure 2.27. Fabrication process of alignment marks on SOI. Courtesy of Yun Jo Lee.

2.5.1 Fabrication of alignment marks

The fabrication of alignment marks on the SOI substrate is critical to the performance
of the device, as the relative positioning between Si and SiN layers needs to be precise.
Stoichiometric Si3Ny is widely used in photonic integrated circuit (PIC) applications due to
its low propagation loss and broadband transparency. The most common way of deposition
of stoichiometric Si3N4 is low pressure chemical vapor deposition (LPCVD) for its purity,
low amount of defects, and uniform coverage. The typical selection of materials for alignment

marks of the electron-beam (e-beam) lithography process is metals. Gold and platinum, for
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example, are preferred in semiconductor fabrication processes for their high contrast rate
from the substrate during e-beam scanning. However, such metals are not compatible with
the LPCVD silicon nitride deposition, which runs at 900°C'. Therefore, etched alignment
marks are chosen for our SiN/Si hybrid structure. The depth of those etched alignment
marks on the SOI substrate needs at least 1.5 pm to obtain enough contrast during the
e-beam processing.

The fabrication process of the etched alignment marks is shown in Fig. 2.27. Polymethyl
methacrylate (PMMA) is spun onto the sample at 2000 rpm to achieve 2 pm thickness and
then soft-baked at 180 °C' for 90 seconds. The alignment mark patterns are then written
using e-beam lithography with the dose of 2200 uC/cm?. PMMA is developed afterward in
the solution of 1:3 methyl isobutyl ketone : isopropyl alcohol (MIBK:IPA) for 2 minutes.
The sample is then put onto the hot plate for hardbake at 100 o C for 1 minute. During the
hardbake, the PMMA resist hardens and thus increases the chemical resistance for further
etching. We used the reactive ion etching (RIE) process to etch the alignment marks. The
RIE process can achieve the anisotropic shape of the etched geometry. Sulfur hexafluoride
(SF6) is first used for minimizing the resist reduction during etching. Then RIE etching is
performed with fluoroform (CHF3) and O, for the deep etching of the buried oxide layer.
Next, solvent stripper Remover PG is applied to the sample for more than 10 minutes.
Then, the piece is soaked into Piranha solution, a mixture of sulfuric acid (HSO,4) and
hydrogen peroxide (HyO3), which is a strong acid solution that can clean organic residue
on the substrate. The cleaning process with piranha solution is essential for the fabrication
of e-skid fin structures because the solution helps the silicon surface to be hydrophilic[33],
which increases the adhesion between silicon surface and hydrogen silsesquioxane (HSQ).
This allows for the integrity of the narrow fin structures during e-beam lithography and the
development process.

Figure 2.28 presents the fabrication flow of the hybrid structure as the next step. First
of all, e-beam resist XR-1541-004 is spun onto the sample at 6000 rpm. The resist is a
4 % HSQ resist diluted in MIBK solution. This spinning process creates an HSQ layer
of 60 to 70 nm thickness. Then, the HSQ was soft-baked at 120 °C' for 3 minutes on a

hot plate. The Soft-baking process is critical for drying out the solvent inside the resist
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Figure 2.28. Fabrication process flow of SiN/Si hybrid structure. Courtesy
of Yun Jo Lee.
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and increasing the adhesion between the silicon film and the resist. The e-beam writing
of the silicon waveguide patterns is performed with the base dose of 900 uC/cm? with the
customized proximity effect correction (PEC). The HSQ resist is developed through an 80-
second immersion in 25 % Tetramethylammonium hydroxide (TMAH) solution. The sample
is dipped into the solution of 6:1 buffered oxide etch (BOE) for 5 seconds and then rinsed the
sample with distilled water to remove HSQ resist residue. The low-temperature oxidation
(LTO) process deposits a thin layer of (~ 150 nm) silicon dioxide between silicon and silicon
nitride layers. Stoichiometric SiN is deposited through LPCVD process to a total thickness
of 300 nm. The e-beam lithography is then run for writing the Si3N4 waveguide structures.
To fabricate the Si3N4 layer, flowable oxide - 16 (FOx-16) e-beam resist was spun with a
spin rate of 8000 rpm. This produces a thicker (~ 600 nm) HSQ resist. The sample is
soft-baked at 120 o C for 3 minutes on a hot plate. And e-beam writing of the patterns is
done with the base dose of 1100 uC/cm? with customized proximity effect correction. RIE
process with CHF3 and O2 is performed to etch the SiN. The remaining Fox-16 is removed
by immersing the sample into BOE solution for ~ 10 seconds and then rinsed with distilled
water. Finally, the sample is put into the LTO chamber. Silicon dioxide is deposited as an
upper cladding with a thickness of 2.5 pym.

During the fabrication process, it is worth noting that the air gaps in between e-skid
waveguide fins are crucial for the device’s performance. Preserved air gaps help maintain
high index contrast in the multi-layer cladding, thus leading to faster decay of evanescent
waves for less crosstalk in the waveguide array. Fig. 2.29 shows the simulated coupling
length when different portion of the designed air gap is covered by SiOy. At 100% coverage,
the coupling length degrades to 1/7 of the original design (200 pum vs. 1.5 mm). Fig. 2.30
illustrates the process of depositing SiOy on top of e-skid fin array structures. As shown in
Fig. 2.30b, the initially grown SiO2 on top of e-skid fin structures gradually closes the gap
above the groove between silicon fins. This hinders the further deposition of silicon oxide
into the gap, so, as a result, the air gap between e-skid cladding fins is preserved. Scanning
electron microscope (SEM) images of the fabricated e-skid waveguide are shown in Fig. 2.31.

To account for the minimum feature size in fabrication, the Si waveguide used is 450 nm %220
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nm. The number of cladding pairs is reduced to 4, yielding a minimum feature size of 36

nim.

Coupling length (mm)

0 L
0% 20% 40% 60% 80% 100%

Si0O2 coverage

Figure 2.29. Simulation result of the coupling length of e-skid waveguide
with respect to the portion of air gaps covered by SiO,. The coupling length
is extracted from CMT.
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Figure 2.30. Illustration of preserving air gaps in e-skid fin structure. Cour-
tesy of Yun Jo Lee.

Unlike sparse waveguide structures, the dense waveguide array in the OPA design is
difficult to write using e-beam lithography because of the electron scattering effects. Once
the focused electron beam hits the resist at the targeted area, it scatters in the resist layer

first. This process is known as forward scattered electrons. After that, the e-beam scatters
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Figure 2.31. Cross-sectional SEM image of the fabricated device. Courtesy
of Yun Jo Lee.
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in the film or substrate material beneath. These back-scattered electrons create secondary
electrons at the resist and substrate layers. These extra electrons add up to the total resist
exposure dose, which leads to over-exposure of some dense patterns, known as the "proximity
effect’[34]. Therefore, different dose variations are applied to the device writing process in
different pattern densities to correct the proximity effect. Fig. 2.32 and Fig. 2.33 show
the effect of proximity effect on the fabricated devices and the device after proximity effect

correction(PEC).

S4800 30.0kV 11.7mm x12.0k SE(U) 00 S V 6.4mm x25.0k SE(U)

Figure 2.32. SEM images of e-skid waveguide arrays with e-beam lithography
errors. Courtesy of Yun Jo Lee.

2.5.2 Experimental result

Yun Jo Lee fabricated a chip with test structures following the process flow in Fig 2.28

to evaluate the performance of the coupler design. The layout of the fabricated device is
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Figure 2.33. SEM images of e-skid array after proximity effect correction
(PEC). Courtesy of Yun Jo Lee.
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shown in Fig 2.34, where devices in Fig. 2.34a contains waveguides as a reference while Fig.
2.34b features a 1x8 MMI tree with SiN/Si coupler to show increased power capacity of the

device compared to structures using pure Si.

(a)

(b)

SiN/Si couplers

N _ SiN reference port

Si output ports 1-6

Figure 2.34. Layout of the test device (a) From left to right, Si straight
waveguide; straight SiN waveguide; Si waveguide with 20 gm bending radius;
SiN waveguide with 50 pm bending radius; SiN/Si coupler with 400 nm gap
width. (b) A 1x8 MMI tree with SiN input and Si output. Yellow waveguides
are silicon nitride, and pink ones are silicon. Orange rectangulars are U-grooves
for edge coupling.

The result of the measurement is shown in Fig. 2.35. We can see from Fig. 2.35a
that the output from SiN waveguides grows proportional to the input power while output
from a Si waveguide grows linearly to ~ 5 mW and then starts to drop with increasing

input power. This is because the free carriers in Si absorb light and turn optical power into
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thermal energy. When the input optical power is high, the absorption heats the waveguide
and produces more free carriers, leading to more absorption. This positive feedback loop
causes the output power to drop with increasing input power and limits the power handling
of Si waveguides. The coupling loss of the inverse taper edge coupler is measured by a test
structure consists of two edge couplers connected by a short waveguide. The total loss of the
device is measured to be 6 dB. The propagation loss for the straight waveguide in the test
structure is negligible, thus a 3 dB fiber-to-chip edge coupling loss could be assumed. We
can then estimate that the maximum power in Si waveguide without noticeable absorption
is ~ 10 mW. Similar observation shows that fabricated SiN/Si coupler has 0.5 dB higher

insertion loss than straight waveguides and has a power handling capability of 5 mW.
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Figure 2.35. Testing result of devices in (a) testing structures in Fig. 2.34a;
(b) ports of the 1 x 8 MMI tree in Fig. 2.34b. The output power from a Si
structure is read after 1 minute cooldown time to allow possible two-photon
absorption in Si waveguides.

Fig. 2.35b shows the output from a 1 x 8 MMI tree utilizing the SiN/SI coupler. The
output power from 6 Si ports shows fair agreement with 1 dB power variation. Taking the
same 3 dB coupling loss assumption as earlier, we estimate the power inside the device to be
~ 24 mW, two times the maximum power of a silicon waveguide. One could easily imagine
higher power capacity when more stages of the cascaded MMI coupler are implemented.

Measurement results of the complete OPA device will be discussed in the next chapter.
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3. HALF-WAVELENGTH PITCHED SILICON
NITRIDE-SILICON OPTICAL PHASED ARRAY

For OPA designs in automobile applications, its primary performance focus usually falls into
these two major categories: emission power, which relates to its ranging ability, and field-of-
view. In [17], Poulton et al. demonstrated 400 mW continuous wave (CW) emission from a
9.1 W input. The reported device uses SiN as emitter material, which has lower propagation
loss[35], low nonlinearity, and allows for higher guided power. Meanwhile, silicon-based
OPA remains popular for its ability to achieve smaller emitter pitches and the ease of phase
modulation. SiN/Si hybrid OPAs are being demonstrated recently to take advantage of
both materials and aim to achieve high emission power and large steering angle at the same

time[36]—[38].

3.1 Design

(a) SiN/Si coupler (b)

Optical delay line (C)

Grating array

Figure 3.1. (a) Schematic of the 32 channel SiN/Si OPA. (b) Simulation of
the power propagation in SiN/Si coupler (black boxed region in Fig. 1a) (c)
Zoom-in view of a part of the e-skid grating emitter array(white boxed region
in Fig. 1a)

The schematic of our proposed SiN/Si 32 channel hybrid OPA is shown in Fig. 3.1a, where
we integrated a SiN layer on a 220 nm SOI platform. SiN waveguide with a reverse taper is
used for input power coupling. After a cascaded multi-mode interferometer (MMI) splitter
tree, the input light is divided into 32 channels. Fig. 3.1b shows the power propagation
profile of the SiN/Si dual layer power coupler, with a designed insertion loss <0.1 dB. Fig.
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3.1c shows the multi-layer fin-shaped e-skid cladding around the sidewall grating emitter
array. The strong anisotropy of the multi-layer cladding strongly confines the TE-like mode
by controlling the skin-depth of the evanescent wave for faster decay, thus limiting the
evanescent coupling between emitters, which allows the emitter array to be placed at a half-
wavelength pitch. In our design, this corresponds to 775 nm emitter spacing at 1550 nm
working wavelength.

As a proof of concept, we introduced an L-shaped optical delay line to take the place of
on-chip phase shifters[39], which adds the same amount of path length difference Az between

emitters. At any given wavelength A, the phase difference between emitters are:

na\Ax
A

A¢ = om (3.1)

where n, is the effective index. Thus, changing the input wavelength tunes the phase profile
of the emitters and effectively steers the beam without any active components on the chip.
The silicon waveguide delay line is 24 pum between adjacent channels and is designed to
provide 2w phase delay from wavelength tuning between 1520 - 1560 nm, thus achieving
full-range beam steering from wavelength tuning. The grating emitters are 150 pum long
with constant 30 nm perturbation on both sizes of the 450 nm wide silicon waveguide. Yun

Jo Lee fabricates the designed device.

Figure 3.2. Experimental setup: illustration(left) and actual setup (right).
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3.2 Measurement

The measurement setup is shown in Fig. 3.2. We used a free-space power detector instead
of a high NA lens system to avoid the possible aberration during measurement over a large
field of view. The detector is fixed to a rotational stage. The center of the stage is aligned
to the center of the emitter array on the chip. The lateral emission pattern over —65° to 90°
off axis are recorded with a 1-degree interval by the power detector (access to —90° to —65°
are limited due to constrains in the setup). The longitudinal angle (controlled by operating
wavelength) and lateral angle (controlled by the phase difference between emitters) from the
OPA emission are first measured and are shown in Fig. 3.3. The rotational stage sweeps
through the emission pattern from two orthogonal directions and samples the longitudinal
and lateral emission. As shown in the example of Fig. 3.3b-c, this particular emission has a
lateral diverge full-width half-maximum (FWHM) angle of 9°and a longitudinal divergence
angle of 2°.

(a)

Power (mW)

N

0 40 60 a0 100 120 140 160 180 0 20 0 60 () 100 120 140
Angle () Angle (°)

Figure 3.3. (a) Illustration and experimental setup for longitudinal and lat-
eral angle measurement. (b) Example lateral emission. (c¢) Example longitu-
dinal emission

Because the input wavelength controls both lateral (fast) and longitudinal (slow) steering

for our OPA device, for each measurement, we first fix the input wavelength, then align the
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longitudinal angle of the emission to the detector. Finally, the detector is rotated laterally
to the emitter array and captures the emission pattern. As a proof of concept, we tested
a 16-channel OPA with 775 nm spacing e-skid grating emitter array and 14 pm difference
L-shaped optical delay line. The phase delay A¢ introduced by tuning the wavelength is
given by:

Ad = A [L”Eff] on

3.2
) (32)
where ng is the effective index of the waveguide. And L = 13230 nm is the normalized path
length difference in the device. The expected phase shift and corresponding beam location

are illustrated in Fig. 3.4
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Figure 3.4. (a) Calculated phase difference from wavelength tuning (nor-
malized to 2m) (b) Converted beam location from the phase shift obtained in

(a).

The measurement result from the 16-channel device is shown in Fig. 3.5. Fig. 3.5b shows
the high level of agreement between measured beam positions and expected beam positions
from simulation of the optical delay line in Fig. 3.4. The measured emission has an FWHM
of ~ 6°, which matches the calculation from the emitter array size.

The power of the measured beam in Fig. 3.5 varies with different input wavelengths and
steering angles. This is determined by the constructive/destructive interference between the
upward emission and the back-reflection from the silicon substrate, as illustrated in Fig.

3.6a. FDTD simulation is performed to quantify the effect of back-reflection on the emission
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Figure 3.5. (a) Measured beams with different wavelength input, showing
an aliasing-free FOV of 120°. (b) Measured steering angle compared with
simulation result from the optical delay line.
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pattern. The result is shown in Fig. 3.6b, which matches closely to the measurement result

of Fig. 3.5a.
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Figure 3.6. (a) Illustration of the interference between back-reflection and
emission (b) Simulated emission profile considering the effect of back-reflection.
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Figure 3.7. (a) Measurement result from 32 channel Si OPA; (b) Measure-
ment result from 32 channel SiN/Si OPA.

We repeat the same set of experiments on 32-channel OPA devices. The measured lateral
beam-steering at different wavelengths are shown in Fig. 3.7. Two different types of device
are measured in this experiment: a 32 channel silicon-based OPA with 775 nm emitter
spacing is measured to demonstrate the large FOV beam-steering using wavelength tuning,
which shows 135° aliasing-free steering as in Fig. 3.7a; and a 32 channel SiN/Si hybrid OPA
with 775 nm emitter spacing is also measured with an aliasing-free FOV of 70° (Fig. 3.7b).
The smaller FOV is limited by the insufficient wavelength tuning from the erbium-doped
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fiber amplifier(EDFA) in the setup. The two types of devices share the same type of silicon

e-skid grating emitter design.

3.3 Beam de-convolution

3.3.1 De-convolution

A low-power free-space detector is used in the measurement with 2 mm effective area
size. We take into account the effect of the detector size to the measured beam width: when
the detector is placed at a fixed distance from the chip, the measured data is the convolution
between the actual emission profile and a gate function formed by the detector over the
measurement FOV. In order to de-convolute the detector function from the measurement,
we model the process as follows: the measured power profile y is the convolution between

the original emission  and the detector function A,

Ax =y (3.3)

where the detector coefficient matrix A is:

(1 . 100 .. 0
01 ..10 ..0

A= (3.4)
0 . 001 . 1

Here the number of rows Ny corresponds to the measurement field-of-view. And within
each row, the length of the series of ones is Np, which represents the size of the power
detector. The number of columns is then (Ngp + Np — 1). From this definition, the de-
convolution process to solve for x can be approximated by finding the least-squares solution
for Ax = y:

min |y — A2 (3.5)

The solution is:

xt = (ATA) ATy (3.6)
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For example, a near-perpendicular emission pattern (32 channel SiN/Si device, 1545 nm
input, shown in Fig. 3.3b and Fig. 3.7b) is chosen for the process. And the resulting
de-convolved profile is shown in Fig. 3.8a. We can see that there is a strong oscillating
zig-zag pattern across the beam profile. With some negative power values, this is not a good
representation of the emitted beam. The reason for this is that the above de-convolution
process does not consider the possible errors caused by inaccurate detector positioning or
power fluctuation in measurement. Furthermore, during the de-convolution, those errors are
accumulated along the solution @, causing the oscillating pattern. To minimize the effect of

the error in the experiment, we can add a L2 regularization term Bax, where:

1 -1 0 0 .. 0]
0 1 —-10 .. 0

B- (3.7)
0 .. 0 01 —1

The number of rows Ny still corresponds to the measurement field-of-view. The (1, —1)
term helps to constrain the difference between adjacent values in solved @, thus prevents any

negative values in . And the objective function with regularization becomes:

min ||y — Az||; + o Bz|]; (3:8)

where « is the regularization parameter. The solution is then:

x* = (ATA+aB"B) 'ATy (3.9)

The de-convolved profile with regularizer is shown in Fig. 3.8b, which is free from the
zig-zag artifact. During the de-convolution, we set the number of rows Ny to 10 times the
measurement FOV in degrees, which effectively interpolates the retrieved beam profile by
10X to get a 0.1°resolution. The exact process is applied to all measured data in Fig. 3.7.
And the resulting data are shown in Fig. 3.9a-b and provide more details on the beam width
and main lobe power. Note that emission profiles that were cut-off by the measurement FOV

are omitted in the de-convolution process (e.g., the 1524.9 nm line in Fig. 3.7a).
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The beam width from an OPA emission is expected to be[9]:

C1 A
0sO Nd (3.10)

A63dB = c

where Afsqp is the FWHM of the emitted beam, 6 is the beam steering angle, N is the
number of emitters, and d is the spacing between emitters. c¢; is a constant related to the
emitter power profile. Here ¢; = 0.886 for a rectangular emission window. We normalize the
beam width at different emission angles by factoring out the term 1/cosf. The narrowest
normalized beam width is 3.56° for Si OPA (1526 nm input) and 3.89° for SiN/Si OPA (1550
nm input). The phase error between emitters from the lack of individual phase shifters mainly
contributes to the FWHM difference compared to the expected value of 3.17°, obtained from

the emitter array size 775 nm x 32.
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Figure 3.8. De-convolved beam profile (a)without regularization. (b) with
regularization term Bx

3.3.2 Emitted power

Further measurements are performed to verify the correctness of the de-convolution pro-
cess. As shown in Fig. 3.10, a high-power detector is used to measure the emitted power
from the OPA from different heights. The emission profile is sampled by the 5 mm effective
aperture size of the detector. We used the same emission profile in Fig. 3.8 (32 channel
SiN/Si device, 1545 nm input) for easier alignment during the experiment, as the emission

profile has a near-perpendicular main lobe. The measured power with 1 W/1.6 W input
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Figure 3.9. (a) De-convoluted beam profile of 32 channel Si OPA; (b) De-
convoluted beam profile of 32 channel SiN/Si OPA; (c¢) Normalized beam
FWHM of 32 channel Si OPA; (d) Normalized beam FWHM of 32 channel

SiN/Si OPA.

66



power is shown in Fig. 3.11, with detector range from the OPA chip being ~ 0.5 cm to 20

cm.

(a)

] Detector
Scattered light
R
| ——
Fiberin

Figure 3.10. Illustration (a) and actual setup (b) of the verification measurement.

The reading from the power detector consists of two parts during the measurement:
the emission from the OPA and the scattering from the chip facet. The scattered power
captured by the detector can be modeled as the following: Assuming the coupling facet
(interface between the lensed fiber and edge coupler on chip) is at the origin, the scattered

light is uniformly distributed in space:

C

f(z,9,2) = An(x? 4+ y? + 22)

(3.11)

where C' is the total scattered power. Assuming 3dB coupling loss from fiber to chip, C' is
50% of the input power. The amount of scattering captured by the detector is:

C cosf
P = //D f cosOdxdy = //D st ZQ)da;dy (3.12)

where D is the detector area. cosf is the angle formed by the vertical direction and the con-
nection between the coupling point and the center of the detector. In the actual experiment,
we adjust the detector so that the effective detector area is parallel to the chip surface and
aligned to the emission aperture of the chip on x and y axes.

The calculated scattered power with respect to the detector distance is shown in Fig.

3.12. As the power scales inverse proportionally with the square of the distance, the amount
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Figure 3.11. Measured power from 32 channel OPA with 1 W/1.6 W input power.
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of scatted light captured by the originally measured emission (Fig. 3.3b) should be negli-
gible. By integrating the de-convoluted beam profile (Fig. 3.8b) over different field-of-view
(representing different measurement distance in Fig. 3.11) and adding the calculated scat-

tering, the calculated results from de-convolution are shown in Fig. 3.13. The calculated

power matches well with the measurement, thus showing good precision of the de-convolution
process.
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Figure 3.12. Calculated scattered power captured by the detector.

To measure the maximum emission power from the device, we chose 1550 nm input
for a 32 channel SiN/Si OPA. The emission profile has relatively lower phase noise than
other wavelengths, as depicted in Fig. 3.8b. Three different power levels were sent into
the 32 channel SiN/Si OPA after EDFA: 0.5 W, 1 W, and 1.6 W. Both the measured
and de-convolved data are shown in Fig. 3.14(a-b). The total beam power is obtained by
integrating the de-convoluted power over the beam width. The result is shown in Fig. 3.14c,
which gives a maximum emission power of 44.38 mW at 1.6 W input and shows a strong
linear relationship between input and output power profiles. To the best of our knowledge,

this is the highest amount of CW power measured from a Si OPA emitter array. It should

also be noted that strong vibration of the input fiber occurs at a high input power level. The
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effect of the vibration on the chip coupling affects the maximum amount of power that could
be sent into the chip, along with the capability of the available EDFAs. With negligible
nonlinearity observed during the measurement, it is expected that higher emission power
could be achieved from this design. The total emission efficiency into free-space is 10% (160
mW out of 1.6 W input), obtained by integrating over full measurement FOV. The power
efficiency of the main beam is ~ 3%. Without any fine phase-aligning mechanisms, the

emission efficiency is already comparable to what’s reported in [17].
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Figure 3.13. Expected power level from de-convolution compared to mea-
surement results at (a) 1W; (b) 1.6 W input power.
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Figure 3.14. (a) High power emission measurement from 32 channel SiN/Si
OPA; (b) Deconvolved result of (a); (¢) Emitted main beam power with respect
to input power
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3.4 Phase noise retrieval

To better understand the effect of phase error on our device, Finite Difference Time
Domain (FDTD) simulations were performed using commercial software Lumerical FDTD
solution™. In the simulation, the input amplitude and phase of 32 emitters are opti-
mized to reconstruct the example de-convolved emission profile in Fig. 3.14b using particle
swarm optimization (PSO)[40]. The figure of merit is defined as the residual sum of squares
(RSS) between simulated far field emission and de-convolved emission profile. And the best-
matching reconstructed profile is shown in Fig. 3.15a along with its measured pairing profile
after 100 iterations. The power in the main beam is expected to be ~ 2.5X of the measured
power if the obtained phase error is suppressed, as shown by simulation results in Fig. 3.15b.
Thus, the phase error obtained through simulation is mainly caused by the system’s lack
of individual phase control. Fig. 3.15c illustrates the impact of half-wavelength pitched
OPA on main beam power efficiency. For the emission angle (~ 37° off-axis) illustrated in
Fig. 3.15, further simulation shows that if the emitter spacing extends from A/2 to A while
keeping the same phase/power error, the power efficiency of the main beam rapidly drops to

~ 50% of the original beam as a result of emerging grating lobes. It is worth noting that the

non-monotonicity of Fig. 3.15¢ results from the phase/power noise applied in the simulation.
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Figure 3.15. (a) Comparison between measured and simulation retrieved
emission profile; (b) Comparison between retrieved ideal emission profile; (c)
Main beam power efficiency with respect to OPA emitter spacing
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Table 3.1. Summary of related OPA work

Year Emitter Steering | Beam size Ref., notes
spacing/ # of range (°)
emitter (°)
2016 Non-uniform, 51 3.3 [41]
~1 mm
2017 4pmx 1024 - 0.02 [17], 400 mW
emission from SiN
array
2018 775 nmx 64 >160 1.6 2], 1D end-fire
array
2019 1.65 umx512 56 x 15 0.04 4]
2019 1.3 pmx24 >40 - [42]
2019 0.8 umx16 64 6.7 [43], 1D end-fire
array
2020 775 nmx 16 120 6 [44], earlier work
from the author
2021 775 nmx 32 135 3.6 This work

3.5 Summary

In this chapter, we demonstrated an aliasing-free optical phased array with half-wavelength
emitter pitch and high emission power. SiN/Si hybrid platform is used to direct high power
onto the device while maintaining a low emitter pitch. E-skid waveguide is used to minimize
the input spacing to half wavelength. A record-high FOV of 135°s measured along with
high emission power (44 mW), making the design promising for long-range LiDAR systems.

In Table 3.1, we have summarized the design parameters and results from several high-

performance OPAs for comparison.
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4. TWO-DIMENSIONAL OPTICAL PHASED ARRAY

4.1 Introduction

Currently, there are two major concerns regarding the application of OPA LiDAR sys-
tems: power efficiency, which limits the detection range of a LiDAR, and two-dimensional
beam steering range. Most studies on OPA now focus on an array of waveguide grating
antennas for a 2D converged beam emission. However, grating emitters often suffer from
low efficiency caused by downward emission towards the substrate. Efforts have been made
to address this problem by introducing reflectors[45], [46] or asymmetric grating design[29].
Still, its loss is much higher than in-plane devices. Also, 2D beam steering for a grating
antenna array is often realized through wavelength tuning in addition to the phase control.
Due to the limitation in tunable laser sources, wavelength tuning has a slower speed and a
narrower field of view than those based on thermal or electro-optics phase shifters, limiting
the steering performance on the second dimension. On the other hand, 1D end-fire \/2
spaced array, as demonstrated in[2], [47], could account for higher power efficiency for its
in-plane design, along with large field-of-view. However, such a 1D array could only provide
beam convergence in one dimension and require additional mechanisms for two-dimensional
beam focusing and steering. The idea of a multi-layer OPA with a 2D edge emitter array has
been discussed|[48], [49], with limited performance from large emitter pitch and small scale.

In this section, we propose the design of a scalable multi-layer OPA for 2D solid-state
beam steering operating at a single wavelength. This design consists of a 2D edge emitter
array with a uniform half-wavelength pitch both horizontally and vertically; thus an aliasing-
free 180° x 180° field of view could be achieved with high emission efficiency. Furthermore,
the evanescent coupling between the densely packed emitters is suppressed by the use of

index-mismatched waveguides[2], [50] and e-skid waveguides[13].

4.2 Structure design

Fig. 4.la is an illustration of the multi-layer OPA design. The power in the input
waveguide (shown as the green part in Fig. 4.la) is first split into M branches through a
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cascaded 1x2 MMI tree (# of stages = log, M), then each branch is directed to its designated
layer (gray ones) through a series of evanescent couplers (similar to Fig. 3.1b), designed to
have <0.1 dB insertion loss. Within each layer, we further split the input using another MMI
splitter tree (blue) and control the phase of the resulting output waveguides with individual
thermal phase shifters (not shown). After phase shifting, the waveguides are routed to the

chip’s end and packed densely for edge emission (orange).
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Figure 4.1. (a) Illustration of the multi-layer OPA structure. (b) Cross-
sectional view of the waveguide array. Different colors indicate the different
thicknesses of the Si waveguides. The yellow spot indicates the position of the
power input for the crosstalk simulation in section 3.

The unambiguous field-of-view oy of an OPA is given by:

Opoy = 2sin~t (21) (4.1)

where A is the operating wavelength and d is the emitter array pitch. Here we propose
the design for a dense 2D emitter array by controlling evanescent crosstalk through both
propagation constant mismatch and the use of e-skid waveguides. The designed waveguide
array has a pitch of 775 nm in both dimensions with low crosstalk, which enables a full
180° x 180° aliasing-free field-of-view at an operating wavelength of 1550 nm. An illustration
of the closely-packed array is shown in Fig. 4.1b.

The waveguides between different layers are phase-mismatched by cycling through three
different waveguide thicknesses so that waveguides of the same height are separated by 1.5 A

vertically. Power coupling within the same layer is controlled by utilizing asymmetric e-skid
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waveguides of the same core width. As shown in Fig. 4.2b, the strong anisotropy of the
multi-layer cladding strongly confines the TE-like mode by controlling the skin-depth of the
evanescent wave for faster decay, thus enhancing the coupling length L. At the same time,
the asymmetric placement of multi-layer cladding between waveguides (shown in Fig. 4.2a,
type A waveguide features a narrower first air gap compared to its type B neighbor) creates
the index mismatch needed for limiting maximum coupling between adjacent waveguides.
Layers of different thicknesses are stacked in an alternating fashion: the waveguide above
type A (with narrower first air gap) is type B (with wider first air gap), and vice versa (Fig.
4.1b). This pattern in the layer stacking further helps control the vertical crosstalk between
layers. The maximum power coupled between waveguides (7) with phase mismatch, derived
from coupled mode theory (CMT), is limited by[12]

2

T = —sinc

4

1 (ABLO

2 o

2

)2 41 (4.2)

where Af is the phase mismatch and Lg is the coupling length. It could be derived from the
above equation that the product ASLg determines the maximum coupling. In our design,
the use of e-skid waveguides greatly enhances Ly. And Af is provided by the asymmetric

cladding placement for lower crosstalk.

4.3 Result and Discussion

Finite Difference Time Domain (FDTD) simulations were performed using commercial
software Lumerical FDTD Solution™ to characterize the system performance. Optimization
of the e-skid waveguide design is performed through a 3D FDTD simulation where the
maximum coupled power 7 is parameter swept with respect to Si fin width (wg;) and air gap
width (w,i). The simulation model is a 5 x 1 single-layer waveguide array as shown in Fig.
4.2a. All waveguides have a width of 450 nm to ensure single TE (transverse electric) mode
operation with low propagation loss at the center wavelength of 1550 nm. The waveguide
array has a center-to-center pitch of 775 nm. The minimum feature size in the design is set
to 30 nm to reflect limitations in fabrication. The smaller first air gap (Gap, in Fig. 4.2a)

is also set to 30 nm to provide the maximum asymmetry for phase mismatching between
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Figure 4.2. (a) Detailed schematic of the e-skid waveguide array in a single
layer(black line in Fig. 4.1b). (b) Example of electric field profile of the
fundamental mode in type A waveguide (left) and B (right), assuming Gap, <
Gapg.
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neighbors. The simulation result is shown in Fig. 4.3 where maximum coupling (10log(7),
in dB) is plotted against Si fin width and air gap width for both 3- and 4-layer cladding. The
red region on the bottom right of each subplot indicates parameters that did not meet the 30
nm feature size criterion. A cladding layer number of 3 and wg; = 50 nm and w,;,, = 30 nm
are chosen with a peak crosstalk of -23.47 dB, indicated by the green arrow in Fig. 4.3. The
chosen parameters also provide a smooth neighborhood that will help overcome potential

fabrication variations.
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Figure 4.3. Maximum crosstalk (in dB) in the same layer vs. Si fin width and
air gap width in e-skid multi-layer cladding. Left: result for 3-layer cladding;
Right: result for 4-layer cladding. The green arrow indicates the set of param-
eter used in following discussions.

To verify the performance in the multi-layer design, 3D FDTD simulation is run on a
simulation model with 5 (horizontal)x7 (vertical) waveguide array as shown in Fig. 4.1b,
which includes a basic repeat unit in all directions around the input waveguide. Different
colors in Fig. 4.1b are used to indicate three different waveguide thicknesses: blue (220 nm),
red (270 nm), and magenta (350 nm). The center-to-center pitch of the array is 775 nm both
horizontally and vertically. The length of the waveguide array is 300 yum. A TE mode was
sent into the center waveguide (type B waveguide with 450 nmx220 nm core, indicated by
the yellow dot in Fig. 4.1b) in the FDTD simulation. This waveguide has presumably the
weakest light confinement, thus would reveal the strongest crosstalk in the system. The areas
of interest are the same horizontal layer (yellow line in Fig. 4.1b), the vertical plane (black

line in Fig. 4.1b), and the adjacent horizontal layer (green line in Fig. 4.1b), respectively.
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The result is shown in Fig. 4.4. The strongest coupling between neighboring waveguides is

less than -23 dB in the same layer and less than -25 dB vertically.
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Figure 4.4. Simulation of power propagation in the waveguide array with
propagation constant mismatch (in dB). (a) Power profile in the horizontal
plane (black line in Fig. 4.1b). (b) Power profile in the vertical plane (yellow
line in Fig. 4.1b). (c¢) Power profile in adjacent horizontal plane (green line in
Fig. 4.1b).

The final waveguide routing towards the emission plane is arguably the most critical
section of the design. As shown in Fig. 4.5a, the final stage of routing could be realized
by adding an MMI splitter tree for each layer and phase shifters for individual waveguides.
Waveguides from different layers are then brought together through an interleaved fashion:
e.g., odd-numbered layers are placed on the left of Fig. 4.5a and even-numbered ones on the
right. Later, when those layers are combined, the waveguides that run parallel on top of each
other are separated by A, thus minimizing the crosstalk in between. The drawback of this
approach is that it introduces more interlayer waveguide crossings in the place of adjacent
parallel waveguides. Illustrated in Fig. 4.5b, left-most waveguide in even-numbered layers
and right-most waveguides needs to cross waveguides in adjacent layers 2(n — 1) times before
arriving at the emission plane. Finally, FDTD simulations are run for the structure in Fig.
4.5b for verification of potential scattering during the process. We simulated the propagation
of a 2-layer, 8 waveguide crossing section with silicon thickness 220 nm and 270 nm, as those

two layers have weaker confinement compared to the 350 nm layer.
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Figure 4.5. (a) Diagram of the combining region of the 2D emitter array; (b)
[Mlustration of waveguide crossing.
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The simulation result of the waveguide crossing is shown in Fig. 4.6. The difference
between the resulting optical mode at the emission is negligible, showing that the waveguide

crossing has little effect on the final emission profile.

| |_'
o
B

Figure 4.6. Simulated waveguide output without (top) and with (bottom)
waveguide crossings.

Fig. 4.7 shows the effect of potential horizontal misalignment between layers during
fabrication, which is modeled by a 5 x 3 waveguide array with offset introduced in the center
layer to the other layers. The amount of misalignment is normalized to the array pitch size
(775 nm). The peak crosstalk first drops due to the increase of spacing between vertical
waveguides when increasing the misalignment. Then it increases as the alternating pattern
of the array is broken. With maximum misalignment (i.e., the type A waveguides now stack
directly on top of each other), the design observes the strongest crosstalk but still less than
-22 dB, proving that the array design is immune to horizontal misalignment between layers.
This is important as it could allow such OPAs to be fabricated using techniques that could
efficiently stack up layers, such as the bonding of pre-patterned membranes, but not so good

in achieving accurate alignment between the layers.
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Another serious issue that the field of silicon photonics has always faced is the waveguide
coherence in mass productions, which would limit the performance of large-scale OPAs.
In addition, random fluctuations in structures could occur in long waveguides, introducing
phase and power error into the system and affecting the output beam quality. The effect
of such noise in our design has been modeled and simulated as follows: The E-field from a

single edge emitter with phase and power noise could be expressed as:

El(t) = (Al + Anoisei)efi[‘“t+(¢i+¢noisei)} (43)

where Aise; a0d Ppoise; are noise terms for power and phase from fabrication non-uniformity.
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Figure 4.7. FEffect of misalignment between layers. The top and bottom
layer remain aligned while the middle layer is shifted laterally by an amount
d (normalized to the array pitch size 775 nm)

To better illustrate the effect of the power noise, we simulated the light propagation
within a vertical slice of the emitter array with 40 layers through FDTD. The electric field
intensity of the cross-section across 500 pum of propagation is plotted in Fig. 4.8a. Power
variation across waveguides can be observed in a periodic pattern. Fig. 4.8b shows the slice
of E-field intensity at the end of 500 um propagation and has a standard deviation of 0.12
across all waveguide powers.

The average e-field intensity during the propagation is recorded in Fig. 4.9. For each
cross-section with given propagated length x, the power’s standard deviation in all waveg-
uides is calculated. And the average of such standard deviation during 500 pm propagation
is 11.6%, as shown in the orange curve in Fig. 4.9a. Note that the fluctuation of the average

power in Fig. 4.9a is caused by numerical errors in the large-scale simulation. Moreover,

81



(b) 1.4
12
_t12;
S |
1 : / I o
S 1 ¥ \\‘\ Al
5] \“ I
0.8 |
Z08
o
06 Bos
®©
04 E04
]
b4
0.2 0.2
0 . . . . .
0 100 200 300 400 500 -40 -30 -20 -10 0
X (um) y (um)

Figure 4.8. (a) E-field intensity of the waveguide array across 500 pm of
propagation. (b) E-field intensity sampled at the end of 500 um propagation.
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power profile from each cross-section is used to simulate a corresponding emitted beam pro-
file (while assuming perfectly aligned phase), overlapped and plotted in Fig. 4.9b-c. We

could see that ~ 10% of power noise minorly affects the output beam quality.
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Figure 4.9. (a) Standard deviation of e-field intensity of the waveguide array
across 500 um of propagation. (b) Simulated emission from each slice of power
profile in (a). (¢) Zoom-in view of (b).

To evaluate the impact of any given noise level, one would traverse all possible power
levels and phase within the noise level limit for every emitter in the system because, though
counter-intuitive, the highest impact of noise to the system does not usually happen when all
values reach their minimum or a combination of extreme values. To emulate such traversing
process with efficiency, we modeled the noise terms Apgise; and Gpoise; to follow a uniform

distribution with zero mean. A random noise value is assigned to each emitter element in
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each simulation iteration. The worst-case scenario is recorded between different iterations,
and the simulation cycle stops when the property of interest (e.g., signal-to-noise ratio (SNR)
and full-width half-Maximum (FWHM)) converges.

The actual simulation models the emission from a 40 x40 2D emitter array under different
levels of power or phase noise. Each emitter is set as an electric dipole for simplicity. The
number of iterations for each noise level was set to 10 to balance between accuracy and
efficiency. The worst-case scenario among the 10 iterations was chosen for evaluation. The
results are shown in Fig. 4.10, where the max noise level shows the extreme values used in
the simulation (e.g, a max power noise of 0.1 means that A, € [—0.1,0.1]). we could see
that the power variation between emitters has a negligible effect on the signal-to-noise ratio

(SNR), full-width half-Maximum (FWHM), and peak power of the far-field beam.
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Figure 4.10. The effect of phase and power noise on (a) FWHM, (b) SNR
and (c) power of the output beam.

To further investigate the power coupling in the system, 3D FDTD simulation is per-
formed for a 2 x 3 basic repeat unit over 300 um propagation length with all 6 waveguides
being active. The cross-section of the simulation model is shown in Fig. 4.11a, with the same
color notation used in Fig. 4.1b. To show the scalability of our design, periodic boundary
conditions are applied to both y and z boundaries, as shown in Fig. 4.11a with the black
dashed frame. Fig. 4.11b shows power of electric field on the array cross-section before
(left) and after (right) 300 pum parallel propagation. And only barely noticeable differences
could be found between the power on the two cross-sections. The optical power inside the
6 different waveguides is monitored and sampled every 0.3 pm along the 300 pm propaga-

tion simulation. The resulting power distribution at 1550 nm input wavelength is shown in
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the histogram in Fig. 4.11c, for both 0 phase input and alternating 0/m phase input (i.e.,
the extreme input phase profile where the waveguide with 0 phase are surrounded by four
n—phased neighbors and vice versa). The majority (> 85%) of the sampled points have their
optical power within +10% variation. The standard deviation in optical power is 0.089 and
0.11 respectively for 0 phase input and alternating 0/m phase input, showing that our design
would work in the top left (low-noise) section of Fig. 4.10 with an aligned phase profile at
the output facet. The power standard deviation is also listed in Fig. 4.11d under different
operating wavelengths, showing the possibility of a low-noise operation (St.Devpoyer < 0.15)

over a broad bandwidth from 1400 nm to 1600 nm.
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Figure 4.11. (a) Illustration of the power coupling simulation model cross-
section. The black dashed frame indicates the periodic boundary used in
simulation. (b) E-field intensity profile of the input facet (left) and output
facet after 300 um propagation (right), with aligned 0 phase input. (c¢) Statistic
of power in all waveguides during propagation. (d) The standard deviation of
normalized power versus different wavelength.
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4.4 Summary

This chapter aims to design a multi-layer optical phased array with A/2 emitter spacing
in two dimensions. This design is based on a 2D edge emitter array and could deliver a
2D-converged beam to a full 180° x 180" aliasing-free field-of-view on a single wavelength.
The power crosstalk between closely placed waveguides is suppressed by implementing phase
mismatching and silicon e-skid waveguides. The crosstalk in the same layer is controlled by
the asymmetric placement of the e-skid multi-layer cladding, which enhances the coupling
length and introduces phase mismatch simultaneously. Waveguides in different layers cycles
through 3 different silicon thicknesses to eliminate the coupling. Maximum crosstalk < —20
dB is found through 3D FDTD simulation over 300 pum propagation at 1550 nm. The design
could maintain low crosstalk when different layers are horizontally misaligned. The effect
of possible phase and power error in fabrication is discussed. Moreover, the design could

operate in low power noise conditions over 1400 nm to 1600 nm.
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5. BROADBAND SILICON PHOTONICS SWITCH BASED ON
OPTICAL PHASED ARRAY

5.1 Introduction

Multiport photonics switching has gained increasing popularity for its application as a
key component in data center networks [51]-[53]. Multiple platforms are used to realize these
optical switches, including microelectroic mechanical systems (MEMS)[54], liquid crystal on
silicon (LCOS)[55], InP-based generic integration[56], planar lightwave circuits (PLCs) [57]
and silicon photonics. Among those platforms, silicon photonics switches are of particu-
lar interest for their potential in minimizing the footprint. Moreover, its complementary
metal-oxide-semiconductor (CMOS) compatibility allows for mass-production resulting in
low cost. Different topologies have been demonstrated to realize switches with high port-
count. Conventional switch elements include Mach-Zehnder interferometer (MZI)[58], [59]
and micro-ring resonator (MRR)[60]. While both elements are feasible for a large-scale
switch, MZI-based designs feature a broader bandwidth at the cost of a larger footprint.
And miniaturization of such switches remains a popular field of study|[61].

On the contrary, MRR-based schemes achieve a smaller footprint and are limited by a
narrow bandwidth. A large-scale optical switch based on silicon integrated MEMS switch
elements is also demonstrated[62]. Featuring a record-high port count of 240 x 240, the SiPh-
MEMS platform shows potentially even higher scalability, with the only drawback being a
larger footprint and the high actuation voltage required for the MEMS elements. However,
at the same time, the cascaded nature of conventional designs will inevitably accumulate
increased crosstalk as the port count scales.

Recently, photonics switches based on optical phased array (OPA) are being demon-
strated[63]-[65]. OPA-based switches exhibit a small footprint, low crosstalk for its high
selectivity of beams, and a potential non-blocking operation without any waveguide cross-
ings. The major drawback of OPA switches is that they suffer from relatively high insertion
loss and high path(or port)-dependent loss (PDL). We take advantage of the half-wavelength

pitched emitter array and address these problems by demonstrating a novel design for an
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8 x 8 silicon photonic switch. The PDL in the design is suppressed by minimizing the optical

path-length and angular difference between ports.

5.2 Structure design

The schematic of our design is shown in Fig. 5.1. The proposed switch consists of a
center coupler region. And two series of optical phase arrays (OPAs) are placed at the
input/output sides of the coupler. Each OPA consists of a 4-stage cascaded 1X2 MMI
splitter tree and individual phase shifters for each waveguide. The different colored beams
in the central coupler region of Fig. 5.1 indicate different working states where the input
light from a particular input port is redirected to and collected by different output ports
through tuning the phase shifters of the OPAs. The significant advantage of this design over
Mach—Zehnder interferometer (MZI) based switches is that the beam steering and receiving
process depends only on the configuration of corresponding input/output OPA ports with no
waveguide crossing. At the same time, the number of control elements in our design scales
linearly to the port count, which also provides much higher scalability than conventional

designs with a quadratic dependence.

Cascaded
MMI tree

Output
OPA1
Output
OPA 2

E-skid fins

Figure 5.1. Schematic of the 8X8 optical phased array switch.

The proposed device is designed for a 220-nm-thick silicon-over-insulator (SOI) wafer
with 2 pm buried oxide (BOX) layer. Metamaterial-based extreme skin-depth (e-skid)

waveguides are applied to 450-nm-wide silicon single-mode waveguides at the end of the
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OPAs [13], [66], [67]. This allows for densely packed Si waveguide arrays to operate without
crosstalk by limiting evanescent coupling between closely spaced waveguides through the use
of the anisotropic metamaterial cladding. The spacing between adjacent silicon waveguides
is minimized to maximize the number of ports that could fit in the field-of-view (FOV) of
the OPA. All Si waveguides are placed 775 nm apart. And the spacing between adjacent
OPA ports is thus 775 nm x16 = 12.4 um.

One important aspect of the design is the selection of the material for the central cou-
pler. Unlike grating-based antenna array, the in-plane OPA switch requires extra vertical
confinement from the central coupler to help direct the beam. The emission angle of all the

beams emitted from an OPA with linear phase difference A¢ can be described as:

AA¢ + 2mm)

5.1
2nneffd ( )

sinf,, =

where 6, is the emission angle of the my, lobe, A is the working wavelength (1550 nm),
and d is the spacing between emitters. neg is the refractive index of the medium into which
the OPA is emitting. And in this case, neg refers to the effective index of the planar mode
inside the coupler. Fig. 5.2 shows examples where silicon and silicon nitride is used as the
coupler material (SiOs is also included for comparison). It could be seen that using silicon
will provide stronger vertical (z-axis) optical confinement for the mode with its higher index
but will introduce more grating lobes and a smaller steering range at the same time. And
SiN coupler behaves just the opposite way: its lower refractive index could allow for a larger
steering range, but more loss is involved in the coupler due to the lack of vertical confinement.
The following section will show designs using Si and SiN as the coupler material and compare

their performance.

5.3 Result and Discussion

The performance of designed photonic integrated circuits (PICs) is evaluated using com-
mercial software Lumerical Interconnect™. The S-matrix of each PIC element is extracted
through 3D FDTD simulations using Lumerical FDTD Solution™ as shown in Fig. 5.3(a).
The input light is first sent into a 1 x 16 multi-mode interferometer (MMI) splitter tree (the
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Figure 5.2. Structure (top) and cross-sectional electric field (bottom) at

maximum steering angle. The material used for the central coupler region is
(a) Silicon; (b) SiN; (c) SiOs, respectively.
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input OPA, which consists of cascaded 1 x 2 MMIs). After phase tuning, a 3D FDTD sim-
ulation is performed over the central coupler region to extract its S-matrix. The light from
the output waveguides is collected by 1 x 16 output OPAs. Individual phase shifters in the
output OPA collect/reject light from corresponding waveguides, resulting in corresponding
output ports’ on/off status.

Two critical problems of optical networks are path-dependent loss (PDL) and optical
crosstalk, which would lead to degraded signals and extra power consumption of the sys-
tem. Path-dependent loss has been widely discussed for optical multistage interconnection
networks (OMINs)[68], [69]. And for our design, the PDL is evaluated by comparing the
output power between port 1 and 8 with port 1 as the input port: the path 1 — 1 indi-
cates the shortest optical path length, and path 1 — 8 indicates the longest path length
and the largest steering angle. As the beam width scales inverse-proportionally with cos 6,
the path 1 — 8 experiences the highest loss from not only longer path length but also
higher beam divergence from increased steering. The device loss of these two paths for both
220 nm thick silicon platform and 350 nm thick silicon nitride platform are shown in Fig.
5.3(b) and (c¢). The maximum beam steering angle required to reach the furthest port is
tan 6,4, = L/(M X port size), where L is the coupler length and M is the number of ports.
Increasing device length L helps to decrease 6,,,,, which decreases steering-related loss at
the cost of higher propagation loss - preferable for silicon coupler. And similarly, shorter
coupler length and larger 6,,,, are preferable for the SiN coupler. The yellow arrows indicate
the point when the 1 — 8 has the lowest loss. And the blue arrows show the points that
exhibit better PDL at the cost of slightly lower efficiency. In order to gain balance between
those factors, device lengths of 400 pm and 270 pm are chosen for 220 nm thick silicon and
350 nm thick silicon nitride, indicated by the blue arrows.

The transmission spectrum obtained from simulation is shown in Fig. 5.4. The figure
includes configurations where input port 1 aims at output ports 1 through 8. The trans-
mission at corresponding output ports being aimed at (and set to ON state) is represented
by the colored curves; the red curves show the transmission at other output ports (set to
OFF state). Detailed transmission from the ON state ports is plotted in the sub-figures on
the right. We obtained a wide operating bandwidth of 1500 — 1600 nm. And a wavelength
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dependence of less than 1 dB is observed for ports 1 through 8. The extinction ratio of over
40 dB and insertion loss of less than 5.5 dB are achieved for both designs. More specifically,
at 1550 nm, 41/45 dB signal-to-noise ratio (SNR) and 3.5/3.8 dB insertion loss are obtained
for silicon and silicon nitride designs, respectively. The insets in Fig. 5.4 show the path-
dependent loss of the design and is below 1 dB at 1550 nm for both platforms. Given the
extra steering range provided by the silicon nitride coupler, four extra ports could be added

to the design (port 9 through 12 in Fig. 5.4b), with degraded performance.
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Figure 5.4. (a) Simulation result of the 220 nm silicon device, showing a 41
dB SNR and 0.73 dB minimum PDL; (b) Simulation result of the 350 nm SiN
device with 45 dB SNR and 0.85 dB minimum PDL.

One serious issue that the field of silicon photonics has always faced is the random
fluctuations of fabrication in mass productions, which would limit the performance of large-
scale devices. Random fluctuations in structures could occur in long waveguides or among

multiple copies of the same structure, introducing phase and power error into the system and
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affecting the overall performance [70], [71]. In Fig. 5.5, we showed the effect of fabrication
errors on our design. For our system, the fluctuations mainly contribute to the uneven
splitting ratio of the MMI splitter tree, which could potentially affect the beam quality
inside the coupler, thus affecting the performance of the design. When all MMIs in the
splitter tree are ideal, a ’flat’ power profile could be expected at the OPA output plane,
meaning that all output waveguides have the same power level. However, if unbalanced
MMIs are considered, the output power will tend to 'concentrate’ in a certain area. Fig.
5.ba shows three characteristic power profiles where unbalanced MMIs are considered in the
system: The ’tilted” profile when all MMIs directs higher power to the same direction; the
‘'max at side’ profile when all MMIs directs the majority of power to the sides and 'max
at center’ to the center. These represent extreme cases of output power distribution and
could potentially have the largest impact on the performance. The unbalance of the MMI is
quantified as the power difference between two output ports: 0 variation stands for 50%/50%
output power splitting, and 0.1 variation stands for 55%/45%. To evaluate the effect of the
uneven power profile, the three representative power distributions are applied to both input
and output OPAs. The transmission for path 1 — 1 and crosstalk at port 2 (Fig. 5.5b, c);
and the transmission for path 1 — 8 and crosstalk at port 7 (Fig. 5.5d, e) are presented
at the working wavelength of 1550 nm. As shown in the figure, larger power variation does
degrade the device performance, but the effect is marginal. In the worse case scenario, the
transmission is lower by 0.25 dB (path 1 — 8, 'Max at sides’ profile) and the noise level
is higher by 1.8 dB (path 1 — 1, 'Max at center’). The beam formation from an OPA
could be seen as an example of N-slit diffraction, which is less susceptible to power variation
in individual sources but relies more on the phase relationship. It is worth noting that
in some cases (e.g., path 1 — 1, 'Max at sides’), the crosstalk at the adjacent OFF state
port is even lower than a uniform power profile. In such cases, the background power is
distributed more evenly across multiple output ports, resulting in lower peak transmission
and lower peak crosstalk at the same time. And in our design, we assume that individual
phase shifters are used to align the phase of each channel at the output facet. While phase

error greatly impacts beam quality, it could be compensated by fine-tuning individual phase
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shifters. Effective algorithms for controlling a large number of phase shifters have been widely

reported and implemented [72], [73], which would ensure the robustness of the design.
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Figure 5.5. (a) Illustration of the 3 representative power distributions at the
end of the splitter tree for unbalanced MMIs; (b, ¢) Performance of the 270um
SiN device when aiming at port 1 (b, red line, ON state) and the crosstalk at
port 2 (c, blue line, OFF state); (d, e) when aiming at port 8 (d, yellow line,
ON state) and the crosstalk at port 7 (e, green line, OFF state) with respect
to different MMI power variation.

If we utilize the 2D edge emitter array proposed in Fig. 4.1b to take the place of 1D OPA
emitters, a 64 x 64 OPA-based 3D switch could be realized while keeping the same maximum
device width as an 8 x 8 2D in-plane switch. The general concept is illustrated in Fig. 5.6a.
As the 2D emitter array provides beam confinement in both dimensions, the coupler material
could be chosen to be air (n = 1). The switch will work in a grating lobe-free condition
while best utilizing the half-wavelength pitched emitter array. While the number of grating
lobes and propagation loss is no longer present in the 3D switch design, the design goal is
further simplified into gaining balance between emitter size (beam confinement at the cost
of device width) and coupler length (smaller maximum steering angle at the cost of more
beam divergence). A corner emitter and the diagonal receivers (labeled from 1 to 8 with
increasing distance from the corner emitter) are chosen to represent the performance of the

design best. The FDTD simulation result from several different parameter combinations is

95



shown in Fig. 5.6b. The structure includes transceiver and receiver planes, which consists
of 8 x 8 emitter and receiver elements. Each element is a 2D waveguide edge emitter array,
as illustrated in the inset of Fig. 5.6a. As expected from the results of the in-plane switches,
the use of smaller emitter element size or longer device length could result in less PDL, but

at the cost of higher overall loss.
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Figure 5.6. (a) Schematic of the proposed 3D OPA switch; (b) Simulation
result of the 3D switch with various channel size and device length.

Those 3D FDTD simulations are very computation-intensive due to their large scale. As
the switch operates in a grating lobe-free condition, the emission and receiving process can
be emulated by the propagation of coupling of Gaussian beam in free space. We simplify the
emission from an emitter block to a Gaussian beam with waist wq equals half of the emitter

size. As the beam then travels in free-space, its intensity follows[74]:

P r?

I(r,z) = WGXP(_Qw(z)2) (5.2)

where P is the total power of the beam. w(z) is the beam width at distance z, given by:

w(z) = woy /1 + <7T)1\Z2))2 (5.3)

At the receiver side, the amount of power captured by the aperture rq is

ro 2P —2r2
Plro)= [ = 13 () (5.4)
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So the ratio between captured power and total emitted power is

—2r2
P(ro)/P(c0) =1 —exp(——) (5.5)
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Figure 5.7. (a) FDTD result of the 3D switch, reproduced from Fig. 5.6b;
(b) Estimation from Gaussian beam propagation

The comparison between FDTD simulation and numerical estimation from Gaussian
beam is presented in Fig. 5.7, showing good agreement in overall trend and relationships.
This allows us to estimate the performance for more complicated design schemes. For exam-
ple, as shown in Fig. 5.8a, the outer ring of emitters are increased to 2NN from N x Nin
size to compensate for the large beam broadening loss from the longest diagonal path 1 — 8.
Similarly, the emitter size of the second outer ring is increased to 1.5N x 1.5N. The result
is shown in Fig. 5.8b. We can see that the increase in individual port size well compensates
for the performance from diagonal paths. Moreover, further improvement in port response

uniformity is expected with a more accurate apodization of the system.

5.4 Summary

This chapter presents the architecture of an SOI-based 8 x 8 switch using optical phased
array. E-skid waveguides are used in the design to control the evanescent coupling between
closely packed ports. As a result, more operating ports could fit into a small FOV of the

OPA. And low-loss switching is achieved from the use of a half-wavelength pitch emitter array.
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Figure 5.8. (a) Scheme of the emitter size apodization; (b) Calculated switch efficiency.
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Broadband (1500 - 1600 nm) switching is numerically demonstrated for silicon and silicon
nitride couplers with 3.5/3.8 dB insertion loss and less than 1 dB PDL at 1550 nm. Moreover,
we discuss the effect of potential non-uniform power splitting of the cascaded MMI tree from
fabrication fluctuation and have shown its minor effect on the device performance. Finally,
using a 2D end-fire emitter element is promising for enhancing the number of operational
ports. The proposed design demonstrates a scalable and low-loss optical switch in a compact

footprint, which can be found necessary in multiple applications.
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6. SUMMARY AND FUTURE WORK

In summary, in this thesis, we have shown the design, fabrication, and characterization of
a uniform half-wavelength spaced grating emitter array. Moreover, we extended the design
scheme to two-dimensional end-fire OPA and optical switches.

In Chapter 2, the design and fabrication process of the OPA components were shown,
including the design of multimode interferometer (MMI), SiN/Si power coupler, TO/EO
phase shifters, and grating emitter array. The application of e-skid waveguides realizes the
half-wavelength pitch between emitters. The fabrication of a dense e-skid waveguide array
is done through proximity effect correction by Yun Jo Lee.

In Chapter 3, a 32-channel aliasing-free optical phased array with half-wavelength emitter
pitch and high emission power was demonstrated. SiN input couplers were used for high
power coupling onto the device. Si e-skid emitter array was used to achieve half-wavelength
emitter pitch. De-convolution of the retrieved power profile was performed to recover the
original emission pattern and the power within the main beam. The amount of phase noise
in the system is evaluated. And a record-high FOV of 135°s measured along with high
emission power (44 mW), which makes the design promising for long-range LiDAR systems.

In Chapter 4, we extended the use of the e-skid waveguide array to end-fire emitter
arrays. A multi-layer optical phased array with \/2 emitter spacing in two dimensions was
proposed. The combination of the e-skid waveguide and propagation constant mismatch
limits the power crosstalk in both dimensions, and thus 2D-converged beam steering with
full 180° x 180" aliasing-free field-of-view on a single wavelength is numerically demonstrated.
The crosstalk in the same layer is controlled by the asymmetric placement of the e-skid
multi-layer cladding, which enhances the coupling length and introduces phase mismatch
simultaneously. Crosstalk between vertically aligned waveguides is suppressed by cycling
through 3 different silicon thicknesses. Maximum crosstalk < —20 dB is verified by using 3D
FDTD simulation over 300 um propagation at 1550 nm. The design is prone to horizontal
misalignment between layers. And the effect of possible phase and power error in fabrication

is discussed and could be minimized with a proper phase control mechanism.
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In Chapter 5, the half-wavelength edge emitter array was applied to an SOI-based 8 x 8
switch. The use of e-skid waveguides lowered the power loss from extra grating lobes in
the switch. And as a result, more operating ports could be fit into a small FOV of the
OPA. Comparable designs for switching are numerically demonstrated for silicon and silicon
nitride couplers with 3.5/3.8 dB insertion loss and less than 1 dB PDL at 1550 nm. The
effect of power noise from fabrication fluctuation is also evaluated. Finally, using a 2D
emitter element further enhances the optical switch to a potential 64 x 64 setup.

This thesis’s future work should mainly focus on scaling the OPA design demonstrated
in Chapter 3 and realizing designs from Chapters 4 and 5. The performance of the half-
wavelength pitched OPA shown in chapter 3 is mainly limited by the lack of an active phase
control mechanism and the limit in the number of channels. Scaling the OPA with more
channels can provide more power capacity as well as finer beam confinement. Furthermore,
integrating active phase shifters on the chip would considerably lower the phase noise of the
emission, which will also allow for high-speed beam steering. The feasibility of the multi-layer

2D end-fire emitter array should also be analyzed.
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