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SUMMARY

Optical passive devices such as sensors play an important role in everyday
applications as they are found to be extremely powerful for the detection and
analysis of very infinitesimal changes in the environment physically and
chemically. This thesis aims to explore and develop optical based sensors and
the work done can be classified into two key methods which involve guided

wave and free-space propagation of light.

Guided wave based sensors involve the use of optical waveguides for the
guidance of light propagation to the photonics designs. Our work involves the
design and fabrication of silicon (Si) based photonic crystal (PhC) waveguide
in order to excite the slow light effect, which increases light-matter interaction
for enhanced sensitivity. Simulations of the device reveals that the group index
and low dispersion bandwidth are optimized to 166 and 1.69 nm, respectively,
where the DBP is derived as 0.1812. A Mach-Zehnder interferometer (MZI) is
integrated with the PhC waveguide in one of its arms in order to verify the
results experimentally. The measured transmission spectrum of fabricated MZI
embedded with PhC waveguide show slow light endured interference patterns.
The use of aluminium nitride (AIN) as the optical material for guided wave
sensor is also attempted. A simple design of PhC resonator with a defect is
implemented and measurement reveals a resonance at 1576.3 nm with a quality
(Q) factor of around 2000. This creates a strong foundation for further

endeavours in optical designs involving AIN.
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For free-space based optical sensors, PhC is investigated as an optical reflector
which is used in many optoelectronic devices and photonic elements. We design
and fabricate a two-dimensional (2-D) PhC reflector with the peak reflection
wavelength at 3.55 pym. Measurements reveal that both the circle air holes and
square air holes designs show 96.5% and 97.2% reflectance around 3.58um. We
also characterize the performance of the PhC reflector at high temperatures.
Measurements done at 450°C reveal that the thermo-optic coefficient is
+1.70x10* K!. In order to compensate the redshift by the thermo-optic effect,
a simple methodology of changing the air hole dimension is shown. In order to
passively correct the shift introduced by thermo-optic effect at all temperatures,
an AIN based PhC reflector is fabricated and characterized. The thermo-optic
coefficient is estimated as +2.22x10 K. This is an order of magnitude lower
than Si and is better performing in high operating temperatures. The thesis
extends the work on PhC reflector to realize a PhC Fabry-Perot filter (FPF). We
propose a monolithic approach in the fabrication in order to achieve simplicity
and low-risk. After taking fabrication variations into account, the simulated Q-
factor is around 540. Measurement of the fabricated device reveals a Q-factor
of around 300 which is around an order of magnitude higher than existing
works. By employing PhC in Si and AIN to manipulate the propagation of light
in both in-plane and free space based photonics, PhC has been shown to enhance
the sensitivity of sensors, thus making PhC a possible solution for many sensing

needs.
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CHAPTER 1: Introduction

Moore’s law suggested by G. Moore in 1965 predicted that the numbers of
transistors per chip will double every 19 months. Since then, the progress of
semiconductor has resulted in the transition from microelectronics into
nanoelectronics. Today, complementary metal-oxide—semiconductor (CMOS)
electronics forms the basis of the multi-trillion dollar computer, electronics and
information technology industry. On top of the conventional building blocks,
photonics and sensors become the new promising building blocks for realization
of silicon (Si) “More than Moore” (MtM) micro/nano-systems in the near
future, where new Si MtM micro/nano-systems will be equipped with various
non-digital functionalities. On the other hand, integration of Si integrated
circuits (ICs) together with Si photonics will lead to the ultra-high-performance
optoelectronics IC (OEIC) in a system-on-chip (SoC) format as shown in Figure
1.1(a). Leveraging chip-scale integration of ultrafast Si photonics and Si
electronics, the data transmission bottleneck posted by copper (Cu) metal
interconnects in current advanced IC technology can be effectively removed by
using optical transmission input and output (IO) terminals. In the coming
generation of ICs, Si transistor will still be the foundation of computing layer.
However, not only the 10 buses, optical passive devices such as memory,
modulator and sensors will also be fabricated and embedded in advanced Si
photonics IC chips monolithically as well as shown in Figure 1.1(b). Eventually
all the active on-chip components, such as lasers, detectors, optical logic gates,

are integrated together to realize the all-optical ICs as shown in (c), with



promising scaling of device capacity and reductions in the “cost per bit” for

optical data processing efficiency.

(b)

Piezoelectric AIN photonics
integrated on Si photonics

Figure 1.1: (a) Advanced OEIC with optical 10 to overcome the data
transmission limitation due to Cu interconnects; (b) Photonics ICs
integrated with lasers, detectors, optical logic gates, optical memory,
modulators and photonics sensors; (c) Monolithic integrated photonics ICs.

r

In view of future development, optical passive devices such as sensors will play
important role in everyday applications as they are found to be extremely
powerful for the detection and analysis of very infinitesimal changes in the
environment physically and chemically. Optical sensors are robust and resistant
to both electrical and magnetic interference. They are also capable of rapid and
multiplexed sensing within a single device. More importantly, optical sensors
provide either high quality factor (Q-factor) outputs or enhanced light-matter
interaction, both of which are essential for high sensitivity sensing [1-7]. Vast
number of technologies has been developed for optical sensing and can be
classified into two key methods which involve guided wave and free-space
propagation of light. Guided wave based sensors involve the use of optical
waveguides for the guidance of light propagation to the photonics design such
as ring resonators, optical interferometer, photonic crystals, etc [8-14]. This
method typically characterises the change in the material property, such as

refractive index, to the interested property of the analyte. Another key



technology that is used is free-space based optical sensors [15-17]. Optical
reflector and interferometer is frequently used as an optical interface to provide

interaction with the light incidence onto the surfaces.

1.1 Guided wave based optical sensors

1.1.1 Ring Resonators based sensors

Optical resonators such as ring and disk resonator, as shown in are the most
commonly used optical sensor and are well-studied over the past decades [18-
24]. It confines the light energy within the circular path, forming a whispering
gallery mode (WGM) as shown in Figure 1.2. Such devices are shown to
provide ultra-high Q-factor and ultra-small footprint, making them very
attractive in numerous applications. In sensor applications, the effective light-
matter interaction length is not determined by the physical dimensions of the
structure itself, but by the duration at which the resonator supports the revolving
resonance which is reflected in the Q-factor of the resonator. In order to achieve
a free spectral range (FSR) of the filter to be larger than the optical
communication wavelength, it is necessary for the ring radius to be less than 5
um. This corresponds to a FSR larger than 30 nm in the case of C-band spectra
range [25]. However, this induces larger bending loss in the dielectric
waveguide. In addition, the performance of ring resonators is strongly affected
by the surface roughness. Finally the nanometer scale gap between the ring and

the bus waveguide presents a grand challenge in manufacturing [26].
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Figure 1.2: Scanning microscope image of a (a) ring and (b) disk resonator.
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1.1.2 PhC based Sensors

Photonic crystal (PhC) is a cornerstone technology used in optical sensor due to
its promising optical performance. Pioneering works on photonic band gap
(PBG) and PhCs done by the Yablonovitch et al. [27] and John et al. [28] has
evoked considerable attention from researchers to study its fundamental physics
as well as its potential applications. PhCs are engineered nanostructures which
provide capability to control and manipulate the propagation of electromagnetic
(EM) waves within a given frequency range. Over the last decades, thin film of
periodic dielectric nanostructures, e.g. an array of holes in a Si slab, exhibits a
PBG for certain frequency ranges. More clearly, the propagation of light within
PBG frequency range is forbidden in PhC nanostructures. By leveraging the
PBG effect, the light within the PBG frequency range is enabled to be guided
or localized by introducing certain defects for example, point and line defects,
in the PhC structures [29]. Cavity defects in two-dimensional (2-D) PhCs can
provide a high degree of both spatial and temporal light confinement. Various
microcavity or nanocavity based PhC resonators are demonstrated as ultra-
compact filters of high quality factor (Q-factor) [30, 31]. One added advantage

of PhCs filter is that their sizes are suggested to be less than 1/10,000 of those



of conventional optical devices. Compared to conventional optical waveguide
devices, PhCs devices can achieve the same functions with their nanometric
size, which in turn raises the channel densities within a small area of photonic
ICs. Some examples of applications using PhCs are found in many optical
communication devices such as channel drop filters, power splitters and PhCs
coupler are reported [29, 32-35]. Particularly, channel drop filter plays an
important role in photonic ICs [35] because it integrates various functional
elements such as multiplexer [36, 37], switch [38, 39], and directional coupler
[39] together. Literatures of channel drop filters aimed to enhance the
compactness, high spectral selectivity, wide spectral tunability, fast switching,
and low-power switching have also been reported [40-42]. These designs are

summarized in Figure 1.3.

a)

Figure 1.3: (a) Design by Hwang et al. where PhCs design is used as
multiplexer [36], (b) a thermo-optic switch by Camargo et al. [38] and (¢) a
channel-dropping filter design by Little et al [42].

1.1.2.1 Optical biosensors

Single hexagonal PhC nano-ring resonator as shown in Figure 1.4(a) has been
investigated as biochemical sensors and [43, 44]. Owning to the good light
confinement, the size of a hexagonal nano-ring resonator can be as small as 3
um?. 2-D PhCs based hexagonal dual nano-ring resonators with appropriate

spacing between the two rings can provide backward or forward channel drop,



and wavelength selective channel drop. As an avenue to enhance effectiveness,
it is also greatly desired that multiple biomolecules can be sensed at the same
time [45]. In order to achieve this, designs including innovative designs such as
PhC based triple nano-ring resonator biosensor or waveguides that are often

made into an array as shown in Figure 1.4(b) and (c) [45-48].

(a) _ (b)

leg R‘.u.(zux (c)

Input/Output
Grating Coupler:

Focusing & Beam
Collection Optics

Feed Waveguide

Figure 1.4: (a) Design of DNR based biosensor by Hsiao et al. [43]. (b)Triple
nano-ring resonators for biosensing by Ho et al. [48] and (c¢) waveguides
design that are made into an array by Iqbal et al. [46].

In triple nano-ring resonator biosensor, it avoids the use of repeating units as it
causes possible interference of results. In addition, cascading designs often
increases the complexity of the device, thus complicating fabrication and testing
process. In an attempt to alleviate these issues, the PhC based triple-nano-ring
resonator is used as a biosensor and its symmetric resonance output and add-
drop channel characteristic can be harnessed to enable the detection of multiple
biomolecules simultaneously. In addition, the triple nano-ring resonator
biosensor is also equipped with a novel function to corroborate the results

obtained by reversing the light input and the output.

The use of such optical biosensor also allows small molecules such as single
proteins to induce measurable changes in the cavity resonance due to the

device’s small mode volume and sensor footprint. Optical biosensor also tends



to have much smaller line widths, and very small perturbations can be detected,
thereby enhancing the sensitivity of the sensors. A comparison between optical
biosensors and other sensors such as mechanical and electrical biosensors are
shown Table 1.

Table 1: Performance of various categories of biosensors

o . Analysis Limit of
Category Description time detection Ref.
Optical . .
detection Ring resonator 2min 0.6nM [7]
Plasmqmc Surface plasmon 105 3nM [49]
detection resonance
Mechar}lcal Microcantilever 10min 15nM [50]
detection
Electrical Nanowire field effect )
detection transistor 10min 10pM [51]

1.1.2.2 Opto-mechanical sensors

Tuning of the performance of PhC cavities is a popular topic for investigation
as it is a key technology of realizing dynamically reconfigurable photonic
sensors. Various tuning approaches employing magneto-optic [52-54], liquid
crystals [55-57], micro-fluidic [58-60] and electro-optic effects [61-63] have
been explored, they face major limitations as they suffer from small tuning
range, high power consumption and the lack of certain key but exotic materials
needed. Opto-mechanical sensors are receiving unprecedented interests as
research and development of microelectromechanical systems (MEMS) gain
speed. With the ability to include movable structures into the photonic designs,
the idea of tuning PhC cavities was highly anticipated. For example, Chew et al.
reported the integration of comb-drive actuators with two PhC nano-beams as
shown in Figure 1.5(a) [64]. When a voltage is added to the comb-drive

actuators, the gap between the two PhC nanobeams will change as shown in (b).



This changes the resonant condition of the PhC design and hence changes the

output wavelength.
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Figure 1.5: (a) SEM image showing the dynamically tunable coupled PhC
nanocavities and the submicrometer MEMS driving mechanism and
waveguides [64]. (b) Offset gap between the two nanocavities versus driving
voltage.

By harnessing this aspect of PhC beams and designing mechanically compliant
PhC cavity, the readout of mechanical motion can be optically and resonantly
enhanced. Such opto-mechanical sensors have the capability of providing
measurements with ultra-high precision at or below the standard quantum limit,
which correspond to the position uncertainty of the quantum ground state of the
mechanical object [65, 66]. One such application that utilizes opto-mechanical
sensor is in the realization of an optical accelerometer [67] as shown in Figure

1.6(a).



Figure 1.6: (a) False-coloured SEM image of a typical optomechanical
accelerometer. The test mass (green) is suspended with springs that allow
high oscillation frequencies. The PhC cavities (pink) are fabricated at the
top of the test mass. The zoom-in image of the PhC cavities shows the
magnitude of the electric field around the optical cavities region. (b)
Schematic displacement profile (not to scale) of the fundamental in-plane
mechanical mode used for acceleration sensing.

As shown in (a), the optical accelerometer comprises of two parts, namely a test
mass (green) and PhC cavities (pink). In order to allow motion with high
oscillation frequencies, the test mass is suspended with springs. From the zoom-
in image of the PhC cavities which is overlaid with the magnitude of the electric
field, it can be seen that the electric field is largely confined within the PhC
design. Due to the presence of the strong electric field confinement, the resonant
optical wavelength is very sensitive the separation between the two PhC beams.
When the test mass moves due to an external acceleration as shown in (b), this
alters the separation and causes the change in the output resonant wavelength
can be detected. Through this method, the reported measurable acceleration
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resolution is 10 pgHz'* with sub-milliwatt optical power, bandwidth greater

than 20 kHz and a dynamic range of greater than 40 dB.



1.1.2.3 Slow light effect

It is common knowledge that velocity of light in vacuum is approximately 3x10®
m/s. This ultrahigh speed is advantageous for efficient data transmission
between two points that are separated on a global scale or on a single chip.
However, the high velocity also makes control of optical signals in the time
domain difficult. Slow light is a technology now being investigated as a means
to overcome this problem. For sensor applications, slow light provides better

performance due to enhanced light-matter interaction [68].

Earlier attempts to create slow light effect was electromagnetically induced
transparency (EIT) [69-72] and other methods such as Bragg fiber [73-75] soon
appeared. With design flexibility and ultra-low group velocity (vg), PhC
waveguides soon become a common platform to produce slow light and this can
be easily done by elongating the cavity defects into a line [68, 76-79]. One of
the main issues faced when trying to produce slow light effect in light
propagation is the presence of group velocity dispersion (GVD) which leads to
degradation of optical signal due to pulse broadening and distortion. To
overcome this, structural optimization has been done on PhC lattices to achieve
dispersion free slow light over the largest possible bandwidth. In order to
quantify the performance of slow light devices, the delay-bandwidth product
(DBP) is usually calculated. For example as shown in Figure 1.7, Frandsen et
al. have shown that nearly constant group index of 34 over 11 nm bandwidth or
a DBP of around 0.241 can be achieved by altering the size of the air holes in

the first two rows next to the waveguide channel [80]. More recently, Caer et
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al. proposed the idea of altering the PhC waveguide by changing it into a slot
with Bragg-like corrugation as shown in (b). With such a design, group indices
exceeding 130 and 90 over a bandwidth of 1.5 nm and 2 nm or DBP of 0.126

and 0.116 can be achieved [81].

Figure 1.7: (a) Slow light device by Frandsen et al. which has its DBP
enhanced by changing the radius of the first two rows of air holes beside
the PhC waveguide [80]. (b) Design by Caer et al. which has a corrugated
Bragg-like waveguide [81].

1.2 Free-space based optical sensors

For free-space based optical sensors, PhC is investigated as an optical reflector
[82-84]. Optical reflectors play an important role in the realization of many
optoelectronic devices and photonic elements such as mirrors [85, 86], sensors
[87-89] and interferometers [90-92]. As a sensor, it can also be used as a
physical sensor for applications such as pressure sensing. Recently, Si PhC has
attracted much attention due to its small size and exceptional optical
performance. For an easy implementation, most research is based on 1-D PhC
reflector or more commonly known as Bragg reflector [93, 94]. It is formed by
depositing thin layers of two alternating materials with high and low refractive
indices. The larger the difference between the refractive indices of the two
materials, the Bragg reflector will display higher reflection. Typical materials

used are aluminium oxide (Al2O3), titanium dioxide (TiO2), Si and silicon
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nitride (SiN). The thickness of the layers is set to be a quarter of the design
wavelength divided by the material's refractive index. Some of the designs by
Rissanen et al. are shown in Figure 1.8(a) and (b) [92]. The fabricated device is
shown in (c). The small holes that appear are etching holes so that the membrane
can be undercut and make the Bragg reflector suspended. From their results, the
reflection measured is higher than 80% at their design wavelengths. In order to

increase the reflection, more layers of the materials can be deposited.

b) — =

Quartz [l Polymer TiO, Al,O,

Si and SiN and (b) TiO: and ALOs. (c) Optical image of the fabricated
Bragg reflector [92].

One big issue with Bragg reflector is that as the wavelength increases, the
thickness of the optical layers and the total thickness of the Bragg reflector
increase. This results in higher stress of the multilayer thin-film stack which
increases the risk of cracking during the fabrication process. Sub-wavelength
metal gratings have been shown to produce broadband reflection over a large
bandwidth but are hindered due to its high intrinsic absorption losses [95-100].
In order to overcome these issues while maintaining high reflection, 2-D PhC
reflector emerges as a good candidate and it has receives intense research
interest. This is because 2-D PhC reflector has been shown to display Fano

resonance which is a characteristic of extremely high reflection. With proper
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designed parameters, high reflection can practically be achieved across different
frequency regions. 2-D PhC based single layer membrane devices have been
reported by various groups for their high reflectivity in the optical
communication applications, i.e., relevant wavelength of about 1550 nm [83,
101-105], as well as in the mid infrared (MIR) and far infrared (FIR) wavelength
region [106-110] as shown in Figure 1.9. These reports show the potential of

PhC membranes in practical applications.

a ) Photonic crystal

Springs

Figure 1.9: (a) PhCs based scanning working at wavelength of 1550 nm
[101] and (b) PhCs reflector aimed to work in FIR wavelengths [106].

There is however a lack of the investigation in using polycrystalline Si for the
formation for such PhC membrane. This is mainly due to the challenge of the
stress present in the membrane which usually causes bulking [35, 36] and even
cracking. An attempt to achieve a free-standing polycrystalline Si PhC
membrane was done by Kim et al. in the near infrared (NIR) range [111] as
shown in Figure 1.10. In order to alleviate the stress present in the
polycrystalline Si membrane, the authors use tensile stressed silicon nitride for
stress compensation. However, such techniques require good matching between
the stress in the PhC membrane and SiN, which is difficult in typical deposition

processes.
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Figure 1.10: Free-standing polycrystalline Si PhC membrane by Kim et al.

in the NIR range [111]. The stress in the Si is compensated by a thin layer
of SiN on top.

Such PhC reflector can be used for physical sensing such as pressure by Wu et
al. as shown in Figure 1.11 [112]. When a pressure is applied from the bottom
of the diaphragm, it will push the PhC design upwards towards the fiber. This
reduces the distance between the PhC top surface and the fiber and causes a shift
in the reflection wavelength. The resolution of the pressure sensor based on this
method is reported to have a spectral shift sensitivity magnitude of up to 8.6

nm/kPa.

pressure

trtrrret

Figure 1.11: PhC reflector based pressure sensor by Wu et al.

One major application of highly reflective surfaces is in the formation of Fabry-
Perot filter (FPF) where two highly reflective surfaces are placed parallel to

each other. The gap between the mirrors is designed to be nA/2, where n is an
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integer and A is the desired filtered wavelength, in order to achieve constructive
interference of the desired wavelength. The gap between the two highly
reflective surfaces can be tuned by incorporating MEMS technology. Such
tunable filters are extremely important in applications like gas sensing [113, 114]
and hyperspectral imaging [115, 116]. Many attempts in recent works use Bragg
reflectors with the high reflectivity to realize the FPF [114, 115, 117-119].
However, the Bragg reflectors are typically heavy and require high actuation
voltage to achieve tunability. As mentioned before, when working at longer
wavelengths, the thickness of the layers has to be increased and this complicates
fabrication. Suh et al. introduced the idea of using 2-D PhCs as the reflective

mirror and proved theoretically the high performance of such FPF [120].

MIR photonic has recently attracted tremendous attention due to its potential
for industrial applications as well as rapid improvement in MIR laser
technologies. MIR spectroscopy, in particular is an extremely powerful
technique that can be used for chemical and biological sensing in environmental
monitoring and medical diagnosis [121-123]. For example, as shown in Figure
1.12, MIR wavelengths from 3 um to 6 um are particularly important for gas
sensing [124]. In order to sense these gases through spectroscopy, it is important
that the input light has only the wavelength that the gas absorbs. This is usually
realized through the output of the FPF. By using 2-D PhC reflectors in the FPF,
their high Q-factor output would allow for a more sensitive and higher

resolution sensing.
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Figure 1.12: Infrared absorption dips for common gases of environmental
concern.

Current effort to realize FPF also typically involves bonding of the mirrors as
shown in Figure 1.13(a) or the use of non-CMOS compatible materials such as
polyimide as sacrificial material to define the cavity length [114-118]. In
addition, more exotic materials such as lead chalcogenide and europium(Il)
telluride might be needed for the formation of the mirror used in the FPF as
shown in (b). The Q-factors of the filtered peak by current reports of FPF are
typically few tens and using PhC reflector as mirrors is deemed to be a method
to increase the Q-factor more sensitive and higher resolution applications as
shown in Table 2. More details on our work on PhC based FPF will be given

in Chapter 5.

a)

Figure 1.13: (a) An FPF that is formed tlifough the use of bonding of the
top and bottom mirror and (b) shows a FPF that uses more exotic
materials.
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Table 2: Comparison of Q-factors between various FPF designs

Institutes Design Q-factor Remarks Ref.
Space and Naval Si and Si02 t}\?v(())ngl?ilgs(;(f)
Warfare Systems multilayers <100 achie epd al [118]
Center Pacific, USA mirrors ve du
plates
University of Ge, SiO and t}\?v(())ngl?ilgs(;(f)
Western Australia, SiN multilayers <100  chip [125]
. . achieve dual
Perth, Australia mirrors
plates
Institute of chalcogenide ligvr;dér}ll%p(;f
Mechanical Systems, | and EuTe Few hundreds | and use of [126]
ETH Zurich. multilayers
. . non-CMOS
Switzerland mirrors .
materials
Our work Si Php based 300 Monolithic )
Mmirrors process

In summary, Table 3 presents some of the benefits and advantages of harnessing
optical sensors in the various applications. It also highlights some of the
challenges and disadvantages. Generally, the use of optical means helps to
enhance the sensitivity of the sensor while providing small footprint. However
there are several disadvantages and challenges that has to be overcome in order
to fully implement such optical means in the various applications.
Table 3: Advantages and disadvantages of optical sensors
Applications Advantages Disadvantages
e Small footprint

e Enhanced sensitivity
e Very low limit of

e Require the use of surface

Optical biosensor functioning for binding of

. biomolecule
detection
. e Small footprint e Only one axes of measurement
Optical .
o Fast readout per device
accelerometer

e Extremely high sensitivity
e Small footprint Require diaphragm that is
e Fast readout delicate and fragile

Optical pressure

sensor o Extremely high sensitivity | o Need bonding with optical fiber
o Fast readout . ;
Optical MIR gas e Label free sensing . }I}fi?;e;ﬁnrguizrs:t)?f?nti?arigth
sensor e High sensitivity cotm onentgs P
e Low power P

17




1.3 Material choice for photonics

While Si photonics have been studied in the NIR wavelengths for many years,
they have also been investigated as passive devices to be used in new mid-IR
wavelength band for applications including optical communication, datacom
and sensing through photonics devices including resonators, demultiplexers,
waveguides, modulators, etc. in recent years. [127-129] So far, patterning high-
quality single crystal Si to form Si photonics from the device layer of silicon-
on-insulator (SOI) 8" wafers is the mainstream manufacturing process.
However, in order to realize multiple photonic layers to be integrated onto
CMOS ICs for future generations of all photonic ICs, Si is found to be an
impractical choice as high-temperature processing is necessary to get defect-
free Si-layer. More importantly, the lack of strong non-linearity property in Si
also limits its ability to generate additional frequencies from the original input
wavelength. Frequency comb which is the current method used to generate
multiple output wavelengths from a single input wavelength requires non-linear
optical properties where Si does not have. This restricts the entire Si photonics
ICs to be only operated at the wavelength provided from the input terminal. As
power consumption scales with the number of sources, it is impractical to have
multiple light sources, i.e., multi-wavelength, in a single device, thus preventing

the use of multi-channel design which is important for densely integrated OEIC.

On the other hand, aluminium nitride (AIN) is a CMOS-compatible insulating
piezoelectric thin film material which can be prepared by sputtering process at

low temperature. To provide good crystalline structure of AIN film with sound

18



piezoelectric characteristics, AIN film needs to be deposited on top of low-
temperature deposited molybdenum (Mo) electrode, a CMOS-compatible
refractory metal, by sputtering. In addition to the advantages of AIN film in
terms of process and piezoelectric characteristic, AIN is an optical material with
sound non-linearity which is a desired feature for tunable photonics. Si has
negligible non-linearity effect, while the Pockel's coefficient and Kerr's

coefficient of AIN is comparable to SiN (Table 4[130-133]).

Table 4: Properties and Status of CMOS photonic materials, Si and AIN

Workable Thickness for | Pockel's Kerr's |[Piezoelectric
Material wavelensths 1.55 pm Coefficient | Coefficient| Coefficient
E™MY wavelength | (pm/V) (cm®W) | (pC/N)
Si 1-8.5um 0.22 um Nil 1.5x10° Nil
SiN 0.1 -7 um 0.55 um 0.04[130] |2.5x1075[131] Nil
AIN 0.2 - 13.6 um 0.5 um 1[132]  [2.3x105[133]|  1.7[132]

Table 4 also indicates the workable wavelength range (0.2 um to 13.6 um) for
AIN, which is much wider than Si. More importantly, Si does not possess
piezoelectric property, and hence lacks one dimension of tuning in photonics.
The refractive indexes of AIN and Si are 2 and 3.42, respectively, and the
desired thin film thickness for optical waveguide used in 1.55 pm optical signals
i1s 0.5 pm and 0.22 pum for AIN and Si. This is within the capability of current
sputtering AIN technology which can provide low-stress AIN film for up to 3
um thickness. Because of its process advantage and wide electrical bandgap,
AIN is a promising CMOS material for both near and mid-IR applications.
Together with AIN’s optical non-linearity, AIN offers more flexibility so as to

complement Si by fulfilling the technological gap of Si as photonics material.
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1.3.1 Non-linearity tuning in AIN photonics

The non-linearity phenomenon is referring to polarization, P, as a function of
the input electric field, E:
P=ex® E+eyx® :EE+ g,x® : EEE,

where &, is the intrinsic permittivity, ¥V is the electrical susceptibility, y® is
the Pockel's coefficient and ¥ is the Kerr's coefficient.

The presence of non-linearity in AIN opens up applications that are not ideal if
Si is used. For instance, the presence of Kerr's coefficient in both Si and AIN
enable them to be used for frequency comb generation. For Si, Griffith et al.
have demonstrated the use of an etchless process for Si photonics for MIR
frequency comb generation as shown in Figure 1.14 [134]. Although the ring
resonator is doped, the performance of the device is still of high Q-factor and

the propagation mode well maintained within the optical waveguide.
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Figure 1.14: (a) Optical microscope image of a ring resonator and metal
contacts fabricated. (b) Normalized transmission spectrum taken at low-
input power, with an intrinsic quality factor of 590,000. (c¢) Simulated
optical mode at 2.6 mm, showing high-modal confinement in Si. (d) False
coloured cross-sectional SEM image of silicon waveguide, doped regions
and metal contacts.

Measurement of the device by Griffith et al. reveals generation of a frequency

comb, but its performance is largely hindered by the presence of free carrier

20



absorption. This causes only a few lines to be generated as shown in Figure
1.15(a). In order to maximize the performance of the frequency comb
generation, a reverse bias is needed as shown in (b). The reverse voltage for

peak performance is 10V.
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Figure 1.15: (a) When the pump set at a fixed wavelength and the voltage
source off, only a few lines are generated near 2,500 and 2,700 nm at this
detuning. (b) By applying even a small voltage in reverse bias to the
junction, hundreds of comb lines across the spectrum can be generated.
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Figure 1.16: (a) Optical micrograph of the microring. (b) Scanning electron
micrograph (SEM) of the cross section of the fabricated AIN waveguide. (¢)
Frequency comb generated from microring resonator.

Likewise to Si, AIN with a non-zero Kerr's coefficient can be used for comb
generation. However, a reverse bias is not needed in AIN to remove free carrier
absorption, hence reducing the power consumption of the device. Jung et al.

[133] has demonstrated using an AIN based ring resonator as shown in Figure
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1.16(a) and (b). The frequency comb has a FSR of 370 GHz as shown in (c).
The presence of Pockel's coefficient in AIN allows it to have an edge over Si in
non-linearity applications as Si has a zero Pockel's coefficient due to its
centrosymmetric crystal structure. By inducing Pockel's effect in AIN, Xiong et
al. has shown electro-optic tuning in AIN for modulating signals [132]. A simple
ring resonator design is used as shown in Figure 1.17(a) and electric pads can
be included to introduce electric field to the device as shown in (b). With the
application of voltage bias from -7.5V to +7.5V, the authors illustrated the
excitation of Pockel's effect which enables a tuning range of 8pm to the

resonance wavelength, as shown in (c).
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Figure 1.17: (a) Optical micrograph of the microring. (b) The numerically
calculated electric field distribution induced by the ground—signal-ground
electrodes. The arrows denote the direction of the applied electric field.. (c)
A ring resonance near 1542.10 nm with an extinction ratio of 10 dB and
quality factor of 80 000 is tuned 8 pm by applying bias from —7.5V to +7.5
V.
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1.3.2 Piezoelectric tuning in AIN photonics

Piezoelectric tuning is also a tuning mechanism that is possible with AIN since
it is a piezoelectric material with a piezoelectric coefficient of 1.7 pC/N [132].
Suspended piezo-electrically controlled movable part such as cantilevers and
ring resonators can be used in optical designs to tune or modulate the output
signal. A photonic design can be made tunable by connecting it to an actuator
design using AIN with the appropriate interdigital transducer (IDT) pads [135,
136] as shown in Figure 1.18. The piezoelectric nature of AIN allows the
excitation of phononic output through the use of IDT designs for surface
acoustic wave [137] and lamb wave resonator [138]. By applying a voltage
difference to the IDT, the AIN actuator will bend and bring the released portion
of the ring resonator along. This causes changes in the propagation length in the
ring resonator and the intensity at the resonance wavelength. Likewise, as
shown in (b), IDT can also be used to tune the resonance condition of a
nanocavity even when the device is not released. The piezoelectric property in
AIN allows the performance of the photonic components to be tunable [139,
140]. This creates the opportunity to realize a more creative methodology for
light manipulation in future photonics research. Such tunability also relaxes the
stringent requirement in fabrication since such tunability can be used to mitigate

process variations.
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Figure 1.18: (a) Optical microscope image of a device which has its
nanocavity in close proximity to an IDT. (b) Design of IDT for structural
deformation to achieve tuning [136].

By offering tunability that is not possible in Si, AIN offers a platform that has
flexibility in its design not seen before. At current stage of research, AIN is the
only CMOS compatible material that offers both non-linearity and piezoelectric
tuning. This promises an optical material with high optical performance while

benefiting from current CMOS foundry capabilities.

1.4 Thermo-optic effect

Thermo-optic effect is a well-known phenomenon where the optical property,
namely refractive index, of a material varies with temperature change. In the
case of down-hole oil drilling where high operation temperature is expected,
thermo-optic effect has to be taken into account for design optimization.
Numerous works have been done recently to characterize the impact of
temperature change on the optical performance of photonic devices [141-144].
The change in peak reflection wavelength of the PhC membrane due to thermo-

optic effect of polycrystalline Si is quantified by
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=T (2)CD, (1)
where no is the refractive index at 25°C, An/AT is the thermo-optic coefficient
and AT is the temperature change.

Through greater understanding of the thermo-optic effect, efforts are also done
to harness the effect for applications like optical switch, optical filters and
temperature sensors [145-149]. However, in applications where thermo-optic
effect is undesirable, such temperature effect on the optical performance has to
be compensated [150-152]. A common method to compensate thermo-optic
effect is the use of a material, typically polymer, which has negative thermo-
optic coefficient as shown in Figure 1.19(a) [153]. The negative thermo-optic
coefficient of the polymer will cancel the thermo-optic effect that is induced in
the Si waveguide. In other words, when the temperature increases, the refractive
index of Si will increase. This increase will be offset by the decrease in the
refractive index of the polymer coating around the waveguide. By considering
the refractive index that the light is subjected to, there is no net change in the
effective refractive index. However such method faces the problem of
integration with CMOS process, as well as reliability concerns due to high
sensitivity on the polymer thickness. Other methods such as the use of MEMS
structure to induce a wavelength shift that is opposite to the shift induce by the
temperature change as shown in (b) [154]. When there is a temperature increase
in the working environment, the refractive index of Si will increase and the
resonance wavelength of the ring resonator will increase. At the same time, the
bi-material cantilever which is made of Si and Al,Os will bend upwards. This

is due to the higher coefficient of thermal expansion of AlbO3 than Si. The
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bending away of the cantilever from the ring resonator causes a decrease in the
refractive index that the propagating light faces within the waveguide. Together
with the increase in refractive index of Si due to the temperature change, the
movement of the cantilever counteract any net effect, hence producing an
athermal structure. Once again, such method faces the problem of possible
inaccuracy when correcting the thermal effect through mechanical structure. In
addition, it requires complex and risky fabrication process. In view of these
problems, it is largely desired to have a CMOS compatible material to be used
as the photonic device and also achieve high independence from operating
temperature changes.

Si
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Figure 1.19: Methods to compensate thermo-optic effect by using (a)
polymer and (b) MEMS structure.

1.5 Motivation

The primary focus of this work is to develop photonics, in particularly PhC
designs, for both in-plane and out-of-plane applications. For in-plane design,
the design, fabrication and characterization of a PhC waveguide will be
examined in great detail. An attempt to improve the DBP of the slow light effect
of a PhC structure will be done by changing the circle air holes into elliptical

air holes. In addition, typical methodology like displacing the rows of the air
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holes to enhance the performance will also be included in order to obtain a more
robust result. We will also move on to examine the performance of in-plane PhC
designs using AIN as the main optical material as preliminary work which will
help lay the foundation for more sophisticated photonic designs. A simple AIN
bus waveguide will be used to couple to a 1-D PhC design which has a cavity
defect. The effects of fabrication challenges like sloping sidewall and AIN's

relatively low refractive index will be examined.

For the out-of-plane photonics, the development of PhC reflectors will be
presented first. This includes designs through the use of simulations, fabrication
and characterization. In particular, this work will focus on MIR wavelengths
which were identified to be extremely useful wavelengths for sensor
applications such as spectroscopy. In applications such as ruggedized
electronics, the devices will face high temperatures during their operation. In
order to characterize the change in performance, the PhC reflectors are
measured at temperatures that varies from room temperature to 450°C. As the
thermo-optic effect causes drastic change in the peak wavelength, this work
seeks to find a way to overcome this effect in Si through design compensation.
A more thorough way of reducing thermo-optic effect is done through the use
of AIN as an alternative material as its refractive index displays very low
changes with fluctuating operating temperatures. The thesis will also describe
the application of PhC reflectors in forming a FPF. A monolithic fabrication
process will be introduced in order to avoid difficulties faced in bonding. The

fabricated FPF will be characterized and its suitability for high resolution
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applications such as imaging and spectroscopy will be examined.

1.6 Organization of thesis

In accordance with the motivation and objective of the current work to explore
and develop optical based sensors using guided wave and free-space
propagation of light to enhance the sensitivity of sensors and make PhC a
possible solution for many sensing needs, this thesis is divided into six chapters

and they are organized as below:

Chapter 1 presents the introduction of photonic designs for both in-plane and
out-of-plane applications and how they are used in sensor applications. On top
of that, it presents the possibility of using alternative material, AIN, as it
promotes several advantages. The reasons for using MIR in photonics is also
offered. It also introduces the motivation and objective of the work presented in

this thesis.

Chapter 2 follows the details of modelling methodology and various testing
setups that are used in the in-plane and out-of-plane characterization of the

photonic designs.

Chapter 3 presents a novel design of PhC waveguide which contains elliptical
air holes in order to enhance its DBP. The fabricated device is also characterized
and the slow light effect of the device is quantified through examination of its

transmission spectrum. AIN photonics using a simple AIN bus waveguide to
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couple to a 1-D PhC design with a cavity defect will also be characterized. From
this work, we verify the possibility of using AIN as an optical material despite

our fabrication limitations.

Chapter 4 presents our design, fabrication and characterization of PhC
reflectors. We investigated the performance of PhC reflectors with two shapes
of air holes, namely circle air holes and square air holes. The performances of
these two types of PhC reflectors are compared. In addition, the thermo-optic
effect of Si is also examined and an attempt will be made to compensate such
drift in peak reflection wavelengths. In order to further alleviate temperature
issues and create a more robust device, AIN based PhC reflector is also

introduced.

Chapter 5 features the extension to PhC reflectors by form a FPF through the
formation of two PhC reflectors in parallel to each other with an air gap in
between. This work introduces a monolithic fabrication flow and measurement
of the fabricated FPF reveal a high performing filter device with a transmitted
peak which has a Q-factor that is an order of magnitude higher than existing

works.

Chapter 6 presents the conclusion of this thesis and present some recommended
future works. Both extension of current effort, like the designing of actuators to
be integrated with FPF and initial exploration of PhC devices in the terahertz

(THz) frequencies are presented.
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CHAPTER 2: Modelling Methodology and Testing

Setups

2.1 Photonic crystal simulation

It is commonly known that PhCs based resonators provide very low bending
loss due to good optical confinement. They are different from Si slab
waveguide, which is based on total internal reflection principle as the
confinement method of the light. Instead, confinement of light within PhCs is
based on PBG which is created by their unique structures. In PhC, patterns
typically include the formation of air holes in Si or Si pillars. This induces an
alternating variation of dielectric properties which is responsible for the
formation of the PBG. To characterize the frequency response of the PhC
structure, it was found that calculation is only needed for the First Brillouin
Zone. The results are then applicable to the whole structure since it is periodic.
This is the basis for the calculation of the frequency response using the method
known as plane wave expansion (PWE) [155]. Several commercial programs,

like Rsoft and MIT Photonic Bands are available for such simulations work.

For a full characterization of the electromagnetic wave propagation in the Si
slab, finite-difference time-domain (FDTD) method is typically used in
modelling. For such simulations, commercial programs like Lumerical, are also
available. FDTD calculation, while being accurate, is however very time-
consuming and memory intensive. In order to reduce the computation time

while not reducing accuracy, 2-D FDTD calculation is often employed rather
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than 3-D calculation. M. Kitamura et al. and M. Belotti et al. have both reported
that the cavity modes obtained by PWE method and FDTD method in PhCs slab

structure are in good agreement with the measured results [156, 157].
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Figure 2.1: Band structure of PhC design.
For example, through the use of PWE method by the program MIT Photonic
Bands, the band structure of a silicon PhCs slab with square lattice of air holes
is derived and shown in Figure 2.1. The ratio between the radius of the holes (r)
and lattice constant (a) is selected as 0.395. According to the derived photonic
band structure diagram, there are two photonic band gaps which ranges from
normalized frequency range of photonic 0.192(2nc/a) to 0.275(2mc/a) and
0.528(2mc/a) to 0.587(2nc/a). An important element of the band structure is the
light line. For bands and bandgaps below the light line, they refer to in-plane
guided modes, which are completely confined by the slab without any coupling
to external radiations. The bandgap region as shaded in blue indicates the
frequency range that is not allowed to propagate within the PhC design. This

concept is used in in-plane photonic design like PhC waveguide in Chapter 3.
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For bands and bandgaps above the light line, it indicates that the PhC is in
radiation modes which allows or restricts coupling from free-space illumination.
The band gap region as shaded in red indicates the bandwidth within an out-of-
plane illumination that will be reflected as it cannot coupled into the PhC slab.

This concept is used in our work on PhC reflector described in Chapter 4.

2.2 Testing setups

2.2.1 In-plane photonic measurement setup

For in-plane photonic measurement which is in the NIR wavelengths from 1470
nm to 1630 nm, the input light with a fixed wavelength is generated from a
tunable laser source and guided by polarization maintenance (PM) fiber. In
order to couple the guided light from the fiber to the device, there are two kinds
of coupling mechanisms. The general setup of an in-plane photonic
measurement setup is shown in Figure 2.2. Light input is supplied by continuous
wave (CW) tunable laser sources, model 81940A and 81960A by Keysight
Technologies. The input light is then coupled into a PM optical fiber to the
device. In order to obtain the high precision alignment needed, both the chip
and fiber are both placed and locked on optical nano stages. The output signal
is collected into another fiber which is connected to an optical spectrum
analyzer (OSA), model 86142B from Keysight Technologies, which collects the
optical data. These data can be input to a computer for more detailed data

analysis.
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Figure 2.2: General setup of an in-plane photonic measurement.

The setup that is used is shown in Figure 2.3. The wavelength range provided
by the sources is from 1465 nm to 1630 nm with a minimum wavelength step
of 0.1 pm and the maximum power output is 30 mW. Both an OSA and optical
power sensor are used in the collection of optical signals. The fibers and the
device are placed on optical nano stages which are controllable in six-axis and
have sub-micron minimum tuning steps. The alignment stages provide coarse
tuning travel distance of 13 mm with a resolution of 10 pm/div. The fine tuning
travel distance is 0.6 mm with a resolution of 0.5 pm/div. The total rotation
angle is up to 6°. The polarization of the input light is controlled by manual fiber

three paddle polarization controllers, model FPC032 from Thorlabs.
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Figure 2.3: In-plane photonic measurement setup used.

During the measurement process, the chip and fibers are placed in line with the
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waveguides on the chip. A fiber is first connected to the tunable laser source
and the other end of the fiber is directed towards the waveguide on the device.
An optical microscope is placed orthogonally on top of the fiber and is used to
monitor the X and Y directions of fiber alignment with the waveguides. For
alignment in the Z direction, an infrared camera with a 20x infrared lens is used
at the output of the waveguide instead. When the input fiber and the waveguide
are aligned, the infrared camera will capture a light spot of the input light from
the waveguide. Any movement in the input fiber from this position will cause
the light spot to disappear as the light spot is only able to transmit to the other
side of the device through the waveguide. Once this is achieved, the infrared
camera is removed and replaced with the output fiber which is connected to the
power meter. Alignment of the output fiber to the waveguide is achieved by
maximizing the power transmitted to the power meter.

The other in-plane photonic measurement setup involves the use of grating
coupler. As the waveguide of the device does not terminate at the edge of the
chip, we will not be able to use the previous method. Instead, we use a fiber
array as shown in Figure 2.4(a) to introduce the light to the device. PM fibers
are locked in position into several V-grooves that are fabricated on a transparent
substrate with certain constant spacing, which is 127um in our design. The
fibers are arranged in accordance to their polarization with two fibers in the
Transverse Electric (TE) orientation and two fibers in the Transverse Magnetic
(TM) orientation. A transparent lid is then sealed on top of the PM fiber array
to fix the whole structure without damage as shown in (b). The array surface is

polished to 25° in order to achieve a large enough clearance space to avoid
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contact between the base of the fiber array and the device when performing
alignment as shown in (c). With a sufficient clearance, the coupling angle,
Ocoupling can be adjusted to be around 12° which is the optimal angle of incidence
to the grating coupler for maximum coupling.

{a,'l (b)

4 3 21
™ T™ TE TE

(c)

Figure 2.4: (a) and (b) Fiber array used for in-plane photonic measurement
which is placed in a transparent lid. (¢) Cross-sectional view of fiber array
when aligned with device during measurement.

Only one optical nano stage is needed in this setup to control the fiber array.
The fiber array is aligned orthogonally to the surface of the chip. In order to
monitor the alignment condition of the fiber array and the device, a universal
rotatable stereo optical microscope is used at 45° to the chip surface, as shown
in Figure 2.5. As the grating surface can be designed to be much larger than the
waveguide’s cross-sectional area, the alignment of the grating coupler is much
easier than fiber based coupling method. In summary, both coupling
mechanisms are used in this work and have been successfully tested in

experiment.
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Figure 2.5: Experimental stp used for lignin-gkﬁberarray to the device.
2.2.2 Out-of-plane photonic measurement setup

For out-of-plane photonic measurement, the interested wavelength range is in
the MIR region around 3.55 pm. The main equipment used in this measurement
setup is the Agilent Cary 660 Fourier-transform infrared spectroscopy (FTIR)
spectrometer as shown in Figure 2.6. The infrared source is a ceramic heater
which has a spectral range from 1 pm to 0.34 mm. The interferometer is used
for the analysis of the light to obtain the optical properties associated with the
target device. A portion of the light source is transferred to the interferometer
and the other portion is directed to the sample. This is done through the calcium
fluoride (CaF>) beamsplitter which has negligible absorption from 0.55 pm to
8.33 um. Detection of the response of the sample is done through a Mercury
Cadmium Telluride (MCT) detector which has a spectral range from 0.8 pm to
22 um. The MCT detector is a common component used for the detection of
MIR wavelengths due to its large spectral range and high quantum efficiency.
However, the main drawback of MCT detectors is that the detector needs to be

cooled to temperatures near that of liquid nitrogen (77 K), to reduce noise due
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to thermally excited current carriers. By examining the entire optical path, the
infrared signal will go through several components that have different spectral
ranges. The eventual spectral range detectable is the overlapped workable
wavelength which is from 1 pm to 8.33 um. As the energy output from 1 um to

2 um is low, the more reasonable working spectral range from 2 pm to 8.33 pm.
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Figure 2.6: Agilent Cary 660 FTIR Spectrometer.

While the Cary 660 FTIR spectrometer is powerful as MIR equipment, the
limitation is the large spot size that will incident on the sample. The typical size
of the MIR spot is around 2 mm in radius. This is too big for our samples as the
interested areas are usually around few hundred micrometers wide. Hence in
order to reduce the spot size, the Cary 660 FTIR spectrometer is connected to
the Agilent Cary 620 FTIR Microscope. The MIR source is from Cary 660 FTIR
spectrometer and is fed to the FTIR microscope though the laser port. The FTIR
microscope is shown in Figure 2.7. The FTIR microscope has the flexibility to
do both reflection and transmission measurements. The MIR signal is captured
by either a MCT detector or a focal plane array (FPA) detector. The FPA

detector has 32 by 32 detectors which has sizes as small as 5 pm by 5 um. This
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means that the FPA detector is able to create an MIR spectra image. The only
downside to this method is the amount of time needed for each data acquisition
due to the increased amount of data computation. Both these detectors will be

used in this thesis.
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Figure 2.7: Agilent Cary 620 FTIR Microscope.
The physical connection of the Cary 660 FTIR spectrometer and the FTIR
Microscope is shown in Figure 2.8. The spot size of the beam emitted by the
FTIR microscope is controllable from 50 by 50 um? to 250 by 250 um?. In order
to obtain maximum energy throughput from the device, the spot size is fixed at
250 by 250 pum?. For reflection measurements as shown in the inset, the
measured reflectance is normalized against a gold sample which is assumed to
have an almost perfect reflectance across the MIR wavelengths [158]. For
transmission measurements, the measured transmittance is normalized against

free-space instead.
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Figure 2.8: Experimental setup with Agilent Cary 660 FTIR Spectrometer
connected to the Agilent Cary 620 FTIR Microscope. The inset is a closer
view of the sample compartment.

The FTIR Microscope is also used in the measurement of the PhC sample at
high temperatures, with an additional accessory as shown in Figure 2.9. The
sample is placed in the air-tight sample compartment which is mounted on the
FTIR Microscope. The MIR source and detector is above the sample for
measurement of reflection. The heating stage is connected to a water circulator
which provides water flow so as to induce cooling of the temperature within the
compartment. The temperature within the compartment is sensed by the
temperature controller which will control the heating elements within the stage
to regulate the temperature of the sample. The close-up view of the sample
compartment is shown in (b). As shown, the heating elements are in contact
with the sample to ensure fast conduction of heat to the sample. The schematic

of the measurement setup is shown in (c). The sample compartment can be
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closed and MIR beam is input to the sample through the CaF; window (not
shown in figure). The reflected MIR beam is then collected through the optics
of the FTIR Microscope and detected by the MCT detector. At each temperature
step, which can be set from room temperature up to 450°C through the use of
the computer, the temperature controller ensures that the temperature variation
is less than +5%. In this thesis, the temperature sets are room temperature (25°C)
and from 100°C to 450°C in steps of 50°C. When the thermometer displays the
desired temperature within the chamber, the sample is left for an additional ten
minutes before any measurement is taken. This is to ensure that the temperature

of both the membrane and the chamber is stabilized.
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Figure 2.9: Photo of the measurement setup for the thermal measurements,
(b) close-up photo of the sample compartment and (c¢) schematic of the
thermal setup.
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2.3 Conclusion

In summary, this chapter introduces the main methodologies that are used to

predict the performance of the PhC devices. The band structure of the device is
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derived using plane wave expansion method and this is readily available through
commercial programs such as Rsoft and MIT Photonic Bands. For full
characterization of the device, FDTD method is used through the commercial
program Lumerical. These two methodologies allow the prediction of the
performance of the devices, which is especially important due to the long
duration needed for fabrication. In addition, two kind of measurement setups
are introduced for in-plane photonic measurement and out-of-plane
measurement respectively. For in-plane photonic measurement, the coupling
mechanism, which involved in-line placement of chip and fiber, and another
coupling mechanism, which uses grating couplers, are used and have been
successfully tested in experiment. For out-of-plane measurement, the Cary 660
FTIR spectrometer is heavily utilized for MIR wavelengths. By connecting the
Cary 660 FTIR to the Cary 620 FTIR Microscope, the spot size of the beam is
controllable from 50 by 50 um? to 250 by 250 um?. In addition, the FTIR
Microscope can be used with a heating stage which allows the experimentation

of devices with varying temperature conditions.
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CHAPTER 3: In-plane Photonic Crystal based

designs for sensor applications

3.1 Introduction

In this chapter, a Si based PhC waveguide which operates in the slow light
regime is reported. Slow light means that the light travels with a very low group
velocity. In general, the proposed PhC waveguide can support the slow light
because of the standing wave pattern generated by the PhC lattice. Hence, by
leveraging the engineering effort of the PhC lattice design, the slow light
properties can be modified and enhanced. Slow light is instrumental in sensor
applications as it increases light-matter interaction. This enhances the changes
to the properties of the light propagating within the device and shows larger
sensitivity to environmental changes. In this particular design, the second line
of circular air holes from the PhC waveguide in triangular lattice is replaced by
a line of ellipse air holes. By replacing the second nearest line of circular air
holes of both sides of the waveguide into ellipse air holes, the slowdown factor
of the propagation mode is enhanced. Lattice shifting method has been reported
as an attractive approach to study the slow light effect on the PhC waveguide
[159-161]. Thus both the size and shape of the PhC air holes and their lattice
positions are investigated to achieve lower dispersion. Based on 3-D PWE
simulation, the lateral shift of ellipse air holes is conducted to enhance the slow
light characteristics. By using ellipse air holes and performing lateral shift in the
air holes position, a group index of 166 and DBP of 0.1812 are obtained through

simulation. The details of the optimized PhC structure are detailed later. Finally,
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to demonstrate the slow light effect, we fabricate slow light devices comprising
Mach-Zehnder interferometer (MZI) embedded with the PhC waveguides based
on optimized lattice shift results. The MZI is integrated with the above-
mentioned PhC waveguide is 17 um in length in one of its arms. The measured
transmission spectrum of fabricated MZI embedded with PhC waveguide will
show interference patterns when the normal propagating light interacts with the

slow light.

We will also move on to investigate the performance of in-plane PhC designs
using AIN as the main optical material. This will be the preliminary work that
is needed to lay the foundation for more sophisticated photonic design
exploration later. We start the investigation with a simple AIN bus waveguide
that is coupled to a 1-D PhC design which has a cavity defect. We have designed
the coupling wavelength to be 1550 nm. However, due to fabrication variations,
experimental results show that the coupled wavelength is around 1575 nm
instead. Nonetheless, the dip in the optical signal measured from the bus
waveguide still reveals a high Q-factor of 2000. This signifies that AIN is a
viable option to be used as an optical layer despite its relatively low refractive
index. The propagation loss for AIN waveguide is also within tolerance. This
bodes well for further optical design involving AIN especially when the material
offers flexibility such as non-linearity and piezoelectric effect, which are

absence or difficult to obtain in Si based photonic designs.

43



3.2 Slow light effect in Si PhC design

3.2.1 Design and Modelling

As mentioned before, the slow light design seeks to maximize the DBP. Based
on previous works as summarized in Table 5, DBP is relatively small and in
order for it to be suitable for applications such as sensing, the DBP has to be
increased.

Table 5: Summary of performance of existing works on slow light

Design Group Bandwidth DBP
index (nm)
C. Bao et al. Grating waveguide 13 13.2 0.110
}rEE}]‘E P:mtonics Wlth SlOt
echnology Letters, vol.
23, no. 22,2011
C. Bao et al. One dimensional 183 10.3 0.122
}Fif}lfnl;;];)gt(})/r}i:lers, vol. grating WavegUide
24, no. 1, 2012
C. Caer et al. PhC based 130 1.5 0.126
}Fif}lfnl;;];)gt(})/r}i:lers, vol. Corrugated SIOt
23, no. 18,2011 waveguide
Our work Si based elliptical 166 1.69 0.181
PhC waveguide
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Figure 3.1: Schematic of proposed structure and simulated electric field
distribution (a) normal photonics crystal lattice; (b) one line of circular air
holes is replaced by ellipse shape air holes; (c) the ellipse air holes shift to
half of the lattice period; The red dashed line indicates the original lattice
position.
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The proposed basic PhC structure containing circular air holes in triangular
lattice is shown in the Figure 3.1(a). The radius of each air holes R is designed
to be 0.286a, where a is the lattice constant of the PhC lattice, in order to obtain
the large photonic band gap in TE polarization as shown in Figure 3.2. This is
important so that when the PhC waveguide is created by removing one row of
air holes, which produces a mode within the band gap, the mode is well confined

and have sufficient wavelength allowance for optimization.
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Figure 3.2: Band structure plot of the PhC structure when R is 0.286a.

A PhC waveguide is formed by creating a line defect of the PhC lattice. The
interested propagation mode of electric field distribution is also shown in (a).
The main propagation mode of light inside the PhC waveguide is TE mode in
simulation. We can observe a highly concentrated field energy in the waveguide
region, utilizing the highly confinement by the PBG in the triangular PhC
lattice. Reducing the line defect width [159, 160, 162] and changing the selected
hole position either perpendicularly or laterally can enhance the slow light effect

[161, 163]. Briefly speaking, the group index and the bandwidth can be
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optimized by shifting the lattice line and modifying the air hole shape.
Therefore, we further modified the propagation mode of the PhC waveguide by
changing the second nearest line of circular air holes into a line of ellipse air
holes, as shown in the Figure 3.1(b). The PWE modelling suggests a slightly
modified mode profile in comparison with the data shown in Figure 3.1(a), i.e.,
result derived from PhC waveguide of circular air holes. The elliptical air holes
are placed along the lateral direction, and the longer radius is parallel to the light
propagation direction. The longer and shorter radii of the ellipses are denoted
as R1 and R2 shown in (b)-(c), and are optimized as 0.415a and 0.19a,
respectively. The PhC waveguide propagation mode can be further reproduced
by lateral shifting the ellipse shape air holes to off-lattice positions [79]; we
define AL to represent the offset from the lattice position, as shown in the (c).
The red dashed line represents the origin position of triangular lattice and the
solid yellow line indicates the original ellipse hole lattice position. We shifted
the elliptical air holes along the light propagation direction by AL, meaning the
yellow solid line shifted away from the red dashed line by AL. The difference
of index profile of the electric field introduced by shifted elliptical air holes
modifies the standing wave pattern attributed to the light scattering in the
waveguide. Hence the propagation mode within the PhC waveguide is modified

and also affects the slow light profile.
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Figure 3.3: Band structure plot of the ellipse PhC waveguide.

Figure 3.3 presents the band structure of the various designs of PhC waveguides.
The basic circular lattice design, ellipse lattice design and six different designs
of PhC waveguide with different lateral shifts are shown. All of the pass band
modes present a linear band profile. The pass band of the basic circular lattice
design, shown on the top of band structure plot, is centered between the 0.2810
and 0.2795 of normalized frequency. This range is much wider than the ellipse
lattice pass band between 0.2762 and 0.2765, i.e., the bottom line in Figure 3.3.
As the lattice shift AL changes from 0 to 215 nm, i.e, half of the lattice constant,
the pass band of PhC waveguide of larger AL moves to higher normalized
frequency. However, comparing with the original circular lattice position, all
pass band of PhC waveguides with shifted lattice are in higher wavelength
range. The pass bands of the lattice shifted design are centered at the normalized
frequency of 0.2775. With the optimized design of PhC lattice constant as 430

nm, we can localize the slow light region at 1550 nm wavelength range.
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Figure 3.4: Group index ng and group-velocity dispersion plot against the
normalized frequency of (a) circular holes lattice; (b) ellipse holes lattice.

Figure 3.4 illustrates the improvement of ng and GVD as a function of the
normalized frequency of the circular lattice and the ellipse shape lattice PhC
waveguide. The group index ng is given by the inverse of the TE-like group
velocity v, at operating wavelength. Moreover, the GVD is given by the slope
of the group index ng, which is described as d(v¢!)/do=d’k/dw?. The circular
holes lattice produces a straight band over a large range of bandwidth. This is
referred a low-dispersion (LD) slow-light band. However, as the lattice structure
is modified to a line of elliptical holes, a flat band in the group index plot is
shown and it can be considered as a dispersion compensated (DC) slow-light
band. As shown in (b), the DC band is a narrow band slow light and the group
index is 300, which is observed within a range of the normalized frequency
where the GVD value is close to zero. Similar simulation work has been done
on different lateral shifting lattice and the results are shown in Figure 3.5. The
group index profile changes from an S-shape to a U-shape as lateral shift away
from its central position. From Figure 3.5(a), the S-shape-like group index
flattens the index profile which expands the bandwidth with the low group

velocity region. The GVD plot shows a low dispersion region at the S-shape
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group index region. It is clear that as the ellipse lateral shift increases, the group
index decreases but the interested bandwidth expands with the lateral shift
increases. A peak of group index profile is observed when the lattice shift AL
reaches 180 nm. The nearly constant high group index region narrow by the
index peak and change to a U-shape profile. The nearly zero GVD shows in the
low velocity region but giving high fluctuation at the index peak point. The
group index and the DBP for all the different designs from the group index plot
are shown in Figure 3.5. The DBP is defined as the product of group index and
the bandwidth, and is given by DBP= ng(Aw/m). A larger bandwidth is more
desirable in most applications. However, it comes with a tradeoff, i.e., a lower
group index. The range of the wavelengths over which the group index remains
a certain constant is considered as the best operating wavelength range of the
device. It is usually defined as the flat band range where the group index
variation within 10% of its value. Thus, that flat band is considered as the
bandwidth of the device. From Table 6, we can observe that the group index of
the PhC waveguide decreases from 300 to about 100 as the AL shift further
away till half of the period. However, the bandwidth of the PhC waveguide
expands to its maximum value at AL = 160 nm and then it narrows down as the
ellipse lattice further shifts, while the group index peak is observed in the plot.
The group index and the bandwidth are 166 and 1.69 nm at the shift distance of
160 nm, where a maximum DBP is derived as 0.1812. By considering both the
group index and dispersion, we fabricated and tested the designed PhC

waveguide with the ellipse air holes with lateral shift of 160 nm.
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Figure 3.5: Group index ngand group-velocity dispersion plot against the
normalized frequency of various designs with ellipse hole shift. (a) the line
of ellipse holes shift laterally 150 nm; (b) shift 160 nm; (c) shift 170 nm; d)
shift 180 nm; (e) shift 190 nm; (f) shift half of lattice constant a.

Table 6: Group index and bandwidth of designs with ellipse PhC

Design Group Index Bandwidth DBP

Ellipse without shifts 333 0.079 nm 0.017
g 150nm 183 1.39 nm 0.1641
; 160nm 166 1.69 nm 0.1812
5 1700m 146 115 nm 0.108
g 180nm 138 0.953 nm 0.0848
- 190nm 130 1.18 nm 0.10

215nm (Half Period) 95 1.6 nm 0.09
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3.2.2 Device fabrication and characterization

As shown in the Figure 3.6(a), the PhC waveguide is embedded in one of the
MZI arms with a total length of 17 um and the device is fabricated to
demonstrate the existence of the slow light effect. The reference arm is a 440
nm width Si strip waveguide. The total length of each arm of the MZI is
designed to be 300 pum between the two Y-shape beam splitters. The 440 nm
wide Si bus waveguide splitter into two beams at the 15 degree Y-shape
junction. An optical microscope image of fabricated device is shown in Figure
3.6(b). The light is brought to the device through the use of a fiber array. In this
setup, the fiber array is placed orthogonally to the surface of the chip and its
alignment to the device is ensured through the use of an optical microscope. The
light from the fiber array is then coupled in and out from the bus waveguide via
two adjacent grating couplers which are located at the bottom of (b). The
spacing between the two grating couplers is 127 pm which is designed to fit the
PM-fiber array for easy alignment. The entire structure is patterned using
electron beam lithography and then etched using plasma etching (DRIE, Oxford
100 Plus). The pattering is processed on a 220 nm SOI wafer with 2 pum buried
oxide layer. SEM image of the fabricated device is shown in the Figure 3.6(c).
Figure 3.6(d) is the magnified image of fabricated PhC lattice. The lattice
constant is designed to be 430 nm in order to center the slow light region at 1550
nm. Due to imperfections of the fabrication process, the lattice constant and the
radius of the air holes are measured as 438.8 nm and 118.4 nm respectively. For
the ellipse design, the longer and shorter radii are measured as 173.7 nm and 75

nm, respectively. PhC waveguide of circular lattice are also fabricated as a
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reference as shown in Figure 3.6(e)-(f). The radii and the lattice constant are

measured as 130 nm and 440.7 nm, respectively.
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Figure 3.6: (a) Schematic drawing of Mach-zehnder interferometer (MZ1)
embedded with the PhC Waveguide. (b) Optical microscopy image of
fabricated MZI device. (¢) SEM image of fabricated PhC waveguide. (d)
Zoom-in image of ellipse shape holes.
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Figure 3.7: Transmission spectrum of fabricated MZI embedded with PhC
waveguide (a) circular lattice PhC; (b) ellipse shape lattice PhC.
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Figure 3.7 illustrates the measured spectrum of two designs of MZI embedded
with the PhC slow light waveguide. The small fluctuation pattern with 0.5 nm
fringes separation shown in the spectrum comes from the Fabry-Perot resonance
of the grating coupled back reflections [164]. The pass band of propagation
mode of the PhC waveguide calculated from the band structure plot is indicated
by two dashed lines in the Figure 3.7 for the two cases of circular lattice and
ellipse lattice, respectively. They are matched with the measured transmission
slow light interference pattern which can be read from the plot. The slow light
effect can be observed from the transmission spectrum plot by analysing the
portion with MZI interference. The two designs share the same PhC waveguide
effective length as well as the MZI design, and are different in the 2" line of air
holes in PhC waveguides, i.e., data of ellipse shape shown in Figure 3.7(b).
From the spectrum plot we can clearly observe two portions of transmission
structure. One is the interference fringes with a FSR of around 12 nm and the
other is a relatively flat pattern due to slow light interference pattern. However,
the slow light interference pattern of circular lattice design is much longer than
the ellipse pattern, since the passing bandwidth of the circular lattice design is
much larger than the ellipse lattice design. The slow light interference pattern is
relatively larger than the pass band calculated from the band structure. The
mismatch of the calculated and the PWE simulated results is due to the
imperfection of the fabrication and the finite period of the PhC structure in the
fabricated waveguides. The intrinsic losses due to the PhC waveguide also
expand and shift the pass band of the fabricated PhC structure. Further

optimization of integrated PhC waveguides and MZI devices will be done to
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achieve a flat band slow light over a reasonable range which is desired for
various applications. For example, a modulator is benefitted from its low
dispersion and large bandwidth; a delay line is benefitted from the large group
index and small footprint. Moreover, slow light effect also enhances the study
of optical nonlinearities which can have great potential in many functions for

OEICs application.

3.3 AIN in-plane PhC design

As mentioned in previous chapter, AIN is an extremely ideal material to be used
for photonic applications. AIN is transparent and workable in the
communication wavelength of 1.55 pm. On top of that, AIN has exceptional
non-linearity properties which are not possible in Si. As a preliminary
demonstration of using AIN as a photonic material, we fabricated AIN-based
photonic design with a 1-D photonic crystal. This simple design will verify the
performance of AIN photonic and lay the foundation for more complicated

photonic designs.

3.3.1 Design and simulation of in-plane AIN photonic design

For the design of the 1-D photonic crystal using AIN, the band structure of AIN
is first examined using PWE method. The schematic of the 1-D photonic crystal
is shown in the inset of Figure 3.8. The designed parameters to be optimized are
the thickness of the device layer, the width of the waveguide, w, and the radius,
r, of the air hole. As the design is for an in-plane application, only the bands

below the light line are applicable. In this design, the thickness is set to 0.5238a,
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w is set to 1.587a and r is 0.25a. The simulated band structure is shown in
Figure 3.8. The simulated bandgap is found to be from 0.390(2mc/a) to
409(2mc/a). As the desired central wavelength is 1.55 um, the value of a can be
calculated to be 0.63 um. The thickness of the AIN waveguide is 0.33 pm, while
w and r are 1 um and 0.16 pm respectively. In order to create a resonator, a
cavity is created by deliberately not placing an air hole in the middle of the

waveguide. The length of this defect is set to 0.7 um.
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Figure 3.8: Band structure of the PhC design in AIN waveguide, the inset
showing four unit cells with various design parameters.

The transmission spectrum of the device is also simulated using FDTD as shown
in Figure 3.9. As seen, the defect in the PhC design will couple input light at
1.582 um as this wavelength is missing from the simulated output. The Q-factor
of this resonance is seemingly low in the simulation. This is due to the tradeoff
taken during simulation which requires very long simulation duration and
extensive computer memory utilization to ensure that the simulated Q-factor is
accurate. Nonetheless, the simulation offers an insight to the wavelength at

which the resonance will occur.
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Figure 3.9: FDTD simulation of AIN photonic device.

3.3.2 Fabrication process of in-plane AIN photonic design

The process flow to realize the AIN based photonic design starts with an 8" bare
Si wafer. A 2 um silicon dioxide (Si0y) layer is then deposited using plasma-
enhanced chemical vapor deposition (PECVD) to act as the buried silicon oxide
(BOX) layer. A layer of 0.33 pum AIN using Physical Vapour Deposition (PVD)
and a 150 nm hardmask of SiO» are then deposited. Photolithography is then
done to define the photonic designs. The hardmask is etched before the patterns
are transferred to the AIN device layer. The hardmask is then removed and the
wafer cleaned and diced. The SEM image of the fabricated device is shown in
Figure 3.10. The input light is introduced to the PhC design via the bus
waveguide. The zoom-in image of the coupling area is shown on the right. The
gap between the two waveguides is set to be 300 nm. After the wafer is cleaned,
it was found that there are AIN particles that residue on the top of the BOX
layer. This is due to the imperfection of the etching recipe used and can be
totally avoided when better etching recipes are developed. However, the
presence of such AIN residues will not impact the photonic performance as their

sizes are too small.
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Figure 3.10: SEM image of the fabricated device. The zoom-in image of the
coupling region is shown in the right.

Another challenge that was faced in the fabrication of AIN photonics is the lack
of anisotropy during deep reactive-ion etching (DRIE) of AIN. While the
selectivity of AIN to SiO; etching is very high (more than 1:10), the sidewall
profile of AIN after etching is not straight. As shown in Figure 3.11, the sloping
sidewall of AIN after etching is very apparent. Based on measurement and
calculation, the sloping sidewall has an angle of §1°. This has an impact in the
performance of the photonic design and has to be taken into account during

simulations.

>

Sloping sidewall

Figure 3.11: SEM image of the wafer which shows sloping sidewall after
etching of AIN.
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3.3.3 Characterization of in-plane AIN photonic design

The AIN photonic device is characterized using the in-plane photonic
measurement setup described in previous chapter. The input wavelength is
scanned from 1505.12 nm to 1597.99 nm with a resolution step of 0.02 nm. At
this resolution, the maximum Q-factor measurable is around 70000 which is
sufficient for this design. Measurement of the device reveals that the insertion
loss is around 45 dB which is rather high. This could be due to the sloping
sidewall at the coupling facet of the AIN waveguide to the fiber at the diced end
of the device. The resonance of the device is around 1576.3 nm which matched
relatively well to the FDTD simulation as shown in Figure 3.12. The Q-factor
of the device is calculated to be around 2000. While this result is not comparable
to Si based photonics, we believe that the performance of the AIN photonic
device can enhanced through further optimization of the designed parameters
and through better fabrication techniques. Currently, the sidewall of etched AIN
is sloping and this has a negative impact on the performance.
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Figure 3.12: Measurement of the AIN photonic device.
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3.4 Conclusion

In conclusion, we demonstrated a novel design of dispersion engineered slow
light PhC waveguide. The slow light performance is optimized by changing the
second line of PhC air holes from circular shape to ellipse shape. The lateral
shift of such a line of ellipse air holes is analyzed through PWE model approach.
The group index and low dispersion bandwidth are optimized to 166 and 1.69
nm, respectively, where the DBP is derived as 0.1812. The optimized PhC using
ellipse lattice design of lateral shift 160 nm were fabricated and embedded in a
MZI in order to characterize the slow light characteristics of such elliptical PhC
waveguide. A slow light interference pattern is observed in both transmission
patterns of MZIs embedded with the ellipse and circular lattice PhC
waveguides. The enhancement of the slow light performance within the device
increases light-matter interaction which potentially increases the sensitivity of
the device to environmental changes. We also extended the investigation to
implementing in-plane photonics with AIN as the device layer. This is done
through a simple design of PhC resonator by introducing a defect. Measurement
of the device reveals a resonance at 1576.3 nm with a Q-factor of around 2000.
While the performance of this AIN photonic device is not exceptional, it can be
enhanced through meticulous optimization of the design. More importantly, the
fabrication process at the current state left much to desire. Once these issues are
resolved, we believe that AIN photonics can perform as well as Si photonics
and pave a strong foundation for further endeavours for better optical designs

such as tunable slow light devices using AIN.
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CHAPTER 4: Two-Dimensional Out-of-plane

Photonic Crystal based Reflector

4.1 Introduction

In this chapter, we report the design, fabrication and characterization of ultra-
compact polycrystalline Si based 2-D PhC reflector working in the MIR range.
Two designs of the PhC membranes with circular and square air holes were
investigated and characterized to show greater than 90% reflectivity in the MIR
wavelength at 3.45 um, which are important wavelengths for applications of
detection of gases with hydrocarbons. The bandwidth of the high reflectance
should be less than 200 nm but more than 100 nm. To the best of our knowledge,
this is the first demonstration of a free-standing polycrystalline Si PhC
membrane to be used in MIR region. High annealing temperature is used to
reduce the residual stress in the membrane. In order to further reinforce the
mechanical strength of the PhC membrane, PhC with square air holes was
developed. Compared to circular air holes, PhC with square air holes maintains
high reflectivity in MIR region. However, square air holes when compared to
circular air holes, have a lower filling factor, which is defined as the volume of
air holes over the volume of Si within a unit cell. This makes the membrane less
brittle while keeping the reflectance around 3.45 pm more than 90%.

We also subject the polycrystalline Si based 2-D PhC membranes to high
temperatures and examine the impact of temperature on its performance. As
expected, thermo-optic effect dominates the performance and the peak

wavelengths shifts towards higher wavelengths as temperature increases. At
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450°C, the peak reflection wavelength shifts by 75 nm and it is measured that
thermo-optic effect induces a shift of 0.174 nm per degrees Celsius temperature
change. This indicates that the thermo-optic coefficient of the device is
+1.70x10* K'. In order to offset thermo-optic effect in Si based PhC
membranes, we introduce a simple method by simply altering the dimension of
the air holes in order to ensure that peak reflection is at the desired wavelength
after thermally induced shift.

While the method of altering the size of the air holes proves to be a possible
solution, it is however suitable for applications with only one expected working
temperature. In order to achieve a more passive correction to thermo-optic
effect, it is more ideal to have a material with very low thermo-optic coefficient.
In this aspect, AIN is a good material of choice as it has a thermo-optic
coefficient which is one order lower than Si. In this chapter, we demonstrate the
usage of AIN as the PhC reflector material and show how its peak reflection
wavelengths remain relatively unchanged even at 450°C working temperature.

This showcases the robustness of AIN as a photonic material.

4.2 Design, modelling and fabrication of Si-based Photonic

Crystal reflector

The schematic of the design with air holes is shown in Figure 4.1(a). The radius
of the air hole is indicated as r, the lattice constant is defined as a and the
thickness of the PhC membrane is t. In our proposed PhC device, the ratio of

r/a and t/a are set to be 0.395(2nc/a) and 0.513(2nc/a) respectively. Figure

61



4.1(b) shows the corresponding band structure of the PhC design that was
calculated based on PWE. As can be seen, a band gap (shaded in red) is found
from 0.528(2nc/a) to 0.587(2nc/a). In order to have a high reflectivity of more
than 95% at 3.45um, the lattice constant is determined to be 1.92pm. The radius
is calculated to be 0.758um and the thickness of the Si membrane is 0.985um.

Fabrication of the PhC began with a bare Si wafer and a 1um thick BOX was
grown using thermal oxidation (Figure 4.2(a)). This was followed by a 1pm
thick low-pressure chemical vapour deposition (LPCVD) Si layer which acts as
the device layer (Figure 4.2(b)]. In order to ensure that the Si device layer is
polycrystalline and to reduce the residual stress of the eventual suspended
membrane, a high temperature anneal of 1000°C was done for 30 minutes
(Figure 4.2(c)). The surface was then patterned by using deep-UV lithography
and DRIE (Figure 4.2(d)). The photoresist (PR) on the wafer is then stripped
and the wafer cleaned. Finally, the selected reticle on the wafer is released using
vapour hydrofluoric acid (VHF). The importance of the VHF release will be
highlighted in later section. In Figure 4.1(c), the SEM photograph is shown. Due
to fabrication uncertainties, the radius of the air holes is 0.77 um and the lattice

constant is 1.95 pm. The thickness of the device layer is measured as 1 um.
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Figure 4.1: Schematic of the structure with circle air holes and (b) band
structure of the propose PhC with circle air holes with the band gap region
shaded in red. (c) SEM image of the fabricated device and (d) the
simulation of the reflectance based on the fabricated PhC with circle air
holes overlaid with the measurement result.
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Figure 4.2: Process flow for PhC based reflector. (a) 1um thermal SiO: is
grown on a bare 8" Si wafer. (b) 1pm Si is then grown using LPCVD and
annealing is done at 1000°C. (c) Coat and photolithography of PR to define
air holes. (d) DRIE of Si to pattern the air holes. (¢) PR strip and cleaning
of wafer. (f) Device release in VHF.
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Simulation is done using FDTD methodology to examine the performance of
the PhC membranes. The refractive index of the Si is assumed to be 3.464 and
the boundary conditions of the unit cell is set to periodic. The incidence angle
of the input light beam is set to 45° which is consistent to the experimental setup
that is used for measurement. As shown in Figure 4.1(d), the simulated
reflectivity displays a peak around 3.60 um and more than 90% reflectivity over
a 286 nm range. In addition, it also matches well with the band gap region from
the band structure calculated in (b), where the reflectance is high within the band
gap region and experiences a drop once outside it. Generally, the simulated
result agrees well with measurement result expect for two dips in reflectivity at
3.31 um and 3.45 um. The higher reflectivity measured after 3.70 pm

wavelength is due to the reflection caused by the presence of the substrate.
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Figure 4.3: (a) Schematic of the structure with square air holes and (b)
band structure of the propose PhC with square air holes with the band gap
region shaded in red. (c) SEM image of the fabricated device and (d) the
simulation of the reflectance based on the fabricated PhC with square air
holes overlaid with the measurement result.
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Similar approach is adopted for the design of the square air holes in Figure
4.3(a). The length of the square air hole, L, is designed to be 0.618a and the
thickness, t, is set to be 0.588a. Based on the band gap region from 0.488(2nc/a)
to 0.501(2nc/a) in Figure 4.3(b), the lattice constant is determined to be 1.70
pum. This equates to an L of 1.05 pm and t of 1 um. The SEM photograph of
the fabricated PhC membrane is shown in Figure 4.3(c). Similar to the circle air
holes, fabrication uncertainties caused the measured length of the square air
holes to be 1.05 pm and the lattice constant to be 1.75 um. The device layer of
the square air holes is still 1um. From the fabricated parameters, it can be
calculated that the filling factor of the square air holes in the membrane is 36%.
In contrast, the filling factor for circular air holes is 49%. The lower filling
factor allows the membrane to be mechanical stronger and hence less brittle.
This allows more flexibility in design and fabrication especially in MEMS
application where such membranes are released and free-standing, as
demonstrated in our PhC design. Simulation is also performed using FDTD
calculation. The simulated result shows a high peak around 3.55 pm in Figure
4.3(d) and this match well with the measurement data. It can be observed that
the square air holes are rounded and the radius of the curvature of the edges is
estimated to be around 200 nm. In order to examine the effect of the rounded
edges of the square holes, we have simulated the structures using FDTD. The
curvature of the edge is related to the radius of the circle as shown in Figure

4.4(a). At a radius of 525 nm, the air hole is circular in shape.
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The simulated reflectance is summarized in Figure 4.4(b). As shown, as the
edges get more rounded, the reflectance starts to redshift and maximum
reflectance decreases. If we benchmark high reflectance to be more than 90% at
the desired wavelength of 3.55 pm, the tolerance is close to a rounded edge of
radius 200 nm. Based on the fabricated device, the curvature radius is around

200 nm and this is within the tolerance that is allowed for a high reflectance.

4.3 Characterization of Si-based Photonic Crystal reflector

The experimental results of circle air holes are shown in Figure 4.5. The PhC
reflectors are designed to be 300 by 300 pm? in order to ensure that the input
beam is illuminated only on the PhC patterns. This is done by controlling the
size of the aperture on the microscope and ensuring that the device is placed
within the illumination area. The background spectrum which the measurement
results are normalized against is reflection of a gold surface which, as previously
mentioned, assumed to have an almost perfect reflectance across the MIR
wavelengths. The measured reflectance of the circle air holes of radius 770 nm

shows a peak of 95.5% at wavelengths around 3.61 pm and reflectance greater
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than 90% spans from 3.56 um to 3.68um. As the radius of the circle air holes
changes, it is observed that the reflected bandwidth experiences a blueshift as
the radius increases. This can be attributed to the slight shift in the band gap
region towards higher frequencies as the ratio of r/a increases. Outside the band
gap region, low reflectance values are measured. It is expected as the light enters

one of the propagation modes sandwiching the band gap region.
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Figure 4.5: Experimental results of circle air holes design (with BOX).

% Normalized Reflectance

Q

=

o 100

et ]

(&)

QL 80
[

[y i

X gol,

T

ﬁ i

N 40

g |

B 20+ —=— Radius . 740nm (Withouf BOX)
Z J —&— Radius = 770nm (Without BOX)

0 ~#— Radius = 800nm (Without BOX)

X

31 32 33 34 35 36 37 3.8 39
Wavelength (um)

Figure 4.6: Experimental results of released circle air holes design (without
BOX).

For an increased performance of the PhC membrane with circle air holes, the
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BOX layer is removed by isotropic etching using VHF. The schematic of the
released structure is shown in the inset of Figure 4.6. The measured reflectance
of the PhC membrane with different radius of the circle air holes is shown as
well. A peak of 96.5% reflectance is observed at 3.58 um for circular air holes
with radius of 770 nm. Generally, the spectra measured for the released PhC
membrane with circle air holes shows a distinct blueshift when compared to the
unreleased circle air holes design. As the BOX layer is removed, the refractive
index of the cladding below the PhC membrane decreased from 1.44 (SiO;) to
1 (air). This reduces the effective refractive index which leads to the movement
of the spectra towards lower wavelengths. Sharp dips in reflection are also found
at 3.31 pm and 3.45 pm, and such dips in reflection are attributed to non-zero
angle of incidence according to K. B. Crozier [83]. In this case, the incidence
angle is set to 45°. In the band structure analysis of the PhC reflector, existing
modes will coupled into PhC reflector and appears as low reflection dips. This
is shown in the simulation where modes are coupled into the PhC reflector at
3.25 um (not shown), 3.47 um and 3.70 um. However, these modes might not
appear as strongly coupled in experimental measurement as it depends on the
strength of the coupling of the illumination and the PhC reflector. In order for
the mode to display low reflection, the electric field distribution of the mode has
to possess even parity about x-axis and odd parity about y-axis or vice versa.
When this condition is fulfilled, the plane wave propagating normal to the PhC
reflector can couple to the input plane wave as it has the same parity as the
mode. The strength of the coupling hence depends on the mode that is excited

during the measurement. In addition, the coupling strength will defer due to the
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imperfections of the crystal and finite angular spread of the illuminating beam.
Figure 4.7 shows the experimental results of 300 by 300 pm? unreleased PhC
membrane with square air holes. For square air holes with length of 1035 nm, a
reflectance peak of 92.0% is present at 3.60 um wavelength. The high
reflectance region spans across a much smaller bandwidth from 3.58um to 3.61
pum. Similar to the PhC membrane with circle air holes, when the length of the
square air holes increases, the reflectance peak shows blueshift because more
area within the membrane becomes air which has a lower refractive index. This
causes the band gap region moving towards higher frequencies. After the BOX
layer is removed using isotropic etching by VHF, the reflectance is enhanced as
shown in Figure 4.8. The measured reflectance for the square air holes with
length 1035 nm is 97.2% at 3.59 um wavelength. Similar blueshift can be seen

when the length of the square air holes is increased.

1004

L e s —=— Length = 1020nm (With BOX)
—e— Length = 1035nm (With BOX)
- Length = 1050nm (With BOX)

32 33 34 35 36 37 38 39
Wavelength (um)

Figure 4.7: Experimental results of stationary square air holes design (with
BOX).
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Figure 4.8: Experimental results of released square air holes design
(without BOX).

4.4 Si-based Photonic Crystal reflector for high temperature

applications

In this section, in order to characterize only the PhC reflector without effects
from the underlying Si substrate, we demonstrate a free-standing polycrystalline
Si-based PhC membrane where the Si substrate is removed through DRIE.
Characterization of both the reflection and the transmission is done at room
temperature. Experimental measurements show that around 97% reflection and
3% transmission at a 3.58 um wavelength are obtained for the PhC membrane.
In order to show the feasibility of such a PhC membrane in applications such as
down-hole oil drilling, characterization is also done up to 450°C. Due to the
high temperature, the peak reflection of the PhC membrane shifts by 75 nm to
higher wavelengths. This corresponds to a linear wavelength shift of 0.174
nm/°C. In order to ensure that the peak reflection of the PhC membrane remains
around 3.55 pm wavelength, we have demonstrated that the thermo-optic effect

can be compensated by altering the dimension of the PhC air holes.
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Figure 4.9: Schematic of fully released PhC membrane with etched air
holes. The Si substrate and BOX SiO: are removed using DRIE and the
VHF.
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Figure 4.10: Process flow for free-standing PhC based reflector. (a) 1pm
thermal SiO2 is grown on a bare 8" Si wafer. (b) 1pm Si is then grown using
LPCVD and annealing is done at 1000°C. (c) Coat and photolithography of
PR to define air holes. (d) DRIE of Si to pattern the air holes. (e) PR strip
and cleaning of wafer. (f) 1pm SiO: is deposited using PECVD. (g) Coat
and photolithography of PR on the backside of the wafer. (h) DRIE of Si
substrate. (i) PR strip and VHF to realize free-standing PhC reflector.

The design of the polycrystalline free-standing Si-based PhC reflector is shown
in Figure 4.9. In order to examine the reflection and transmission characteristics
of the PhC membrane, the Si substrate is removed. Similar to previous section,
the thickness, t, the radius, r, and lattice constant, a, are designed to be 1 um,
760 nm and 1.95 um respectively as shown in (b). Fabrication of the PhC
suspended membrane as shown in Figure 4.10 is largely similar to the
fabrication steps presented in the previous section. The exception is that a few

more steps are included for the removal of the Si substrate. Fabrication begins
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with growing a 1 um thermal SiO; at 1050°C on a bare 8” Si wafer (Figure
4.10(a)). The device layer of 1 um thick polycrystalline Si is then deposited
using LPCVD (Figure 4.10(b)). This is followed by a thermal anneal at 1000°C
for 30 minutes to reduce the residual stress within the device layer. The air holes
are then patterned using deep-UV lithography and etched using DRIE (Figure
4.10(c) and (d)). The PR is then removed and the wafer is cleaned (Figure
4.10(e)). Before proceeding to release the PhC membrane from the Si substrate,
the front of the wafer is covered with 1 um thick PECVD SiO; (Figure 4.10(f)).
The back of the wafer is then patterned using photolithography and DRIE is
used to etch the Si substrate (Figure 4.10(g) and (h)). Finally, the PR is removed
and the whole PhC membrane is released using VHF (Figure 4.10(i)). The
fabricated free-standing PhC membrane is shown in Figure 4.11. The radius of
air hole and lattice constant of PhC structure are observed to be 760 nm and

1.95 um respectively with little variation along the PhC membrane.

Figure 4.11: SEM image of the fabricated device with r fixed at 760 nm.
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4.5 Characterization of free-standing Si-based Photonic

Crystal based reflector at room temperature

The simulated reflection result is overlaid with the measurement results as
shown in Figure 4.12(a). Generally, the simulated result agrees with the
measurement data and both shows high reflection around 3.58 pum. In (b), the
transmission characteristic of the PhC membrane is examined. Similar spike is
also observed in the transmission spectrum at 3.47 um and this can once again
be attributed to the incidence angle of 45°. From the band structure, low
reflection is expected at 3.25 um due to the presence of a mode at 0.60(2nc/a).
However, the simulation assumes that prefect coupling will occur which is not
true in experimental measurement. The mode is only partially excited and hence
a difference result is obtained at 3.30 um to 3.45 pm. For the wavelengths
around 3.70 pm to 3.80 um, the simulations predicts a high reflection at 3.78
um due to the bandgap at around 0.495(2nc/a). This bandgap is however too
narrow and is not excited in the measurement, hence causing a low reflection,
rather than a high reflection predicted by the simulation to appear. In both the
simulation and measurement, low transmission is shown in wavelength regions

that exhibit high reflection.
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Figure 4.12: (a) Simulated reflection (dashed) being overlaid onto the
measurement result (solid) showing the high reflection around 3.55um
wavelength. (b) Simulated transmission (dashed) being overlaid onto the
measurement result (solid) showing the low transmission around 3.55um
wavelength.
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Figure 4.13: Measured reflection of PhC membranes with different air hole
radius, r. The inset is the IR image of the sample taken at 3.58 1m of the
sample when r is 760 nm. (b) Measured transmission of PhC membranes
with various air hole radii. (c) Transmission spectra of different
polarization angle when r is 760 nm.

Figure 4.13(a) shows the measured reflection spectrum. As r increases, it can

also be seen that the wavelength of the peak reflection decreases due to the lower
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refractive index of the PhC membrane. With the radius of the air hole at 760
nm, the peak reflection wavelength is at 3.58 um. The dips that appear in the
measured reflection are, as mentioned above, due to the 45° angle of incidence
of the FTIR microscope used. The inset of (a) indicates the IR image of the PhC
membrane at 3.58 um during measurement. From the diagram, it is conclusive
that the peak reflection shown at 3.58 um wavelength is only due to the PhC
suspended membrane. After the Si substrate is removed, the transmission
spectra of the PhC membranes are measured and shown in Figure 4.13(b).
Again, the measured results are normalized against air and no object is placed
along the light path of the source to the MCT detector. Similar to the reflection
spectrum, when r is fixed at 760 nm, the transmission drops to the lowest value
at around 3.58 pm. As r increases, the wavelengths at which low transmission
is measured also display the tendency to shift to lower wavelengths. While the
low transmission in spectrum means the high reflection as well, this indicates
that there is low loss within the PhC membrane structure. Besides, the
transmission spectra of the PhC suspended membrane with r of 760 nm are
measured with incident radiation of different polarization angles, namely 0°, 45°
and 90° (Figure 4.13(c)). Generally, the three spectra show very similar
response over the measured wavelengths. Over the low transmission
wavelength region around 3.58 pum, the PhC suspended membrane shows
remarkably low dependency on the polarization of the input IR source. As the
input IR source in transmission measurement is introduced perpendicularly to
the device, the transmission measurements of the device in various polarization

angles should ideally be similar. The minute difference displayed in the
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measured spectra of the PhC suspended membrane can be mainly attributed to

fabrication imperfection.

4.6 Temperature effect on the performance of Si-based PhC

membrane

In this work, the thermo-optic effect of the PhC suspended membrane up to
450°C, which is the expected working temperature of the device, is examined
and a simple method of altering the dimension of the PhC air holes is deployed
to compensate the thermo-optic effect.

The measurement results of PhC membrane with r at 760 nm is shown in Figure
4.14(a). At room temperature of 25°C, the peak reflection is around 3.58 um
which is the intended operating wavelength. As temperature increases, the
refractive index of the polycrystalline Si in the PhC suspended membrane
increases. As predicted by equation (1), it induces a redshift in the peak
reflection. At 450°C, the reflection is located at 3.65 um and also experiences a
drop in maximum intensity. The relationship between the shifts in the peak
reflection wavelength is plotted in (b). The shift in the wavelength as
temperature increases is 75 nm at 450°C. From the linear fit line of the
measurement results, it is measured that thermo-optic effect induces a shift of
0.174 nm per degrees Celsius temperature change. Using equation (1), the
thermo-optic coefficient can be calculated to be +1.70x10** K™! which is near to
the value quoted by other works, where An/AT = +1.86x10* K™! [165] and

An/AT =+1.80x10"* K [146].
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Figure 4.14: (a) Measured reflection of PhC membranes at various
temperatures up to 450°C. (b) The relationship between the shift in the
peak reflection wavelength against temperature and its corresponding
linear fit line.

4.7 Compensation of temperature effect on the performance

of Si-based PhC membrane

In order to compensate the thermo-optic effect, a simple methodology is to alter
the air hole dimension when designing the device. Based on the measured data,
in order to achieve a maximum reflection at 3.55 pum at 450°C, the PhC
membrane should show maximum reflection at 3.47 um wavelength at room
temperature. This coincides with the performance of the PhC suspended

membrane with r of 780 nm.
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Figure 4.15: Measurement of PhC membrane with r at 760 nm and 780 nm
at 450°C.
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The measurements of the devices are shown in Figure 4.15. As expected, the
reflection displayed by PhC suspended membrane with r at 780 nm shows a
peak reflection at around 3.56 um. This shows that the thermo-optic effect
which causes the reflection to redshift has been compensated through simple
alteration of the dimension of the air holes. Based on this methodology of
optimizing the air hole radius of the PhC suspended membrane, desired optical
performance can be achieved at various temperatures. This is important for
industrial applications such as gas sensing in the down-hole oil drilling process

where high temperatures are expected.

4.8 AlN-based Photonic Crystal reflector for athermal

operations

With a relatively high thermo-optic coefficient of +1.70x10* K!, Si is
unsuitable for applications with high as well as changing operating
temperatures. In order to minimize the impact of such temperature changes for
applications where such thermo-optic effect is detrimental, research are done to
compensate the refractive index change in the material [153]. For example,
research has been done to introduce polymer cladding, which have negative
thermo-optic coefficient, to the photonic device [152, 153, 166, 167]. However
as mentioned before, such method faces the problem of integration with CMOS
process, as well as reliability concerns due to high sensitivity on the polymer
thickness. Other methods such as the use of temperature feedback circuits
increase the power usage and require larger footprint [152]. In view of these

problems, it is largely desired to have a CMOS compatible material to be used
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as the photonic device and also achieve high independence from operating

temperature changes.

Due to progression in epitaxial film deposition, research involving the use of
AIN as photonic material has gained speed even in out-of-plane applications.
More importantly, AIN has a high thermal conductivity (kaw =285 W/m.K) and
small thermo-optic coefficient (dn/dT = +2.32x10” K'!) compared to Si [132].
This makes AIN very attractive as a new material to be used in photonic designs
for applications with fluctuating operating temperatures. In this section, we
present the design and characterization of an AIN based PhC reflector working
in the MIR wavelengths. The study on using AIN as the material for a 2-D PhC
reflector is lacking currently, especially at elevated temperatures. We also
designed the peak reflection wavelength to be around 3.50 um. Through our
measurement, high reflection of more than 90% was observed from 3.08 pm to
3.78 um. Due to the relatively low refractive index of AIN (naw = 2.2), we also
employed the use of sacrificial layer release of SiO> to enhance the performance
of the PhC. Characterization of the AIN based PhC reflector is done up to 450°C
to examine the effect of such temperature changes on the performance of the
AIN based PhC. From experimental results, despite the increasing temperature
to 450°C, the redshift in the peak reflection of the PhC is estimated to be 14.1
nm. In comparison, the redshift in the peak reflection wavelength of a Si based
PhC is 75 nm. Such insensitivity to thermo-optic effect makes AIN based PhC
a promising technology to be used as photonic components for high temperature

applications. The design of the AIN based PhC is shown in Figure 4.16(a). The
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AIN based PhC is make up of a suspended AIN slab with a thickness of 330 nm.
The BOX is 1jum and acts as a sacrificial layer. Periodic patterning of air holes
is etched into the slab, with the radius of each air hole being 620 nm and the

period being 1.95pm.

(b)

Figure 4.16: .(a) Schematic drawing of the suspended AIN PhC slab, and
(b) SEM image of the fabricated AIN PhC slab.

Fabrication of the device begins with an 8 bare Si wafer and the BOX is
deposited using PECVD. A 330 nm thick polycrystalline AIN layer is then
deposited on the BOX using sputtering. The air holes are defined using
photolithography and the AIN slab is etched using reactive ion etching (RIE).
Finally, the AIN based PhC is made suspended when the BOX layer is removed
by utilizing VHF. The SEM image is shown in Figure 4.16(b). The fabricated
device matches very highly with the designed parameters with the radius of the
air holes being 620 nm and the period 1.95 um. Through cross-sectional analysis
of etched AIN PhC slab, it is seen with a sloping sidewall with a measured angle
of 79.8°. This is taken into account for the subsequent simulations. While the
radius at the top of the membrane is maintained at the designed value, the radius

of the air hole at the bottom of the membrane is drawn to be 60 nm smaller to
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account for the effect of the sloping sidewall. The refractive index of AIN after
deposition through sputtering was also measured using ellipsometry. Based on
the measurement, the refractive index of the AIN film is 2.2. This is close to

values reported for the refractive index of AIN which are 2.12 [132] and 2.10
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Figure 4.17: (a) FDTD simulation of the AIN based PhC with various air
hole radii and (b) experimental measurement of the AIN based PhC device
with underlying BOX and without the BOX layer.

Simulation of the AIN based PhC is done using FDTD method. The simulated
results of the PhC with various air hole radii are presented in Figure 4.17(a),
where the refractive index of AIN is set to 2.2 and periodic boundary conditions
are set on the sides of the unit cell. Based on the simulation, high reflection is
expected from the AIN based PhC around 2.58 um when the AIN layer is
released. As the radius of the air hole increases, the peak reflection wavelength
experiences a redshift. With the presence of the BOX layer, in addition to a
redshift of the peak reflection wavelength, the reflection drops sharply as well.
Reflection measurement of the AIN based PhC is done using the FTIR
Microscope from 2 um to 5 um. The effect of BOX on the performance of the
AIN based PhC is examined in Figure 4.17(b). As shown, the measurement

results of the AIN based PhC with air hole radius of 620 nm is presented. When
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the BOX layer is removed by using the abovementioned method of etching
through the use of VHF, more than 90% reflection is measured from 3.08 um
to 3.78 um. When the BOX layer is present, the peak reflection redshifts to
higher wavelengths due to the increase of the refractive index of the cladding
layer below the AIN based PhC membrane from 1 (air) to 1.44 (SiOy). This
leads to an increment of the effective refractive index of the device and hence
moves the peak reflection wavelength to higher wavelength. In addition, with
the presence of the BOX layer, the peak intensity of the measured reflection is
only 81% which is significantly lower than the peak reflection of 96% when the
BOX layer is removed. This is likely due to the low refractive index of AIN of
2.2. When the AIN based PhC is in contact with the BOX layer, there is high
leakage into the BOX layer as it has a relatively high refractive index of 1.44.
This exemplifies the importance of etching of BOX layer in order to enhance

the performance of the AIN based PhC.

(a) (b)
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Figure 4.18: (a) Experimental measurement of the effect of the change in
the air hole radius on the performance of the AIN based PhC device (a)
with underlying BOX and (b) without the BOX layer.

The effect of the change in the air hole radius on the performance of the AIN
based PhC is also examined. The measurement was taken at room temperature

(25°C) with higher resolution and the results are shown in Figure 4.18. As
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presented, when the radius of the air hole increase from 600 nm to 640 nm, the
peak reflection peak of the AIN based PhC blueshifts due to a decrease in the
effective refractive index of the membrane with the replacement of AIN with
air. For the AIN based PhC with BOX, the shift in the reflection is around 36
nm from 4.00 pm to 3.96 um. When the BOX is removed by using VHF, the
reflection wavelength of the released AIN based PhC experience a blueshift
from 3.43 um to 3.30 um. This equates to a shift of 130 nm with the same radius
change of the air hole. The seemingly lower shift in the peak reflection
wavelength in the AIN based PhC with BOX can be attributed to the higher
overall effective refractive index of the membrane. The change in the radius of
the air hole brings about a much lower percentage change in the effective
refractive index of the AIN based PhC with BOX than its counterpart without
BOX. This thus has a smaller change in the peak reflection wavelength. Overall,
the wavelength shift of the peak reflection is small considering the operating
wavelength of the AIN based PhC. This indicates an added advantage of higher

fabrication variation tolerance when using AIN.

Thermo-optic effect on the AIN based PhC is also done by placing the released
membrane on a heating stage up to 450°C. Similar to the procedure used in Si
based PhC reflector, at each temperature step, the AIN based PhC is left
untouched in the chamber for ten minutes before measurement is taken.
However, as the thermo-optic coefficient of AIN is expected to be much lower
than Si, the changes of the reflection spectra across different temperature steps

is also expected to be small. In order to ensure that such small changes are
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captured in the measurements, a high resolution scan is employed. Instead of

! the resolution set in this

the more typically used resolution of 4cm’
measurement is 0.09cm™ which is the highest that can be set in the FTIR
microscope. At wavelengths around 3.1um, the wavelength step attainable is
0.08 nm. This is sufficient to detect any small changes in the reflection
measurement of the device. The downside of such a high resolution scan is the
time taken for each measurement which is around ten minutes. A more detailed
background scan is also required to ensure that the additional noise measured
are filtered away. The measurement of the AIN based PhC with air hole radius
of 620 nm under various temperature conditions are shown in Figure 4.19. At
room temperature (25°C), the peak reflection wavelength of the AIN based PhC
with air hole radius of 620 nm is around 3.29 pm. As the temperature increases,
based on equation (1), the refractive index of AIN also increases. This raises the
effective refractive index and induces a redshift in the peak reflection
wavelength. At 450°C, the peak reflection wavelength of the AIN based PhC is
around 3.31 um, with a 14.1 nm redshift in wavelength. With no and A being
2.2 and 3.29 um respectively, the thermo-optic coefficient is estimated to be
+2.22x107° K!, which is an order of magnitude lower than Si [153]. Even at

elevated temperatures, the low thermo-optic coefficient of AIN ensures that the

peak reflection wavelength does not change drastically.
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Figure 4.19: Measurement of the AIN based PhC of air hole radius of 620
nm under various temperatures.

4.9 Conclusion

We have shown the use of polycrystalline Si to be used as a 2-D PhC reflector.
Two designs of 2-D PhC based polycrystalline Si membranes have been
demonstrated as ultra-compact Si based reflector. Both the circle air holes and
square air holes designs were measured to show 96.5% and 97.2% reflectance
around 3.58um, which is an important wavelength for hydrocarbon gas sensing
in the MIR region. While not sacrificing optical performance, PhC with square

air holes offers more mechanical strength due to its lower filling factor of 36%.

We have also presented the fabrication of a PhC reflector with the substrate
removed to thorough characterizes the performance of the PhC reflector at high
temperatures. The measured reflection and transmission spectra of the PhC
suspended membrane indicate that around 97% reflection and 3% transmission
at 3.58um wavelength are obtained at room temperature. Measurements done at
450°C reveal that thermo-optic effect induces a linear shift of 0.174 nm per

degrees Celsius temperature change. The thermo-optic coefficient is calculated
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as +1.70x10 K™!. In order to compensate the redshift of 75 nm induced by the
thermo-optic effect, a simple methodology of changing the air hole dimension
is feasible. Measured data of the PhC suspended membrane with r of 780 nm at
450°C support the fact that such thermo-optic effect is compensated.

In order to passively correct the shift introduced by thermo-optic effect at all
temperatures, an AIN based PhC is fabricated and characterized as a highly
reflective mirror working in the MIR wavelengths. The AIN slab is designed to
be 330 nm thick and the air hole radius is varied from 600 nm to 640 nm.
Through measurement, the PhC with air hole radius of 620 nm is shown to have
greater than 90% reflection across 3.08 um to 3.78 um, with the peak reflection
of 96% at 3.16 pm. Characterization of the AIN based PhC is also performed at
450°C to examine the thermo-optic effect. Due to the minute increase in the
refractive index of AIN at elevated temperatures, it is measured that the peak
reflection redshift by 14.1 nm when the temperature is at 450°C. The thermo-
optic coefficient is estimated as +2.22x10 K1, This is an order of magnitude
lower than Si and is hence significantly better performing in high operating
temperatures. This highlights the suitability of using AIN over Si as a photonic

material especially when the applications involve temperature fluctuations.
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CHAPTER 5: Photonic Crystal based Fabry-Perot

Filter

5.1 Introduction

In the previous chapter, we have described our work in realizing high
performance PhC. By using these PhC mirrors in the formation of the FPF. FPF
is an important device that is widely used in sensing applications such as gas
sensing. The Q-factor obtained in the FPF by using PhC mirrors can be much
higher than conventional methods. In this chapter, we will demonstrate the
design, fabrication and characterization of a FPF which is fabricated using a
CMOS-compatible monolithic fabrication process which is highly desirable
[112]. In this section, we will introduce the optimization steps that were taken
in the fabrication process in order to realize the FPF. Several failures were
experienced before the fabrication process was fixed. In our previous section
where we fabricated the PhC mirror, the process used involved a high
temperature anneal of 1000°C. The annealing step induces very high thermal
stress and this causes cracking of the silicon layers and wafer breakage. A single
etch process was also attempted to define both PhC mirrors but this was also
found to be unsuccessful. Details of these fabrication attempts will be discussed
in the following section. In the end, we alleviate the thermal stress issue through
the use of low stress epitaxial polycrystalline Si which is deposited at a lower
temperature of 610°C and a bottom-up approach in the realization of the FPF.
The fabricated FPF show a transmission peak centered at 3.51 pum with a Q-

factor of around 300. While this is lower than simulations, it is still significantly
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higher than existing works which typically have Q-factor of few tens [114, 117,
118]. This opens the possibility of utilizing such PhC FPF for high-resolution

applications like gas sensing [113, 169] and hyperspectral imaging [115, 118].

5.2 Theory of Fabry-Perot Filter

The FPF comprises of two flat and highly reflective mirrors which with an air
gap between them. Thus, the FPF can be considered to be a system with 3
mediums. The individual mediums can first be considered as shown in Figure
5.1. For an incoming beam from Medium 1 striking on the interface between
Medium 1 and 2, the beam can be characterized with complex reflection
amplitude, ri, and complex transmission amplitude ti. Likewise, for an
incoming beam from Medium 2 incidence on the interface between Medium 1
and 2, the beam is undergoes reflection back into Medium 2 with complex
reflection amplitude, ri', and transmission into Medium 1 with complex
transmission amplitude ti". Finally, when a beam from Medium 2 strikes the
interface between Medium 2 and 3, the complex reflection amplitude is rz and

the complex transmission amplitude is t2.

Incoming
beam

Medium 1

- Incoming
/ § beam r,  Medium2

Incoming :

beam \/
E\}z

5 Medium 3

Figure 5.1: The three individual mediums of the FPF system with the
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various complex reflection amplitudes and complex transmission
amplitudes when incoming beam originated from different mediums

The FPF is characterized by its overall reflectance, R and transmittance, T. Both
R and T are Poynting's vectors of the portion of energy reflected and transmitted
respectively. In order to obtain R and T of the FPF, we consider that the
incoming beam from Medium 1 strikes the interface between Medium 1 and 2
and resonates within Medium 2 before transmitting through into Medium 3.
This causes it to incident repeatedly within the two interfaces (n times) as shown
in Figure 5.2. The distance between the interfaces is fixed at d. At every
incidence onto the interfaces, a portion of the complex amplitudes travel into

either Medium 1 or Medium 3.
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Figure 5.2: The FPF system with an incoming beam from Medium 1 and
resonating within Medium 2. The overall reflection amplitude of the FPF
can be obtained by summing all the complex reflection amplitudes into
Medium 1 and the overall transmittance amplitude is obtained by summing
all the complex transmittance amplitudes into Medium 3

Since Medium 1 and Medium 3 are the same, we can simplify the amplitude

components to
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Figure 5.3: Geometry of the system to determine the phase difference
between two successive transmitted waves

As shown in Figure 5.3, based on the geometry of the system, the phase

difference between two successive transmitted waves can be defined as

5= 2d cos @
==
/ng

In order to obtain the overall reflection amplitude of the FPF, rrpr, we sum all

2T

the individual complex reflection amplitudes travelling into Medium 1 when the
incoming beam strikes the interface between Medium 1 and Medium 2. The
overall reflection amplitude is given as follows
Tepr = T1+ t1(raty)e™ + t,(ror)) (rpth)e 2% 4 ...
+ & (ryr )2 (rpt)e 7O

t, (rot)e "

1 i
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The overall reflectance, R of the FPF can be calculated as follows

_ (ri e ®)(ry + et
(A4 ryre ) (1 + ryretid)

2

R = 7rppp

(ry +1ry)% —4rr, sinzg

(1 +ryry)? — 4r r,sin? 9
2

6
26in2 =
4|r|* sin >

(1 —|r|?)? +4|r)? sinzg
Likewise, in order to obtain the overall transmission amplitude of the FPF, trpr,
we sum all the individual complex transmission amplitudes travelling into
Medium 3 when the incoming beam strikes the interface between Medium 2
and Medium 3. The overall transmission amplitude is given as follows
trpr = tity + ti(rar)te” + 4 (rpr)te 720 4 -
+ by (rory) e D8 4

i,
= ——
1—r,rie™

The overall transmittance, T of the FPF can be calculated as follows
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F
F is also known as the coefficient of finesse and is an indication of the Q-factor
of the filtered peak. When the reflectance of the mirrors is high, the finesse of
the FPF increases and high Q-factor of the filtered peak can be obtained. Also,
when we assuming normal incidence of the incoming beam, ie. 8 = 0°,
maximum overall transmittance occurs when d is set to half of an integer

multiple of the wavelength.

5.3 Simulation of Fabry-Perot Filter

In this section, the feasibility of implementing 2-D PhC designs as high
reflectivity mirror in FPF is explored using FDTD simulations. As discussed,
such high reflectivity mirrors are commonly implemented using multi-layer
structures which faces the problem of high residual stress in the layers. In
contrast, 2-D PhC designs are able to achieve high reflectivity using a thin Si
membrane which is light weight and easy to fabricate. We have also verified in
previous chapter that the PhC reflector is able to show extremely high reflection
at any desired wavelength just by altering the geometry of the design. The
schematic of our designed FPF is shown in Figure 5.4(a). The PhC membranes

are used as the mirrors and the top Si PhC membrane is supported using springs.
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The cavity length can be made tunable by using MEMS techniques like applying
a voltage difference between the top and bottom Si slab. This induces an
attractive electrostatic force which will pull the top and bottom slabs towards
each other, hence reducing the gap between them. More discussion on the

design of the spring will be done in later chapter.

Figure 5.4: (a) Schematic of FPF using PhC reflector as mirrors and (b)
model of PhC based FPF used in simulation programme, CST MWS.

The transmission output of the FPF as the cavity length changes is simulated.
The simulation model is shown in Figure 5.4(b). Only the unit cell indicated by
the red box is simulated and periodic boundary condition is set on all four sides.
This helps to reduce computation time while maintaining high accuracy in the
simulated output. In the previous chapter, we have shown the possibility of
using both circle and square holes in the PhC reflector design. In order to show
their feasibility, of using square air holes to be used in FPF, we will simulate
the performance of the FPF with PhC reflector with circle and square air holes.
In Figure 5.5, the simulated spectrum of the FPF using circle air holes is
presented. In the simulations, the inputted light is propagating along the z

direction and the electric field is along the x direction. The radius of the circle
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air hole is 770 nm and the lattice constant is 1.95 um. The thickness of the top
and bottom Si slabs are maintained at 1um. The full-width half-maximum
(FWHM) of the transmittance peak corresponding to a cavity length of 2.00 pm
is 0.07 nm which equates to a Q-factor of about 52000. The tuning range of the
FPF is 28 nm from 3.68 pm to 3.71 um when the cavity length is changed 1.95
pum to 2.05 pm. This is around an order of magnitudes higher than the simulated

Q-factor of FPF using multi-layered structures [114, 117, 119].
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Figure 5.5: Simulated transmittance of the FPF with various cavity length
using circle air holes.
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Figure 5.6: Simulated transmittance of the FPF with various cavity length
using square air holes.

In order to fully assess the practicability of using square air holes in FPF, FPF
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with square air holes reflector are also simulated for comparison using similar
method mentioned above. The values of L, a and t are 1.05 pm, 1.70 pm and 1
um respectively. The simulated results are presented in Figure 5.6. The FPF
shows a tuning range of 25nm from 3.50pm to 3.52pum when the cavity length
is changed 1.675 um to 1.775 um. When the cavity length is 1.725 um, the
FWHM of the simulated peak is 0.08 nm which corresponds to a Q-factor of
43800. Based on the simulations of the FPF using both circle air holes and
square air holes, it has been shown the proposed PhC designs are ideal
candidates for the realization of the high reflectivity mirrors. At the same time,
the use of PhC with square air holes in FPF also displays good optical
performance which is comparable to PhC with circle air holes. As described in
pervious section, using PhC with square air holes offers higher mechanical
strength which is vital in applications such as FPF where the PhC reflectors are
free-standing. In summary, the comparison between PhC reflector and multi-
layer Bragg reflector when used as mirror in FPF are summarized in Table 7
below.

Table 7: Comparison of PhC and Bragg reflector when used in FPF

PhC Reflector Bragg Reflector
Simple fabrication process without | Complex fabrication process
bonding process involving bonding process and

possible stress issue

High reflectivity achieved using one
single Si slab hence low power
actuation is possible

High power needed for actuation due
to thick multi-stack mirror

Wide range of materials available

Limited choice of materials available

Very high Q-factor output when used
in FPF

Low Q-factor output when used in
FPF
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In this thesis, we have developed the process flow where the FPF is fabricated
using a monolithic procedure which will be detailed later. This removes the need
of the bonding process which is typically used in FPF that uses Bragg reflector.
This is due to the number of layers needed for multi-stacked mirrors which
makes it impractical due to high stress issues to make the process flow
monolithic. The use of PhC reflector allows the realization of a light-weight
mirror component that is suitable for low power actuation to change the cavity
length for a tunable output. The light-weight nature of the device also allows for
a lower actuation power. This is in contrast with Bragg mirror which is formed
by multiple layers of different materials which results in a much heavier mirror.
This causes the actuation power needed to be much higher. In order to realize
the PhC reflector, various materials such as Si, AIN and SiN can be used. In this
thesis, Si is used due to its prevalent presence in CMOS foundries. However,
for Bragg reflector, it is formed by depositing thin layers of two alternating
materials with high and low refractive indices. The larger the difference
between the refractive indices of the two materials, the Bragg reflector will
display higher reflection. This limits the choice of materials that are suitable.
Simulations also show that the Q-factors by FPF that uses PhC reflectors are
very high. This is due to the bandwidth of around 160 nm which has more than
90% reflection in PhC reflector. This makes the PhC reflector able to filter
unwanted wavelengths more efficiently than the multilayer Bragg reflector,

hence resulting in higher Q-factor.
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5.4 Fabrication of Photonic Crystal based Fabry-Perot filter

In order to fabricate the PhC based FPF, we propose a monolithic approach to
the fabrication process in order to avoid any physical bonding of the mirrors
which is usually used in existing works. Such monolithic fabrication approach
provides simplicity and low-risk fabrication which can be achieved across the
whole wafer. The schematic of the proposed PhC FPF to be fabricated is shown
in Figure 5.7.

The first fabrication process proposed was a continuation of the steps used in
the previous chapter where we used LPCVD Si and annealing at 1000°C. We
also attempted to use a single etch step to define both PhC mirrors in order to
prevent the use of chemical mechanical polishing (CMP) of SiO. The effect of
the CMP process will be highlight in subsequent section. The detailed
fabrication steps are shown in Figure 5.8. Fabrication of the FPF starts with a 1
um PECVD SiO; on a bare Si wafer as shown in Figure 5.8(a). Then a 1 pm
LPCVD Si (Figure 5.8(b)) and 1.72 um PECVD SiO; is deposited (Figure
5.8(¢c)). This 1.72 um SiO; defines the Fabry-Perot cavity length between the
two PhC mirrors. To form the upper PhC mirror, another 1 ym LPCVD Si is
deposited and the wafer is annealed at 1000°C (Figure 5.8(d)). Photolithography
is then done to define the air holes (Figure 5.8(e)) and DRIE is done to etch both
the Si mirror layer and SiO: layer (Figure 5.8(f)). The PR is then stripped and
the wafer cleaned (Figure 5.8(g)). Finally, VHF is used to remove the SiO in
order to form the FPF (Figure 5.8(h)). When attempting the proposed
fabrication, two critical problems were faced. The first is the thermal stress that

occurs during the annealing step in Figure 5.8(d). Unlike previous fabrication
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flow which includes only one layer of Si, the Si02/Si/Si02/Si stack in this case
cracks more readily at high temperature as shown in Figure 5.9. While not all
the wafers crack after annealing, the high temperature anneal is a high risk

process for the fabrication of the FPF.

Figure 5.7: Schematic of the PhC based FPF to be fabricated.

[ silicon [l siliconDioxide  [Jf Photoresist

Figure 5.8: Process flow for PhC FPF. (a) 1pum PECVD SiO: is grown on a
bare 8" Si wafer. (b) 1um Si is then grown using LPCVD and annealing is
done at 1000°C. (¢) 1.75pm SiO: is deposited using PECVD to define the
cavity length. (d) The 1um Si top reflector is deposited using LPCVD. (e)
Coat and photolithography of PR to define air holes. (f) DRIE of Si/SiO2/Si
layers to pattern the air holes in both Si layers. (g) PR strip and cleaning of
wafer. (h) VHF to realize PhC FPF.
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Figure 5.10: (a) SEM image of the wafer wen only the top Si is etched
and (b) sloping sidewall profile after the Si/SiO2/Si stack is etched.

In order to avoid CMP of the SiO> which defines the Fabry-Perot cavity so as
to obtain maximum accuracy of its thickness, we used a single etch step to
define the FPF as shown in Figure 5.8(f). In Figure 5.10(a), when only the top
Si layer is etched, the etched holes are still well defined. However, after etching
the Si/S10,/S1 stack as shown in (b), it was observed that the top Si experiences
over etching which causes the size of the air hole to enlarge. In the etching of
Si0y, it is also observed that the sidewall profile is sloping. This causes the air
hole pattern on the bottom Si mirror to be much smaller than designed. With a

different air hole size between the top and bottom Si layers, based on the
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analysis in previous chapter, it is expected that they will display vastly different
reflection spectrum. Without working at a common wavelength, the efficiency
of the Fabry-Perot cavity to filter unwanted wavelengths will be greatly
reduced. Due to the inability to control the etching profile of the Si/SiO»/Si
stack, the fabrication process has to be revised. In order to reduce the thermal
budget of the fabrication flow, we have to replace the high temperature steps
with lower temperature ones. Firstly, the LPCVD Si which forms the Si
reflectors is grown in a furnace at 540°C. However, the Si is amorphous and
requires anneal at 1000°C to form polycrystalline Si. The high temperature
anneal induces very high thermal stress and causes the wafers to crack as shown
above. In order to avoid the high temperature anneal, epitaxial Si is used instead.
Although the epitaxial Si is deposited at 610°C, the Si deposited is
polycrystalline. This means that there is no need for the wafers to undergo the
1000°C anneal step. The next issue faced is the inability to control the sidewall
profile of the Si/Si0,/Si stack after etching. The proposed method to overcome
this is the use of a bottom-up approach in the fabrication. Instead of depositing
the Si/Si0O/Si stack before etching the air holes, the reflectors in the FPF is

etched layer by layer. The detailed fabrication process is shown in Figure 5.11.
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Figure 5.11: Revised process flow for PhC FPF. (a) Inm PECVD SiO: is
grown on a bare 8" Si wafer. (b) 1pm epitaxial Si is then deposited. (c)
Photolithography of PR and DRIE of Si to define air holes. (d) 2pm SiO: is
deposited using PECVD to define the cavity length. (e) CMP of the SiO:
layer to remove topology of the top wafer. (f) Deposition of epitaxial Si for
top reflector. (g) DRIE of Si to pattern the air holes in top Si layers. (h)
VHEF to realize PhC FPF.

The revised fabrication process flow of the FPF starts with a 1 um PECVD SiO»
on a bare Si wafer as shown in Figure 5.11(a). The device layer of 1 pm thick
polycrystalline Si of the bottom PhC mirror is then deposited using epitaxy
(Figure 5.11(b)). Photolithography followed by DRIE of poly crystalline Si
layer to form the air holes is then performed to define the bottom PhC mirror
(Figure 5.11(c)). A 2 um PECVD SiO2 is deposited (Figure 5.11(d)) before
CMP of 0.2 um of SiO, is done to remove topology issues and also to define the
cavity length of the FPF (Figure 5.11(e)). The 1 um Si device layer of the top
PhC mirror is then deposited using epitaxy (Figure 5.11(f)) and the air holes are
defined through photolithography and DRIE (Figure 5.11(g)). Finally, the FPF

is released by using VHF (Figure 5.11(g)).
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The CMP step in Figure 5.11(e) is needed due to the topology issue. When SiO»
is deposited after the etching of the bottom Si reflector (Figure 5.11(d)), it was
found that the top surface of the SiO- is not flat as shown in Figure 5.12. If this
topology issues on the top surface of the SiO; is not removed, such unevenness
will be transferred to the top Si layer when it is deposited. In order to prevent
this, we deposit an additional 0.20 pm of SiO> and CMP is used to thin it back
to the desired 1.80 um. The compromise that has to be taken is the incapability
to control exactly the thickness of SiO: left to define the Fabry-Perot cavity.
This is because the CMP of SiO; is time-based and variation cannot be avoided.
The variation can, however, be minimized by using multiple test wafers to

determine the CMP rate before proceeding with the FPF wafers.

Figure 5.12: SEM image of the wfer after the SiO is deposited to define
the cavity length. Topology issue is apparent at the top surface and this is
removed by performing CMP of SiO:.

The fabricated device is shown in Figure 5.13(a). In order to reveal the bottom
PhC reflector, the fabricated device is cleaved along dotted line. It is also noted
that the air holes, although etched after different photolithography steps, the

misalignment between the top Si reflector and bottom Si reflector is minimal.
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In addition, the dimensions of the air holes are also well-controlled. The cross-
sectional view of the FPF before release is shown in Figure 5.13(b). The bottom
Si02 layer shown is the BOX while the top SiO2 defines the Fabry-Perot cavity
and it is measured to be 1.70 um. This will have an impact on the FPF

performance which will be discussed later.
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Figure 5.13: SEM image of the (a) top and (b) cross-sectional view of the
fabricated FPF before VHF release.

5.5 Characterization of Photonic Crystal based Fabry-Perot

filter using epitaxial Si

As mentioned above, the PhC mirrors are now fabricated using epitaxial Si
instead of the previously utilized LPCVD Si which requires high temperature

annealing. Hence there is a need to characterize the epitaxial Si PhC mirror to
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ensure that the reflection peak is still around 3.55um. The PhC reflector is made
suspended in order to make it compatible with subsequent fabrication of the FPF
as shown in Figure 5.14(a). Fabrication of the PhC reflector starts by growing a
1 um PECVD SiO: on a bare 8” Si wafer. The device layer of 1 pm thick
polycrystalline Si is then deposited by using epitaxy. The air holes are patterned
using deep-UV lithography and etched using DRIE. The PhC reflector is finally

released using VHF. The SEM of the fabricated PhC reflector is shown in (b).

Figure 5.14: (a) Schematic of PhC reflector and (b) SEM of fabricated
chip.
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Figure 5.15: Reflection measurement of the fabricated PhC reflector.
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Figure 5.16: 3-D FDTD simulation of the PhC reflector at 45° incidence and

normal incidence.

S
—— Simulation (ideal)
g 100 —— Simulation (non-ideal)
- Measurement
(/2]
2 80+
£
4 |
c 60
©
=
s 40
(]
N
% 20
g 0 W - . ; i J .
Z 3.0 3.2 3.4 3.6 3.8 4.0

Wavelength (um)

Figure 5.17: Simulation of ideal and non-ideal case of the FPF and
measurement of the fabricated FPF.

Measurement of the PhC mirror is also done using the FTIR Microscope from
2 um to 8 um. Due to the experimental setup, the angle of incidence for the
reflection measurement is limited to 45°. The reflection measurement of the PhC
mirror is shown in Figure 5.15. A high reflection of 96.4% is measured at 3.60
um with a bandwidth of 160 nm for wavelengths that have reflection of more
than 90%. The dips in reflection observed at 3.29 um and 3.43 um was looked
into in our previous section where we attributed them to the 45° angle of

incidence. It is noted that the peak reflection wavelength of 3.60 um of the PhC
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reflector using epitaxial Si is slightly higher than the PhC reflector using
LPCVD Si. This is due to a slight increase in the refractive index of the epitaxial

Si than LPCVD Si.

As the subsequent measurement of the FPF is based on transmission which has
an angle of incidence fixed to normal incidence, the dependence of the
performance of the PhC mirror with incident angle is investigated. Based on
FDTD simulations of the PhC mirror, the wavelength of high reflection when
the input IR light is incidence at 45° and normal incidence remains the same at
3.60 um as shown in Figure 5.16. Based on the measurement results from the
PhC mirror where the peak reflection is at 3.60 pum, the cavity gap between the
mirrors is designed to be around 1.80 um which is half of the peak reflection
wavelength. However, due to the inability to control the thickness variation
induced by the CMP process of the top SiO: layer, it was found that the cavity
length of the fabricated FPF is measured to be 1.70 pm. This has an impact on

the Q factor of the eventual transmitted Fabry-Perot filtered peak.

Simulation of the FPF is done using 3-D FDTD as well where two identical
Ium thick Si slabs with air hole radius of 0.77um are drawn with a separation
defined by the cavity length. Similar to the PhC reflector simulation, the unit
cell consists of both the Si slabs with a length of 1.95 pm on each side and the
refractive index of Si is set to 3.464. The boundary conditions are also set to be
periodic boundary condition with perfectly matched layers. In order to obtain
the theoretical Q-factor of the FPF, unlike the PhC reflector, the expected high

Q-factor is determined by the slope of the envelope of the decaying signal in the
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simulation. This is because the energy within the cavity cannot completely
decay in a time that can be simulated reasonably and the maximum Q-factor
that can be simulated scales with the simulation time. The simulated Q-factor in
an optimized case of a cavity length of 1.80 um is found to be in excess 0f 45000
at a wavelength of 3.59 um (ideal case) as shown in Figure 5.17. However, after
taking fabrication variations into account, the simulated Q-factor drops to
around 540 at 3.52 um (non-ideal case). The enhanced Q-factor over existing
works is attributed to the additional filtering effects of the PhC reflector. The
first filtering effect is within the Fabry-Perot cavity where the undesired
wavelengths are attenuated due to destructive interference. The second filtering
effect is due to the intrinsic wavelength selective reflectivity of PhC reflector
which has a bandwidth of around 160 nm which has more than 90% reflection.
In contrast, multilayer Bragg reflector has bandwidth of more than 3 um in the
MIR wavelengths for reflection more than 90% [106, 170, 171]. This makes the
PhC reflector able to filter unwanted wavelengths more efficiently than the
multilayer Bragg reflector, hence resulting in higher Q-factor Measurement of
the FPF is also done by Agilent Cary 620 FTIR Microscope from 2 pm to 8 um.
Similarly, the size of the FPF is designed to be 200 um by 200 pm. In the case
of transmission measurement, the incidence angle is normal to the sample. The
resolution of the FTIR microscope is set to 0.09 cm™. As the wavelengths are
around 3.50pum, the wavelength step at this resolution is 0.11 nm. This
corresponds to a measureable Q-factor of 32000. The measurement result is also
shown in Figure 5.17. Measurement of the fabricated device reveals a Q-factor

of around 300 at a wavelength of 3.51 pm. The lower transmission intensity for
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wavelength range below 3.35 um and above 3.55 pm in the simulations can be
attributed to the simulation methods adopted for the high Q-factor simulations
as the transmission intensity of wavelengths where there are no resonances are
suppressed. Hence the measurement has higher transmission for wavelength
range below 3.35 um and above 3.55 pum. Figure 5.18 below shows the
simulated spectra when different simulation times are used. As can be seen, with
an increased simulation time from 1ps to 10ps, the reflection intensity for
wavelength range below 3.35 um and above 3.55 pum are being suppressed,
hence the large difference between the reflection intensities observed for the
measurement and the simulation. A longer simulation time is needed to
accurately calculate the maximum Q-factor and the simulation with a simulation
time of 10 ps is used. Any simulation time longer than 10 ps is found to be

insignificant to the Q-factor simulated.
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Figure 5.18: Comparison of the measurement results with 3-D FDTD
simulation of the FPE with various simulation times.

While the measured Q-factor is lower than the simulated Q-factor, it is still

around an order of magnitude higher than existing works where the Q-factor is
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typically few tens. The shift in the transmission wavelength and the drop in Q-
factor can be attributed to the variation in the cavity length. When the cavity
length is not at the optimal distance, the MIR light is unable to be confined
within the cavity due to higher transmission. This reduces the efficiency of the
constructive interference of the desired wavelength, which causes a drop in
output intensity as well as broadening of the transmission peak. Both these
factors result in a much lower Q-factor. In addition, the presence of the Si
substrate in the FPF causes a drop in the transmitted intensity. Based on
measurements of bare Si, the transmitted intensity is reduced to around 60% for
wavelengths around 3.60 um. The effect of the Si substrate will be removed in
future iterations by performing a DRIE etch of the Si substrate. In order to
alleviate the fabrication variations introduced by the CMP process on the cavity
length, MEMS technology can be incorporated in the design. With MEMS
technology, it will enable actuation of the PhC reflector and hence achieve
tunability of the cavity length. This not only reduces the impact of cavity length
variation in fabrication process, it also offers the possibility of realizing a

tunable Fabry-Perot interferometer.

5.6 Conclusion

In conclusion, we have demonstrated the development of a PhC FPF aiming to
work in the mid-infrared wavelengths. The highly reflective PhC mirrors are
realized by fabricating free-standing polycrystalline Si membranes with etched
circular air holes. We have proposed a monolithic approach in the fabrication in

order to achieve simplicity and low-risk. We observed a peak reflection of
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96.4% at 3.60 pum through measurement. We have also fabricated and
characterized a PhC FPF based on the knowledge obtained from the PhC mirror.
With a high reflection at 3.60 pum, the cavity length of the cavity is designed to
be around 1.80 um. From simulations, the Q-factor in an ideal scenario where
the optimized cavity length is 1.80 um is found to be in excess of 45000. After
taking fabrication variations into account, the simulated Q-factor is around 540.
Measurement of the fabricated device reveals a Q-factor of around 300 which

is around an order of magnitude higher than existing works.
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CHAPTER 6: Future work

6.1 Conclusions on current work

In the previous part of the thesis, numerous photonic crystal based designs have
been described. Starting from an in-plane design, the photonic crystal based
waveguide was introduced. By embedding the PhC waveguide with a MZI, the
device demonstrates slow light effect, which is a key method to increase light-
matter interaction for improved sensor performance. In order to enhance the
performance of the photonic device, shape of the air holes on selected rows is
changed from circular to elliptical. In addition, lattice shifting is also performed
to achieve lower dispersion and hence higher DBP. In conclusion, a group index
of 166 and DBP of 0.1812 is achieved and this poses well for future optimization

on such PhC waveguide design to demonstrate better slow light effect.

We also move on to using in-plane PhC designs which utilizes AIN as the main
optical material. This will be the preliminary work in order to realize more
complicated photonic design in the future. We start the investigation with a
simple AIN bus waveguide that is coupled to a 1-D PhC design which has a
cavity defect. We have designed the coupling wavelength to be 1550 nm.
However, due to fabrication variations, experimental results show that the
coupled wavelength is around 1575 nm instead. Nonetheless, the dip in the
optical signal measured from the bus waveguide still reveals a high Q-factor of
2000. This signifies that AIN is a viable option to be used as an optical layer

despite its relatively low refractive index. The propagation loss for AIN
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waveguide is also within tolerance. This bodes well for further optical design
involving AIN such as slow light devices etc. This is especially important as the
material offers flexibility such as non-linearity and piezoelectric effect, which

are absence or difficult to obtain in Si based photonic designs.

The thesis continues to describe works that are done to realize PhC based
reflector which can be used in an out-of-plane manner. PhC reflector has been
used in many sensing applications. By using polycrystalline Si, we introduced
a low cost fabrication method. Two shapes of the air holes are investigated and
the wavelength at which the reflectors work in is chosen to be in the MIR as
there are numerous industrial applications that utilize such wavelengths. While
the reflector with circle air holes performs to expectation by showing high
reflectivity at around 3.60um, PhC reflector with square air holes are also
designed to show high reflectivity in MIR region as well. Square air holes
however, when compared to circular air holes, have a lower filling factor, which
makes the membrane less brittle and offers more flexibility in design and
fabrication especially in MEMS application where such membranes are released
and free-standing. Temperature effect on the performance of the PhC reflector
is also examined by subjecting the PhC reflector to a high temperature of 450°C.
Due to thermo-optic effect, the peak reflection of the PhC reflector at 25°C
increase from 3.58 um to 3.65 pm when the temperature increases to 450°C.
Based on this results, the thermo-optic effect induces a shift of 0.174 nm per
degrees Celsius temperature change and the thermo-optic coefficient can be

calculated to be +1.70x10“ K.
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In order to compensate such thermo-optic effect, a simple methodology
proposed is to alter the air hole dimension when designing the device. By doing
simple calculation based on the thermo-optic coefficient, the redshift induced
by the increase in temperature can be totally removed by increasing the
dimension of the PhC air holes. In this thesis, it is demonstrated that the PhC
reflector is able to still display a maximum reflection at 3.55 pm at 450°C by

altering the radius of the circle air hole from 760 nm to 780 nm.

A more attractive method to reduce thermo-optic effect is to use AIN as the
photonic material as it has a much smaller thermo-optic coefficient compared
to Si. Based on our design, AIN PhC reflector is still able to display high
reflection of more than 90% was observed from 3.08 pm to 3.78 pm. When the
temperature is increases to 450°C, it is observed that the redshift in the peak
reflection of the PhC is estimated to be 14.1 nm. The thermo-optic coefficient
is estimated to be +2.22x107° K'!, which is an order of magnitude lower than Si.
Even at elevated temperatures, the low thermo-optic coefficient of AIN ensures

that the peak reflection wavelength does not change drastically.

We extended our work to include the design, fabrication and characterization of
a FPF which is fabricated using a CMOS-compatible monolithic fabrication
process. FPF is an important device that is widely used in sensing applications
such as gas sensing. The fabrication process was one of the major issues that
were faced due to the multiple layers of Si and SiO; involved. An optimized
process flow was finally realized and implemented by using the bottom-up

approach. Although the Fabry Perot cavity length was not well-controlled due
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to CMP, the measured filtered peak still has a Q-factor of around 300. This is
around an order to magnitude higher than existing works. In future works as
described below, the inclusion of MEMS technologies to achieve tunability and
to alleviate fabrication variations will allow the realization of high performing
PhC FPF for high-resolution applications such as gas sensing and hyperspectral

imaging.

6.2 Recommendations for future work

6.2.1 In-plane photonic designs using AIN

While preliminary work on AIN based in-plane photonic designs has been
presented, the non-linearity aspect and thermo-optic effect of AIN has yet to
been explored and exploited. In order to do so, external electric field has to be
introduced to the device. By using a voltage bias that creates a concentrated
electric field going through the AIN photonic, it is possible to realize a tunable
photonic design. In order to add voltage bias to the device, the process flow of
AIN photonic design has to be altered slightly as shown in Figure 6.1.

a) d)

["silicon [ Silicon Dioxide [Jj AluminumNitride il Molybdenum
Figure 6.1: Revise fabrication process flow for tunable AIN photonics.
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The process flow begins with the deposition of 2 pm SiO> on a bare 8" Si wafer
(a). AIN is then deposited using PVD, followed by a thin SiO; hardmask (b).
Photolithography and etching is then done to pattern the SiO> and subsequently
the AIN photonic layer (c). A thick layer of SiO; is then deposited to cover the
AIN layer and CMP done to remove any topology issues (d). As mentioned
before, Mo is a good candidate to be used as the metal electrode due to its
CMOS compatibility and its high melting point. Hence, Mo is deposited on SiO:
(e) and Mo is patterned and etched (f). In this configuration, the Mo electrodes
can be designed to create a high electric field to go through the AIN photonic
pattern. With a high enough electric field, Pockel's effect can be excited and the
refractive index of the AIN photonic material can be tuned. Based on the
direction of the electric field, the refractive index of AIN can be increased or
decreased, thus causing the resonance wavelength to redshift or blueshift

respectively.

It is important to note that given that only a thin layer of Mo is deposited as the
electrode, topology issues has to be removed via CMP. Without doing so, the
unevenness of the top surface will be transferred to the Mo metal lines as shown
in Figure 6.2. Due to the height difference, the metal line will be thinner at the
interception point as shown by the circle in Figure 6.2. There is hence a
possibility that the metal line will break and an open circuit will be formed.
While thicker Mo layer can be deposited to alleviate this issue, it creates new
problems such as thicker PR needed for Mo etching and higher voltages needed

to achieve similar performance due to larger cross-sectional area.
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Mo Possible breakage in metal line

Figure 6.2: SEM image of AIN photonic without CMP to remove the
topology issue after SiO2 deposition.

6.2.2 Design and fabrication of tunable FPF

In previous work, we have fabricated FPF that displays high Q-factor. However,
due to the CMP process of the SiOz in between the two Si layers, the Fabry
Perot cavity gap is not well-controlled. In order to overcome such variations,
MEMS technology can be incorporated to implement actuators into the design.
This enables electrostatic actuation of one of the PhC reflector and hence
achieves tunability of the cavity length. This not only reduces the impact of
cavity length variation in fabrication process, it also offers the possibility of
realizing a tunable Fabry-Perot interferometer. The design of the actuator plays
a critical role as the Si layer has to be made less stiff in order to introduce
displacement. This will create issues such as buckling of the Si reflector when
actuated which will reduce the performance of the tunable FPF. While buckling
can be reduced by having softer springs, it will introduce problems such as both
Si membranes sticking together after release. Hence, an optimization process

has to be undertaken.
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A simple spring design is to have eight fixed-fixed beams connected to the
released Si membrane which include the PhC reflector, as shown in Figure
6.3(a). We maintained a PhC reflector area of 150 um by 150 um and the eight
fixed-fixed beams of 40 um by 90 pm. The thickness of the Si is still 1 pm.
However, when actuated as shown in (b), it was realized that buckling effect of
the Si membrane is severe, especially in the middle. The height difference
between the edge and the middle of the PhC reflector is around 60 nm and this
causes the Fabry Perot length to vary. In order to maintain good performance of

the FPF, the Si membrane should be made as flat as possible when actuated.

a) Surrounding Si (unreleased) b) » e o1

Released Si
40
. PhC -
Reflector 50
9

250

330

Figure 6.3: (a) Spring design of the Si membrane and (b) Simulation of the
Si membrane when undergoing electrostatic actuation. All dimensions
indicated are in pm.

In order to reduce buckling effect of the Si membrane when actuated, an
enhanced version of the spring design can be implemented. One of the better
designs is the meander shaped spring. Likewise to previous design, the PhC
reflector area is 150 pm by 150 pm and the thickness of the Si is still 1 um. The
parameters are shown in Figure 6.4(a). When the Si membrane is actuated as
shown in (b), the deformation in the released Si membrane is very flat in the

middle. The height difference between the edge of the PhC reflector and the
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middle is also minimized to 1.7 nm. This amount of height variation is

negligible.

a) Surrounding si (unreleased) b) W1(3)=0.7 Surface: Total displacement (um) (5}

Released Si 20

PhC
Reflector

150

250 >

Figure 6.4: (a) Enhanced spring design of the Si membrane and (b)
Simulation of the Si membrane when undergoing electrostatic actuation.
All dimensions indicated are in pm.

The fabrication process flow of tunable FPF has to be changed as the two Si
layers have to be doped and metal vias created for contact pads. The proposed
fabrication flow is shown in Figure 6.5. The proposed process flow is largely
similar to that of the FPF described earlier. The main additional steps are the
inclusion of selective area doping so that the Si membranes are conductive and
can be actuated through electrostatic attraction. 1 pm of SiOx is first grown opn
the 8" bare wafer and 1 um of epitaxial Si is then deposited (Figure 6.5(a)). The
PhC reflector design is then etched on the bottom layer (Figure 6.5(b)) and the
area of the released Si is then doped through ion implantation (Figure 6.5(c)).
Care has to be taken to ensure that the area of the PhC reflector is not doped as
it will cause the refractive index of the Si to change, hence affecting the
performance of the reflector. The frame of the bottom Si reflector is then defined
(Figure 6.5(d)) and the wafer is then covered with 2 um of SiO; (Figure 6.5(e)).

CMP is then done to remove 0.2 pm of SiO; to reduce topology (Figure 6.5(f)).
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The top 1 um epitaxial Si is then grown (Figure 6.5(g)) and the PhC reflector
defined (Figure 6.5(h)). The top Si is then doped (Figure 6.5(i)) and the frame
and springs designs are then defined through DRIE (Figure 6.5(j)). The wafer is
then covered with SiO» (Figure 6.5(k)) before vias are etched into the SiO> for
metal contacts. Aluminium is then deposited and etched to form the metal pads
(Figure 6.5(1)) and the device undergoes VHF release to realize the tunable FPF

(Figure 6.5(m)).
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Figure 6.5: Fabrication process flow for tunable FPF.

6.2.3 Terahertz FPF

THz region of the EM spectrum has a great potential in the realization
of wide range of impactful applications, such as non-invasive medical
inspection, next-generation wireless communication  networks,  non-
destructive fault analysis, security surveillance, etc. [172-175]. In order to
enhance the sensitivity of the devices to surrounding environment, devices with
high Q-factor output are desirable. While the use of metamaterial is common in

the THz range, the Q-factor obtained is usually lesser than 300 [176-180]. In an
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attempt to increase the Q-factor, Chen et al. used a 1-D PhC based Fabry Perot
filter and demonstrated an output with Q-factor over 11000 [181]. This is done
through placing two mirrors which are made of three 472 um Si wafers and two
200 um of air layers. While this approach offers extremely high Q-factor, the
size of the whole device is not suitable practical usage. In order to obtain even
higher Q-factor and also to reduce the footprint of the device, we propose to
utilize a THz 2-D PhC based FPF. The designed frequency of the FPF is around
0.30 THz and hence the PhC reflector should display high reflection at around
0.30 THz as well. In order to do so, the PhC reflector is designed to have a pitch
of 530 um, the radius of the circle air hole is 213 um and the thickness is 300
um. The simulation of the THz PhC reflector is shown Figure 6.6. The reflection

peak and transmission dip are both around 0.30THz.
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Figure 6.6: Simulation of the THz PhC reflector.

In order to realize the THz FPF, the PhC reflector is fabricated and assembled
with a spacer in between to define the cavity gap. The process flow to realize
the THz FPF is shown in Figure 6.7. The process flow starts with an 8" Si wafer

which has a thickness of 725 um (Figure 6.7(a)). A 2 um PECVD SiO; is then
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deposited as hard mask (Figure 6.7(b)), followed by photolithography and
etching of the SiO (Figure 6.7(c) and (d)). The wafer is then placed for 400 um
Si etch (Figure 6.7(e)) before the PR and hard mask are removed (Figure 6.7(f)).
The PhC reflector is then realized by sticking the wafer to a Si holder before
back-grinding the wafer to 300 um thin (Figure 6.7(g)). The Si holder is then
removed by heating the wafer to 160°C. Finally, the PhC reflector is assembled

into THz FPF by using Si spacer which defines the cavity gap.

Silicon holder }
3Tﬁum
[ B
Spacer(SOOum)
E R ENEN

.Slllcon .Slllcon Dioxide .Photoresist .Siliconspacer/holder
Figure 6.7: Fabrication process flow of THz FPF.
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Figure 6.8: (a) Photogfaph and (b) SEM image of the fabricated PhC
reflector. (c) Image of the FPF which is assembled with two PhC reflectors
at the front and back.

The fabricated PhC reflector is shown in Figure 6.8(a). From the SEM image

shown in (b), it can be seen that the Si etching producing a sloping sidewall
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which is calculated to be 86.9°. The FPF is assembled with two PhC reflectors
with a Si spacer in between as shown in (c¢). The thickness of the Si spacer is
defined by performing a back-grind on a bare Si wafer. The simulation of the
THz FPF is shown in Figure 6.9. As seen, the filter peak has a high Q-factor of
around 30000 which is about three times higher than the highest Q-factor

reported in existing works.
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Figure 6.9: Simulation of the THz FPF.

Normalized Transmission

In order to characterize the THz FPF at such a high Q-factor, the measurement
setup needs to have a resolution of at least 10 MHz. Such a system is not readily
available and collaborations with external parties might have to be explored in

order to improve the situation.
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