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ABSTRACT

TOWARDS ON-CHIP INTEGRATED SENSORS:
PHOTONIC CRYSTAL OPTICAL
SENSORS AND LASERS

ZHONGHE LIU, Ph.D.

The University of Texas at Arlington, 2022

Supervising Professor: Weidong Zhou

The field of compact integrated optical platform has developed into a new era in the past two decades.
On one hand, the semiconductor optoelectronic devices are becoming smaller and cheaper thanks
to the development of complementary metal-oxide semiconductor (CMOS) fabrication technologies;
on the other hand, the applications of optoelectronics have been deeply coupled to other fields to
realize more complicated implementations. Photonic crystal slab (PCS) structure has been playing
an increasingly important role in these optical devices, active or passive, by enabling a variety of
light-matter interaction mechanisms. The objective of this dissertation is to investigate photonic
crystal devices towards on-chip integration of optical sensing system. In addition to PCS optical
sensing structures, compact photonic crystal lasers and laser cavities are also being investigated.
The phase tuning capabilities in PCSs have also been studied theoretically, for applications in high
sensitivity sensing, and in phase front engineering for flat optic metalens. The background and

motivations of this dissertation will be discussed in more details in Chapter 1.

Bioresorbable implantable optical sensors are an emerging optical sensor which dissolves
in the body after pre-defined performance period. As described in Chapter 2, we first investigated

the design and fabrication of optical pressure and temperature sensors with standard CMOS process
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from bioresorbable materials. Millimeter-scale Fabry-Perot cavities and two-dimensional photonic
crystal structures are designed and fabricated entirely with bioresorbable materials to enable precise,
continuous measurements of pressure and temperature across physiologically relevant ranges, for
clinically relevant timescales before naturally resorbing into the body. Combined mechanical and
optical simulations reveal the fundamental sensing mechanisms in both cases. In vitro studies and
histopathological evaluations quantify the measurement accuracies, the operational lifetimes, and
the biocompatibility of these systems. Demonstrations in intracranial pressure and temperature

monitoring in live animal models establish clinically relevant performance attributes.

Large area monolayer 2D material integrated PC laser has also been investigated, as shown
in Chapter 3. The viscoelastic stamp transfer technique was developed for large area (over 100 mm
sized) monolayer 2D WS, material preparation and integration processes. Wafer scale monolayer
2D materials were also used in the project for the demonstration of large array size lasers based on
WS, material. 2D material transfer-printing process on an automatic assembly platform was also

developed for high quality 2D material transfer printing and stacking.

Additionally, photonics crystal nanobeam (PCNB) cavity is an ideal candidate for high
performance, low energy consumption and high-speed semiconductor lasers for its superior
characteristics of ultra-compact size, extreme low mode volume (V), and high quality (Q) factor.
We investigate the design, fabrication, and characterization of suspended arrays of small volume,
high quality factor (Q) silicon nitride photonic crystal nanobeam (PCNB) cavities with lateral
nanorod fin structures. The work is presented in Chapter 4. By controlling the alignment position of
the fins with respect to the air holes, the resonance wavelength and Q-factor of the PCNB cavities
can be tuned to realize the desired performance. Measured Q-factors and resonant wavelength tuning
ranges of 2x10* and 10 nm are achieved respectively, with the highest Q-factor measured at 2.5x10%.

Incorporating such nanorod fins to the nanobeam cavity is demonstrated to provide improved
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mechanical support, thermal transport, and channels of lateral carrier injection for the suspended

PCNB.

Finally, as shown in Chapter 5, we investigated reflective and transmissive photonic crystal
optical cavities to achieve high sensitivity phase sensing with full 2n phase shift, with great
potentials for high-speed phase tuning. Measurement of phase information was also demonstrated
on single layer photonic crystal cavities. We also investigated an amorphous silicon photonic crystal
slab (PCS) metalens structure with full 2n phase modulation, high transmission efficiency and
broadband operation centered at 940 nm. The structure is an ideal candidate for large area phase
manipulation with compact, reliable, and low aspect ratio patterning on a thin film. Simulation
results show continuous 2n transmission phase control by tuning the air hole filling size near the
degenerate band edge, and the metalens structure is achieved with efficiency above 80% and the

operation wavelength over 100 nm.
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CHAPTER 1.
INTRODUCTION

1.1 Motivation

The demand for small size, high performance semiconductor optical components including
the light source, optical lens and optical sensors has been grown rapidly in recent years. For the light
sources such as lasers and light emitting diodes (LEDs), the characteristics in need are higher power,
higher speed, mode control and lower power consumption. The applications include
telecommunication, consumer electronics, autonomous driving. For the optical lenses, the properties
of miniaturization towards flat optics and configurability are particularly popular. The applications
are for compact wearable electronics such are smart glasses and virtual reality headsets. For the
optical sensors, the compatibility to bio implantation is drawing more and more attention, the

applications include biomedical diagnosis and all-optical sensing/ imaging for implanted sensing.

We are thus motivated to work on each of these components for an integrated high
performance optical platform on a chip. When each device is improved individually, it is then
possible to bring them together into one system as shown in Figure 1. In this system, the compact
low energy cost laser delivers light through flat optical lenses, to the interested zone where the

optical sensors can detect the changes in the environment.

Light Fiber Measurement Fiber Optical
Source Frees pace zone Frees pace detector

Figure 1 A simple sketch of integrated optical system on chip.



1.2 State of the art

For compact high performance lasers, photonic crystal (PC) devices are particularly
drawing more attention for small footprint, highly efficient confinement lasers as it could provide
tight spatial confinement [1]. Another promising approach is the Lambda-Scale Embedded Active-
Region Photonic Crystal (LEAP) lasers. Currently the energy cost of directly modulated lasers is
reduced to 8 fJ/bit [1]. We will investigate PC nanobeam cavity for high speed, low energy cost
laser applications in Chapter 3, as well as integration of single-sheet materials for extremely low

threshold devices in Chapter 4.

For flat optics, meta-atom based metalens is drawing a great amount of attention for its
reconfigurability. Focusing efficiency above 70% has been achieved on multi-color focusing [2]
metalens in the visible range. Other novel metalenses such as multi-objective metalens [3] are also
well studied. We will investigate the performance of PC based metalens and compare it to the meta-

atom based metalens in Chapter 5.

In the field compact optical sensors, the demand is growing for sensors that can be
constructed to dissolve harmlessly in biofluids at well-defined, programmable rates to biologically
benign end products. Recent demonstrations include biophysical sensors of pressure, temperature,
flow rate, and motion [4-6]. We will investigate the bioresorbable optical sensors for brain

implantation with advantages over the conventional electrical sensor in Chapter 2.

1.3 Introduction to photonic crystal



The concept of “crystal” or “crystal lattice” in photonics is analogy to the same term in
solid state electronics, where it refers to the periodically arrangement of atoms or molecules in space
[7]. The significance of crystal lattice in solid state physics is that it presents periodic potentials for
electrons propagating through the material and thus the formation of electron energy band in the
momentum space. It is the building block of modern electronics and solid state electronic devices

that deeply transformed our life today.

The terminology of photonic crystal is then borrowed by photonics to describe the material
properties of permittivity for electromagnetic wave propagating through the material. Consequently,
there are equivalent phenomena of energy band gaps where the propagation of certain frequency of
photons are prohibited in photonic crystal. Shown in Figure 2 is a simple cartoon illustration (by
3Ds Max tool) of one-, two- and three-dimensional photonic crystal (PhC, or PC) structure where

different materials (in different colors) are periodically arranged in space.

Figure 2 Periodically arranged materials in one-, two- and three-dimensions.

Following the fundamental theory in the “photonic crystal bible” [8], we remind ourselves
to keep in mind the basic laws that rule the electromagnetic wave propagating in dielectric medium

which is what we deal with most of the time in photonics.



The very first law is the macroscopic Maxwell equations:

0B
V:-B=0, VXE+ —=0
Jat

3 (1)

D
V-D=p , VXH+E=]

In a space with no charge or current source, p = 0, J = 0.We make the following approximation

for dielectric materials:

(1). Assume that the field strength is small enough so that the permittivity is in linear regime, or the

relationship between Displacement field and electric field is D; /&y = Y. &;E;; .
(2). Assume that the material is macroscopic and isotropic.

(3). In most cases, ignore the material dispersion in the frequency range where the permittivity can

be approximated to a constant.
(4). Focus on the transparent materials, consider £(r) as real and positive.
These assumptions effectively give the following relations:

B(r) = pou(r)H(r)

D(r) = ge(M)E(T) (2)

7 Henry 12 Farad

where py = 4m X 10~ , & =~ 8.85x 10~ —, are the permeability and permittivity of

the vacuum.

Substituting the relations into Equation (1), it then becomes:



dH(r,t)
V-Hr,t)=0 , VXE@ )+ gp———o =10

at
FE(rt) (3)
V- [eMEMmt)] =0 , VXH(rt)+ ge(r) =0
For the time harmonic expansion of fields:
H(r,t) = Hr)e @t , E(r,t) = E(r)e "t "
The Maxwell equations become:
V-Hr)=0 , V-[eME™)]=0 (5)
5
And,
VXE([r) — iougH(r)=0
VXH(@,t)+ i wgge(r)E(r) =0 (6)

This is a coupled equation set and could be simplified using the definition of the vacuum speed of

light c = 1/./&olto >

v x (Lv x H(r)) - (%)2 H(r) 7

e(r)
Equation ( 7 ) is the so-called master equation of eigen problems in dielectric materials. Equation
( 5 ) means that the propagating electromagnetic waves are transverse (field perpendicular to the

wave vector).

Notice that the derivation based on the assumptions above are still valid when isotropic
condition and the non-dispersion condition are extended to anisotropic and dispersive materials,

with extra terms brought in by the extension.



1.4 Photonic band gap and mode distribution
Following the fundamental theoretical analysis in [8], this section will explore the formation of

photonic band gap and how photonic crystal modes distribute inside the media.

1.4.1. Photonic bands

The eigenstate in Brillouin zone of the periodic structure with Bloch wave vector k takes

the form

Hy(r) = e*Tuy,(r)

(8)
Substituting this state into the master equation leads to:
- w(k)\?
Bu(r) = (22 w(®) (9)
Where the new Hermitian operator is defined as,
0. — (ik 1 "
Ok—(l +V)X@(l +V)X (10)

Now the new function u is the mode profile that satisfies the periodic boundary condition. So, for
each value of k there exist an infinite set of modes with discretely spaced frequencies that can be
labeled by an integer index n. These solutions form the photonic bands in the energy-momentum
space (E-k space, or frequency-wave number ®-k space). The formation of photonic bands is
analogous to the energy quantization in Quantum mechanics where wave function is subjected to
periodic boundary condition (one simple but less accurate example is the 1D quantum well problem

leading to the discretization of electron energy levels).

1.4.2. Two-dimensional (2D) photonic crystal



As a result of periodic modulation of medium permittivity, photonic band gap (PBG) is
formed in the band diagram. This could be explained by the variational theorem, which found that
the lower frequency modes concentrate larger portion of its energy in higher € medium (and thus
referred as dielectric band) and higher frequency modes have larger portion of its energy in low-¢
medium (referred as air band). In the photonic band gap, no mode is allowed at any & value. The
field distribution of different mode is quantified by the concentration factor as,

fhigh_g dv-e(r)- |E(r)|2

dv-e(r) - |[E(r)|?

A

concentration factor

(11)
ftotal

The concentration factor is a measure of the fraction of electric-field energy located inside the high-

& medium of the total energy. In the photonic band, the boundary line w(k) = ck/~/€ is referred as

Wave vector ka

/21

Wave vector ka/2n

Wave vector ka/2n

Figure 3 Photonic band diagram of I-dimensional multilayer PhC.

the light line.
(a) (b) (c)
GaAs Bulk GaAs/GaAlAs Multilayer GaAs/Air Multilayer
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(c) layers alternate between ¢ of 13 and 1. (image reused from Ref. [8])



A simple interpretation of photonic band gap is given in the “PhC Bible” [8] for 1D PhC.
As shown in Figure 3, w-k relationship is plotted for 3 different multilayer films. The size of the

PBG reflects the contrast in dielectric constants Ae of the perturbation, it increases with the Ae.

The applications of photonic band gap in two-dimensional photonic crystal are vast and
promising. It could form high confinement narrow bandwidth filters [9], or high reflectance

broadband reflectors [10,11].

Shown in Figure 4 is the photonic band diagram of a 2D PhC Fano filter [12], the PhC is
fabricated on a silicon-on-insulator (SOI) wafer with square lattice constant a, airhole radius 0.19a

and slab thickness 0.417a.
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Figure 4 Photonic band diagram of a 2D PhC on SOI substrate.
(a) 3D schematic illustration and (b) photonic band diagram (from Ref. [12])

1.5 Different photonic crystal design with applications

In this dissertation, we will cover several types of 2D PhC for different application
purposes: Fano resonance optical filter PhC, heterostructure PhC, 1D nanobeam PhC, and 2D

metalens PhC.

1.5.1. Fano resonance PhC optical filters



In photonic crystal slabs (PCS), in addition to the guided modes that are completely
confined by the slab without coupling to external radiations, there are also interactions between in-
plane modes and out-of-plane radiation. One particularly interesting phenomenon observed is
guided resonance, which has the electromagnetic power strongly confined within the slab, while
also has modes that can couple to the external radiation [13] . In general, the line shape of the
transmission of reflection of these modes are asymmetric and can be characterized by Fano

resonance.

We will adopt the Fano resonance PhC for optical filter or sensor applications. Shown in
Figure 5 are (a) scanning electron microscope (SEM) image and (b) Measured and simulated spectra
of'a 2D PhC on SOI substrate with lattice constant ¢=0.97um and airhole radius 7= 65 nm. The Fano
resonance wavelength is subjective the to the refractive index and lattice dimension change which

will be implemented as the principle of optical sensing applications.
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Figure 5 SEM and reflection spectrum of a 2D PhC on SOI substrate.

(a) Scanning electron microscope (SEM) image and (b) Measured and simulated spectra.

1.5.2. Lateral confinement enhancement with heterostructure PhC

Enabled by the slow light phenomenon at the band edge of photonic crystals. Photonic

crystal heterostructure cavities have been widely used for achieving lateral confinement within two-



dimensional photonic crystal slabs. Heterostructure cavities can be formed by either modulating the

filling factors [14-17] or embedding different types of lattices [18].

For heterostructure PC design, we show that without a complete photonic band gap, it is
still possible to achieve efficient lateral confinement and high Q within a hexagonal lattice by a
heterostructure formed by tuning the hole radii. The fact that the starting modes are above the light
cone means that the requirement of refractive index contrast can be relaxed as there is no need for
opening a complete photonic band gap, which is beneficial for visible wavelengths where high

refractive index material is limited.

Shown in Figure 6 is a 2D heterostructure PhC on Si3Ny film on quartz substrate. The PhC
is formed by a hexagonal lattice of air holes with period ¢ = 460 nm, while the thickness of the
silicon nitride slab is # = 160 nm. The heterostructure cavity is composed of three regions, denoted
as the core region, the transitional region and the cladding region from the center to the edge of the

PhC lattice with decreasing hole radii (Reore = 0.244a, Ryans= 0.22a and Rcjaq= 0.20a).
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Figure 6 SEM and reflection spectrum of a 2D PhC on Si3N, substrate.

(a) Scanning electron microscope (SEM) image and (b) Measured spectrum.

1.5.3. 1D defect mode PhC nanobeam cavity
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Point defect in periodic dielectric waveguides can create incomplete band gap where the
modes above the light cone can couple to the defect mode and becomes leaky mode or resonance.
In the current micro laser technology, bandgap defect states in nanobeam structures have higher Q
(~10°%) while maintaining a low mode volume (~0.09 um®) [19]. Equipped with the lateral current

injection scheme, reference [20,21] demonstrate nanobeam cavities with mode volume of 0.02 pm?.

The schematic of the design of our one-dimensional PhC nanobeam cavity (PCNB) on
suspended Si3zNy thin waveguide is shown in Figure 7. The air holes with uniform spacing are
designed outside taper region to serve as Bragg mirrors and provide mode confinement [20,22], a
gradually increasing air hole radius in the taper region introduces the adiabatic change of effective

refractive index to reduce the mode scattering and enhance mode confinement more effectively.

| Taper |

DBR Mirror ~3um DBR Mirror

T

100nm defect area

Figure 7 Schematic of a Nanobeam Cavity Design.

The nanobeam cavity is formed by a defect region surrounded by tapered air holes and confined by
the DBR mirrors. A 100nm defect area can support a fundamental mode at the wavelength of 620nm.

1.6 Numerical utilities

1.6.1. Rigorous coupled wave analysis method with S4

Stanford Stratified Structure Solver (S4 or S*) [23], is a frequency domain code to solve
the linear Maxwell’s equations in layered periodic structures. Internally, it uses Rigorous Coupled
Wave Analysis (RCWA; also called the Fourier Modal Method (FMM)) and the S-matrix algorithm.

The program is implemented using a Lua frontend, or alternatively, as a Python extension. S* was
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developed by Victor Liu of the Fan Group in the Stanford Electrical Engineering Department in

2012.

S4 is particularly popular for solving the reflection and transmission problems of in-plane
periodic layered structure. It constructs the pseudo 3D structures by defining all the layer properties
(dielectric constant, thickness, pattern in the layer) within a unit cell. A few conventions need to be

noted as shown by the illustration cartoon in Figure 8:

Figure 8 Cartoon illustration of the S4 layered structure and coordinates convention.

The yellow plane is the x-z plane, the green plane is the y-z plane.

(1). There are 2 Cartesian coordinates: x-y-z, and E-H-k .

(2). Angle ¢ is defined as angle of E-H-k rotates about y axis, (0, 180) °.

(3). Angle 8 is defined as angle of E-H-k rotates about z axis, (0, 360) °.

(4). Atangle ¢ =0°, 8=0°, an s-polarized input light has only y component. “s” stands for senkrecht

or perpendicular, which means the incident plane is x-z plane.

1.6.2. Finite-difference time-domain (FDTD) method
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Finite-difference time-domain (FDTD) or Yee's method [24] is a numerical analysis
technique used for modeling computational electrodynamics. There are several well-known FDTD

tools that can run on across platforms.

MIT Electromagnetic Equation Propagation (MEEP) [25] is an open source software
package for electromagnetics (EM) simulation via the FDTD method spanning a broad range of
applications. It has the interface with Python or Scheme languages for programming the structure
of EM problems and running the simulation. The components that can be defined are sources,

geometries, monitors, run-time, resolution, and boundary conditions and more.

While being a powerful tool with the freedom of programming the input and output, MEEP
often take huge computational resources for large number of girds, especially when the geometry

input is 3-dimensional. So, it often is installed and run on servers instead of individual computers.

(a) (b)

z

Figure 9 3D sketch models built in Tidy3D.

(a) A PhC unit cell model and (b) a metalens model. The yellow planes are the field monitors, the
green plane is the light source.

There is a newly built FDTD tool Tidy3D [26] that has the potential to solve the computing

power issue and save running time tremendously. Tidy3D is a finite-difference time-domain solver
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providing speed and scale for extremely large problems. The Python API can be used to build
simulation models, submit jobs, and analyze results of complete runs. Similar to settings in MEEP,
it also defines the components locally and submits the task to the server that is maintained by the
developers’ team. As shown in Figure 9, the simulation is run on cloud based servers and the result
can be downloaded along with the 3D model. Tidy3D could finish simulation in a few seconds for

task that could take hours on other tools.

1.6.3. Calculation of photonic bands

Calculation of PBG structure is often done in MEEP with its module MIT photonic band
(MPB), or in commercial software such as COMSOL Multiphysics. One simple yet power tool
under open source license is Legume [27], which adopts the plane wave expansion (PWE) and
guided mode expansion (GME) methods to find the modes in stacked layers with patterns and

periodic boundary conditions in the lateral dimension.

Figure 10 shows the calculated PBG structure of a 2D PhC slab on quartz in Legume.
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Figure 10 Photonic band structure calculated in Legume.

(a) Dielectric profiles in y-z plane and x-y plane, and (b) calculated band structure.
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1.7 Fabrication of photonic crystal

In visible to infrared spectrum, most of the PhC structures, pillar-like to airhole-like, have
subwavelength unit cell dimensions, with the perturbation geometry under 500 nm. Feature size of
PhC is then too small for most photolithography process. Patterning PhC on slab or with deposition

consists of electron beam (e-Beam) lithography and PhC layer etching/deposition.
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Figure 11 Spin curve of ZEP520A4

1.7.1. Electron beam lithography

Electron-beam lithography (often abbreviated as e-beam lithography, EBL) is the practice
of scanning a focused beam of electrons to draw custom shapes on a surface covered with an
electron-sensitive film called a e-Beam resist (exposing).

The e-Beam resist we use is a positive e-beam resist ZEP 520A (Zeon Corporation). The

spin curve of the resist is shown in Figure 11. The EBL process flow is shown in Table 1.
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The first step is to design and load the pattern files to the EBL exposing tool. We use the
open source Python packages gdspy and gdsCAD for designing of PhC patterns. These packages
offer powerful and flexible control of the patterns by defining the coordinates of each point (in GDS
format, there are only two types of entities: path whose end points does not connect, and boundary

whose end points are connected).

We run EBL exposure on a Nabity nano pattern generation system (NPGS) that is an add-

on to a Zeiss SEM.

Table 1 EBL process steps

Substrate
Step Process Insulating Conducting

1 Dehydration / /
Dry
ZEP 520A 2000rpm, 2000rpm,

2 Spin Coating  1000rpm/s 60s 460nm 1000rpm/s 60 460nm
Pre Bake o . o

4 (Soft Bake) 180 °C 3min 180 °C 60s
Eletra 92 2000rpm,

3 Spin Coating  1000rpm/s 60s 523nm /
Pre Bake o .

4 (Soft Bake) 90 °C 2min /
Exposure
Post Bake / /

7 Eletra 92 DI Water 2min /
Removal

8 Developing  n-Amyl Acetate 1min n-Amyl Imin

Acetate

9 Rinse IPA 30s IPA Imin

10 Rinse DI Water 20 ~30s

11 Etching

12 ZEP 520A NMP 70°C ~omin

Removal Ultrasonication
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It is critical to calibrate the exposure process for each type of pattern. Generally, thicker
resist requires higher dose to clear out the resist, smaller exposure area requires higher dose to clear.
Most of the time, we desire straight sidewall profile on the resist as shown in Figure 12, though it is

also possible to achieve slanted sidewall profile by overdosing the pattern area.

Figure 12 SEM of properly exposed ZEP520A resist on GaAs substrate

1.7.2. Reactive ion etching

Reactive-ion etching (RIE) is a dry etching technology which uses chemically reactive
plasma to remove material deposited on wafers. The plasma is generated under low pressure
(vacuum) by an electromagnetic field. High-energy ions from the plasma attack the wafer surface

and react with it. It often works together with inductively couple power (ICP) plasmas.

The ions in RIE process etches the target material in two ways: physical bombardment by
high kinetic energy ions that does not react with the target ions, and chemical reaction of the etchant

ion with the target ions on the surface. The etching parameters of a RIE recipe contains the gas
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constituents, gas flow rate, pressure of the reaction chamber, RIE power, ICP power and run time.
One key point for tuning a good PhC RIE recipe is to keep the chamber pressure at minimum with
small gas flow rate to achieve a slow but smooth etching profile. Another general rule to keep in
mind is that for different sizes of opening, parameters also need to be tuned for the best etching
result. Appendix B discusses in detail the PhC etching recipes for Si, SisN4, GaAs that we tuned out

in NanoFab at UTA.

For Si PhC etching, the gases used are SFs for etching, CHF; for passivation, O, and Ar
for physical etching. Shown in Figure 13 is an SEM of PhC etched by RIE on Si. The RIE tool is a
TRION DRIE Si etcher. The selectivity of this recipe is around 1:1. It consumes the resist as much

as it etches the substrate due to the lack of low-pressure capability of the tool.

Figure 13 SEM of PhC on Si

Si3Ns PhC etching recipe is very similar to that of Si, using SF¢ for etching, CHF3 for
passivation, and adding some He for dilution of the etchant ions. On the same tool (TRION DRIE

etcher), we developed the RIE recipe for low pressure chemical vapor deposition (LPCVD) Si3Ny
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material. Shown in Figure 14 is an SEM of Si3N4 PhC on Si substrate. The selectivity of this recipe

is 1:1.2 for EBL resist.

Figure 14 SEM of Si3sN4 PhC slab on Si

The GaAs PhC RIE recipe we developed on a TRION MiniLock uses SiCly as the etching
gas solely or with Ar gas for dilution. This recipe is capable of etching ultra-small openings with
etching rate 45 nm/min for airhole radius of 63 nm. The SEM image shown in Figure 15 is a PhC

etched on.

Another more common option for GaAs PhC etching is to use Cl, and BrCl; as the etching
gases. This recipe is developed at the Cleanroom research laboratory at UT Dallas. Show in is the
SEM of GaA PhC, the top portion of the structure is the left-over of the e-Beam resist. There is a
thin layer of coated by-product in the opening which does not affect the etching process and could

be completely cleaned out in the following resist-stripping process and HF (1:10) dipping step.
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Figure 15 SEM of GaAs PhC

Figure 16 SEM of GaAs PhC

1.8 Content overview of the dissertation
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The content of this dissertation is focused on the topic of photonic crystal laser and sensor

devices. The organization of the contents are as follows:

In Chapter 1, we cover in detail the electromagnetic principle, the state of the art in the
field of integrated optical system on chip, the optical design, the numerical calculation methods, and
the fabrication process of different PhC structures. From Chapter 2 to Chapter 5, we discuss about
the PhC devices for laser and sensor applications. Chapter 2 discusses the photonic crystal and
Fabry-Perot membrane optical sensors for biomedical applications. Chapter 3 discusses the
heterostructure PhC cavity for integrated laser with 2D materials. Chapter 4 investigates the PhC
nanobeam structure with defect mode for external emission. Chapter 5 discusses the design of PhC
phase plate and applications in metalens. And finally in Chapter 6, we summarize the work done
and look into the future development proposals of the works. The appendices afterwards will cover

the details of EBL dose tuning process and RIE recipe developments.

A list of publications in the PhD program is included at the end, followed by the complete

reference list for this work.
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CHAPTER 2.
BIORESORBABLE IMPLANTABLE OPTICAL SENSORS

2.1 Introduction

Implantable sensors capable of precise, continuous monitoring of pressure and temperature
within organ spaces associated with the brain, heart, eyes, and bladder provide essential diagnostic
information for defining treatment protocols for diseases such as traumatic brain injury,
cardiovascular abnormalities, glaucoma, and neurogenic bladder dysfunction, respectively [28-30].
Among various conventional sensor technologies, optical devices are finding increasing utility in
these and other contexts due to their immunity to electromagnetic fields, thereby offering improved
compatibility with clinical imaging techniques such as magnetic resonance imaging (MRI) [31-33].
More specifically, the absence of conductive traces and electrically powered circuit components
greatly reduces adverse events that can arise from Joule heating [34,35], dislocation [36], and image
distortion [37] induced by electromagnetic interactions during the MRI, or current leakage that could
follow from defects in the device encapsulation [38]. The permanent nature of the constituent
materials represents a disadvantage for all existing sensors, both electrical and optical, because of
their need for surgical removal after a useful operating period. These procedures are costly and can
lead to additional complications and risks to the patient [39]. Such permanent devices can also serve

as a nidus for infection [40,41] and they can lead to immune-mediated inflammatory responses.

Solutions to these challenges may follow from the use of materials, device designs, and
fabrication strategies in emerging classes of bioresorbable electronic sensor systems. Such types of
devices can be constructed to dissolve harmlessly in biofluids at well-defined, programmable rates
with biologically benign end-products. Here, processes of bioresorption naturally eliminate the
devices at their sites of implantation after relevant operational time frames, thereby bypassing the

need for surgical extraction. Recent demonstrations include biophysical sensors of pressure,
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temperature, flow rate, and motion [42-44], several types of biochemical sensors [42,45], neural
electrodes [46], and power supplies [47]. Published in vivo studies include deployments in the
intracranial and intra-abdominal spaces and in the leg cavities [42,44], on cortical surfaces [46,48],
and in subdermal regions [49]. Substituting basic components of these systems, such as the sensing
element (silicon nanomembranes), device architectures (micro-electro-mechanical or thin-film
designs), and electrical interconnections (bioresorbable metal electrodes), with optical analogues
offers the potential to establish routes to diverse types of bioresorbable optical sensors. Device
designs adapted from conventional, non-resorbable optical sensor technologies, such as Fabry-Pérot
interferometer (FPI) sensors, with sensitivities, accuracies, and measurement ranges that meet

various clinical needs, are of particular interest.

A major challenge in the development of bioresorbable sensors as implantable monitors
with clinical-grade performance is in realizing consistent mechanical and electrical/optical behavior
while immersed in biofluids throughout the clinically relevant monitoring periods, prior to
undergoing complete bioresorption. Most bioresorbable pressure and temperature sensors operate
stably in simulated biofluids for only a few days, which is insufficient for many envisioned
applications, such as in intracranial monitoring during a recovery period following traumatic brain
injury [42,43]. In other cases, the stability remains to be studied thoroughly [50-52]. The limitations
arise mainly from the inability of bioresorbable encapsulation layers, including polymers such as
silk fibroin [49] and poly(lactic-co-glycolic acid) (PLGA) [47] and inorganic layers such as silicon
dioxide [53,54] and various metal oxides [55] formed by chemical or physical vapor deposition, to
prevent permeation of water into the active regions of the devices for extended periods of time.
Recent work demonstrates that ultrathin layers of silicon dioxide thermally grown on device-grade
silicon wafers (t-Si02) can be used as bioresorbable encapsulation layers, to enable stable operation

of intracranial pressure and temperature sensors over a period of 25 days in rats [44].
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Here, we demonstrate two types of bioresorbable optical pressure sensors that build on and
exploit some of these ideas. One uses a Fabry-Pérot interferometer (FPI) design and the other
exploits photonic crystal (PC) structures. Both systems rely on pressure-induced deflections of
silicon nanomembrane (Si NM) diaphragms, and the resulting changes in the thickness of an air
cavity or in the lattice parameters of a PC, both of which cause shifts in resonant peak positions in
the reflection spectra. These platforms can also be configured to sense temperature in a manner that
relies on the temperature-dependent refractive index of silicon. Fabrication procedures based on
wafer bonding of SOI wafers followed by back-etching of the handle wafers enable device structures
encapsulated in thin layers of t-SiO2, with stable operating times of over a week. Both PLGA optical
fibers and free-space detection set-ups serve as bioresorbable optical interfaces. In vitro dissolution
studies and histopathological evaluations confirm the biodegradability of these complete systems.
Acute measurements of intracranial pressure and temperature in rats suggest some potential for
clinical application. The results not only establish routes to pressure and temperature sensor
technologies that are completely bioresorbable and MRI compatible, but they also represent
generalizable platforms for other classes of bioresorbable optical sensors. Here, we demonstrate two
types of bioresorbable optical pressure sensors that build on and exploit some of these ideas. One
uses a Fabry-Pérot interferometer (FPI) design and the other exploits photonic crystal (PC)
structures. Both systems rely on pressure-induced deflections of silicon nanomembrane (Si NM)
diaphragms, and the resulting changes in the thickness of an air cavity or in the lattice parameters
of a PC, both of which cause shifts in resonant peak positions in the reflection spectra. These
platforms can also be configured to sense temperature in a manner that relies on the temperature-
dependent refractive index of silicon. Fabrication procedures based on wafer bonding of SOI wafers
followed by back-etching of the handle wafers enable device structures encapsulated in thin layers
of t-Si02, with stable operating times of over a week. Both PLGA optical fibers and free-space

detection set-ups serve as bioresorbable optical interfaces. In vitro dissolution studies and
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histopathological evaluations confirm the biodegradability of these complete systems. Acute
measurements of intracranial pressure and temperature in rats suggest some potential for clinical
application. The results not only establish routes to pressure and temperature sensor technologies
that are completely bioresorbable and MRI compatible, but they also represent generalizable

platforms for other classes of bioresorbable optical sensors.

2.2 FPI pressure sensor on fiber tip

2.2.1. Design and Fabrication

Figure 17(a) shows the material and structure break-down of the device consisting entirely
of inorganic materials such as coatings of thermally-grown silicon dioxide (t-SiO,, ~10 nm), single-
crystalline silicon nanomembrane (Si NM; 250 nm), adhesion layers of amorphous silica (~200 nm),
and a slab of silicon with a square cavity (dimensions: 750um x 750um x 10um, cavity area:
250pumx250um) defined by etching a structure of relief onto its surface. Bonding layers of t-SiO2
and Si NMs onto the top and bottom sides of this slab yields two pressure-sensitive diaphragms that

float over a sealed air chamber in between.

Figure 17(b) shows the cartoon of the cross-section view of our pressure sensor.
Conventional optical fiber is attached to one of the Si NMs by optical glue. The optical sensing
mechanism involves detecting the changes induced to the effective optical path length (OPL). The
sealed air cavity by silicon Si NM responses to the ambient pressure change by deforming free-hang
Si NM towards optical fiber side. Optical fibers connected to a tunable laser and photodetector
couple light in and out of the device to enable measurement of pressure and temperature via changes

in measured reflection spectra.

The designing of the FPI devices involves optimizing the sensing range while maintaining

the sensitivity, lowering the temperature influence, and sustaining the required lifetime. All these
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characteristics are determined by the parameters of membrane thickness, chamber wafer thickness

and chamber size.
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Figure 17 Schematics of FPI pressure sensor

(a) material and components; and (b) illustrative cartoon of the fiber integrated FPI
pressure sensor

For very thin devices, our first consideration of design is to have at least one mode within
our target wavelength range (1550+50nm). The simplified F-P resonance peak wavelength

(resonance mode) expression is

where 7 is refractive index of the medium, 4 is the thickness of the medium where light propagates
normally, and ¢ is the mode number. We define our sensing dynamic range to be the range within

which mode catching happens. The separation of 2 modes in wavelength domain (Ay) fs,, and the

chamber thickness change 6h,1q= at which the mode catching occurs are,

lq_1

A3

(Alo)fsr ~ ﬂ: 6hlq=/1q_1 = -

The fabrication of the FPI pressure sensor on a fiber tip consists of the sensor fabrication
process initially developed by UIUC group based on a previously available CMOS compatible

procedures, and the fiber alignment and bonding process developed at UTA. The sensor fabrication
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process starts with preparing 2 types, 3 pieces of silicon-on-insulator wafer (SOI) wafers, followed
by multiple steps of pattern transfer and wafer bonding to construct the stand-alone pressure sensor.
The fiber integration utilizes the optical alignment tools and instruments to optimize the fiber tip

alignment to the sensor, followed by optical adhesive bonding the fiber to one side of the Si NM.
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Figure 18 Sketch illustration of the FPI pressure sensor fabrication flow

Figure 18 shows the process illustration of fabricating the FPI pressure sensor. Mechanical
back-grinding (Syagrus Systems, USA) reduces the thickness of the silicon handle wafer of a
silicon-on-insulator wafer (SOI-A, top Si ~10um, buried SiO2 ~600 nm, Si wafer ~90um;

University Wafers, USA) prior to device fabrication. Photolithography and deep reactive ion etching
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(STS Pegasus ICP-DRIE) forms a 5x5 array of square trenches (250um x 250pm X 10um) on the
top Si layer. ICP-DRIE and wet etching in hydrofluoric acid (HF, Transene Company Inc., USA)
removes the Si wafer and buried SiO2 layer to release a 10pm-thick slab of Si with trenches on its
surface. Then, photolithography and ICP-DRIE defines an array of vent holes (area: 100um x
100um) through the thickness of SOI-B. The next step of wafer bonding process involves spin-
coating a layer of diluted poly(dimethylsiloxane) (PDMS, part A/part B/hexane = 10:1:100 by
weight, Sylgard 184; Dow Corning, USA) to a thickness of 3 um on two SOI-B wafer samples,
partially curing the PDMS at 1100C for 1 minute, transferring the silicon trench on top of one SOI-
B, transferring the other SOI-B on top upside-down, pressing the wafers together in a steel vise
(Toomaker’s vise; Tormach, Inc., USA), and fully curing the PDMS by placing the vise in a 70°C
convection oven for 2 hours. Further heating the vise in a furnace, raising the temperature gradually
to 5500C over 2 hours and maintaining this temperature for an additional 2 hours converts the PDMS
to amorphous silica. Next, the bonded device goes through the similar patterning, dry and wet
etching process to remove the extra material. Lastly, bonding the sample upside-down on a
temporary Si carrier wafer using water-soluble crystal bond (Structure Probe Inc., USA), followed
by ICP-DRIE and wet etching in BOE to thin the buried SiO2 yields individual bioresorbable FPI

SE€NSOrs.

2.2.2. FPI pressure sensor integration with fiber, calibration, and temperature influence

Figure 19 shows (a) the photograph of one FPI device, (b) the optical spectrum of 10um
chamber device during the alignment process, and (c) the optical spectrum comparison of a 10pm

(T44) and a 100pm (T35) chamber device.

For fiber alignment and bonding process, a set of stages and positioners (ULTRAlign
Precision Fiber Optic Alignment Stages and Positioners; Newport, USA) launches a pigtail single

mode fiber (SMF) close to the FPI sensor bonded to a temporary carrier wafer by the water-soluble
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crystal bond (Structure Probe Inc., USA). As shown in Figure 20, the other side of the SMF is
connected to port 2 of an optical fiber circulator, where port 1 is connected to the super luminescent
diode (SLD, Model SS5FC1550P-A2; Thorlabs Inc., USA) and port 3 is connected to the optical
spectrum analyzer (OSA) (Model AQ6370B; Yokogawa Test & Measurement Corporation, Japan).
Adjusting the fiber launching angle and x-y-z position optimizes the alignment when the largest
return intensity is observed on OSA. This alignment is secured by applying a micrometer size optical
glue (NOAS8I, Norland Products Inc., USA) at the site of fiber-sensor proximity without disturbing
the alignment and exposing the area with ultraviolet light (SpotCure-B6, Lightning Enterprises LLC,
USA) for 60s. Applying heat by blowing hot air to the bonding area liquidizes the crystal bonding
and the FPI sensor on fiber tip can then be released as a standalone functional device.
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Figure 19 Photograph and spectra of FPI pressure sensor calibration

(a) Photo of one FPI device; (b) the spectrum of return signal during alignment where the fiber tip
is aligned to different areas on the device surface; and (c) the optical spectrum of device T35-2
(100um chamber) and of device T44-5 (10um chamber) measured at room temperature and
102.3kPa (767.313 mmHg).

Figure 20 show the in vitro test set-up used for calibrating the pressure and temperature
responses of the bioresorbable FPI sensors. The set-up included an airtight test chamber (built from
a plastic container fitted with rubber rings) that contained a beaker filled with phosphate buffered
saline (PBS, pH 7.4, 0.01 M; Sigma-Aldrich, USA), in which the FPI sensor and a commercial
thermistor (DigiKey, USA) were immersed. A thermoelectric heater/cooler installed underneath

the platform enabled temperature control. Specifically, a thermoelectric controller (Model TC-720;
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TE Technology Inc. USA), connected with the thermistor and thermoelectric heater/cooler, located
outside of the chamber maintained the desired temperature of the PBS via automated proportional-
integral-differential (PID) feedback control of the temperature. Plastic tube connections to a plastic
syringe through a one-way valve (Plastic Double Head Check Valve; Tasharina Corp., USA), and a
commercial pressure sensor (NeuLog, USA) allowed for control and measurement of the pressure
inside the chamber, respectively. An integrated tunable laser source-photodetector (8163B
Lightwave Multimeter; Keysight Technologies Inc., USA) system connected with a circulator
(Model 6015-3-APC; Thorlabs Inc., USA) enabled optical communication with FPI sensors.
Collecting optical spectra at different pressures by pumping air into the chamber using the syringe
allowed calibration of the pressure response. Calibration of the temperature response involved
obtaining optical spectra at different temperatures, controlled by the thermoelectric control system,
while leaving the chamber open to atmospheric pressure.
In vitro test setups:

___________ Temperatugg.-----.
sensor :
/

Legend

- — - FC/AP(? fiber
connection

1 2 Fiber
Integrated source-detector ]
circulator
system 3

Figure 20 Illustration of the testing setup for fiber integrated FPI sensors.

We fabricated several sets of devices with different parameters as seen in Table 2, along
with the summary of their performances. Notice that the sensitivity and the dynamic sensing range
are tradeoffs of each other, while the temperature influence is determined more by the volume of
the air chamber than the thickness of the Si NM. Figure 21 shows the spectrum of 10um thick FPI

pressure sensor when (a) under varying pressure at 36°C and (c) at rising temperatures under 1atm
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pressure. The mode shift dependence on pressure and temperature are shown in (b) and (d)
respectively. Mechanical and optical simulations yield insights into the mechanisms associated with

these measured responses.
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Figure 21 Measured spectrum of 10um thick FPI pressure sensor

(a) under varying pressure at 36°C and (c) at rising temperatures under latm pressure.
Mode shift dependence (b) on pressure and (d) on temperature extracted from (a) and (c)
respectively.

Three-dimensional finite element analysis (3D-FEA) yields estimates of the vertical
displacement of the diaphragm due to changes in external pressure. Computational
electromagnetism (CEM) analysis determines spectra for cavity geometries defined by these
mechanical computations. The combined simulation data match well with experimental pressure
calibration curves in Figure 21(b). The results indicate a pressure sensitivity of -3.8 nm/mmHg and

accuracy of +£0.40 mmHg for the FPI pressure sensor in 0-15 mmHg range. Note this pressure range
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can be expanded significantly, by either changing the pressure sensor sensitivity, or by using a light

source with an even broader spectral coverage, or by tracking other resonances. Approaches that

rely on calibration tables and automated peak detection algorithms can be used in this case.

As shown in Table 2 , by comparing the performances of different devices with different

chamber thicknesses, Si NM thicknesses, we come to the following conclusion in the FPI sensor

design:

(1). The chamber wafer (SOI-A) should be around 20um, to allow 2 FPI modes in the target range,

and device dissolution time within one year if implanted into human body.

(2). 250nm thick Si NM provides high sensitivity around -3.8nm/mmHg, and can maintain

functionality for around one week before dissolution

Table 2 Comparison of deferent FPI pressure sensor and PhC pressure sensor

performance
Type Device Top BOX Top Si Air  Sensitivity Range Pros Cons
t31 1 250 100 0.14 >70
Various sensitivity
32 1 250 100 0.17 >70
FP and sensing range;
t43 3 250 10 29 27.3
Fiber integration
35 0 250 100 12 1
t44 0 250 10 29 4.5
PC PCO3 3 250 100 0.0143 / Large sensing range Low

The essential characteristics of a sealed air chamber in FPI sensors brings along the

inherent nature of temperature dependence performance. This dependence is more dominant in the
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case of a smaller chamber according to the ideal gas law pV = nRT. It is necessary to develop

compatible devices to extract the temperature information of the pressure sensor.

2.3 Development of FPI and photonic crystal (PhC) temperature sensor

2.3.1. Temperature dependence of refractive index of silicon
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Figure 22. Photograph and measured spectra of an FPI temperature sensor

(a) Photograph of a Si FPI temperature sensor on fiber tip; (b) measured spectrum of the FPI
sensor; (c) zoom-in spectrum of the first peak in (b); and (d) the sensitivity of all peaks extracted

from (b).

Our FPI temperature sensor is Si based for the purpose of CMOS compatible fabrication

process, as well as its bioresorbability. Si also has a relatively high thermos-optic coefficient (dn/dT)
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among other semiconductor materials, 1.88x10*K"! against most others at 10 level. To demonstrate
the feasibility of implementing Si as a temperature sensing material, we fabricated simple FPI
temperature sensors on a fiber tip, similar to the pressure sensor, with only a 10um Si slab as the
FPI cavity. Figure 22 (a) is the photograph of this sensor. Figure 22 (b) shows the measured spectrum
of the sensor as the temperature changes. In our target wavelength range there are 5 modes, the
zoom-in view of the first one is shown in (c), and the sensitivity of all modes are shown in (d).

Among other reported temperature sensors, this sensor has a relatively high sensitivity of 98pm/°C.

2.3.2. Photonic crystal temperature sensor on SOI substrate

Photonic crystal (PhC) is a 2-dimensional structure periodically arranged to regulate
refractive index. It provides effective way to achieve reflection or transmission characteristics that

can be implemented for sensing characteristics.

We fabricated a filter-type SOI based PhC structure for temperature sensing, implementing
the exact same characteristic of Si as discussed in previous section. This offers a practical method
later to integrated temperature compensations FPI pressure sensor. The fabrication process of PhC
temperature sensor is similar to that of FPI, except for the top Si NM which goes through an extra
step of PhC patterning on the SOI A by electron beam lithography. This sensor is a standalone
device, and the measurement is done with a free space optical setup where collimated light incident

on the surface normally and the reflected power is collected.

Figure 23(a) shows the illustrative sketch of the SOI PhC sensor; its spectrum measured at
room temperature in (b), compared to the simulation from rigorous coupled wave analysis (RCWA)
tool Stanford Stratified Structure Solver (S4) [23]. Figure 23 (¢) shows the measured spectrum with
polarizers added in the light path to filter out the non-resonating part of the signal. The temperature

sensitivity of 81pm/°C extracted from (c) is shown in part (d). This means although PhC structures
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has smaller sensitivity than FPI structure, it is still a feasible candidate for temperature compensating

on the proposed FPI pressure sensor
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Figure 23 Schematic and spectra of PhC temperature sensor

(a) illustrative cartoon of a SOI photonic crystal temperature sensor; (b) measured
spectrum of the PhC temperature sensor, (c) measured mode shift at different
temperature; and (d) temperature sensitivity extracted from (c).

2.3.3. Proposed FPI pressure sensor with PhC feature for temperature compensation

For an effective way to decouple the temperature influence from the pressure measurement
of our FPI sensor, we proposed a PhC integrated FPI configuration that can sense temperature and

pressure simultaneously. As discussed above, Si PhC structure is also a good candidate for
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temperature sensing, with slightly smaller sensitivity. Adding a PhC sensing configuration to the

original FPI sensor gives at least clearly distinctive modes in both simulation and experiment.

Figure 24 (a) shows the illustrative sketch of the components for a PhC integrated FPI
pressure sensor. In this configuration, there is an extra PhC Si NM in the place of the original FPI
sensor working as a temperature sensor. Figure 24 (b) shows the simulated spectrum of the device
at fixed pressure and temperature. Labeled peaks 1 are the FPI modes of the air cavity for pressure
sensing, labeled peaks 2 and 3 are the PhC modes of Si NM for temperature sensing. The FPI modes
are broader, presenting more as a background compared to the sharper PhC modes. Experimentally
the spectrum of this configuration agrees more to the simulated spectrum, eliminating the difficulties
of separating 2 types of modes. In fact, the measured data in Figure 24(b) is an example of such
spectrum, where the narrow PhC mode resides on a broader FPI background (too broad to see in the
limited testing range though). Figure 24 (c) is the simulated spectrum of this device under assumed
rising pressure with no temperature variation. The extracted peaks of the PhC mode shows no

fluctuation at all, since the 2 resonances are totally of different mechanisms with no interaction.
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Figure 24 Sketch and simulated spectra of FPI+PhC sensor

(a) Sketch cartoon; (b) simulated spectrum at room temperature and latm pressure; and (c)
simulated spectrum under applied pressure of FPI pressure sensor with PhC temperature
compensation. FPI mode is labeled as 1, and PhC mode is labeled 2 and 3 in (D).
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2.4 Bio-implantable angle independent free-space temperature sensor.

Measuring temperature of tissue microenvironments serves as a simple, yet effective
approach in constructing diagnostic conclusions for a wide range of diseases and illnesses, including
chronic inflammation, traumatic injury, immunological disorders, organic failures, neurological
disorders, and many others. Thermoregulatory processes ensure normal cellular functions by
maintaining core-body temperature homeostatically balanced with energy production and
dissipation coordinated through metabolic mechanisms, local-tissue perfusion, and hemodynamics.
Abnormality in values and/or temporal patterns of local-tissue temperature associated with certain
immune responses and metabolic adjustments can provide early signs of critical illness, as the basis
for proactive treatments with timely and effective optimization. Traditional thermal sensors such as
infrared digital cameras, metallic thermistors, and others provide measurements at surfaces that are
either visually or physically accessible. Precise and continuous measurements of temperatures at
regions deep inside body, however, require invasive probes and/or disruptive surgical interventions,

with potential for various adverse effects, including infection, immune response, and scar formation.

To extract the temperature information from deeper-tissue locations, the bioresorbable
sensor must work wirelessly or cable free to enable long term measurement tracking. It then brings
up new issues in non-guided optical sensing/imaging, particularly the angle dependency of light

propagation upon the sensing components.

We designed, fabricated, and tested an angle independent bioresorbable multilayer cavity
structure with standard CMOS compatible processes. The device consisted of one silicon Fabray-
Perot cavity and one Distributed Bragg Reflector (DBR) structure, it utilized the high contrast in the
thermos-optic coefficients between silicon and silicon nitrides/oxides: for Si, SiNy and SiOx , dn/dT

~2x104 K1, 2x10° K1, 1x10° K-! respectively.

2.4.1. Individual Fabray-Perot and DBR cavities
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First, we fabricated the Si FPI slab F-P cavity and the SiOx/SiNy DBR cavity, individually,
to verify the fabrication process and the thickness accuracy. Figure 9 shows the comparison of

spectra of simulated data and measured data of the Si FPI and the DBR cavities.
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Figure 25 Simulated and measured spectra of the Si FPI and Oxide/Nitride BDR Civities
(a) Si slab F-P cavity and (b)SiOx / SiNy DBR cavity

For both Si F-P cavity and the SiOx/SiNy DBR cavity, the reflection depends on both the
refractive index and propagation length (angle dependent) in the cavity, but on different levels,
which enables the combined device to work as a temperature sensor with angle independency. Table

3 shows the differences in temperature and angle dependencies of Si F-P cavity and DBR defect

cavity.
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Figure 26 Reflection intensity maps of FPI and DBR cavities

Measured and simulated temperature contour plot of (a), (b) Si slab F-P cavity and (c), (d)
SiOx / SiNy DBR cavity respectively.

Table 3 Temperature and angle sensitivity of F-P modes and DBR mode

Si F-P cavity DBR defect cavity
Temperature (nm/°C) 0.047 1071
Incident angle (nm/®) -0.30 -1.32

Figure 26(a)and (b) show experimental and simulation results for reflection spectra of the
Si F-P cavity (1.5um thick) at various angles of incident light. The resonant peaks shift by ~0.3 nm

per degree, with good agreement between experiment and simulation. The DBR defect cavity
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exhibits a large angular dependence, with shifts of ~1.32 nm per degree, as shown in Figure 26 (c)

and (d).

2.4.2. Design, fabrication, and testing of F-P/DBR multilayer temperature sensor

Figure 27(a) shows the Scanning Electron Microscope (SEM) image and (b) schematic
illustration of the fabricated multilayer temperature sensor. It consists of three parts: (i) a distributed
Bragg reflector (DBR) made of alternating layers of silicon oxides (SiOx) and silicon nitrides (SiNy)
with a layer of SiOx (twice the thickness of the others) in the center to yield a defect cavity; (ii) a
1.5 pm-thick membrane of monocrystalline silicon (Si), to create a Fabry-Perot resonance (Si F-P
cavity); and (iii) a 10 pm-thick substrate of poly(lactic-co-glycolic acid) (PLGA) to provide
mechanical support during surgical implantation. The total thickness of the multilayer reflector is

~13.6 um. The structures studied here have lateral dimensions of 3 mm by 3 mm.

(@) (b)

‘ 2mm

(a) Scanning Electron Microscope (SEM) image and (b) schematic illustration of the
multilayer temperature sensor, and (c) photopraph of the device hold on a twiser.

Figure 27 Structure of the DBR defect temperature sensor

In our device design and machanism, we only take into consideration the thermo-optic
effect, and ruled out the thermal expansion effect based on the comparison of orders of those
coefficients. Equation (1) below defines the g™ peak wavelength of a F-P cavity with thickness # and
refractive index n, and Equation (2) defines the 1-D thermal expansion coefficient of an object of

length . Since for silicon material the thermal expantion coefficient is almost 2 orders smaller than

40



thermo-optic coefficient, as the derivation in equation (3) shows, the shifts in the resonant peaks for
the structures reported here, therefore, can be considered to arise almost entirely from the thermo-

optic effect.
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Figure 28 DBR temperature sensor fabrication flow

3D schematic illustration of key fabrication steps for a bioresorbable multilayer photonic
cavity reflector.

Figure 28 shows the schematic illustration of the fabrication process for the multilayer
temperature sensor. Fabrication began with programmed deposition of alternating layers of SiOy
and SiNy using Plasma-enhanced chemical vapor deposition (PECVD) onto a Silicon-On-Insulator
wafer (thickness of device layer: 1500 nm; thickness of buried oxide layer: 1000 nm; Base silicon

(Si) layer polished to a thickness of 200 pm). Spin coating polyimide (PI) at 3000 rpm for 30 s and
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baking at 250 °C for 1 hour yielded a 2 pm-thick PI film on the surface of the multilayer. Etching
under a vapor of xenon difluoride removed the Si wafer from the backside. Drop casting PLGA
from ethyl acetate solution (7 wt%) and baking at 70 °C for 10 min produced a 10 pm-thick coating

of PLGA on the multilayer to complete the fabrication.
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Figure 29 Measured and simulated spectra of the DBR temperature sensor

(a) measured spectra of the multilayer sensor under varying temperature. (b). Peak shift
of the F-P mode. (c) simulated spectra of the device temperature performance at normal
incident condition. (d) comparison of the simulated data and measured data.
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Figure 29(a) shows the measured spectra of our multilayer device under increasing
temperature and the shift of the F-P mode peak is shown in (b); (c) shows the simulated reflectance
spectra of the sensor under increasing temperature at normal incident condition, and (d) is a

comparison of the simulated and measured spectra.
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Figure 30 Measurement principle of the DBR temperature sensor

(a) peak surfaces of simulated reflection spectra under changing temperature and incident
anlge where the red sphere represents a surface reconstructed from fiting function of the
origanal surface. (b). temperature-angle projection onto the simulation surfaes from 3
measured peak values. (c) projected temperature-angle lines from (b); and (d) comparison
of the extracted temperature and reference temperature..
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The mechanism of measuring temperature with our multilayer device involves matching simulation
and pre-calibration of the device in lab, construction of peak-temperature-angle surfaces as the look-
up surfaces, and projection of measured peaks onto these surfaces to extract the temperature-angle

information.

As shown in Figure 30(a), we plot the peaks from simulated spectra as functions of
temperature and angle, and then find the fitting function of each surface. To show how well these
functions are, a re-constructed surface is also plotted for the middle surface in red sphere points. We
use the fitting surface functions to find temperature and angle by substituting 2 or more measured
peaks into 2 surfaces and solving the equations. This process is visualized in (b) where each given
(measured) peak value is projected onto corresponding surface, the result interception lines are only
temperature-angle lines that can be casted onto the temperature-angle coordinates, as shown in (c).
2 of such lines would determine a single temperature-angle point, which is the measurement
condition. Using more peaks would increase the accuracy of the projection. The comparison of the

projected temperature and the reference temperature is shown in (d).

2.5 Summary of sensors

We explored the optical pressure and temperature sensors with different sensing
mechanisms including Fabry-Perot interference, photonic crystal resonance, and distributed Bragg
grating defect mode. The summarized performance comparison of these sensors is list in Table 4
below. We conclude that it is totally feasible to develop all optical and bioresorbable sensors that
can work in the implanted biomedical environments to provide the temperature and pressure

information for biomedical treatment and diagnostic purposes.

Table 4 Summary of all bioresorbable optical sensors
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CHAPTER 3.
SINGLE SHEET 2D MATERIAL PHOTONIC CRYSTAL LASERS

3.1 Introduction

Ultra-low threshold and power consumption lasers and light emitting diode (LED) have
always been attractive for researchers. Monolayer transition metal dichalcogenide (TMDC) is an
ideal candidate for such applications thanks to its direct bandgap, strong optical absorption, and
ultimately thin active region. In recent years, TMDC based lasers [56-61] and LED [62-66] have
been developed on various optical cavities including micro-disk cavities [56,58] and photonic
crystal (PhC) defect mode micro-cavities [57], with emission wavelength over both visible and
infrared range. However, the emission from these devices has a large divergence angle, which
requires a high numerical aperture (NA) lens to collect and is impractical in. To reduce the emission
divergence, distributed Bragg reflector (DBR) cavity was introduced, which intrinsically has a
surface normal emission, but in turn compromises the small volume and linewidth advantages of

the TMDC material.

Here, we propose a lateral confinement scheme heterostructure photonic crystal surface
emitting laser (PCSEL) design that can provide large area lasing with high beam quality [67]. Unlike
the PhC defect-based cavity that relies on the in-plane band gap below the light line, our PCSEL
cavity is based on the Fano resonance at the mode gap near the I" point above the light cone created
by modulation of the hole radii. This design can also relax the index contrast requirements in the

vertical direction.

We will present and experimentally demonstrate PCSEL on a silicon nitride (Si3N4) slab

with monolayer tungsten disulfide (WS3) as the gain medium.

3.2 Laterally confined heterostructure 2D photonic crystal cavities
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Enabled by the slow light phenomenon at the band edge, photonic crystal heterostructure
cavities have been widely used for achieving lateral confinement within two-dimensional photonic
crystal slabs. Heterostructure cavities can be formed by either modulating the filling factors [68-71]
or embedding different types of lattices [72]. Currently, most reported heterostructure PhC cavities
are based on the band edge modes below the light cone, where the light is vertically confined within
the dielectric slab by total internal reflection. However, the emission from such cavities is strongest
at large angles from the surface normal direction. There is also an increasing interest on the PhC
modes above the line cone [13]. Particularly, at the I' point the radiation is intrinsically surface
normal and an extremely high quality factor (Q) can be made possible using the concept of bound

state in continuum [73] (BIC).

Our BIC cavity design is a hexagonal PhC lattice of air holes on a 112 nm thick silicon
nitride (SizN4) slab on quartz, with the lattice constant a = 454 nm. With such a low contrast of
refractive index between the PhC slab and the substrate, achieving vertical confinement through
index guiding, and lateral confinement through a complete in-plane band gap are both challenging.
Instead, we looked into the modes above the light cone. It is well known that a symmetry-protected
bound state in continuum (BIC) exists at the I" point with an infinite vertical quality (Q) factor [13].
For a finite structure, the pseudo-BIC near I' would provide a sufficiently high Q for vertical
confinement. And lateral confinement can be realized by utilizing a mode gap and the mismatch of
modes at different bands [74]. Previous work [74-76] has established the photonic crystal design

and fabrication process on bulk WS, material integrated laser.

The cavity structure is shown in Figure 31(a). The photonic crystal lattice is divided by the
hexagonal dashed lines into three regions: the cavity “core region” in the center, the “cladding region”
at the outside and the “transition region” in between. The period of the holes is kept constant at a =
470 nm while the hole radii 7 is slightly different for each region. To be specific reore = 0.244, Firans

=0.22a, and rc,q = 0.2a.
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Figure 31 Design of the lateral confined heterostructure photonic crystal cavities

(a) FDTD simulated magnetic field Hz of the resonant mode, overlaid with the heterostructure
photonic crystal. Regions of different hole radii are separated with dashed lines. (b) Band structure
of the cavity core (black) and cladding (red) regions. (c) Simulated reflection spectra of the core
(red curve) and cladding (green curve) photonic crystals. The arrows indicate the positions of the
first order dark mode.

Figure 31(b) shows calculated band diagram for both core (black) and cladding (red)
photonic crystals. As the first order dark mode is non-degenerate, a mode gap (yellow) can be seen
near I" where the modes of the core region cannot propagate in the cladding region thus are laterally
confined. Figure 31(c) shows calculated near-normal incidence (tilted by 0.1° to excite the dark
modes) reflection spectra of both core (red) and cladding (green) photonic crystals. The positions of

the first dark mode considered are marked by black arrows

3.3 Integrated 2-dimensional material laser

3.3.1. Monolayer WS; transfer printing

After identifying the device with a high Q resonance in the wavelength range of interest,

large area monolayer WS, was prepared and transferred onto the sample.
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Figure 32 Processing flow of integrating large area synthesized WS2 onto Si;Ny4 PhC cavity.

As shown in Figure 32, we developed a water-based method for releasing and transferring
synthesized TMDC. As the sapphire substrate that the TMDC is grown on is more hydrophilic than
the Si02 substrate we used for exfoliated flakes, and generally no alignment is required for the large
area film, the overall process is much simpler and has the potential in practical applications. The
PMMA film is firstly spun-coated onto the TMDC and baked to form a carrier for mechanical
support during releasing. It can also act as a buffer layer between the TMDC and PDMS to reduce
contamination. The PDMS stamp on a glass handler is then attached to the PMMA and the full stack
is immersed into DI water. After a brief ultrasonication, water penetrates between the TMDC film
and sapphire which releases the film from substrate. The release film can be transferred onto the
target by either transfer-printing or heating. To protect the TMDC from exposure to oxygen and
water, after removing the PMMA carrier and drying the film, we coated a layer to CYTOP

as encapsulation.
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Shown in Figure 33(a) is the 3D sketch of the integrated WS, material with SizN4 PhC
cavity of 160 nm thickness on quartz substrate. Large area lcm x lcm WS, material is transfer-

printed with PDMS stamp.

@) (b)

Figure 33 Schematics and micrograph of WS, integrated laser

(a) Schematic illustration and (b) surface micrograph of the heterostructure photonic crystal cavity
with printed WS> material.

Figure 33(b) shows the surface micrograph of PhC cavity array, the inset displays the
overall view of the printed surface area where 4 sets of cavity arrays devices are entirely covered

with the 2D material.

3.3.2. Heterostructure PhC laser characterization

The resonance characteristics of the PhC cavity array is measured by pumping the defect
state in the Si3N4 film at room temperature using a 450 nm laser diode with continuous wave (CW)
mode at power level of ImW and spot size of 1pm diameter. Figure 34(a) shows the resonance
spectra of one row in the Si3N4 PhC cavity array where the lattice constant is set to an increasing

order from 465 nm to 490 nm.
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Figure 34 Optically pumped photonic crystal illumination

(a) before and (b) after WS2 printing; (c) comparison of the illumination spectra before and
after WS2 printing. (d) comparison of the resonance wavelength and quality factor before and
after WS2 printing.

The water-based method transfer-printing process previously developed is used for

releasing and transferring synthesized TMDC. After integration of WS2, the devices were pumped

at room temperature using a 450 nm laser diode operated in quasi-CW mode (100 ns width, 10%

duty cycle). Features corresponding to the cavity resonances can be clearly identified in Figure 34(b).

One-by-one comparison of the cavity resonance spectra before and after WS2 integration is plotted

in in Figure 34(c). The resonance peak shift and quality factor (Q) change of the cavity row is shown

in Figure 34(d), where the fundamental mode has a 10 nm red shift and around 2x10° Q factor

decrease caused by the WS, layer and the protective CYTOP layer.
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It proves that the large area transfer printing of CVD grown WS, material is a reliable
method for integrating the monolayer threshold-less laser, which preserves the material integrity
and optical emission properties. This could provide an effective way to produce low power

consumption, large area laser arrays for low power sensing applications.

We characterized our integrated laser with power dependent measurement. Figure 35(a)
shows 3D plot of the spectra of power dependent PL. measurement on one PhC device, with the x-
axis in wavelength (nm), and y-axis in pumping power (uW). The peak intensity and linewidth are
shown in Figure 35(b), we can observe the narrowing of the linewidth of the fundamental mode with

increasing pump power, although the turn-on effect of the emission power is not as obvious in this

case.
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Figure 35 Laser characteristics of the heterostructure PCSEL

(a) Power dependent illumination spectra from the integrated WS> laser, and (b) the intensity-
linewidth characterization.

3.3.3. Lattice design comparison

The far field emission pattern is affected by airhole symmetry in the lattice [77,78]. Two

different airhole shape were patterned with the same lattice and the compared result is shown in
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Figure 36. The measured result in Figure 36 (a) shows that circular airhole shape has larger Q-factor
(plotted in blue circles) overall and has a resonance wavelength (plotted in blue crosses) is 2nm
above that of the rectangular airhole. The pumping power dependent illumination and linewidth are
plotted in (b) and (c), we can see that the lattice with circular airhole shape has higher turn-on power
density. Although the linewidth narrowing of these emissions are obvious, their threshold power

behavior is not as clear as in a typical laser.
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Figure 36 Comparison of illumination from rectangular and circular airhole hetero PhC

(a) Optical performance comparison of circular shape airhole rectangular shape airhole cavities.
(b) lasing characterization of rectangular airhole PhC cavity. (c) lasing characterization of
Circular airhole PhC cavity. The insets in (b) and (c) are the sketches of each lattice layout.

3.3.4. 2D material metrology comparison
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Figure 37 Comparison of laser characteristic from 2 types of WS, material

(a) Lasing characterization of device integrated with CVD 2D material. (c) lasing characterization
of device integrated with bulk 2D material.

The improved fabrication process not only made it possible for cm-scale integration of the
2D material, but it also affects the device performance. Figure 37 (a) and (b) are the pumping power
dependent illumination characteristics of lasers fabricated from CVD grown 2D material and
exfoliated 2D material from bulk. It is clearly seen that compared to the bulk material, WS, grown

by CVD technology has much lower energy and higher efficiency as shown in Figure 37.
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CHAPTER 4.
PHOTONIC CRYSTAL NANOBEAM CAVITIES WITH FINS

4.1 Introduction

During the last several decades, the field of photonic crystal have seen drastic
developments in both theory and application [79-83]. Scaling of optical cavities has been of great
interests for future high performance, low energy consumption and high-speed optical devices such
as semiconductor lasers, light emitting diodes, optical sensors, and modulators. Nanobeam cavity,
among other microcavities, has drawn stronger attention for its superior characteristics of ultra-
compact size, extreme low mode volume (V), and high quality (Q) factor [84-87]. These
characteristics have made nanobeam cavity a competitive candidate for nano lasers, on-chip
modulators, optical switches, and filters [88]. In the past decade, nanobeam cavity on III-V platform
has achieved lasing threshold of 2.3 uW by optical pumping [89] and 5 uA by electrical pumping
[90]; Integrated lasers on silicon nitride nanobeam cavity have also demonstrated to be promising
options for lasers on Si [91,92]. Nanobeam modulators on Si and Si integrated platforms have
reached footprint of a few um? [93] in experiment and have potentials to realize high modulation
speed larger than 100 GHz at the energy efficiency below fJ/bit theoretically [94,95]. Nanobeam
based optical switches utilize thermo-optic (TO) [96], Electro-optic effect [97], and Kerr
nonlinearity [98] have been of growing interests for its simplicity in fabrication. On-chip nanobeam
sensors can obtain figure of merit >2, 000 for label free sensing, one order higher compared to other

PC sensors [99].

However, the natures of ultra-high performance nanobeam resulted from deep etching [100]
and suspending [101] also compromises the implementation of nanobeam structures. Current
nanobeam cavities have non-negligible trade-offs in electrical/optical/mechanical/thermal

efficiencies due to the required high index contrast cladding and suspended structure. Earlier, non-
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suspending tunable nanobeam cavities were reported with one-sided nano-tentacles (connecting fins)
that improves thermal conductivity and tunability [102]. Other configurations of vertical supporting

structure were also proposed that offers electric injection for nanobeam lasers [90].

Figure 38 Schematics and SEM of suspended nanobeam cavities

(€]

(a), (c) Schematic illustrations and (b), (d) Scanning electron micrographs of the suspended
nanobeam cavity without, and with fin structures, respectively. Scale bars in (b) and (d) are 1 um.

In this dissertation, we propose and investigate a suspended silicon nitride PCNB cavity
with lateral nanorod fin structures on both sides of the nanobeam cavity, where the alignment of the
fin position is tunable to achieve a range of desired Q-factor and resonance wavelength. We also
compare the optical performances of the very same PCNB with and without fins. The PCNB
structures are shown schematically in Figure 38(a) and (c), for PCNBs without and with fin
structures, respectively. Shown in Figure 38(b) and Figure 38(d) are scanning electron micrographs

(SEMs) for PCNBs without and win fins, respectively. Compared to the traditional suspended

57



nanobeam cavity, the introduction of the lateral fins improves the mechanical strength, thermal

conduction, and electrical carrier injection of the suspended PCNB cavity.

4.2 Photonic crystal nanobeam cavity design

The PCNB cavity is designed to utilize the maximum mirror strength in the 1-D PC, thus
it is desirable to have a symmetric radius taper of 6 periods on each side about the center of the
cavity according to the deterministic method [103]. As shown in Figure 39(a), two different
parabolic radius tapers are fabricated, one with taper radius changing from 46.9 nm to 66.8 nm
(taperO1, red square), and another with taper radius changing from 52.8 nm to 69.2 nm (taper(2,
blue circle), to verify the mirror strength theory. Figure 39(b) shows all the key design parameters
for PCNB with fins, including cavity thickness z, PC non-taper regular radius », PC lattice constant
a, fin width w, beam width ¥}, and the fin alignment position D. We define D=0 for fins aligned to
the center point of 2 airholes, as shown by the solid fins; and D=0.54 for fins aligned to the center
of each airhole, as shown by the transparent fin. The optimized values by the deterministic recipe in
[103] for these parameters are r =71.8 nm, a =272 nm, w=30 nm, =150 nm and W;=300 nm for the

target resonance wavelength at 660 nm.

Previous work by J. Zhang [102] has demonstrated that the presence of an optimized lateral
tentacle structure on one side of the cavity has minimal effect on the optical performance of the
cavity. To investigate impact brought by the presence of fins on both sides of our PCNB cavities,
we explored 2 scenarios of nanobeam cavity in numerical simulation as shown in Figure 40. a
suspended nanobeam (a) without and (b) with fins; and a nanobeam cavity on SiO, substrate (c)
without and (d) with fins. Simulations are performed with the finite-difference time-domain (FDTD)
method, using an open-source software package [25]. It shows that the presence of fins on our

PCNBs also has minimal impact to the mode distribution in the cavity and brings less than 2%
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change in Q-factor when fins are thin (~0.14) and aligned to the electric field minima. This is

verified by the experimental data shown later.
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Figure 39 Design parameters of the nanobeam cavity

(a) Fabricated radius taper of the nanobeam cavity (inset is the SEM image of the taper part, and
(b) defining parameters of the nanobeam cavity, the dashed arrow and the transparent fin illustrate
the fin position shift in the cavity array.

(a) (b)
RERLRLL] [T LIRS IRRELET LT [T CUEN
Q =100,000 Q = 98,044
(c)
SO
Q = 10,000
@
T T T T
Q=10,884

Figure 40 Simulation of field distribution of nanobeam cavity with and without fins

Comparison of simulated E, component of the electrical field distribution and quality factor of
suspended Si;Ny nanobeam cavity (a), without and (b), with lateral fins (fin width 0.1a, 2nd order
band edge of air mode)., and of SizN4 nanobeam cavity on SiO, substrate (c), without and (d), with
lateral fins (fin width 0.2a, 1st order band edge of dielectric mode).
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4.3 Photonic crystal nanobeam cavity fabrication and measurement

4.3.1. Fabrication

The fabrication process of the PCNB cavities includes Si3N4 film deposition on Si wafer
and PCNB cavity pattern lithography. The 150 nm thick Si3N, film is stoichiometrically grown with
low pressure chemical vapor deposition (LPCVD) method at 770°C on p-type silicon wafer in a
Tystar Tytan nitridation furnace. The patterning of PCNB cavity consists of standard electron beam
(e-beam) lithography (EBL), directional reactive ion etching (RIE) of SizNy layer, isotropic RIE of

Si substrate, stripping and plasma cleaning of the e-beam resist.

Figure 41 SEM of PCNB with fins in array layout

The EBL process starts from spin coating (4000 rpm, thickness 371 nm) of e-beam resist
(ZEP 520A), followed by pre-baking at 180°C for 3 minutes, and afterwards e-beam exposure under

accelerating voltage of 20 £V on the Nanometer Pattern Generation System (NPGS, by J. C. Nabity
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Lithography Systems). The exposed pattern is then developed by Amyl Acetate under refrigeration

temperature for 60s followed by a post-baking at temperatures heating up from 60 °C to 100 °C.

The PCNB pattern on the e-beam resist is then etched onto the SisN4 layer by inductively
coupled reactive ion etching (IPC-RIE) process, at gas flow rate ratio of SF¢: CHF3: He = (1: 2.5:
2.77), with resulted aspect ratio of 5.3. A following isotropic IPC-RIE process with only SFs gas
etches the Si substrate to create the suspension of the PCNB on Si3N4. The residues of e-beam resist
are then dissolved in N-Methyl-2-pyrrolidone (NMP) solution heated up to 75 °C. The suspended
thin fins are proved to be intact during this wet process, but the mostly used combination step of
ultrasonication is completely prohibited. Instead, a final process of oxygen plasma ashing for 1 hour

completely cleans up all the remains of e-beam resist.

4.3.2. Measurement and analysis

For the nanobeam cavity design without lateral fins, two different tapers are fabricated and
compared on the same 1-dimensional (1-D) PC structure, with the taper profiles shown Figure 39(a).
The resonance wavelength of the 1-D PC is determined by the photonic band diagram, as shown in
Figure 42(a) where the air band (solid lines) and dielectric band (dashed lines) are plotted for 1-D
PCs with different 7/a ratios. For the target wavelength at 660 nm, r/a=0.27 is picked. The fabricated
cavity resonance is then measured by optically pumping the Si3N4 cavity with a 450 nm laser to
activate the defect states in the SizN4. Shown in Figure 42(b) is the measurement result of cavities
where a series of radius offset is scanned to achieve the target device dimension. For both tapers,
the resonance wavelength shifts linearly, with Q-factor maximizes near the optimized radius.
Taper02 has a closer match of radius profile to the optimized design and the optimized cavity
resonance spectrum is shown Figure 42(c). The highest Q-factor obtained is 2.3x10* with full width
at half maximum (FWHM) of 28pm. Shown in the inset is the full spectrum measured. Figure 42(d)

shows the SEM image of taper02.
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Figure 42 Photonic bands and characterization of nanobeam without fins

(a) Photonic band plot of 1-dimentional photonic crystal structure for v/a ratio of 0.2, 0.27, and
0.29, shaded region is the light cone of SisN,. (b) measured resonance wavelength and quality factor
of two different taper structure at different radius offsets. (c) measured optical emission spectrum
around the resonance peak and its Lorentzian fitting (inset is the full range spectrum) of one
nanobeam cavity without fin that has the same radius as the cavity with fins. (d) top view SEM of
the taper region on the suspended nanobeam cavity without fins.

After confirming the cavity radius taper profile, arrays of nanobeam cavities with fins are
fabricated with fin alignment varies from the center point of 2 airholes (defined as D=0) to the center
of each airhole (defined as D=0.5a). At D=0, the presence of fin rod has minimal influence on the
distribution of the electromagnetic (E&M) field distribution compared to non-fin nanobeam cavity,
as shown in the measured spectrum in Figure 43(a), where the measured 0=2.46x10* and
FWHM=26 pm. The true Q-factor can be higher since the resolution on our testing setup is limited

to resolve finer peaks. This is close to the result shown in Figure 43 (c) and agrees well with the
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simulation result described in the previous section. As the fin position shifts to the center of each
airhole, the E&M field starts to couple to the lateral rod. As a result, the confinement (Q-factor) in
the cavity is reduced and the resonance shifts to lower frequency (higher wavelength). The measured
result is shown in Figure 43(b), where the red (blue) dashed line is the Q-factor (resonance
wavelength) of the nanobeam cavity with the same dimension but without fins. It agrees well with

the simulation result shown in Figure 43(c). The lower Q-factor in the measured result is due to both

fabrication defects and measurement setup limit.
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Figure 43 Characterization of nanobeam cavity with fins

(a) Measured optical emission spectrum around the resonance peak and its Lorentzian fitting of the
nanobeam cavity with fins aligned to the center of 2 airholes, (b) measurement result of tuning of
resonance wavelength and Q-factor as fin alignment position changes, where position D=0 is when
fins are aligned to center of 2 airholes and position D=0.5 is when fins are aligned to airholes, (c)
simulated result of tuning Q-factor and resonance wavelength by changing fin alignment position.

To find out the influence of fabrication offsets in the airhole radius, fin width, and more
importantly, the resonance tuning capability of the fin-tuning nanobeam cavity array, another series
of PCNBs is fabricated where the radius and fin width offsets are scanned. Shown in Figure 44(a)
and Figure 44 (b) are the measured resonance wavelength and Q-factor on PCNBs with airhole
radius and fin width varies independently. For both D=0 and D=0.5a alignments, there is an
optimized airhole radius and an optimized fin width. The variations of radius or fin width around

the optimized design (r = 64.5 nm and w = 24.2 nm) cause the Q-factor and resonance wavelength
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change gradually, which agrees with the numeric simulation results shown in Figure 44(c) and
Figure 44(d) in general. The minor discrepancies may be related to the fabrication variations. For
both radius and fin width that are 10 nm away from the optimized design value, the Q-factor drops
to about half of the optimized Q-factor. It is worth mentioning that the range of wavelength tuning
by fin position broadens for larger airhole radiuses and for wider fins. But the broader tuning range

comes with a reduced Q-factor in both cases.
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Figure 44 Influence of fin width and airhole radius

(a) Measured and (c) Simulated resonance wavelengths and Q-factors with different radius offsets;
(b) Measured and (d) Simulated resonance wavelengths and Q-factors with different fin width

offsets.

4.4 Summary

We designed, fabricated, and measured arrays of nanobeam cavity with lateral fins where

the fin alignment position is tuned to control the resonance Q-factor and wavelength. The lateral
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fins can provide mechanical support, act as thermal conduction channels, and enable carrier injection
to the suspended nanobeam cavity. These low mode-volume, high Q-factor nanobeam cavities are
ideal candidates for novel lasers, light emitting diodes, optical modulators, filters, and sensors. The
nanobeam cavity can also be applied on different materials and can be integrated with new

photonic/electronic on-chip platforms for high speed, low power consumption applications.

It is worth mentioning that the proposed structure can be designed to have extremely high
Q factors or moderate Q factors depending on the application requirements. The impact of the lateral
fins may be very small (2%) to the nanobeam cavity Q factors. So extremely high Q factors can be
achieved. This could be useful for high-speed modulators or high sensitivity sensors. On the other
hand, moderate Q factors are desirable for nanobeam lasers if we consider trade-offs in modulation

speed and energy cost.
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CHAPTER 5.
PHOTONIC CRYSTAL SLAB METALENS

5.1 Introduction of transmissive photonic crystal metalens

Nanoscale metamaterial have drawn increasing attention for the last two decades for its
broadband, highly efficient capabilities of phase modulation by a flat medium. The research on the
flat optics or meta surfaces open new capability for a great variety of applications in beam
manipulations such as focusing/imaging [104], formation of vortex beam [105] and patterned spot
projection [106]. So far, the common metamaterial are the dielectric pillar structures placed on the
applicable substrate with tailored shapes, separation rotation, and placement to bend the transmitted
light in the desired way. The mechanism of the localized scattering in these structures often requires
the material thickness to be at micrometer scale to provide long enough light paths and to achieve a
complete 2m phase transition range. It thus hinders the full adoption of the technology in
commercialized product which has higher durability requirements. We propose here an amorphous
silicon photonic crystal slab (PCS) metalens structure with full 2z phase modulation, high
transmission efficiency and broadband operation centered at 940nm. The design of a focusing PCS
Metalens is also verified with COMSOL and 3-dimensional large area finite-difference time-domain

(FDTD) method.

5.2 Metalens flat optics constructed by meta-atoms

Metalens is a new a type of diffractive lens that has a subwavelength quasiperiodic
structure and can induce phase change of light, just like a conventional lens, but with more
functionality. As the terminology indicates, metalens consists of individual elements that are in

perturbed forms of one building block configuration, which is called meta-atom. The form of the
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meta-atoms is flexible, including nano-fins, nano-rods, nano-disk and so on. Thanks to the reduced
thickness of the optical elements, metalens is an ideal candidate to replace the traditional bulk optics
with its binary structure, CMOS compatibility [107,108], high-numerical aperture capabilities [ 109-

113], chromatic correction [114-117], tunability [118,119], and polarization selectivity [120-122].

To design metalens for light detection and ranging (LiDAR) applications 940 nm, our
choice material is amorphous silicon for its high refractive index and cost effectiveness. Figure 45
shows the refractive index n [123,124] in visible and near IR range. At 940 nm, we use refractive

indices 1.68 for amorphous silicon (a-Si) for the meta-atoms, and 1.535 for glass substrate.
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Figure 45 Refractive indices of crystal (c-Si) and amorphous silicon (a-Si).

5.2.1. Polarization dependent meta-atom

Polarization dependent meta-atoms relies on in-plane angle rotation to achieve
transmission phase variation. For localized meta-atom, the geometric phase that meta-atom

produces for transmission for rotation angle a is ®4,, = 2a , while for non-localized meta-atom,

the phase could be ®4,, = 4a or ®,4,, = —4a [125]. Polarization dependency of these meta-atoms

67



will convert the propagation of light from left circular polarization (LCP) to right circular

polarization (RCP).

Shown in Figure 46(a) is the 3D schematic of the nano-fin meta-atom with periodicity
S$=530 nm, height /=510 nm, fin width =130 nm, and fin length L=435 nm. The transmission

efficiency and phase with variation of rotational angle are plotted in Figure 46( (b).
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Figure 46 Schematics and transmission phase of meta-atoms

(a) and (c) Schematic illustration of meta-atoms of nanofin and nanorod respectively, (b) and (d)
corresponding transmission coefficient and phase.

5.2.2. Polarization independent meta-atom

The polarization independency requires the geometry to preserve azimuthal symmetry;

thus, the choice of structure is naturally a cylindrical post. Shown in Figure 46(c) is the schematics
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of the nano-rod meta-atom with periodicity $=380 nm, rod height /=510 nm. The transmission

efficiency and phase with variation of radius from 60 nm to 150 nm are plotted in Figure 46( (d)

5.2.3. Construction of phase array for focusing lens

For focusing lens, the numerical aperture NA, the lens size (diameter) L, and the focal

length follows the lens equation:

f _L2 i

~ NA
At any position (x, y) on the lens plane, the transmitted light should carry an extra phase

¢(x,y) in hyperboloid form as shown in Figure 47(a) so that the light path length from every point

to the focal point is a constant,

2n

$(y) == (VF+y 2~ f)

where 1 is the working wavelength. Figure 47(b) shows the schematic illustration of light focusing

effect upon transmitting through the metalens with the above phase distribution.

(@)

Figure 47 Refractive indices of crystal and amorphous silicon
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5.2.4. Focusing lens lattice choice

Since our metalens is working in the localized regime without any resonance, the choice
of lattice of the meta-atom is flexible and can take quasi-periodic arrangement. Shown in Figure 48

is a sketch of the in-plane distribution of nano-fin and nano-rod with square lattice and circular

lattice.
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Figure 48 Meta-atoms arranged in different lattices

Nano-fins in (a) square lattice (SL), and (b) cicular lattice (CL). Nano-rods in (c) square lattice,
and (d) cicular lattice.
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Figure 49 Distribution of |E|? on x-z plane for plane wave transmission

(a) Distribution map of |E|? over full range of 20x20%23um?’ of metalens of (from left to right) nano-
fins in SL, CL, and nano-rods in SL and CL. (b) is the zoom-in of (a) over the focusing ration.
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We constructed these 4 metalenses with a-Si deposition on glass. The focusing effect is
shown in Figure 49(a) by simulation with the FDTD tool Tidy3D [26]. The simulated lens size is
20pm in x-y direction and NA=0.6. In all cases the focal length is at 13.6pm as the lens equation

above predicted. It shows that the lattice choice does not affect the focusing in significant way.

5.2.5. Spot size dependence on NA

We also investigated the focusing capabilities of nano-rod metalens at various NA from
0.1 to 0.9. The field amplitude of each NA is plotted in Figure 50. We noticed that at lower NA, the
focusing power of the lens could be an ideal candidate for emission angle control for laser sources
such as VCSEL in the LiDAR applications where divergence of the laser is still an issue for effective

collection of reflected signals.
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Figure 50 Distribution of |E|? on x-z plane for at NA = 0.1~0.9

Shown in Figure 51 are the extracted focal length and spot size of the lenses with different
NA discussed above. All spot sizes are smaller than the diffraction limited resolution, which is one

of the attractions of the flat optics.
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Figure 51 Focal length and spot size for at NA = 0.1~0.9

5.2.6. Broad-band operation

We optimized the nano-rod metalens by sweeping the thickness and lattice constant of the
meta-atom in the simulation. At lattice constant =380 nm and rod height /=440 nm, the meta-atom
has the best transmission efficiency over 95% and is also capable of operate at very wide spectral
range from 740 nm to 1140 nm. Shown in Figure 52(a) and (b) are the transmission intensity and
phase map (unit in w) of the nano-rod meta-atom over 1/a ratio from 0.05 to 0.49 and wavelength
from 800 nm to 1080 nm. If we focus on a single wavelength at 940 nm, the transmission intensity
and phase line over the specified r/a ratio range is shown in Figure 52(c). The numerical simulation
results in Figure 52 indicate that the phase line that covers a complete 2n range, starting from the
blue zone at small r/a ratios in Figure 52(b), crossing the red zone, reaching to the thin blue strip
zone, with the variation of r/a ratio of the meta-atom is consistent within the wavelength range. This
means that the focusing metalens constructed with this meta-atom could operate in a broadband
range without significant distortion in the focusing capability or compromise in the transmission

efficiency.
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To verify our prediction from the meta-atom, we built a metalens with the parameters of

this nano-rod meta-atom, which has an in-plane phase distribution shown in Figure 53 as described

in the previous section.
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Figure 52 Transmission intensity and phase of nano-rod metalens

(a) Transmission intensity map and (b) transmission phase map over r/a ratio from 0.05 to 0.49 and
spectrum from 800 nm to 1080 nm. (c) transmission intensity and phase line at 940 nm.
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Figure 53 In-plane phase distribution of the metalens built from the nano-rod metalens

The numerical simulation results of the nano-rod metalens by Tidy3D is shown in Figure
54. It clearly verifies the prediction from the phase map of the nano-rod meta-atom. Our metalens
can operate withing broadband span of 400 nm centered at 940 nm. The focal length change

displayed in the result is a direct consequence of the hyperboloid phase relation of focusing lens.
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Further discussion on the correction of this chromatic aberration is needed in the future research

10-10 10-10 10-10 10-10
X(/tm)

Figure 54 Focusing effect of the metalens built from nano-rod meta-atoms.
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Distribution map of |E|? over full range of 20x20x23um? of metalens for working wavelength (from
left to right) at 740 nm, 840 nm, 940 nm, 1040 nm and 1140 nm.

5.3 Transmissive 27 phase on photonic crystal slabs

The metalens structure discussed above is promising for applications in highly efficient,
broadband flat optics. But the robustness of the isolated posts and the relatively large thickness pose
a strong challenge to the full implementation of the structure in the practical commercialized devices.
We look alternatively at the thin-film technology, particularly the photonic crystal slab (PCS)

structure which can solve the issues inherently.

The fundamental principle of the transmission phase control by PCS is the non-localized
resonance (guided mode). This could potentially compromise the utilization of PCS for construction

of large area metalens. We recall that for meta-atoms the phase control mechanism is localized
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scattering, which means the interaction between the individual meta-atom won’t be disturbed in
principle when composed into the large area lens device. For the PCS resonance, the interaction
between the neighboring lattices could still be considered as quasi-periodic when the lattice constant
is fixed and the airhole radius varies in small amount which could be characterized as a small
perturbation. In this case, when the perturbation is within 1% the resonance frequency and strength

are still constant.

5.3.1. Coupled mode theory and formation of 2r phase continuity

The PCS guided resonance modes can be quantitively analyzed by the coupled mode theory
which establishes the temporal relation of transmittance, reflectance, and the resonant modes that
exhibits Fano line shape in the spectrum [126]. Our previous investigation on the PCS modes has
also proposed the condition for reflective 2xt phase formation [127]. Similar procedures can be taken
to derive conditions for transmissive 2n phase formation. The condition for having a transmissive
2n phase continuity is that the PC transmission coupling strength should be larger than the
background transmission. This condition is satisfied for modes that degenerate near the edge of a

broad high transmission band.

We investigated the amorphous silicon PCS-on-glass structure and found the degenerate
mode at slab thickness # = 160 nm, @ = 500 nm and #/a >0.4 for working wavelength at 940 nm. It
is then possible to construct a various phase plate by varying the air hole radius (thus 1/a ratio) only
to achieve the 2m phase line. It was discovered also that further improvements on transmission
efficiency can be realized by changing both the air hole radius and the lattice constant. Close to 100%
transmission can be achieved for the most part of the designs, as shown in (c). More details will be

presented in the conference on both theory and design.

Showing in Figure 55 is a schematic illustration of a PCS with 4 coupling ports. The

transmission of the PCS can be written as
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S21(w) = Gy (@) + h(w)dzd,

where S, is the total transmission, C,, is the background transmission, h(w) is the resonance line
shape and d; and d, represent the PC coupling strength to the background wave. The line shape of

the resonance can be expressed as

1
hw)=———
j(w — wy) +;)_5

The background transmission |C,4|? is calculated on the slab using effective refractive index:

a? — mr? mr?
Eavg = a2 £ t+ a2 Eair

Figure 55 3D sketch of the coupling ports on a PCS .

Coupling ports S; and S> for a PCS of lattice constant a and airhole radius r, the + and — signs are
for input and output.

For a transmission guided resonance mode, the condition of forming a continuous 27 phase

transition in spectrum is

||
did;| > ———

This is an apparent conclusion which we will prove later in the degenerate mode discussion.
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5.3.2. Degenerate PC mode and formation of 2r transmission phase

Most of the PC mode displays a Fano line shape where the intensity of the transmission or

reflection goes to the maximum and drop to the minimum or the other way in the spectrum. The

origin of this rapid change in the intensity are two folds: firstly, the intensity of such line shape is

the coupled intensity of the resonance and the background wave; secondly, the resonance phase

spectrum carries a phase discontinuity of 7, which means that the coupling between the guided

resonance and the background experiences a complete in-phases to complete out-phase transition

when the frequency/wavelength changes near the resonance mode.
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Figure 56 Degerate mode near the high transmission band edge .

(a) Schematic illustration of the Si PCS on glass with lattice constant a=390nm and slab thickness
of 185nm. (b) transmission intensity map and (c) transmission phase map over wavelength and r/a
ratio. (d), (e) and (f) are the transmission intensity and phase spectra of the PCS at r/a ratio of 0.3,
0.32 and 0.36 respectively. The insets in (d), (e) and (f) are the inplane field component distributions

of |Ex|? in the PCS layer for the PC mode.
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However, there are PC modes that could generate a continuous phase through the resonance

mode. We found that for Si PCS on glass as shown in Figure 56(a) with lattice constant a=390nm,

slab thickness t=185nm, and r/a ratio sweeping from 0.15 to 0.49, there are 2 PC mode that

degenerate near r1/a ratio of 0.35. As shown in the transmission intensity map Figure 56 (b) and

transmission phase map (c), two PC modes degenerate when r/a ratio is in between 0.3 and 0.35.

The degeneracy merges the phase discontinuity from the two PC modes as shown in Figure 56 (d),

(e) and (f). We can also see in the inset plots of the |E,|? component in the PCS layer, the degeneracy

squeezes the field into the high index media such that the phase is now continuous in one uniform

media.
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Figure 57 Coupled mode theory analysis of the degenerate mode

(a) Total and background transmission intensity and (b) transmission phase of the degenerate mode.
(c) PC resonance coupling intensity and phase. (d), (e) and (f) are the polar plots of background
transmission, resonance coupling strength and total transmission of the degenerate mode.
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Applying the coupled mode theory analysis on the degenerate mode shows how the PC
resonance coupling and the background transmission contribute to the formation of the 2n phase
continuity respectively. Shown in Figure 57 (a) and (b) are the intensity and phase of the total and
background transmission. The 27 phase continuity condition is shown in Figure 57 (c), when the PC
resonance coupling strength is larger than the background transmission around the mode in-between
920nm and 1020nm, the total transmission phase is continuous as shown in (b). Furthermore, within
this range, we plot the complex quantities of background transmission, PC resonance coupling
strength and the total transmission in (d), (¢) and (f) respectively, and see that the phase continuity

of the total transmission is contributed by the background and PC coupling together.

5.3.3. Construction of PC metalens
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Figure 58 Optimized PCS continuous phase mode .

(a) Phase distribution of a focusing lens composed of PCS with lattice constant a=500nm and slab
thickness of 165nm. (b) transmission intensity map and (c) transmission phase map over wavelength
and r/a ratio. (d), (e) and (f) are the transmittance and transmissive phase line over r/a ratio range
(0.25 to 0.45) for incident wavelength at 880nm, 940nm and 980nm respectively.
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The degenerate mode discussed above can be further optimized to have a broad high
transmission band with phase continuity. Shown in Figure 58 (b) and (c) are the transmittance map
and transmissive phase map of a PCS with lattice constant a=500nm and slab thickness of 165nm
over wavelength range of 800nm to 1080nm, and r/a ratio range of 0.15 to 0.49. This PCS has the
broad band transmissive phase response over 100nm from 880nm to 980nm. (d), (e) and (f) are the
transmittance and transmissive phase line over r/a ratio range (0.25 to 0.45) for incident wavelength
at 880nm, 940nm and 980nm respectively. All phase lines cover the full 2n range with variations in
transmittance. We construct a focusing lens with in-plane phase distribution as shown in Figure 58
(a). The broadband focusing effect of this metalens is shown in Figure 59 for incident wavelengths

from 740 nm to 940 nm with 10nm step size.
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Figure 59 Focusing effect of the metalens built from PCS.

Distribution map of |E|? over full range of 20x20%23um? of metalens for working wavelength (from
left to right) at 740 nm to 940 nm with 10nm step size.

5.3.4. Conclusion: PCS versus meta-atoms
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Figure 60 3D sketch of metalens composed of meta-atom and PCS .

(a) Meta-atom and (c) metalens composed of meta-atom; (b) PCS and (d) metalens composed of

PCS..

The discussion above reveals that both meta-atoms and PCS are capable of transmission

phase control with high efficiency. Shown in Figure 60 are the 3D schematic illustration of the

metalens composed of meta-atoms and PCS. We compare the mechanism and numerical

performance of both technologies in Table 5. It shows that meta-atom is performing better in spot

size, transmission efficiency and operation bandwidth. However, PCS is advantageous in the layer

thickness, focal length and depth of focus (DOF). Considering the application scenarios of metalens,

thin film technology of PCS would be preferred than the deposited isolated toll meta-atoms.

Table 5 Comparison of meta-atom and PC candidacy for metalens

Scattering Focal Spot Trans. Operation
type Height length DOF size efficiency  band
Meta
atom Localized 440nm  13.51pm 3.43um
Photonic  Non- 280nm
crystal localized 0.75um 70.8% with C.A.
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5.4 Reflective 27 phase transition

Photonic crystal also is widely used in reflection applications such as sensing and imaging.
In these applications, conventionally the reflection PC modes are implemented spectrally. If a
reflective PCS can provide a continuous 2x phase transition, it then could lift the demand of spectral
information for PC application with a monotonic phase line that is tunable with dimension index

change.
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Figure 61 PCS reflective 2m mode.

(a) Reflection spectrum and phase of the designed photonic 2w mode crystal at v/a ratio of 0.25. The
inset is the full range spectrum of reflection. (b) Schematic illustration of silicon photonic crystal
on glass. (c) Reflection spectrum of 3 photonic crystal with different symmetry. (d) Photonic band
diagram of the modes in (c).

5.4.1. Continuous reflection 2n phase on photonic crystal slabs
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Our investigation on the PCS modes has proposed the condition for reflective 2z phase
formation [127]. As shown in the sketch image in Figure 61 (b), for a PCS on glass with slab
thickness 300nm, lattice constant 990nm and r/a ratio 0.25, the reflection phase is defined as the
difference of the reflected field phase ¢, and the incident field phase ¢;. This structure has a high
reflection band as the inset shows in Figure 61 (a). There is a PC mode on this band that has 2x
phase transition in the spectrum as shown in (a). More interestingly, the line shape of this PC mode
changes from Fano-like to Lorentzian-like and back to Fano-like with the line shape symmetry
flipped when r/a ratio deviates from 0.25 as shown in (c). This line shape change is connected to the

photonic band structures shown in (d).

The Lorentzian line shape is particularly interesting in that it enhances the broadband high
reflection to nearly 100% while also displays a 2m phase transition. This means that in applications
it is guaranteed to have high reflection with no rapid intensity change compared to the common

Fano-like PC modes.
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It is also possible to tune the line width of this reflective 2 phase mode by varying the

combination of the lattice constant, r/a ratio and the slab thickness as shown in Figure 62 (a). The

intensity and phase map of these combinations are shown in Figure 62 (b) and (c).

5.4.2. Tunable sensitivity

Different combinations of parameters of this PC mode also give tunable linewidth, Q-factor,

enhancement factor and index change needed for a 2z phase shift.
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Figure 63 Tunability of the reflective 2w phase PCS mode .

(a) Linewidth tuning, (b) phase transition tuning, (c) Q-factor and 2w phase index tuning, and (d)
enhancement factor tuning.

Shown in Figure 63 (a) and (b) are the reflection intensity and phase spectra of the 2n
reflection PCS mode with different parameters. Q-factor gets larger as r/a ratio becomes smaller,

which is generally true for PC modes, as shown in (c), while the refractive index needed to bring a

84



2w phase transition becomes smaller. It means that the index sensitivity of the PC mode increases,
to as high as 2n/10*. The findings are also consistent with our coupled mode analysis as shown in

Figure 63 (d).

In conclusion, the reflective 2 phase mode signifies in not only the enhanced reflection
with a monotonic phase line, but also the flexibility in the sensitivity design. These features enable

us to design monochromatic sensors with high sensitivity.
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CHAPTER 6.
CONCLUSION REMARKS AND FUTURE RESEARCH

6.1 Conclusion

We have investigated the application of PC structure on laser cavity, optical sensor and
optical element as metalens. The unique light-matter interaction of PC modes has opened the door
for even more possibilities for other optical devices that has higher power, lower energy cost, higher

efficiency and higher speed.

We found that the application of PC in sensors works along with the choice of material of
the PC layer, either to utilize the high thermo-optical effect, or the bioresorbability of the material.
The limitation of this application is in the optical path of PC measurement in free space where light
absorption and incident angle are the challenges for a full implementation of the device out of

laboratories.

We found that the application of PC as the laser cavity is of great potential on different PC
configuration such as 1D nanobeam cavity and hetero-PC cavity. It will become the next generation
optical cavity for high power, high speed and low energy cost lasers. It also has the potential to

integrate with novel gain materials such as 2D material with low threshold exciton emission.

We also found that the application of PC in metalens is promising since it is thin film
technology compared to the well-studied meta-atom approach. It could be favored by the industry

for the robustness and performance in flat optics applications.

6.2 Future work

The investigation in the PC applications in this dissertation, though as broad as it could

possibly be, would be more complete if the application of nanobeam cavity on GaAs laser device
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could be verified and if the PCS metalens could be fabricated and demonstrated. The nanobeam PC
cavity is promising in the tunability of the Q-factor to achieve the low energy cost and high speed.
The PCS metalens is a competitor of the meta-atom approach that is drawing overwhelming

attention in the field of flat optics.
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