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ABSTRACT OF THE DISSERTATION

Silicon Photonics for Sensing Applications

by

Naif Alshamrani

Doctor of Philosophy in Electrical Engineering (Photonics)
University of California San Diego, 2022

Professor Yeshaiahu Fainman, Chair

Diabetes is an incurable metabolic disease, which has a number of devastating
complications if left untreated. It is a leading cause of death worldwide and significantly
impacts the live of the patient and their loved ones. Frequent blood glucose measurements must
be taken to manage the disease, but conventional meters are invasive, painful, and create a
potential avenue for infection. Although significant research effort has been made over the years
to introduce and develop less invasive testing devices [Sensors. 19, 1151 (2019)], only one
device, which is based on fluorescence technology, was able to obtain the U.S. Food and Drug

Administration (FDA) approval (to our knowledge) [Sensors. 21, 6820 (2021)].
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The effects that confound the noninvasive sensor stem from the complex measurement
environment. The most successful approaches to navigating this sort of complexity involve the
combination of multiple complementary spectroscopic techniques in addition to advanced
analysis techniques. This combination holds the key to solving the problem of noninvasive
blood glucose sensing.

The work shown in this dissertation analyzes different photonic components that can
become an adequate candidate for such a system (e.g., a non-mechanical beam steering system,
ring grating spectrometer, FTIR spectrometer, and side lobe reduction cascaded Bragg grating
filters). While the application of broadband spectroscopy is nearly universal. The cascaded
Bragg grating filters shown here can ensure that the spectra of the ring grating spectrometer is
partitioned in a very careful way (resulting in sharp skirts). Moreover, the non-mechanical
photonic beam steering could assist with optical coherence tomography (OCT). Finally, we
propose a multifunctional photonic biosensor with information fusion. The device will leverage
recent progress on integrated spectroscopy and fiber sensors to be accurate, portable,

inexpensive, and extensible.
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Chapter 1

Introduction

Diabetes is a metabolic disease characterized by deficient insulin production or a defective
cell response to insulin, which causes abnormal level of blood glucose. Left untreated for long-
terms usually results in serious complications such as “atherosclerosis, stroke, neuropathy,
nephropathy, and retinopathy” (page 1,[1]). It is a leading cause of death worldwide and
significantly impacts the live of the patient and their loved ones. Till this day there is no cure, so
frequent blood glucose measurements must be taken to manage the disease and enhance the quality
of life. Conventional glucose meters, which are commercially available, employ disposable (single
use) testing strips. Such strips require a drop of blood for its measurement; hence the finger-prick/
finger-stick comes into play. This is a source of pain, and breaking the skin creates a potential
avenue for infection [1].

Consequently, a significant research effort has been made over the years to develop and
introduce a less invasive blood glucose testing devices [1-7]. Some approaches involve the
implantation of a subcutaneous glucose sensor which is minimally invasive. However, such
devices experience a continuous degradation of sensitivity due to protein accumulation around the
sensor, which necessitates frequent calibration. Other approaches seek to be truly noninvasive, and
employ various methods of electromagnetic wave glucose sensing, such as spectroscopy or
tomography [1]. Despite some promising results, only one device, which is based on fluorescence
technology, was able to obtain the U.S. Food and Drug Administration (FDA) approval (to our

knowledge) [7].



A successful glucose sensor must meet rigorous requirements for specificity, reliability,
stability, sensitivity, and calibration [1,7]. Additionally, environmental factors like pressure,
temperature, and motion must be accommodated by the measurement. The failure of the various
noninvasive glucose sensors arises from their ability to meet only some of the requirements, but
not others. For example, absorption spectroscopy techniques rely on complex calibration methods
to achieve the necessary specificity and have a limited penetration depth due to strong optical loss
in tissue. In contrast Raman spectroscopy is highly specific but has poor sensitivity. Fluorescence
spectroscopy has good specificity and sensitivity, but the measurements are employed on
secondary fluids such as tears or sweat, which may lag blood glucose levels [1].

The effects that confound the noninvasive sensor stem from the complex measurement
environment (i.e., the presence of many different biological molecules, contaminants, etc.).
Currently the most successful approaches to navigating this sort of complexity involve the
combination of multiple complementary spectroscopic techniques (i.e., multifunctional
spectroscopy) in addition to advanced analysis techniques (i.e., data fusion methodologies). The
rich interplay between multiple sensors and data analysis strategies has recently emerged as a key
driver for the optimization of production efficiency, quality, and robustness [8,9]. This
combination is the key to solving the problem of noninvasive blood glucose sensing.

Finally, tremendous progress has recently been made toward the miniaturization and
integration of optical spectrometers, to the point of becoming viable for commercial applications
[10]. In the context of multimodal spectroscopy and data fusion this creates a very interesting
opportunity. Namely, it should be possible to combine a variety of complementary spectrometers
on a single integrated device. Moreover, these sensors will all be driven by a unified

microcontroller that can be reconfigured between data analysis strategies based on the desired



application. Such a device would constitute a multifunctional photonic biosensor with information
fusion.

In this dissertation we mainly focused on investigating the following novel components, as
part of a multifunctional photonic biosensor: a multi-wavelength non-mechanical beam steering
system, a high-resolution ring grating spectrometer, a high resolution FTIR spectrometer, and
compact cascaded Bragg grating filters that enables high side lobe reduction.

In Chapter 2, we experimentally demonstrate a fully packaged one-dimensional beam
steering system that is based on a fully CMOS compatible silicon photonics platform. This
configuration enables multi-wavelength operation and is suitable for short-wavelength infrared
(SWIR) applications from light detection and ranging (LIDAR) to telecommunication and sensing
applications. The switching fabric in this system employs a 1x9 array of add/drop ring resonators
that are fed by a common waveguide through a single etch input grating. The switching fabric re-
directs the resonance wavelengths at each drop waveguide to the output facet at the edge of the
chip and into free space. The divergent beams that exit the waveguides along the output facet are
then collimated and magnified using an array of micro-lenses (pitch = 750 um, Diameter = 700
pum) in addition to a two lens afocal system in order to enhance the fill factor and diminish any
blind zones between adjacent beams. Each one of these drop waveguides is used to address portion
of the steering aperture. Combined together they enable steering across the entire aperture. Multi-
wavelength operation is obtained by placing individual titanium tungsten alloy (TiW) heaters on
top of each ring resonator to enable wavelength tuning [11]. This work is in full, a reprint from the
manuscript “A Non-Mechanical Multi-Wavelength Integrated Photonic Beam Steering System”,
published in Journal of Lightwave Technology, 2021, Naif Alshamrani, Andrew Grieco, Alex

Friedman, Karl A. Johnson, Myun-Sik Kim, Francesco Floris, Peter O'brien, and Yeshaiahu



Fainman [11].

In Chapter 3, we introduce and experimentally demonstrate a miniaturized integrated
spectrometer operating over a broad bandwidth in the short-wavelength infrared (SWIR) spectrum
that combines an add-drop ring resonator narrow band filter with a distributed Bragg reflector
(DBR) based broadband filter realized in a silicon photonic platform. The contra-directional
coupling DBR filter in this design consists of a pair of waveguide sidewall gratings that act as a
broadband filter (i.e., 3.9 nm). The re-directed beam is then fed into the ring resonator which
functions as a narrowband filter (i.e., 0.121 nm). In this scheme the free spectral range (FSR)
limitation of the ring resonator is overcome by using the DBR as a filter to isolate a single ring
resonance line. The overall design of the spectrometer is further simplified by simultaneously
tuning both components through the thermo-optic effect. Moreover, several ring-grating
spectrometers cells with different central wavelengths can be stacked in cascade in order to cover
a broader spectrum bandwidth. This can be done by centering each unit cell on a different center
wavelength such that the maximum range of one-unit cell corresponds to the minimum range of
the next unit cell. This configuration enables high spectral resolution over a large spectral
bandwidth and high extinction ratio (ER), making it suitable for a wide variety of applications
[12]. This work is in full, a reprint from the manuscript “Miniaturized integrated spectrometer
using a silicon ring-grating design”, published in Optics Express, 2021, Naif Alshamrani, Andrew
Grieco, Brandon Hong, and Yeshaiahu Fainman [12].

In Chapter 4, we present a design and experimental validation of a cascaded contra-
directional Bragg-grating coupler with a measured main lobe to side lobe contrast of 12.93dB.
This level of performance is achieved in a more compact size as compared to conventional

apodized gratings and a similar design philosophy can be used to improve side-lobe reduction in



grating-based mirror design for on-chip lasers and other cavity-based designs as well [13]. This
work is in full, a reprint from the manuscript “Side-lobe reduction by cascading Bragg grating
filters on a Si-photonic chip”, published in Optics Express, 2022, Sushant Kumar, Naif
Alshamrani, Andrew Grieco, and Yeshaiahu Fainman [13].

In Chapter 5, we report an advanced Fourier transform spectrometer (FTS) on silicon with
significant improvement compared with our previous demonstration in [Nat. Commun. 9, 665
(2018)]. We retrieve a broadband spectrum (7 THz around 193 THz) with 0.11 THz or sub nm
resolution, more than 3 times higher than previously demonstrated [Nat. Commun. 9, 665 (2018)].
Moreover, it effectively solves the issue of fabrication variation in waveguide width, which is a
common issue in silicon photonics. The structure is a balanced Mach—Zehnder interferometer with
10 cm long serpentine waveguides. Quasi-continuous optical path difference between the two arms
is induced by changing the effective index of one arm using an integrated heater. The serpentine
arms utilize wide multi-mode waveguides at the straight sections to reduce propagation loss and
narrow single-mode waveguides at the bending sections to keep the footprint compact and avoid
modal crosstalk. The reduction of propagation loss leads to higher spectral efficiency, larger
dynamic range, and better signal-to-noise ratio. Also, for the first time to our knowledge, we
perform a thorough systematic analysis on how the fabrication variation on the waveguide widths
can affect its performance. Additionally, we demonstrate that using wide waveguides efficiently
leads to a fabrication-tolerant device. This work could further pave the way towards a mature
silicon-based FTS operating with both broad bandwidth (over 60 nm) and high resolution suitable
for integration with various mobile platforms [14]. This work is in full, a reprint from the
manuscript “Fabrication-tolerant Fourier transform spectrometer on silicon with broad bandwidth

and high resolution”, published in Photonics Research, 2020, Ang Li, Jordan Davis, Andrew



Grieco, Naif Alshamrani, and Yeshaiahu Fainman [14].

In Chapter 6, we propose a multifunctional photonic biosensor with information fusion.
This chapter uses information from the white paper “Multifunctional Photonic Biosensors with
Information Fusion: Blood Glucose Sensing Application Case”, Andrew Grieco, Naif Alshamrani,

Prabhav Gaur, Karl Johnson, and Yeshaiahu Fainman.
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Chapter 2
A non-mechanical multi-wavelength

Integrated photonic beam steering system

2.1 Introduction

There has always been significant interest in optical beam steering and its applications,
particularly for light detection and ranging (LIDAR) applications. While the concept of beam
steering itself is not new, advancements in high volume CMOS manufacturing provide a unique
opportunity to address the demand for the miniaturization and simplification of these typically
complex systems. Conventional optical beam steering systems are often large, heavy, and
expensive primarily due to the mechanical components and bulky optics that comprise these free-
space optical systems. Typically, such aspects cannot be tolerated due to strict limitations on their
size, weight, reliability and cost [15-18]. There is a long history of research efforts directed
towards mitigating these issues [16-18]. Most recently [19], publications have focused on non-
mechanical beam steering systems based on integrating phased arrays [19,20], in which one-
dimensional (1D) and two-dimensional (2D) beam steering systems were tailored towards LIDAR
applications [21-23]. While phased array systems are an elegant solution for beam steering, the
required emitter spacing scales with operating wavelength. Compared to existing radio frequency
(RF) systems the operating wavelengths and therefore design tolerances of optical systems are on

the order of 10,000 times smaller. Practical realization of such devices is sufficiently prohibitive



that a number of alternative techniques have been pursued. One such alternative is to utilize a
planar imaging system combined with a uniform array of nanoscale optical emitters in a single
focal plane [24-26]. Compared to conventional methods [15] this approach has reduced size and
weight, relaxed coherence requirements, potential for broad operational bandwidth, improved
robustness, reliability, and superior operating efficiency. The result is an integrated, scalable,
compact, non-mechanical broadband beam steering system. Such a design has been either
proposed or demonstrated in [24-26]; however, the fill factor, defined by the ratio between the
emitted beams coverage area and the area it scans, remain an issue. In order to enhance the fill
factor to reach a value of unity or slightly larger, the blind-zones between the adjacent emitters
need to be eliminated. One approach is to expand the beams by defocusing the optical emitters
causing the beams to diverge and become larger thus eliminating the blind-zones [26]. Moreover,
it was noted in Reference [26] that the use of a larger focal length diverging lens could increase
the effective range of the beam steering device by partially compensating for the divergence.
Nonetheless, the use of a diverging beam for illumination reduces performance due to the
following issues: (i) illumination spot size with divergent illumination varies as a function of 3D
object/scene depth affecting spatial resolution, and if using multi-beam scanning it will
additionally cause crosstalk; (ii) illumination power attenuates strongly with distance from the
device, strongly limiting scanning range; (iii) to avoid these effects one could use mechanical
adjustment to keep the illumination area constant by tuning the focal distance, but this in turn will
slow down the scanning time, cause mechanical instabilities, and be subject to fatigue. An
alternative approach presented in this manuscript is to introduce a micro-lens array in the planar
imaging system, in which each individual emitting beam fills up a particular micro-lens according

to its location, thereby expanding and collimating the beam, enhancing the fill factor. Moreover,



our solution is non-mechanical, requiring no adjustment of the emitter’s location in order to
enhance the fill factor while maintaining minimally divergent illumination and resolution over a
3D object. Furthermore, it is compatible with planar lenses, such that significant weight reduction

is possible. This is analogous to the Rotman lens antenna employed in RF systems [27].
2.2 Concept behind beam steering

The basis of the 1D beam steering system that was demonstrated in this paper is similar to
that of the 2D beam steering systems reported in [24—26],where an external planar imaging system
consisting of one or more lenses is integrated with a fully packaged silicon photonic chip. The
photonic chip itself contains both a 1D switching fabric, which is an array of identical ring
resonators, and optical emitters, realized by edge emitting waveguides. The laser source is coupled
into the chip through a single-mode bonded fiber on a waveguide grating coupler and is then routed
through the switching fabric by a common bus waveguide where the resonant wavelength is
coupled to the drop waveguide of each ring resonator and then emitted into free space (see Figure
2.1). The axial position of the individual active (emitting) waveguide with respect to the optical
axis of the imaging system (see Figure 2.1) can be controlled by the corresponding individual ring
resonator switches. The waveguide output is then mapped by the optical system into the far field
as collimated beams to perform scanning function for sensing applications (e.g., LIDAR). The
angle of the output beam is determined by the axial position of the active waveguide.

In this work, the imaging system is a combination of a micro-lens array and a collimating
lens system (afocal system), in which, the micro-lens array is used to collect and collimate the
highly divergent output beams from the drop waveguides. In addition, the micro-lens array is used
to enhance the fill factor of the beams, thus diminishing blind zones caused by the distance between

neighboring output waveguides. The afocal system is then used to magnify and redirect those
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collimated beams into the far field. The transverse location of those collimated beams in the far
field is determined by the location of the output waveguides.
Next, we briefly describe the optical system to determine the relation between the optical

image in the far field, Ujnage(u, v) and the initial optical field at the output of lens-let (i.e., micro-

lens) array, Ujpitial(§ M) [26,28,29]:

1 u v
U image(uav) = MU initial [M ) M] (21)
Magnification(M ) = —% (2.2)
1

It is common in scanning systems to consider the angular resolution, 0 eso1ution @Nd the
scanning angular range, Oscanning, Which will depend on the spacing between output waveguides

in our system (emitters) and the total number of emitters on the chip, as expressed by [25]:

O resolution = tan 1(%} (23)
1

gscanning =tan _l[%j (24)
1

where f1 is the focal length of the first Fourier lens, L1 in Figure 2.1, w,.. is the distance between
adjacent edge emitting waveguides of the chip that is designed to adapt to the micro-lens array
parameters (whose pitch = 750 um, diameter = 700 um), and wy.,, is the distance between the
farthest waveguides in this design, i.e.,(N — 1)w,.., with N being the number of emitters on a chip

yielding N resolvable elements in the far field.
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Figure 2.1: Overview of a one-dimensional (1D) integrated photonic beam steering system. The angular resolution
and scanning angles are shown to be dependent to the emitter (waveguides) pitch. fm; and fm; are the back and front
focal lengths of the micro-lens array. L, and L, are the Fourier lenses, U(x,y) and Uimage(U,V) are the Fourier and image
planes, respectively. The photonic chip consists of: (a) Ring resonators, emitters (waveguides), and heaters, (b) Output
grating, (c) Input grating, (d) Bus waveguide. The beams propagating from the waveguide emitters and exiting the
lens-let array are represented by Uinitial (£,1).

2.3 Device layout and characterization

2.3.1 Silicon-on-insulator photonic chip

The beam steering chip shown in Figure 2.2 was designed and fabricated as part of a multi-
project-wafer (MPW) run at the Applied Nanotools foundry [30]. A standard silicon on insulator
(SOI) wafer with a 220-nm device layer is employed. The designed structures are patterned into
the device layer using a soft mask written by electron beam lithography (EBL) and etched by
reactive ion etching (RIE). A 2.2 um thick silicon dioxide (SiO2) top cladding layer is then
deposited by plasma enhanced chemical vapor deposition (PECVD). Titanium-tungsten alloy
(TiW) heaters are then deposited above each individual ring resonator, which allows dynamical
tuning of the switching fabric and are routed to contact pads by a titanium-tungsten aluminum bi-

layer, a cross section of one such heating element can be seen in Figure 2.3. Finally, the entire
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chip is cladded with a 300-nm thick layer of silicon dioxide (SiO2) in order to prevent metal
oxidation, which can occur under the high voltages used to tune the resonant wavelength of each
ring resonator.

As illustrated in Figure 2.2, the design consists of a focusing grating coupler that couples
the light into a 220-nm tall, 500-nm wide silicon (Si) bus waveguide. This bus waveguide is a
common input port and used to couple light into a column of identical ring resonators (1x9) with
a 5-um radius (r). The resonant wavelength of each ring resonator is then coupled to the drop port
and emitted into free space while the rest of wavelengths, which are not coupled to any of the
resonators, are remaining in the through port and are coupled out of the chip through a focusing
grating coupler. The drop ports in this design are approximately spaced by 750 um to match the

pitch of the micro-lens array.

Figure 2.2: One-dimensional (1D) beam steering system composed of: (a) Input and (b) Output couplers, (c) Ring
resonator-based switching fabric with integrated heating elements.

300 nm SiO, (protective)
500 nm Al
"1—=200 nm TiW Alloy
2.2 pm SiO, (cladding)
1220 nm Si

8 |2 um SiO, (buried oxide)

675 um Si Wafer

Figure 2.3: Cross section of a ring resonator-based switching fabric in a one-dimensional (1D) beam steering silicon
photonic system.
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Note that the feed waveguide in our device design is coupled to one or at most few of the
ring resonators (for multi-beam scanning), and can be scaled to larger sizes using a branching
topology with minimal insertion loss and cross talk. For example, similar Si photonic switching
fabrics have been demonstrated that can scale from moderate (i.e., 1024 [31]) to large (i.e., 16,384
[32,33]) number of switches, which is sufficient for practical applications [31-33]. Moreover,
with proper design optimization [31,34] it has been shown that such switching fabrics can support
insertion loss per drop port of less than 0.5 dB [34] and cross talk of -34 dB [31]. In which,

experimental losses per drop port were found to be as low as 0.28 dB [35].
2.3.2 State of the art electrical and optical packaging

This silicon photonics chip was packaged in collaboration with the PIXAPP Pilot Line at
Tyndall National Institute. For this reason, the chip needed to be designed to meet the design rules
of both Applied Nanotools and Tyndall National Institute. Therefore, the focusing grating couplers
used in this design were separated by a 250-um pitch (center-to-center) to accommodate the pitch
of optical fiber bundles. In addition, the farthest grating couplers are reserved for an optical shunt
to aid in the active alignment process used for the signal-mode fiber array. A complete listing of
design rules and layout tools are reported in other literatures [36,37].

As illustrated in Figure 2.4, the photonic chip is placed at the edge of a printed circuit
board (PCB) and is fixed onto a thermistor, which is placed on a thermoelectric cooler (TEC) that
is thermally-bonded to the back side of the PCB. This PCB consists of several tracks, which start
and end with bond-pads that are wire-bonded to pads on the photonic chip and to serial cable
connectors. An active alignment process is applied to align and bond a single-mode fiber array
(angle of incidence = 10°) to the chip, in which an index matching epoxy is used to reduce

reflections between interfaces. Finally, the entire system is electrically controlled through a ribbon
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cable connected to the serial cable connector [36].

Figure 2.4: Photonics packaging top view (top) and side view (bottom) developed with our PIXAPP partners. (a)
Ribbon cable, (b) Serial cable connector, (c) Thermoelectric cooler (TEC) wires, (d) Optical fiber array, (¢) Bond-
pads, (f) Beam steering chip, (g) Thermistor, (h) Thermoelectric cooler (TEC), (i) Packaging holder, (j) Printed circuit
board (PCB).

2.3.3 Experimental setup

A tunable laser (Keysight 81980A/81600B) is coupled to the chip through a polarization
maintaining fiber. This is then routed through the switching fabric into waveguides leading off
chip by edge termination. The emitted beams pass through an imaging system consisting of a
micro-lens array, and an afocal system, from Edmund Optics (49-241 and 49-986). The micro-lens
array consists of a column of micro-lenses (1x4) with 750 um pitch and 700 um diameter. Each
micro-lens has a back and front focal length of 1.3 mm and 1.6 mm, respectively. The collimating
lens system (afocal system) is composed of two 9-mm diameter double-convex lenses L1 and L»

with focal lengths of 9 mm and 36 mm, respectively (see Figure 2.1). In the far field, an infrared
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(IR) camera (FLIR A2600sc) is used to detect and analyze the output field profiles. A power sensor
(Keysight -formerly Agilent- 81635A) is used to measure the transmission on the pass-port of the
switching fabric thereby identifying the resonant wavelengths for all nine ring resonator as shown

in Figure 2.5.

2.4 Experimental results and discussion

2.4.1 Thermal tuning the resonance wavelength

Nine ring resonators of nominally identical path length are used to form the switching
fabric of this system. In principle and according to the Lumerical MODE -2.5D varFDTD-
simulations all of those ring resonators should have an identical resonance wavelength in the short-
wavelength infrared (SWIR) spectrum. However, due to the large spacing between individual ring
resonators (i.e., spacing approximately 750 um), random fabrication variations lead to random
changes in the resonant wavelengths as measured in Figure 2.5. Such a variation was anticipated
at the design stage, and therefore heaters were employed in order to tune the ring resonators to

operate at a common resonant wavelength as illustrated in Figure 2.6.

Ring Resonators (Pass Port)

-20

o
n

Transmission [dBm]

1476.5 1476.8 1477.1 1477.4 1477.7 1478
Wavelength [nm]

Figure 2.5: Measurement of the transmission spectrum of nine add-drop ring resonators (r=5 pum). The numbers (1 to
9) represent the various resonances for different ring resonators in this design. The measurement took place at room
temperature therefore a small wavelength shift occurs compared to Figure 2.6.

Figure 2.5 shows that some resonance peaks have a higher extension ratio (ER) than others.
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This effect can be explained by the overlapping of two closely lying resonances (e.g., ring 6 and
ring 8) therefore resulting in a higher ER. This was verified by separately tuning the overlapping
resonances (see Figure 2.6). The total ER variations are mainly dependent on the spectral
variations in coupling efficiency of the input grating.

Ring Resonator (8)
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Figure 2.6: Measurement of the transmission spectrum of nine add-drop ring resonators (r=5 pm) while only tuning
ring 8. The measurement took place at room temperature therefore a small wavelength shift occurs compared to Figure
2.5.

The thermo-optic effect allows changes in temperature to induce changes in resonant
wavelength of the ring resonators through changes in the effective index of the guided mode, see
Equation 2.5 [38,39]. Typically, the figure of merit for thermally tune ring resonators is listed in
heater power required per nanometer of shift in resonant wavelength. For example, similar
thermally tuned ring resonator designs achieve values of 6.19mW/nm [40,41]; however, this metric

can be significantly improved by introducing thermal isolation trenches [41]. From the thermal

1.47mW

. . . . AP ..
tuning of ring resonator 1 which was measured, we can estimate our - coefficient to be T

8.65%Which can allow us to estimate the required heater power to shift ring 1 to ring 7 (the

furthest two resonances) to be 1.29nm * 8.65 % = 11.15 mW. By comparing this to the Applied

Nano tools reported average failure power for a 10um radius, 4um wide heater of 344.51mW +

50.02mW [42]we see that such a shift is easily achievable. Accordingly, the ring resonator thermo-
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optic response may be described as follows:

d_ﬂf_idneﬁ _idneﬁ%
dT ny, dT  ng dn dT

(2.5)

where nesf is the effective refractive index, ngis the group index, and A is the wavelength. Thermal
tuning is an important feature, because it allows mitigation of random fabrication variations, i.e.,
if the ring resonances could not be fully tuned and detuned to the same wavelength, then there

would either be unwanted cross talk in the far-field beam, or blind spots in the scanning range.
2.4.2 Operation without micro-lens

Experimental validation of device performance began by detection the field profiles in the
absence of micro-lenses. In this demonstration, the emitting waveguides of the silicon photonic
chip are placed at the focal position of the first Fourier transform lens (L1) in the afocal system. In
this configuration, the afocal system offers 4 times of magnification (4x) such that only 2
waveguides can be simultaneously imaged within the field of view of the FLIR camera. Therefore,
verification of all outputs requires horizontal translation of either the camera or the experimental
device. As shown in Figure 2.7, all the emitting waveguides were alternately tuned to their
resonance wavelength and are detected by the FLIR camera.

In Figure 2.7, minor scattering irregularities (e.g., ring 1) can be observed in the
transmission of certain waveguides. These arise from imperfections in the diced edge of the
photonic chip due to the use of a mechanical dicing tool (Disco Automatic Dicing Saw 3220). This
saw based dicing process results in a rough edge facet and thus in a varying degree of scattering.
In addition, background noise appears in the center of the chip (e.g., ring 4, 5, and 6). This
background noise is most likely from scattering of uncoupled light coming from the input grating

couplers, which is centered in the direction of those waveguides as shown in Figure 2.2.
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Regardless, the absence of the micro-lenses clearly illustrates the problem of fill factor. The blind
zones between adjacent waveguide emitters will impact the beam steering of such a system and

influence the fill factor ratio as follows:

Nspot'Ds'M
Dst-M

Fill factor = =0.001% (2.6)

where Nspot, Ds, M, Dst are defined as the total number of emitting waveguides, the waveguide
dimeter, the magnification of the afocal system, and the distance between the farthest emitting

waveguides, respectively.

Figure 2.7: Infrared (IR) camera measuring the resonance wavelengths of a 1 by 9 array that is emitting into to free
space through the drop waveguides of each ring resonator (without micro-lenses): (a) Ring 1, (b) Ring 9, (c) All 9
rings (composite image).

2.4.3 Blind-zone elimination

In order to enhance the fill factor, the blind-zones between adjacent emitters need to be
diminished. One approach is shown in [26], where the optical emitters were defocused from the

back focal plane of the first Fourier lens (L1). The intention is to broaden the far field image by
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diverging the incoming beam and thereby eliminate the blind-zones. This solution focuses on a
single depth plane of interest, which illuminates with a beam that is either converging or diverging.
Extending it to other depths would, therefore, require mechanical manipulation to adjust the focal
plane, where the beam has minimum spot size. Consequently, the size, weight and power
consumption of the total device will be affected. The alternative approach explored in this work
employs collimated beams such that no mechanical manipulation is necessary. Additionally, the
array of micro-lenses introduced here expand the emitted beams thus enhancing the fill factor by
reducing blind-zones as shown in Figure 2.8 and Equation 2.7.

Despite the inclusion of the micro-lenses, the non-uniform light intensity caused by the
reflections and the background noise are still observed, but here clearly using micro-lenses as
illustrated in Figure 2.8 (e.g., ring 3, 5, and 7), the optical field is expanded to avoid blind-zones
in the far field. In order to confirm that the stray light around the center rings arises from unwanted
scattering from the grating, ring 5 was turned on and off by tuning the resonance wavelength as
shown in Figure 2.9. It clearly shows that the scattered noise only occurs within the proximity of
the grating coupler. In future designs the light intensity issue can be avoided by placing the input
grating at a different location and designing a more efficient edge coupler with a 1.4 dB loss (fiber
to silicon waveguide) [43] in contrast to a 6-7 dB loss in the currently tested device (fiber to silicon
grating). Any remaining stray light can be eliminated by introducing silicon pillars in the currently
un-patterned space on the chip in order to scatter any undesired noise away from the beam [44—
46]. Finally, the beam overlap between adjacent emitting waveguides is a result of inherent

inaccuracies in the placement of the micro-lens array at a distance fm1 (see Figure 2.1) in the setup.
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Figure 2.8: Infrared (IR) camera measuring the resonance wavelengths of a 1 by 9 array that is emitting into to free
space through the drop waveguides of each ring resonator (with micro-lenses): (a) Ring 1, (b) Ring 9, (c) All 9 rings
(composite image).

N ienses * Di1- M

Fill factor =
I:(N lenses * DI)+((N lenses — 1 ) DML)]' M

~94.01% 2.7)

where Nienses, D1, M, and Dw are the total number of micro-lenses, the micro-lense diameter, the
magnification of the afocal system, and the gap between the adjacent micro-lenses, respectively.
Finally, by solving Equation 2.3 and Equation 2.4 a scanning angle, or field of view (FOV), of
33.7° and an angular resolution of 4.77° is determined.

According to the Lumerical FDTD simulations, it's important to emphasize that the
divergent beams (Odivix2) = 43.5° and Odivyr2) = 52.8°) exiting the emitters are leaked into the
neighboring micro-lenses (see Figure 2.1). However, those beams are collimated with an angle
(6c = 30°) thus missing the Fourier lens (L1) of the afocal system. Consequently, no cross talk
occurs between adjacent emitters at the image plane. Such a dilemma could be resolved by
fabricating the device on a silicon on insulator (SOI) platform with a 3 um device layer [47] in

addition to inverse tapering the waveguide emitters to larger widths thus minimizing the
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divergence angle (O4iv) in both axes.

Figure 2.9: Infrared (IR) camera measuring the resonance wavelengths of ring 5 (left) with and (right) without
resonance light emitting.

2.5 Future work

The next phase of this work will be to demonstrate a fully integrated 2D beam steering
system that offers a much higher packing density [24]. The proposed architecture consists of four
discrete functional layers as shown in Figure 2.10(a). The first layer is a planar imaging element
that transmits, orients, and collimates beams that are emitted from different locations on the chip.
This element could be realized by a single graded index Fresnel zone plate [48], or alternatively a
single 2D micro-lens array (commercially available from Axetris down to a pitch of 10 pm and
diameter of 9 um) with an afocal system as shown in this paper. The second layer is a silicon
device layer which consists of emitters (e.g., vertical couplers) and a switching fabric (e.g.,
waveguides and ring resonators). High density vertical couplers can be formed out of plasmonic
antennas or angled terminated waveguides [47]. The third layer is an electrical control system layer
used to tune the individual heaters placed on the switching fabric. The final layer is an
environmental stabilization layer that monitors and compensates for any environmental
temperature fluctuations. The approximate size of each layer including the substrate will be on the
order of 1mm. Since the emitters occupy the entire plane, arbitrary 2D illumination can be realized

(see Figure 2.10(b) for an example of how a single row in a 2-D beam steering system could be
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swept across the center plane of the device, full 2-D beam steering can be accomplished by
activating other rows).

The design shown in Figure 2.10(a) is highly modular and can be extended to multi-beam
operation through the addition of additional stacked device layers. Such a system can be envisioned
as a vertical cascade of independently operating narrowband unit cells (see Figure 2.11). This
arrangement is possible due to the fact that the diffractive lens system in each layer can be designed
to have an additional phase mask that accounts for the unwanted phase modulation induced by the
transmission through the subsequent layers in the stack. Such an approach would enable a wider
range of bandwidths of operation in which the focal length of the imaging system varies according
to the wavelength. From there, as illustrated in Figure 2.11, a set of emitter arrays could be
simultaneously operated according to the wavelength and its focal plane. The additional device
layers can be composed of any CMOS compatible optical material, such as silicon nitride (SizNa),
which is optionally available at most commercial SOI photonics foundry runs, and operates over
a broader SWIR window than silicon. The design in this manuscript is simple to extend to other
wavelengths, requiring only minor adjustment to the constituent elements such as couplers,
switching fabric and micro-lenses. Likewise, the performance should be similar to the

experimental performance of the device in this manuscript.
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Figure 2.10: Architecture of the beam steering system: (a) Breakdown of the unit cell subsystems. (b) Angular steering
is performed by sequential activation of the individual emitter elements. The emitted radiation is collimated in each
direction by the diffractive lens system.

Since the switching is performed in a non-mechanically manner, the device lifetime could
be comparable to that of integrated CMOS circuitry and the estimated performance of such a

system is summarized in Table 2.1.
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Figure 2.11: Independent stacked unit cells.

Table 2.1: Estimated performance of the 2D beam steering system

Device Parameter Estimated Performance
Switching Time 10 ps
Switching Power 100 uW
Scanning Angle >120°
Angular Resolution 05°

: SizN4/SiO2: 300 nm — 3.5 um
Bandwidth Si/SiOz: 1.2 um — 5 um
Maximum CW Beam Power >20 mW

2.6 Conclusion

In this work we demonstrated a fully integrated 1D beam steering system that operates in
the SWIR spectrum in the range of 1476.83 nm - 1478.12 nm. It consists of an external planar
imaging system in addition to the silicon photonic switching fabric. The switching fabric was
composed of an array of identical ring resonators (1x9), which couple and emit the resonance
wavelengths into free space. The scanning angle and angular resolution are directly dependent on
the position of the individual waveguide emitters with respect to the optical axis of the imaging
system. In addition, a micro-lens array was introduced in the imaging system to enhance the fill

factor by reducing the blind zones between adjacent emitters. The system offered a scanning angle
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of 33.7° and an angular resolution of 4.77°. Future work can continue to provide further
optimization, and yield higher packing densities, even larger fill factors, scanning ranges, and

angular resolution.
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Chapter 3
Miniaturized integrated spectrometer using

a silicon ring-grating design

3.1 Introduction

Spectroscopy is of fundamental importance to scientific disciplines ranging from physics
[49] to chemistry [50] and biology [51]. The technological applications are just as vast, including
medical research [52], telecommunications [53], and remote sensing [54]. Consequently, a
commensurate effort has been made to refine and improve spectrometers [10].

The development of silicon photonics in the telecom NIR bands is a promising avenue for
the development of miniaturized spectrometers, overlapping with many chemical absorption bands
in the near- and mid-infrared spectral ranges [55,56]. There are many anticipated benefits of
photonic integration, including reduced size and weight, reduced noise, increased sensitivity
[10,57], simplified environmental stabilization, and reduced power consumption [10]. Finally, the
availability of silicon photonics foundries provides a clear path for low-cost commercialization
and successful designs.

Recently a variety of integrated spectrometers have been demonstrated [10,57-59]. The
most notable designs operate in ways that mimic conventional spectrometer designs employing

dispersive optical elements [54,60], as well as several variations based on Fourier transform
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Figure 3.1: Conceptual schematic diagram of the ring-grating integrated spectrometer: (a) Breakdown of a single unit
cell (e.g., unit cell 1), where the distributed Bragg reflectors (DBRs) are designed such that the cross coupling band
matches that of the ring resonator, thus a segment of the input signal is redirected towards the add-drop ring resonator
while the remaining spectra passes through (DBR through port). The ring resonator then acts as narrowband filter
hence permitting the resonance wavelength to couple into the ring drop port while the remaining wavelengths
propagate towards the DBR drop port (red arrows indicate the path traveled by the optical signal). (b) Several unit
cells can be cascaded in order to cover a wider spectral range, where each unit is designed to cover a portion of that
spectral. (c) Lumerical MODE - 2.5D varFDTD simulation of two cascaded unit cells with approximately 300 period
gratings at different center wavelengths (Ac1 = 1542.1 nm and A, = 1563.9 nm). For completeness, the self-stop bands
outside the operating bandwidth of unit cells one and two are 1588.8 nm and 1610.8 nm, respectively. These stop
bands can be pushed further through dispersion engineering that maximizes the difference between nesr1 and Nesrz
according to Equation 3.2 and Equation 3.3.

spectroscopy [57,61]. Nonetheless, the integrated platform introduces unique constraints that pose

28



a challenge to a direct miniaturization of conventional designs. In particular, the presence of
dispersion and thermo-optic nonlinearity in silicon complicates the analysis of Fourier transform
based devices, whereas there is much more complexity addressing the high-density integrated
detector arrays required by grating based devices.

In this manuscript we introduce and demonstrate an integrated chip-scale spectrometer that
has the advantage of being more resistant to thermal drifts. The ring-grating spectrometer
presented here is made more resilient through the distributed waveguide Bragg reflector design
(DBR) and its large bandwidth which will always match that of the ring resonator even in the event
of some drift. The ring-grating spectrometer here is formed by combining a narrow-band filter
realized by an add-drop ring resonator with a broadband filter that consists of a distributed
waveguide Bragg reflector (DBR) as shown in Figure 3.1 [39,62,63]. Compared to conventional
spectrometers, this design realizes a chip-scale spectrometer with high spectral resolution,
extinction ratio (ER) and spectral throughput. Moreover, the fabrication process for this
spectrometer is compatible with processes available at global CMOS foundries, offering a direct
route to cost-effective fabrication. The ER and spectral resolution characteristics of this device are
determined by the ring transmission (at drop port) and the Q-factor, respectively. The device shares
the advantages of other individually addresses pixel detector designs, in the sense that the gain of
the individual pixels can be adjusted for optimal dynamic range. This compares favorably to
conventional dispersive spectrometer designs that employ CCD detector arrays. This is due to the
gain limit of the detector array is the same across all the pixels. In the common scenario that
adjacent pixel’s rows are exposed to differences in power density (each row corresponding to a
different wavelength), this manifests as a dynamic range limitation. This is because the maximum

gain of the lower power pixel rows is limited by the highest power pixel row. Moreover, when
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comparing the work shown in this manuscript to a planar echelle grating spectrometer it is clear
that the latter one consists of static arrays and the number of detectors required to realize high
resolutions will not only result in a larger number of detectors but while also demand a large
footprint [10]. In contrast, the ring-grating spectrometer shown here uses the same detector and is
capable to tune over reasonable bandwidth (i.e., 30 nm) with the resolution of the ring resonator.
Furthermore, the fundamental device unit cell (illustrated in Figure 3.1) can be stacked in series
to cover additional spectral bands in support of broad band applications. This can be done by
centering each unit cell on a different center wavelength such that the maximum range of one-unit
cell corresponds to the minimum range of the next unit cell. This is quite useful in the event that
the maximum spectral range provided by the tuning mechanism is smaller than necessary [62].
The thermo-optic effect in both components is essentially identical therefore both elements can be
thermally tuned simultaneously hence simplifying the overall design and enabling the capability
to shift transfer functions of both filters thus apodization of the Bragg grating is unnecessary [62].
Finally, in comparison to FTS the ring-grating spectrometer shown here can offer sub-nm
resolution with a small footprint design while FTS demands huge footprint design (i.e., mm’s of

waveguide).
3.2 Operating principle of the ring-grating spectrometer

The miniaturized spectrometer shown here (see Figure 3.1) employs a DBR in
combination with and an add-drop ring resonator in order to perform a spectral interrogation over
the short-wavelength infrared (SWIR) spectrum. The DBR functions as broadband filter and is
designed by utilizing the cross-coupling Bragg condition [63]:
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where B, is the propagation constant of waveguide one (WG3), S, is the propagation constant of
waveguide two (WG2), A is the sidewall grating period for both waveguides, A¢ is the center
wavelength of the drop band resulting from contra-directional coupling occurring between the two
corrugated waveguides. In this design, the center wavelength of the contra-directional coupling in
each waveguide is determined by the effective indices (n1 and n2) and can be engineered by
modifying the width of WGy, the width of WG, and the grating periods (A), such that the cross-
coupling band of the static Bragg grating centered at Ac matches that of the ring resonator. The four
port DBR configuration also has two backward coupling Bragg conditions (self-stop bands) [63]:

27

2/3,( ) = 3.2)
27
2/8,(22) = (3.3)

where A1 is the center wavelength of the back-ward coupling (stop band) in WGj, and X2 is the
center wavelength of the backward coupling (stop band) in WG,. When the left and right
waveguides have different widths, the propagation constants 8, and 8, will be different, and these
bands will be centered far above and below the cross-coupling band. Consequently, they will not
interfere with the operation of the device. Moreover, it should be noted that for operation with
cascaded multiple unit cells all of them will need to be designed to have these self-stop bands
outside the operating bandwidth of the spectrometer. The resonant wavelength (Ares) and the free
spectral range (FSR) of the add-drop ring resonator filter is determined by the effective indices

and the ring size Equation 3.4 and Equation 3.5 [39].

Ares :% (34)
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where Ares is the resonance wavelength of the add-drop ring resonator, nes is the effective index of
the add-drop ring resonator, ngis the group index of the add-drop ring resonator, m is the mode
order of the resonance wavelength (i.e., m=1, 2 ...), and L is the length of single round trip in the

ring resonator (defined as 2znr, where r is the radius of the ring).
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Figure 3.2: Analytical model of the spectral response of an ideal (a) Distributed Bragg reflector (DBR) in which the
center wavelength of the contra-directional coupling is at 1550 nm and the effective index of the static Bragg grating
is 2.583 (nper). (b) Add-drop ring resonator (radius = 5 pm) in which the resonance wavelength is at 1550 nm and the
effective index of the ring is 2.5 (nring). (C) Distributed Bragg reflector (DBR) and ring resonator (combined).

The overall performance of the DBRs, the add-drop ring resonator, and the DBRs
combined with the ring resonator are designed using COMSOL to numerically determine the
optical mode parameters of the structure. Through contra-directional coupling, the ideal two
waveguide DBRs act as a broadband bandpass filter (Ac = 1520 nm) according to Equations (3.1-
3.3), while the ideal add-drop ring resonator provides high resolution spectral lines that are spaced
according to Equation 3.5. When combining both elements the device behaves as a notch filter
thereby isolating a single ring resonance, hence performing spectral interrogation. Figure 3.2 is
an analytical model of how a device with the following parameters should ideally perform for Ac
= 1550 nm, A = 300 nm, nper = 2.583, Aes= 1550 nm, Q-factor = 9.693x10%, nring = 2.5. The

sidelobes in this case do not impact the operation of a cascaded device since they do not appear
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outside the maximum thermal tuning bandwidth. However, in a hypothetical design where they
might be problematic, we note that the sidelobe suppression ratio (SLSR) can furtherly be
optimized to become less than -25 dB by implementing an apodization design similar to that shown

in Reference [64].

3.3 Device layout, fabrication and characterization

3.3.1 Silicon-on-insulator photonic chip

The miniaturized ring-grating spectrometer investigated here was designed and fabricated
in a similar manner to that described in Reference [65], where a standard silicon on insulator (SOI)
chip with a 250 nm device layer is employed. The designed structures are patterned into the device
layer using a hydrogen silsesquioxane (HSQ) resist written by electron beam lithography (EBL)
and etched using reactive ion etching (RIE). A 2-3 pm thick silicon dioxide (SiO.) top cladding
layer is then deposited by plasma enhanced chemical vapor deposition (PECVD). As illustrated in
Figure 3.1, the miniaturized spectrometer consists of an add-drop ring resonator (radius =5 um)
and static Bragg gratings. The width and the height of WG is chosen to be 500 and 250 nm,
respectively. The width and the height of WG, and the ring resonator-based add-drop filter
waveguides are chosen to be 400 and 250 nm, respectively. By periodically modulating a portion
of the WG sidewalls by amplitude of 50 nm and the WG sidewalls by amplitude of 40 nm,
respectively the two DBR mirrors are created (see Figure 3.3). The two DBR mirrors are separated
by a 250 nm gap and are formed out of 914 periods with a grating period, A=314 nm. The effective
indices (n1 and ny) for both DBR waveguides (WG: and WG2) were numerically found to be
2.535352 and 2.311079, respectively. These values are in good agreement with the theory Equation
3.1 in which the grating period was calculated and was found to be 313.6 nm. All input and output

ports are tapered down to 170 nm in order to enhance the mode conversion during the edge
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coupling of the input signal. Finally, since the thermo-optic effect in both structures are essentially
identical there is no need to deposit large heaters (e.g., titanium-tungsten alloy) in order to tune

the wavelength instead the entire chip is heated.

Figure 3.3: The uncladded scanning electron microscope (SEM) images of: (a) Distributed Bragg reflector filter
(image scale 500 nm) (b) Add-drop ring resonator (image scale 10 um).

3.3.2 Experimental setup

The characterization of the miniaturized spectrometer was performed using an upgraded
version of the setup to that described in [65] (see Figure 3.4). A multifunction 1/0 device (USB-
6212 by National Instruments) was integrated into the setup thus enabling the capability towards
faster automation of the measurements by means of sweeping the laser wavelengths through a
MATLAB program, which controls the trigger of both the source and the photodetector
simultaneously. In addition, a temperature control device (TED200C by Thorlabs) is introduced
to monitor and control the overall temperature on the chip through the thermoelectric cooler (TEC)

and a thermistor located in close proximity to the sample.
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Figure 3.4: Setup used to characterize the sample.
3.4 Measurements and discussions

Due to fabrication variations (e.g., sidewall roughness, geometric deviation, etc.) shifts in
the center wavelengths (Ac, A1, and A2) of the distributed Bragg reflectors and the resonance
wavelength (Ares) of the add-drop ring resonator are anticipated. Figure 3.5 shows a noticeable
shift of the center wavelengths of the stop band of the contra-directional coupling (DBR drop port)
centered at 1516.2 nm (Ac) while the resonance wavelength (Ares) Of the add-drop ring (ring drop
port) is found at 1515.1 nm. The overall experimental spectral resolution and ER were found to be
0.121 nm and 19 dB, respectively (illustrated in Figure 3.6). Although the minimum insertion loss
was found to be 27.7 dB in the current unpackaged device, it can be substantially decreased by
implementing optical packaging with low loss couplers (i.e., to around 0.8-1.4 dB insertion loss
[43]). Moreover, the time of acquisition of such a device can be made on the order of 1 ms as in
Reference [66]. The design has a rich optimization space. The overall resolution can be

substantially improved by employing a higher Q-factor ring resonator into the design, although
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this must be balanced against a decrease in the SNR since the transmitted power will decrease. The
ER aspect can be enhanced by lengthening the DBR elements or increasing the ring resonator Q-
factor. Furthermore, depositing individual heaters on each element for future designs can rectify
any local fabrication error for each of the individual elements hence enhancing the overall ER in
the sense that the ring (i.e., Ares) can be tuned towards the center of the DBR stop band thus enabling
higher transmission (see Figure 3.5).

The discrepancy between the analytical model and the fabricated DBR (e.g., drop port and
through port intensity) arises due to one of the following reasons: (i) the realignment of the fiber
during each measurement; (ii) the misalignment of the fiber due to the thermal expansion [57];
(ii1) different propagation length for each port (e.g., Through port = 0.525 mm and Drop port =
0.671 mm) indicating different propagation losses in which the waveguide loss and DBR loss are
known to be 4.5 dB/cm [67] and 6 dB/cm [68], respectively; (iv) possibility of small random
fabrication defects on the waveguides in addition to rough facets from dicing the sample which

cause losses.
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Figure 3.5: Experimental characterization of the fabricated ring grating spectrometer at 54.98 C°.

36



We use the thermo-optic effect in silicon to thermally tune the central wavelength of the
stop bands (Ac, A1, and A2) and the resonance wavelength (Ares) Of the ring resonator. Since the mode
is highly confined, the thermo-optic effect in both structures are essentially identical,
where‘”d’% =0.113 == and dl;% = 0.115 ==, hence both elements can be simultaneously

tuned. Moreover, CMOS compatible devices can tolerate high temperatures (i.e., 525 C°) [69]

hence tuning the free spectral range (FSR) of ring grating spectrometer (i.e., 30 nm) is quite

achievable.
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Figure 3.6: (a) Temperature dependence of the ring grating spectrometer response. (b) Spectrometer response at 54.98
C° showing a FWHM of 0.121 nm. Here the spectral response of the ring was fitted with a Lorentzian function hence
xo and I were used as the ring resonance wavelength (i.e., 1515.1 nm) and its full width half maximum (i.e., 0.121
nm), respectively. (c) Spectrometer response around 54.98 C° showing an extinction ratio which is approximately 19
dB given optimal coupling.

The simulation results clarify that fabrication tolerance of +20nm accounts for
approximately -29.3 nm and 33.4 nm shifts in the stopband center, respectively. Similarly, the ring
resonance shifts by -31.8 nm and +40.2 nm, respectively. To compensate for this an additional unit

cell can be added above and below the nominal design to cover the desired spectrum, while the
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ring resonance could be compensated by a local heating element. Smaller errors could be

compensated by local thermal tuning alone.
3.5 Conclusion

In this work we demonstrated a miniaturized integrated ring-grating spectrometer that
operates in the short-wavelength infrared (SWIR) spectrum which enables high spectral resolution
(i.e., 0.121 nm) and high extinction ratio (i.e., 19 dB). Although the minimum insertion loss was
found to be 27.7 dB in the current unpackaged device, it can be substantially decreased by
implementing optical packaging with low loss couplers (i.e., to around 0.8-1.4 dB insertion loss).
The device layer consists of an ordinary add-drop ring resonator (radius = 5 um) in addition to a
distributed waveguide Bragg reflector. The Bragg reflector employs a pair of waveguide sidewall
gratings that form a broadband filter (i.e., 3.9 nm) which redirects a specific spectrum into an add-
drop ring resonator, which behaves as a narrowband filter (i.e., 0.121 nm). The thermo-optic
coefficients in both elements are essentially close to each other therefore both elements can be
simultaneously tuned to analyze the spectra. The device is far more robust to local temperature
variations than CROW devices, which are the nearest alternative. Furthermore, several unit cells
with different central wavelengths could be stacked in a cascade in order to cover a broader
spectrum bandwidth. The spectral resolution and ER of the device can be further improved by

employing a higher Q-factor ring resonator in addition to lengthening the DBR element.
3.6 Acknowledgments

This chapter is in full, a reprint from the manuscript “Miniaturized integrated spectrometer
using a silicon ring-grating design”, published in Optics Express, 2021, Naif Alshamrani, Andrew
Grieco, Brandon Hong, and Yeshaiahu Fainman. The dissertation author was the first author in

this manuscript and Yeshaiahu Fainman was the principal investigator. The authors would like to

38



thank Greg Vanwiggeren and Ryan Scott at Keysight for their fruitful discussions, and the Nano3
Staff at UCSD for their assistance during sample fabrication. Naif Alshamrani would like to thank

King Abdulaziz City for Science and Technology (KACST) for their support during his study.

39



Chapter 4
Side-lobe reduction by cascading Bragg

grating filters on a Si-photonic chip

4.1 Introduction

As silicon photonic devices continue their drive into the mainstream applications, the need
for high contrast, compact Bragg-grating devices is ever-present. These devices offer great
potential for large scale photonic integration due to their small foot-print and low fabrication costs
in addition to flat-top response, low insertion loss and wavelength tunability. Over the years there
have been tremendous efforts to design and optimize such optical filters [64,70-78]. One example
is the all-pass filter decomposition approach by Madsen which has a large footprint and high
fabrication complexity. In addition, many designs based on apodised Bragg gratings show
excellent main-lobe to side-lobe contrast [64,70,79], but such devices achieve the high contrast at
the expense of broadening the main lobe and increasing the device length. As shown by the prior
work done in [70] and [64],the apodised designs are not only long (approaching 1 mm in length)
but also compromise the bandwidth and spectrum profile.

This behavior is not surprising or novel. It was discussed extensively in Kogelnik’s original
work [80], where it was shown that for a same device length the side-lobe reduction is achieved at
the expense of higher peak coupling coefficient of the grating and wider main lobe. It should be

noted that the peak coupling in a grating can’t be increased arbitrarily, since the theoretical model
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relies on Perturbation theory to apply Coupled-mode equations. In [80] it is also shown that such
devices are very sensitive to fabrication tolerances. In [80] when comparing Blackman and Kaiser
apodization window functions, it is demonstrated how the two differ by less than 1% but their side
lobes differ by 16 dB. In addition, to achieve lower side lobes the apodization needs to be
extremely smooth which results in bigger device footprint, and which can be difficult to fabricate
in commercial foundries. Additional relevant numerical calculations and simulations can be found
in [81,82].

In this manuscript, we propose and experimentally demonstrate a novel method for
reduction of side lobes via cascaded contra-directional couplers (CDCs) utilizing Bragg gratings.
As opposed to previous demonstrations, where such reduction is achieved via apodization of the
Bragg grating, we design non-similar gratings in each of the contra-directional couplers. Each
coupler is designed so that the null of the main lobe of the first grating coupler, overlaps with the
peak of the side lobe of the second grating coupler. In our experiments, the gratings were tuned

thermo-optically to match their central frequencies.
4.2 Theory and design

The effect of the periodic perturbation on a waveguide can be described by coupled-mode
theory, which is noted in [83]. According to the coupled-mode theory the main effect of a periodic
perturbation is to transfer energy from one mode to another. Such a transfer occurs when a
difference between the mode wavenumbers is equal to that of the grating wavenumber, which is
also known as the phase matching condition. Moreover, the strength of the coupling is determined
by a quantity known as the coupling coefficient, which depends on the overlap between the
interacting modes and the perturbation. For example, the periodic perturbation in direction of

propagation X, the perturbation in permittivity can be decomposed into a Fourier series as follows
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[82-84]:

27X

Ag(X, y,z):ZIAgI(y,z)exp(—ilTj (4.1)

where A is the period of the perturbation, € refers to the permittivity, [ indicates the order of the
Fourier series term in consideration, x, y and z are the cartesian coordinates. This can then be used
in Equation 4.6 to determine the coupling strength between the modes of interest. In this work,
only the first order perturbation term was taken into consideration and the periodicity of
perturbation for each set of contra-directional couplers was set using Equation 4.7. The
propagation constant (;) and the electric field profiles required for each mode in consideration
can be calculated using any electromagnetic mode solver (i.e., LUMERICAL MODE). Once those
above quantities are obtained, they can be substituted in Equation 4.6 and Equation 4.7 to obtain
the coupling coefficient k;,,,, and the periodicity of the perturbation A. Since wider waveguides
have more confined modes, the overlap between modes is reduced. Finally, the differential

equations govern such interactions are shown below [70,83,84]:
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Where ki1, k22, k12 are the coupling coefficients, * symbolizes a complex conjugate, A; & B, are
forward propagating modes in each waveguide pair, while A, & B, are backward propagating

modes. For CDCy, A4,, represent the modes in WG; while B,,, represent modes in WG». Similarly,
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for CDC, A,, represent the modes in WG while B, represent modes in WGs. The methodology
for solving above sets of coupled mode equations can be found in [70,83,84]. The above equations
can be solved numerically, and the coupling coefficients can be varied to obtain the desired
spectrum for each CDC. As mentioned before, the coupling coefficient can be tuned via multiple
parameters like the gap between waveguides, the width of waveguide pairs, amount of
perturbation. Then each individual CDC can be designed and simulated via FDTD or similar
method to verify the functionality of the device and make any final adjustments before fabrication.
In this case, only the waveguide width (WG1 & WGs) was altered and all other parameters except
periodicity were kept identical for each CDC to minimize the effects of any fabrication
variations/errors.

In general, two-phase mismatched modes don’t undergo significant coupling. To transfer
power between such modes, a Bragg grating based coupler relies on periodic perturbations. The
perturbations determine the strength of coupling between the modes while the periodicity is chosen
to compensate for the phase mismatch between the modes under consideration. The response of
such devices usually consists of a strong main lobe and side peaks at frequencies that are unwanted
in the design. Coupling strength is a primary contributor to the strength and the width of the main
lobe. But, at the same time the strong coupling also contributes to the strength of the unwanted
side lobes. To overcome this, devices with weaker coupling strength can be engineered [80,82].
Another solution is to apodize the coupling coefficient over the device length [64,70,79,80]. In
such cases, the device length is increased significantly while also making the devices more
susceptible to fabrication errors.

The device in consideration consists of three dissimilar waveguides on 220nm Silicon on

Insulator (SOI) platform. They are enumerated as Waveguides 1, 2 and 3 and will be referred to
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as WG1, WGz, and WGz from now on (see lay out shown in Figure 4.1). The dissimilar waveguide
widths ensure phase mismatch between TEo modes of the closely spaced waveguides and hence
there is little to no co-directional coupling as the light propagates in any of the waveguides. The
Bragg structures are obtained by creating perturbations in WG and WGs similar to these in [63].

The coupling between relevant modes can be calculated by [82]:

ol Ag (y.2)(EwEn) dydz
" 2fle(EnH;) dydz

(4.6)

Here k;,,,, describes the strength of coupling between the n'" mode and m™ mode due to
the 1 ™ order perturbation term, Em refers to the electric field associted with the m™ mode, En refers
to the electric field associted with the n' mode, Hn refers to the magnetic field associted with the
mode En, * symbolizes a complex conjugate, w refers to the angular frequency of the optical field,
€ refers to the permittivity, [ indicates the order of the Fourier series term, X is the direction of
propagation while y and z are coordinates in the transverse plane. It should be noted that in such
devices, every mode strictly speaking interacts with every other mode. But over long interatction
lengths phase mismatches lead to negligible average coupling between the modes. This leads to
the need for periodicity in perturbation.

The effective indices were calculated for unperturbed waveguides using commercial
simulation software LUMERICAL MODE. Then the periodicity of perturbations for each
waveguide pair were calculated to compensate for the difference in propagation constants using

[82,83];
ﬁn_ﬂm_lT:O (47)

where Bm refers to the propagation constant of the m™ mode along the propagation direction, x; pn

refers to the propagation constant of the n' mode along x, [ indicates the order of the Fourier series
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term, and A is the period of the perturbation.

Input signal

Figure 4.1: Conceptual schematic diagram of a cascaded contra-directional couplers (CDCs) device created through
coupled Bragg gratings. In this design CDC; redirects a segment of the input signal from waveguide 1 (WG3) into
waveguide 2 (WGy) while the remaining spectra passes through (CDCL1 through port). Moreover, CDC redirects the
incoming signal from waveguide 2 into waveguide 3 (WGs3) such that the null of the main lobe of the first grating
coupler, overlaps with the peak of the side lobe of the second grating coupler.

It should be noted that a stronger coupling coefficient between two modes leads to wider
main lobes and higher side lobes. According to Equation 4.6 if the modes in consideration are
more tightly confined to the waveguides, the coupling coefficient will be weaker since there will
be less overlap with the perturbation. This device was designed for the worst-case scenario, where
the first CDC has a wider main lobe which leaves the possibility of light being coupled into the
side lobes for the second CDC. To this end, WG1 was chosen to be narrower than WGs. The
intermediate waveguide WG was chosen to be the narrowest of the three. This maximizes the
possible coupling coefficients for each CDC while maintaining same gap between each waveguide
pair. This also allows for shorter device length for each CDC. The mode in WG3 being more tightly
confined that the mode in WG leads to the overlap and hence the coupling coefficient being
stronger for the WG1-WG: pair, compared to that of WG3-WG: pair. This leads to a wider main
lobe for the grating in the WG1-WG:; pair. More detailed analysis and derivation about the coupled

mode theory treatment can be found in [79,82].

45



The simulation data in Figure 4.2 was obtained via 2.5D varFDTD simulations in
LUMERICAL MODE. Each CDC had 600 periods which approximated to a device length of 0.19
mm per CDC. This was done to optimize the main lobe to side lobe contrast for each individual
CDC. Beyond this point, the main lobe remained static, while the side lobes rose.

In this design the light couples from WGy to WG; via the first CDC (CDCy). The main lobe
for this CDC is wide. The light then encounters the second CDC (CDC>) and gets coupled to WGs.
Here, the main lobe is narrower and the peak of the side lobe for CDC. overlaps with the minima
of the main lobe for CDC;. This leads to the reduction of the side lobe for CDC:. It should be noted
that it is essential to match the central wavelength for both CDCs. This ensures that the main lobes
reinforce each other, and the strength of the main lobe remains unaffected for the light frequencies
propagating in the cascade.

To ensure that the reduction of side lobes is being achieved by the overlap of minima of
CDC; with the side lobe of CDC,. Simulations were conducted where both WG and WG3 were
the same. Consequently, both CDC; and CDC> have exactly same overlap. From Figure 4.2(a)
there is still some extra reduction with the side lobe after CDC; being 4.46 dB lower than the side
lobe after CDC:. But, for the device comprising of dissimilar CDCs, the side lobe is suppressed
by 6.71 dB after CDC2 compared to the side lobe after CDC1. As a result, the device with
dissimilar CDCs has a side lobe reduction of 11.17 dB compared to 8.43 dB for similar CDCs.
Hence, the effect of overlap between minima of main lobe and the maxima of the side lobe was
verified.

Most importantly, the minimizing process of variation between the two CDCs was
considered as a major impetus for the compact device design. Moreover, changes in the central

wavelengths of the main lobe were observed while varying the minimum mesh size. This change
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becomes minimum after a certain number of mesh points. However, as we refine the mesh
numerical error at each calculation point this also could lead to errors in simulations. From there,
heaters were included even after performing the simulations at a very high level of mesh

refinement.
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Figure 4.2: LUMERICAL MODE - 2.5D varFDTD simulations of: (a) Similar cascaded contra-directional couplers
(CDCs) in which the side mode reduction ratio of redirect segment of the incoming signal (through CDC;) is
approximately 3.97 dB and is lowered down to approximately 8.43 dB (through CDCy). (b) Dissimilar cascaded
contra-directional couplers (CDCs) in which the side mode reduction ratio of the redirect segment of the incoming
signal (through CDC,) is approximately 4.46 dB and is lowered down to approximately 11.17 dB (through CDC,).

4.3 Fabrication and characterization

The -SOI device investigated in this manuscript was fabricated as part of a multi-project-
wafer (MPW) run at the Applied Nano Tools foundry, Edmonton, Alberta, Canada [30]. In which
a standard silicon on insulator (SOI) wafer with a 220-nm device layer is coated with a soft mask.
The structures are then transferred into the device layer (fully etched) via electron beam
lithography (EBL) and reactive ion etching (RIE). Plasma enhanced chemical vapor deposition

(PECVD) is then employed to clad the sample with a thick layer (e.g., 2.2 um) of silicon dioxide
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(Si02). Heaters are then formed by depositing Titanium-tungsten alloy (TiW) over the static Bragg
gratings in order to tune the stop bands hence overcoming the overall fabrication variations.
Titanium-tungsten aluminum bi-layers are then employed to route the heaters with contact pads.
The device is then cladded with a thin layer (e.g., 300 nm) of silicon dioxide (SiO2), which protects
the heaters from oxidation. Small windows are opened on top of each pad via RIE [11]. The overall
chip was designed to meet the design rules of Applied Nanotools where a complete listing of design
rules and layout tools are reported in [30,37]. Moreover, detailed information regarding the
fabrication process can be found in [30].

As illustrated in Figure 4.1 and Figure 4.3, The device consists of two static Bragg gratings
(WG: and WG3) and a mid-waveguide (WGz) which is placed in between them. The width of the
lower waveguide (WGy) is chosen to be 500 nm where a portion of its sidewalls is periodically
modulated by + 25 nm and its grating period, A=320 nm with a 50% duty cycle (DC). The width
of the upper waveguide (WGs3) is chosen to be 570 nm in which a portion of its sidewalls is
periodically modulated by + 25 nm and its grating period, A=315 nm with a 49.2% duty cycle
(DC). Both contra-directional couplers are formed out of 600 periods and are separated by a 200
nm gap from the 400 nm wide mid-waveguide (WG2). The simulation results presented in Figure
4.2(b) correspond to the final fabricated design.

The characterization of the side lobe reduction device was performed using a fiber-to-free
space setup described in [12,65]. Moreover, the input/output waveguides on the chip were
inversely tapered down to approximately 180 nm in an attempt to enhance the overall mode
conversion of the beam while coupling light from this setup. In addition, the CDCs were separated
by approximately 40-45 um thus ensuring thermal isolation between them when tuning one of the

individual heaters. This spacing was found to be sufficient according to LUMERICAL DEVICE
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Multiphysics Simulation (HEAT solver). Optimized heaters and trenches can then be employed in

future devices that require even higher temperatures (tuning) or more compact designs.
4.4 Device performance

Without any adjustment to the heaters, the central wavelength for the CDCs main lobes
were observed to be misaligned due to fabrication variation (as seen in Figure 4.4(a)). In this case,
CDC; Through port indicates the spectrum for CDCy Drop port. This was expected and was the
primary impetus for the heaters being included in the design. Once 3.9 DC voltage (18.6 mA) was
applied to the heater over CDC; the central wavelengths for both CDCs were aligned (see Figure
4.4(b)). As it can be observed from Figure 4.4(a), the side lobe for CDC; is approximately 5.57
dB below the main lobe. Once the CDCs are appropriately aligned, the side lobe for CDC;
approximately overlaps with the null of the main lobe for CDC;. As a result, the side lobe drops
to 12.93 dB below the main lobe. This is a 7.36 dB improvement over the original performance of

CDC..
4.5 Discussion and conclusion

According to the simulations, the device shown here performs 2.74 dB better than a simple
cascaded design. It should also be noted that for simple cascaded design, WG and WGz will need
to be placed a considerable distance apart to prevent any co-directional coupling. Another
disadvantage for such design would be the potential for Fabry-Pérot resonances. Moreover, in
contrast to existing apodised designs with device lengths of around 1mm, the novel dissimilar CDC
cascade design has a much smaller footprint of 0.4mm total length and a more controllable and
predictable transmission spectrum. The compact nature of this design will allow for prevention of
fabrication errors introduced in larger devices. In addition, the cascaded CDC design also doesn’t

broaden the main lobe of the device.
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The design principal can be boiled down to reinforcement of main lobes by matching their
centers while diminishing the side-lobes by overlapping the maxima of one coupler with the
minima of the other. This basic principle can potentially be used to create devices with even better
spectral characteristics if they require multiple CDCs or DBRs. One such widely popular use case
would be the design of a DBR based laser cavity. When designing such a cavity, shorter DBR
sections can be designed. Each DBR in this case will have worse main lobe to side lobe contrast
compared to longer devices. However, if each of the DBRs is designed following the above design
principle. The design could provide for a compact device with equal or better performance
compared to a device with identical DBRs that have weaker coupling but are substantially longer.
The design is highly adaptable and can also be used in case apodized DBR are required to meet
performance specifications. Even when using apodized DBR, the individual DBR can be more
compact leading to a smaller device footprint. It should also be noted that this device is expected
to have slightly weaker reduction in one direction. In case of DBR lasers, such concerns will be
minimized, since only the narrower main lobe that is being reinforced will survive multiple
roundtrips in the cavity. The compact nature will allow for more reliable fabrication of these
devices. This in turn will lead to better yields and lowering the cost per device and making the

devices more market ready.
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CDC 2 Through Port — &

CDC 2 Drop Port —

Figure 4.3: Microscopic images of the chip showing: (a) The different input and output ports in addition to the two
contra-directional couplers (image scale 100 um). (b) The various waveguides (WG1, WG;, and WG3) which create
the two contra-directional couplers (image scale 20 pum).
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Figure 4.4: Experimental characterization of the fabricated cascaded contra-directional couplers (CDCs): (a) Before
thermally tuning the first CDC hence the central wavelength of the main lobe was misaligned in comparison to the
second CDC (due to fabrication variation), therefore the side lobe of the second CDC does not overlap with the null
of the main lobe (first CDC). In this case, CDC, Through port indicates the spectrum for CDC1 Drop port. (b) After
thermally tuning the first CDC hence the central wavelength of the main lobe aligns with that of the second CDC,
therefore the side lobe of the second CDC overlaps with the null of the main lobe of CDC;.
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Chapter 5
Fabrication-tolerant Fourier transform
spectrometer on silicon with Dbroad

bandwidth and high resolution

5.1 Introduction

Fourier transform spectrometers (FTSs) recovering an unknown spectrum are powerful
tools in various fields including chemical sensing, bio-medical applications, and autonomous
vehicles, etc. [59,85-87]. Compared to other direct-detection-based spectrometers, such as
monochromators or grating-based spectrum analyzers, one of the key advantages of FTSs is
Fellgett’s advantage, namely, higher signal-to-noise ratio and dynamic range [88]. The FTS
employs an interferogram (i.e., autocorrelation function) generated from the input signal with
unknown spectra using an interferometer, where the input signal is divided into two paths with
variable optical path difference (OPD). At the output of the interferometer, the optical signals from
these two optical paths are recombined on a photodetector, which is used to generate a photocurrent
as a function of OPD, thereby generating the desired interferogram. The Fourier transform of the
detected interferogram (i.e., autocorrelation function) produces the power spectral density of the
input signal. The larger the maximum OPD, the higher the spectral resolution. A classical FTS

typically uses a moving element (such as a mirror) to introduce quasi-continuous tunable OPD
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between two paths and generates a temporal interferogram (i.e., autocorrelation function). Thus,
FTSs are usually realized as bulky free-space interferometric systems and suffer from slow

scanning speeds, resulting in long measurement times.

heater waveguide

(a) (b) 9 ‘

200 pm

N Y

Figure 5.1: (a) Schematic and (b) microscopic image of the fabricated device. (c) Zoom view of the waveguides and
heater. The waveguide is designed to have a serpentine shape to reduce the footprint, and the heater has a width of 17
um that covers five waveguides in order to maintain low resistance.

Use of silicon photonics as a platform for FTS realization has attracted widespread
attention as a candidate to meet the rapidly growing demand for low-cost, portable devices [89].
In contrast to free-space FTSs, most FTSs demonstrated on silicon platforms are spatial heterodyne
spectrometers (SHSs) that employ a large array of unbalanced Mach—Zehnder interferometers
(MZ1s) with varying length differences, each of which introduces a fixed amount of OPD to the
spectrum [59,90-92]. In order to achieve high resolution (i.e., large OPD), the incident spectral
signal is typically required to be split into over 50 MZIs with predetermined delays, resulting in a
considerably large footprint, large insertion loss, low dynamic range, and low signal-to-noise ratio.
SHSs also usually support a narrow bandwidth (i.e., a few 100 pm) despite its very high resolution
(a few 10s of pm) [90]. An alternative approach, called stationary FTS, generates a spatial
interferogram utilizing a standing wave pattern between two co-propagating waves [93].
Compared to the SHS approach, it is demonstrated to trade-off a significantly reduced footprint
and broad operating bandwidth (100 nm) for very low resolution (6 nm). Moreover, a dense array

of photodetectors is required to be fabricated on top of the structure plane to capture the spatial
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interferogram, which significantly limits scalability, increases integration complexity, and perturbs
the spatial interferogram [93].

Recently, an analogue to classical FTS on silicon that generates a temporal interferogram
by quasi-continuously tuning the OPD between two arms of a single MZI was demonstrated [57].
As shown in Figure 5.1, tuning of the OPD is achieved by applying electrical power to an
integrated heater above the waveguide to create a phase shift using the thermo-optic effect in one
of the two MZI arms. To achieve a moderate spectral resolution (3 nm) with a feasible temperature
change, the waveguide length was designed to be 3 cm. To keep a compact footprint, the
waveguide was designed to have a serpentine geometry. This device was shown to operate with
large band width signals (>60 nm), limited only by the bandwidth of the input coupler of the
waveguide and the transmission window of the optical materials. In comparison with SHS and
stationary FTS, this temporal heterodyne spectrometer (THS) [57] has the advantages of operation
with broad bandwidth signals, compact footprint, high dynamic range, and compatibility with chip-
scale integration, making it a promising candidate for portable, broadband, low-cost FTSs. A major
disadvantage of TSH lies in the demonstrated spectral resolution (so far,3 nm or 0.38 THz), which
is insufficient for many applications, and the research to tackle this problem remains scarce. In
theory, the resolution of a single THS could be increased by supplying higher power to the heater
or implementing a longer waveguide, which are both non-trivial approaches for centimeter(cm)-
scale waveguides. High power injection to the heaters will aggravate thermal structural expansion,
raise the risk of shortening the device lifetime, and jeopardize heater integrity. Other disadvantages
include large resistance (over 10 kQ) for long heaters, making them impractical to operate at high
electrical power, whereas longer waveguides will affect and limit the sensing dynamic range and

the signal-to-noise ratio. Alternatively, the resolution could be improved using a circuit level
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technique by deploying a silicon microring resonator in front of the THS that selectively sends a
narrow band of the incident signal to the THS for processing [94]. The resolution is improved to
0.47 nm, but this technique is very similar to those direct-detection approaches that sacrifice the
SNR of the THS.

In this paper, by engineering the waveguides to reduce propagation loss and optimizing the
heater design to accommodate higher power actuation, we demonstrate a higher spectral resolution
THS [57]. The device utilizes broader multi-mode waveguides in the straight section of the
serpentine wave guide to reduce the propagation loss while reducing the waveguide width at
bending sections to 500 nm to avoid modal crosstalk and retain a compact footprint. With the
reduction of propagation loss, the serpentine waveguide length is increased from 3 cm in THS
from Reference [57] to 10 cm, and the heater design is improved so that the total resistance is
reduced to around 5 kQ, compared to 15 kQ in Reference [57] with more coverage of the
waveguides. This technique has been applied in other applications such as high-Q resonator and
microwave filters [95,96], but we realize that there is a prolific body of work in spectrometers in
which this technique is not used [59,90,92,94,97]. Our experiments demonstrate a spectral
resolution of 0.11 THz or sub-nanometer (nm), more than 3 times higher than that in the previous
demonstration [57] while maintaining a broad bandwidth of operation with a compact footprint.
Moreover, we investigate and prove, through both simulations and experimental results, that
fabrication variations imposed on standard single-mode waveguides degrade the performance of
silicon THS or even deteriorate their functionality, while using wide waveguides in the MZI arms
of the current design not only reduces optical loss but also significantly reduces the effect of

fabrication errors.
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5.2 Device design and simulation

As discussed in Section 5.1, to increase the spectral resolution of FTSs, the maximum
achieved OPD should be increased using longer waveguides. Conversely, longer waveguides result
in a higher signal insertion loss, which decreases the dynamic range of the device. To maintain a
high dynamic range, the propagation loss needs to be reduced. The main source of losses in silicon
waveguides is due to scattering on the waveguide-sidewall roughness, which is inevitable due to

the limitations of current fabrication technology [98,99].
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Figure 5.2: Simulated Ey intensity of the TE mode in (a) a 0.5 um wide waveguide and (b) a 1 um wide waveguide.
The thickness is 220 nm.

A typical electric field distribution for TE-like propagating mode in a 500 nm wide and 220 nm
high silicon waveguide is shown in Figure 5.2(a). It is evident that a strong electric field on the
waveguide sidewalls will interact with its roughness and excite undesired unguided modes
(radiative loss) or back-propagating modes (stochastic backscattering). Besides, a long-silicon-
strip waveguide has been reported to exhibit extremely strong fluctuations in its transmission
spectrum, which is also attributed to sidewall roughness [100]. One effective technique to reduce

the roughness-induced issues is to reduce the electric field amplitude on the waveguide sidewalls
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by using a wide waveguide [see Figure 5.2(b)]. We use this approach in our FTS serpentine arm
design to reduce the losses and increase its length. Specifically, the straight sections of the
serpentine arm are engineered to be 1 um x 220 nm cross-section strip waveguides with low
propagation loss, whereas the bending sections are implemented using strip waveguides with a 500
nm x 220 nm cross section to avoid excitation of unwanted higher-order modes and also keep a
tight bend radius (i.e., 5 um) with negligible bending loss [101]. The transition between the multi-
mode and single-mode waveguides is achieved using an adiabatic linear taper with a length of 4
pum that exhibits negligible loss and reflection.

In this low-loss design, we also increased the serpentine waveguide length to 10 cm, such that at
the same temperature change, we could expect more than 3 times increase in OPD compared to
that used in Reference [57], which will result in about 3 times increase in resolution. Also, the
corresponding serpentine heater benefits from the improved design to more efficiently cover the
waveguides while keeping the total resistance down to a few kQ, making it suitable for operation
with our voltage source, which is limited to 210 V. The serpentine heater has a width of 17 um
and a total length of 2.3 cm covering the entire 10 cm long waveguide [shown in Figure 5.1(c)].
The simulated performance of the FTS with 3 cm long arms and 10 cm long arms is plotted in
Figure 5.3(a) - 5.3(d). Given the same temperature change of 60 K, the current 10 cm device leads
to a spectral resolution of 0.14 THz, which is more than 3 times higher than that obtained with the

3 cm device.
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Figure 5.3: Simulated interferograms and recovered spectra from two different devices: (a), (b) a balanced MZI with
waveguide length of 3 cm; (¢), (d) a balanced MZI with waveguide length of 10 cm. For both devices, the maximum
temperature change is 60 K. Their individual spectral resolutions are 0.42 THz and 0.13 THz, respectively.

Besides the enhancement of spectral resolution, another issue that has been neglected is
fabrication variation on the waveguide width. In the work reported in Reference [57], the center
of the interferogram is shifted to 0.172 ps due to the fabrication variation- induced differences in
the two arms. The FTS works, as the variation is relatively small such that the temperature change
caused by the heater (55 K) could make the device meet a zero-OPD (center of the interferogram)
condition. However, the device was fabricated using electron beam lithography, which induces
smaller variations in waveguide dimensions compared to optical lithography, which is the main
choice for CMOS foundries. Moving towards a mature THS-on- silicon platform, the fabrication
variation should be thoroughly studied and taken into consideration. According to wafer- scale
characterization of manufacturing variability for silicon photonics components [102], the typical
width variation in a strip waveguide can be as large as 20 nm. To study the impacts of such a large
fabrication variation, a series of simulations were performed for two devices: an MZI with

waveguide widths of 0.5 pm and 0.52 pm and an MZI with widths of 1 um and 1.02 um. For both
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devices, the arm length is 10 cm and the maximum temperature change is 60 K. The results are
plotted in Figure 5.4. Compared to the imperfection-free device, shown in Figure 5.3(c) and
Figure 5.3(d), the interferogram of the device with 0.5 um and 0.52 um waveguide widths does
not contain the zero-OPD information, and thus the spectrum reconstruction fails [Figure 5.4(a)
and 5.4(b)]. This is due to a 20 nm variation in the 500 nm waveguide width, which translates to
an effective index difference of 0.02. A 60 K temperature change only induces a index change of
0.01 and thus cannot compensate for this index difference. On the other hand, using wide
waveguides with 1 pm width, with the same fabrication variation present, the effective index
difference is as small as 0.003. Consequently, the interferogram shifts away from the origin but
still contains the zero-OPD information, and thus the spectrum can be successfully reconstructed

[Figure 5.4(c) and 5.4(d)].
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Figure 5.4: Simulated interferogram and recovered spectrum from two different devices: (a), (b) a balanced MZI with
slightly different waveguide widths for the two arms (0.5 um and 0.52 pm); (c), (d) a balanced MZI with slightly
different waveguide widths for the two arms (1 um and 1.02 um). The 20 nm width difference corresponds with typical
fabrication variation. For both devices, the arm length is 10 cm and maximum temperature change is 60 K.
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5.3 Experimental results

The devices were fabricated through a multi project wafer (MPW) service at a commercial
foundry (Applied Nanotools) with electron beam lithography, and thus the fabrication variation in
the waveguide width becomes negligible compared to our intentional variation of 20 nm. Grating
couplers are employed as the fiber/chip coupling components. Characterization of waveguide
propagation loss with widths of 0.5 pm and 1 um is given in Figure 5.5. All waveguides have the
same serpentine type as used in our THS. Clearly, for our 10 cm long FTS, using 1 pm wide
waveguides could increase the dynamic range about 8.5 dB. The measured heater resistance is

about 5 kQ.
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Figure 5.5: Cutback method to characterize two different types of strip waveguides with 0.5 um width and 1 um
width.

Following the calibration procedures reported in Reference [57], we aim at reconstructing
the spectrum of an ASE source (C+L band). The results of a perfectly balanced FTS (1 um arm
width and 10 cm arm length) are plotted in Figure 5.6. In Figure 5.6(a), the raw data of the
measured interferogram as a function of power injection to the heaters is present. The
positive/negative sign of the x axis refers to actuation of the top/bottom heater. The raw data
exhibits a modulated envelope due to the thermally induced chip expansion that modifies the

grating coupler performance and thus the overall coupling efficiency. The maximum power
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injection is about 5.2 W, corresponding with a voltage supply at 160 V. Even though our equipment
can deliver voltage up to 210 V, the strong thermally induced chip expansion decreased the power
collected by the photodetector to noise floor levels as evident in Figure 5.6(a). The post-processed
interferogram [Figure 5.6(b)] is almost centered at zero OPD, indicating negligible fabrication
variation between the two arms. The reconstructed spectrum matches with the original spectrum
well [Figure 5.6(c)] with a spectral resolution around 0.11 THz [Figure 5.6(c)], more than 3 times
enhancement compared to the previous demonstration [57].
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Figure 5.6: Experimental results of a balanced FTS with identical arm widths of 1 um. (a) Raw data of the
interferogram as a function of power injection to the heaters. The sign in the x axis refers to the actuation of different
heaters. (b) Plot of the post-processed interferogram ready for Fourier transformation. (c) The reconstructed spectrum
compared with the original input spectrum.

The resolution could be further improved by injecting more power into the device once the

thermally induced expansion is resolved. The small discrepancy between the retrieved spectrum
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and the input spectrum shown in Figure 5.6(c) is a result of multi-source instabilities during the
measurement procedure. For instance, the input and output fibers can show certain drift during the
1.5 h long measurement period, which leads to slightly inaccurate optical power collected by the
detector. Also, in the current setup, the electrical probes are attached to the electrical pads without
firm bonding. Therefore, during the measurement period, especially at high power injection to the
heater, the thermal expansion might cause the contact between the probes and the on-chip pads to
become unstable, resulting in inaccurately monitored power injection to the heaters. All these
minor issues could be effectively solved once the chip is packaged, such that the fibers and

electrical probes would be firmly attached to the silicon chip during the measurement.
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Figure 5.7: Experimental results of impacts of fabrication variation on a balanced FTS. (a), (b) Interferogram and
spectrum reconstruction of a balanced FTS with arm widths of 1 pm and 1.02 pm. (c), (d) Interferogram and spectrum
reconstruction of a balanced FTS with arm widths of 0.5 pm and 0.52 pm. The 20 nm difference in the two arms
represents the fabrication variation in CMOS technology. Clearly, the device using a large waveguide width is tolerant
to this amount of variation, while the 0.5 pm device fails to reconstruct the spectrum.

The experimental results of the fabrication-tolerant device are given in Figure 5.7. Figure
5.7(a) and 5.7(b) show the interferogram and spectrum reconstruction of a balanced FTS with arm
widths of 1 pm and 1.02 um, while the interferogram and spectrum reconstruction of a balanced

FTS with arm widths of 0.5 ym and 0.52 um are plotted in Figure 5.7(c) and 5.7(d). The 20 nm
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difference in the two arms represents the fabrication variation in CMOS technology. For 1 um
waveguide, this amount of width variation leads to a much smaller effective index change (around
0.003 based on simulations), and the interferogram still contains the zero-OPD regime; thus, the
spectrum could be successfully reconstructed. For the device with 0.5 um width, 20 nm variation
in the waveguide width could completely shift the zero OPD out of the measured interferogram,

resulting in a failure in spectrum reconstruction.
5.4 Conclusion

In this paper, we report our follow-up work in silicon FTSs with a focus on resolution
enhancement and fabrication tolerance. By using hybrid waveguides in the serpentine section with
reduced propagation loss and improved heater design, the maximum achievable OPD between the
two arms is increased, leading to increased resolution, which is confirmed by experimental data:
0.11 THz resolution is achieved compared to the previous demonstration of a resolution of 0.38
THz [57]. Also, for the first time to our knowledge, we draw the attention to the impacts of
fabrication variation on this kind of device and demonstrate that using our technique could make

the device tolerant enough for CMOS technology, paving the way for a commercial product.
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Chapter 6
Multifunctional photonic biosensors with

Information fusion for blood glucose sensing

To this end, we propose a multifunctional photonic biosensor with information fusion. The
device will leverage recent progress on integrated spectroscopy and fiber sensors to be

inexpensive, accurate, portable, and extensible.

6.1 Proposed technical approach

6.1.1 Fabrication and material system

The material system is the most important consideration when designing integrated
photonic sensors, as the spectral transmission window places hard limits on the available
wavelengths [103,104]. Furthermore, the foundry availability of the fabrication processing
techniques will have a major impact on the ultimate cost of the device. All things considered:;
silicon nitride is the single most attractive platform for this application. It provides a transmission
window from the near-ultraviolet to the near-infrared, and it has a high optical power tolerance.
Additionally, it has a mature fabrication process, and is available from many foundries. If hybrid
material platforms are considered, silicon nitride can be integrated with silicon and germanium to
cover much of the mid-infrared spectrum [103,104].

Consideration should also be given to the economy of the necessary optical sources and

detectors. High power optical sources and high speed, sensitive detectors are readily available for
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low cost in the ultraviolet, visible, and near infrared. Sources and detectors in the mid-infrared are
more costly, and the detector speed becomes slower. This further reinforces the selection of silicon
nitride as the platform of choice, as the transmissions window corresponds with the best value

components.

OCT Output to Spectrometer

OCT Source Input

\ OCT Sample Input
Raman Spectrometer Input

Integrated Raman Filter

IR Spectrometer Input

UV/Visible Spectrometer Input

N v W N

Si;N, Sio, Heater UV/Visible IR Detector
Detector

Figure 6.1: Schematic of the proposed multifunctional photonic biosensor chip. Note that the OCT component could
either have a dedicated spectrometer, or work in conjunction with the integrated spectrometers. The inputs and outputs
will be packaged with standard optical fiber connectors to interface with replaceable fiber sensor collection heads. Not
shown are the optical illumination sources. These will be delivered to the sample separately through fiber, although
heterogeneous integration onto the biosensor chip is a future possibility.
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6.1.2 Sensor technology and design

The proposed multifunctional photonic biosensor is illustrated in Figure 6.1. The optical
sensing techniques enabled by the device include: conventional spectroscopy at various
wavelength regimes, fluorescence spectroscopy, Raman spectroscopy, and optical coherence
tomography [1]. These techniques will all require a spectrometer and source at the relevant
wavelength. Raman spectroscopy is in need of additional narrowband filtering components, which
can be fulfilled with simple integrated components [105]. Similarly, optical coherence tomography
requires a basic interferometer prior to the spectrometer, but this has also been demonstrated in an
integrated context [106].

There are many possible spectrometer designs [10], however the most attractive in this
context is the Fourier transform spectrometer [10,14,57] for a variety of reasons. Specifically, the
design is simple and robust, as the calibration procedure can accommodate random fabrication
variations. It is also easy to adapt to extremely broadband operation using adiabatic splitters. The
control circuitry is also simple, requiring only a single pixel detector. Finally, the design space is
highly versatile. The resolution is proportional to the device length, and therefore the footprint can
be reduced for applications that require low resolution. Likewise, for narrowband measurement
the measurement speed can also be increased due to the Nyquist sampling criterion requiring fewer
sampling points.

Another noninvasive technique that has seen considerable development over the past
decade is Optical Coherence Tomography (OCT) [107]. As opposed to spectroscopy, OCT
provides cross-sectional information of each sample. For blood glucose sensing, OCT can provide
useful data as blood vessels occur in a particular depth range beneath the skin tissue. The depth

information can be used to extract glucose content of blood through various data extraction
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techniques [108]. Hence, in theory, both OCT and spectrometry can be combined on a single
integrated chip to measure the blood glucose with greater accuracy and reliability. Also, both on-
chip Fourier Transform spectrometer and OCT are interferometric techniques and both can be
realized using similar designs, which simplify the engineering. Spectral domain OCT [109] itself
requires a spectrometer which again can be implemented in a dedicated manner, or in conjunction
with the other spectrometers on the photonic biosensor.

OCT, like Fourier transform spectroscopy, has limitations due to the Nyquist sampling
criterion. Specifically, the axial resolution of a single scan in OCT is inversely proportional to the
bandwidth of the light source utilized [109]. We propose a novel technique to ease this restriction
by making multiple scans with different phase modulation, and then using multirate signal
processing [110,111] to obtain much higher depth resolution images. The enhanced resolution will
further improve the SNR of the blood glucose signal.

The sensor’s source/receiver interfaces themselves will be fiber optic in nature. The recent
proliferation of fiber optic sensor varieties is an important development, as they can readily be
integrated into a multifunctional sensor. In addition to the chemical information afforded
spectroscopically, these sensors can provide relevant environmental information such as
temperature and pressure [112]. They are highly sensitive, robust, flexible, and can provide
distributed sensing capability over large scales [113,114]. Additional advantages include
resistance to electromagnetic interference, and ease of multiplexing [115]. Furthermore, they are
both inexpensive and robust. This means they can withstand cleaning and sterilization or be made
replaceable and disposable [112].

Given the absorption coefficient of tissue, the measurements will operate by collecting

reflected light in order to maximize signal power [7,116]. The simplest optical collection method
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involves packaging a fiber with a lens as a collection aperture and placing it in contact or near
contact with the tissue for measurement. In this way the same fiber can be used to deliver
illumination to the sample as well as collect the reflected signal, as illustrated in Figure 6.2(a)
wavelength multiplexer/demultiplexer could even be used to deliver/collect all of the sources
simultaneously. However, more advanced distributed fiber sensors that can collect measurement
data over an extended area are also possible. A variety of fiber sensors will be considered, and the

best down selected for the final device.
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Figure 6.2: Schematic of a fiber sensor head that is configured for simultaneous illumination and signal collection.

6.1.3 Measurements and information fusion

The benefit of using information fusion techniques between multiple optical sensors is well
known [8,9]. There is some literature suggesting that linear regression methods outperform
nonlinear methods for the spectroscopic characterization of blood glucose level [1]. However, this

is limited to a single wavelength regime, and it is not obvious this result will hold in a multi-sensor
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regime. Consequently, both linear and nonlinear regression methods should be evaluated in this
new context. At the end it’s quite essential to simultaneously obtain reference measurements using
the conventional glucose meters to compare and evaluate it against the multifunctional photonic
biosensor proposed in this work. The results of such device will then be evaluated by Clarke Error
Grid analysis, which is the standard method for determining the clinical accuracy of blood glucose

meters[1].
6.2 Impacts and future work

The immediate impact of a successful noninvasive glucose sensor will be to “improve
diabetic patients’ quality of life” (page 2,[1]). More broadly, the device proposed here could form
the basis of a truly general multifunctional photonic biosensor. The underlying sensors are already
general, as the application space of broadband spectroscopy is nearly universal. The application
specific components are the information fusion algorithms, and potentially the fiber sensors. Since
the algorithms are performed at the microcontroller level, they are easy to reconfigure on an
application-by-application basis. Likewise, the fiber sensors can be easily replaced which makes
them simple to customize for different applications. The natural path of future work would be to
extend the basic device to other applications by building a library of information fusion algorithms
and a selection of fiber sensors. The portable nature of the device would make it easy to network
and implement control/monitoring/automation schemes. Furthermore, it would ease measurement

standardization. This would be a highly transformative technology.
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