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Abstract
Silicon-on-insulator (SOI)-based sensors are attractive for sensing applications in environmental safety, oil and gas, medical research, and clinical applications. Since these devices are typically developed using Complementary
metal-oxide-semiconductor (CMOS)-compatible multi-project-wafer (MPW)
shuttles, they bring the potential for having sensing systems on chips (SSOCs),
and for mass fabrication and low cost production. The objective of this thesis
is to improve the sensitivity, accuracy, and repeatability of sensors fabricated
on the SOI platform. Such sensors have the potential to be the key components of an SSOC.
One can increase the sensitivity of a resonator sensor by increasing the
interaction between the evanescent field of the guided mode and the analyte. In this thesis, two methods for increasing this interaction in micro-ring
resonator-based sensors are investigated: 1) using the transverse electric (TE)
guided mode in ultra-thin strip waveguides and 2) using the quasi-transverse
magnetic (TM) guided mode in thin strip waveguides. Using analyses and
simulations, micro-ring sensors were designed to be fabricated within the
constraints of a MPW CMOS-compatible process. Using the TE sensors, the
temperature-induced errors were reduced by a factor of three; and the TM
sensors exhibited twice the sensitivity of the best SOI micro-ring resonatorbased sensors reported to date.
Moving towards the actual implementation of an SSOC, a system of sensors was design to correct for unwanted variations in the measurements. This
system drew on multivariate techniques to achieve improvements that resulted in measurements that were more repeatable and more accurate in the
ii
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presence of environmental variations. The capability of this system is investigated by designing a cascade of previously developed micro-ring sensors
with various waveguide thicknesses. With this system of sensors, we achieved
an R2 value of predictions over 0.996 in the presence of a 2 K temperature
drift. This approach significantly improved the repeatability and reliability of the measurements in the presence of undesirable variations and drifts.
In another move towards achieving an SSOC, integrating photodetectors in
resonator sensors was investigated. To accomplish this, ion-implantation on
micro-ring sensors was used. Such integrated photodetector-sensors were designed, fabricated, and tested. Their measured sensitivities were within 90%
of the expected values.
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Chapter 1
Introduction
The healthcare efficiency and costs is an ever-increasing public issue. More
easily accessible diagnosis and monitoring devices can significantly improve
the outcomes. The current diagnostic gold-standard for biological analysis
and protein quantification is Enzyme-Linked Immunosorbent Assay (ELISA)
[1]. This method is highly sensitive [2], but requires trained operators and
consumption of significant volumes of costly reagents and enzyme-labeled
antibodies for optical detection, in well-equipped facilities. Therefore, the
method is expensive, time consuming, and bound to sophisticated labs, which
limits the accessibility and usage of this method for frequent monitoring and
early detection, in home healthcare settings or rural areas. Researchers have
focused on development of nano- and micro-scale sensors [2–4], with ELISAlike sensitivities and capabilities for Lab on Chip (LOC) applications, to
provide affordable diagnostics to public and leverage the cost benefits of
early detection [5].
Researchers have investigated and compared the performances of various
sensing methods to ELISA [2]. Silicon photonics-based resonator sensors not
only match and exceed the performances of ELISA [6], they have advantages

1
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such as immunity from electromagnetic interference (EMI) and mechanical
forces. Genalyte’s system is a larger scale example of such technology that
is currently being used for basic biomedical research [7–11]. However, this
system would have been more beneficial and widely used if the sensors had
higher sensitivity and larger evanescent field penetration depths to detect
larger molecules or molecules further away from the surface. The other advantage of silicon photonics-based sensors (critical to their commercialization) is that their fabrication processes are compatible with CMOS circuits
providing the opportunity for integration of electronics on chip as well as
leveraging the fabrication economies of scale.

1.1

Silicon Photonics as Sensors

Just as electronic integration has dramatically changed everyday life (e.g.
with tablets, smart phones, laptops and all kinds of electronic devices), photonics integration is quickly evolving and revolutionizing several fields, from
optical intra- and inter- chip connections [12], modulators and filters [13, 14],
and high speed telecommunications [15], to environmental monitoring [16]
and healthcare [17]. The fabrication of silicon photonics chips could exploit
current CMOS foundries, resulting in a great number of potential advantages,
including integration with control electronics, availability of electro-optic devices, and lowered cost facilitated by large scale production and leveraging
of existing electronic facilities.

2

1.1. Silicon Photonics as Sensors
One of the most promising applications of silicon photonics is in the field
of sensors and biosensor such as environmental and healthcare applications.
The environmental monitoring application of these sensors include water and
air quality monitoring, as well as oil and gas sensing. The biosensing applications of these sensors range from basic medical research [8] to bioterror
detection [18, 19] to smart home healthcare [20] diagnostics. Sensitive, reliable, and inexpensive silicon photonic sensors integrated with microfluidics
and electronics could lead to the development of integrated electro-optic microfluidic chips (Sensing System on a Chip, SSOC, or Lab on a Chip, LOC).
These chips will eventually be able to perform completely automated biological and sensing analysis and present numerous advantages, such as small
sample volume requirement, portability, and ease of use. Silicon photonics
is poised to revolutionize biosensing applications, specifically in medical diagnostics. In principle, we can have either disposable or partially disposable
sensors depending on the application and the the associated safety and costs.
The core component of a SSOC or LOC is the sensing device, which allows
the detection and quantification of target molecules. Several optical sensing
mechanisms have been proposed and developed so far [21, 22]; in particular
Surface Plasmon Resonance (SPR) has been exploited in well-developed commercial devices [23]. Those commercial devices present some drawbacks and
only a very small part of the device is actually integrated on a chip. One way
to improve current sensing mechanisms is using silicon nanophotonic optical resonators that offer smaller footprints [24] while keeping high sensitivity
3
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(comparable with commercial devices [25]). The resonant condition provides
enhanced light - functionalized area interaction because the light travels multiple times and resonates within the sensing volume, and therefore interacts
multiple times with the analyte, causing the sensor response to be amplified
[26]. Evanescent field (EF) optical sensors exploit the interaction between
the evanescent field of the waveguide mode and the material surrounding the
waveguide core (e.g. analyte in the cladding medium) for detection. Among
EF optical sensors, waveguide-based ring [7, 9, 27], disk [28], photonic crystal [29], and Bragg grating [30] resonators have shown excellent potential for
sensing applications as well as for SSOC and LOC integration.
Our group is working on characterizing and comparing various types of
resonator-based EF optical sensors. Most of the silicon photonics chips that
are fabricated on a Silicon-on-Insulator (SOI) wafer are waveguide-based
sensors. The high refractive index of silicon confines the light in planar
nanoscaled waveguides. Due to the high index of Si (nSi is about 3.46 at
1550 nm, while nSiO2 is about 1.43), the light is well confined in the silicon
waveguide, resulting in low propagation and bending losses for the TE polarization [31]. Nevertheless, some modal energy propagates in the surrounding
media and interacts with the analyte. The overlap of electric field and analyte is dictated by the shape of the propagating optical mode and determines
the sensitivity of the device. Their basic working mechanism is the detection of a change in the effective refractive index for light propagation in the
structure [32], due to a variation of analyte concentration (bulk sensing) or
4
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binding of molecules on the waveguide functionalized surfaces (surface sensing). The addition of a resonant structure allows for sensing this refractive
index change by a shift in the resonance wavelength, providing a measurable
response.
The geometry (ring, disk, Bragg grating, as well as waveguide type and
size) and polarization of light (TM vs TE) can be optimized to design the
sensing element for a given analyte and application. For example, the TM
and TE have different distributions of the field in the waveguide and outside
of it, so they can potentially allow for sensing particles with different sizes
or distances from the sensor surface [33]. The field distribution for the TM
mode has more evanescent field extending into the surrounding media (and
thus in the analyte) so it can potentially provide higher sensitivity and it can
allow sensing of particles farther from the waveguide surface, for example
attached to long functionalization chemistries.
In our group, the performance and sensing capabilities of these devices
were characterized. Comparing sensing performance across these devices will
help validate architectures suitable for the application at hand. The most
promising sensors for each application will then be identified for further study
and development. We discuss the sensors’ comparative advantages for sensing
applications and provide an outlook for future work in this field.
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1.2

Objective

The objectives of this thesis are to investigate and design novel optical sensors and systems of sensors (as the core of SSOC) on the silicon platform and
to explore their capabilities for on-chip sensing systems. It is vital to have
sensitive, accurate, repeatable, and reliable sensors at the core of a reliable
system. The long-term objective of this work is to use these sensors and systems of sensors for development of lab-on-chip and further optimize them for
various applications, such as biomedical and environmental sensing systems.

1.3

Contributions and Some Applications

In this thesis,
• Methods to improve the sensitivity of the sensors as single devices is
proposed and demonstrated.
• Optimum waveguide dimension to achieve the highest sensitivity is
demonstrated analytically and experimentally.
• One new method to integrate a detector with a sensor is investigated.
• Novel design of a system of sensors, mimicking multivariate techniques,
to correct for unwanted variations and to accomplish a more repeatable
and accurate measurement in the presence of environmental variations,
is demonstrated and achieved.
6
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There are numerous applications for this work in the sensing field. Some
possible applications of this work include, but not limited to: medical and
clinical diagnostic and/or monitoring, research and development, and environmental safety.
These sensors can be used in medical and clinical application for patients
that require real-time monitoring, such as glucose monitoring for diabetes
patients, as well as patients that require less frequent monitoring, such as
TSH for patients with thyroid deceases or CTNI for people with Cardiovascular Diseases (CVD) who are prone to Myocardial Infarction (MI) or heart
attack. Their small size, immunity from electromagnetic interference, sensitivity to adsorbed bimolecular layers at their surface, and compatibility with
established, high volume CMOS foundry processes make them an attractive
technology for lab-on-chip applications [17, 21, 34–36]. This makes them
useful for smart home healthcare [20] diagnostics.
These sensors are also promising for basic medical research and diagnosis
[8] since they are sensitive to adsorbed bimolecular layers at their surface.
Genalyte’s diagnostic platform leverages a TE mode silicon photonic ring
resonator and has demonstrated significant progress towards realizing the
first commercially available, highly multiplexed, silicon photonic biosensor
for clinical and research use [7–11]. There still exist many medical diagnostic
applications where TE mode ring resonators cannot achieve the sensitivity
required for a definitive clinical diagnosis without secondary amplification
[7, 37]. Therefore, developing sensors with higher sensitivities and larger pen7
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etration depths is highly desirable. A TM-mode based sensor, for example,
provides larger penetration depths, allowing for sensing molecules attaching to long functionalized chemistries further from the surface of the sensor.
An example is glycoprotein receptor molecules that play an important role
in initiating cellular binding and communication. These membrane-bound
proteins, which can be immobilized on a silicon photonic biosensor, often
bind small ligands (10-15 nm in size) or in the case of bacteria, the adhesins
at the end of their long fimbria. Since fimbria are often 100’s nm long, a
sensor capable of detecting bound mass several 100’s nm from the sensor’s
surface is needed, especially for bacterial adhesion and other cellular diagnostic applications. Therefore, silicon photonic biosensors with Quasi-TM
guided mode, which naturally extend their sensing field 100’s of nm from the
sensor’s surface, are ideally suited for these kinds of biosensing applications.
Furthermore, these sensors can be used for water and air quality monitoring applications, as well as oil and gas sensing. Examples include detection of
the presence of Organophosphorus (OP) in water, that is extremely harmful
to human, or detection of various toxic molecules in the air. Organophosphorus (OP) pesticides have been used as insecticide on broad range of crops
(vegetables, fruits, etc). Although designed to kill pests, but OP pesticides
can be extremely harmful to humans due to their significant contribution to
cancer mortality [38], and their potential in effecting humans’ nervous system
at low concentrations (they inhibit the nervous system enzyme, AChE [39]).
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1.4

Methodology and Collaborations

To achieve the objectives, it was required to go through the research and
development cycle multiple times. Each research and development cycle consists of:
1. Define research problem through observations, experience and literature reviews.
2. Propose methods and designs to address the problem.
3. Simulation and analysis of the design to predict its feasibility and performance, and to calculate and optimize the parameters.
4. Design of the mask layout based on the process design kit (PDK) provided by the foundry services.
5. Design is sent for fabrication
6. Measurement and tests
7. Analysis of the results and characterization of the devices
8. Optimizing and improving the design based on the results and repeating
the cycle
9. Publication of the results.
Fabrication of the devices are achieved through Multi Project Wafer
(MPW) runs offered by commercial CMOS-photonics fabrication facilities,
9
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Research Problem

Propose Methods
Ideas
Ideas to Optimize
the Design

Simulation
Calculation
Design

Analysis
Characterization
Design Verification

Mask Design

Publications

Measurements
Fabrication

Figure 1.1: Schematic representation of our research and development cycle.

such as The Institute of Microelectronics (IME) foundry in Singapore, and
IMEC [40]. For initial investigations, we usually used E-Beam Lithography
(EBL) System at the University of Washington - Washington Nanofabrication Facility (UW WNF) that has a quick turnaround time.
Design and performance of biomolecular binding experiments are done
in collaborations with Dr. Ratner’s group at the University of Washington
(UW) in Seattle. Specifically, the sandwich assays explained in section 2.2.6
are designed at UW, and the experiments incorporating these assays are
performed on their site.
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The design and fabrication of the microfluidic channels in poly dimethylsiloxane (PDMS) was performed by our collaborator’s group at UBC (Dr.
Karen Cheung).
The work on the integrated photodetector sensor (chapter 5) was in collaboration with McMaster university. The layouts of the designs were discussed with Prof. Andrew Knights, and the ion-implantations of the devices
were performed at McMaster university.

1.5

Organization of the Thesis

To achieve the objectives, this PhD thesis is organized into following chapters.
Chapter 2 includes an overview of some of the sensors developed in our
group. This chapter also includes the figures of merit for evaluating the
performance of the sensors, as well as detailed materials and methods used
throughout this thesis. Sensors with higher sensitivities to the refractive index changes of the analyte, or molecular adsorption, are more desirable for
most sensing applications. Therefore, in the rest of this thesis, we propose
and investigate methods to improve and optimize the sensitivity of the sensor
(chapters 3 and 4). One novel method of integrating a detector with a sensor
device is investigated (chapter 5). This work was done in collaboration with
McMaster University. In addition, a system design of multiple sensors capable of correcting for some ‘unwanted’ common changes and drifts is proposed
and investigated (chapter 6). At the end, chapter 7 concludes the thesis with
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a brief summary as well as discussions and suggestions for future research
directions.
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Chapter 2
Methodology and Review of
the Sensors 1
Our group has worked on developing various SOI-based resonator sensors
such as TE and TM disk [28], slot ring, Bragg grating [30], and sub-wavelength
gratings (SWG). These devices have been investigated for wavelengths around
λ=1550 nm (conventional wavelength window in fiber-optic communication)
and λ=1220 nm, where the water absorption is greatly decreased, offering
improved limits of detection. Each one of these have advantages as well as
drawbacks, for example, devices such as slot waveguide Bragg grating sensors have shown high sensitivities and high quality factors and may present
advantages for specific biosensing applications, however they are usually long
resulting in larger footprints; also cascading these devices is challenging.
To compare the performance of these sensors, we use a set of criteria that
will be explained in section 2.1.
To characterize the device and measure the performance, we used an
1

Parts of of this chapter have been published in [34]:
S. Talebi Fard, et al., “Label-free silicon photonic biosensors for use in clinical diagnostics”,
Proc. SPIE, Silicon Photonics VIII, 8629:86290914 (Invited), SPIE OPTO, International
Society for Optics and Photonics, 2/02/2013.
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automated test setup, which is explained in section 2.2.
In section 2.3, we compare the performance of different optical resonator
devices, i.e. rings, disks and slot-waveguide Bragg gratings, that have been
designed and fabricated, using electron beam (e-beam) lithography rapid
prototyping as well as standard CMOS foundry fabrication processes on SOI
chips.

2.1

Sensor’s Figures of Merit

To compare the performance of the devices, the set of criteria is included in
this section [17, 34, 35, 41, 42].
In evanescent field (EF) sensors, changes in refractive index of the cladding
(resulting from molecular binding events or concentration variation) change
the effective index of the propagating mode. The ratio of the change in effective index of the propagating mode to the changes in refractive index of the
cladding medium, is defined as the mode sensitivity, Smode , or waveguide’s
bulk sensitivity:
δneff (ncl , nco , nbox , ω)
δncl
neff (ncl + δncl , nco , nbox , ω) − neff (ncl , nco , nbox , ω)
=
δncl

Smodebulk =

(2.1)

where neff is the effective index of the waveguide, ncl is the refractive index
of the cladding medium (including the biomolecules of interest), nco is the
refractive index of the waveguide core material, nbox is the refractive index
14
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of the buried oxide (BOX) material, and ω = 2πf is the optical frequency.
This change in the effective index, in turn, results in a change in the resonant
wavelength(s) of the resonator, which can be measured.
Waveguide’s (or modal) surface sensitivity is defined as the change in
effective index of the waveguide as biomolecules adsorb to the surface of the
waveguide’s core:
SmodeSurf =

δneff
δt

(2.2)

where t is the thickness of the bimolecular layer adsorbed to the surface.
The sensor’s refractive index sensitivity is defined as the shift in resonant
wavelength as a function of the change in refractive index of the cladding
[17, 34, 43]:
S=

∆λres
λres δneff
=
∆ncl
ng δncl

(2.3)

where λres is a resonant wavelength, and ng is the group index. The wavelength shift is the result of contributions from various factors:
1. The change in the refractive index of the cladding medium (∆ncl ).
2. The effect of material and waveguide dispersions (ng ): due to the wavelength dependence of the effective index, a change in wavelength results
in a further change in the effective index. ng takes this effect into account.
3. As the index changes, the mode profiles slightly change, and therefore
eff
the mode’s effective index and sensitivity ( δn
) changes.
δncl
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When comparing different wavelength resonators, normalized sensitivity
(S 0 ) is used:
S0 =

1 ∆λres
S
=
λres
λres ∆ncl

(2.4)

Surface sensitivity of a resonator is defined as:

Ssurf =

∆λres
λres δneff
=
∆t
ng δt

(2.5)

Another important property of optical waveguide resonator-based sensors
is their quality factor, Q, defined as the number of optical oscillations until
the resonating energy decays to 1/e of its maximum value. The higher the
number of these oscillations, the more light interacts with analyte. High
quality factor means improved minimum detectable wavelength shift (leading
to improved limit of detection, equation 2.9). The intrinsic quality factor (Qi )
of a resonator is defined and approximated as [17, 34]:

Qi = ωr

ωr
E
= ω r τp =
dE/dt
α[m−1 ] ×

c
ng

=

2π × ng
2π × ng × 4.34
=
λres × α[m−1 ]
λres × α[dB/m]
(2.6)

where α is the loss in the resonator and ωr = 2πfr is the resonant frequency.
For a critically coupled resonator:

Q=

Qi
2

(2.7)
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Figure 2.1: Schematic demonstration of Q value and sensitivity (S) of a resonator
sensor. The red spectrum is the shifted version of the blue spectrum corresponding
to a change in the refractive index of the cladding (δncl ).

Experimentally, we can measure Q:

Q≈

λres
∆λ3dB

(2.8)

where ∆λ3dB is the 3dB bandwidth of the resonance. A higher Q indicates a
sharper resonance. Figure 2.1 schematically demonstrates how Q and S are
calculated from the given spectra.
Since shifts in the resonant wavelength of sharper peaks are easier to detect, both the resonator’s Q and sensitivity impact its sensing ability. The
absolute limit of detection (minimum detectable refractive index change in
cladding) of a resonator-based optical biosensor is affected by both the in-
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trinsic characteristics of the resonator and the characteristics of the measurement system (thermal stability, optical input laser noise, etc), both of
which should be optimized. To compare different resonators, independent
of their operating wavelength and system optimizations, we have used the
previously defined intrinsic limit of detection (ILOD) [17, 34, 42]. This takes
into account bulk sensing characteristics of the resonators.
The minimum refractive index unit change that can be detected by the
resonator, not taking into account the other system components (eg. laser,
readout hardware), is called Intrinsic Limit of Detection (ILOD) as defined
by the equation 2.9.

∆nmin = ILOD =

1
λres
=
QS
QS 0

(2.9)

However, researchers have demonstrated that the system’s LOD can be
typically 100 times better than iLOD [42]. We have utilized commonly used
methods such as R2 and standard deviation to compare systems’ performances. From the system’s point of view, there are challenges, as described
in chapter 6, and there are various sources of error that can impact the
system’s performance and contribute to the noise. These sources of error
include, but not limited to, laser noise (amplitude relative intensity noise,
phase noise, wavelength accuracy and repeatability, laser wavelength drift),
detector thermal noise, shot noise, thermal fluctuations and thermal gradients on the chip, etc. Chapter 6 identifies thermal variations as being the
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dominant contributor to error and can be reduced significantly using our
system’s design.

2.2

Methods and Materials

This section will include details of the design and fabrication of the sensors,
the experimental setup, and the reagents used for sensor characterization and
bio-experiments.
If there are slight variations to these for any specific chapter, it will be
included in a the methods section of that chapter.

2.2.1

Sensor Design

To design the parameters of the various sensor types, simulations were conducted using Lumerical’s MODE (fully-vectorial 2D eigenmode calculations),
as well as analytical modelling in MATLAB.
Lumerical MODE solutions was used to calculate the effective index of the
waveguide. Figure 2.2 shows the cross-section of the waveguide schematically.

Simulation Area
To determine the sensitivity, we calculated the change in nef f of the waveguide as the refractive index of the cladding changes. To observe these changes
and also to have reasonably accurate estimation of nef f , we aim for errors
in the orders of or less than 10−5 . This value also ensures that the mode
19
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Figure 2.2: Schematic representation of the cross-section of the waveguide.

perturbation due to boundary values is minimal.
To determine the approximate dimensions for simulation area, the error in
nef f is estimated as a function of the dimensions of the simulation area, based
on the method explained in [44]. We first determine the simulation span for
the out-of-plane direction by calculating the nef f of the slab waveguide as
the simulation span increases (figure 2.3). We then use the nef f of the slab
to calculate the nef f in the in-plane direction, and to determine the error in
nef f as the simulation span in the in-plane direction increases (figure 2.4).
We have performed these convergance tests for various waveguide thicknesses under study. As the waveguides get thinner, the mode is less confined
(this is the cause of higher sensitivity). Therefore, larger simulation spans
are required to get the desired error.
Our investigation of TM mode is for waveguide core thicknesses of 220,
and 150 nm. To estimate the required simulation area for TM calculations,
20
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Figure 2.3: Estimated error in simulating effective index for the first TE mode as
simulation span increases, out-of-plane, for various waveguide thicknesses.
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Figure 2.4: Estimated error in simulating effective index for the first TE mode as
simulation span increases, in-plane, for various waveguide thicknesses.
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the area on the top and bottom (out-of-plane simulation span) is calculated,
then the nef f of the slab is used to calculate the required area on two sides
(in-plane simulation span). Figure 2.5 and 2.6 shows plots of the calculated
error as the simulation area in these two directions increase.
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Figure 2.5: Estimated error in simulating effective index for the first TM mode as
simulation span increases, out-of-plane, for various waveguide thicknesses.

2.2.2

Layout Design

Light is coupled into and out of the chip using grating couplers (GCs) [45].
The sensors designed for biological applications were all aligned towards the
center of a large chip (e.g. 16 × 25 mm) containing multiple designs, to allow
for poly dimethylsiloxane (PDMS) bonding on chip. This design facilitates
the exposure of the sensors to various reagents, when the microfluidic channels in PDMS are aligned to the sensors. On the chip, PDMS channels are
reversibly bonded, in order to allow the flow of liquids and biological fluids
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Figure 2.6: Estimated error in simulating effective index for the first TM mode as
simulation span increases, in-plane, for various waveguide thicknesses.

on the top of the devices. Sometimes, sensors are fabricated with reference
sensors, which are not subjected to change in analyte concentration or solution (they can be under PDMS, or in a different channel), thus they can
allow correction for temperature drift or other effects.

2.2.3

Fabrication

Optical devices were fabricated on SOI chips using various foundry services.
For initial investigations, we usually used an E-Beam Lithography (EBL)
System at the University of Washington - Washington Nanofabrication Facility (UW WNF) that has a quick turnaround time. In addition, various
foundries with multi-project wafer (MPW) services such as IMEC [40] and
IME in Singapore were used.
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2.2.4

Experimental Setup

Our automated measurement setup is currently capable of automatically
measuring hundreds of devices within only a few hours. Figure 2.7 shows
the schematics of our setup.

Figure 2.7: Schematic representation of our testing platform [courtesy of UW team]

The setup consists of a tunable laser (Agilent 81682A, Agilent Technologies, Inc., USA) as the optical source that operates with an output range
of 1460 nm to 1580 nm. An array of polarization maintaining (PM) optical
fibers (PLC Connections, LLC., USA) is used to couple light from the tunable laser to the silicon waveguides on the chip through a GC (figure 2.8).
The guided mode in the waveguide will then travel through the biosensor and
after interacting with the reagents will go to an output GC, which couples
the light from the waveguide into another PM optical fiber.
A vacuum is used to immobilize the photonic chip onto the motorized
stage (Thorlabs, USA). The efficiency of light coupling from the fiber array
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!

! gets coupled into
Figure 2.8: Schematic representation and a picture of how light
the chip. [courtesy of UW team]
to the Si waveguides and back out from the chip is very sensitive to the
alignment (rotational and linear alignment) of the fiber array itself to the
fiber grating couplers. By monitoring the output power and moving the
stage in plane, the alignment is automatically optimized with a MATLAB
script by maximizing collected output power.
The stage temperature is controlled with a Peltier element and a feedback
controller (LDC501, Stanford Research System, USA) with a typical stability
of 1-10mK.
The intensity of the output light is then measured with an optical power
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sensor (Agilent 81635A, Agilent Technologies, Inc., USA). All of the above
mentioned processes are controlled with MATLAB programs that control the
tunable laser and optical detectors as well as a motorized stage holding the
chip. A MATLAB script is also used to sweep the laser wavelength and
to acquire the transmission spectrum. The motorized stage is controlled
through a script to align the fiber array to the GCs on the chip; and move
from one GC to another to interrogate various biosensors.
Figure 2.10 and 2.9 are two picture representation of the test setup. One
using PDMS as microfluidic channel, and the other using the silicone gasket
with Polytetrafluoroethylene (PTFE) flow cell.
(a)

(b)

Figure 2.9: Schematic representation of our testing platform [courtesy of UW team]

2.2.5

Microfluidic Integration

Custom design and fabrication of the microfluidic channels in poly dimethylsiloxane (PDMS, Sylgard 184, Dow Corning, USA), using soft-lithography
procedures, provided the means to expose specific set of devices on SOI chip
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Figure 2.10: The experimental setup: fiber array is used to both bring the light
from a tunable laser source (operating in 1460 nm to 1580 nm wavelength range)
to, and collect the output light from the chip to be transferred to the optical power
sensor. The chip is immobilized on the motorized stage using vacuum. [34]

to the fluidic reagents. The mold masters were fabricated with standard photolithography in SU-8 2075 (MicroChem, USA). Uncured PDMS was then
poured onto the molds to a thickness of about 1 cm. Before curing for 2
hours at 80o C, the PDMS was degassed in a desiccator for 10min to remove
unwanted air bubbles.
These fabricated polydimethylsiloxane (PDMS) microfluidic channels were
used to deliver the refractive index titrations to the sensors (figure 2.10).
Inlet and outlet holes are punched into the PDMS layer to access the microchannels and to connect to the syringe pump. The inlet and outlet holes
were punched with a 0.5 mm coring tool (Schmidt Press, CORP, USA) prior
to bonding and connected to tygon micro-bore tubing using 22 gauge blunt
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needles (Nordson EFD, CORP., USA) to serve as the fluidic inlet and outlet
of the device. The PDMS fluidic block was then aligned to the devices under
study on the SOI substrate using a stereo microscope. The reversible bond
formed between the SOI substrate and the PDMS block is strong enough
to form a seal to withstand the pressure used to drive the flow during our
experiment; however, to minimize the risk of leakage, the fluids were supplied to the channels under a negative pressure (the syringe pump was set
to withdraw rather than inject). A syringe pump (KDS-230, KD Scientific,
Inc., USA) operating in withdraw mode (negative pressure) was used to control the flow rate in the device, usually at a constant flow rate of about
10 µL/min. Maintaining a slow flow is required in these experiments both to
avoid creating air bubbles as well as to allow the system to maintain thermal
equilibrium.
In some recent experiments at the university of Washington, a different
method is used to deliver various solutions to the sensor. To deliver reagents
to the sensor, a 500 nm thick laser-cut silicone gasket (Grace BioLabs, Bend,
Oregon) defined 300 µm wide channels over the optical sensors and mated
with a custom, PTFE (Teflon R ) flow cell to connect the Tygon tubing (figure
2.9).

2.2.6

Sensor Characterization

To characterize the sensor devices and demonstrate their bulk sensitivity
capabilities, aqueous solutions of salt and aqueous solutions of glucose were
28

2.2. Methods and Materials
used, interchangeably. A standard sandwich assay was used to demonstrate
the surface sensitivity capabilities of the sensors.
Currently, to characterize and demonstrate the performances of our devices, we have to perform multiple steps and multiple scans at each step.
This can take a few hours for characterization of each device and even longer
(sometimes days) when surface modifications with bio-reagents are required.
However, when these devices are developed and ready to be used for sensing
applications, ideally only one scan is needed to determine/predict the value
of interest, which takes less than a minute.

Refractive Index Calibration Using Salt Solutions
To characterize the performance and bulk sensitivity of the devices, a set of
aqueous solutions of NaCl were used with various concentrations (7 samples
in the range of 0 to 2M). To ensure the accuracy of the characterization,
refractive index (RI) of these solutions was measured and characterized using
a Reichert AR200 digital refractometer (Depew, NY), in refractive index unit
(RIU).
The measured solutions are included in table 2.1.
The sensor was subjected to the various solutions and its response measured to determine the resonant shift while the optical stage was thermally
tuned to 25 degrees Celsius to limit the impact of thermal drift on the measurements.
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Table 2.1: Measured refractive index (RI) of various concentrations of salt solutions, in refractive index unit (RIU)

Reagent
Ultrapure, deionized water
62.5 mM NaCl
125 mM NaCl
250 mM NaCl
500 mM NaCl
1 M NaCl

Measured RI (RIU)
1.3334
1.3335
1.3344
1.3354
1.3375
1.3430

Refractive Index Calibration Using Glucose Solutions
Aqueous solutions of glucose can also be used to determine the bulk sensitivity characteristics of the sensors. Therefore, aqueous solutions of D-Glucose
(D16-500, Fisher Chemicals, Fisher Scientific, Inc.) in distilled water with
various concentrations were prepared using the multiple dilution method (0
to 2000 mg/dL). The refractive index of glucose solutions can be estimated
according to the following Equation [46]:

nglucose (λ) = nH2 O (λ) + 1.515 × 10−6 Cglucose

(2.10)

where nglucose is the refractive index of the aqueous solution of glucose, and
Cglucose is the concentration of glucose in mg/dL. These aqueous solutions
were used to characterize the performance and sensitivity of our resonators.
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Bio-Assay Experimental Reagents
To test the performance and response of the devices to bio-molecules, we used
a modified sandwich assay [47, 48] involving well-characterized molecules with
high binding affinities including: anti-Streptavidin (antiSA, Vector Labs;
Burlingame, CA), streptavidin (SA, Vector Labs; Burlingame, CA), and Biotinylated Bovine Serum Albumen (biotin-BSA, bBSA), which was conjugated per the manufacturer’s instructions using a commercial biotinylation
kit (SoluLink; San Diego, CA). During the experiments, the optical stage
was thermally controlled at 30o C to minimize thermal drift. Reagents were
introduced to the sensor arrays using a reversibly bonded PDMS flow cell
and Chemyx Nexus 3000 Syringe Pump (Houston, TX) at 10 µL/min. Selected peaks were tracked every 45 seconds using an Agilent 8164A 1550 nm
mainframe with a tunable laser (Agilent 81682A) with an integrated detector (Agilent 81635A). Each sensor was exposed to phosphate-buffered saline
(PBS) for at least 20 minutes prior to other reagents to establish an initial
signal baseline.
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2.3

Sensor Designs and Calibration Results

2

Using these metrics, we analyze the performance of ring, disk, and Bragg
grating resonators fabricated in SOI, and integrated with microfluidics. We
also demonstrate a biosensing experiment.
In addition to investigating these proposed devices at around 1550 nm
wavelength, which is commonly used for telecommunication applications,
some of these devices are under investigation for wavelengths around 1220
nm. At 1220 nm, light absorption from water is strongly decreased with respect to the 1550 nm range, thus increasing the quality factor and improving
the limit of detection [17].
When dealing with resonator sensors, the sensitivity is determined by the
shift of the resonant peak wavelength as the refractive index of the solution
changes. A set of aqueous solutions of NaCl, as explained in section 2.2.6 is
used to characterize the sensor devices under investigation.
Resonator sensors with a high quality factor are desirable. A high quality factor of the sensor means improved accuracy of the detection due to
the improved minimum detectable wavelength shift. This will consequently
improve the Limit of Detection (LOD) based on equation 2.9.
2

Parts of of this section have been published in [34]:
S. Talebi Fard, et al., “Label-free silicon photonic biosensors for use in clinical diagnostics”,
Proc. SPIE, Silicon Photonics VIII, 8629:86290914 (Invited), SPIE OPTO, International
Society for Optics and Photonics, 2/02/2013.
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2.3.1

Optical Sensor Designs

Optical resonators have shown promises as biosensors due to their longer
interaction with the analyte surrounding the resonators. The following resonators have been investigated in our group: disk resonators; slot waveguide
ring resonators; strip waveguide Bragg gratings; and slot waveguide Bragg
gratings. Figure 2.11 provides an SEM image of each of these resonators.
Also, since they are integrated in waveguides, they often have compact footprint and thus are easily integrated with microfluidic channels.
(a)

(b)

5 µm

5 µm

(c)

(d)

500 nm

500 nm

Figure 2.11: SEM images of the fabricated devices on SOI wafers, using E-Beam
lithography process at the University of Washington. a) disk resonators; b) slot
waveguide ring resonator; c) strip waveguide Bragg grating; d) slot waveguide
Bragg grating.
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2.3.2

Disk Resonators

Disk resonators offer potential advantages of improved limits of detection due
to lower scattering losses and thus higher quality factors [17]. The nature
of disk resonators means that there is only one sidewall surface from which
scattering can occur. These reduced losses increase the resonator quality
factor and in doing so have the potential to improve the limit of detection
as defined in Equation 2.9. Additionally, disk resonators offer very small
device footprints; this is advantageous for multiplexing (many disks can fit
in a small area, and the disks offer a wide free spectral range, FSR), and the
sensing surface area is comparatively small.
Figure 2.12 shows the schematics of the 10 µm disk resonators and the
simulated mode profiles for the first three TE and TM modes.
(a)

(d)

(b)

(e)

(c)

(f )

SiO2

10 µm

Si

Figure 2.12: Mode profiles (TE and TM) for 10 µm disk resonator. a-c are the
first to third TE modes; and d-f are the first to third TM modes.
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We have investigated 10 µm disk resonators supporting both TE and TM
modes. As Figure 2.12 illustrates, the TM modes in our disk geometries
have electric fields that penetrate further into the analyte as well as more
field traveling in the analyte itself; this leads to more interaction of light with
analyte and therefore higher refractive index sensitivity. The results of the
sensitivity analysis of the 3 µm disk are shown in Figure 2.13, demonstrating
the peak shift and refractive index sensitivity calibration for the two modes

Transmitted Power (dBm)

present in the disk.

(a)

Wavelength (nm)
(b)

Figure 2.13: a) Shows how the spectra shifts as the refractive index of the medium
changes (using various concentrations of NaCl). b) Sensitivity for the fundamental
(black) second (blue) TE modes in 3 µm radius disk resonator. The error bars
indicate a 99% confidence interval (within 3 standard deviation). We observe
sensitivities of 26 nm/RIU for the fundamental mode and 29 nm/RIU for the
second mode.
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2.3.3

Strip Waveguide Bragg Grating

Integrated waveguide Bragg gratings are also promising candidates for biosensors. Compared with other resonant structures (e.g. ring or disk), waveguide
Bragg gratings usually operate at only one particular wavelength (Bragg
wavelength) and thus are not limited to FSR for the maximum range of the
peak wavelength shift.
Figure 2.14 represents a schematic of a strip Bragg grating sensor with
phase shift; with inset being the mode profile of the main propagating TE
mode. The Bragg gratings are realized with corrugations on the lateral sidewalls of the strip. As light travels through the waveguide, the optical mode
experiences periodic modulation of the effective refractive index, and the
Bragg condition depends on the grating period and the effective refractive
index of the medium.
The phase shift region in the strip Bragg grating sensors constructs a
cavity with two Bragg reflector mirrors and induces a resonant peak in the
stop band of the Bragg gratings. The Q factor of the resonance can be very
high (100,000 in air [49] ).
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Figure 2.14: Schematic of a strip Bragg waveguide and the propagating TE mode
in the waveguide cross-section.

Figure 2.15 shows the experimental results of the sensitivity analysis of
strip waveguide Bragg grating sensor. A sensitivity of 59 nm/RIU is measured, which is close to the simulated value of about 55 nm/RIU. The quality
factor (Q) of this device is measured to be 27600, which leads to an intrinsic
limit of detection of 9.3 × 10−4 RIU.
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Figure 2.15: a) Shows how the spectra shifts as the refractive index of the medium
changes (using various concentrations of NaCl). b) Shows the sensitivity of the
strip Bragg sensors. Error bars show experimental results for peak wavelength
shift versus refractive index change of the medium. The error bars indicate a 99%
confidence interval (within 3 standard deviation). Red line is a linear fit to these
points indicating the sensitivity of about 59 nm/RIU.

2.3.4

Slot Waveguide Ring Resonator

A slot waveguide racetrack resonator with a 30 µm radius, 300 nm waveguide
widths and 130 nm slot was fabricated and yielded quality factors of about
1450 and sensitivities of 263 nm/RIU. The low Q is partly due to high bending, mode mismatch, and scattering losses. This limited Q suggests that it is
necessary to eliminate the bent regions in the slot device in order to obtain
high ILODs.

2.3.5

Slot Waveguide Bragg Grating

To enhance the light-analyte interaction, we also applied the phase-shifted
Bragg grating structure in a slot waveguide [50], as shown in Figure 2.16.
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The electric field of the slot waveguide is concentrated inside the small lowindex slot region. This unique property makes the slot waveguide much more
sensitive to the surrounding fluidics than conventional strip waveguides that
use only weak evanescent field tails. The Bragg gratings are constructed by
corrugating the outer sidewalls of the slot waveguide, where the evanescent
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field decays.

Si

Phase shift

SiO2

Figure 2.16: Schematic of a slot Bragg waveguide and the propagating TE mode
in the waveguide cross-section.

Figure 2.17 shows the experimental results of the sensitivity analysis of
a slot waveguide Bragg grating sensor. A sensitivity of 340 nm/RIU is measured, which is in excellent agreement with simulation results [30]. The
quality factor (Q) of this device is measured to be about 15000, which leads
to a limit of detection of 3.0×10−4 RIU. Compared to the slot waveguide ring
resonators, the slot Bragg grating resonators exhibit significantly enhanced Q
factors since they do not suffer from the bending and mode mismatch losses
as in ring structures.
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Figure 2.17: a) Shows how the spectra shifts as the refractive index of the medium
changes (using various concentrations of NaCl). b) Shows the sensitivity of the
Slot Bragg Sensors. Error bars show experimental results for peak wavelength
shift versus refractive index change of the medium. The error bars indicate a 99%
confidence interval (within 3 standard deviation). Red line is a linear fit to these
points indicating the sensitivity of about 340 nm/RIU.

2.4

Biological Results

As a first step towards demonstrating the sensor’s biosensing capabilities, we
performed a modified “sandwich” assay using streptavidin (SA) as a model
protein and its binding partners, biotin and a monoclonal anti-SA antibody.
For the purposes of this study, these molecules were selected based on their
availability and ease of use. Additionally, it is worth noting that the specific
molecular recognition event between SA and biotin is one of the strongest
non-covalent bonds known [51] and anti-SA has been used to demonstrate
specific binding to immobilized SA on silicon photonic sensors previously
[52].
Figure 2.18 shows results from the biosensing experiments for a 3 µm
radius TE-mode resonant disk and a single-waveguide Bragg interferometer
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!"#$

!&#$

!%#$

Figure 2.18: Wavelength shift during biosensing demonstration for the 3 µm radius
TE-mode disk sensor (a) and single waveguide Bragg interferometer sensor (b).
(c) Illustrates reagent sequencing corresponding to regions [i, ii, and iii] in (a)
and (b). Region i = Biotinylated Bovine Serum Albumen (b-BSA) (2 mg/mL), ii
= streptavidin (SA) (1.8 µM), iii = anti-streptavidin (anti-SA) (125 µg/mL). A
PBS-wash preceded and followed the introduction of each reagent in steps i-iii.

sensor. Wavelength shifts resulting from the molecular binding events for
the disk resonator and Bragg sensor are shown in Figure 2.18 (a and b)
respectively. Figure 2.18 (c) illustrates the idealized sequence of molecular
interactions resulting in the sandwich assay. These sequential binding interations correspond to the wavelength shifts shown in regions i, ii, and iii shown
in Figure 2.18 (a, b).
After establishing a signal baseline in PBS buffer, biotinylated-BSA (bBSA) was adsorbed to the oxide of the sensor surface (shown in region i in
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Figure 2.18 (a, b)). Next, SA was introduced to the functionalized sensor,
binding irreversibly to the immobilized b-BSA, resulting in the wavelength
shift observed in region ii (Figure 2.18 (a, b)). Finally, Anti-SA bound the
capture SA, serving as a final signal amplification step, resulting in the additional resonant peak shift shown in region iii (Figure 2.18 (a, b, and c)).
These binding results are in good agreement with the formation of a multi
addlayer biomolecular system consisting of b-BSA, SA and anti-SA. Ideally,
the refractive index change (and subsequent wavelength shift) resulting from
each additional layer would correlate precisely to the molecule’s mass of each
protein. However, steric hindrance due to dense molecular packing limits
1:1 stoichiometries of binding. This, coupled with the exponential decay of
the evanescent sensing field, causes the sensor’s response to each addlayer to
deviate from the ideal. With those limitations in mind, the sandwich assay
clearly demonstrates expected responses to the biological interactions and
demonstrates the platform’s suitability for interrogating molecules in other
multi-layer biological assays.

2.5

Discussion and Analysis

Table 2.2 presents a summary of geometrical specifics, resonance wavelengths
and light polarizations, as well as sensing performance in terms of Q, S, and
ILOD (equations 2.5, 2.6, 2.8, and 2.9) of our fabricated SOI sensors. In
addition, Figure 2.19 presents a comparison of the limits of detection and
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sensitivities of devices summarized in Table 2.2 to our previously-presented
devices [17] and to limits of detection of various sensor configurations reported in literature. The blue line on Figure 2.19 represents the theoretical
limit to the obtainable sensor performance (in water).
Table 2.2: Summary of the performance and characteristics of our silicon photonics
sensors

Sensor
Disk
Disk
Disk
Slot Ring
Strip Bragg
Slot Bragg

Specifications
3 µm radius
10 µm radius
10 µm radius
30 µm radius
0.5 µm width
∼112 µm length
0.5 µm width
∼112 µm length

λ
(nm)
1527
1512
1543
1500
1517

TE/TM

Qwater

S

TE
TE
TM
TE
TE

32300
131000
16000
1450
27600

26
21
142
263
59

ILOD
(RIU)
1.8×10−3
5.5×10−4
6.8×10−4
1.3×10−2
9.3×10−4

1530

TE

15000

340

3.0×10−4

nm
( RIU
)

It is worth noting that the lowest limits of detection (about one order of
magnitude less than other sensor configurations) are achieved with the TE
and TM modes [28] in the 10 µm radius disks as well as the slot Bragg grating resonator sensors. On the other hand, their refractive index sensitivities
vary by an order of magnitude (with TM disk and the slot Bragg with better
performance), but their different quality factors equalize the limits of detection to the same order of magnitude. Concerning Bragg sensors, they both
have a very low limit of detection and high Q, but the sensitivity is about 6
times improved for the configuration with the slot waveguide. This is likely
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due to an enhanced interaction between the electromagnetic field and light,
causing a wider shift of its resonance wavelength. We can observe in Figure
2.19 that Q factor of slot Bragg is very close to the theoretical limit, so one
can conclude that it is mainly limited by the water absorption.
In addition to ILODs, often resonator characteristics can influence the
choice of best resonator type for a given application. Depending on the
shape and size of the microchannels, number of multiplexed sensors, as well
as shape of target molecule, one can determine the best sensor for the particular application. For example, the 3 µm radius disks have the smallest
footprint, while Bragg sensors have long but very narrow shape; this perhaps makes 3 µm disks better suited for multiplexing applications. Indeed,
the ultimate best choice of sensor type will be dictated by the requirements
of the application; whether sharp peaks or large peak shifts are preferable,
whether it is advantageous to track multiple peaks at the same time. Obviously, the sizes and expected concentrations of the analyte or of the specific
target molecule will all play a role in determining the best sensor type. For
example, slot waveguides may be better suited for sensing small molecules
with low concentrations, because they offer high sensitivity, but they require
that molecules can flow also in the slot (that has a cross section of 150 nm
× 220 nm), where much of the field is concentrated.
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Figure 2.19: Experimental results for performance and figure of merit (ILOD) of
various sensors. All the red filled points are devices developed by our group at
UBC/UW; and black hallowed ones represent devices developed in other groups
[9, 27, 29, 53–55] for comparison purposes. The y-axis is the sensitivity normalized
to the peak resonant wavelength (equation 2.4). The blue line is the theoratical
limit for 1550 nm in water.

2.6

Conclusion and Future Work

In this section, we have discussed the emerging and promising role of integrated optical biosensors, and we described various individual resonator
sensors that have been modelled and fabricated by our group. Those sensors have been characterized and validated using a standard ‘sandwich’ assay.
Having variety of sensors characterized have prepared us for performing more
meaningful bio-assay experiments using more custom designed sensors to detect essential aspects under study.
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Having sensors with small footprints, it would be very easy to have highthroughput multiplexed and simultaneous analysis, with hundreds of sensors
each-one ‘tuned’ for a different specific target. All those sensors can be
designed and aligned such that they can be easily integrated with microfluidic
channels, as well as they can have built-in normalization with integrated
reference sensors. Considering that all those sensors would be fabricated
with standard SOI chip processes that are CMOS compatible, facilitating
integration with on-chip electronics, they would be very promising in terms
of whole systems integration. Furthermore, our integration of these devices
with microfluidics and bioassays represents a step forward towards realizing
Lab on Chip systems.
A final remark on the wavelength we have used, that is 1550 nm, commonly used for telecommunications, thus it has been very well characterized
and offers several low-cost components. Since our aim is biological sensing, it is worth exploring different wavelength regions, which may offer some
advantages or the possibility of gaining multi-wavelength information. For
example we are start to investigate 1220 nm as a working wavelength, since
it presents a significantly reduced water absorption, which in turn may improve the figure of merit, ILOD. As seen in the work by Chrostowski et al.
(Figure 8b)[17], the detection limit is lower at around 1220 nm compared to
1550 nm, making the wavelength window of 1.2 to 1.3 µm a more desirable
range for sensing applications in the presence of water.
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Chapter 3
Ultra-Thin Resonator Sensors 3
This chapter presents simulation and experimental results of ultra-thin optical ring resonators, having larger Evanescent Field (EF) penetration depths,
and therefore larger sensitivities, as compared to conventional Silicon-onInsulator (SOI)-based resonator sensors. Having higher sensitivities to the
changes in the refractive indices of the cladding media is desirable for sensing
applications, as the interactions of interest take place in this region. Using
ultra-thin waveguides (<100 nm thick) shows promise to enhance sensitivity
for both bulk and surface sensing, due to increased penetration of the EF
into the cladding. In this work, the designs and characterization of ultrathin resonator sensors, within the constraints of a multi-project wafer service
that offers three waveguide thicknesses (90nm, 150nm, and 220nm), are presented. These services typically allow efficient integration of biosensors with
on-chip detectors, moving towards the implementation of lab-on-chip (LoC)
systems. Also, higher temperature stability of ultra-thin resonator sensors
were characterized and, in the presence of intentional environmental (temper3

Parts of of this chapter have been published in [35]:
S. Talebi Fard, et al., ”Performance of ultra-thin SOI-based resonators for sensing applications.” Optics Express 22, no. 12 (2014): 14166-14179.
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ature) fluctuations, were compared to standard transverse electric SOI-based
resonator sensors.

3.1

Introduction and Background

As described in section 2.3, our group has previously compared the ILODs
of waveguide-based resonator sensors fabricated in silicon-on-insulator (SOI)
operating near wavelength of λ = 1550 nm. Ring [17], disk [28], and Bragg
grating [30] resonators have been demonstrated with ILODs approaching the
theoretical limit (due to the optical absorption of water) of 2.5 × 10−4 RIU
[17].
One technique for improving the performance of a waveguide-based resonator sensor is to increase its sensitivity, S. This can be done by increasing the interaction between the propagating optical mode and the cladding
medium, since the sensing mechanism relies upon the interaction of the
evanescent tail of the guided mode in the waveguide with molecules in the
cladding medium. When a larger portion of the optical field travels outside of
the silicon waveguide core, both the mode sensitivity (Smode ) and S increase,
resulting in a larger shift in the resonant wavelength. This also results in
higher loss due to the optical absorption of water, resulting in a lowered Q,
and, thus, there is a trade-off that results in limited improvements in the
ILOD.
The use of thinner waveguide cores was proposed to increase the interac-
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tion of the EF of the optical mode with the cladding. Theoretical analysis
[56, 57] demonstrates that thinner SOI waveguide cores are more responsive (have higher sensitivities) both to bulk cladding concentrations and thin
adsorbed biomolecule layers. Analysis to determine the optimum waveguide thicknesses for specific biological applications has also been performed
[56, 57]. In addition, thin and ultra-thin waveguides have been fabricated in
CMOS-compatible processes and exhibited low losses; for example a loss of
about 2 dB/cm was reported for a 50 nm thick strip waveguide [58]. Ultrathin waveguide resonator sensors (based on using ultra-thin silicon cores) also
offer the potential for improved thermal stability for biosensing applications.
The refractive indices of the silicon core and silicon dioxide (buried oxide,
BOX) materials increase with increasing temperature [59, 60], while the index of the water cladding decreases with increasing temperature [61, 62], thus
moving more of the propagating field to the cladding decreases the overall
effect of temperature on the modal effective index.
This chapter includes the first experimental demonstration of ultra-thin
waveguide resonator sensors fabricated in a CMOS-compatible SOI process.
We have successfully simulated, fabricated, and tested ultra-thin waveguide
resonators using waveguide core thicknesses (90 nm) available in commercial Multi Project Wafer (MPW) runs offered by Optoelectronic Systems in
Silicon (OpSIS) and/or CMC Microsystems fabricated by the Institute of
Microelectronics (IME) in Singapore. We focused on these thicknesses as
they offered the best potential for integration with future CMOS-compatible
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processes. Using both simulated and experimental results, we have demonstrated that ultra-thin ring resonators have higher sensitivities to the changes
in cladding medium and lower sensitivities to temperature. We also compared
these ultra-thin resonators with standard 220 nm thick ring resonators and
observed significantly more stable responses.
These sensors were tested with glucose solutions, from which a prediction
model was created to predict glucose concentrations. These sensors could
also be used to study molecular bindings for chemical and biological research
purposes [9].

3.2

Design Methods and Analysis

We have used Lumerical MODE Solutions and analytical models in MATLAB
to design optical resonators with various thicknesses. MODE is used to
calculate the effective index for each waveguide thickness and, ultimately,
the change in effective index as the cladding is altered. In these MODE
simulations, a 4 × 4 µm simulation area was used. This results in errors less
than 10−7 in calculations of effective index (neff ) based on the convergence
test (figures 2.3 and 2.4). The resulted errors in sensitivity calculations are
insignificant (< 0.1%). Figures 3.1(a-c) illustrate the mode profile of the
propagating TE fundamental mode for waveguide thicknesses of 220, 150,
and 90 nm.
The thinner the waveguides, the less confined are the propagating modes
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(a) TE mode profile for 90 nm thick (b) TE mode profile for 150 nm thick
silicon core
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Figure 3.1: Simulation results for the cross-section of the silicon waveguides (SOI)
with water as the cladding medium. (a-c) the mode profile of the fundamental TE
mode for silicon thicknesses of 220, 150, and 90 nm, in log scale, calculated using
MODE Solutions. (d) Schematic of the waveguide’s cross section and parameters.

to their silicon cores and the higher are their penetration depths into the
surrounding media. The evanescent field in the top cladding at the centre of
the silicon slab can be approximated by:

2π
−d( λ
)

E(d) ≈ E0 e

0

√

2 −n2
Neff
cl

(3.1)

where E0 is the electric field at the surface of the silicon core, d is the perpendicular distance from the surface, Neff is the effective index of the waveguide,
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Figure 3.2: Simulated 1/e penetration depths of the evanescent field of the first
guided TE mode into the solution for various waveguide core thicknesses and
widths.

ncl is the refractive index of the cladding, and λ0 is the operating wavelength.
The penetration depth (de ) is defined as the distance from the siliconcladding interface (at the centre of the silicon) at which the evanescent field
decays to E0 /e. This penetration depth (de ) of the mode is calculated using
MODE and Equation 3.1 for the waveguide thicknesses under investigation,
and is plotted in Figure 3.2.
Racetrack resonators are usually designed and optimized at critical coupling, resulting in maximum Extinction Ratio (ER). Analytical modelling
in MATLAB is used to calculate the parameters and predict the response
of the ring resonator, to achieve an optimal design. This model considers
estimated and simulated losses as well as simulated mode profiles for various
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sections of racetrack in the calculations. The simulation area of 4 × 4 µm,
assuming a standard SOI wafer (with 2 or 3 µm of SiO2 BOX between the
waveguide and silicon substrate), includes the waveguide core, its SiO2 BOX
and cladding. Propagation losses (scattering loss + substrate leakage) were
estimated to calculate the critical coupling lengths for racetrack resonators.
Researchers have investigated these losses, analytically and experimentally.
They reported a substrate leakage of 1 dB/cm for 100 nm slab waveguide
over a 1 µm SiO2 BOX [63], and a substrate loss of 3-4 dB/cm for a 500 ×
120 nm waveguide over 1.4 µm SiO2 BOX [64, 65] (with reported total loss of
7 dB/cm for racetrack structure). In addition, a propagation loss of 2 dB/cm
for a 500 × 50 nm waveguide on a standard SOI wafer is reported [58]. It
has been demonstrated that the losses due to substrate leakage decreased
exponentially as the thickness of the oxide layer increased [31, 63]. Propagation losses, both scattering loss and substrate leakage, decreased as the
waveguide width increased (higher mode confinement) [31, 66]. Therefore,
for our case with a standard SOI wafer (with 2 or 3 µm of SiO2 BOX) and
wider waveguides, we assumed a total propagation losses of 2-5 dB/cm.
Based on the higher simulated sensitivities for ultra-thin 90 nm resonator
sensors, we decided to fabricate a few variations of these ultra-thin sensors as
well as conventional 220 nm thick resonators for comparison purposes. In this
research, resonators with radii of 10, 20, and 30 µm and waveguide widths
of 800 nm to 950 nm were designed for critical coupling, in order to achieve
the best ER and optimized response. The goal was to use 90 nm waveguide
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cores, the thinnest offered by the standard MPW foundries. When using
ultra-thin waveguides, a wider silicon core is necessary to guide the mode
and has the advantage of reduced scattering losses due to sidewall roughness
[58]. These reduced losses result in slightly higher Q values, but slightly lower
sensitivities (as a small portion of the evanescent field is travelling outside
of the core). This trade-off between Q and S leads to an optimum point for
the ILOD. In addition, the single mode conditions for waveguides with 90
nm silicon cores are not disturbed until the waveguide widths reach 900 nm,
after which the waveguides are multi-mode.

3.2.1

Sensitivities of TE Resonator Sensors to
Cladding Refractive Indices
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Figure 3.3: Sensitivities of TE waveguide resonators with various thicknesses to
(a) the analyte in the cladding medium and (b) to the temperature

An EF sensor operates by detecting changes in the effective index of
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the waveguide. The effective index of the waveguide can be affected by a
change in the refractive index of the core and the refractive index of the
BOX and/or the refractive index of cladding. We are most interested in the
change in effective index of the waveguide as a function of the change in
refractive index of the analyte in the cladding medium (equations 2.1 and
2.5).
If thinner cores are used in resonators, the mode is less confined to the
core and a larger portion of the evanescent field travels outside the core,
resulting in more interaction with the cladding. Therefore, the dependence
of the effective index of the waveguide on the refractive index of the cladding
medium is increased in thinner waveguides, resulting in higher sensitivity.
MODE is used to calculate the effective index of strip waveguides with various
widths, thicknesses, and claddings. For each case, the change in effective
index as a function of the refractive index of the cladding is calculated. We
then use the sensitivity relation for resonators (equation 2.5) to find the
estimated sensitivity for each case at λ0 = 1550 nm. Figure 3.3(a) shows
the sensitivity that can be achieved in a strip waveguide resonator for three
waveguide thicknesses: 90, 150, and 220 nm.
An ideal optical sensor will have high sensitivity (S) to cladding refractive index changes and low sensitivity to other factors such as temperature
variation or system noise.
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3.2.2

Sensitivities of TE Resonator Sensors to
Temperature Variations

The sensitivity of a TE resonator sensor to temperature is defined as the
wavelength shift in resonator’s response caused by a temperature change of
the waveguide (core, buried oxide, and cladding). The change in refractive
dn
) for silicon can be approxindex as a function of a change in temperature ( dT

imated for T around 295 K, and λ0 around 1.5 µm, to be

dn
dT

≈ 1.8 × 10−4 /K

[59, 60]. Since the waveguide thickness is changing in our study, the contribution of the temperature variation of the silicon dioxide (SiO2 ) BOX would
be significant and different for each case. Therefore, the sensitivity is estimated assuming that the temperature of the substrate and BOX is changing
by the same amount as the temperature of the core. The sensitivity of the
refractive index of silicon dioxide to temperature is about

dn
dT

≈ 2.8 × 10−5 /K

[44]. Most solutions used for biological applications are aqueous. The dependence of the refractive index of water to temperature is

dn
dT

≈ −9.9 × 10−5 /K

[61, 62]. Table 3.1 shows the summary of these thermo optics (TO) coefficient
values. Figure 3.3(b) shows the sensitivity of strip waveguide resonators to
temperature variations of waveguide (when the cladding is water).

3.3

Experimental Methods and Materials

The above mentioned designed ultra-thin racetrack resonator sensors were
fabricated on a SOI chip using the E-Beam Lithography (EBL) System at
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Table 3.1: Thermo optics coefficient of the materials in the system

Material
Si waveguide
Water (cladding)
SiO2 (BOX)

TO coefficient
dn
( o1C )
dT
1.8 × 10−4 [44, 59, 60, 67]
−9.9 × 10−5 [61, 62]
2.8 × 10−5 [44]

the University of Washington - Washington Nanofabrication Facility (UW
WNF). Figure 3.4 shows SEM images of two of these sensors. On-chip Grating Couplers (GCs) are used to couple light into and out of the SOI chip [68].
These sensors were tested using techniques and reagents described in section
2.2.

Figure 3.4: SEM image of ultra-thin TE resonator sensors for two radii of 10 µm
and 30 µm, fabricated on SOI wafers, using E-Beam lithography process at the
University of Washington
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3.4

Performance of the Ultra-Thin TE
Resonator Sensors

In this section, we report on the performance of our fabricated devices.

3.4.1

Sensitivity Analysis Results

The optical responses of two ring resonators, one with the standard 220
nm thick silicon core and one with 90 nm ultra-thin silicon cores, in the
presence of the various glucose concentrations (section 2.2.6) were measured.
These two devices were measured consecutively in the presence of the same
solutions under the same experimental conditions. These experiments were
repeated on three days, at three different temperatures between 298 and
299 K inclusive, therefore subjected to an intentional temperature variations
of 1 K. From the data, the wavelength shifts as functions of the change in
refractive index of the glucose concentrations were calculated and plotted for
both sensors.
Figure 3.5 summarizes the wavelength shift responses of our two sensors,
in the presence of the various concentrations of analyte, and plots these
shifts as functions of refractive index change. The slopes of the best linear
fits to these points represent the sensitivities in nm/RIU, which is the peak
wavelength shift as a function of refractive index change. Figure 3.5(a) is
the response of the traditional 220 nm thick resonator sensor, and Figure
3.5(b) is the response of a 90 nm ultra-thin resonator sensor. The slope of
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Figure 3.5: Peak wavelength shift as a function of the change in refractive index
of the glucose solutions. There are about 25 measurements for each concentration
(i.e. each refractive index point), measured over three days subjected to intentional
temperature variations of 1 K. The dashed line is the best linear fit to these
measurements, representing the sensitivity in nm/RIU. The estimated sensitivities
based on these linear fits for (a) is 38.2 nm/RIU and for (b) is 133 nm/RIU.

the dashed lines in Figures 3.5(a,b) is the sensitivity of these sensors that are
38.2 and 133 nm/RIU for the standard 220 nm thick and 90 nm ultra-thin
resonator sensors, respectively. The wavelength shift in the 220 nm thick
resonator shows strong perturbations (large errors) due to environmental
variations such as temperature (average variations of 1 K were induced) or
noise, whereas the wavelength shift in the 90 nm ultra-thin resonator sensor
shows a strong linear relation with the changes in the refractive index of the
analyte; i.e. lower sensitivity to temperature and noise. It is evident that the
ultra-thin resonator sensor shows higher sensitivity as well as better stability
(significantly smaller errors). Having higher sensitivity and better stability
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allows improved predictions. Note that the temperature was varied in these
experiments to demonstrate and compare the performance of the sensors in
the presence of intentional temperature variation; the errors are due to these
variations. In typical experiments, where the temperature is not varied, the
errors are significantly smaller (Figure 3.7).
To further demonstrate the lower sensitivity of ultra-thin resonators to
temperature variations, and to characterize the temperature sensitivity of
these sensors, the responses of the sensors at three different temperatures
were measured and the corresponding resonant wavelength shifts were plotted as functions of temperature change. The shift in resonant wavelength
dλ
) denotes the sensitivity of a sensor to temas a function of temperature ( dT

perature. Figure 3.6 shows the experimental results for the temperature
sensitivity of a 220 nm thick and a 90 nm ultra-thin resonator sensor, to be
69 and 49 pm/K respectively.
One potential application of these sensors is the use of their bulk sensitivity in predicting concentrations of analyte in their cladding medium. Figure
3.7 shows the results of using linear models, based on their sensitivities and
measured wavelength shifts, to predict the concentrations of the analyte in
the cladding medium using our two sensors. The red (light) error bars show
the prediction results using the conventional 220 nm thick resonator with
the goodness of prediction (R2 value) of 0.85, and the thick black error bars
are the result of predictions using the ultra-thin resonator sensor, with an
R2 value of 0.993. The error bars are the result of intentional temperature
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Figure 3.6: Peak wavelength shift as a function of temperature change, demonstrates the sensitivity of our sensors to temperature change. Sensitivities of the
220 nm thick (conventional) and 90 nm ultra-thin resonators are measured to be
69 and 49pm/K, respectively.

variations of 1 K. Temperature controlling these sensors would significantly
reduce the error bars, and the R2 value for ultra-thin sensors increasing to
0.998 (figure 3.8). Figure 3.7 demonstrates significant improvement in ultrathin resonator’s ability to measure glucose concentrations in the presence of
temperature variations, as compared to conventional 220 nm thick sensor.
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Figure 3.7: The results of predictions of glucose concentrations using the two characterized sensors based on their responses on two different days under intentional
temperature fluctuations of about 1 K. a) The red (light) error bars show the predicted results using the 220 nm thick resonator(R2 = 0.85), and the thick black
error bars show the predicted results using the 90 nm ultra-thin resonator sensor
(R2 = 0.993). b) The bars represent the error in predicted concentrations using
our two sensors. The bars are based on the maximum +/- errors.

3.4.2

Q Factor and Intrinsic Limit of Detection
(ILOD)

The Q factor of an optical waveguide resonator, being a measure of number of
optical oscillations until the resonating energy decays to 1/e of its max value,
is defined in Equation 2.6. This approximation is used to measure the Q
values of our devices studied in this chapter. The Q of a resonator is inversely
proportional to the losses that are affecting the propagating mode (equation
2.6). Various loss components contribute to the Q factor in ring resonators:
scattering loss, bend loss, mode-mismatch loss, radiation loss in bends, and
material absorption, including water absorption. The Q factor is lower in
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Figure 3.8: The results of predictions of glucose concentrations using ultra-thin
resonator sensors at constant temperature (R2 = 0.998). The light dashed line is
for: Estimated Concentrations = Known Concentrations.

the thinner waveguide resonators, because of their higher losses due to their
increased interaction with the biomolecules in the cladding medium. These
increased interactions are desirable for sensing applications. The highest Q
factor that was achieved by the ultra-thin resonators in water was around
24,000, and the maximum Extinction Ratio (ER) measured was 28 dB.
Figure 3.9 summarizes the modelling and experimental results of the EF
sensors, presenting the intrinsic limit of detection of the EF sensors as functions of their Q factors and normalized sensitivities. The thin black dashed
lines represent contours of constant ILOD. The thick light blue line is the
theoretical limit of detection for (unloaded) resonant sensors due to water
absorption at 1550 nm [17]; its locus represents different proportions of light
travelling in the water versus in the waveguide core, namely a high Q / low
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Figure 3.9: The intrinsic limit of detection (ILOD) of the silicon photonic evanescent field sensors, as functions of the normalized sensitivity (S’) and quality factor
(Q). The thin black dashed lines represent contours of constant ILOD. The thick
light blue line is the theoretical limit of detection for (unloaded) resonant sensors
due to water absorption at 1550 nm [17]. The corresponding light blue markers are
the modelling results for the specific unloaded resonators considered in this study,
where only optical absorption due to water around the waveguide is considered.
The thick black line is the theoretical limit for a critically coupled (CC) resonator.
The corresponding black markers are the modelling results for critically coupled
resonators, where the Q factor is determined from the simulated optical spectra;
these also include additional losses (e.g. bend loss and mode-mismatch loss) except
for the waveguide scattering loss. The experimental normalized sensitivities and Q
values for each fabricated device are plotted (white markers), with the waveguide
dimensions noted in the legend.

sensitivity for highly confined modes (e.g., thick silicon waveguides [17] and
disk resonators [28]), and a low Q / high sensitivity for weakly guided modes
(e.g., thin silicon waveguides, TM polarized waveguides [54], and slot waveguides [55, 69]). The differences between the model (black markers) and the
experimental results (white markers) are attributed to scattering losses and
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the excess losses of the directional couplers (the couplers were assumed to be
ideal in the model, i.e., κ2 + t2 = 1). Note that the difference between the
experimental and modelling results is much larger for the narrow waveguides
(500 nm) as compared to the wide waveguides (800-950 nm). It is known
that wide waveguides have much lower optical scattering loss [66, 70, 71].
Scattering losses are usually induced by sidewall roughness. The interaction
of the propagating mode with the sidewall roughness causes a strong scattering effect [66, 70, 72]. Thus, we expect that the scattering losses of the thin
and wide waveguides (800-950 nm) should be relatively small and, hence,
we expect good agreement between the model and experiments. It is seen
that the experimental results for the 90 nm ultra-thin sensors agree very well
with the model, both in terms of sensitivity and quality factor. These sensors
offer performance that matches the theoretical limit for a critically coupled
resonator.

3.5

Conclusion and Discussion

We have investigated, both by simulations and experiments, ultra-thin TE
resonator sensors within the constraint of available thicknesses in standard
MPW foundries and services. We obtained sensitivities over 100 nm/RIU
with the ultra-thin TE resonator sensors. We have demonstrated, by experiment and simulation, the increased stability of these ultra-thin resonators,
as compared to the traditional 220 nm thick resonators, in the presence
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of temperature variations. We report Q factors on the order of 15,000 to
25,000, with the ILODs on the order of 5 × 10−4 RIU. In addition, good
agreement between experimental results and simulations was demonstrated.
The bulk sensitivity and capability of these sensors in predicting glucose
concentrations, in the presence of intentional 1 K temperature fluctuations,
was demonstrated and showed a manifold improvement in these predictions
as compared to traditional 220 nm thick resonator sensors. One method to
quantify this improved performance, in the presence of temperature drift,
is to compare their relative sensitivities (temperature sensitivity/bulk sensitivity). The calculated temperature-induced errors in the estimation of the
change in refractive index of the cladding (due to 1K temperature change)
are approximately 0.0015 and 0.0004 RIU/K, for the case of our conventional
220 nm thick resonator sensor and ultra-thin resonator sensor respectively.
This means more than three times improvement in the performance (73%
improvement).
The ultra-thin resonator sensors developed here, using the smallest available thickness offered by MPW foundries, can be integrated with the on-chip
detectors also offered by these standard foundries. Furthermore, given that
they are fabricated using SOI technology, they are well positioned to be integrated with CMOS electronics to produce a lab-on-chip. Additionally, as
compared to conventional 220 nm resonator sensors, our ultra-thin resonator
sensors, with larger evanescent fields, have unique advantages for bio sensing,
e.g., by sampling more of the measurand, these sensors provide the capability
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to sense larger particles.

67

Chapter 4
Optimized Sensitivity 4
Evanescent field sensors have shown promise for biological sensing applications. In particular, Silicon-on-Insulator (SOI)-nano-photonic based resonator sensors have many advantages, including exquisite sensitivity and
compatibility with today’s high volume CMOS foundries. We have investigated the optimum design parameters within the fabrication constraints of
Multi-Project Wafer (MPW) foundries that result in highest sensitivity for a
resonator sensor. We have demonstrated the optimum waveguide thickness
to achieve the maximum bulk sensitivity with a SOI-based resonator sensor
to be 165 nm using quasi-TM guided mode. The closest thickness offered by
MPW foundry services is 150 nm. Therefore, resonators with 150 nm thick
silicon core were fabricated and showed a sensitivity of 269 nm/RIU, whereas
a similar resonator sensor with 220nm thickness showed sensitivity of around
200 nm/RIU.
4

A version of this chapter will be published in:
S. Talebi Fard, et al.,“Optimized Sensitivity of Silicon-on-Insulator Strip Waveguide Resonator Sensor”, In review (2015).
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4.1

Introduction and Background

Researchers have investigated the optimum waveguide thicknesses for maximum sensitivities both analytically and experimentally for a waveguide slab
[56] but not a waveguide resonator used for sensing which has different characteristics. It is known that the propagating TM-modes generally exhibit
higher sensitivities due to an increased overlap of their evanescent field with
the cladding [36, 54, 56]. Figure 4.1 shows the evanescent field penetrations
depth of a propagating TM mode for the two waveguide thicknesses offered
by MPW foundries (150 and 220 nm), based on equations 3.1. Comparing
figures 4.1 and 3.1 show that the evanescent field penetration depth for quasiTM waveguides with regular thickness of 220 nm is close and comparable to
the penetration depth for TE guided mode in ultra-thin waveguides with 90
nm thickness.
The sensitivity can be defined in two ways: (1) bulk sensitivity and (2)
surface sensitivity. For a waveguide, the homogenous or bulk sensitivity is defined as the sensitivity to the changes in the refractive index of the cladding,
or aqueous solution surrounding the waveguide, assuming a homogenous soeff
, for the case of waveguide’s sensitivity, where neff is the effective
lution ( δn
δnc

index of the waveguide, and nc is the refractive index of the cladding). The
other type of sensitivity, commonly referred to as surface sensitivity, is defined as the sensitivity to the adsorbed bimolecular layer to the surface of the
silicon core ( δnδteff , for the case of waveguide’s sensitivity, where t denotes the
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thickness of the adsorbed biomolecule). Both sensitivities were investigated
for a simplified slab waveguide with silicon core on silicon dioxide substrate
and aqueous cladding [56]. The results suggested a maximum bulk sensitivity
eff
) and surface sensitivity ( δnδteff ) at waveguide thicknesses of 190 nm and
( δn
δnc

210 nm respectively. The molecular add-layer used to determine the surface
sensitivity was assumed to be a protein adlayer with refractive index of 1.48
[56, 73]. We have verified these optimum thicknesses as well using analytical
methods (using analytical expressions by Yariv [74]) and fully-vectorial 2D
eigenmode calculations. Note that the optimum value for surface sensitivity
would be different depending on the distance of the newly adsorbed layer
from surface of the waveguide core.

EF Penetration Depth (nm)

450
400

150 nm thick
220 nm thick

350
300
250
200
150
400 500 600 700 800 900 1000 1100 1200 1300
Width (nm)

Figure 4.1: Simulated 1/e penetration depths of the evanescent field of the first
guided TM mode into the solution for various waveguide core thicknesses and
widths.

In the case of resonators and interferometers, the sensitivity also depends
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on the group index of the waveguide (ng ). In this chapter, we have calculated
and experimentally validated optimum thicknesses to achieve the highest sensitivities for a biosensing resonator, including the dispersion effect accounted
by ng . We fabricated TM resonators with the standard etch layer thicknesses
offered by MPW foundries and verified experimental observations with theoretical simulations. Until now, the highest experimental sensitivity reported
for quasi-TM ring resonators was 135 nm/RIU [54] but using the optimum
waveguide thickness to maximize sensitivity, we demonstrate quasi-TM resonators with a bulk sensitivity of 270 nm/RIU.

4.2

Methods and Materials

Employing fully-vectorial 2D eigenmode (using Lumerical MODE Solutions.)
calculations and analytical equations in MATLAB, we have determined our
design parameters for a racetrack at, or close to, critical coupling [35, 44].
TM resonators with 150 nm thick silicon core, close to thickness with maximum sensitivity, and 220 nm thick resonators as a conventional reference
for comparison purposes were fabricated at The Institute of Microelectronics
(IME) foundry in Singapore [75].
Fabricated devices were characterized using a custom test platform developed by our lab to sequence solutions over the sensor [28, 34, 76]. For
bulk sensitivity measurements, a set of NaCl refractive index (RI) titrations
ranging from 62.5 mM to 1 M were subjected to the sensors to measure
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their response. The chip was thermally tuned to 25 ◦C to limit the impact
of thermal noise and drift on the measurements. For surface sensitivity measurements, standard sandwich assay involving well characterized molecules
were used to demonstrate the sensors ability to detect biological interactions
as described in [76]. Figure 4.11(a) is schematic representation of our Bio
assay material.

4.3

Theory: Waveguide’s Sensitivity

The homogenous sensitivity of a waveguide is defined as the change in effective index as a function of a change in refractive index of cladding (equation
4.1). We have calculated homogenous sensitivity (or bulk sensitivity) of a slab
waveguide, with silicon as the core, silicon dioxide as the substrate, and aqueous cladding; using two methods: analytically (using analytical expressions
by Yariv [74]); and with 1D MODE simulations. A matching results between
these two methods were achieved (figure 4.2), verifying that our simulations
results (markers in fig. 4.2) are accurately aligned with the analytical models
(solid lines in fig. 4.2). These analysis results of waveguide’s homogenous
sensitivity for a slab waveguide suggest that a 190 nm (36 nm) thickness is
optimal for TM (TE) bulk sensing, these values were also identified by other
researchers [56].

Waveguide bulk Sensitivity =

δneff
δnc

(4.1)
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Figure 4.2: Sensitivities of the waveguide as functions of slab thicknesses. Solid
lines show the results of analytical calculations and the markers show the results
of 1D MODE calculations.

where nef f is the effective index of the waveguide and nc denotes the refractive
index of the cladding.
The surface sensitivity of a waveguide is defined as a change in effective
index of the waveguide, as the thickness of the molecular layer adsorbed to
the surface of the silicon core changes (eq. 4.2). To investigate the surface
sensitivity, we start with a slab waveguide using 1D MODE. We assumed the
molecular add-layer to be a protein with refractive index of 1.48 [56, 73].

Waveguide Surface Sensitivity =

δneff
δt

(4.2)

where t denotes the thickness of the adsorbed biomolecule. This is assuming
that a homogenous layer is aded evenly across the surface. Figure 4.3 shows
the simulation results for slab waveguide surface sensitivity, as a function
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of slab thickness. These results suggest that a 210 nm (65 nm) thickness
is optimal for TM (TE) surface sensing, these values were also identified by
other researchers [56].
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Figure 4.3: Surface Sensitivities of the waveguide as functions of slab thicknesses.
A 10 nm thick molecular layer with refractive index of 1.48 is used.

4.4

Resonator’s Sensitivity - Effect of
Dispersion

For resonators, sensitivity is defined as the shift in resonant wavelength due
to a refractive index change in the cladding, which results from a change in
concentration of the analyte in cladding or from biomolecular adsorptbion to
the surface of the silicon waveguide. To include the effect of this dispersion,
the group index (ng ) is used since it relates to the effective index of the
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waveguide (neff ) to changes in the resonant wavelength (equation 4.3) [44]:

ng (λ) = neff (λ) − λ

δneff
δλ

(4.3)

Simulations of various waveguide core thicknesses were used to calculate
eff
ng and ultimately determine the resonator sensitivity ( δn
). Using the simuδnc

lations results and equation 4.3, values for ng as functions of slab thicknesses
is shown in fig. 4.4. It can be observed that group index (ng ) of a TM propagating mode varies significantly as slab thicknesses vary between 100 nm to
300 nm (fig. 4.4).
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Figure 4.4: Group indices of slab waveguides as functions of slab thicknesses.

The next two sections discuss the fully-vectorial 2D eigenmode calculations (simulations) and compare them with the observed, experimental results for both kinds of sensitivities (bulk and surface) when considering the
effect of dispersion (including ng ).
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4.5

Resonator’s Bulk Sensitivity - Theory,
Simulation and Experimental Results

The bulk sensitivity of a resonator is defined as the shift in resonant peak
that is caused by a change in refractive index of cladding,

∆λres
∆nc

(equation

4.4) [35].

Resonator’s Sensitivity = S =

∆λres
λres δneff
=
∆nc
ng δnc

(4.4)

where λres is the resonant wavelength of the resonator and ng is the group
index.
To calculate the sensitivity of the resonators for the case of a slab waveguide, equation 4.4 along with the above simulated ng results and simulated
eff
) are used (figure 4.5, dashed lines with hallowed
waveguide sensitivities ( δn
δnc

markers). For these calculations, we have considered a perturbation of 0.01
RIU for the refractive index of the cladding, assuming that

δneff
δnc

is nearly

constant over small ranges. These results indicate that the maximum sensitivity for a quasi-TM mode happens when the silicon slab thickness is around
155 nm. Conditions for maximum sensitivity for a waveguide resonator and
waveguide alone differ because of the effect of ng in the sensitivity of the
resonators. The optimal thickness, which happens to be close to one of the
etch-depths offered through a standard MPW processes, provides an advantage for improved sensitivity of a biosensor at the economies of scale offered
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through mass fabrication.
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Figure 4.5: Calculated resonator’s sensitivities, based on simulations, as functions
of silicon core thicknesses. The hallowed markers are the simulated sensitivities for
the case of a slab waveguide, the black filled markers are the simulated sensitivities
for the case of rectangular waveguides with waveguide widths of 750 nm and 900
nm, and the red markers are averages of our experimental results for TM ring
resonators with 150 and 220 nm thick silicon cores.

The bulk sensitivity of the fabricated resonator sensors were experimentally validated using refractive index standards described above. The slope
of the best fit line through the different resonant wavelengths at each concentration results in its bulk sensitivity. Each sensor was measured several
times on different days and the experimental observations were compared
with simulation results in figures 4.5 and 4.7.
To better understand and compare the simulation results with the experimental observations, we included simulated sensitivities for rectangular
waveguides and interpolated the experimental observations at those designed
points (figure 4.5). The sensitivity for the waveguide is plotted for a waveg77
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uide core thickness of 220 nm and width of 750 nm, as well as for waveguide
thickness of 150 nm and width of 900 nm.
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Figure 4.6: Contour plot of sensitivity in nm/RIU as functions of waveguide withs
and thicknesses. The cross-section corresponding to the dashed line representing
the slab is plotted in figure 4.5, and the other two cross-sections representing the
thicknesses of 150 and 220 nm are plotted in figure 4.7. The red markers show
the fabricated TM resonator devices (Star: Width = 900 nm and Thickness = 150
nm, Triangle: Width = 750 nm and Thickness = 220 nm )

To further improve our model, we simulated the sensitivity of a TM mode
propagating in a rectangular waveguide as a function of waveguide width and
thickness. These results are illustrated in figure 4.6 as contour plots. The
simulation area was fixed to 4×4 µm and only structures with less than 2%
error in their sensitivity (based on the error calculated in the convergence
test) were considered. These results indicate that the maximum bulk sensitivity of 363 nm/RIU is achieved at a waveguide thickness of 165 nm. The
closest thickness offered by MPW foundries to this optimum thickness is 150
nm.
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Figure 4.7: Sensitivities of TM waveguide resonators to the aqueous cladding for
the optimum silicon core thickness of 150 nm and conventional thickness of 220
nm as functions of widths. The filled markers show corresponding experimental
results.

The two vertical dashed lines in figure 4.6 represent the cross-sections for
the thicknesses offered by MPW foundries (150 and 220 nm). The sensitivities for these two thicknesses, are plotted as functions of waveguide widths in
figure 4.7, where hallowed markers indicate the simulations and filled markers
indicate the experimental results. The slight variations, between the experimental and simulation results, partly come from the imprecision of saltsolutions (measurement error) and any thermal noise in tuning the stage,
and can partly be explained with the non-uniformity that exist on SOI chips
[77].
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4.6

Resonator’s Temperature Sensitivity Simulation Results
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Figure 4.9: Temperature sensitivities of TM guided mode in a strip waveguide
resonator sensor as functions of waveguide core widths, for the two waveguide core
thicknesses of 150 nm and 220 nm.
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Sensitivities of strip waveguide resonator sensors for TM guided modes
were calculated as described in section 3.2.2. Figure 4.9 shows the results
in these simulations/calculations for two silicon thickness of 150 nm and 220
nm.

4.7

Resonator’s Surface Sensitivity Simulations and Experiments

Surface sensitivity of a resonator is defined as the sensitivity to the adsorbed
bimolecular layer to the surface of the silicon core. Therefore, waveguide’s
surface sensitivity is defined as

δneff
,
δt

where t denotes the thickness of the

adsorbed biomolecule. Subsequently, surface sensitivity of resonator is described as

δλ
.
δt

The resonant wavelength shift as a function of the thickness

of the add-layer is approximately linear for small add-layer thicknesses (<
30 nm). We approximate the simulated surface sensitivity of our fabricated
devices based on a 10 nm protein-like add-layer with refractive index of 1.48
[78]. Using our simulation/analytical model for slab waveguide, the maximum surface sensitivity of a TM resonator sensor is calculated to be at the
thicknesses around 185 nm (figure 4.10). The surface sensitivity for TM resonator sensors with waveguide dimensions of 750x220 nm and 900x150 nm
(our fabricated devices) are simulated to be 300, and 245 pm/nm, respectively.
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Figure 4.10: Calculated resonator’s surface sensitivities, based on simulations, as
functions of silicon core thicknesses. The hallowed markers are the simulated
sensitivities for the case of a slab waveguide.

4.8

Bio-Sensing Demonstration

A sandwich assay representing a model biological system was performed
to demonstrate the biosensing capability of our quasi-TM mode ring resonator’s and verify the surface sensitivity characterized using the electrostatic
polymers. Figure 4.11(b) shows the result of the biological sandwich used
demonstrate the sensors capability to detect molecular binding at its surface.
The details of each reagent and step is described in detail in our previous
manuscript [76] with the relevant highlights restated here. The introduction
of each reagent was followed by a 20 minute rinse using PBS buffer to remove
any unbound species in the channel (shown by the short, black dashed line
in Figure 4.11(b)). After achieving a signal baseline in a PBS buffer at 37
degrees Celsius, Protein-A (1 mg/mL) was passively adsorbed to the sensors
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native oxide surface prior to Region B to facilitate the immobilization and
orientation of the capture antibodies [79, 80]. Region B shows the robust
immobilization of the IgG capture antibody, anti-streptavidin (10 µg/mL),
to the Protein-A add-layer.
The unintended introduction of an air bubble mid-way through the antiSA rinse cycle (Region B), indicated by the blue-dashed vertical line, does
not impact the viability of the subsequent biological species or their functionality. To show that subsequent molecular binding interactions are specific and
to prevent unwanted, non-specific adsorption to the sensor, BSA (20 µg/mL)
was introduced next (Region C) to block any exposed surfaces remaining on
the sensor (Region C). The slight negative shift in resonant wavelength after
the BSA block and challenge (Region C) suggests that a small portion of
the antibody add-layer lifts off but the original sensor coverage (Region B)
was robust. Next, the functionalized and blocked sensor was subjected to
10 µg/mL of SA, the model analyte captured by the antibody (Region D).
The resulting shift in the sensors resonant wavelength after the buffer rinse
suggests specific and irreversible binding interaction as expected. To further demonstrate the sensors capability to detect molecular binding, biotin
conjugated with BSA was introduced as a final amplification step. Biotin
and SA have one of the highest non-covalent binding interactions known [81]
resulting in another, permanent resonant shift (Region E).
Protein A (with a diameter of approximately 3 nm [82, 83] and refractive
index of 1.48 [78]) can approximately form a thin layer of 1-3 nm thick
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(a)

(b)

Figure 4.11: Surface Sensing Experiment [courtesy of UW team]. a) Schematic
representation of the bio-assay material. b) Biosensing demonstration using a
model biological system.

[28, 84]. Based on our simulated sensitivity values, a layer of 1 nm thick
protein layer would have covered around 50% of our sensor’s surface to result
in the observed shift. Subsequently, if a 3 nm layer was formed, about 16%
surface coverage results in the observed shift. These results are within the
range of surface coverage that was determined by other researchers [84].
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4.9

Discussion, Summary and Conclusion

We have investigated the optimum thickness of the waveguide core that results in the highest sensitivity for a strip waveguide resonator sensor, within
the constraints of MPW foundries. The results indicate that guided quasiTM modes have higher sensitivities to the changes in refractive indices of the
cladding media, since larger evanescent field component is traveling above
the waveguide, where the target molecules exist. This affects the term

δneff
δnc

in the sensitivity relation and researchers have investigated the maximum
sensitivity based on this term. However, for the case of the resonators, ng
also affects the sensitivity of the device (equation 4.4). Our investigations
determined that the optimum thickness for TM resonator sensors is around
165 nm, which is close to one of the thicknesses offered by MPW foundries
(150 nm). The compatibility of these resonators with the standard CMOS
processes and MPW foundries, in terms of their minimum feature size requirements as well as offered thicknesses, make them a cost-effective candidate for
a sensor.
The measured Q value, from the spectra of these resonators in water,
are 10100 and 4500 for 220 nm thick and 150 nm thick resonator sensors
respectively. These give intrinsic limit of detection (iLoD) of approximately
7.5 × 10−4 RIU and 1.2 × 10−3 RIU for 220 nm thick and 150 nm thick
resonator sensors respectively. The extinction ratio for both these devices
was measured to be around 30 dB. The lower Q value associated with 150
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nm thickness, compared to the conventional 220 nm thick silicon core, is
partly due to lower group index associated with this thickness, and partly
due to higher intrinsic losses (bend loss, mode-mismatch loss, substrate leakage loss). Assuming that these resonators are close to critical coupling, their
Q values translate to distributed losses of 34 dB/cm and 48 dB/cm for the
resonators with 220 nm and 150 nm thick silicon core respectively. Based
on simulations, material absorption losses, including water absorption, are
responsible for approximately 23 dB/cm and 19 dB/cm of these losses for the
resonators with 220 nm and 150 nm thick silicon core, respectively. The estimated losses based on the dry measurements of these devices are 14 dB/cm
and 28 dB/cm for the resonators with 220 nm and 150 nm thick silicon
core, respectively. These values approximately exclude the losses due to
water absorption. As mentioned in chapter 3, the scattering losses are usually induces by the interaction of the propagating mode with the sidewall
roughness [66, 70, 72]. Therefore, TM modes experience less scattering loss
caused by sidewall roughness because the higher proportion of the guided
mode is above and below the waveguide and, hence, the guided mode interacts less with the roughness in the sidewalls (resulted from fabrication). A
propagation loss of ∼ 3 dB/cm for TE guided mode in a strip waveguide,
dominated by sidewall scattering, is demonstrated experimentally and analytically [44, 66, 70, 72]. It has also been shown that thinner waveguides,
fabricated in CMOS-compatible processes, exhibited lower scattering losses,
in the order of 2 dB/cm [58]. Therefore, we estimate the scattering losses
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for TM modes to be less than 3 dB/cm. The remaining losses (∼ 9 dB/cm
and 26 dB/cm for the resonators with 220 nm and 150 nm thick silicon
core respectively) are contributed by bend losses (radiation loss, and mode
mismatch loss), substrate leakage, and coupling loss. Propagation losses, including the scattering loss and substrate leakage, as well as bend losses can
be improved by using wider waveguides. The loss due to substrate leakage
can be improved using SOI wafers with thicker silicon oxide substrates (e.g.
SOI wafers with 3 µm thick silicon oxide substrate).
Simulations supported by experimental results in this chapter demonstrate a novel approach to achieve higher sensitivity within the constraints
of MPW foundries, which has numerous advantages such as possibility of
mass fabrication and integration with CMOS circuitry for potential systemon-chip implementations.
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Chapter 5
Integrated Photodetector
Sensors 5
A resonance-enhanced, defect-mediated, ring resonator photodetector has
been implemented as a single unit biosensor on a silicon-on-insulator platform, providing a cost effective means of integrating ring resonator sensors
with photodetectors for lab-on-chip applications. This method overcomes
the challenge of integrating hybrid photodetectors on the chip. The demonstrated responsivity of the photodetector-sensor was 90 mA/W. Devices were
characterized using refractive index modified solutions and showed sensitivities of 30 nm/RIU.

5.1

Introduction

Various types of silicon photonic resonators have been previously demonstrated with sensitivities sufficient for bio-molecule detection [17, 28, 30, 34,
5

A version of this chapter have been published in [85]:
S. Talebi Fard, et al., ”Silicon-on-insulator sensors using integrated resonance-enhanced
defect-mediated photodetectors.” Optics Express 22, no. 23 (2014): 28517-28529.
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35], however, these demonstrations did not use an integrated photodetector.
Hybrid photodetectors have been demonstrated using III-V materials [86–
88] or germanium [89–93] on the SOI platform. However, these detectors
required the use of relatively complicated and expensive processes, which is
not in keeping with the goal of providing an inexpensive lab-on-chip. To
avoid the need for implementing such hybrid photodetectors, we suggest the
use of defect-mediated based photodetectors on SOI [94–98]. In this chapter, we propose integrating such photodetectors [94–98] with well-developed
and characterized resonator-based sensors [17, 28, 30, 34, 35]. To achieve
this, we brought together the expertise of two groups, one at McMaster
university, and one at the University of British Columbia (UBC), where
the McMaster group’s expertise is in ion-implanted defect-mediated based
photodetectors [94–98], and UBC’s expertise is in resonator-based sensors
[17, 28, 30, 34, 35, 99].
Here, we investigate and demonstrate a ring resonator sensor with an
integrated detector, which exploits the resonance enhancement of the ring
for increased responsivity.

5.2

Resonator Sensors and Defect-Mediated
Photodetectors

In this section, we review the performance and characterization of defectmediated photodetectors, which have been characterized by Knights et al.
89

5.2. Resonator Sensors and Defect-Mediated Photodetectors
[94–98], as well as the resonator sensors developed in our group [17, 28, 30,
34, 35]. Further, we discuss the novel integration of these photodetectors
with a resonator-based sensor.

5.2.1

Defect-Mediated Photodetectors

Silicon is a relatively poor material for photodetection in the near-infrared
because the photon energy is less than the silicon bandgap resulting in negligible optical absorption. To overcome this, defect-mediated silicon waveguide
detectors have been proposed and characterized [94–98, 100]. These photodetectors are formed by creating a p-i-n diode across a waveguide structure.
An inert ion implantation into the intrinsic region causes damage to the silicon lattice which introduces deep levels in the bandgap through which light
with energy less than that of the bandgap can be absorbed. The lattice
damage-induced absorption, which increases the propagation loss to 20-100
dB/cm [96], causes the absorbed light to produce electron hole pairs that
can be extracted by applying a reverse bias to the p-i-n diode. A subsequent low temperature anneal can be used to partially repair the damage to
achieve an optimum defect concentration. The increased absorption due to
the presence of the defects is modest, so, if a linear detector were to be used,
it would have to be long in order to absorb a large fraction of the incident
light and, thereby, achieve a high responsivity. Alternatively, the effective
responsivity can be increased by using a resonant structure which makes use
of the intensity buildup within the resonator to achieve increased absorption
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within a small footprint [101]. In these resonant detectors, the increased optical loss associated with the defects reduces the quality factor and therefore
introduces a tradeoff between the responsivity and the precision of sensing.
Defect-mediated silicon photodetectors fabricated in this manner have shown
responsivities of 0.5 to 10 A/W [100].

5.2.2

Evanescent Field-Based Resonator Sensors

Evanescent Field (EF) sensors operate by detecting a change in the effective
refractive index of a waveguide [9, 32, 102, 103] caused by changes in the concentration of an analyte in the cladding (bulk sensing) or as molecules bind
to a functionalized surface of the waveguide core (surface sensing). Optical
resonators, having small footprints and longer interactions with the analytes in their cladding media (resulting in higher sensitivities), are promising
candidates for sensing applications. SOI-based resonator sensors with small
footprints, each integrated with a detector, would make high-throughput
and/or simultaneous analysis of multiple analytes possible, where many sensors, each designed to measure a different target could be integrated on a
single chip. These chips could be designed, with various sensors aligned, to
use microfluidic channels to deliver various targets to the sensors, all in a
single system. Various resonator sensors have been developed and characterized , some of which include disk resonators[28]; strip waveguide and slot
waveguide ring resonators [17]; strip waveguide Bragg gratings [34]; and slot
waveguide Bragg gratings [30]. These resonator sensors were shown to have
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sensitivities and limits of detection approaching the theoretical maximum
value (based on the case of a resonator in water). We have also characterized
and validated these sensors using a standard ‘sandwich’ assay [34]. Having fabricated these sensors using a CMOS compatible SOI wafers, through
a Multi-Project Wafer (MPW) foundry, provides the potential for integration of these sensors with on-chip electronics, and makes the integration of a
complete system on a chip possible.

5.2.3

Defect-Mediated Photodetector Resonator
Sensor

We propose integrating defect-mediated photodetectors with previously demonstrated resonator-based biosensors, such as ring [35], disk [28], and phaseshifted Bragg grating resonators [30], to create a biosensor with integrated
photodetectors (photodetector-sensor). Figure 5.1 shows schematic drawings
of how defect mediated photodetectors could be integrated with each type of
biosensor. A top view of each sensor shows the doped and detection regions.
In each case the defect-mediated detector is introduced across the waveguide
that forms the resonator cavity.
The 3D rendering below each schematic view provides perspective on
how the defect region and detector can be oriented in a fluidic channel for
biosensing applications. The biomolecules would be introduced across the
entire device area but only those in proximity to the resonator waveguide
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Figure 5.1: Schematic representations of proposed designs for biosensing: a)
a defect-mediated ring resonator photodetector-sensor; b) a defect-mediated
disk resonator photodetector-sensor; and c) a defect-mediated Bragg grating
photodetector-sensor. The region of the detector with defects is highlighted in
bold cyan. The remaining waveguide is shown in beige.

are interrogated. The ring resonator, Fig. 5.1(a), and disk resonator, Fig.
5.1(b), share similar configurations except that the disks are not etched in
the center and only have one exterior side-wall. The ring, however, has two
sidewalls formed at the inner and outer radius of the ring. The n++ implants
are shown in red while the p++ implants are shown in blue. This forms a PIN
structure, with the detection occurring in the “I” region which has defects.
The operation of each type of defect-mediated photodetector resonator
sensor is very similar. The defect-mediated photodetector in the resonance
cavity senses the optical power. Since the buildup of power inside the res-
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onator is most significant at the resonance wavelength, by measuring the
photocurrent as the wavelength is varied, one can find the wavelength for
which the intensity buildup is maximum and determine the resonance wavelength. Furthermore, since each resonator forms an evanescent field-based
sensor as described in Section 5.2.2 the resonance wavelength shifts as the
refractive index of the cladding changes. Thus, in this configuration the
resonator allows the device to sense refractive index changes while the integrated detector allows the simultaneous readout of the sensor response in
one device.

5.3

Design Considerations and Layout

As a proof of concept, two variations of ring resonator photodetector sensors
like that depicted in Fig. 5.1(a) were designed and fabricated. A cross-section
of the detector is shown in Fig. 5.2. In order to integrate the photodetector
with the ring resonator, rib waveguides, as opposed to strip waveguides, are
used to allow for electrical contact with the junction to extract photocarriers
that are generated in the waveguide. Metal contacts are made to the highly
doped n++ and p++ slab regions far away from the optical mode that is
confined to the waveguide such that the metal does not induce significant
loss. The cladding oxide is removed above the resonator so that the analyte
test solution can interact with the optical mode.
We fabricated two device variations (designs A and B) that have differ-
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Figure 5.2: Schematic of detector cross-section

ent tradeoffs between sensitivity, responsivity, and quality factor. The two
resonator designs are shown schematically along with microscopic images of
fabricated devices in Fig. 5.3.
In design A, the oxide cladding is removed over 75% of the ring area to
expose the ring to the analyte. Electrical contact from the metal routing
to the ring interior is made through a contact via in the remaining oxide
cladding as shown in Fig. 5.3(a). This design allows contact to be made to
the center of the ring without introducing significant optical loss because the
metal trace only crosses over the waveguides when it is above the cladding
oxide, at the expense of a reduced sensitivity due to the smaller region over
which the analyte interacts with the optical mode. In design B, the oxide
cladding is removed over the entire ring, so the analyte can interact with the
entire ring. In this case electrical contact to the silicon is made through a via
outside the ring and contact is made to the ring interior by a conductive trace
formed of highly doped silicon shown as the region of p++ doping crossing
through the ring waveguide in Fig. 5.3(c). In this design a greater sensitivity
can be achieved by allowing the optical mode to interact with the analyte
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(a)

(b)

(c)

(d)

Figure 5.3: a) Schematic representation of design A (where the metal contact
passes above the coupling region of the ring) ; b) Microscopic picture of design
A; c) Schematic representation of design B (where the highly-doped silicon wire
passes through the waveguide); d) Microscopic picture of design B. In Figs (a) and
(c), the gray overlay indicates where the cladding oxide was removed.

over the entire length of the ring. This benefit comes at the cost of an increase
of absorption loss and lower quality factor because the highly doped trace
must cross the waveguide.
In both designs A and B the resonator is in a racetrack configuration with
radius 40 µm and coupling lengths are 4.2 µm and 5.1 µm, respectively, each
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with a 200 nm coupling gap. The racetracks were designed for critical coupling using Lumerical MODE Solutions and analytical models in MATLAB.
The bend and mode-mismatch losses were simulated using MODE, and propagation loss was assumed to be around 3 dB/cm [44]. The induced loss due
to implanted defects and proximity of highly doped regions were estimated
to be around 10 dB/cm to 30 dB/cm [104, 105]. A few coupling lengths were
calculated based on these assumed values of losses (where the assumed loss
due to defects were varied from 10 to 30 dB/cm). For design A, a coupling
length of 4.2 µm, corresponding to the assumed average loss of 20 dB/cm due
to defects, resulted in a spectrum close to critical coupling. In this design,
75% of the resonator is implanted. For design B, a coupling length of 5.1 µm,
corresponding to the assumed loss of 30 dB/cm, resulted in a spectrum close
to critical coupling. In this design, the entire ring is implanted, and in addition a trace of p++ doping crosses the waveguide and therefore higher losses
are expected compared to design A. The bus and resonator waveguides are
500 nm wide rib waveguides, formed by a 130 nm thick waveguide on a 90
nm thick slab. As shown in Figs. 5.2 and 5.3, the p++ and n++ doping
regions are 500 nm from the edges of the waveguides. We choose the distance from the waveguide to the p++ and n++ contact regions based on two
considerations: the doped regions must be sufficiently close to the waveguide
to extract the generated carriers efficiently before they undergo carrier recombination, and the distance must be large enough so that the optical loss
from the interaction with the highly doped regions is not too high.
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5.4

Experimental Methods and Materials

The devices were fabricated at The Institute of Microelectronics in Singapore,
up to the point at which the ion implantation was performed to introduce
defects in the waveguide. For this step, implantation was performed at McMaster University. Boron ions were implanted at an energy of 30 keV and
dose of 5 × 1012 cm−2 . No post-implantation high temperature anneal was
performed such that the boron remained inactive and thus only structural defects were introduced to the waveguide (i.e. no chemical doping took place).
On-chip grating couplers (GCs) facilitate the efficient coupling of light into
and out of the SOI chip [68], and electrical contact to the detectors is made
by routing metal traces to the device from large on-chip contact pads that
can be externally probed. This sensor was characterized using the techniques
and reagents described in this section.

5.4.1

Experimental Setup

Our measurement setup used: a tunable laser (Agilent 81682A, Agilent Technologies, Inc., USA) with a wavelength range of 1460 nm to 1580 nm as the
optical source; an optical power sensor (Agilent 81635A, Agilent Technologies, Inc., USA) to measure the output light intensity; and a source measurement unit (Keithley 2602, Keithley Instruments, USA) to perform the
electrical characterization. Light was coupled into and out of the chip using
GCs and an array of polarization maintaining (PM) optical fibers (PLC Con-
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nections, LLC., USA). The PM fiber array was aligned to the GCs on the
chip using a motorized stage that was controlled using an automatic alignment routine, to obtain maximum optical coupling to the devices. Electrical
contact to the detectors was made by routing metal traces to the device from
large on-chip contact pads that were externally probed, using a needle.

5.4.2

Reagents and Microfluidic Setup

To determine the bulk sensitivity, and to characterize the performance of our
photodetector-sensors, standard aqueous solutions of sodium chloride (with
concentrations of 0, 500 mM, 1 M, and 2 M) were characterized using a
Reichert AR200 Digital Refractometer (Depew, NY). Polydimethylsiloxane
(PDMS) microfluidic channels, with widths and heights of 200 µm and 80 µm,
respectively, were aligned to the sensors and reversibly bonded on the chip
to facilitate the delivery of standard solutions to the cladding media of our
photodetector-sensors. Prior to bonding the PDMS to the chip, inlet and
outlet holes for microfluidic channels were punched in the PDMS using a
0.5 mm coring tool (Schmidt Press, CORP, USA). After bonding the PDMS
to the chip, the channels were linked to tygon micro-bore tubing using 21
gauge blunt needles (Nordson EFD, CORP., USA) through the punched inlet
and outlet holes. These tubes were used as the fluidic inlet and outlets and
were connected to a syringe. To maintain a constant flow rate of the reagents
over our photodetector-sensor, a syringe pump (KDS-230, KD Scientific, Inc.,
USA) was set to operate in withdraw mode (negative pressure) at a constant
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rate of 19 µL/min.

5.5

Performance Analysis and Results

Prior to device characterization, the detectors were forward biased to produce
a forward current of 1 mA for 5 minutes [106]. The current-voltage measurement for both designs is plotted in Fig. 5.4. The implanted photodetectorsensors were first tested under various reverse bias voltage (-2 to -35 V)
conditions to determine a suitable operation point. In order to achieve a reasonable signal-to-noise (SNR), without unduly stressing the device, we chose
a bias voltage of -10 V for operation.
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Figure 5.4: IV curves for designs A and B.

To further characterize the devices, we measured both the optical and
the electrical responses of our photodetector-sensors; to do this we swept the
laser’s wavelength while simultaneously measuring the optical power trans100
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mitted through the ring and the current generated by the integrated detector
(with a bias of -10 V). The optical power at the output of the laser was 0
dBm. There are various losses that contribute to the overall loss in the system. The primary dominant loss is associated with coupling from the fibers
to the waveguides through the grating couplers. There are long ( > 5 mm)
routing waveguides from the input GC to the device and from device to the
output GC which also contribute to the loss. However, due to the symmetry
of the design, the loss from the output of the optical power to the device is
equal to the loss from device to the detector connected to the output fiber.
Therefore, the total loss is divided by two to approximate the power level
of the optical signal that reaches the device. Figure 5.5 shows the measured
electrical and optical response of design A and design B devices. It can be
seen that when the ring is on resonance there is an increase in the photocurrent due to the resonant buildup of energy in the ring.
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Figure 5.5: Measured electrical and optical responses of our implanted detector
resonator sensors: a) Design A, and b) Design B.
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To estimate the responsivity of a device, the losses in the path from the
laser output to the input of the device and from the device output to the
detector were assumed to be equal, due to the symmetry of the design, giving an estimate of the power seen at the ring which was 0.045 mW and
0.04 mW and a calculated responsivity of approximately 0.09 A/W and 0.11
A/W for design A and design B, respectively. To calculate the dark current
of a single device, the neighbouring devices had to be taken into account,
since, to save space on the chip, several resonator sensors were designed to
be wired together and to share common electrodes. This had the drawback
that the dark current from the detectors wired in parallel was summed and
the contribution from a single detector could not be directly measured. To
estimate the dark current of only the detector under test, the dark current
per unit length of each detector was assumed to be equal and the measured
current was scaled by the ratio of the length of the detector under test to the
combined lengths of all of the detectors that were in parallel. For the devices
reported on here, the measured dark current calculated in this manner was
17 nA for the design A device and 30 nA for the design B device. The corresponding Noise Equivalent Power (NEP) for these two designs are 0.19 µW
and 0.27 µW. Considering that the peak currents for designs A and B devices
were 4 µA and 4.5 µA, respectively, the highest SNRs that were achieved were
235 and 160, respectively. Table 5.1 summarizes the characterization results.
The relatively low quality factors (Q’s) for these photodetector-sensors, as
compared to ring resonators without integrated detectors, is due to the loss
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Table 5.1: Summary of the performances of designs A and B devices

Dark Current

NEP

SNR

Responsivity

Q

(nA)

(1 µW)

Design A

17

0.19

235

0.09

5800

Design B

30

0.27

160

0.11

4500

(A/W)

introduced by the ion-implantation in the silicon waveguides. As expected,
design B has a lower Q than design A due to the loss associated with the
highly doped silicon trace crossing the waveguide. Subsequently, for the purposes of this project, we proceed with the sensitivity analysis and experiments
on the design A device only.
In order to characterize the sensitivity of the photodetector-sensor, the
optical and electrical responses were measured simultaneously while the resonator was exposed to various salt solution concentrations. From the optical
responses of the ring resonator in water, the Q for the design A device was
measured to be approximately 4400; and the extinction ratio was measured
to be approximately 30 dB. The measurements were repeated several times
for each concentration. The location of the resonant peak is the important information for sensitivity measurements, which can also be found by
curve fitting the response spectra. Figure 5.6(a) shows how the normalized
electrical response shifts as a function of wavelength as we change the concentration of the solution. As we can see, the changing concentration of the
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reagent results in a resonance wavelength shift of the ring resonator. Figure
5.6(b) shows the resonance wavelength shift plotted against the salt solution’s change in refractive index for various concentrations; the slope of the
linear best fit gives a sensitivity (S) of approximately 30 nm/RIU. Based
on measured values of Q and S, the intrinsic limit-of-detection (iLoD) for
this sensor is 1.1 × 10−2 RIU. Considering that 75% of the ring is exposed
to the solution, and that the simulated sensitivity for this waveguide is 40
nm/RIU, this yields a predicted sensitivity of 30 nm/RIU, in agreement with
our experiments.
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Figure 5.6: a) Normalized electrical response of photodetector-sensor design A
when exposed to various salt solution concentrations. b) Resonant wavelength
shift as a function of the change in refractive index of the solution, for design
A. The slope of the best fit line, defined as the sensitivity, is approximately 30
nm/RIU.
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5.6

Analysis and Discussion

In this chapter, we have investigated and demonstrated the integration of
a resonator sensor and detector into one device. If, instead, the resonanceenhanced defect-mediated photodetector and the resonator sensor were designed as two separated, cascaded devices, then, the resonant wavelengths of
the two would need to be matched and therefore, a wavelength locking mechanism would be required. However, having them as a single photodetectorsensor overcomes this wavelength mismatch issue and thus reduces the complexity of making measurements.

5.6.1

Performance Tradeoffs

The various advantages of using this novel approach for easier and costeffective realization of a system on chip come with tradeoff that some of the
sensing performance is sacrificed. Researchers developing defect-mediated
photodetectors have investigated the optimum defect concentration (Nt =
2 × 1017 to 2 × 1018 cm−3 ), and consequently the optimum ion implantation dosage, for maximum efficiency and detector responsivity in various
structures [98, 104, 105]. Although these defect-mediated detectors have
been shown to have performances well comparable with and sometimes better than Ge detectors [106], the integration of the detector into the sensor
reduces the Q factor of the resonator (by contributing extra loss on the order of 20 to 30 dB/cm depending on the defect concentration [104–106])
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which, in turn, degrades the performance of the sensor. We can quantify this
reduction in performance by comparing the performance of our integrated
photodetector-sensor to a hypothetical device fabricated using the same fabrication process without having an integrated detector. If we were to design
this sensor without an integrated detector, we could have designed the resonator to have 100% of its surface exposed to the solution, which would increase the sensor’s sensitivity to 40 nm/RIU. In addition, the introduction of
defects in the waveguide degraded the Q by about 1000 on average (observed
experimentally and confirmed through calculations). Therefore without the
defects, the Q would be about about 5400 which would increase the iLoD
from 1.1 × 10−2 (for the integrated detector) to 0.7 × 10−2 RIU. In exchange
for this slightly lowered performance, the integrated device offers a host of
advantages including reduced system footprint and less expensive fabrication
process; furthermore, the iLoD of the integrated device could potentially be
improved by optimizing the device geometries.

5.6.2

Discussion and Analysis of Device Performance
for Sensing Applications

Integrated photodetector-sensors, like the one presented here, can be useful
for many sensing applications, including the detection of aqueous solutions of
changing concentration, gas mixtures, or molecules adsorbed to the surface of
the sensor. We have previously studied the SOI-based resonator sensors and
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have demonstrated both their bulk refractive index sensitivity and surface
biosensing capabilities through experiments and simulations [17, 28, 34, 35,
76].
For applications which require detecting the concentration of specific
molecules in the solution, a change in concentration results in a change
in refractive index of the solution. In this application, the sensor’s sensitivity to the concentration of specific molecules can be calculated from
the sensor’s bulk refractive index. For example, the relationship between
glucose concentration and RI unit change is described as ∆nglucose (λ) =
2.7 × 10−5 ∆Cglucose [mM ] [35, 46]. This translates to a sensitivity of approximately 810 pm/M for a device with sensitivity of 30 nm/RIU. Using the
same method, the sensitivity for other aqueous solutions and gas mixtures
can also be determined.
We have previously demonstrated the capability of our SOI-based resonator sensors in responding to the adsorbed molecular layers using standard
sandwich assays [28, 34, 76]. The experimental results from these previous
demonstrations agree with the simulations. In addition, we have confirmed
that sensors offering impressive bulk refractive index sensitivities and iLoDs
have also performed well in the surface sensing experiments. In the integrated
device, we have observed a sensitivity of 30 nm/RIU which is 75% of the simulated value of 40 nm/RIU. Considering that only 75% of the resonator is
exposed to the solutions, this shows that our device’s performance agrees
with simulations. Based on the agreement between previous experiments
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and simulations, we expect that we can reliably predict the performance of
devices in other applications such as biosensing. For example, if there is a
bimolecular add-layer, with refractive index of 1.48 (to mimic proteins), the
sensitivity of the non-integrated device (with full surface exposed) to the
add-layer thickness is 0.12 nm/nm based on simulations. This sensitivity relation is approximately linear for small add-layer thicknesses of 0 to 30 nm.
However, since 75% of the resonator is exposed in the integrated case, we
expect a sensitivity of about 90 pm/nm to the thickness of add-layer with
refractive index of 1.48.
The integrated device offers many advantages for potential system on chip
applications as well as CMOS integration with a small footprint and less expensive mass fabrication process; these advantages might outweigh the sacrificed performance for many applications (particularly low-cost applications
or those requiring disposable chips). In addition, the sensing performance of
the device could be improved by optimizing the geometries and/or using TM
polarization that can potentially provide higher sensitivity [56, 103].

5.7

Summary and Conclusion

To avoid using expensive hybrid fabrication of photodetectors for resonator
biosensors and system integration on SOI, e.g., using III-V materials or germanium, we proposed the use of a defect-mediated photodetector-sensor.
The absorption of the photodetectors were enhanced using resonant struc-
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tures, giving improved responsivity and SNR, compared to a linear detector.
Resonant structures were also shown to be promising biosensors. In this paper, we proposed and demonstrated a novel approach to integrate a sensor
with a photodetector by integrating, as a single device, our well-developed
resonator-based sensors with defect-mediated photodetectors.
The single-device integration of a photodetector-sensor was investigated
by implementing two designs. In each design, the photodetector-sensor could
interact with the target analyte through a window in its oxide cladding,
where the cladding otherwise provides isolation for the electrical contacts
made with the photodetector. In one of these designs, metal routing had to
pass over the coupling region, resulting in only a portion of the total length of
the photodetector-sensor being exposed to the analyte; whereas in the other
design, highly doped silicon was used to route the electrical signal, allowing
the full length of photodetector-sensor to be exposed. In the second design,
in order to make contact to the inside of the ring, a portion of the highly
doped silicon had to pass through the resonator waveguide. This resulted
in additional loss in the resonator, and, therefore, a relatively lower Q for
the second design. Hence, we performed sensitivity analysis on the design
with the higher Q. Our photodetector-sensor had a measured responsivity of
0.09 A/W, sensitivity of 30 nm/RIU, quality factor of 4400 (in water), and
extinction ratio of 30 dB.
The integration of a sensor with a photodetector removes the need for an
external photodetector to interrogate the sensor and provides a significant
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step toward the development of CMOS compatible, SOI-based systems on
a chip. Implementing a defect-mediated photodetector in a resonator-based
sensor (photodetector-sensor) allows for reductions in the device footprint,
optical loss, complexity, and cost.
There are two factors to consider when choosing the defect concentration for a detector-sensor: 1) a defect concentration that is too high reduces
the Q and iLoD (assuming constant S), thus, degrading the sensor’s performance [17, 34]. 2) a defect concentration that is too low degrades the detector’s performance by reducing the responsivity and SNR of the detector
[105], while there is an optimal point for implant concentration and detector’s performance [105]. These opposing trends impact the overall system’s
performance.
In this chapter, we demonstrated a basic proof of concept for an integrated ion-implanted photodetector-sensor. Clearly, we can improve these
photodetector sensors based on concepts discussed in the previous chapters.
For example, the lower sensitivity resulting from the TE guided mode in the
rib structure can be improved by operating using the TM mode. Simulations
show six times improvements in sensitivity when using propagating TM mode
in rib waveguides.

110

Chapter 6
Differential Sensing System
Evanescent Field (EF) optical sensors have been widely investigated and used
as biological and chemical sensors by researchers. However, the stability, repeatability, and accuracy of these sensors have always been a concern. These
sensors, like all other optical devices, are affected by noises from various
components/instruments in the experimental setup and the device’s imperfections. In addition, the response of these sensors is significantly affected
by common and inevitable environmental variations. In the experimental
setup, the noise or error due to instrumentation (laser source and detector)
can be classified to 1) amplitude intensity noise and 2) wavelength noise.
The noise in the amplitude of the intensity are usually due to photodetector noises (shot noise, etc), and output power variations of the light source
(tuneable laser) [107–109]. The effect of amplitude noise for the resonators
with high extinction ratio (>15dB) is insignificant and can be further reduced to a more negligible value using fitting methods (e.g. lorentzian fit)
[42, 107]. The wavelength noise in the instrumentation of the setup is mostly
due to light source’s wavelength repeatability, stability, and accuracy. For
the case of our light source, the tuneable laser, the worst case of these noises
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is ∼ ±1pm for repeatability and stability [110].
Various groups have investigated the sources of noise in resonator sensors and temperature has been determined to have the most dominant and
significant affect [107, 109, 111–113]. The resonant wavelength of the EF
resonator sensors is strongly affected by temperature variations (∼ 80 pm/K
for standard 220nm SOI sensor).
EF optical sensors can have a more stable performance in the presence of
a reliable reference sensor that can capture and correct for dominant environmental variations such as temperature changes. To address the challenges
of current EF sensors, a system of partially orthogonal sensors with various
sensitivities is proposed and investigated. This system mimics a multivariate
system. The aim of this design is to correct for correlated errors and drifts
due to environmental variations.

6.1

Introduction

Evanescent field optical sensors based on Silicon-on-Insulator (SOI) have
shown promises for biosensing applications [17, 34], ranging from basic medical research to home healthcare. These sensors provide label-free detection
and estimation of concentration, presence of a molecule, or a molecular binding event. Fabricated devices seem to be remarkably affected by process
variations such as those caused by environmental and external conditions.
Among fabricated sensors, we have observed a lot of variability, from excel-

112

6.1. Introduction
lent performance to unpredictable or poor response. From a system’s point
of view, the variability could strongly reduce the usage of these sensors because of poor repeatability. It also decreases the high throughput that is
always associated with microelectronics and SOI-based integrated systems,
fabricated through commercially available foundry services.
Data processing and chemometrics can improve the system’s performance
[114, 115], but a well-inclusive reference is required to be able to remove as
much correlated and orthogonal noises as possible. (Orthogonal noise means
that the undesirable variations are independent of the variation of interest.
Correlated noise means that the variations affect the properties that are
measured to predict/calculate the change of interest.) One of the major
challenges of most sensing systems (e.g. bio-sensors) is to find a proper
reference signal that accounts for most of the variations that are not relevant
to the variations of the analyte of interest.
Researchers have proposed and tried various methods of having a reference sensor. Methods include having identical sensors but covering the
reference sensor with a cladding material such as SiO2 or PMMA. Therefore, it does not come into contact with the analyte under study and only
picks up the temperature variations [54]. However, a reference sensor under
a material with different thermal properties might not reflect the temperature variations accurately and timely. In fact, it has been observed that
drifts are hypothesized to be due to leakage of fluid into the cladding of the
covered reference sensor [54]. This can also mean a change in thermal prop113
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erties of the material and the system relations. The other common method
of implementing a reference signal is having a reference sensor in another
fluidic channel which does not experience the analyte changes [116]. This
method is sometimes used as sensing reference and, other times, as biological
reference or control experiment. The difference between the sensing signal
(from analyte channel) and reference signal (from buffer solution) determines
the corrected sensing signal. This method assumes that the buffer solution
in the reference channel experiences the same variations as the analyte in
the sensing channel. Using this method as sensing or temperature reference
might not be the most ideal as the two sensors can be far away. Thus, it is
difficult to make sure that the temperature of solutions in both channels are
the same. This method might require advanced temperature control. Having
a separate channel for biological control experiments is a common practice.
This control channel can also benefit from a reference temperature sensor to
correct for the possible variations between the temperatures of the solutions
in two channels.
In this chapter, we propose and investigate a system model capable of
correcting the common external and correlated drifts and noises (i.e. temperature variations). This method can be beneficial and applicable to any
sensing application, including biological applications.
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6.2

System Design and Methods

A system with a single resonator would respond to both cladding changes
(including the change of interest) and changes in other components and properties of the system (noise in the system). Changes in optical properties
of the waveguide due to environmental variations such as temperature and
common mode shifts due to the source or detector, are examples of system
noises. The error bars due to noises (unwanted variations and drifts) in our
system are correlated and dominated by common mode contributions from
each sensor. Sensors with various and significantly different sensitivities to
cladding medium and to other contributing variations (e.g. temperature) in
one channel would allow the rejection of these common mode variations.
Therefore, to address the challenges of bio-sensor systems, we propose
a combination of multiple sensors with significantly different sensitivities in
the same channels; i.e. both data channel (i.e. on the same waveguide bus)
and fluidic channel. In such a design, all sensors in a single channel capture
both the unwanted variations that causes drifts, such as temperature, and
variations of interest, such as concentrations. Each sensor’s response to these
variations differ based on their specific sensitivity to that variation (S). As
a result, solving for the variation of interest in the system of equations (i.e.
a weighted difference between the resonant peaks of these sensors) would
correct a dominant part of the common/correlated noises. Thus, a more
accurate and direct indication of the variations of interest in the analyte
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will be obtained. This can be achieved with any set of sensors that can be
cascaded and have significantly different sensitivities to their surrounding
changes.
We present the general case of our system proposal with the n dimensional
matrix representation below:

∆λ = S ∆Var
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(6.3)

i 6= j

where V ar1 to V arn are the n varying properties of the system. V ar1 includes, and dominated by, the variable of interest (V arx ), but it is also
affected by all other variable properties. This represents a multivariate system for sensing applications, where a higher degree of orthogonality between
signals is desirable. The determinant of the matrix determines the degree of
the orthogonality between its row vectors. Therefore, a system that has an
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S matrix with larger determinant (which means that the sensitivity characteristics of the sensors have higher degrees of partial orthogonality) is more
desirable.
For the case of a sensing system, the purpose is to measure the change of
interest in the cladding medium as a result of changes in concentrations or
biomolecular/chemical reactions. For each of the evanescent field sensors in
the system, the peak resonance wavelength shifts according to equation 6.4:

∆λSi = (

δλ
δλ
)Si ∆nbio + ∆λe
)Si ∆T + (
δT
δncl

(6.4)

where ∆λSi is the measured peak resonant wavelength shift in the i-th sensor;
δλ
( δT
)Si and ( δnδλcl )Si are the sensitivity of the i-th sensor to the temperature

variations and the refractive index variations of the cladding medium respectively; ∆nbio is the refractive index change of interest, which is due to
biomolecule reactions or concentration variations; and ∆λe is the error in
resonant shift. Assuming that the system of sensors is mostly experiencing common/correlated noises, and the random noise is negligible (∆λe ≈ 0),
having two sensors will solve for the two unknowns ∆T and ∆nbio in equation
6.4.
The change in refractive index of the cladding (∆ncl ) is a function of
temperature, concentrations, and/or biological reactions:

∆ncl = (

δncl
)∆T + ∆nbio
δTcl

(6.5)
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where ∆ncl is the change in refractive index of the cladding due to temperature (∆T ) and biochemical changes (∆nbio ) such as concentration variations,
and

δncl
δTcl

is the sensitivity of the refractive index of the cladding to the temper-

ature variation of the cladding. Note that the wavelength shift contributed
by the change in refractive index of analyte due to temperature is included
in the first term of equation 6.4.
To demonstrate the capabilities of the proposed system of resonator sensors, we have designed and investigated a system of two resonator sensors.
For this case, we can rewrite our matrix representation in equations 6.2 and
6.3. The first varying property is the change in the refractive index of the
cladding (V ar1 = ∆ncl ), which is affected by temperature (V ar2 = ∆T ), and
the change of interest (V arx = ∆nbio ). Therefore,
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Therefore,
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To achieve the purposes of noise corrections with this system design, it
is required to obtain two sensors with significantly different sensitivity properties (oppositely behaving); i.e. 1) a sensor with elevated sensitivity to the
biomolecules in the cladding medium, and lower sensitivities to other system
variations such as temperature variations, 2) a sensor with lower sensitivities
to the cladding and higher sensitivity to temperature variations for example.
A differential measurement is achieved when the responses of these sensors
are significantly different. In other words, we are designing a sensitivity matrix (S) with a higher determinant. One way to build such a system is to
have different waveguide thicknesses, which will allow different relative shifts,
and thus, eliminating spurious effects and improving measurements repeatability. To investigate the proposed system design, we used ring resonators
with various waveguide thicknesses [35, 99].
To demonstrate the capability of a two-resonator system, we have designed a cascade of two resonators with thicknesses of 220nm and 90nm (by
using methods explained in Sections 2.2 and 3.2). These were fabricated in
The Institute of Microelectronics in Singapore (IME). The resonator sensor
with thinner waveguide core (90 nm thick silicon) serves as the sensor with
higher sensitivity to cladding and lower sensitivity to temperature. In con119
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trast, the resonator with the regular thickness of 220nm serves as the sensor
with lower sensitivity to cladding and higher sensitivity to temperature (or
reference sensor):
(

δλ
δλ
)S90 > (
)S220
δncl
δncl

(6.9)

δλ
δλ
)S90 < ( )S220
δT
δT

(6.10)

(

where, ( δnδλcl )S90 and ( δnδλcl )S220 are the sensitivities of the sensor to the variδλ
δλ
)S90 and ( δT
)S220 are
ations of the refractive index of the cladding, and ( δT

the sensitivities of the sensor to the temperature variations, for the sensor
with silicon core thickness of 90 nm and 220 nm, respectively. According to
simulated sensitivities, presented in figure 3.3, these sensitivity values for our
designed system with two cascaded resonators are: ( δnδλcl )S90 ≈ 120 nm/RIU,
δλ
δλ
)S90 ≈ 0.06 nm/K, and ( δT
)S220 ≈ 0.075 nm/K.
( δnδλcl )S220 ≈ 56 nm/RIU, ( δT

Based on these values for our designed sensors and equation 6.4, a system of
two equations and two unknowns can be established to predict the variations
of interest in the presence of temperature drifts.

6.3

Characterization and Performance of
the Sensors and System

To demonstrate and experimentally validate the capabilities of our system,
various concentrations of analytes over a range of temperatures were flown
over our system of cascaded resonator sensors (using methods explained in
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Section 2.2). Specifically, four sets of data were collected. For each data set,
various RI solutions were introduced to the cladding medium of our cascaded
resonator sensors. Three sets were collected at controlled temperatures of
24, 25, and 26 ◦C. The last set was collected at a random temperature (i.e.
without temperature controlling the experimental setup). Maintenance of
slow flow is required in these experiments to avoid bubble generation and to
allow the system to reach a steady-state temperature. If we assume negligible
∆λe with controlled experiments, we can achieve temperature corrections
using the response of two sensors.
Figure 6.1 (a,b) shows the wavelength shift responses of each of the two
resonator sensors individually for the four sets of data explained above (three
controlled and one random temperature). The results in figure 6.1 assumes
a zero concentration at 25 ◦C as the reference point to demonstrate the relative shifts. When the temperature is controlled, a well-defined linear relation
between the concentration and wavelength shift is observed. The linear relation describes the sensitivity of the sensor to the refractive index of cladding.
Therefore, the shift of interest is the slope, and the shift due to temperature
variations is the vertical distance (i.e. the offset between the lines for various
temperatures).

∆λtotal = ∆λwanted + ∆λunwanted

(6.11)

Assuming that our sensing system had only one of these resonator sen-
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Figure 6.1: Response of each single resonator sensor, a) sensor with 220 nm thick
silicon core, b) sensor with 90 nm thick silicon core, to the four data sets. Each
sensor’s response to the three data sets with controlled temperature has a clear
best fit line. However, it is clear that in the absence of a repeatable and accurate temperature controlling mechanism, the predictions are not reliable and the
accuracy of predictions is significantly reduced.

sors, it is clear that without a well repeatable temperature controlled experiment, predicting the refractive index of the cladding accurately is challenging.
Thus, the error of prediction/estimation is high.
Based on this set of calibration data, the ‘unwanted’ shift for both sensors
are approximately similar. Therefore, subtracting the resonance wavelengths
of the two sensors lproduces only the ‘wanted’ shift. Although not optimal,
this differential measurement system improves the prediction results significantly. These promising results are due to significantly different sensitivities
of the two resonator sensors to RI changes, where one is almost twice of the
other.
Figure 6.2 shows the results of our differential measurement system, which
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Figure 6.2: Response of the differential system of cascaded resonators to the four
data sets. a) observing how each set fits. Dashed lines are the best fit lines for
each data set (to compare with figure 6.1). b) observing how all the four sets fit.
Dashed line is the best fit line to the three data sets with controlled temperature.

in this case is the difference between the resonance peak of the two resonator
sensors. It can be well observed that the response of the system to the
change in refractive index of cladding is the same at various temperatures.
For initial demonstration, the differential calculation is performed on each
temperature and the best-fit line was plotted for comparison to figure 6.1
(a,b). In figure 6.2 (b), the linear line is the best fit to the data from the
three temperatures 24 ◦C, 25 ◦C, and 26 ◦C. The result of the random set is
plotted as purple stars. Assuming that a linear model was built with the
results from the three temperatures and was used to estimate the random
set, we calculate the R2 value of prediction to be 0.996. If we only used
the data at one temperature and used the sensors individually to build the
model, we would have achieved R2 values of 0.9-0.95 and 0.4-0.74 for 90 nm
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and 220 nm thick resonator sensors respectively.
To observe the effect of differential system on a set of data where the
temperature of the stage is not controlled, the response of the sensors to
changes of concentration over time is plotted in figure 6.3 (a). Figure 6.3 (b)
translates the same data in figure 6.3 (a) into our usual sensitivity plot to observe how the degree of the accuracy of concentration prediction/estimation
improves with the differential system.
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Figure 6.3: Response of the differential system (black) as well as each of the
resonator sensors individually to a set of RI measurements where the temperature
is not controlled. a) is the response over time as the reagent (RI solution) changes.
b) plots the shift as a function of change in refractive index of the cladding, and
the linear best fit line through the points to estimate the sensitivity and observe
the accuracy of measurements.
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Discussions and Conclusions

The differential system would perform best if there are multiple sensors with
significantly different sensitivities to the cladding material (change in refractive index of the cladding) and the temperature of the waveguide. We assume
that the system reaches a thermally steady state, meaning that the temperature of the silicon waveguides and the cladding are the same. Also, assuming
that the dominant factor in the resonant shifts are temperature and concentration, we can solve equation 6.4 for our two sensors to obtain the two
unknowns, ∆T and ∆nbio . Furthermore, the resonant wavelength shift due
to temperature variations can be extracted in order to obtain ∆T .
One might think that having multiple identical sensors and averaging
them would have similar effect. However, this would only reduce the random
noise but not the undesired correlated shifts and drifts due to environmental
variations that all sensors experience similarly. Therefore, it is important
to have significantly different sensors that would respond to these common
variations differently.
Regarding the optimization of our proposed system of differential measurement, let us write the two equations for the two sensors: Sensor1 and
Sensor2. Sensor1 is assumed to have a higher sensitivity to the change in
refractive index of the cladding.

∆λSensor1 = ST −1 ∆T + SC−1 ∆C

(6.12)
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∆λSensor2 = ST −2 ∆T + SC−2 ∆C

(6.13)

where ST −1 and ST −2 are the sensitivities of Sensor1 and Sensor2, respectively, to temperature variations; SC−1 and SC−2 are the sensitivities of Sensor1 and Sensor2, respectively, to concentrations; and ∆C is the concentration changes (change of interest). To remove the effect of temperature
variations (the first term in the equations 6.12 and 6.13), we have to calculate a weighted difference of the responses of the two sensors:

∆λSystem = (SC−1 −

ST −1
SC−2 )∆C
ST −2

(6.14)

Therefore, for improved higher sensitivity of our differential system, larger
SC−1 and ST −2 as well as smaller ST −1 and SC−2 are preferred. Comparing
this with the matrix representations in equations 6.6-6.8, it can be realized
that maximizing the determinant of the S matrix results in the optimum
system performance.
The comparison of various two-sensor systems can be illustrated with the
sensors that are developed in this thesis. The sensitivity matrices and their
determinants can be derived from table 6.2.
Table 6.1 summarizes the specification of some of the previously discussed
sensors. Table 6.2 is a summary of the calculated determinant of the sensitivity matrix (S) for various possible pairs with the sensors in table 6.1.
Generally, for this specific case of extracting concentration changes in the
presence of temperature variations, pairing the sensors with highest and low126
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est ratio of temperature sensitivity/bulk sensitivity would result in the best
performance (compare tables 6.1 and 6.2).
Table 6.1: Sensitivity vectors of a few sensors

Name

Pol. (Thick, Width)

Sbulk

ST

Ratio

(nm, nm)

∆λres nm
[
]
∆ncl RIU

∆λres nm
[K]
∆T

ST RIU
[
]
Sbulk K

TE-220

TE (220, 500)

56

0.08

1.4 × 10−3

TE-90

TE (90, 900)

120

0.07

5.8 × 10−4

TM-220

TM (220, 750)

179

0.04

2.2 × 10−4

TM-150

TM (150, 900)

274

0.008

2.9 × 10−5

Table 6.2: Determinant of the sensitivity matrix for various combinations of a
system of two resonator sensors

TE-220

TE-90

TM-220

TM-150

TE-220

0

5.7

12.1

21.5

TE-90

5.7

0

7.7

18.2

TM-220

12.1

7.7

0

9.5

TM-150

21.5

18.2

9.5

0

In general, a better performance is achieved with a system of partially
orthogonal sensors. This means that each sensor has significantly higher
sensitivity to one parameter and significantly lower sensitivities to the other
varying parameters in the system. For example, extending our system design
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to n dimensions, if n sources of undesirable drifts and variations in the system
are identified, designing n sensors, where each one is significantly more sensitive to one of these variations, is ideally desirable. With this n dimensional
problem presented in equations 6.1-6.3, it can be observed that designing
a diagonally-dominant matrix S, with maximized determinant value, is required for the best performance of this proposed system of sensors.
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Conclusions and Future Work
In this thesis, we have investigated, developed, and demonstrated novel SOIbased optical sensors and sensing systems for the ultimate long-term goal
of full sensing system on-chip advancement. The SOI-based sensor, being
the core component of the sensing system, allows detection and quantification of target molecules. Therefore, improving the sensitivity, accuracy,
repeatability, and reliability of the sensing system, within the constraints of
MPW foundries, are critical steps towards our long-term goal. Efficient SOIbased sensors and system of sensors that are fabricated with standard CMOS
processes, create a potential for integration of sensors with electronics and
develop a sensing system-on-chip.

7.1

Summary and Conclusion

In summary, we have studied, theoretically and experimentally, SOI-based
resonator sensors and system. We have proposed and demonstrated methods
to improve the sensitivity of the sensors as single devices, investigated a novel
method to integrate a detector with a sensor, and achieved a novel design of a
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system of sensors, mimicking multivariate techniques, to correct for unwanted
variations and to accomplish a more repeatable and accurate measurement
in the presence of environmental variations.
Contributions of this thesis are:
• Proposed and investigated methods to improve the sensitivity of SOIbased sensors as a single device. The effect of waveguide core thickness
on the sensitivity of our resonators was investigated both theoretically
and experimentally. It was found that, for a TE guided mode, the
sensitivity of a resonator sensor increases as the waveguide thickness
decreases (from our conventional 220 nm thick silicon core) to approximately 35 nm thick silicon core. Therefore, the smallest thickness
available through MPW foundry services, 90 nm thick silicon core, was
used to design ultra-thin resonator sensors.
• Demonstrated analytically, by using fully-vectorial 2D eigenmode solver
and analytical equations coded in MATLAB, the relationship between
sensitivity of the sensor and the dimensions of the waveguide core.
• Designed and experimentally characterized resonator sensors with the
thicknesses that were available through MPW foundries and were close
to our analytical findings. Sensors with sensitivities of around 270
nm/RIU were accomplished.
• Investigation and demonstration of a novel method to integrate a detector with resonator sensors. Defect-mediated, ion-implanted, resonant130
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enhanced photodetector sensors were designed and characterized.
• Proposed and demonstrated a novel design of a system of sensors. With
this design, each sensor in the system, having various sensitivities to
different variables, creates an equation with multiple unknowns. The
relations and variability between these equations constitutes a system
of equations and unknowns. The sensitivity components of all the
sensors in the system generates a sensitivity matrix (S). This system is
suitable for training a multivariate model to predict the variations of
interest more accurately in the presence of ‘unwanted’ variations. The
performance of this multivariate system depends on the determinant of
S. The higher the determinant, the higher is the degree of orthogonality,
and therefore the system is more efficient. The R2 value of prediction
was improved from 0.5 to 0.99.

7.2

Future Work

In this thesis, we have focused on optimizing sensor designs within the constraints of MPW foundries to prepare for future development of sensing system on-chip. To achieve this long-term goal, suggested improvements and
future work include:
• Having achieved promising results with the design of a system of two
sensors, the design of the system of cascaded sensors can be expanded
to more sensors.
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• The proposed system of sensors, where each sensor is more sensitive to
a specific variation, provides a set of suitable equations for development
of a prediction model. Therefore, a prediction model can be developed,
by using multivariate techniques, based on the system of equations that
are formed as a results of our system of cascaded sensors.
• Investigation of different options for integrating photodetector with a
system of resonator sensors on the same chip.
• A more thorough study of noises involved in the system, both from
instrumentation and environmental variations, will be required to determine the specification of other components of the sensing system on
chip (such as on-chip laser and detector). The overall performance of
the sensing system is limited by the combination of the performances
of all components.
• Integration of the sensing systems with electronics on the same chip, as
a step towards lab-on-chip (LoC) or sensing systems on chips (SSOCs)
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[39] S. Laschi, D. Ogończyk, I. Palchetti, and M. Mascini, “Evaluation of
pesticide-induced acetylcholinesterase inhibition by means of disposable carbon-modified electrochemical biosensors,” Enzyme and Microbial Technology, vol. 40, no. 3, pp. 485–489, 2007.
[40] http://www.epixfab.eu., “epixfab: The silicon photonics platform,”
2013-01-22. [Online]. Available: http://www.epixfab.eu.
[41] I. M. White and X. Fan, “On the performance quantification of resonant refractive index sensors,” Opt. Express, vol. 16, no. 2, pp. 1020–
1028, 2008.
[42] T. Yoshie, L. Tang, and S.-Y. Su, “Optical microcavity: Sensing down
to single molecules and atoms,” Sensors, vol. 11, no. 2, pp. 1972–1991,
2011.
[43] J. Ackert, J. Doylend, D. Logan, P. Jessop, R. Vafaei, L. Chrostowski, and A. Knights, “Defect-mediated resonance shift of siliconon-insulator racetrack resonators,” Opt. Express, vol. 19, no. 13, pp.
11 969–11 976, 2011.
[44] L. Chrostowski and M. Hochberg, Silicon Photonics Design, ser. Cambridge University Press, 2015.

137

Chapter 7. Bibliography
[45] Y. Wang, X. Wang, J. Flueckiger, H. Yun, W. Shi, R. Bojko, N. A. F.
Jaeger, and L. Chrostowski, “Focusing sub-wavelength grating couplers with low back reflections for rapid prototyping of silicon photonic
circuits,” Opt. Express, vol. 22, no. 17, pp. 20 652–20 662, Aug 2014.
[46] V. V. Tuchin, I. L. Maksimova, D. A. Zimnyakov, I. L. Kon, A. H.
Mavlyutov, and A. A. Mishin, “Light propagation in tissues with controlled optical properties,” J. Biomed. Opt., vol. 2, no. 4, pp. 401–417,
1997.
[47] R. Sokoloff, K. Norton, C. Gasior, K. Marker, and L. Grauer, “A
dual-monoclonal sandwich assay for prostate-specific membrane antigen: levels in tissues, seminal fluid and urine.” Prostate, vol. 43, no. 2,
pp. 150–7, 2000.
[48] U. B. Nielsen and B. H. Geierstanger, “Multiplexed sandwich assays in
microarray format,” Journal of immunological methods, vol. 290, pp.
107–120, 2004.
[49] X. Wang, W. Shi, S. Grist, H. Yun, and N. A. F. J. Chrostowski,
“Narrow-Band Transmission Filter using Phase-Shifted Bragg Gratings
in SOI Waveguide,” 10/2011 2011, p. ThZ1.
[50] V. R. Almeida, Q. Xu, C. A. Barrios, and M. Lipson, “Guiding and
confining light in void nanostructure,” Opt. Lett., vol. 29, no. 11, pp.
1209–1211, 2004.
[51] E. L. Florin, V. T. Moy, and H. E. Gaub, “Adhesion forces between
individual ligand-receptor pairs,” Science (New York, NY), vol. 264, p.
415, 1994.
[52] S. Mandal, J. M. Goddard, and D. Erickson, “A multiplexed optofluidic
biomolecular sensor for low mass detection,” Lab on a Chip, vol. 9, pp.
2924–2932, 2009.
[53] K. D. Vos, I. Bartolozzi, E. Schacht, P. Bienstman, and R. Baets,
“Silicon-on-insulator microring resonator for silicon-on-insulator microring resonator for sensitive and label-free biosensing,” Opt. Express,
vol. 15, no. 12, pp. 7610–7615, 2007.

138

Chapter 7. Bibliography
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L. Schlapbach, “Adsorption and bioactivity of protein A on silicon
surfaces studied by AFM and XPS,” Journal of colloid and interface
science, vol. 233, no. 2, pp. 180–189, 2001.
[85] S. Talebi Fard, K. Murray, M. Caverley, V. Donzella, J. Flueckiger, S. M. Grist, E. Huante-Ceron, S. A. Schmidt, E. Kwok, N. A.
Jaeger et al., “Silicon-on-insulator sensors using integrated resonanceenhanced defect-mediated photodetectors,” Opt. express, vol. 22,
no. 23, pp. 28 517–28 529, 2014.
[86] A. Gassenq, N. Hattasan, L. Cerutti, J. B. Rodriguez, E. Tournié,
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Appendix B
Derivation of Sensitivity
Formula
Here we review the derivation of the sensitivity formula for resonator sensors
based on [43].
Considering dispersion in a resonator, the mode condition is given by
equation B.1:
2nef f L
(B.1)
λres
where, L is the length of the resonator, λres is the resonant wavelength, and
nef f is the effective index of the waveguide.
The group index (ng ) is defined as:
mπ =

δnef f
(B.2)
δλ
Now, equating the mode at initial wavelength and the shifted wavelength
(using equation B.1), we have:
ng = nef f − λres

δn

δn

δnef f
ef f
ng + (λres + ∆λres ) δλ
+ ∆ncl δnefclf
ng + λres δλ
=
(B.3)
λres
λres + ∆λres
Solving this equation, we can find wavelength shift as a function of the
change in refractive index of the cladding, which defines sensitivity of the
resonator.

∆λres
λres δnef f
=
∆ncl
ng δncl

(B.4)
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