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ABSTRACT

Functional Photonic Integrated Circuits Based on Advanced

Three-Dimensional Photonic Packaging

Three-dimensional (3D) photonic packaging is a pivotal technology for integrating pho-
tonics components into compact and efficient optical systems. This dissertation presents
advanced techniques for achieving cutting-edge 3D packaging, such as ultrafast laser in-
scription (ULI), optical phased arrays (OPAs), and metalenses. In ULI, we successfully
demonstrated arbitrary vertical ULI waveguides within Eagle glass and an optical inter-
poser, achieving a 0.62 dB/cm propagation loss. Further advancements led to a record-low
loss of 0.16 dB/cm using germanium-oxide doped glass. We also employed a waveguide
routing tool to demonstrate a 3D fan-in/fan-out device for multi-core fiber integration
with SMF-28 fiber arrays. Furthermore, we presented a first 3D arrayed waveguide grat-
ing router (AWGR) operating at 1550 nm, created through ULI. Leveraging a multi-scan
technique, we achieved a 399.1 GHz channel spacing, and a 2.02 nm 3 dB-passband. The
integration of the AWGR with a fan-in/fan-out structure shows its versatility in 3D pho-
tonic integration. In optical beam steering, we developed a near-infrared (NIR) OPA with
a 5 mm emitting area and 1.3 pum waveguide pitch, exhibiting 3.3° axial and over 40° lateral
steering. Additionally, a mid-wave infrared (MWIR) OPA based on a germanium-silicon
photonic platform achieved remarkable results, including 0.18° axial and 12.7° lateral
beam steering. Furthermore, a commercial foundry was employed to fabricate 64 x 64
OPAs with integrated transistors, operating at wavelengths of 3.8 um and 4.6 pm. For
metalenses, we developed polarization-diversifying highly-dispersive metalenses tailored
for four spectral bands (0.76 pum, 1.61 gm, 2.06 pm, and 2.32 pum) to enable compressive
hyperspectral imaging. These metalenses with a 20 mm diameter boast impressive spec-
tral resolving powers (10000, 5000, 4000, and 3571, respectively). Initial tests on a 2 mm
metalens designed for a 2.06 ym wavelength validated its focusing capabilities, achiev-
ing a 46 % transmission efficiency. Additionally, the off-axis metalens displayed clear

polarization splitting and a 12 pum focal spot shift during a 2 nm wavelength tuning.
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Chapter 1

Background and Motivation
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Figure 1.1. Schematic of (a) inter-chip interconnects on a silicon photonic integrated
circuit [1] and (b) light detection and ranging (LIDAR) system [2].

Over the past decade, the field of photonic integration has experienced remarkable
advancements. These developments have led to the emergence of chip-scale systems and
optoelectronic interposers that hold the promise of revolutionizing various applications in-
cluding Th/s inter-chip interconnects and low-cost light detection and ranging (LIDAR)
systems, as illustrated in Figure 1.1. In contrast to the conventional electronics domain,
which primarily relies on metal-based flip-chip bonding or wire bonding for chip-to-chip
interconnections, the field of photonics necessitates a more versatile three-dimensional
(3D) packaging technology capable of delivering substantially improved alignment accu-
racy. This precision is essential for establishing low-loss connections between photonic

chips, ensuring the efficient transmission of optical signals and the overall success of pho-



tonic integrated systems. In this study, we will show a variety of promising techniques
for achieving state-of-the-art 3D packaging including ultrafast laser inscription, optical

phased arrays, and metalenses.

1.1 Photonic packaging using ultrafast laser inscrip-

tion

(d) 3D structuring by

two-photon polymerization
Photonic wire bond

Figure 1.2. Demonstration of (a) a 2D-3D fan-in fan-out chip [3] and (b) a photonic
wire-bonding technique [4] using ultrafast laser inscription.

Ultrafast Laser Inscription (ULI) has emerged as a pivotal technology in the realm
of 3D photonic device fabrication, playing a vital role in enabling advanced 3D photonic
packaging [3, 4] as illustrated in Figure 1.2. At its core, ULI hinges on the delivery of
exceptionally short laser pulses to a target material, typically a transparent substrate or
crystal. These ultrafast laser pulses possess an extraordinary concentration of energy,
affording the capability for meticulous material ablation, modification, and inscription.
Researchers have harnessed this remarkable technology to craft intricate microstructures,
waveguides, photonic circuits, and even complex 3D optical components. In recent years,
ULI has found a multitude of applications, underscoring its versatility and impact on vari-
ous fronts. Notable among these applications are Photonic Integrated Circuits (PICs) [3],
3D micro and nanostructuring [7-10], and the writing of Fiber Bragg Gratings (FBGs)
[11-14]. PICs, in particular, have garnered substantial attention for their potential to
integrate diverse microsystems, thereby creating new functionalities. For instance, Lin-
denmann’s research group introduced the innovative concept of photonic wire bonding,

showing its feasibility through the demonstration of low-loss interconnects among photonic



chips arranged in 3D configurations [4]. Furthermore, ULI technology enables the fabrica-
tion of low-loss 2D-3D fan-in and fan-out devices, facilitating photonic packaging between
distinct components, such as silicon waveguides and multicore fibers [15, 16]. Another re-
markable development is the work of Yoo’s group, which introduced photonic—electronic
integration using ULI waveguides to achieve orbital-angular-momentum (OAM) multi-
plexing /demultiplexing and beam steering [3]. These breakthroughs exemplify the ongo-

ing evolution of ULI technology and its profound impact on photonics applications.

1.2 Beam steering using optical phased arrays

Output
beam

Laser
input

MMI Tree
Beam splitter Phase
shifters Grating

emitter array

Figure 1.3. Schematic of an OPA photonic integrated circuit (PIC) based on grating
emitters for two-dimensional beam steering.

Optical beam steering has been widely used in many applications, including free-space
optical communications (FSOC) [17], imaging [18], and light-detection-and-ranging (Li-
DAR) [19]. However, most traditional beam-steering technologies rely on the optomechan-
ical movement of mirrors and lenses, which limits the beam-steering capability. There-
fore, solid-state optical beam steering based on optical phased arrays (OPAs), as shown
in Figure 1.3, with no moving parts enables faster, more compact, and lower-cost devices
[20-26]. OPAs consist of an array of closely spaced optical emitters or waveguides, often
using semiconductor technology. By controlling the phase of light emitted from each ele-

ment, they can create interference patterns that steer the direction of the resulting light



beam. Mature CMOS-compatible fabrication processes permit subwavelength element
spacing while effectively managing optical loss, resulting in beam steering without side-
lobes and achieving high emission efficiency. Furthermore, recent advancements in silicon
photonics foundries have enabled the cost-effective production of large-scale integrated
OPAs. These developments open up exciting possibilities for enhanced optical systems

and applications, further advancing the field of optical beam steering.

1.3 Compact integrated imaging system using met-

alenses

(a) (b)

Figure 1.4. (a) Ilustration of the concept of vertically stacking metalenses to build an
ultrathin multifunctional optical system [5]. (b) Schematic of an achromatic metalens
[6].

Among the various flat optical devices, metalenses stand out for their exceptional
potential in creating ultrathin, vertically integrated systems with multifunctional focus-
ing, as depicted in Figure 1.4(a) [5]. Metalenses offer precise control over both the
phase and amplitude of light, allowing for the customization of wavefronts by adjusting
the structural parameters of each constituent element within the metalens. Compared
to conventional optical lens systems, metalenses exhibit several advantages, including a

higher numerical aperture, absence of spherical aberration, and diffraction-limited focus-



ing [27, 28]. Furthermore, all-dielectric metalenses have been demonstrated to signifi-
cantly reduce absorption losses. Figure 1.4(b) illustrates another noteworthy achievement
on broadband achromatic metalenses, achieved through the meticulous design and precise
arrangement of individual elements [6]. What makes metalenses even more promising is
their straightforward fabrication process and versatile design, making them fully com-
patible with CMOS technology [29, 30]. This compatibility opens up possibilities for
integration into a wide range of optical systems, including those with applications in

imaging, sensing, and telecommunications.

1.4 Dissertation outline

This dissertation delves into various 3D packaging technologies applied to photonic inte-
gration systems. In Chapter 2, we leverage ultrafast laser inscription to achieve intra-chip
coupling within an optical interposer, integration with multi-core fibers, and the imple-
mentation of 3D arrayed waveguide grating routers (AWGRs). Moving on to Chapter 3, we
are dedicated to the exploration of non-mechanical, electronically controlled optical beam
steering and formation, employing optical phased arrays (OPAs) in the near-infrared and
mid-infrared spectral regions. Additionally, we work on the design and thorough char-
acterization of OPAs fabricated by a silicon photonics foundry. Chapter 4 shows the
integration of metalenses into a compressive sensing architecture, highlighting their piv-
otal role in achieving hyperspectral imaging. We have meticulously designed, fabricated,
and characterized large-scale metalenses with millimeter dimensions, rigorously evaluat-
ing their spectral resolution capabilities. Finally, Chapter 5 provides a comprehensive

summary of the dissertation’s work and offers a glimpse into future research prospects.



Chapter 2

Three-Dimensional Photonic
Integrated Devices Fabricated by

Ultrafast Laser Inscription

2.1 Principle

Femtosecond
Laser Beam

I ~Substrate

Figure 2.1. Schematic diagram of 3D waveguide writing by ultrafast laser inscription.

Ultrafast laser inscription (ULI) utilizes multi-photon ionization to induce nonlin-



ear absorption, resulting in the creation of permanent structural changes. Among these
changes, three common types can be broadly classified: smooth refractive index change,
birefringent refractive index modification, and microexplosion (empty voids) [31]. These
types of changes are determined by exposure conditions and material properties. Fig-
ure 2.1 illustrates the schematic diagram of three-dimensional waveguide writing in a
glass substrate by ultrafast laser inscription. In terms of exposure conditions, several
factors are taken into consideration, including pulse repetition rate, average power, pulse
energy, pulse duration, laser wavelength, laser polarization, scan speed, and cross-section
engineering (multi-scan). By increasing the pulse repetition rate or average power, it is
possible to achieve higher scan speeds, thereby reducing the total fabrication time. In
this work, circularly polarized light is employed for laser inscription to ensure the consis-
tent uniformity of waveguide properties across various shapes. Additionally, a multi-scan
technique [32] is utilized to optimize waveguide propagation loss and tailor the optical
mode profile for minimizing coupling loss. As depicted in Figure 2.2, each scan along the

waveguide is laterally displaced to form a rectangular waveguide core.

Glass
Substrate

Figure 2.2. Schematic diagram of the multi-scan technique

ULI techniques are often demonstrated in the materials of glasses and crystals. Certain
studies have employed doped glasses to enhance the refractive index change within the

waveguide core [33, 34]. In this work, We mainly fabricated the ULI waveguides on



the boro-aluminosilicate glass (Eagle2000), which features lightweight composition, low

thermal expansion, and transparent appearance.

2.2 Arbitrary vertical low-loss waveguides in deposited
oxide of optical interposers for low-loss 3D pho-

tonic packaging
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Figure 2.3. (a) Schematics of packaged photonic and electronic convergence system
with 3D ULI waveguides for optical coupling. (b) Cross-sectional SEM pictures of
deposited oxide cladding on a silicon substrate. (¢) Measured wafer bow as a function
of deposited oxide thickness. Schematic of (d) intra-chip and (e) chip-to-chip light
coupling using 3D ULI waveguides.

Ultrafast laser inscription (ULI) has become an emerging technology for 3D photonic
device fabrication, facilitating 3D photonic packaging [3]. Low-loss 2D-3D fan out chips
[15] and photonic wire-bonding [4] have been demonstrated using this technique. However,
demonstrated waveguide devices are typically on glass or polymer platforms [4, 15], which
generally are not compatible with the mature CMOS fabrication. This prohibits its further

application in the photonics/photonics-electronics convergence systems. In this section,



we proposed a new chip-to-chip optical coupling scheme using an arbitrary vertical S-bend
low-loss waveguide fabricated on deposited oxide cladding for 3D photonic packaging.
Figure 2.3(a) shows our proposed scheme using 3D ULI waveguides on deposited oxide
cladding for low-loss optical coupling between different photonic chips/photonic integrated
chip and an optical interposer. As the ULI waveguide can be fabricated from 10 um to
> 100 pm in the vertical directions, it offers flexible integration with the high-speed
electronic driving circuits, eliminating long wires with large parasitic capacitance. To
achieve this integration, we fabricated a proof-of-concept ULI device on deposited oxide
cladding on a six inch silicon wafer using standard low-pressure chemical vapor deposi-
tion. Figure 2.3(b) shows the crosssectional SEM picture of deposited 40 pm thick oxide
samples. We expected the flatness of the sample over a typical chip size (1 cm) is less
than 2 pm from measured wafer bow data (Figure 2.3(c)). In the following study, we
will begin by characterizing the ULI waveguides in deposited oxide on silicon substrate.
Subsequently, we aim to achieve intra-chip light coupling between 3D ULI waveguides
and SiN waveguides, as illustrated in Figure 2.3(d). Once we successfully demonstrate
low-loss intra-chip coupling, our next step will involve realizing chip-to-chip light coupling

between two photonic chips using 3D ULI waveguides, as depicted in Figure 2.3(e).

2.2.1 System setup for ultrafast laser inscription
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Figure 2.4. (a) Ultrafast laser inscription system. (b) Laser inscription on a glass
substrate using a high NA objective lens.



Figure 2.4 (a) illustrates the setup of our ultrafast laser inscription (ULI) system.
The Yb-doped fiber laser system (Clark-MXR) can generate pulse energies of up to 10
ud, with a user-selectable repetition rate ranging from 200 kHz to 25 MHz. The output
beam has a center wavelength of approximately 1038 nm, and a pulse width of about
300 fs. An aspheric objective lens with a numerical aperture (NA) of 0.55 is used to
focus the laser beam onto the sample, which is positioned on a computer-controlled 3-axis
stage (Aerotech), as shown in Figure 2.4 (b). The stage is capable of reaching a maximum
moving speed of 2 m/s, with a remarkable repeatability down to 200 nm. A high-resolution
camera equipped with lens tubes was installed on the top of the sample to precisely align
the writing patterns and monitor the laser inscription in the sample. In addition, a HEPA
air filter was installed on top of the ULI system to ensure a well-maintained and conducive

operating environment.
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Figure 2.5. (a-b) The optical setup and (c-d) the corresponding layouts on the optical
bench and the wall, respectively.

Figure 2.5 (a) and (b) show the entire optical setup within the ULI system, and the
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corresponding layouts on the optical bench and the wall are illustrated in Figure 2.5 (c)
and (d) respcetively. To enable rapid modulation of the optical power for laser inscription,
an acousto-optic modulator (AOM) is employed in this system. Additionally, a quarter
wave plate is utilized to generate circularly polarized light, as mentioned in the previous
paragraph, in order to inscribe waveguides with arbitrary shapes. An autocorrelator is
used to monitor the laser pulse width to ensure it stays around 300 fs during the laser
inscription process. When inscribing depths are greater than 500 pm below the surface, a
deformable mirror and wavefront sensor are employed to tailor the wavefront of the laser
beam and correct any optical aberrations. At the end of this system, the laser beam is
focused onto the sample using an objective lens with a high NA of 0.55, while the laser

inscription process is closely monitored with a high-resolution CCD camera.

2.2.2 Characterization of ULI straight waveguides on deposited

oxide of optical interposers

Figure 2.6. Measurement setups for (a) optical loss and (b) optical mode profiles. (c)
Top view of fabricated ULI waveguides under different exposure conditions.

Figure 2.6 (a-b) illustrates the measurement setups employed for characterizing ULI
waveguides on deposited 40 um thick oxide samples. In Figure 2.6 (a), two SMF-28 fibers
were used for butt-coupling with the ULI waveguides to characterize their optical losses.
The mode profiles of each ULI waveguide were captured using an objective lens with
60x magnification and 0.85 NA as shown in Figure 2.6 (b). To optimize the transmission
efficiency of the ULI waveguides, we use a multi-scan technique with a 200 nm lateral shift
between each scan. Figure 2.6 (¢) shows the top view of the fabricated ULI waveguides

under various exposure conditions.
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Figure 2.7. The cross-sections of fabricated ULI waveguides on deposited 40 pm thick
oxide samples under various inscription conditions.
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Figure 2.8. Measured mode profiles of fabricated ULI waveguides on deposited 40 pm
thick oxide samples under various inscription conditions.

Figure 2.7 displays the cross-section pictures of fabricated ULI waveguides on deposited
oxide samples with a thickness of 40 ym. The applied pulse energy ranged from 160 to 300
nJ, while the writing speed varied at 2, 6, and 10 mm/s. The chosen writing depth was 20
pm below the top surface to effectively eliminate the unwanted scattered light induced at
the boundaries of the air and the substrate. As the initial testing, these waveguides were
fabricated by 11 scans, following the previous optimized inscribing recipe for Eagle glasses.
Besides, to prevent optical crosstalk between adjacent waveguides, the waveguide spacing

was set to 200 pm. It is worth noting that certain waveguide facets suffered cracking as a
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result of an unoptimized polishing process. Figure 2.8 shows the measured mode profiles
of fabricated ULI waveguides at 1550 nm wavelength. As the pulse energy increases, the
mode field diameter decreases, indicating a higher refractive index change and improved
optical confinement. For instance, at a writing speed of 6 mm/s and a pulse energy of
160 nJ, the mode field diameter measures 9.58 ym by 11.17 um. However, as the pulse
energy is raised to 300 nJ, the mode field diameter decreases to 5.59 um by 8.73 pm. It
is noteworthy that the fabricated waveguide dimensions and measured mode profiles on
the deposited oxide cladding are comparable to those on the glass substrate.

Table 2.1. Measured optical loss of fabricated ULI straight waveguides on deposited
40 pm thick oxide sample under various inscription conditions.

Inscription condition | Total insertion loss Coupling loss Propagation loss
(dB) (dB/facet) (dB/cm)

160 nJ, 2 mm/s 10.6 0.07 4.38
160 nJ, 6 mm/s 8.3 0.03 3.46
160 nJ, 10 mm/s 8.1 0.05 3.35
180 nJ, 2 mm/s 6.5 0.3 2.47
180 nJ, 6 mm/s 7.4 0.03 3.08
180 nJ, 10 mm/s 11.5

200 nJ, 2 mm/s 37.7

200 nJ, 6 mm/s 4.3 0.24 1.6
200 nJ, 10 mm/s 4.4 0.68 1.28
220 nJ, 2 mm/s 5 0.35 1.8
220 nJ, 6 mm/s 3.9 0.54 1.19
220 nJ, 10 mm/s 4.4 0.7 1.26
240 nJ, 2 mm/s 3.9 0.48 1.23
240 nJ, 6 mm/s 3.8 0.71 1
240 nJ, 10 mm/s 4.2 0.89 1.02
260 nJ, 2 mm/s 3.5 0.6 0.97
260 nJ, 6 mm/s 3.5 0.88 0.73
260 nJ, 10 mm/s 4.3 0.86 1.08
280 nJ, 2 mm/s 2.9 0.77 0.57
280 nJ, 6 mm/s 10 0.88 3.46
280 nJ, 10 mm/s 4.8 0.82 1.32
300 nJ, 2 mm/s 23 1.04 8.77
300 nJ, 6 mm/s 9.9 0.88 3.41
300 nJ, 10 mm/s 16.6 0.83 6.26

Following the investigation of mode profiles, our focus shifts to the characterization of

13



optical loss, as shown in Table 2.1. The sample measures approximately 2.4 cm in length.
The coupling loss is determined through the optical mode mismatch between an SMF-28
fiber and a ULI waveguide. The coupling efficiency can be computed using the overlap
integral of the two electric fields, as presented below:
|ff ElEgdxdy‘z

B If | By |? dady [ | B, |? dady
where F; and FE5 represent the respective electric fields of an SMF-28 fiber and a ULI

n (2.1)

waveguide in this context. Given that the spatial field distributions for both SMF-28
fibers and ULI waveguides can be approximated as Gaussian distributions, Equation 2.1

can be further simplified into the following equation for the coupling loss:
4d3‘iberdxdy

(d% + d?‘iber) (d?QJ + d?iber)

where d tipe, is the mode field diameter for a SMF-28 fiber and d, and d,, are the mode field

CL (dB) = 10log,,

(2.2)

diameters for a ULI waveguide along horizontal and longitudinal directions respectively.
The mode field diameter for SMF-28 fibers is 10.5 pm at 1550 nm wavelength. The
propagation loss can then be determined by subtracting the coupling loss from the total

insertion loss.
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Figure 2.9. (a) Measured propagation loss and (b) coupling loss of ULI waveguides on
deposited 40 pm thick oxide sample as a function of the pulse energy at different scan
speeds. These waveguides were fabricated by 11 scans.

Figure 2.9 presents the propagation loss and coupling loss at different scan speeds

and pulse energies. The results indicate that the coupling loss escalates as pulse energy
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increases due to the growing mode mismatch between the SMF-28 fiber and the ULI
waveguide. Conversely, the propagation loss initially diminishes as pulse energy rises
and reaches a minimum within the range of 240-280 nJ. The optimal propagation loss of
0.57 dB/cm is achieved at a pulse energy of 280 nJ and a scan speed of 2 mm/s while
the coupling loss with a SMF-28 is 0.77 dB. It is noted that despite the coupling loss
can be reduced to below 0.4 dB/facet when the pulse energy is lower than 200 nJ, the

corresponding propagation loss would exceed 2 dB/cm, which is unsuitable for making

low-loss optical devices.

2.2.3 Characterization of ULI bending waveguides on deposited

oxide of optical interposers
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Figure 2.10. (a) Configuration of S-shaped waveguide. (b) Measurement setup. (c)
Measured mode profile of a fabricated ULI waveguide on a Eagle glass sample using a

scan speed of 3 mm/s and a pulse energy of 260 nJ. (d) Measured bending loss as a
function of the bending angle for the bending radii of 10 mm and 20 mm.

With the completion of the characterization of straight ULI waveguides, we move on
to the exploration of bending ULI waveguides. Recognizing that ULI structures require a
bending radius on the order of millimeters to mitigate substantial bending losses caused
by the relatively lower refractive index change, we decided to utilize S-shaped structures

as depicted in Figure 2.10 (a) to study the bending loss. Figure 2.10 (b) illustates the
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measurement setup for characterizing S-shaped ULI structures on a Eagle glass. For
this investigation, we utilized a scan speed of 3 mm/s and a pulse energy of 260 nJ
as the inscription conditions. The corresponding mode profile of the ULI waveguide is
depicted in Figure 2.10 (c¢). The measured average propagation loss is 0.495 dB/cm.
Figure 2.10 (d) presents the measured bending loss for the bending radii of 10 mm and 20
mm with the sample length of 2.95 cm. The bending loss diminishes as the bending angle
decreases, reaching a minimum of approximately 1 dB at a bending angle of 5 degrees
for both bending radii of 10 mm and 20 mm. The fitted data indicates a bending loss
of 0.14 + 0.01 dB/° for a 10 mm bending radius and 0.115 £+ 0.006 dB/° for a 20 mm
bending radius. For more comprehensive measurement results, please refer to the detailed
information provided in Table 2.2.

Table 2.2. Measured optical loss of fabricated ULI bending waveguides along the
horizontal direction on an Eagle glass sample under various bending conditions.

Structure type Total insertion | Coupling loss Propagation Bending
loss (dB) (dB/facet) loss (dB/cm) loss (dB)
Straight 4.5 1.44 0.55
Straight 43 1.5 0.44
S-shaped (10 mm, 5°) 5.1 1.4 0.94
S-shaped (10 mm, 10°) 5.6 1.5 1.31
S-shaped (10 mm, 15°) 6.2 1.47 2.05
S-shaped (10 mm, 20°) 6.9 1.47 2.83
S-shaped (10 mm, 25°) 7.5 1.39 3.67
S-shaped (20 mm, 5°) 5.1 1.42 0.96
S-shaped (20 mm, 10°) 5.5 1.5 1.38
S-shaped (20 mm, 15°) 5.9 1.47 2.02
S-shaped (20 mm, 20°) 6.3 1.5 2.52
S-shaped (20 mm, 25°) 6.8 1.45 3.27

In order to further minimize bending losses, we proceeded to fabricate ULI bending
strctures with increased bending radii and reduced angles, as demonstrated in Figue 2.11.
Figue 2.11(a) shows the mode profile of a straight waveguide using the same inscription
condition as utilized in Figure 2.10. The measured average propagation loss is 0.565
dB/cm and the sample length is 2.95 cm. In Figue 2.11(b), we examined the bending

structures incorporating bending radii of 20 mm, 40 mm, and 60 mm along with bending
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Figure 2.11. (a) Measured mode profile of a fabricated ULI waveguide on a Eagle glass
sample using a scan speed of 3 mm/s and a pulse energy of 260 nJ. (b) Measured
bending loss as a function of the bending angle for the bending radii of 20 mm, 40
mm, and 60 mm.

angles of 1, 3, and 5 degrees. Similarly, The bending loss diminishes as the bending angle
decreases. Besides, the results indicate the bending loss can reach below 1 dB when the
bending angle is 1 degree. The fitted data shows a bending loss of 0.127 £ 0.003 dB/° for
a 20 mm bending radius, 0.154 £+ 0.013 dB/° for a 40 mm bending radius, and 0.232 +
0.072 dB/° for a 60 mm bending radius. For more comprehensive measurement results,
please refer to the detailed information provided in Table 2.3.

The previous investigation exclusively focused on discussing bending structures in a
horizontal plane, as illustrated in Figure 2.12(a). In order to create waveguides of arbitrary
shapes, we extended our efforts by fabricating S-shaped structures along the vertical plane,
as depicted in Figure 2.12(b). We selected a bending radius of 20 mm for this study and the
total sample length is 2.9 cm. Figure 2.12(c) and (d) display the microscope image of a ULI
waveguide core and the corresponding captured mode profile in Eagle glass respectively.
The measured average propagation loss is 0.815 dB/cm. Figure 2.12(e) presents the
measured bending loss under various bending angles. The fitted data indicates a bending
loss of 0.133 £ 0.024 dB/°, which closely aligns with the results obtained for bending

structures along the horizontal plane as shown in Figue 2.11(b). Notably, the bending loss
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Table 2.3. Measured optical loss of fabricated ULI bending waveguides along the
horizontal direction on an Eagle glass sample under various bending conditions.

Structure type Total insertion Coupling loss Propagation Bending
loss (dB) (dB/facet) loss (dB/cm) loss (dB)
Straight 4.8 1.59 0.55
Straight 5 1.64 0.58
S-shaped (20 mm, 1°) 6.1 1.75 0.98
S-shaped (40 mm, 1°) 5.8 1.65 0.91
S-shaped (60 mm, 1°) 5.8 1.74 0.77
S-shaped (20 mm, 3°) 6.1 1.65 1.24
S-shaped (40 mm, 3°) 5.9 1.65 1.18
S-shaped (60 mm, 3°) 5.9 1.55 1.49
S-shaped (20 mm, 5°) 6.2 1.62 1.49
S-shaped (40 mm, 5°) 6.1 1.65 1.53
S-shaped (60 mm, 5°) 6.1 1.66 1.7
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Figure 2.12. The schematic of laser inscription for bending structures along (a) the

horizontal and (b) vertical directions, respectively.

(c) Captured microscope image

and (d) measured mode profile of a fabricated ULI waveguide on a Eagle glass sample
using a scan speed of 3 mm/s and a pulse energy of 260 nJ. (e) Measured bending loss
as a function of the bending angle for a bending radius of 20 mm.

of vertical bending structures is approximately 0.7 to 0.9 dB lower than that of horizontal
bending structures. This disparity can be attributed to the overlap mismatch losses

between the optical modes in straight and bending waveguides. For more comprehensive

measurement results, please refer to the detailed information provided in Table 2.4.
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Table 2.4. Measured optical loss of fabricated ULI bending waveguides along the
vertical direction on an Eagle glass sample under various bending conditions.

Structure type Total insertion | Coupling loss Propagation Bending
loss (dB) (dB/facet) loss (dB/cm) loss (dB)
Straight 5.1 1.39 0.8
Straight 5.1 1.35 0.83
S-shaped (20 mm, 1°) 5.4 1.45 0.2
S-shaped (20 mm, 2°) 5.4 14 0.36
S-shaped (20 mm, 2.56°) 5.4 1.47 0.25
S-shaped (20 mm, 3°) 5.4 1.42 0.38
S-shaped (20 mm, 4°) 5.5 1.4 0.57
S-shaped (20 mm, 5°) 5.5 1.34 0.74
(a)
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Figure 2.13. (a) Cross-sections of ULI waveguides at various depths within the de-
posited oxide. The corresponding measured mode profiles of a fabricated ULI waveg-
uide at depths of (b) 10 um, (c) 15 pm, (d) 20 pm, and (e) 25 pm. (f) Measured total
insertion loss as a function of the waveguide depth (inset: captured microscope image
of a fabricated ULI waveguide on deposited oxide using a scan speed of 3 mm/s and a
pulse energy of 260 nJ).

Following an in-depth exploration of ULI bending structures on Eagle glass, we are

now transitioning to fabricating and analyzing these structures on a 40 pm thick de-

posited oxide sample. It is important to note that the boundaries with the air and the
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substrate may influence the inscription of ULI waveguides. Therefore, we will initiate
an examination of the propagation efficiency of ULI waveguides at various depths, as
depicted in Figure 2.13. Figure 2.13(a) demonstrates cross-sections of ULI waveguides at
various depths within the deposited oxide. These images reveal that the ULI waveguide
core experiences distortion when inscribed within 5 ym below the top surface or within
10 pm above the substrate. Figure 2.13(b-e) display captured mode profiles for the ULI
waveguides at depths ranging from 10 um to 25 pm, showcasing a remarkable level of con-
sistency. In Figure 2.13(f), the total insertion loss for ULI waveguides at different depths
is presented, with a sample length of 1.93 cm. It is noteworthy that the total insertion
loss remains below 4 dB when the waveguide depth falls within the range of 10-25 pm.
However, it increases significantly beyond 25 dB when the waveguide depth exceeds this
range. The inset in Figure 2.13(f) shows a microscope image of a ULI waveguide core
that was fabricated on deposited oxide. Table 2.5 provides an in-depth overview of the
measurement results. The coupling loss falls within the range of approximately 0.8 to
1 dB per facet, which is slightly lower compared to Eagle glass due to the larger mode
field diameter. Regarding the propagation loss, it reaches a minimum of 0.62 dB/cm,
slightly higher than that observed for Eagle glass. This discrepancy can be attributed to

suboptimal inscription conditions close to the wafer surface.

Table 2.5. Measured optical loss of fabricated ULI straight waveguides at various
depths within the 40 um thick deposited oxide.

Depth (pm) Total insertion loss Coupling loss Propagation loss
(dB) (dB/facet) (dB/cm)
) 27.9
10 3.3 0.93 0.74
15 3.2 1 0.62
20 3.2 0.89 0.74
25 3.9 0.85 1.13
30 29.8
35 32.6

After thoroughly characterizing the straight waveguides on deposited oxide, our focus
now shifts to the investigation of bending waveguides. In Figure 2.14(a), we provide a

schematic depicting the inscription of a vertical S-shaped bending waveguide on deposited
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Figure 2.14. (a) Schematic of a vertical S-shaped bending waveguide on deposited
oxide.(b) Two ends of a fabricated S-shaped waveguide, spanning a depth range from
11 pm to 17 pm. (c) Measured mode profiles of ULI waveguides within the depth
range of 16 pym to 25 pum

oxide. For this investigation, we selected a bending radius of 20 mm, taking into consid-
eration the thickness of the deposited oxide and the desired bending loss. Additionally,
in this initial demonstration, we opted for depth differences of 6 ym and 10 pm, corre-
sponding to bending angles of 1 degree and 1.3 degrees, respectively. Figure 2.14(b) shows
the two ends of an S-shaped bending waveguide, spanning a depth range from 11 pym to
17 pm. The measured mode profiles of the ULI waveguides within the depth range of
16 pum to 25 pum are presented in Figure 2.14(c) respectively. Notably, the mode profiles
from depths of 16 um to 23 pum exhibit remarkable similarity, while distortion becomes
noticeable when the depth exceeds 23 pm.

Table 2.6 displays the measurement results for the vertical S-shaped waveguides within
the deposited oxide. The total length of the sample measures 1.93 cm.We observed a
significant increase in total insertion loss when the waveguide depth exceeded 22 pm,

a trend consistent with the change in mode profiles depicted in Figure 2.14(c). The
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Table 2.6. Measured optical loss of fabricated vertical S-shaped waveguides at various
depths within the 40 pm thick deposited oxide.

Depth range Total insertion Coupling loss Bending loss (dB)
(pm) loss (dB) (dB/facet)
10-16 4.6 0.75 1.8
11-17 5.1 0.8 2.2
12-18 4.9 0.85 1.9
13-19 5 0.86 1.98
14-20 5.3 0.86 2.27
15-21 5.4 0.89 2.33
10-20 5.7 0.71 2.99
11-21 6 0.87 2.97
12-22 7 0.8 4.11
13-23 13.3 0.85 10.31
14-24 29.1
15-25 33.4

calculated coupling loss ranges between 0.7-0.9 dB per facet, aligning with the findings
presented in Table 2.5. Regarding bending loss, we achieved 1.8 dB for a 6 um depth
difference and 2.97 dB for a 10 um depth difference. Comparing these results with those
of Eagle glass outlined in Table 2.4, we note that the bending loss in the deposited oxide
sample is relatively higher, by approximately 1.6 dB when the bending radius is 20 mm
and the bending angle is 1 degree. This discrepancy can be attributed to suboptimal
inscription conditions employed near the wafer surface. We anticipate that this loss can
be reduced to approximately 0.2 dB (Eagle glass values are recorded at a depth of 100

pum below the surface) with improved inscription conditions.

2.2.4 Initial integration of SiN waveguides with 3D ULI waveg-
uides through chip-to-chip coupling

In Figure 2.15(a) and (b), we present a summary of the proposed coupling scheme and

the simulated coupling loss between a conventional SiN inverse taper coupler and a ULI

waveguide. Before realizing the integration of SiN waveguides with ULI waveguides within

the deposited oxide of an optical interposer, we commence with the initial coupling of SiN

waveguides and ULI waveguides through chip-to-chip coupling. Figure 2.15(c) illustrates

the measurement setup for characterizing the SiN waveguides intended for the initial
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Figure 2.15. (a) Perspective-view schematic of SiN-to-ULI waveguide coupling struc-
ture. (b) Simulated coupling loss for various taper length and taper tip width. (c)
Experimental setup for the loss measurement of a SiN waveguide. (d) Microscopic
image for the top view of the SiN chip. (e) Top-view SEM picture of fabricated SiN
taper tip. (f) Mode profile of SiN inverse taper captured by a CCD camera at 1550

ni.

integration. The microscope image of the SiN chip with testing straight waveguides is
displayed in Figure 2.15. Figure 2.15(e) shows the SEM image of a fabricated SiN inverse
taper using 248 nm projection lithography. Given the taper size and measured mode
profile (Figure 2.15(f)), we expect a ~0.6 dB coupling to fabricate the ULI waveguide.
After characterizing the SiN waveguides, we proceeded to perform initial coupling loss
measurements between the SiN coupler and the ULI waveguide on two separate chips, as
illustrated in Figure 2.16(a) and (b). The input facet of the SiN coupler and the output
facet of the ULI waveguide were coupled to SMF-28 fibers. To aid in the alignment of
the two chips and two fibers, we utilized a red laser to observe the light coupling on
the chip facet and the subsequent light propagation within the waveguides, as depicted
in Figure 2.16(c). We successfully measured a coupling loss of 2.8 dB between the SiN
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Figure 2.16. (a) Schematic of initial coupling loss measurements between the SiN

coupler and the ULI waveguide on two separate chips. (b) Experimental setup for

SiN-ULI waveguide butt-coupling. (c) Alignment of the two chips and the two fibers

by the use of a red laser. (d) Measured SiN chip to 3D chip coupling loss as a function

of offset in horizontal and vertical directions.
coupler and the ULI waveguide and we attributed the ~2.2 dB excess loss to the air
gap between the two chips. Figure 2.16(d) provides a concise summary of our measured
coupling loss between the SiN coupler and the ULI waveguide, plotted as a function
of offset from the lowest loss point. We observe negligible loss increment within 1 um

misalignment and less than 2 dB increment within 2 pgm misalignment in both horizontal

and vertical directions.

2.2.5 Alignment of SiN waveguides and 3D ULI waveguides on

the same chip for ultimate intra-chip coupling

The preceding subsection has demonstrated the successful integration of a SiN coupler
with a 3D ULI waveguide using chip-to-chip coupling. Now, our focus shifts towards
achieving intra-chip coupling between a SiN coupler and a 3D ULI waveguide. In Fig-
ure 2.17 (a), the schematic illustrates the demonstration of intra-chip coupling between

SiN couplers and 3D ULI waveguides on a deposited oxide with a 40 pum thickness. The
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Figure 2.17. (a) Schematic of intra-chip coupling between SiN couplers and 3D ULI
waveguides. (b) Layout of SiN couplers at the depth of 10 ym (purple), 20 pm (red),
and 30 pm (blue) within the deposited oxide for intra-chip coupling with 3D ULI
waveguides. Distinct alignment marks are placed adjacent to SiN couplers for the
alignment of ULI waveguides.

SiN couplers are placed at the depths of 10 um, 20 pym, and 30 pm within the deposited
oxide, and the waveguides with arbitrary vertical shapes are inscribed to connect the SiN
couplers on both sides at different depths. Figure 2.17 (b) presents an overview of the
layout for the SiN couplers designed for intra-chip coupling with 3D ULI waveguides.
The SiN couplers, located at depths of 10 um, 20 pm, and 30 pm within the deposited
oxide, are represented by the colors purple, red, and blue in the layout. To ensure precise
alignment between ULI waveguides and SiN couplers, we have thoughtfully incorporated
distinct alignment marks positioned adjacent to the SiN couplers.

In Figure 2.18, we focused the laser beam on various alignment marks to assess the
corresponding alignment performance by observing variations in reflected light intensity.

For the alignment marks, we chose crosses measuring 80 um in length with widths of 2 ym
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Figure 2.18. Alignment marks of cross shapes with widths of (a) 2 ym and (b) 10 pm,
and corresponding inverted shapes with spacing of (¢) 2 pym and (d) 10 pmin. (e-h)
The corresponding captured reflected beam patterns when the laser beam is scanned
along the central axis of each alignment mark in the horizontal direction.

and 10 pum, as well as their corresponding inverted shapes with spacing of 2 ym and 10
pm, as depicted in Figure 2.18 (a)-(d), respectively. In Figure 2.18 (e)-(h), we conducted a
laser beam scan along the central axis of each alignment mark in the horizontal direction.
We observed variations in the reflected beam intensity, which were captured by the CCD
camera installed on top of the sample. The results clearly demonstrate that we achieve
the maximum reflected light intensity when the laser beam is in close proximity to the
center of the cross-shaped alignment mark, whereas the inverted shape of alignment marks
produces the minimum intensity. Taking into account the alignment tolerance required
for coupling between SiN couplers and ULI waveguides, it becomes evident that the cross-
shaped alignment mark with a width of less than 2 pum is the most suitable option for
this purpose.

Following the characterization of the alignment marks, our next step was to inscribe
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Figure 2.19. Fabrication results of ULI waveguides connected to SiN couplers on the
same chip for intra-chip coupling.

ULI waveguides on the same chip along with SiN couplers, ultimately facilitating intra-
chip coupling, as illustrated in Figure 2.19. In Figure 2.19(a), we can observe the in-
scription of ULI waveguides connecting the ends of the SiN couplers on both the left
and right sides. To optimize the performance and account for propagation loss based on
earlier investigations, the ULI waveguides were inscribed at a depth of 10 ym within the
deposited oxide cladding. Figure 2.19(b) and (c) provide a closer view of the region where
SiN couplers and ULI waveguides overlap. These results clearly demonstrate the high
precision of alignment achieved between the SiN couplers and ULI waveguides, thanks to

the assistance of the alignment marks.

2.2.6 Summary

We demonstrated an arbitrary vertical low-loss waveguide fabricated on deposited oxide

cladding. Our measurements indicate a low propagation loss of 0.62 dB/cm and a less than
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3 dB chip-to-chip coupling loss to a conventional SiN inverse taper on a fabricated sample.
Our next objective is to further enhance the efficiency of optical coupling between the
SiN couplers and ULI waveguides situated on the same chip through intra-chip coupling.

This will provide a flexible and low-loss optical coupling for 3D photonic packaging.

2.3 Low-loss three-dimensional fan-in/fan-out devices

for multi-core fiber integration

Figure 2.20. Schematic of multi-core fiber integration using ultrafast laser inscription
technology.

Multi-core fibers (MCF) offer multi-fold increases in the capacity of optical transmis-
sion links by incorporating multiple strands of waveguide cores in the shared cladding
[35-38]. Since all current transmission and switching systems use conventional single core
fiber (SCF) interfaces, the low-loss coupling between SCFs and MCF becomes a critical
issue in future high-capacity optical fiber communications. Due to the dense geometric
arrangement of cores in a MCF of a limited diameter, a three-dimensional (3D) packaging
method with high alignment accuracy for low-loss interconnections between the optical

fibers becomes desirable.
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Recently, the ultrafast laser inscription (ULI) technology emerged as a viable 3D
photonic packaging method [3, 39, 40] such as low-loss 2D-3D fan-out chips [15]. In this
section, we used the ULI technique to fabricate a 3D fan-in/fan-out device that allows
a MCF with a circular array of cores to be integrated with a linear array of SCFs as
illustrated in Figure 2.20. Further, we investigated multi-scan ULI methods on two types

of glass materials to achieve low-loss optical packaging.

2.3.1 ULI system upgrade with a second-harmonic generator
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Figure 2.21. (a-b) The upgraded optical setup with second harmonic generator and
(c-d) the corresponding layouts on the optical bench and the wall, respectively.

We have already presented the complete optical setup of our ULI system in Figure 2.4
and demonstrated its exceptional performance in the previous section. In order to en-
hance our ULI system further, we have integrated a second harmonic generator (SHG) to
frequency double the Yb-doped fiber laser centered at 1030 nm to 515 nm, as depicted in

Figure 2.21. Figure 2.21 (a) and (b) provide an overview of the entire optical setup within
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the ULI system following the SHG upgrade, while the corresponding layouts on the opti-
cal bench and the wall are presented in Figure 2.21 (¢) and (d) respectively. All optical
components downstream from the SHG output were replaced with components designed
for the wavelength range covering 515 nm. The laser repetition rate was operated at 500
kHz and the pulse width remained at approximately 300 fs during the laser inscription
process. As the laser wavelength decreases from 1030 nm to 515 nm, we anticipate a
further reduction in the focal spot size while utilizing a microscope objective with the
same NA of 0.55. This will allow us to create more compact optical devices and achieve

higher precision in optical alignment.

2.3.2 Characterization of ULI waveguides inscribed by second

harmonic light

We first fabricated the ULI waveguides on Eagle glass to evaluate the performance of sec-
ond harmonic light at 515 nm. To optimize the transmission efficiency of the waveguide,
we used a multi-scan technique where each longitudinal ULI scan along the waveguide will
be laterally displaced by 0.4 um for each subsequent scan to form a rectangular composite
cross-sectional ULI profile. Figure 2.22(a) shows the cross-section photograph of the fab-
ricated waveguide with 13 scans. Since the optical index profile results from the composite
of the multi-scan ULI profile, the resulting optical mode field profile of the ULI waveguide
can be tailored to match that of the single mode fiber or other fibers of different sizes and
shapes. Figure 2.22(b) show the measured optical mode profiles of the fabricated ULI
waveguides fabricated by 9 scans, 13 scans, and 17 scans, respectively. By adjusting the
number of scans, the scan speed, the average laser power, and the laser repetition rate,
we can find a condition that minimizes the optical propagation loss and maximizes the
optical mode matching to the optical fiber. Figure 2.22(c-f) illustrate the propagation
loss and coupling loss of the fabricated waveguides under various inscription conditions
on Eagle glass. These results demonstrate that we achieved a minimum propagation loss
of approximately 0.23 dB/cm when the waveguide was scanned 13 times, utilizing a pulse
energy of 120 nJ and a scan speed of 10 mm/s. The corresponding coupling loss to an

SMF-28 fiber, calculated using Equation 2.2, was estimated to be approximately 0.81 dB
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Figure 2.22. (a) Microscopic image of the cross-section of a ULI waveguide inscribed
by 515 nm laser beam on Eagle glass. Measured mode profiles at 1550 nm for the
ULI waveguides fabricated by (b) 9, 13, and 17 scans. Measured propagation loss and
coupling loss of ULI waveguides as a function of the pulse energy at (c-d) different
multi-scan times with the fixed scan speed of 10 mm/s and (e-f) different scan speeds
with the fixed multi-scan times of 13.
per facet. When compared to the results obtained for 1030 nm laser inscription, as shown
in Table 2.2(with a propagation loss of 0.44 dB/cm and coupling loss of 1.5 dB per facet),
we achieved a remarkable improvement of approximately 48% in propagation loss and
around 46% in coupling loss by using the 515 nm laser. Furthermore, we observed that

under optimal conditions, specifically when the scan speed is set at 5 mm/s with pulse

energies of 80, 100, and 140 nJ, the propagation loss remains below 0.35 dB/cm, and the
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coupling loss stays under 0.6 dB per facet. These optimal conditions are particularly valu-
able for inscribing complex patterns that demand higher precision. The comprehensive

measurement results are provided in Table 2.7.

Table 2.7. Measured optical loss of ULI straight waveguides on Eagle glass inscribed
by a 515 nm laser beam under different inscription conditions.

Inscription condition Total insertion loss Coupling loss Propagation loss
(dB) (dB/facet) (dB/cm)

140 nJ, 10 mm/s, 9 scans 1.8 0.15 0.5
140 nJ, 10 mm/s, 13 scans 1.8 0.23 0.45
140 nJ, 10 mm/s, 17 scans 2 0.32 0.45
120 nJ, 10 mm/s, 9 scans 2.1 0.04 0.67
120 nJ, 10 mm/s, 13 scans 2.3 0.81 0.23
120 nJ, 10 mm/s, 17 scans 2.1 0.25 0.53
100 nJ, 10 mm/s, 9 scans 2.8 0.25 0.77
100 nJ, 10 mm/s, 13 scans 2.1 0.45 0.4
100 nJ, 10 mm/s, 17 scans 2.2 0.35 0.5
80 nJ, 10 mm/s, 9 scans 2.1 0.21 0.56
80 nJ, 10 mm/s, 13 scans 2 0.31 0.46
80 nJ, 10 mm/s, 17 scans 1.9 0.41 0.36
60 nJ, 10 mm/s, 9 scans 2 0.19 0.54
60 nJ, 10 mm/s, 13 scans 1.8 0.29 0.41
60 nJ, 10 mm/s, 17 scans 1.9 0.41 0.36
40 nJ, 10 mm/s, 9 scans 4.9 0.5 1.3
40 nJ, 10 mm/s, 13 scans 2.7 0.21 0.76
40 nJ, 10 mm/s, 17 scans 2.3 0.73 0.28
140 nJ, 5 mm/s, 13 scans 1.5 0.24 0.34
140 nJ, 20 mm/s, 13 scans 1.7 0.13 0.48
120 nJ, 5 mm/s, 13 scans 2.8 0.25 0.77
120 nJ, 20 mm/s, 13 scans 1.7 0.19 0.44
100 nJ, 5 mm/s, 13 scans 1.8 0.51 0.26
100 nJ, 20 mm/s, 13 scans 2.1 0.2 0.57
80 nJ, 5 mm/s, 13 scans 1.9 0.46 0.33
80 nJ, 20 mm/s, 13 scans 1.9 0.25 0.47
60 nJ, 5 mm/s, 13 scans 1.7 0.24 0.41
60 nJ, 20 mm/s, 13 scans 2.2 0.25 0.57
40 nJ, 5 mm/s, 13 scans 2.1 0.24 0.54
40 nJ, 20 mm/s, 13 scans 3.8 0.37 1.02

We repeated the experiment on another glass substrate containing germanium-oxide
doping. Figure 2.23 shows the waveguide propagation loss and coupling loss of the ULI
waveguides as a function of the scan speed at the multi-scan times at 5, 9, and 13 while
maintaining a pulse energy at 100 nJ. The results indicate we achieve a record low loss

of 0.16 dB/cm at a scan speed of 2 mm/s and scan times of 13 while the beam profile
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Figure 2.23. (a) Measured waveguide propagation loss and (b) coupling loss of the
ULI waveguides on a glass containing germanium oxide doping as a function of the
scan speed at the multi-scan times at 5, 9, and 13, achieving a record low loss of 0.16
dB/cm at a scan speed of 2 mm/s and scan times of 13.

indicates the coupling loss of 0.36 dB/facet to SMF-28 fiber. It is noted that with 13 times
of multi-scan, the propagation loss remains below 0.2 dB/cm as the scan speed increases
from 2 mm/s to 20 mm/s, while the coupling loss remains under 0.4 dB per facet. This
remarkable outcome suggests a substantial reduction in fabrication time. Besides, when
the ULI waveguide is fabricated by 9 scans, we can also achieve a propagation loss below
0.3 dB/cm and a coupling loss under 0.4 dB per facet at scan speeds below 10 mm/s.
Regarding the ULI waveguides with 5 scans, the propagation losses consistently exceed
1 dB/cm when the scan speed is higher than 2 mm/s. These values are not suitable for
fabricating low-loss optical devices. For more comprehensive measurement results, please

refer to the detailed information provided in Table 2.8.

2.3.3 Design of three-dimensional fan-in/fan-out devices for multi-

core fiber integration

Figure 2.24(a) and (b) illustrate the patterns for the waveguides at the two facets of the
proposed fan-in/fan-out device. Given the standard fiber pitch for the optical fiber arrays,
the input pattern was designed to be a linear array with a lateral waveguide spacing of
127 pm. The output facet for the MCF has a circular pattern of 8 waveguides with a

core pitch of 40 pm. We utilized an automatic waveguide routing algorithm that assures
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Table 2.8. Measured optical loss of ULI straight waveguides on a glass containing
germanium oxide doping inscribed by a 515 nm laser beam under different inscription

conditions.
Inscription condition Total insertion loss Coupling loss Propagation loss
(dB) (dB/facet) (dB/cm)
100 nJ, 2 mm/s, 5 scans 3.6 0.06 1.16
100 nJ, 5 mm/s, 5 scans 4.7 0.08 1.5
100 nJ, 10 mm/s, 5 scans 7.3 0.12 2.35
100 nJ, 20 mm/s, 5 scans 12 0.42 3.73
100 nJ, 2 mm/s, 9 scans 1.5 0.35 0.27
100 nJ, 5 mm/s, 9 scans 1.2 0.31 0.18
100 nJ, 10 mm/s, 9 scans 1.4 0.31 0.25
100 nJ, 20 mm/s, 9 scans 2.2 0.22 0.57
100 nJ, 50 mm/s, 9 scans 8.1 0.29 2.49
100 nJ, 2 mm/s, 13 scans 1.2 0.36 0.16
100 nJ, 5 mm/s, 13 scans 1.3 0.36 0.2
100 nJ, 10 mm/s, 13 scans 1.3 0.36 0.18
100 nJ, 20 mm/s, 13 scans 1.2 0.3 0.19
100 nJ, 50 mm/s, 13 scans 4.6 0.24 1.36

that (a) all ULI waveguides achieve the same optical path lengths (20 mm pathlength-
matched waveguide array), (b) each ULI waveguide achieves a bending radius larger than
the minimum bending radius (45.2 mm in this design) allowed to avoid bending loss
beyond 0.1 dB, (c¢) no ULI waveguide will get closer to another waveguide than an allowed
distance (30 pm in this design). Figure 2.24(c) shows the 3D schematic of the resulting
eight waveguide array design and Figure 2.24(d-f) show the 2D projections of the design
on the different planes.

In Figure 2.25 (a), the resulting design was confirmed to have the closest waveguide
spacing to be 30.6 pm, which is large enough to avoid appreciable crosstalk between the
waveguides. Additionally, Figure 2.25 (b) validates a minimum bending radius of 45.2

mm for each waveguide, ensuring negligible bending loss.

2.3.4 Fabrication and characterization results

The computer controlled 3-axis stage was employed to precisely control the motion of the
sample according to the program to inscribe a 3D fan-in/fan-out device. The fan-in/fan-

out structure was written at 80 ~ 180 um below the surface of the glass substrate to avoid
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Figure 2.24. (a) The input pattern and (b) the output pattern for the proposed fan-
in/fan-out device. (c) The schematic diagram for the waveguide design utilizing a
routing algorithm. The 2D projections of the waveguide design on (d) X-Z plane, (e)
Y-Z plane and (f) X-Y plane, where light propagation direction is along the Z-axis.

(a)50 (b) 100000
E - |
= &
.S % 80000 \/
4+
] 5
£ 5 60000
Q ©
© 20 =
» o 40000
= £
S 10+ O
g 20000
£ [}
£ 0 o0
= 01— . . . .
0 5000 10000 15000 20000 0 5000 10000 15000 20000
Z-axis(um) Z-axis(um)

Figure 2.25. (a) Minimum separation distance between adjacent waveguides along the
propagation direction. (b) Bending radius for each waveguide along the propagation
direction.
the additional waveguide loss induced by the spherical aberration of the focused 515 nm
pulses. Figure 2.26 (a) shows the fabricated fan-in/fan-out device with a footprint of 20
mm by 1 mm. The microscopic images shown in Figure 2.26(b) and (c) indicate good-
quality waveguides inscribed by the optimum parameters chosen after the optimization

process described in Figure 2.22. Figure 2.26(d) shows the inscribed waveguide at the
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Figure 2.26. (a) Photo of the fabricated 3D fan-in/fan-out device for MCF integration.
(b) Microscopic image of the interior where waveguides fan-out to a linear array. (c)
Microscopic images of the interior where waveguides fan-in to a circular pattern. (d)
Facet image of the input showing the linear array of 8 waveguides. (e) Facet image of
the output showing the circular pattern of 8 waveguides. Scale bar = 100 pm.

fan out to eight SMF-28 and Figure 2.26(e) shows the inscribed waveguide at the fan-in
to a MCF. Each cross-sectional profile of the waveguide based on the multi-scan ULI
technique shows a distinctive rectangular core and the fabricated patterns show good

agreement with the proposed design.

2.3.5 Summary

In summary, we demonstrate a 3D fan-in/fan-out device for MCF integration with a SMF-
28 fiber array. An automatic waveguide routing algorithm for ULI was utilized to maintain
the same photonic path lengths while optimizing the waveguide bending radius and inter-
distance for compact and low-loss optical fan-in/fan-out. On the boro-aluminosilicate
glass, we achieved a low propagation loss of 0.3 dB/cm and 0.8 dB/facet coupling loss
to a SMF-28 fiber. On a glass substrate with germanium-oxide doping, we achieved an
even lower propagation loss of 0.16 dB/cm and 0.36 dB/facet coupling loss to a SMF-28
fiber. These results indicate excellent prospects for realizing flexible and low-loss fan-

in/fan-out devices and various 3D photonic packaging with MCF enabling high-density
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and high-capacity future optical communications.

2.4 Three-dimensional arrayed waveguide grating routers
fabricated by ultrafast laser inscription

2.4.1 Arrayed waveguide grating

A Arrayed
1 [\ A waveguides
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h h A A3 R
p—
wavelength

wavelengtrT

— (j-1)-th Path: L+(j-1)AL
j-th Path: L+jAL

Star-coupler 1 Star-coupler 2

Figure 2.27. (a) Operating principle and (b) schematic of an arrayed waveguide grating
(AWG).

Arrayed waveguide gratings (AWGs) have become indispensable tools for the multi-
plexing and demultiplexing of signals at various wavelengths, as depicted in Figure 2.27
(a). ). Their versatility has led to diverse applications in fields such as optical wavelength
routing [41], optical sensing [42], and spectroscopy [43]. As illustrated in Figure 2.27
(b), an AWG comprises input and output waveguides, two star couplers, and arrayed
waveguides. In the first star coupler, light is diffracted within the free propagation re-
gion (FPR) and then enter the arrayed waveguides with a Gaussian distribution. Due to
the linear pathlength difference between adjacent arrayed waveguides, light experiences
constructive interference in the second star coupler, causing different wavelengths to be
refocused into separate output waveguides. However, fabrication of traditional AWGs
usually requires time-consuming lithography and chemical processes. Furthermore, these
traditional AWGs are inherently two-dimensional (2D) planar devices due to fabrication
constraints, potentially limiting their integration within three-dimensional (3D) packaging
along with other photonic devices such as multicore fibers.

To address these challenges, we propose to employ the ultrafast laser inscription (ULI)
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Figure 2.28. Schematic of three-dimensional arrayed waveguide grating fabricated by
ultrafast laser inscription (ULI) technique.

technique to fabricate AWGs as illustrated in Figure 2.28. Through this approach, we can
integrate an AWG with fan-in/fan-out structures, thus achieving a 3D AWG configuration.
This newfound flexibility greatly enhances their compatibility with other photonic devices.
Withford’s group has previously demonstrated AWGs in the visible spectral range using
femtosecond laser writing [44, 45], but their designs lacked separate output waveguides,
limiting their functionality and integration with other photonic systems. Furthermore,
AWGs designed for the near-infrared spectrum hold significant potential for optical fiber
communication applications. In this work, we integrated the multi-scan technique with
an AWG design tool to present a near-infrared arrayed waveguide grating router (AWGR)
fabricated through ultrafast laser inscription. This ULI-based AWGR achieves a channel
spacing of ~400 GHz and a 3 dB-passband width of ~2 nm.

2.4.2 Design and simulation

In the preceding subsections, we discussed our utilization of the multi-scan technique to
finely tailor the shape of ULI waveguide cores, aimed at optimizing transmission efficiency.

To design a high-performance ULI-based AWG, the dimensions and refractive index of
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Figure 2.29. (a) Microscopic images of the cross-section of ULI waveguides fabricated

using single, 5, 9, 13, and 17 scans. (b) Measured waveguide width as a function of

the multi-scan times.
the waveguide core play pivotal roles, necessitating thorough investigation. Therefore, in
Figure 2.29, we estimate the dimensions of the waveguide cores fabricated using varying
numbers of scans, ranging from a single scan to 17 scans. In Figure 2.29 (a), each longitu-
dinal scan along the waveguide is laterally displaced by 0.2 um for each subsequent scan
to form a rectangular waveguide core. In order to ensure the stability of the motorized
stage during the inscription of complex ULI structures, we reduced the scan speed from
the previously determined optimal value of 10 mm/s to 2 mm/s. Consequently, the pulse
energy was reoptimized to 80 nJ accordingly. Figure 2.29 (b) presents the detailed mea-
sured dimensions of the waveguide cores, and we employ fitting methods to accurately
estimate the corresponding widths and heights.

To mitigate optical phase errors arising from waveguide sidewall roughness while keep-
ing propagation loss low, we opted for the ULI waveguide with 17 scans as the single-mode
waveguide in the proposed AWG design, as illustrated in Figure 2.30 (a). The correspond-
ing beam profile at 1550 nm is captured in Figure 2.30 (b). The estimated dimension of
the waveguide core is approximately 4.08 pm by 4.41 pm as shown in Figure 2.30 (c).

39



(a) (b) L© (@) @)
4.08 ym )

1.503
1.501
—

0 i ] : [
° X . —1.499
SI0 VR [4.41 g =14 Lo
“ Si0» o £ o
core NESLUEE i
02 = : : “‘ ‘\‘ 1«93

1 491

h y (rmcmns)

1.504 1.4907 0.0133 1.495811 1.504435 4.0536

Figure 2.30. (a) Microscopic image for the cross-section of the ULI waveguide utilized
as the single-mode waveguide in the proposed AWG design. (b) The measured mode
profile at 1550 nm. (c) A schematic of the single-mode ULI waveguide with estimated
core dimensions. (d) The simulated mode profile at 1550 nm.(e) The calculation of the
effective index for the slab waveguide. (f) Optical properties of the single-mode ULI
waveguide.

Once we determined the waveguide core dimension and mode field diameter, we employed
Lumerical solutions to simulate the optical mode profile, aligning it with the measured
results to derive the refractive index of the waveguide core. The simulated optimized
mode field profile is depicted in Figure 2.30 (d), demonstrating a high degree of consis-
tency with the measured result. It is noteworthy that We can achieve a refractive index
contrast of 8.8 x 1073. To assess the diffraction of the slab region within the star coupler,
we calculated the effective index of the slab waveguide, as presented in Figure 2.30 (e).
Finally, Figure 2.30 (f) summarizes all the waveguide parameters required for designing
an AWG.

We selected 1550 nm as the central wavelength for the AWG. For our initial demon-
stration, we set the channel spacing to 400 GHz. To minimize optical losses arising from
mode mismatch between the star coupler and the arrayed waveguides, we implemented
adiabatic tapers with a width of 6.04 ym at the waveguide ends. Regarding the waveguide
pitch at the edge of the star couplers, we used 12 um for input and output waveguides and
20 pm for the arrayed waveguides to prevent waveguide crosstalk. In terms of waveguide

numbers, we employed 8 input/output waveguides and 32 arrayed waveguides, which is

40



(@) (b) , 1550nm 8X8 400GHz AWGR

Item Value - EE;
Wavelength 1550 nm 10 | f f g:i
Channel spacing 400 GHz EEZ
WG thickness 4.41 pm %0 . g:;
SM WG width 4.08 ym g I
MM WG width -% _30l|
Input/output port width 6.04 ym g
Input/output port 5.96 um E _a0
spacing
Arrayed arm port width 6.04 um
Arrayed arm spacing 13.96 ym -
Arrayed arms number 32

-

1520 1540 1560 1580 1600
Wavelength (nm)

00
Path length difference 62.173 um N I
Celnterth Crosstalk | 3dB-Passband 3dBcga;stl?and
Focal length 1833.465 um waveleng spacing ato,
. 15650.12 nm 405.9 GHz o0
Grating order 60 (0.0077% offset) 7.826 dB (1.48% offset) <-40dB 1.45 nm 44.59%

Channel number 8

Figure 2.31. (a) Design parameters for the AWGR and (b) calculated spectra for all
the output waveguides.

four times the number of input/output waveguides. To ensure negligible bending loss, we
set the minimum bending radius to 20 mm. Using an AWG layout tool based on Python
and Ipkiss, we calculated that the required pathlength difference between adjacent ar-
rayed waveguides is 62.173 um. To create an arrayed waveguide grating router (AWGR),
we set the grating order to 60. Figure 2.31 (a) outlines all these design parameters, and
Figure 2.31 (b) displays the calculated spectra for all the output waveguides. The esti-
mated loss for each output waveguide is approximately 7.826 dB, excluding the effects of
propagation loss and defects caused by laser inscription. Furthermore, we achieved a 3

dB-passband of 1.45 nm while maintaining crosstalk below -40 dB in our design.

2.4.3 Layout and fabrication

The complete layout of the AWGR is depicted in Figure 2.32 (a). To ensure uniform
effective indices for all the tapers surrounding the two star couplers, we added a few
dummy tapers at their sides. The length of all adiabatic tapers is set to 300 um to facilitate
a low-loss transition of the optical mode profile. Additionally, in order to minimize noise

resulting from nonuniform index profiles at the edge of the star coupler, we widened the
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Figure 2.32. (a) The layout of the AWGR, with a footprint measuring 54 mm by 7.91
mm. The detailed view of the star coupler shows the widened star coupler and the
inclusion of dummy tapers. (b) Multi-scan routes for each part of the AWGR.
star coupler, as highlighted by the orange frame in Figure 2.32 (a). This resulted in the
star coupler dimensions of 2.6 mm by 1.8 mm. To guarantee negligible bending losses,
we optimized the minimum bending radius to 21 mm, resulting in an AWGR footprint
measuring 54 mm by 7.91 mm. In Figure 2.32 (b), we converted each part of the AWGR
into multi-scan routes, with each longitudinal scan along the structure laterally displaced

by 0.4 pum for each subsequent scan.

Input/output waveguides Tapers for input/output waveguides Sar coupler Tapers for arrayed waveguides

Figure 2.33. (a) The fabrication result of the complete AWGR. (b) Microscope images
for each part of the AWGR.

Figure 2.32 (a) displays the fabricated AWGR on Eagle glass, with a total fabrication
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time of approximately 8 hours. Meanwhile, Figure 2.32 (b) provides microscope images
for each component, showing uniform and well-defined fabricated structures. However,
we did observe some small defects in the form of spots at the boundaries between these
components. These defects have the potential to impact the performance of adiabatic
tapers and star couplers, possibly leading to increased optical losses. Apparently, these
defects are a result of overlapping inscriptions between two components and a slowdown
during the turning between subsequent scans. To mitigate these defects, we may consider
adjusting the ramp rate of the motorized stage or further reducing the scanning speed in

future designs.

2.4.4 Characterization results

(a) Fiber alignment using 635 nm laser source (0) 8x8 400GHz AWGR Normalized Measured Spectrum

Experimental setup

oot - osn |

BLS: Broadband light source, OFA Optical fiber amplifier 1520 1530 1540 1550 1560 1570 1580
PC: polarization controller, OSA: optical spectrum analyzer Wavelength (nm)

Figure 2.34. (a) Alignment of the AWGR and the input fiber by the use of a red laser.
(b) Experimental setup. (c) Measured spectra for all the output waveguides.

The input and output waveguides of the fabricated AWGR were coupled to SMF-28
fibers for characterization. To aid in aligning the AWGR with the input fiber, we used
a red laser to observe light coupling on the chip facet and subsequent light propagation
within the AWGR, as depicted in Figure 2.34 (a). The measurement setup is schematically
illustrated in Figure 2.34 (b). In this measurement, we employed a broadband light source
(HP 83437A) with a peak wavelength of 1550 nm and a 3 dB bandwidth of 52 nm. To
enhance the optical power, a 1.55 um optical fiber amplifier (FITEL ErFA11106) was
used, and a polarization controller ensured TE polarization for the input light. The

light was coupled into the fifth input waveguide, and the output signals were directed to
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an optical spectrum analyzer for analysis. The measurement results for all the output
waveguides of the AWGR are presented in Figure 2.34 (¢). The measured channel spacing
of 399.1 GHz closely matches the designed value of 400 GHz. In the wavelength range of
1540 nm to 1560 nm, the average crosstalk was found to be 4.08 dB, and the average 3
dB-passband width was measured at 2.02 nm. The minimum measured loss was observed
at 30.42 dB, occurring at a wavelength of 1557.38 nm from the eighth output waveguide.
It’s important to note that this result deviates significantly from the simulated values due
to factors such as propagation losses and inscription defects, including spots on the taper

and overlapping regions between different components.

2.4.5 Summary

We present, to the best of our knowledge, the first demonstration of a 3D AWGR operating
at a wavelength of 1550 nm, achieved through ultrafast laser inscription. Leveraging a
multi-scan technique, we optimized the performance of ULI structures, resulting in a
remarkable refractive index contrast of 8.8 x 1073. Our design process employed an
AWG layout tool based on Python and Ipkiss, facilitating automatic design and layout
of the AWGR with specific device configurations. To ensure minimal bending losses, the
minimum bending radius was optimized to 21 mm, resulting in an AWGR footprint of 54
mm by 7.91 mm. We also developed a routing tool based on Python to convert the AWGR
layout into multi-scan routes for laser inscription. Our measurement results revealed a
channel spacing of 399.1 GHz and a 3 dB-passband width of 2.02 nm. Additionally,
we showed an AWGR device integrated with a fan-in/fan-out structure. Our ongoing
objective is to further minimize optical losses in the AWGR and optimize phase errors
induced by defects in the arrayed waveguides. These promising outcomes indicate the

potential for realizing versatile AWGRs for 3D photonic packaging.
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Chapter 3

Non-Mechanical Beam Steering

Using Optical Phased Array

3.1 Principles

Optical phased arrays (OPAs) can enable non-mechanical beam steering through the
phase control of each emitter. Figure 3.1 illustrates the design of an emitter aperture
with mode size w, and w,, and the arrangement of an emitter array with pitch d, and

d,. The radiation pattern 1,4 for single emitter can be determined by

ikr o0 00
Qﬂmd(e, o) 7') ~ e / / w()(x, y)eik sin 6(x cos ¢+y sin @)dxdy (31)
r —00 J —o0
where 1) is the normalized radiation pattern. Then the array factor AF can be calculated
as
: wNd . .
sin [T3% (sinf — sinfy)] S [ S (sing — sin (bo)}

AF(8,¢) = (3.2)

d

sin [T (sin 6 — sin 6] : sin [”—f\“ (sin ¢ — sin ¢0>i|
where N is the number of emitters and the emitter array is along the axis (6o, ¢o). The
total field of the array is equal to the product of the radiation pattern v,,4 for a single
element and the array factor AF. Therefore, the total pattern can be controlled via the
single element pattern ,,q or AF. While designing an OPA, we need to consider the
requirements for the total field of view (TFOV), instantaneous field of view (IFOV or
beam width), and sidelobe suppression. Here, the TFOV, which is the largest angle that
OPA can steer to, is limited by the appearance of sidelobes, and the IFOV is inversely
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proportional to the number of emitters NV.
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Figure 3.1. Schematic of an N x N phased array of emitters with mode size w, and
wy, array pitch d; and dy, and total size D rotq1 XDy1otar- The output beam profile is
determined by the product of single element radiation pattern ,.,q and array factor
AF.

The calculated far fields for beam steering in Figure 3.2 compare two situations where
the emitter pitch is (a) greater than half wavelength and (b) less than half wavelength,
as the phase difference between each emitter is tuned to 0, 0.57, and 0.97, respectively.
When the emitter pitch is greater than half a wavelength, the occurrence of unwanted

sidelobes will limit the TFOV and waste energy.
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Figure 3.2. Simulated angular intensity distribution in the far-field for the phased
array with N = 128, w, = w, = 1 pm, and (a) d; = d, = 4.5 pm and (b) d;, = d, =
2.2 pm as the phase difference A¢ between emitters is tuned to 0w, 0.57, and 0.97 at
the wavelength of 4.6 pym.
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3.2 Subwavelength silicon optical phase array with
large field-of-view for near-infrared beam steer-

ing

Figure 3.3. Schematic of an OPA device for 2D coherent optical beam steering

The current state of integrated OPAs typically involves element pitches that exceed
the operating wavelength and a relatively small active aperture (< mm?)[24, 26, 46-48].
However, this configuration imposes constraints on the field-of-regard and limits the oper-
ational range of LIDAR systems that rely on integrated OPAs. In this section, we aims to
realize OPAs with subwavelength waveguide pitch and active emission area larger than 1
mm? on a silicon photonic platform. Figure 3.3 presents the schematic of our OPA device
designed for 2D coherent optical beam steering at 1550 nm wavelength. In the following
discussion, we will delve into the design optimization of key components including grat-

ings, multimode interference splitters (MMIs), and distributed bragg reflectors (DBRs),

and eventually evaluate the entire beam steering system.

3.2.1 Optimization of waveguide design

To enable beam steering with a wide field-of-regard, it is necessary to utilize a waveguide
pitch in an OPA device that is smaller than the operating wavelength. In Figure 3.4 (a),
we present the calculated sidelobe-free steering range for various waveguide pitches. As
discussed in the previous section, sidelobes are effectively suppressed when the waveguide
pitch is reduced to half of the operating wavelength, which in this case corresponds to

775 nm. Figure 3.4 (b) showcases the calculated far field patterns for an OPA consisting
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Figure 3.4. (a) Calculated sidelobe-free steering range as a function of the waveguide

pitch. (b) Simulated far-field distribution of a 24-element array with waveguide pitches

of 1.3 ym and 2.0 pym.
of 24 elements, considering waveguide pitches of 2 ym and 1.3 pm. The obtained results
reveal that the configuration with a 2 ym waveguide pitch exhibits 0° of sidelobe-free
steering range. Moreover, the presence of sidelobes in this case leads to additional power

loss within the system.
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Figure 3.5. (a) Cross-sections of two silicon waveguides with a width of 500 nm in
SiOy cladding. (b) Simulated coupling length as a function of waveguide pitch with
silicon thicknesses of 220 nm, 300 nm, and 500 nm.

In addition to sidelobes, the size of the waveguide pitch also determines the level of
crosstalk between adjacent elements. We employed COMSOL for simulating the optical

coupling between two strip Si waveguides, each with a width of 500 nm as depicted in

48



Figure 3.5(a). The coupling length can be determined through the following calculation:

A
L =

 2|Neven — Moad | (3.3)
Where n,., represents the refractive index of the symmetric mode of the super waveguide,
while n,qq represents the refractive index of the asymmetric mode of the super waveguide.
In Figure 3.5(b), we show the calculated coupling length for various waveguide pitches,
considering waveguide thicknesses of 220 nm, 300 nm, and 500 nm. The results indicate
that a minimum waveguide pitch of 1.3 pm is required to achieve less than 10 % coupling
over a 5 mm interaction length. To minimize optical coupling, the Si thickness for the

splitters and phase modulators is set to 500 nm. On the other hand, for the grating

structures, a silicon thickness of 300 nm is chosen to ensure single-mode propagation.

3.2.2 Optimization of multimode interference splitters and dis-

tributed bragg reflectors

Once the laser beam is coupled into the input Si waveguide of the OPA device, it is
directed to multiple waveguides using 1x2 multimode interference (MMI) splitters, as
illustrated in Figure 3.6(a). To achieve equal power splitting and minimize excess loss,
we utilized Lumerical FDTD Solutions for optimizing the MMI design. Figure 3.6(b-c)
showcase the optimization process, resulting in an optimized design with a simulated
field intensity distribution presented in Figure 3.6(d). The optimized design parameters
include Wiyye = 0.5 pm, Wigper = 1 pm, Ligper = 5 pm, Wyep = 2 pm, Wispr = 4 pm,
and Ly = 16 pm. Figure 3.6(e) shows the top-view SEM pictures of a fabricated single
stage MMI splitter. In Figure 3.6(f), we present a comparison between the simulated and
measured excess loss of our MMI design with different values of L,y ranging from 16 pm
to 18.5 pm. The results demonstrate a remarkable consistency between the simulated and
measured data, and the optimized MMI design achieved an impressive minimum excess
loss of 0.08 4+ 0.05 dB per MMI stage with Ly = 16 pum.

With the successful optimization of the MMI design, our focus now shifts towards
addressing another critical aspect of loss reduction, specifically related to grating emis-

sion. In a conventional diffraction grating waveguide design, the waveguide gratings are
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Figure 3.6. (a) Schematic of a MMI splitter. (b) Top view and (c) perspective view of
the simulated MMI splitter. (d) Simulated intensity profile of the MMI splitter with
Lyyr = 16 um. (e) SEM picture of the fabricated single stage MMI splitter. (f)
Simulated and measured excess loss of the MMI splitter as a function of MMI length.

designed to emit light evenly in both the upward and downward directions. This sym-
metrical emission pattern is a characteristic feature of standard diffraction gratings. To
enhance the upward emission of light, we implemented a design strategy that involved
the incorporation of two pairs of a-Si/SiO2 distributed Bragg reflectors (DBRs) beneath
the grating waveguide layer. These DBRs were specifically engineered to reflect the unde-
sired downward emission of light, redirecting it in the upward direction. In our proposed
design, the distributed Bragg reflectors (DBRs) consist of three layers with thicknesses
arranged from top to bottom: 108 nm, 269 nm, and 108 nm, as depicted in Figure 3.7(a).
To further refine the design and explore its performance, we conducted simulations using
Lumerical FDTD Solutions. Specifically, we swept the top and bottom oxide cladding
thicknesses (i, and Thorom) of the waveguide grating illustrated in Figure 3.7(b-c) re-
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Figure 3.7. (a) Schematic of the FDTD simulation setup for the grating with DBR.
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cladding thickness. Simulated grating emission profile (d) with and (e) without bottom

DBRs.
spectively to examine their influence on the upward emission. In Figure 3.7(d), we present
the obtained optimized emitting distribution, showcasing a remarkable maximum upward
emission efficiency of 95 %. This achievement is attributed to carefully chosen values of
Tiop and Thotiom, specifically set at 700 nm and 800 nm respectively. In contrast, when the
DBR is not utilized, as demonstrated in Figure 3.7(e), the maximum upward emission

efficiency drops to only 46 %.

3.2.3 Gratings with large emitting aperture

By employing a larger emitting aperture, the beam divergence can be effectively reduced,
resulting in a more focused and concentrated beam that can travel longer distances with
minimal loss. Besides, this enhanced beam quality enables improved range and resolution
in LIDAR systems and other optical sensing technologies. To address the need for a large
emitting aperture, we have proposed a novel approach utilizing a silicon nitride (SiN)
assisted silicon grating with controlled emission strength. This innovative design allows

us to achieve a significant increase in the emitting aperture size over a length of 5 mm, as

o1



—a— Measured
—— Fitted

23 dB/cm

I : I ' | ! I
0 1 2 3
Grating length (mm)

Grating near-field image

Iz 0 mm IIZ-1mmIIz 2mmIIz 3 mm IIZ 4mm|

Figure 3.8. (a) Schematic, top-view, and cross-sectional-view SEM images of the fab-
ricated SiN- a551sted weakly emitting grating. (b) Measured near-field infrared (IR)
image of the grating along its length. (c¢) Measured radiator loss of the grating as a
function of its length.

demonstrated in Figure 3.8(a). In our innovative design, we have incorporated a deposition
of approximately 80 nm thick silicon nitride (SiN) layer on top of the silicon waveguide.
We then performed a partial etching of the SiN layer, removing approximately 60 nm of
its thickness, resulting in the formation of a weakly emitting grating. By partially etching
the SiN, we create a structure that emits light with reduced intensity compared to a fully
intact grating. In Figure 3.8(b), we present the measurement results of the near field for
a fabricated grating. To capture these images, we employed a NIR camera to scan along
the length of the grating. In Figure 3.8(c), we estimated the emission rate to be 23 dB/cm
by fitting the experimental data. This estimation indicates that approximately ~95 % of

the power is emitted over a length of 5mm.

3.2.4 Component characterization

Figure 3.9(a) shows a 120-element OPA fabricated using a standard silicon photonic fabri-
cation process, with a waveguide pitch of 2.0 um. Figure 3.9(b-d) present the fabrication
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Figure 3.9. (a) Optical microscope image of the fabricated proof-of-concept 2D inte-
grated silicon photonic unit cell. Zoomed-in views of (b) the MMI tree-based splitters,
(c) the heater-based phase shifters, and (d) the grating emitter array with 2 ym waveg-
uide pitch.
results for the MMI splitters, thermo-optic phase shifters, and SiN assisted grating emit-
ter array, respectively. It is noted that 120 nm of Ti/Au metal is utilized to form the
thermo-optic phase shifters, and the shifter pitch is fanned out to 38 pm to reduce thermal
crosstalk from adjacent elements.

Figure 3.10(a) and (b) showcase the GDS layout of a 24-element OPA and the corre-
sponding microscope image of the fabricated device. To perform the initial characteriza-
tion, we designed and fabricated the OPA with three different waveguide pitches: 1.5 pum,
2 pm, and 4 pm. In Figure 3.10(c-t), we captured the near field images of these three
OPAs by scanning across the entire grating. Similar to our observations in Figure 3.8(b),
these grating emitter arrays demonstrate an exponential decay of emitting intensity along
the length of the grating.

Building upon our examination of the near field patterns, we proceeded to investigate

the corresponding far field patterns. In order to characterize the far field patterns of
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Figure 3.10. (a) GDS layout of a 24-element OPA and (b) the corresponding microscope
image of the fabricated device. Measured near field i 1mages of the grating emitter array
with the waveguide pitch of (c-h) 4 pm, (i-n) 2 pm, and (o-t) 1.5 pm.
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our OPA beam steering device, we employed a two-lens far-field measurement setup, as
illustrated in Figure 3.11(a-b). This setup consisted of a Mitutoyo objective lens (Lens
1) and an aspheric lens with a focal distance of 30 mm (Lens 2). This imaging system
has a NA of 0.55, which corresponds to a field-of-regard of +33°. After completing the
setup, our initial measurement focused on capturing the far-field image of a single grating
emitter. By tuning the operating wavelength in the range of 1545 nm to 1550 nm, we

observed a noticeable axial beam steering effect as demostrated in Figure 3.11(c-d).

3.2.5 Beam steering characterization

Figure 3.12(a) shows the setup in which we mounted our 24-element OPA chip onto a
metal chuck equipped with a thermo-electric cooler (TEC), enabling precise temperature
control of the chip. To manipulate the voltages applied to the thermal tuners, we wire-
bonded them to a printed circuit board (PCB) and connected them to digital-to-analog
converters (DACs), as depicted in Figure 3.12(b). After that, we utilized a lensed fiber
with 2 pm mode field diameter to couple the laser beam into the SiN edge coupler for our

OPA device. Figure 3.12(c) presented the measured far-field IR image obtained when no
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Figure 3.11. (a-b) The schematic and picture of the far-field measurement setup em-
ployed to characterize our OPA devices. Measured far field images of a single grating
emitter under the operating wavelength of (c) 1545 nm and (d) 1550 nm.

voltages are applied to the thermal tuners. To mitigate the phase errors introduced during
fabrication, we employed a gradient descent-based algorithm [49]. Through 10 iterations
of this algorithm, we successfully corrected the phase errors and achieved a sharp beam
spot at the intended far-field positions, as demonstrated in Figure 3.12(d).

Once the setup for phase error correction was fully developed, we proceeded to demon-
strate two-dimensional beam steering using wavelength tuning and phase tuning. In Fig-
ure 3.13(a), we present the measured far-field images obtained by tuning the wavelength
from 1540 nm to 1560 nm. These results demonstrate an efficient axial direction tuning
capability, with a tuning efficiency of 0.15 °/nm. On the other hand, Figure 3.13(b) dis-
plays the measured far-field images obtained by applying three different sets of voltages
to the thermal tuners. These results demonstrate a significant sidelobe-free steering range
of over 40°.

It is worth noting that the measured side-lobe suppression, which is approximately 7
dB, is relatively lower compared to the simulated value of around 13 dB. We have identified

two main factors contributing to this difference. Firstly, the unoptimized gradient descent
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Figure 3.12. (a) Wire bonding of a 24-channal OPA device. (b) Experimental setup
for OPA far-field measurement. Measured far-field IR images (c) before phase error
correction (PEC) and (d) after phase error correction.

algorithm used in our experiments may have affected the performance of the beam steering
system. Secondly, we also attribute the lower side-mode suppression to the presence
of imperfect phased shifters. Specifically, we encountered issues with two open circuits
after fabrication, and an additional open circuit problem occurred after the wire-bonding
process. With the utilization of an advanced optimization algorithm [49], it is possible to
achieve higher side-mode suppression.

In terms of the overall optical efficiency, it is estimated to be around -13.7dB, which
can be attributed to various contributing factors. This efficiency can be decomposed as

follows: the fiber-to-chip coupling loss accounts for 2.5 dB, the MMI splitting network
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Figure 3.13. (a) Measured far-field image at different wavelength. (b) Measured far-
field image at different phase gradient.

excess loss is 0.6 dB, the waveguide propagation loss is 5.2 dB, and the grating emission loss
is 3.4 dB for downward emission, along with an additional 2 dB due to imperfections in co-
phasing. To improve the grating emission efficiency, we anticipate a 3.2 dB enhancement

by incorporating a bottom distributed Bragg reflector (DBR).

3.2.6 Summary

We successfully demonstrated an active OPA characterized by a large field-of-regard, high
efficiency, and a large emitting aperture. The fabricated OPA devices comprised 24 ele-
ments, each featuring a 5 mm long emitting area and a waveguide pitch as small as 1.3 pym.
Our experiments yielded impressive results, including a 3.3° axial beam steering achieved
through a 20 nm wavelength tuning, and lateral beam steering capability exceeding 40°.

Most notably, this lateral steering exhibited no sidelobes within the £33° field-of-regard.
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3.3 Optical phased array beam steering in the mid-
infrared on germanium-silicon photonic platform

Most development of commercial solid-state LIDAR is focused on the 905 nm and 1550 nm
wavelengths [50]. Extending the operational range into the mid-wave infrared (MWIR)
wavelength can make such devices attractive for FSOC and gas-sensing applications [51]
with lower sensitivity to atmosphere turbulence and scintillation [52, 53]. Furthermore, a
longer wavelength can relax the half-wavelength pitch requirement for sidelobe-free beam
steering [54] and reduce the fabrication complexity [55]. To develop a photonic platform
for MWIR devices, germanium (Ge) is considered as an attractive candidate for its large
transparency window of 2 um to 14 pum [56]. Additionally, it is fully compatible with the
complementary metal-oxide-semiconductor (CMOS) process and is a standard material
for silicon photonics in very large-scale integration applications. A Ge-based platform
also provides strong confinement in the waveguide core due to its high refractive index
contrast. In this section, we propose to investigate and demonstrate non-mechanical,
electronically controlled optical beam steering and beam formation by use of OPAs on a
Ge-based platform. In the following work, we will use germanium (Ge) vertical emitters
with HfO, cladding to achieve high TFOV, low IFOV, and low power consumption. The
proposed vertical structure was inspired by our previous work for U-shaped photonic

coupler [57].

3.3.1 Vertical emitter design

Since Ge has a large transparency window from 2 pym to 14 pm and is fully compatible
with the CMOS process, a Ge-based photonics platform is an attractive candidate for mid-
infrared photonics. Figure 3.14(a) illustrates the schematic of single Ge vertical emitter
and Ge bus waveguide on Si substrate. Here, the vertical emitter consists of a coupler,
45° reflector, and a vertical via, and a bus waveguide is utilized to feed the light into
the vertical emitters. Lumerical FDTD Solutions was utilized to simulate the optical
characteristics for our structures, and a transverse magnetic (TM) polarized 4.6 pm light

source was applied in the simulation. As Figure 3.14(b) shows, we changed the size of the

o8



HfO, (n=2) Vertical

via
Coupler

45°
reflector

Ge bus waveguide

Figure 3.14. Layout of a vertical emitter and simulated emitted mode profiles for
different values of H.
coupler while keeping the size of the Ge bus waveguide and the vertical via at 2x2 pum?.
When H increases to 2 pum, the light can be well confined inside the vertical emitter and
the mode profile of single mode can still be maintained. We attribute this to the optimal
coupling under phase matching condition since the size of the coupler is equal to that of
the Ge bus waveguide.

After optimizing the coupler size, we calculated the emitting efficiency for the vertical
emitter. In our original design, we used Si as the material for the substrate. However, the
efficiency for upward emission is slightly lower than that for downward emission, as shown
in Figure 3.15. This relatively high efficiency for downward emission is due to the low
refractive index contrast between the Ge bus waveguide (n = 4.01) and the Si substrate
(n = 3.42). Therefore, we replaced the Si substrate with a SiN film (thickness = 200 nm)
and a SiOq substrate to increase the contrast. Additionally, we leave a gap between the
coupler and the bus waveguide to make the light in the bus waveguide be evanescently
coupled into the coupler. In this way, we can vary the length of the coupler to manipulate
the strength of coupling. To maximize the coupling efficiency, the gap is set to 20 nm.

In order to achieve low IFOV (smaller beam width) for beam steering, it is important
to have uniform emission intensity across all the emitters by properly varying the coupling

strengths of each coupler. In Figure 3.16(a), the coupler length of the vertical emitter is
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Figure 3.15. Layouts of a vertical emitter (H = 2 ym, L = 2 pum) and calculated
emitting efficiency as a function of the gap between the coupler and the substrate
when the bottom is a Si substrate (left) vs. a SiO2 substrate with a SiN film (right).

varied to change the coupling efficiency between the bus waveguide and the coupler. In
this manner, we can increase coupling efficiency to ~27 % as coupler length is increased to
4 pm. Figure 3.16(b) illustrates the power-feeding network for our vertical emitter array.
The coupler length is gradually increased along the emitter array to enhance the strength
of evanescent coupling and maintain the same efficiency of upward-emitting light from
each vertical emitter. Since we will pursue and eventually demonstrate 128 x128 OPA
beam steering, the ideal upward emitting efficiency for each vertical emitter is ~0.78 %
if there is no extra loss in the power-feeding network. However, we must consider the
inevitable power loss in the end-of-bus waveguide, which is attributed to the maximum
coupling efficiency between the bus waveguide and the coupler. The following equation
describes the relationship between the upward emitting efficiency and the maximum cou-
pling efficiency:

Upward emitting efficiency
100% — (N — 1) x Upward emitting efficiency

< Maximum coupling efficiency  (3.4)
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(a) Calculated coupling efficiency as a function of coupler length for a

simulated vertical emitter. (b) Layout of the power feeding network where the optical
power in the bus waveguide is uniformly coupled into N vertical emitters through

evanescent waves.

If N =

128 and the practically achievable maximum coupler length is 3.5 pm, which

corresponds to maximum coupling efficiency of 23 %, we can obtain an upward emitting

efficiency of ~0.76 %. Therefore, this causes only a negligible power loss of ~2.56 %. Due

to limited computational resources, the following simulation will focus on a 32-element

phased array.
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Figure 3.17. (a) Side view of a row of simulated vertical emitters with NV = 32. Calcu-
lated normalized field intensity distribution on the top of simulated vertical emitters
with (b) no change on coupler length, (¢) AL =100 nm and (d) AL = 50 nm.
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After considering the requirements for uniform emission, we simulated a row of vertical
emitters to check the global behavior of the system, as shown in Figure 3.17(a). For a
decent simulation time, we limited the number of elements to 32. The first coupler
length is chosen to be 0.7 um to satisfy the requirement for the emitting efficiency when
N = 128. The field intensity distribution in Figure 3.17(b) without varying the coupler
length shows the expected upward emission calculated from a single vertical emitter.
Note that the emitting power from each emitter doesn’t decrease smoothly along the
emitter array. This is because the light coupling from the bus waveguide to the couplers
induces some perturbation in the bus waveguide, which needs to be further optimized. In
Figure 3.17(c), we make the whole emission more uniform by varying the coupler length
with AL = 100 nm along emitter array. If the fabrication process is doable, we can further

obtain a more uniform emission by reducing AL to 50 nm, as shown in Figure 3.17(d).

Side view

Bus waveguide

Top view (vertical emitters)
I O B DR B B

0 20 40 60 80 100 120 140
X position (um)

Figure 3.18. Side view and top view of simulated field intensity distribution for the
whole power-feeding network system.

Figure 3.18 shows the 2D field intensity distribution for the case of AL = 50 nm.
From the side view, the light propagating inside the bus waveguide is fed into each vertical
emitter and gradually decreases along the emitter array as we expected. The top view

also demonstrates a very uniform emission from all 32 elements.
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Figure 3.19. (a) Schematic of SiN, grating with custom duty cycle on the top of
germanium waveguide. (b) Simulated near field for the emission from SiN, grating.

3.3.2 Beam steering experiments for light grating emitters

Before the fabrication technology for the Ge vertical emitter array is fully developed,
we first demonstrate a 2D beam-steering PIC using grating emitter arrays for proof-
of-concept. Figure 3.19(a) illustrates the schematic of the grating emitter design with
custom duty cycle. Based on our previous work for the silicon photonics platform [58], we
designed a SiN,-assisted germanium grating that is apodized to achieve uniform emission
as in the simulation result shown in Figure 3.19(b). Here, the duty cycle is modulated
to have weak emission strength at the waveguide input and the width is varied as well
to keep the propagation constant uniform. The total length of the grating is over 2 mm,
which will result in a sharper IFOV in the far field for beam steering. The custom grating
is composed of a 160-nm-thick SiN, overlayer on the Ge waveguide and a grating period
of 1.6 pum, which corresponds to the diffracted angle of 45° when A = 4.6 pm.

Figure 3.20(a) presents a fully packaged non-mechanical beam-steering device includ-
ing the low-loss waveguides, multimode interference (MMI) tree splitter, thermo-optical
phase-shifter, fan-in structure, and a 2-mm-long 12-channel grating emitter array. The
MWIR source used in the characterization is a quantum cascade laser (QCL) from Day-
light Solutions operated in continuous wave with the center wavelength of 4.6 pym and
the tuning capability range of 180 nm. We first measured the propagation loss using the

cut-back method with cm-long spiral waveguides. The propagation loss extracted from
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Figure 3.20. (a) Microscope image of the fully packaged 12-channel OPA device. (b)
Measured near-field pattern for the emission from the SiN, grating.

the linear fitting is found to be 1.64+0.7 dB/cm at the spectral range of 4.55-4.60 pm.
The performance of the thermo-optic phase shifter was evaluated using a Mach Zehnder
interferometer (MZI), and we found the power of 1044+14 mW can achieve a 27 phase

shift. After the light is coupled into the waveguide, the grating emitter demonstrated a

uniform emitting in the near-field pattern, as shown in Figure 3.20(b).
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Figure 3.21. Schematic of far-field measurement setup used to characterize the OPA
device.

Figure 3.21 shows the schematic of far-field measurement setup for the beam-steering
experiment. An aspheric lens with NA = 0.86 was used to couple the light into the

waveguide in the device, and a lens tube with two lenses, fixed onto an FLIR A6700sc
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MIR camera, was tilted at about 45° in the vertical plane to collect the light emitted from
the grating array. The angle value of beam steering was calibrated by using a rotating

mirror to reproduce the beam steering with a known angle.
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Figure 3.22. (a-c) Measured far-field patterns for A\ = 4550 nm, 4575 nm, and 4600
nm, respectively. (d) Measured normalized far-field intensity profile along the #-axis
for different wavelengths.

The far-field patterns presented in Figure 3.22 demonstrate longitudinal beam steering
along the #-axis as the wavelength is tuned from 4500 nm to 4600 nm. The steering
angle tunability versus the wavelength was calculated by linear fitting and found to be
0.069°/nm. Note that the inherent optical path length and the process non-uniformity
for the waveguides will induce a phase error in the grating array and distort the far-field
pattern for the beam steering. Therefore, an algorithm was implemented to optimize the
phase tuning of phase shifters to eliminate the peaks on the background and obtain lower
IFOV (smaller beam size), as shown in Figure 3.23(a). After the phase error correction,
the 3 dB beam width divergence in longitudinal axis ¢ and perpendicular axis 6 were
measured to be 2.9° and 0.5°, respectively. In Figure 3.23(b), we achieve 2D beam steering
by wavelength tuning and phase-shifter tuning. Here, the wavelength is scanned from 4580

nm to 4620 nm while the phase can be adjusted to make the beam point to any angle.
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In the longitudinal direction, the range of beam steering can be up to 12.7° with beam

divergence of 0.47°x2.86°.

Figure 3.23. Measured far-field patterns (a) before and (b) after phase-error correction,
respectively. (c) Three-dimensional plots for the measured far-field patterns while
phase and input wavelength are tuned simultaneously.

3.3.3 Optimization for performance of grating emitters

To enhance both performance and stability of the grating structure, we proposed a custom
60 nm shallow-etched grating on a 2 pum-thick Ge layer as the waveguide with SizNy
cladding. Figure 3.24(a) shows the schematic of the custom grating structure. The width
of the Ge waveguide is 2 pm throughout the grating to maintain weak emission. On top
of the Ge layer, the etched Ge grating employs various widths and duty cycles, to balance
the power emission rate and to increase the effective coupling length. The period A of
the grating is 1308 nm. The incident angle 6; is 90°. The output medium is air whose
refractive index value no equals 1.0. According to Equation (3.5), the corresponding
center output angle is 15° at 4600 nm wavelength (\) when m = 1, where n; is the

effective refractive index of the grating.

nesinf, = n; sin @; — mA (3.5)

A

The propagation constant of the grating structure depends on the width of the etched
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Figure 3.24. (a) The cross section and (b) the schematic of the proposed Ge etched
grating with custom duty cycle and width. (c) The contour map of the § values, where
§ = B — Bo, Bo = 5.16 x 10%/m, and B is the propagation constant for the etched
Ge grating with varying duty cycle and width; (d) the simulated combinations of duty
cycle and width for the custom grating design. (e) The simulation of emission efficiency
for the 100 pm long custom grating for top emission (black) and bottom scattering
(red); (f) the simulation of intensity distribution launching from x = 0 pm for top
emission.
Ge pattern and the duty cycle. To maintain the uniform propagation constant, the etched
Ge pattern employs larger duty cycle with smaller width at the input end, 0.5 duty cycle
with 2 pm width at the output end as depicted in Figure 3.24(b), and continuous transition
in between the two ends. Figure 3.24(c) illustrates the simulated contour map of the &

values, where § = 8 — 3y, By = 5.16 x 10%/m, and 3 is the propagation constant for the
etched Ge grating with varying duty cycle and width. When the duty cycle or ¢ value
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equals to 0, the propagation constant in the grating equals to that in the Ge waveguide.
Figure 3.24(d) shows the designed duty cycles and width values for the custom grating
with maintaining uniform propagation constant. The simulation tool is Lumerical MODE
solution.

Figure 3.24(e) illustrates the simulated emission rate of the custom grating with vary-
ing duty cycles, where the black squares and red circles indicate top and bottom emission,
respectively. The emission to the top is smaller than that to the bottom, which limits
the emission efficiency to be less than 0.5. Figure 3.24(f) shows the simulation of the top
emission intensity distribution assuming the input power is 1 mW. In the custom grating
design, the duty cycles and width values were 0.70 and 0.97 gm at the input end, and 0.52
and 1.72 um at the output end. The corresponding emission rate values were 1.0 x 1074
pum~' and 3.7 x 107* um™!, respectively. In between the two ends, the emission rate

increases continuously while remaining the uniform propagation constant.

(a) (b) (c) (d)
oA SiN cladding oA SiN cladding LA SiN cladding oA SiN cladding
—> Ge waveguide > Ge waveguide > Ge waveguide > Ge waveguide
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Figure 3.25. (a) Schematic of a regular grating structure. To improve the upward
emission efficiency, the grating structure can be integrated with (b) a 300 nm thick
SigNy layer, (c) a metal layer, or (d) a DBR underneath the grating structure. (e)-(h)
Corresponding simulated grating emission profile in log scale.

To improve the upward emission efficiency for the grating emitter, we can collect the
bottom emission light by integrating a reflective mirror underneath the grating, such
as metal layers or distributed Bragg reflectors (DBRs). In Figure 3.25(a) and (e), the

original design has only around 26.8 % upward emission. If we put a 300 nm thick SizNy
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layer underneath the Ge layer to increase the index contrast, the upward emission can be
slightly increased to 30.3 % as shown in Figure 3.25(b) and (f). In Figure 3.25(c) and (g),
a metal layer under the grating structure can boost the upward emission to almost 100 %,
but the deposition of metal layers between the Si substrate and the Ge layer would be very
challenging in terms of the fabrication. With 2 pairs of a-Si/SizN, DBRs as illustrated in
Figure 3.25(d), the upward emission can be optimized to 91.7 %.

3.3.4 Design of 45-degree reflectors using focused-ion-beam etch-

ing

From previous trench etch

Milled at 3.0 nA
Cutdown to < 1.0 nA to
reduce redeposition and
improve sharpness

o | HRW WD [ = Gy HFW  |det cur | mag E|HV mode WD  — T

et | curr magEH | HV mode | WD c nag v ode | Wi
207pm | ETD | 0.20nA | 1000x | 5.00kV | SE 7.1 mm U s iXJ 17.3pm ETD 16nA 12000x 20.00kV SE 7.0 mm UCDavis_Scios

Figure 3.26. 45 degree reflectors etched by focused-ion-beam etching on Ge on Si
waveguides.

While the fabrication of 45° mirrors is still underway, we have developed another sim-
pler fabrication process to demonstrate a 3D photonic-electronic phase array (3D PEPA)
as shown in Figure 3.26. In this process, small ladder shape reflectors are fabricated
by 45° focused ion beam (FIB) etching, and then vertical vias are fabricated before the
reflectors to guide the reflected wave.

Figure 3.27(a-c) illustrates the schematic of a Ge single layer waveguide array on Si
substrate based on FIB etching. Here, a notch structure with 45° angle is utilized to
feed the light into a via structure on the top. In the simulation, a transverse magnetic
(TM) polarized 4.6 pum light source was applied to characterize the optical properties
of the designed structure. In the following discussion, we simulated a row of vertical

emitters to check the global behavior of the system as shown in Figure 3.27(d). For

69



(b) (c) Vertical
emitter

N

Side view Bus waveguide D view

Figure 3.27. (a) Side view, (b) top view, and (c) perspective view of the proposed
single layer waveguide array. (d) Layout of 16 emitters in the simulation and the
corresponding (e) side view and (f) top view of the simulated field intensity distribution
for the whole power-feeding network system.

a decent simulation time, we limited the number of elements to 16. After considering
the arrangement for the phase control circuit and the fabrication constraints, we set the
pitch for the single waveguide array to 10 gm and the notch width to 200 nm. A 2 pm
via length was chosen as the same as the previous design. Figure 3.27(e) and (f) show
the simulated results for the field intensity distribution on the top and side of the single
waveguide array, respectively. The observed upward and downward emitting efficiency are
7.89 % and 34.15 % respectively due to the low index contrast between the Si substrate
and Ge waveguide. The uniformity of the emission distribution can be further optimized

by varying the notch width along the waveguide array.

3.3.5 Light grating emitters for long-wave infrared

Having covered the discussion on 2D and 3D PEPAs in MWIR in the previous section,
we will now shift our focus to investigating the 2D PEPA in long-wave infrared (LWIR)

in the subsequent part. Building upon our previous waveguide design, which employed a
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Figure 3.28. (a) Variation of calculated effective index with waveguide width when
waveguide height is 3.5 pm. (b) Simulated TM mode profile at A = 8.25 pm.

2 x 2 um? dimension for 4.6 ym wavelength, we have opted for a thicker waveguide height
of 3.5 pum to ensure effective confinement at 8.25 ym wavelength. In Figure 3.28(a), we
calculated the effective indices for all the supported modes while the waveguide height is
3.5 pm and the waveguide width is varied from 1 gm to 5 um. The result indicates that
TM polarized single mode operation can be satisfied when the waveguide width is smaller
than 3.5 pm. Therefore, 3 x 3.5 um? was selected to be the waveguide size for 8.25 um
wavelength. Figure 3.28(b) shows the simulated profile for the TM mode. As the mode
is strongly confined inside the Ge core due to the high contrast index, the choice of the
cladding has a minor effect on the waveguide properties. Besides, we verified that the
minimum bending radius value of 50 pm would guarantee negligible excess optical losses
(<0.1 dB/90°) due to bending, thanks to the relatively strong optical mode confinement
in the waveguide.

In our previous work, we have developed the MMI structured beam-splitter for the inte-
gration of MWIR QCL and our Ge waveguides designed for 4.6 pm wavelength. Similarly,
to feed the light from 8 outputs of 8.25 um LWIR QCL to the 128 bus Ge waveguides, we
developed another 8 x 16 beam splitter for it. It is based on cascaded MMI Tree. Due to
the void defect which may happen in the gap between the two output tapered waveguides,
we take the size of gap into consideration in our design. In Figure 3.29, we designed MMI

for 3 dB splitting at the 8.25 pum wavelength. Here are two different designs presented
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16 19 (b) Ly

(a)

Ly (Mm) 59.2 84.2

Offset (um) 4.2 5.0

Woaper (HM) 5.6 5.0

Laper (HM) 150 150

Gap (um) 2.8 5

Transmitted :elative 49.47 49.35
power (%)
Total loss (dB) 0.05 0.06 (Ge ridge 3 x 3.5 um?, TM mode)

Figure 3.29. (a) MMI design parameter table for 3 x 3.5 um? ridge waveguide plat-
form at 8.25 um wavelength. (b) Schematic of an MMI structure. Beam propagation
simulation of MMI 3 dB power splitting for (¢) Wasarr = 16 pm and (d) W = 19

pm.

to accommodate process fabrication variation. Larger gap is the priority, but a trade-off
will be made for a compact design to allow tight integration.

Next, we design and simulate a beam steering device using grating emitters in LWIR
for a proof-of-concept. It will help us have a better understanding of a LWIR photonic
platform and beam-steering characterization experiments as it is easier to fulfill this fabri-
cation. First of all, we chose CaF5 as the cladding material thanks to the low material ab-
sorption in LWIR and it is also doable for the deposition as a cladding to have more space
for multilayer integration and metal crossing above the waveguides. In Figure 3.30(a),
staircase-shaped grating with 2-mm length was chosen due to its stronger upward coupler
strength and weaker substrate leakage. In Figure 3.30(b-e), we evaluate the performance
of this grating under 100-pm-total length and confirm the optimized etching depth for

this two-step grating structure. The simulated results indicate that the grating emitter
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(b) Etching depth = 200 nm +200 nm  (C) Etching depth = 150 nm +150 nm

(a)
' CaF,

2(microns)
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Figure 3.30. (a) Schematic of a staircase-shaped germanium grating emitter. (b) Side
view of the simulated power distribution for a 100 pum long grating emitter with the
total etching depth of (b) 400 nm, (c¢) 300 nm, (d) 200 nm, and (e) 100 nm.
would have a smoother emitting profile when the etching depth for each step is around
100 - 150 nm. Furthermore, we can utilize the proportional relationship to calculate the
power emitting in each direction after 2 mm propagation. For the grating emitter with
300 nm total etching depth, we can obtain 22 % and 69 % for the upward and downward
emitting efficiency, respectively. The period of this grating is set to 2399 nm to have a

diffraction angle around 15° calculated by grating equation.

(a) (b)
| Pitch (um) | Peupiea/Po | Pitch (m) | Peoupiea/Po_

4.6 98.47 % 5.3 6.87 %

4.7 81.63 % 5.4 4.36 %

4.8 59.50 % 5.5 2.77 %

Ge WG Pitch Ge WG 4.9 40.47 % 5.6 1.77 %

— 5 26.52 % 5.7 1.14 %

5.2 10.84 % 5.9 0.48 %

Figure 3.31. (a) Cross-sections of two germanium waveguides on a silicon substrate
with CaFy cladding. (b) The corresponding calculated crosstalk ratio with varying
pitch

To achieve sidelobe-free beam steering, the separation of emitters should be smaller
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than a half wavelength. However, once the waveguides get too close, the crosstalk coupling
between them will become significant and the phase control for each emitter will be
challenging. Figure 3.31 shows the crosstalk ratio between the two adjacent germanium
waveguides with varying pitch as defined in the schematic. The result indicates that the

crosstalk becomes more negligible as the pitch increases to 5.4 pm.
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Figure 3.32. Simulated far field patterns for (a) single grating emitter and (b) 24
channels grating emitter with pitch = 5.4 ym at the wavelength 8.25 ym

Previous MWIR emitter grating design suffered from an emission angle close to 45°
at the center wavelength, which made the experimental work complex. For this LWIR
grating emitter, we revised the grating design to bring the angle close to 15° from the
normal of the chip at the center wavelength 8.25 pum. Figure 3.32 shows the far field
patterns for a single grating emitter and a 24-channel grating emitter with the pitch of

5.4 pm, respectively.

3.3.6 Summary

To our knowledge, this is the first demonstration of 2D beam steering in MWIR using
a germanium-silicon photonic platform. We have successfully presented a fully packaged
non-mechanical beam-steering device featuring a 2-mm-long 12-channel grating emitter
array. This achievement has led to a remarkable reduction in beam divergence, down

to 0.18° in the perpendicular direction, with wavelength tunability of 0.069°/nm. In the
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lateral direction, we have demonstrated a substantial beam-steering angle of 12.7° with
beam divergence of 0.47°x2.86°. To further enhance the performance of the grating
emitters, we can tailor the grating structures to create a uniform emitting profile and
introduce reflectors beneath the emitters to increase emitting efficiency. Moreover, the

same approach can be adopted to design LWIR beam steering devices.

3.4 Foundry-compatible two-dimensional optical phase
array

During the COVID-19 shutdown, we leveraged commercial foundries to design and fab-
ricate PEPA devices for the beam steering demonstration. In order to comply with the
design rules of commercial foundries, we changed the vertical column Ge emitters to lat-
eral Ge emitters with vertical emission. The vertical emission can be achieved by the
45 degree reflectors fabricated using focused ion beam (FIB) etching as described in Fig-
ure 3.26. Moreover, commercial foundries can allow the silicon layer to be doped by
n-type and p-type dopants to create bipolar n-p-n transistors. These transistors can form
active matrix and deliver current to the germanium waveguides for thermo-optical tun-
ing. In the forthcoming discussion, we present the proposed schematic of a lateral PEPA
array that can be implemented through AIM Photonics. The optimization process began
with an investigation into the propagation loss and bending loss of the emitter structure,
considering various waveguide widths and bending radii. To ensure a uniform emitting
profile, the coupler efficiency was calculated by varying the coupler length, and the cor-
responding lengths were subsequently incorporated into the layout of the lateral PEPA
arrays. Following the fabrication of the PEPA devices by AIM Photonics, they underwent
additional packaging on printed circuit boards (PCBs) utilizing the wire bonding tech-
nique. Furthermore, a MWIR measurement setup was developed to thoroughly assess the
optical properties of the designed structures.

In Figure 3.33(a), we propose a large-scale compact beam steering system consisting
of 128 x 128 phased arrays based on a Ge-on-SOI platform. Here, a 45-degree reflector in

each unit is utilized to emit the light upward. To achieve low instantaneous field of view
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Figure 3.33. (a) Schematic for a 128 x 128 phased arrays based on a Ge-on-SOI
platform. (b) Schematic for the bus-to-row coupling. (c) Schematic for the row-
to-unit coupling. (d) 3D schematic of the optical phase array including transistors,
CONTROL, DATA, and Vdd lines.

(IFOV) for beam steering, it is important to have uniform emission intensity across all the

reflectors by properly varying the coupling strengths of each coupling region. Therefore,

in the following discussion, we will investigate how to equally split the power into each

row bus waveguide and each unit by modulating the bus-to-row coupling efficiency and

the row-to-unit coupling efficiency as the schematics shown in Figure 3.33(b) and (c),

respectively. Due to the considerable absorption loss of SiO, cladding at LWIR and 800

nm thick Ge layer, 3.8 ym and 4.6 pm were selected for the designed wavelengths of
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foundry-compatible lateral-PEPA devices.

3.4.1 3.8 ym lateral-PEPA design with AIM Photonics compat-
ibility
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Figure 3.34. (a) Schematic for the proposed guiding structure at 3.8 ym wavelength
based on a Ge-on-SOI platform. (b) Calculated propagation loss for the fundamental
TM mode when the waveguide width is varied from 0.3 gm to 0.8 pm. (c) Simulated
TM mode profile for the waveguide width of 0.6 pm. (d) Calculated bending loss for
the bending radius varied from 2 pym to 5 pym.

According to AIM PDK, the guiding structure is a ridge waveguide based on a Ge-on-
SOI platform as shown in Figure 3.34(a). The Ge waveguide height is 800 nm, while the
Si layer and the buried oxide (BOX) layer are 220 nm and 2 pm in thickness, respectively.
In Figure 3.34(b), we calculated the propagation loss for the fundamental transverse
magnetic (TM) mode when the Ge waveguide width is varied from 0.3 ym to 0.8 pm. In

order to ensure a good optical confinement and low propagation loss, 0.6 um was selected
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to be the waveguide width for 3.8 um and the corresponding simulated mode profile is
shown in Figure 3.34(c). Besides, we verified that the bending radius value of 2 ym would
guarantee negligible excess optical losses thanks to the relatively strong optical mode

confinement in the Ge waveguide.
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Figure 3.35. The coupling length (Black) and the simulated coupler efficiency (Blue)
for (a) the bus-to-row couplers and (b) the row-to-unit couplers in the 128 x 128 phased
array for 3.8 pum wavelength.

In Figure 3.35(a), the bus-to-row coupler length is varied from 0.24 pm in the first
coupler to 3.14 pum in the last coupler with a constant gap of 500 nm, corresponding to
the coupling efficiency of 0.71 % and 7.25 %, respectively. The bending radius was set to
2 pm according to the previous investigation for the bending loss. Similarly, the length of
the row-to-unit coupler is varied from 0.24 pm (coupling efficiency = 0.72 %) to 3.40 um
(coupling efficiency = 7.98 %) as shown in Figure 3.35(b). In order to design a unit to
be as compact as possible, we lower the required maximum coupling efficiency to reduce
the maximum coupler length, which causes power loss of 9.1 % in the end of the bus
waveguide and 8.3 % in the end of the row bus waveguides. Consequently, we can achieve

the pixel size of 7 pym x 7 pm.

3.4.2 4.6 ym lateral-PEPA design with AIM Photonics compat-
ibility

In Figure 3.36(a), we present another waveguide design for 4.6 pm wavelength without

Si04 top-cladding because SiOy has higher loss at 4.6 pm than that at 3.8 pm. Similarly,

the thickness of each layer is the same as described in the design for 3.8 um wavelength.
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Figure 3.36. (a) Schematic for the proposed guiding structure at 4.6 pm wavelength
based on a Ge-on-SOI platform. (b) Calculated propagation loss for the fundamental
TM mode when the waveguide width is varied from 0.5 gym to 1.2 ym. (c) Simulated
TM mode profile for the waveguide width of 0.8 pm. (d) Calculated bending loss for
the bending radius varied from 3 pm to 6 pym.

In Figure 3.36(b), we investigated the propagation loss for the fundamental TM mode in
the Ge ridge waveguide, and found the single mode operation can be satisfied when the
waveguide width is smaller than 1.1 gm. In order to ensure a good optical confinement
and low propagation loss, 0.8 um was selected to be the waveguide width for 4.6 um
and the corresponding simulated mode profile is shown in Figure 3.36(c). To guarantee
a negligible bending loss, we calculated the bending loss with varying the bending radius
from 3 pm to 6 pm in Figure 3.36(d), and the bending radius value of 4 ym was chosen
to be used in the 128 x 128 phased array for 4.6 ym wavelength.

As we described in the previous paragraph about how to design large-scale phased

arrays with uniform emission intensity, we vary the coupler lengths for the bus-to-row
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Figure 3.37. The coupling length (Black) and the simulated coupler efficiency (Blue)
for (a) the bus-to-row couplers and (b) the row-to-unit couplers in the 128 x 128 phased
array for 4.6 pm wavelength.

couplers and the row-to-unit couplers in the design for 4.6 ym wavelength as shown in
Figure 3.37. The coupler gap was set to 750 nm to have a suitable coupling strength
between Ge waveguides. The bus-to-row coupler length is varied from 0.89 pum (coupling
efficiency = 0.69 %) to 5.67 um (coupling efficiency = 5.74 %) and the row-to-unit coupler
length is varied from 1.18 um (coupling efficiency = 0.71 %) to 5.68 pm (coupling efficiency
= 7.25 %) to have a uniform emission across all the reflectors. Due to the low maximum
coupling efficiency, the power loss in the end of the bus waveguide and the row bus
waveguide are expected to be 11.4 % and 9.1 %, respectively. With the compact design

of each unit, we can achieve the pixel size of 11 ym x 11 pm.

3.4.3 Layouts and packaging
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Figure 3.38. Schematic diagram of 128 x 128 PEPA array based on AIM PDK (a)
without transistors and (b) with transistors.

Figure 3.38 depicts the schematic diagrams of two types of PEPA arrays: one with-
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out transistors and another with transistors based on AIM PDK. In the design without
transistors, we employed the bending region of each emitter unit as a heating element as
illustrated in Figure 3.38(a). Specifically, the two ends of the bending waveguide were
connected to metal vias through heavily doped Si regions. These metal vias were then
linked to the metal lines designated for Control and DATA. As for the other PEPA version
with transistors, the bending region of each emitter unit was also employed as a heating
element. Initially, one end of the bending waveguide was connected to the Vdd metal
line through a heavily doped Si region and a metal via. Subsequently, the other end was
connected to a customized doped Si structure that functions as transistors, as depicted in
Figure 3.38(b). Finally, the two ends of the Si doped structures were connected to metal
vias, which were in turn connected to separate metal lines designated for Control and
DATA.

After we completed the designs of the emitters and heating elements, we proceeded to
create layouts for lateral-PEPAs in various configurations, including 16x 16, 32x32, and
64x64 lateral-PEPAs, both with and without transistors as illustrated in Figure 3.39(a-
¢). The pitch of the emitter units is 7 pm for 3.8 pum wavelength, and 11 pm for 4.6
pm wavelength. To mitigate reflection and scattering, the ends of the bus waveguides
and row bus waveguides are connected to 100 pum long tapers. The overall dimensions of
the 64x64 lateral-PEPAs for 4.6 pm wavelength are 1657 umx1675 pm with transistors
and 1594 pmx1350 pm without transistors, respectively. In Figure 3.39(d-f), a 64x64
lateral-PEPA for 4.6 um wavelength with transistors is packaged on a printed circuit
board (PCB) using the wire bonding technique as shown in . Initially, the PEPA device
was bonded onto a 5.5 mmx5.5 mm gold plate, which includes multiple holes to enhance
heat dissipation. Subsequently, the bonding pads on both the PCB and the PEPA device
were connected using gold wires. It is worth noting that the metal pads surrounding the
PEPA device are very compact, with a width of 60.9 ym and a pitch of 70 ym. In order
to prevent any potential interference between the input fiber and the bonding wires, we
took care to position the input waveguide at a safe distance from the bonding pads. This

arrangement minimizes the risk of collision and ensures uninterrupted fiber-to-waveguide
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Figure 3.39. (a) Schematic diagram for PEPA arrays with different configurations. The
corresponding GDS layout, and microscope image are shown in (b) and (c), respec-
tively. Microscope images of the fully packaged 64 x 64 PEPA array with transistors
are shown in (d-f) on different views.

coupling. The overall dimension of the PCB is 8.6 cmx14.4 cm, and multiple holes are
placed in the center placed in the center to facilitate flexible mounting. Additionally,
three rows of connectors are soldered on the side of the PCB to enable electrical control

of the PEPA device.

3.4.4 Experimental setup and characterization

Figure 3.40 presents a comprehensive list of the key components utilized in the optical
testing setup for conducting beam steering measurements. Considering that this is the
initial characterization stage for the PEPA devices, and the SiO, cladding on the top
has not been removed, we opted for a 1937 nm distributed-feedback (DFB) laser from
Nanoplus and a 3250 nm interband cascade laser (ID3250HHLH) from Thorlabs. This
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Figure 3.40. Pictures for the items used in the optical testing bench.

laser selection allows us to work around the high absorption loss typically associated
with SiOy material in MWIR. Besides, we utilized Thorlabs’ aspheric lenses fabricated
from Black Diamond-2 (BD-2) and ZnSe materials for beam collimation and imaging
purposes in MWIR. These lenses were specifically prepared to ensure efficient and accurate
collimation of the beams as well as high-quality imaging capabilities. In terms of imaging,
we utilized an A6700 MWIR camera manufactured by FLIR. This camera is capable of
operating over a wide wavelength range from 1 ym to 5 pm with 15 pm detector pitch
and a resolution of 640x512.

In order to maximize the efficiency of optical coupling, we explored two distinct strate-
gies for coupling MWIR light into a Ge waveguide. These strategies involved the uti-
lization of either a single mode fiber or a high-NA BD-2 aspheric lens, as illustrated in
Figure 3.41. The former strategy offers easier alignment of the input light with the waveg-
uides, but it results in higher edge coupling loss due to the mode mismatch between the
fiber and the Ge waveguide. On the other hand, the latter strategy enables higher edge
coupling efficiency by employing a high numerical aperture (NA) aspheric lens (NA =
0.85 in this study) while requiring additional effort in aligning the lenses for collimation
and focusing along the light path. In terms of near-field imaging, a tube lens is positioned

in front of the MWIR, camera to project the near field of the PEPA device onto the sensor
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Coupling strategy with single mode fiber Coupling strategy with a high NA objective lens

Device under &

Figure 3.41. Different approaches for coupling light into a Ge waveguide using a single
mode fiber and a high NA objective lens.

plane inside the MWIR camera.

Figure 3.42. Microscope images and measured near fields for (a)-(b) a row of four
emitters and (c)-(d) a 4 x 4 emitter array.

Since the fabrication process for the 45° reflectors was not fully developed at the time
of these experiments, we began by characterizing a row of four emitters and a 4 x 4 emitter
array as the initial demonstration, as depicted in Figure 3.42. Although the 45° reflectors
were absent in these emitter units, we were still able to observe partial light scattered

from the waveguide end of each emitter unit. Figure 3.42(a) displays the microscope image
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of the row of four emitters along with their corresponding GDS layout. The measured
near field exhibits four distinct light spots emitting from the top of the emitter units as
shown in Figure 3.42(b). Since the coupler length for these four emitter units is identical,
the intensity of the emitted spots gradually decreases along the propagation direction.
The microscope image and the GDS layout of the 4 x 4 emitter array are presneted in
Figure 3.42(c). However, it should be noted that due to the strong scattering light from
the bending waveguide near the 4 x 4 emitter array, only a row of four light spots could

be observed.

3.4.5 Summary

In this study, we successfully demonstrated beam steering devices compatible with foundry
processes, utilizing 2D optical phased arrays operating at wavelengths of at 3.8 ym and 4.6
pm. We meticulously designed a 64 x 64 PEPA with integrated transistors based on a Ge-
on-SOI platform. Subsequently, these devices were fabricated by a commercial foundry.
Following fabrication, we performed comprehensive packaging of these arrays on printed
circuit boards, employing the wire bonding technique. To evaluate their performance
in beam steering, we conducted rigorous characterization using a MWIR optical testing
bench. In future work, it is essential to further explore the propagation loss and bending
loss of the Ge waveguides employed in the PEPA devices. By thoroughly investigating
these factors, we can make significant advancements in optimizing the performance of the
PEPA devices. Additionally, a significant aspect would be the complete development of

the 45° reflectors, as it would enable the demonstration of a fully functional PEPA device.
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Chapter 4

Highly-Dispersive
Polarization-Diversifying Metalens

for Hyperspectral Imaging

4.1 Compressive hyperspectral imaging
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Figure 4.1. Spectral optical flow in coded aperture snapshot spectral imagers (CASSI).

Compressive sensing (CS) offers the ability to sense and reconstruct spectral scenes
using significantly fewer measurements than traditional linear scanning spectral sensors
[59-62]. This efficiency allows integrated CS imagers to capture hyperspectral images in
an compressed data format directly from standard focal-plane arrays (FPAs), facilitat-

ing transmission at higher frame rates. Among the various approaches for compressive
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sampling and reconstruction, one particularly notable CS-based architecture is the com-
pressive coded aperture spectral imagers, also known as coded aperture snapshot spectral
imagers (CASSI) [61-63]. Figure 4.1 provides an illustration of the spectral optical flow in
CASSI [62]. A spectral data cube F having L spectral bands and N x N spatial pixels is
first amplitude modulated by a pixelated N x N coded aperture T. In traditional hyper-
spectral imaging, capturing the entire voxel would necessitate N x N x L measurements.
However, in CASSI, N x N x L dimensions of the spectral data cube are mapped to an
array of V' x N FPA measurements, where V' = N + L — 1. This mapping takes advantage

of the dispersion characteristics of the prism.

4.2 Design of polarization diversifying highly-dispersive

metalens
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Figure 4.2. (a) Schematic of single dispersive CASSI. (b) Meta-CASSI.

Brady’s group has applied the principle of CASSI to achieve a successful demonstration
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of single dispersive CASSI [63], as depicted in Figure 4.2 (a). In our research, we introduce
an exceptionally compact single dispersive CASSI system based on metalens technology, as
depicted in Figure 4.2 (b). The proposed metalens-based CASSI employs a single metalens
to replace both the two relay optics and the dispersive element found in the original single

dispersive CASSI setup shown in Figure 4.2 (a). Additionally, the metalens is engineered

to split images corresponding to the two polarizations.
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Figure 4.3. Schematic diagram of the metastructure (a-b) and metalens (c-d) with
properly placed and sized dimensions to achieve (e-g) the desired phase shift of 0-27
while keeping the throughput nearly 100% for the four spectral bands. The pillar
widths that sit in transmission dips (highlighted by gray stripes) are excluded from
the design database.

By incorporating subwavelength 3D rectangular structure of Figure 4.3(a-b) of size wy,,

wy, and h, and placing them (Figure 4.3(c-d)) at the spacing to provide quadratic phase
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shift shown in Figure 4.3(e-h), we can realize relatively highly dispersive dispersion lens
with two linear polarizations split in two axial directions of the rectangular footprints.
Here, TiO5 metalens is used for the spectral band at around 0.76 pm, and Si metalenses
are used for the other three spectral bands at around 1.61 pm, 2.06 pm, and 2.32 pm.
The shift in the relative phase due to the metalens elements with respect to the center of
the structure is given by ¢ (z,y,A) = 27” (f-\/m), where A is the wavelength, f is
the focal distance, x and y are the positions of each rectangular block. For the metalens
design of 0.76 um wavelength, the center-to-center distance is 0.48 pm and the height is
0.76 pm. By varying the element size from 0.18 pm to 0.44 pm, we can produce phase shift
of 0-27 while keeping the throughput nearly 100%. Similarly, the metalenses designed for

the other three spectral bands can be optimized as shown in Table 4.1.

Table 4.1. Metalens design parameters for the four spectral bands.

Center Pillar Pillar Unit cell Pillar width | Pillar width
wavelength material height H size a Wonin W oo
763.2 nm TiO, 0.76 pm 0.48 pm 0.18 pum 0.44 pm
1611.3 nm Si 1.04 pm 0.72 pm 0.26 pm 0.51 pum
2065.0 nm Si 1.28 pm 0.92 um 0.32 pum 0.66 pm
2323.1 nm Si 1.48 pm 1.08 pm 0.38 pm 0.74 pm

Figure 4.4 (a) and (b) show the proposed metalens with dispersive dispersion and
polarization splitting in two axial directions. Simulation results vividly demonstrate the
remarkable wavelength dispersion and polarization splitting achieved using a 140 pum
diameter metalens while scanning wavelengths from 2170 nm to 2470 nm. Figure 4.4 (c-f)
illustrates more detailed view of the dispersive focusing for the four wavelength bands
designed for the spectral resolving power of ~1000 (e.g. 2 nm spectral resolution at 2061
nm wavelength). This was accomplished using reasonably compact metalenses with a
diameter of 2500*\ (e.g. D = 5 mm for A = 2061 nm and D = 2 mm for A = 763

nm wavelength). The off-axis focusing angle for these metalenses was designed to 22.5
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Figure 4.4. The rectangular metastructure design allows polarization diversifying as
well as spectrally dispersive imaging as illustrated for (a) S-polarization and b) P-
polarization at two different wavelengths. Calculated field intensity at the focal point
for different wavelengths. Wavelength increases in steps from left to right for the four
center wavelengths (c) 760 nm, (d) 1611 nm, (e) 2060 nm, and (f) 2320 nm.

degrees. With a larger metalens diameter, we anticipate achieving a spectral resolving
power of ~15,000.

Figure 4.5 displays the layout of the metalens designed for the center wavelength of
2323.1 nm. The intricate structures were defined and then converted into a GDSII format
file using the Python module gdspy. In this configuration, Si metalenses are employed
for spectral bands around 1.61 pm, 2.06 pm, and 2.32 pm, while TiOs metalens is used
for spectral bands around 0.76 pm. The center-to-center distance in Figure 4.5 is 1.08
pm, with a height of 1.48 pm. By varying the element size from 0.38 pym to 0.74 pm,
we can produce phase shift of 0-27 while keeping the throughput nearly 100%. The off-
axis focusing angle for these metalenses was designed to be 22.5 degrees. For the initial
metalens testing, F'/5 design was chosen with the diameter of 5 mm, 10 mm, and 20 mm.
These 20 mm metalenses for the four spectral bands (0.76 pm, 1.61 gm, 2.06 pm, and
2.32 pum) are expected to achieve the spectral resolving power of 10000, 5000, 4000, 3571,

respectively.
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Center Pillar Pillar Unit Pillar Diseter oca
wavelength ] height | cell size width W (mm) eng
(nm) H (um) | a(um) ()
20

763.2 TiO, 0.76 0.48 0.18-0.44 100
1611.3 Si 1.04 0.72 0.26 — 0.51 20 100
2065.0 Si 1.28 0192 0.32-0.66 20 100
—r
23231 Si 1.48 1.08 0.38-0.74 20 100

Figure 4.5. Metalens layout for the center wavelength of 2323.1 nm and the design
parameters for the F/5 metalenses at the four spectral bands 0.76 pm, 1.61 pm, 2.06
pm, and 2.32 pym.

4.3 Characterization results of on-axis and off-axis

metalenses
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Figure 4.6. Measurement setups for (a) beam profile and (b) transmission.

We designed the measurement setups to characterize both the output beam profiles
and the corresponding transmission efficiency of the fabricated metalens, as illustrated in
Figure 4.6 (a) and (b), respectively. In our setup, we employed a 1937 nm distributed-
feedback (DFB) laser to characterize the metalens, which was designed for a wavelength

of 2.06 pm. The laser beam was collimated using a silver reflective collimator (Thorlabs,
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RC02APC-P01) to generate a 1.8 mm diameter collimated beam. To ensure linear polar-
ization, a polarizer (Thorlabs, LPNTR050) was used. After the light passes through the
metalens, the output beam pattern was captured by an MWIR camera (FLIR, A6700).
Additionally, we measured the corresponding transmission efficiency using a thermopile

sensor with a 19 mm diameter active area (Coherent, PM30).
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Figure 4.7. (a) Top-view microscope image for the fabricated on-axis metalens with a
diameter of 2 mm. (b-i) Measured beam patterns at various positions away from the
metalens.

Figure 4.7 (a) shows the on-axis metalens that was fabricated for investigating its
focusing effect. This metalens has a diameter of 2 mm, a focal length of 10 mm, and
it is designed for a wavelength of 2.06 ym. In Figure 4.7 (b-i), we present beam pat-
terns at various positions along the optical axis of the metalens. We observed that the

beam focuses at a distance of 11 mm away from the metalens, which closely matches the
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simulation result of 10.63 mm as shown in Figure 4.8 (a).

Furthermore, the measured

transmission efficiency of the metalens is approximately 46 %.
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Figure 4.8. (a) Simulated light propagation on the x-z plane and (b) the simulated
beam profile in the focal plane along x-axis. (c) Measured beam profiles in the focal
plane of the metelens along (d) x-axis and (e) y-axis with Gaussian distribution fitting.

In Figure 4.8 (b) and (c), we present the simulated and measured beam profiles in
the focal plane of the metalens. The simulated results indicate a focal spot size of 14.6
pm size for the focal spot. However, due to the lower resolution of the measured beam
profile, we utilized Gaussian fitting, as depicted in Figure 4.8 (d) and (e), to estimate
the size of the focal spot. This estimation resulted in a beam diameter of approximately
26 pum, nearly double the size indicated by the simulation results. This disparity can be
attributed to fabrication defects.

After assessing the performance of the on-axis metalens, we now turn our attention
to investigating the capabilities of the off-axis metalens in terms of polarization splitting
and wavelength dispersion. In Figure 4.9 (a), we present the initial demonstration of an
off-axis metalens with a 2 mm diameter, 6 mm focal length, and an off-axis focusing angle
of 22.5 degrees. The designed wavelength for this metalens is also 2.06 ym. Figure 4.9 (b)
displays the calculated field intensity at the focal plane of the metalens under different
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Figure 4.9. (a) Top-view microscope image for the fabricated off-axis metalens. Cal-

culated and measured field intensity at the focal point for two polarizations are shown

in (b) and (c) respectively.
polarizations for comparison with the measurement results shown in Figure 4.9 (c). For
a decent simulation time, we scaled down the metalens diameter to 140 ym while main-
taining the same focal ratio and off-axis angle. The measurement results for the 2-mm
diameter metalens demonstrate the expected capability of polarization splitting in two
axial directions, as seen in the simulation. However, the intensity contrast between the
two polarizations is lower than what we anticipated from the simulation. This could be
due to fabrication defects, and therefore, requires further improvement.

In Figure 4.10 (a), we present the calculated beam profiles in the focal plane of the
metalens, with an estimated spot size of approximately 11.2 pm. Notably, the focal spot
experiences a 3 pum shift along the y-axis as the wavelength is scanned from 1935 nm
to 1937 nm. Regarding the measurement result, Figure 4.10 (b) displays a spot size of
approximately 210 pym and a shift of about 12 um along the y-axis as the wavelength
undergoes scanning from 1935 nm to 1937 nm. The significant disparity between the
simulation and measurement results can be attributed to underetched metalens elements,

highlighting the need for further improvement.
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Figure 4.10. (a) Calculated and (b) measured beam profiles at the focal plane for
S-polarization as the wavelength scans from 1935 nm to 1937 nm.

4.4 Summary

In summary, we have designed polarization-diversifying highly-dispersive metalenses for
four spectral bands at 0.76 pm, 1.61 um, 2.06 ym, and 2.32 um to enable compressive
hyperspectral imaging. With a diameter of 20 mm, these metalenses can achieve spectral
resolving powers of 10000, 5000, 4000, 3571, respectively. Our initial step involved fab-
ricating an on-axis metalens to demonstrate its focusing capabilities. The measurement
results aligned closely with the simulations, and we achieved a transmission efficiency of
46 %. Subsequently, we fabricated an off-axis metalens to explore polarization diversity
and spectral dispersion in imaging. Our findings reveal clear polarization splitting for
both S-polarization and P-polarization. When scanning the wavelength from 1935 nm to
1937 nm, we observed a 12 um shift in the focal spot along the focal plane of the metal-
ens. These results underscore the promising potential of realizing highly dispersive and
polarization-sensitive metalenses and metalens-based CASSI systems enabling compact

hyperspectral imaging.
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Chapter 5

Conclusion and Future Directions

In this dissertation, we have achieved significant milestones in the development of 3D
photonic integration, harnessing a diverse range of cutting-edge technologies, including
ultrafast laser inscription, optical phased arrays, and metalenses.

For ultrafast laser inscription, we demonstrated arbitrary vertical waveguides in de-
posited oxide on silicon substrate with impressive low propagation loss of 0.62 dB/cm
and efficient chip-to-chip coupling to SiN inverse tapers. Future endeavors could focus on
further refining the inscription conditions of ULI waveguides intended for intra-chip cou-
pling with SiN couplers. Besides, we could explore the potential of alternative materials
for laser inscription like various doped glasses and SU-8 photoresist with the objective of
advancing the field of 3D photonic packaging. In addition to the previous achievements,
we introduced a 3D fan-in/fan-out device designed for multi-core fiber integration with
SMF-28 fiber arrays. Our innovative waveguide routing algorithm for ultrafast laser in-
scription allowed us to maintain consistent photonic path lengths while optimizing waveg-
uide bending. With promising outcomes, we achieved low propagation losses of 0.3 dB/cm
on boro-aluminosilicate glass and even lower losses of 0.16 dB/cm on germanium-oxide
doped glass. A critical consideration for effective packaging involves the rapid and precise
alignment of SMF-28 fiber arrays and multi-core fibers. Future directions may include
investigating the creation of efficient sockets to facilitate the coupling of light into or
from the 3D fan-in/fan-out device fabricated using ultrafast laser inscription. Moreover,

we presented the first-ever demonstration of a 3D arrayed waveguide grating router op-
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erating at 1550 nm, achieved through ultrafast laser inscription. Leveraging multi-scan
technique, we obtained a refractive index contrast of 8.8 x 1072 and realized a AWGR with
impressive channel spacing of 399.1 GHz and a 3 dB-passband width of 2.02 nm. The
AWGR is further integrated with a fan-in/fan-out structure to exhibit its versatility for
3D photonic integration. The future works could concentrate on the ongoing optimiza-
tion of optical losses generated from each component within the AWGR. Additionally,
our research will delve into identifying and mitigating phase errors induced in the arrayed
waveguides, further advancing this innovative technology.

In our optical beam steering research, we achieved significant milestones. Firstly, we
developed a 24-channel OPA with an emitting area of 5 mm and a waveguide pitch as
small as 1.3 um. Our experiments resulted in remarkable outcomes, including a 3.3° axial
beam steering achieved through a 20 nm wavelength tuning, and an impressive lateral
beam steering capability exceeding 40°. Importantly, this lateral steering exhibited no
sidelobes within the £33° field-of-regard. These achievements pave the way for scalabil-
ity, allowing us to scale up such devices to a 1 cm x 1 c¢m footprint and utilize them as
unit cells in larger assemblies. Furthermore, employing vertical U-shaped couplers [57], we
have the potential to tile these unit cells to create large coherent apertures, such as 10 cm
x 10 c¢cm configurations, for advanced long-range LIDAR systems. Second, we presented
the first demonstration of 2D beam steering in MWIR using a germanium-silicon pho-
tonic platform. Our breakthrough includes the successful presentation of a fully packaged
non-mechanical beam-steering device featuring a 2-mm-long 12-channel grating emitter
array. This accomplishment has resulted in a remarkable reduction in beam divergence,
achieving as low as 0.18° in the perpendicular direction, with wavelength tunability of
0.069°/nm. In the lateral direction, we demonstrated a substantial beam-steering angle of
12.7° with a beam divergence of 0.47°x2.86°. To further enhance the performance of the
grating emitters, we intend to customize the grating structures to create a uniform emit-
ting profile and introduce reflectors beneath the emitters to increase emitting efficiency.
We anticipate that the same approach can be effectively employed to design LWIR beam

steering devices. This groundbreaking development extends the operational capabilities
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of OPA for FSOC and gas sensing with MWIR with low sensitivity to the atmosphere
turbulence and scintillation. Additionally, our device is fully compatible with the CMOS
process for large-scale fabrication and electronic co-integration. Our future work will fo-
cus on increasing the number of the channels and decreasing the pitch for the emitter
array. Last, We have successfully demonstrated beam steering devices that are compati-
ble with foundry processes. These devices utilize 2D optical phased arrays operating at
wavelengths of 3.8 um and 4.6 pm. Our meticulous design involved a 64 x 64 PEPA with
integrated transistors, which was based on a Ge-on-SOI platform. After being fabricated
by a commercial foundry, these devices were fully packaged on printed circuit boards
utilizing the wire bonding technique. To assess their performance in beam steering, we
conducted rigorous characterization using an MWIR optical testing bench. For the future
work, it is essential to delve deeper into the investigation of propagation loss and bending
loss of the Ge waveguides used in the PEPA devices. By thoroughly understanding and
optimizing these factors, we can make significant advancements in enhancing the perfor-
mance of the PEPA devices. Additionally, a significant aspect of our future research will
focus on the complete development of 45° reflectors, as this development will enable the
demonstration of fully functional PEPA devices.

For metalenses, we developed polarization-diversifying highly-dispersive metalenses
tailored for four distinct spectral bands at 0.76 ym, 1.61 pm, 2.06 pym, and 2.32 pm, with
the primary objective of facilitating compressive hyperspectral imaging. These metalenses
with a 20 mm diameter can deliver impressive spectral resolving powers of 10,000, 5,000,
4,000, and 3,571, respectively. Our initial phase involved the fabrication of an on-axis
metalens to validate its focusing capabilities, with measurement results closely aligning
with simulations and a transmission efficiency of 46 %. Subsequently, we extended our
efforts to create an off-axis metalens for polarization diversity and spectral dispersion in
imaging. The characterization unveiled clear polarization splitting for both S-polarization
and P-polarization. As we scanned the wavelength across the range from 1935 nm to
1937 nm, a significant 12 pum shift in the focal spot along the focal plane of the metalens

was observed. These outcomes pave the way for metalens-based CASSI systems that
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promise compact and efficient hyperspectral imaging solutions. Our future prospects
involve further refinements in metalens design and fabrication techniques to enhance their

performance and broaden their applicability in hyperspectral imaging systems.
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