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Abstract
Silicon photonic (SiPh) sensors hold tremendous potential for the advancement of
global healthcare. Leveraging mature complementary metal-oxide semiconductor
(CMOS) foundry processes, hundreds of SiPh sensors can be integrated into tiny
devices, enabling the detection of multiple pathogens, and eliminating the need for
expensive in-lab chemical processing. While the performance of SiPh sensors is
similar to clinical standards, the implementation costs remain quite high. To realize
the potential that SiPh sensor systems hold for global healthcare, their overall cost
must be reduced.
SiPh sensors typically rely on high-resolution tunable lasers, which remain
an expensive off-chip component. This thesis first summarizes alternative optical
sources that are used for SiPh sensors. Fixed-wavelength lasers are a low-cost alternative, and benefit from relative ease of coupling to chip. Unfortunately, the corresponding sensor designs are very sensitive to noise. Broadband optical sources
are another lower-cost alternative source; however, their use often requires expensive detection equipment. Despite their drawbacks, implementing these alternative
optical sources could significantly reduce the overall cost of a SiPh system..
Three low-cost SiPh architectures are presented in this thesis: two that use
a broadband source, and one that uses a fixed-wavelength laser. The broadband
SiPh architectures use a sensor-tracker system, where one component, a microring
resonator (MRR) or a Mach-Zehnder interferometer (MZI), acts as a sensor and
a second component acts as a tracker (by electrically tracking wavelength shifts).
Since wavelength shifts from the sensor can be read as electrical power shifts in
the tracker, this system eliminates the need for expensive detection equipment.
Sensitivity values of 78.9 nm/RIU (refractive index unit) and 218.5 nm/RIU were
iii

obtained, with system limits of detection of 3.4×10-4 RIU and 7.7×10-4 RIU for
the MRR and MZI designs, respectively.
In the fixed-wavelength system, a heater-detector tuning element is placed in
the MRR loop. This similarly enables electrical tracking of wavelength shifts,
thus reducing the noise sensitivity commonly found in fixed-wavelength systems.
Simulation results report sensitivities up to 76 nm/RIU, with calculated intrinsic
limits of detection down to 3.8×10-4 RIU. The results obtained demonstrates that
high-resolution tunable lasers are not required to achieve high sensor performance.
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Lay Summary
Miniaturized biosensing devices are crucial for the advancement of global healthcare as they offer fast, reliable, and affordable detection of pathogens, viruses,
and bacteria. Silicon-based photonic sensors can perform real-time sensing measurements, eliminating long wait times and the need for expensive chemical lab
equipment. These sensors are compatible with the fabrication processes used for
electronic devices, allowing them to be made at a very low cost. However, silicon
photonic sensors require a light source, which is typically a tunable laser. Since
these lasers cannot currently be fabricated easily, this drastically increases the overall cost of the system. For these sensors to make an impact in global healthcare,
a low-cost alternative for light sources must be implemented. This thesis presents
three low-cost sensor designs that do not rely on tunable lasers, thus lowering the
overall system cost and providing a path forward for the realization of silicon photonic sensing systems.
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Preface
The content of this thesis is based on two published publications. Section 3.1.1 is
partly based on the following conference publication:
1. L. Dias, E. Luan, H. Shoman, H. Jayatilleka, S. Shekhar, L. Chrostowski,
and N. A. F. Jaeger, “Cost-effective, CMOS-compatible, label-free biosensors using doped silicon detectors and a broadband source.” CLEO: Applications and Technology. Optical Society of America, 2019.
I am the main contributor to this publication. N. A. F. Jaeger conceived the idea,
which is an extension of work from H. Shoman and H. Jayatilleka. H. Shoman designed the chip. I performed the primary measurement and analysis of the devices,
with H. Shoman providing support for the electronics measurements. E. Luan
contributed to the chip packaging and microfluidics integration for this project.
E. Luan and I performed the biosensing measurements and analysis. E. Luan,
H. Shoman, and I composed the manuscript. S. Shekhar, L. Chrostowski, and
N. A. F. Jaeger supervised the project. A full version of this publication is in the
process of being submitted, of which I am also the primary author.
Section 3.1.2 is based on unpublished work, of which I am the main contributor. L. Chrostowski conceived the idea. I designed, measured, and analyzed the
fabricated devices. The results from this section may be published at a later date.
Section 3.2 is partly based on the following invited publication:
2. L. Chrostowski, L. Dias, M. Mitchell, C. Mosquera, E. Luan, M. Al-Qadasi,
A. Randhawa, H. R. Mojaver, E. Lyall, A. Gervais, R. Dubé-Demers, K.
Awan, S. Gou, O. Liboiron-Ladouceur, W. Shi, S. Shekhar, K. C. Cheung, “A silicon photonic evanescent-field sensor architecture using a fixedvi

wavelength laser.” Optical Interconnects XXI. Vol. 11692. International
Society for Optics and Photonics, 2021.
This project involved many contributors. For the sake of brevity, I will only
mention contributions that are discussed within this thesis. L. Chrostowski conceived the idea. C. Mosquera and L. Chrostowski designed the chip layout, with
design parameters supported by simulations that I performed. L. Chrostowski and
I simulated the performance of the sensor. H. R. Mojaver collected the measurement data from the device, and I performed the data analysis. Full results from this
design have yet to be published.
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Glossary
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Amplified spontaneous emission
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Band-pass tunable filter
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Erbium-doped fiber amplifier
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Extinction ratio

FOM

Figure of merit

FSR

Free-spectral range

FWHM

Full width at half maximum

GC

Grating coupler

GE

Germanium

ILOD

Intrinsic limit of detection

I/O

Input/output

IPA

Isopropyl alcohol

IRPHD

In-resonator photoconductive heeater-detector

LED

Light-emitting diode

LIDAR

Light detection and ranging
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LOD

Limit of detection

MRR

Microring resonator

MZI

Mach-Zehnder interferometer

OSA

Optical spectrum analyzer

PD

Photodetector

PDMS

Polydimethylsiloxane

PWB

Photonic wirebond

Q - FACTOR

Quality factor

RIU

Refractive index unit

SIPH

Silicon photonic

SLED

Superluminescent diode

SLOD

System limit of detection

SNR

Signal-to-noise ratio

SOI

Silicon-on-insulator

SPR

Surface plasmon resonance

SWG

Sub-wavelength grating

TE

Transverse electric

TM

Transverse magnetic
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Chapter 1

Introduction
1.1

Research background

Miniaturized biosensing devices are crucial for the advancement of global healthcare as they offer fast, reliable, and affordable detection of pathogens, viruses, and
bacteria [1, 2]. Services that are typically performed in a lab, such as blood typing
or detection of pathogens, can be combined into a single compact device, reducing
the required sample size and lowering the cost of materials. Most current diagnostic techniques have been designed for well-equipped laboratory environments,
requiring the use of specialized reagents and automated analyzers. This hinders
their widespread use, especially in resource-scarce facilities or countries where
this equipment or reagents may be unavailable [3]. The importance of global accessible and inexpensive diagnostic testing has been especially highlighted by the
COVID-19 pandemic [4]. Although the testing process has significantly improved
since the start of the pandemic, it is still far from ideal. For example, in Canada, patients must travel to a designated testing site to have their sample taken, potentially
putting others at risk in their route. Samples take several days to be processed,
with Ontario alone having a regular backlog of 20,000-60,000 samples [5]. Each
test can cost the government upwards of ∼$40 CAD [6]. With over 26 million tests
administered in Canada to date, over $1 billion CAD has been spent on diagnostic

tests alone [7]. Low-cost, high-volume, point-of-care tests are critical not only for
COVID-19 detection, but for worldwide healthcare moving forward.
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Even prior to the pandemic, 2019 market studies forecast tremendous growth
in the biosensor market, growing from $21.1 billion USD in 2019 to $31.5 billion
USD by 2024 [8, 9]. Over 60% of the projected end use is in point-of-care and
at-home diagnostic applications. Of the technologies considered, including electrical, thermal, and piezoelectric platforms, photonic biosensors are expected to
experience the most growth. Several photonic sensors based on surface plasmon
resonance (SPR) and planar waveguide technologies have been successfully commercialized (by companies such as Biacore Life Sciences and Genaltye [10, 11]),
and are continued to be developed (by other researchers and companies such as
SiDx and SiPhox, among others [12, 13]).
SPR describes the interaction of light with electrons at a metal/dielectic interface when the light is incident at a critical angle [14]. When the photon frequency
matches that of the electrons, the photon energy is absorbed and resonance occurs,
causing zero transmission at a specific angle of incidence. This angle is highly
dependent on the material properties at the metal/dielectric interface, which can
be leveraged for sensors by exposing this interface to organic materials/samples.
SPR sensor technology has made tremendous progress over the past 40 years and
recently, a point-of-care SPR sensor has been demonstrated [15]. However, this
system still requires bulky optical components and large charged-coupled device
cameras for detection. While SPR has many advantages compared to traditional
chemical diagnostic tests, implementing this technique in a cost-effective, portable
manner still faces many challenges.

1.2

Silicon photonics

Silicon photonic (SiPh) sensors based on planar waveguide technology are an exciting alternative to traditional methods. The commercialization of SiPh, while
originally driven by applications in telecommunication networks, has shown exceptional progress in many other fields, including quantum information processing [16, 17], light detection and ranging (LIDAR) [18, 19], and sensors [20, 21].
Based on the silicon-on-insulator (SOI) platform, the SiPh platform can confine
and route light in very small structures, allowing for extremely compact, yet high
density devices. The SOI platform is particularly attractive due to its compatibil-
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ity with mature complementary metal-oxide semiconductor (CMOS) fabrication
processes. This enables SiPh devices to be produced at a very low cost at high
volume [22].
SiPh sensors can perform label-free, real-time measurements, which eliminate
long wait times and the need for expensive chemical lab equipment [23]. SiPh devices have demonstrated the ability to detect various pathogens and disease markers, including breast and lung cancer [24, 25], neurodegenerative disorders [26],
and SARS-CoV-2 [27]. Because of their CMOS compatibility, these sensors can
be produced at very low-cost, enabling the development of scalable, integrated
sensing systems.

1.3

Biosensing with integrated photonics

Several figures of merit (FOMs) are commonly used when characterizing the performance of biosensors. These include selectivity, reproducibility, stability, sensitivity, and limit of detection (LoD) [28]. The latter two, sensitivity and LoD, are
particularly useful in analyzing SiPh sensors, as they are influenced by the sensor geometry and are independent of chemical factors relating to the analyte (the
sample being measured). Sensitivity describes the strength of the sensor response
when exposed to an analyte and, as a metric, it is highly dependent on the interaction time between the light and the analyte [29]. There are two types of sensitivity,
surface and bulk. Surface sensitivity describes the sensor response due to layers of
target analyte on the sensor surface; bulk sensitivity describes the sensor response
from a change in mass (or refractive index) of the solution surrounding the sensor
due to the presence of the target analyte. Surface sensitivity is highly dependent
on the analyte of interest, and is therefore not suitable for a general comparison
between sensors. Bulk sensitivity, on the other hand, is not specific to the analyte,
and therefore is often used for sensor comparisons.
LoD is defined as the smallest mass (or refractive index) change that is measureable by the sensor, and is given by:
LoD =

3σ
S

(1.1)

where σ is the system noise floor, and S is the bulk or surface sensitivity of the
3

sensor. Since the noise is dependent on instrumental and equipment factors, this
LoD is also referred to as the system limit of detection (sLoD). For SiPh sensors,
LoD can be given in units of refractive index units (RIU), units of pg/mm2 , or
units of ng/mL (or nM) [29]. The latter two are most often used when comparing
LoDs for specific analytes. LoD given in RIU is commonly used when comparing
between sensors, as it is not specific to the analyte. It can also be used to compare
SiPh sensors to other technologies.
Table 1.1 displays results from literature for the detection of selected target
analytes using SPR and SiPh sensors, and compares their analysis times and LoDs.
Although SPR technologies outperform SiPh sensors in some of the LoD values,
the values for SiPh sensors are still comparable and within clinical relevance [30].
They also can be achieved in a much shorter measurement time. SiPh sensors are
a promising option, as they produce similar performance to SPR technology and
also show the potential to be used in cost-effective, portable sensing systems.

SPR

SiPh

Target
Avian influenza virus
DNA
Prostate specific antigen
C-reactive protein
E. coli O157:H7
Gentamicin
Avian influenza virus
DNA
Prostate specific antigen
C-reactive protein
E. coli O157:H7
Gentamicin

Analysis time
1.5 hrs
50 min
50 min
4 hrs
N/A
N/A
30 min
10 min
10 min
20 min
N/A
N/A

sLoD
0.128 HAU/mL [31]
1 fM [32]
180 fM [33]
10 ng/mL
3×105 CFU/mL [34]
4.7 nM [35]
5e-4 HAU/mL [36]
150 fM [37]
0.4 nM [38]
2.1 ng/mL
8
10 CFU/mL [39]
0.1 nM [40]

Table 1.1: Comparison of SPR and SiPh sensor performance (analysis time
and sLoD) for selected target analytes.

1.4

System implementation

An integrated SiPh sensor is just one part of an entire sensing system, which must
also include an optical source, a microfluidic system, and a detector/readout sys4

tem. The integration of all these elements remains one of the key challenges for the
realization of a SiPh clinical platform [41]. Each component must be optimized for
cost, ease-of-use, and compatibility with other system components.
The optical source is one of the main considerations for a SiPh sensor. Most
SiPh sensor architectures operate in infrared wavelengths (∼1550 nm) with a laser
as the optical source. While several groups have demonstrated on-chip lasers,
based either on optical and electrical pumping methods, these lasers have unfortunately not produced the tunability and resolution required for highly sensitive,
low detection-limit sensors [42, 43]. Therefore off-chip, high-resolution tunable
lasers remain the most common optical sources for SiPh sensors.
The development of on-chip photodetectors (PDs) is another major area of research. PDs are typically characterized by their responsivity (ratio of photocurrent
to optical power) and noise (dark current). For a SiPh sensor, a low dark current
is desired, as it results in better detection limits. While several p-n and p-i-n photodetectors have been demonstrated [44, 45], the most widely implemented PDs
are based on monolithic germanium (Ge), due to its high optical absorption in the
infrared wavelengths [46–49]. These Ge PDs have been reported to have responsivities as high as 0.74 A/W and dark currents of 4 nA [50]. However, fabrication processing of Ge requires temperatures >300◦ C, which introduces challenges
when integrating with standard CMOS electronics processing [46–48, 51]. Doped
silicon detectors have been demonstrated as an alternative to Ge PDs, with dark
currents of several microns [52]. While their performances are generally lower
than Ge PDs, such detectors are fully compatible with the high temperature processing in CMOS electronics fabrication, paving the way towards SiPh sensors
with integrated electronics control on a single chip. However, the requirement to
detect a small current difference with a single port actuation/sensing complicates
the design of the CMOS electronics.
A third component of the sensor system is the delivery of the sample to the
SiPh chip. This is typically done through microfluidic integration, where small
channels are made above the sensor, through which the sample can flow [53].
Polydimethylsiloxane (PDMS) is a common material used for creating these channels, since it is cheap and easy to fabricate [54]. PDMS can be permanently bound
to silicon oxide, enabling a reliable, leakage-free channel. Futhermore, 3D printed
5

PDMS channels have been demonstrated by several groups, making it a very accessible option [55, 56]. However, PDMS is incompatible with electrode deposition,
which makes electronic integration challenging. SU-8, a negative photoresist, is
an alternative to PDMS, as it can be used as an electronic passivation layer [57].
However, SU-8 fabrication requires the use of a clean room, increasing the cost of
the fabrication process.
Traditional microfluidics require a pumping system to guide the sample through
the channels. While simple to implement in a lab, this is a further complication to
producing widely available, low-cost sensors, as it requires additional instrumentation. A recent alternative approach is digital microfluidics [58]. Here, droplets of
the sample are controlled through a process called electrowetting, where the wettability (i.e., the ability of a liquid to maintain contact with a surface) of the sample is
controlled by an applied voltage. Droplets of the sample can be moved without requiring external instruments. Several groups have demonstrated this approach with
SiPh sensors [59, 60]. Digital microfluidics promises to offer a low-cost alternative
to traditional microfluidic techniques [61–63].
Overall, the optical, electrical, and microfluidic components must combine into
a single, stable, compatible package. Several designs for a sensor package have
been demonstrated [59, 64]. A promising option is the fan-out wafer-level packaging method [65], which allows for very small device sizes, while still maintaining
good electrical contacts and sealed microfulidic delivery. However, this design still
relies on off-chip optical and electrical sources with external pumps for microfluidics. Eliminating the need for these expensive, off-chip components is critical for
the development of a low-cost sensing system.

1.5

Thesis objective

The objective of this thesis is to demonstrate that high-resolution tunable lasers
are not required to achieve high-performance SiPh sensor systems. Tremendous
research effort has produced highly sensitive SiPh sensors, however, implementing
these sensors into systems remains extremely expensive due to their dependence on
high-resolution tunable lasers. Novel SiPh sensor architectures must be introduced
in order to move to lower-cost optical sources. This thesis presents three low-cost,
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CMOS compatible architectures that do not rely on tunable lasers, thus lowering
the overall system cost and providing a potential path forward for the realization of
SiPh sensing systems.

1.6

Thesis structure

This introductory chapter provided the background and motivation for the development of low-cost SiPh sensor systems. The remainder of this thesis is organized
into three chapters:
Chapter 2 provides a review of fundamental concepts and components required
in a SiPh sensing system. On-chip photonic structures are summarized with key
equations and figures of merit. Various optical sources used in SiPh sensors are
presented and discussed in terms of cost, sensor complexity, and coupling considerations.
Chapter 3 presents three low-cost SiPh sensor designs. The first two utilize
a broadband source in place of a tunable laser, and the last design uses a fixedwavelength laser. Design, simulation, and measurement results are presented, including discussion on the sensors’ sensitivities and detection limits.
Chapter 4 summarizes key results from Chapter 3 and discusses limitations to
the designs presented. Future work and next steps are outlined in this chapter.
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Chapter 2

Review of system components
This chapter provides an overview of different components required for the SiPh
sensor, including SiPh sensor structures and optical sources. While numerous
SiPh structures and components have been investigated in literature, this section
will focus on the basic structures that are utilized in the SiPh sensors discussed
in Chapter 3. Three different optical sources categories are presented with their
corresponding sensor designs, and are discussed in terms of cost and complexity.
While implementing low-cost alternatives to the optical source is imperative to an
affordable sensor system, understanding their tradeoffs in terms of complexity and
sensor performance is vital.
Microfluidics and photodetectors are two other components that can add additional costs to the system; however, investigation of these topics is out of scope for
this work. More information on these topics can be found in [66] and [67].

2.1

Integrated photonic sensor components

Many components work together to create integrated photonic circuits. This subsection provides a brief overview to the simplest of these, the waveguide, and discusses its place in a sensing system. Several sensing architectures are presented, including the Mach-Zehnder interferometer and the microring resonator, along with
the key equations used to model their behaviour.
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Figure 2.1: a) A standard waveguide, where n1 refractive index of the waveguide core, and n2 and n3 are the refractive indices of the waveguide
cladding. In SiPh sensors, the n3 layer is the solution containing the
target analyte. b) The fundamental waveguide mode, as simulated by
Lumerical’s MODE. The effective index can be extracted.

2.1.1

Waveguides

The fundamental building block of silicon photonics is the waveguide. Waveguides operate on the basis of total internal reflection, where a high refractive index
material (the core) is surrounded by a material with a lower refractive index (the
cladding) (Fig 2.1a) [68]. Light coupled into the waveguide can be guided into
various circuits across the SiPh chip by routing waveguides.
While most of the energy of the light is confined to the silicon core, a small
portion of the energy (decaying exponentially with distance away from the core),
known as the evanescent field, travels into the cladding (Fig 2.1b). Because of this,
the propagation of light is dependent on the properties of both the core and the
cladding. The net refractive index experienced by the propagating light is referred
to as the effective index (neff ). The effective index of a waveguide can be simulated
using software such as Ansys’s Lumerical MODE, which was used to generate
Fig 2.1b.
The group index (ng ) of the waveguide describes the group velocity of the light,
and is dependent on the effective index (neff ), given by:
ng (λ ) = neff (λ ) − λ
9

dneff
dλ

(2.1)

a)

b)
y
Power

target
molecules

before
molecule
binding

2

|E|
evanescent
field

Δλ

after
molecule
binding

Wavelength

Figure 2.2: a) The evanescent field extends past the silicon waveguide and
into the cladding. By functionalizing the surface of the waveguide
(green structures), specific analytes (yellow) can bind to the surface
and change the effective index. This change will alter the progation
behaviour of light, as in b), where the transmission is shifted ∆λ after
molecule binding.
where λ is the wavelength of light. The group index is particularly important
for silicon photonic sensors, as it influences the transmission properties of structures [68]. This is discussed in more detail in Section 2.1.2 and 2.1.3.
Evanescent field sensing
As mentioned in the previous section, a small portion of the propagating electrical
field extends outside the silicon core, making the optical response sensitive to the
refractive index of the cladding [23]. This property is leveraged in the design of
silicon photonic sensors. When target molecules are introduced to the solution surrounding the waveguide, it causes a change in the refractive index of the cladding,
due to the presence of these new molecules. This index change shifts the effective
index of the waveguide, modifying the propagation behaviour of the guided light
(Fig 2.2, Eq 2.1). By functionalizing the surface of waveguides to capture specific
analytes, the propagation behaviour of light can be monitored and used to measure
specific analytes.
Evanescent field sensing can be used as a label-free detection method, which
reduces complexity, cost, and time relative to methods based on labelling [29].
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Label-free methods rely on detecting the target’s molecular properties, such as
molecular weight or refractive index, whereas labelled methods attach additional
molecules, such as dye molecules or fluorescent tags, to the target to increase the
detected signal. While highly selective and achieving low LoD, labelled detection
requires multiple chemical processing steps, which increases cost and complexity,
and makes it difficult to extract kinetic information. Label free methods also have
some shortcomings, as they can only operate if non-specific binding is low (i.e., low
binding of molecules other than the target). However despite this, they have been
widely researched due to their reduction in processing time and steps. Because
label-free methods directly detect the target, they can also be used to extract kinetic
information for characterizing molecular interactions.
Extracting kinetic information using evanescent sensors was first demonstrated
using SPR technology [14], but has since been demonstrated using numerous SiPh
sensors [69–71]. By monitoring the slope of the response curve as the sensor
is exposed to the target molecule, bio-specific binding and release can be monitored [29, 72].
Sub-wavelength gratings
One strategy to improve the sensitivity of silicon photonic sensors is to use subwavelength gratings (SWGs). First proposed by the National Research Council
of Canada in 2006 [73], these structures consist of periodic blocks of high and
low index material (Fig 2.3a), with a period, Λ, much smaller than than the Bragg
condition (i.e., Λ 

λ
2neff ).

The effective index of this structure is smaller than

that of a straight silicon waveguide, resulting in an increased mode cross-section,
and more energy in the evanescent field (Fig 2.3b). This increases the amount of
light-matter interaction a propagating field has with the analyte of interest, which
can result in higher sensitivities. Several groups have continued research into these
devices, reporting sensitivities up to 580 nm/RIU, and detection limits down to
2×10-6 RIU [23, 74–76].
Although a lower effective index can result in higher sensitivity, the index cannot be lowered indefinitely. When the effective index drops below 1.65, the propagating waveguide mode is no longer supported [77]. To stay above this threshold,
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Figure 2.3: a) A sub-wavelength gratings (SWG) waveguide structure. The
width (w), period (Λ), and depths of both the high and low index blocks
(a and b, respectively) are labelled. b) The mode profile of an SWG
waveguide. More energy is outside of the silicon core compared to the
optical propagation in a straight waveguide (Fig 2.1).
the duty cycle (a/Λ) is usually set to ∼50%, depending on the waveguide width (w

in Fig 2.3a). Additionally, fabrication of SWGs introduces new challenges. Firstly,
the length of both the high and low index blocks (a and b, respectively, in Fig 2.3a)
are limited by fabrication minimum feature sizes, which are often in the ∼150 nm
range. Furthermore, these small pieces of silicon can become loose, fall over, or
get washed away entirely if the oxide beneath the waveguide is over-etched. This
makes their fabrication extremely delicate.

2.1.2

Mach-Zehnder interferonmeters

One of the lowest complexity structures for SiPh sensing is the interferometer, with
the Mach-Zehnder interferometer (MZI) being one of the most common configurations [23]. In an MZI, light is split into two waveguide paths (often using a
Y-branch component), with one path exposed to the sample (Lsens ), and the other
used as reference (Lref ) (Fig 2.4a). When the light is recombined (using a second
Y-branch), the output intensity follows an interference pattern dependent on the
phase difference between the two paths (Fig 2.4b). As interaction with the sample
introduces a phase shift (∆φ ) in the sensing arm, the output intensity (Io ) will be a
periodic function dependent on that phase shift, given by:
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Figure 2.4: a) Basic design of a Mach-Zehnder interferomenter. b) Typical
transmission spectrum from the output, when a path length imbalance
(∆L) exists between the arm.

Io = Isens + Iref + 2

p
Isens Iref cos (∆φ + ∆φ0 )

(2.2)

where Isens and Iref are the intensities of light in the sensing and reference arms,
respectively, and ∆φ0 is the initial phase difference between the arms. The phase
shift caused by the analyte can be related to the change in effective index (∆neff ) at
a given wavelength (λ ) by:
∆φ =

2π
∆neff Lsens
λ

(2.3)

where Lsens is the length of the sensing arm. Because the sensitivity of the sensor
is defined by the change in phase due to the change in the RIU of the cladding,
Eq. 2.3 suggests that a longer sensing arm can result in higher sensitivities [78].
However, as the length of the interferometer is scaled, the device also becomes
more sensitive to input source fluctuations and temperature variations across the
chip, which can result in false positives [79]. Additional modulation approaches to
tune the phase are typically required for interferometric sensors [23].
The free-spectral range (FSR) is the spacing between two successive intensity
minima or maxima in a periodic transmission spectrum. For an MZI, the FSR at a
specific wavelength (λ ) is given by:
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FSR =

λ2
L1 ng1 − L2 ng2

(2.4)

where L1 , L2 and ng1 , ng2 are the lengths and group indices of the two arms, respectively. Often, the denominator in Eq. 2.4 is simplified to ng ∆L. This does not
hold for a sensor, however, since the cladding in each arm is different and therefore
the group indices will be independent.

2.1.3

Microring resonators

A microring resonator (MRR) consists of a looped optical waveguide and a coupling element to access the loop (which is typically accomplished via evanescent
field coupling) (Fig 2.5a) [80]. The MRR is in resonance when light in the loop
interferes constructively (by building up an effective 2π round trip phase shift)
(Fig 2.5b). The resonance wavelength (λres ) of the MRR is given by:
λres =

2πR × neff
m

(2.5)

where R is the radius of the resonator, neff is its effective refractive index, and m
is a positive integer. When the MRR is exposed to a sample, the effective index
(∆neff ) will shift. This will shift the position of the resonant wavelength (∆λres ) by:
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∆λres =

λ
∆neff
ng

(2.6)

Unlike the MZI (described by Equation 2.3), this equation shows that the sensitivity
of the MRR is independent of the size of the resonator. Instead, it is characterized
by the quality factor (Q-factor), which describes how long the photon energy stays
within the resonator [29]. The Q-factor is given by:
Q=

2π · ng · 4.34
λres
≈
λres · α(dB/m) ∆λFWHM

(2.7)

where ng is the group index, α(dB/m) is the total loss in the resonator, and ∆λFWHM
is the full width half maximum bandwidth (FWHM) of the resonance peak. A
higher Q-factor means that light will remain inside the cavity for longer, and will
therefore have a higher interaction time with the analyte. Because of this, the Qfactor will effect the intrinsic LoD of the microring sensor, given by [81]:
iLoD =

λ
Q×S

(2.8)

where λ and S are the wavelength and sensitivity of the sensor, respectively. The
iLoD is only dependent on intrinsic sensor characteristics (such as Q-factor), and
is therefore useful to compare systems with different experimental setups. Because
the Q-factor is dependent on the losses in the structure, it is often difficult to produce high Q-factor devices, as sidewall scattering, bend radiation, and material
absorption (including the analyte) contribute significantly to loss [68].
The FSR for an MRR is given by:
FSR =

λ2
2πRng

(2.9)

where λ , R, ng are the wavelength, radius, and group index of the ring, respectively.
This equation is very similar to that of the MZI (Equation 2.4), however, since the
entire ring is exposed to the sample, only a single group index is required. MRRs
with the same radius but different claddings will have different FSRs. Furthermore,
since group index is wavelength dependent (Equation 2.1), the FSR will also vary
with wavelength. However, this effect can be ignored over small wavelength bands.
15

2.1.4

Other sensor structures

There are several other structures in development for SiPh sensors, most notably
ones based on Bragg gratings and photonic crystals [23]. Both are similar to the
SWG waveguide architecture, with periodic structures of high and low refractive
indices. For a Bragg grating based sensor, the period of the structure is significantly
larger than that of an SWG waveguide (i.e., ΛBragg =

λ
2neff ),

which results in light

being reflected at each interface. The repeated reflections at a specific wavelength
result in a sharp peak at that wavelength, which can be tracked, similar to resonance
peaks in MRRs.
Conversely, photonic crystal based sensors have periodicity on the order of the
wavelength of light. The prevents a band of light from passing through the structure. However, by introducing a defect into the crystal, strong optical confinement
creates a resonance at a specific wavelength, which once again can be monitored
in sensing experiments.

2.1.5

Summary

While interferometric sensors have higher, length-scalable sensitivities, their large
size, temperature dependence, and additional modulation requirements can make
the more challenging to implement on chip [79]. However, they represent the simplest sensor geometry in terms of of fabrication and design. MRRs are a promising
option due to their compact size, which also enables high-density integration on
chip. However, achieving consistently high Q-factors can be challenging, especially with additional loss from water absorption. Bragg gratings and photonic
crystals are similarly compact, however their periodic structures create additional
fabrication challenges. Overall, microring resonators are the most commonly implemented structure, with a good trade-off between design simplicity, stability, size
and sensitivity.
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2.2

Optical sources

In this section, the various light sources used in SiPh sensor systems are outlined,
alongside their corresponding sensor designs. Cost, sensor complexity, and coupling considerations are discussed, and a comparison between the optical sources
is made.

2.2.1

Tunable lasers

Measuring the wavelength (or phase) shift in a sensor’s transmission spectrum is
the most common method for analyte detection in silicon photonics. In such a
configuration, the light from a high-resolution tunable laser is coupled into a SiPh
sensor chip and measured by a PD, either on or off chip (Fig 2.6a). The laser wavelength is continually swept over a set bandwidth, allowing for the reconstruction
of the sensor’s transmission spectrum in this band. As the transmission spectrum
of the sensor shifts in response to a sample (mediated by changes in the effective
index, see Section 2.1.1), monitoring these shifts over time allows the extraction of
the change in RIU.
This tunable laser configuration has many advantages. Because the linewidth
of the laser is very narrow, the detection of resonant wavelength shifts can be very
precise [57]. Additionally, reconstruction of the entire spectrum allows for the
implementation of post-processing techniques like curve fitting, which can help
resolve wavelength shifts smaller than the laser resolution, further lowering the
sLoD. Finally, the tunable laser configuration allows for very simple on-chip sensor
systems. Only a single sensor structure (such as an MRR or MZI) and detector are
required on chip. This keeps the prerequisite on-chip optical design and electronics
control simple, and enables a high density of sensors to be fabricated on a single
chip, which can be used for detection of multiple analytes (multiplexing).
While tunable lasers aid in the reduction of on-chip sensor complexity, their
use significantly complicates the overall sensing system. Because high-resolution
tunable lasers remain an off-chip component to the sensor, tremendous cost and
complexity is added to the overall system.
The cost for a high-resolution tunable laser remains very high, typically in the
$10k-100k USD range [82]. While development of fixed-wavelength lasers, driven
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Figure 2.6: Overview of typical sensing setups making use of a) a tunable
laser, b) a fixed-wavelength laser, or c) a broadband source. a) The laser
wavelength is swept and the output is coupled to the SiPh chip, where
it passes through a sensor and is then detected with an on-chip PD. A
typical output spectrum is shown on the right, where optical power is a
function of wavelength, and the transmission spectrum shifts when the
sensor is exposed to an analyte (t1 and t2 are before and after analyte exposure, respectively). b) A fixed-wavelength laser is coupled on-chip,
where it passes through a sensor and is then detected with an on-chip
PD. The typical output spectrum is shown on the right, where optical
power is a function of time, since only a single wavelength is being detected. As the sensor is exposed to a sample, the detected optical power
will shift due to a change in alignment between the fixed-wavelength
input and the sensor’s transmission spectrum from t1 to t2 , before and
after exposure to a sample, respectively. c) The broadband source (containing all wavelengths over a given bandwidth) is coupled to the SiPh
chip, where it passes through a sensor, and is then coupled off chip to an
OSA. The typical output spectrum is shown on the right, where optical
power is a function of wavelength, and the transmission spectrum shifts
from t1 to t2 , before and after exposure to a sample, respectively.
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by applications in telecommunications, has lowered their cost [83], off-chip tunable lasers remain among the most expensive components of a SiPh sensor system.
One of the promises of SiPh devices as sensors is that they can be manufactured
for very low cost at high volume by leveraging advanced CMOS fabrication technologies [22]. By requiring an expensive tunable laser in the sensing system, these
low-cost advantages are reduced, as the total system cost remains high. Furthermore, the sLoD of the sensor is dependent on the resolution of the laser, which can
scale with its cost. Therefore, to achieve a lower sLoD, a more expensive laser is
required. This creates an intrinsic trade-off between sensor performance and cost
for a tunable laser configuration.
Secondly, because the laser is off chip, it adds to the system’s complexity and
cost by requiring repeatable and precise techniques for coupling light into the sensor chip. One such technique, implemented by Genalyte Inc., uses a mechanical
mirror system to focus the laser light onto grating couplers for each sensor [84].
While very precise and effective, these additional components add cost, size, and
complexity to the system. Another method includes gluing a fiber array directly
onto the chip [85]. While this technique has not been demonstrated specifically for
SiPh sensors, it would likely be feasible. Fiber arrays are relatively inexpensive,
typically only a few dollars when ordered in high volume; however, this method
caps the number of input/output (I/O) channels for the chip to the number of channels in the array. For multiplexing devices where 10+ sensors are on chip, light will
need to be split on chip, resulting in less optical power per sensor. This can reduce
the measurement signal to noise ratios (SNRs), degrading performance. Furthermore, gluing the fiber array on-chip requires precise alignment [85], which can add
more time and cost to the packaging process.
Tunable lasers have remained the standard for SiPh biosensors primarily because of their use in the development stage of these sensors. However, as sensor
architectures have matured, the need for tunable lasers has impeded the realization
of affordable SiPh sensing platforms.
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2.2.2

Fixed-wavelength lasers

Biosensor platforms implementing fixed-wavelength lasers are a promising approach for SiPh sensors due to their low cost and potential for on-chip integration.
Unlike systems with tunable lasers, systems with a fixed-wavelength laser cannot directly measure the wavelength resonance shift, and so alternative approaches
must be used. The most common method is to monitor the optical power through
the sensor over time [78, 86–88]. In this configuration, a fixed-wavelength optical
signal is input to the sensor and the output optical power is measured with a PD
(Fig 2.6b). When the resonance wavelength of the sensing system shifts, the fixed
input wavelength will no longer be aligned to the resonance, and instead will experience a different transmission ratio along the sensor response curve. This results
in a change in the output optical power measured by the PD, which can be used to
determine the change in RIU.
While very simple, this method is unfortunately extremely sensitive to changes
in the input optical power. Water and material absorption can reduce measured
optical power, which can be read by the system as a false positive. Additionally,
source noise, thermal drifts, and changes in on-chip coupling over time, can cause
fluctuations in input power [87, 88]. This necessitates precise control over the input
power, which is not trivial for integrated lasers.
Other fixed laser approaches have also been suggested. One alternative is to
use a coherent detection approach, where the two arms of an MZI are recombined
via a 2×3 coupler, allowing the phase shift to be extracted independent of optical intensity [89]. Another design uses a near-infrared camera to measure the
light-scattering from a coupled-resonator optical-waveguide, and determine shifts
in refractive index from the imaged intensity patterns [90]. Other approaches include multiple fixed-wavelength lasers for a single sensor [91, 92]. By setting
the wavelength of each laser slightly apart, the full transmission spectrum can be
reconstructed and monitored by curve fitting. While simple for a single-sensor design, using multiple lasers per sensor cannot scale when moving to designs with
multiple sensors on the same chip. Other designs, including phase generated carrier demodulation [93] and microwave filtering [94, 95], require more complex
modulation and electronics control, and require additional post-processing steps.
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One of the distinct advantages of a fixed-wavelength laser is the relative ease
of its coupling integration. Unlike a tunable laser, fixed-wavelength lasers can be
fabricated on small dies that can be directly coupled to the SiPh sensor chip. One
of the most common coupling techniques, demonstrated in the telecommunications
industry, is edge coupling [96, 97]. By carefully aligning the edge of the laser to
the input of an on-chip edge coupler, the light can be guided into the chip. A recent alternative approach has been to couple light from a DFB laser to a chip via a
photonic wirebond (PWB) [82, 98]. Both of these methods enable the light source
to be packaged with the sensor, which reduces off-chip costs and can allow for a
simpler, smaller at-home sensor solution. However, the edge-coupling method requires very precise, manual alignment for each laser. This will need to be addressed
when moving to high-volume manufacturing, as the time and labour required for
this manual alignment could drastically increase cost of production.
Overall, fixed lasers are a promising alternative to tunable lasers due to their
lower costs and simpler coupling options. However, their use introduces a high
sensitivity to noise and the need for post-processing, which complicates their implementation in scalable and robust systems.

2.2.3

Broadband sources

Broadband light sources, such as light-emitting diodes (LEDs), super-luminescent
diodes (SLEDs), and amplified spontaneous emission (ASE) sources, are typically
much (10-100x [82]) cheaper than tunable lasers, and therefore are another promising alternative for reducing the costs of a sensing platform. Since the light is emitting over a broad range of wavelengths, a single photodetector cannot distinguish
shifts in the resonance wavelength. Instead, an optical spectrum analyzer (OSA)
is typically required for the detection step in such systems (Fig 2.6c). OSAs have
varying operation principles, usually relying on diffraction gratings or interferometers [99]. Depending on the configuration, the OSA resolutions are typically on
the order of 0.1 nm, with very high-precision models accessing resolutions on the
order of 0.01 nm.
In the broadband-OSA sensor design, the resolution of the OSA will ultimately
determine the sLoD. Like tunable lasers, OSAs are very expensive [100], and their
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cost similarly scales upwards with increasing resolution. Additionally, OSAs are
an off-chip component, requiring additional off-chip coupling for the sensor and
adding more cost, size, and complexity to the system.
Other designs have been proposed to eliminate the need for an OSA. One
method relies on intensity tracking, similar to the fixed-wavelength designs [101,
102]. In this case, the intensity change arises due to absorption from the target analyte solution. This design suffers from the same drawbacks as fixed-wavelength
laser designs, as the detection is very sensitive to input optical power, and fluctuations and noise can produce false positives.
Song et al. [103] suggested another broadband system, which uses a tracking
microring to electrically track resonance shifts from a separate sensing microring
(Fig 2.7). Broadband light is input to the first microring, the sensing microring.
The drop-port of this ring is coupled to the next microring, the tracking microring,
which is electrically controlled by a heater. To align the resonances of the rings, an
initial electrical power is applied to the tracker microring, allowing a output signal
to be measured. When the resonance of the sensing ring is perturbed due to interaction with an analyte, the transmission spectra of the rings will be misaligned, and
a low output signal will be measured. To realign the resonances, a new electrical
power is applied to the tracker ring. By monitoring the shift in applied electrical
power required to keep the two resonances aligned, the wavelength resonance shift
caused by the analyte exposure can be determined. In this design, the sLoD is
ultimately limited by the resolution of the control electronics. Because of the advancements in CMOS electronics, this resolution can be increased at a much lower
cost compared to the cost required to increase the resolution of a laser.
Like tunable lasers, stable, high-power LEDs remain an off-chip component,
and therefore also suffer from the same coupling complexities as lasers. However,
like the fixed laser, the option to use a PWB to couple directly from the broadband
source die to the SiPh chip could likely be implemented (this has not been explored
to date).
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Figure 2.7: a) Broadband sensor-tracker design layout, proposed by Song
et al. [103]. b) Transmission spectra of sensor and tracker microrings (first column) and the resultant output (second column). Initially
the ring resonances are aligned, producing a peak output transmission.
When the sensor resonance shifts due to a change in the effective index,
∆n, the total optical power output is lowered. The tracker resonance is
realigned to the sensor by applying a power, ∆W . By monitoring the ∆W
required to keep the resonances aligned, the ∆n caused by the target analyte can be extracted. (Here the output is shown as a function of wavelength, however, this design measures the photocurrent collected by the
PD, which is essentially the integral of these output curves. Spectral
information is not required in this design.)
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2.2.4

Summary

Table 2.1 summarizes considerations when choosing an optical source. Despite
their high cost, tunable lasers have been the standard for SiPh sensors due to their
simple sensor design and ease of use. However, to enable a cost-effective SiPh
sensing platform, other optical sources must be implemented. Fixed-wavelength
lasers are a lower-cost alternative with several options for coupling to chip; however, the corresponding sensor design and signal readout can be quite complex.
Broadband sources are another alternative that are less expensive than tunable
lasers, but more costly than fixed-wavelength lasers. They currently suffer from
similar coupling restrictions as tunable lasers.
Tunable laser

Fixed-wavelength
laser
∼$1-10

Cost

∼$10k-100k

Coupling

off-chip

edge coupling,
PWB

sLoD factors

Wavelength
resolution

Optical intensity noise,
electronics resolution

Broadband
∼$100-1k
off-chip,
edge coupling,
PWB
OSA resolution,
electronics resolution

Table 2.1: Summary of key considerations when choosing an optical source
for a SiPh sensing platform. PWBs have not been demonstrated with
broadband sources, and have yet to be demonstrated at high-volume for
fixed-wavelength lasers. The optical intensity noise will effect the sLoD
in intensity-based approaches for fixed-wavelength laser systems; however, optical intensity variations should not effect other approaches.
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Chapter 3

Research contributions
To lower the overall cost of the SiPh sensing system, designs that do not require
a high-resolution tunable laser must be implemented. Alternative optical sources
were discussed in the previous chapter. Here, two broadband designs and one
fixed laser architecture are presented. Design and experimental characterization is
presented for the broadband designs; design and simulation results are discussed
for the fixed laser system.

3.1
3.1.1

Broadband designs
Broadband MRR design

In this section, we propose and demonstrate a low-cost SiPh sensor that uses doped
silicon detectors and a broadband source, thus eliminating the need for a laser and
Ge PDs. The sensor design is similar to the one proposed by Song et al. [103],
discussed in Section 2.2.3. The approach demonstrated here replaces the electrically controlled ring with an in-resonance photoconductive heater-detector (IRPHD) [52] to electrically track the MRR sensor, while also acting as the PD to
detect the signal. Compared to Ge PDs, the IRPHDs: (1) reduce the overall cost
of photonic biosensors; (2) reduce the number of pads by half for electrical I/O,
thus reducing the on-chip real estate; (3) have higher quantum efficiencies; (4) can
be used to monitor the optical power inside the ring and can thus generate high
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photocurrents across a large optical dynamic range; (5) are compatible with hightemperature CMOS fabrication processes. We demonstrate this method first by
using thermally-tuned MRRs in simulated biosensing experiments to compare the
IRPHD performance to a Ge PD, and second, in a real-time sensing measurement
of isopropyl alcohol, reporting a sensitivity of 101.7 V/RIU and a system limit of
detection of 9.8x10-4 RIU.
Operating Principle
The layout of the our broadband SiPh sensor design is shown in Fig 3.1a, with similarities in design to Fig 2.7a. Here, the IRPHD acts as the tracker MRR, which both
tunes the resonance and measures the power within the ring. When the two resonance peaks are aligned, the detected photocurrent in the IRPHD is maximized.
In practice, two different methods can be used to track the point where the photocurrent is maximized. With the first method, the voltage applied to the IRPHD
is scanned repeatedly, and the photocurrent versus voltage curve (such as the one
shown in Fig. 3.3) can be fit to find the peak photocurrent position. This peak position can be extracted from each scan and tracked over time. An alternative method
makes use of the maximum search algorithm [104]. With this second method, an
initial scan is used to find the starting peak position, and the IRPHD is biased at
that point. The photocurrent is then sampled at a slightly higher and slightly lower
bias point, and compared to the photocurrent at the current bias. If the photocurrent is higher at a sampled point, that point will be set as the new bias point for
the IRPHD. This sampling is then continuously repeated to track the peak position over time. While both of these methods should produce the same result, the
scanning method is much more reliable in practice. If the signal is noisy, or if the
sensor resonance shifts too quickly, the maximum search algorithm may become
stuck at a local maximum of the optimization, rather than tracking the global peak.
For example, if the sensor resonance shifts quickly, the detected photocurrent will
drop drastically into noise, and the photocurrent sampled at higher and lower bias
points will also return noise values. This may cause the photocurrent to be stuck
at its current position, and would likely require a new scan to properly realign to
the peak. The scanning method thus provides a more consistent method to deter-
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mine the absolute peak. Furthermore, the scanning method enables post-processing
curve fitting, which can benefit from noise averaging, and fitting the peak location
to a finer resolution than the sampling resolution, which can thus lower the sLoD.
This scanning method is implemented in the following experiments, unless stated
otherwise.
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Figure 3.1: (a) Layout of the photonic sensor, consisting of two MRRs, a
sensor and a tracker, using a broadband source. (b) Cross-section of
IRPHD tracking MRR. (c) Simulated transmission of the drop-ports of
both MRRs. The grey area corresponds to the 6-nm bandwidth that is
measured.
Fig 3.1b shows the cross-section of the IRPHD. The rib waveguide of the IRPHD is formed using a 500 nm core width with a 90 nm thick slab. The waveguide core was N doped and the sides were N++ doped to form Ohmic contacts.
While the n-type doping in the waveguide core is low enough to allow for lowloss (doping loss = 5 dB/cm) propagation, it is sufficient enough to [52]: (1) lower
the electrical resistance across the waveguide, enabling the device to function as
a thermo-optic tuner over appreciable wavelength ranges driven by low voltages
compatible with CMOS circuitry, and (2) increase the measurable photocurrent to
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micro-amperes (for micro-watt input optical powers), allowing the device to also
function as a precise power monitor inside an optical circuit. To operate as a photodetector in this sensing circuit, IV curves of the IRPHD are taken with and without light in the circuit. By subtracting the curves, we can get a direct measurement
of the photocurrent. Since the IRPHD photocurrent is maximized when the sensing and tracking rings’ resonances are aligned, the voltage supplied to the IRPHD
tracking ring is proportional to the analyte perturbing the microring.
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Figure 3.2: (a) Block diagram of our experimental setup, with measured
spectrum shown to the right. A SLED broadband source was filtered using a bandpass tunable filter (BPTF) and amplified by an erbium-doped
fiber amplifier (EDFA) before being coupled on chip. (b) Optical microscope image of a test device. Here we include a thermally-tunable ring
to simulate a biosensing experiment, and a germanium photodetector
(Ge PD) to compare to our doped detectors (IRPHDs).
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Device design and fabrication
Fig 3.2a displays a block diagram of the experimental setup. A LUXMUX BeSTSLED [105] was used as our optical broadband source. Since the free-spectral
range (FSR) of the sensing and tracking MRRs are not identical, other resonance
peak overlaps are possible. To ensure only a single resonance mode overlap, we
used a 6 nm bandpass tunable filter (BPTF), followed by an erbium-doped fiber
amplifier (EDFA) to compensate for the BPTF and on-chip grating coupler losses.
Although some work can be done to match the FSRs of the MRRs, the peaks
will remain aligned only for a small bandwidth. The group index of the sensor
and tracker MRR will vary because of the different cladding materials (water vs
oxide), causing two independent FSRs as a function of wavelength (Equations 2.1
and 2.9). A filter will always need to be implemented as long as the broadband
source bandwidth is larger than the FSRs. In the future, an on-chip BPF could be
utilized [106]. Our devices were fabricated using 248 nm optical lithography at
A*STAR IME. Fig 3.2b shows an optical microscope image of a test device, which
included a Ge PD that was used for a comparison to the IRPHD.
Power budget
Table 3.1 below summarizes the total remaining power in this design (along with
designs discussed further in this chapter) after accounting for losses in each component. Coupling losses are not included in this calculation, as these losses should
be equivalent for each system (∼0.7 dB if using PWBs [82], or >3.8 dB if using
grating couplers [107])1 . Moreover, for the broadband designs, an additional factor (referred to here as the percent power) is necessary to account for the impact of
the device transmission curve (Lorentzian for this MRR design, sinusoidal for the
MZI design, dicussed later). The percent power is here calculated as the integral of
the transmission curve, normalized by the total input optical power. The power remaining after accounting for component loss is multiplied by the percent power to
get the final output power. The percent power in the Lorentzian shape will depend
1 The calculated loss does not include the on-chip filters, which should be included in future
designs. Including this component is expected to add an additional 0.8 dB of loss [106]. In the setups described in this work, the BPTF and grating couplers added ∼10 dB of loss, while the EDFA
added ∼10 dB of gain. Thus these components are not included.
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on the Q-factor of the design used, along with variations due to manufacturing. The
30% estimate used here is based on the simulations from the design in this thesis.
Likewise, the percent power in the sinusoidal curve will also depend on the width
of integration (i.e., how many FSRs are included in the span of the filter). It was
found that as long as the bandwidth is larger than a single FSR, the percent power
should remain between 40%-50%. The results from this table demonstrate that
if equivalent optical powers are input to each design, the fixed-wavelength laser
design will produce the highest optical output.
Experimental results and analysis
As a proof-of-concept, we simulated a biosensing experiment by replacing the
sensing ring with an electrically tunable MRR (Fig 3.3). By setting the voltage
of the sensing MRR while scanning the voltage of the tracking MRR, a simulated
bio-experiment was performed. Fig 3.3b shows the IRPHD photocurrent as a function of the tracking MRR voltage for various sensing MRR voltages (using the
scanning method discussed in Section 3.1.1). The sensitivity was extracted from
this curve in units of Wtracker /Vsensor . To convert sensitivity (SMRR ) into units of
Wtracker /RIU, we can use the following equation:
SMRR



  δλ

δ neff
SMRR W
W
V × δ neff × δ nclad
=
δλ
RIU
δV

(3.1)

δλ
The change in resonant wavelength due to the change in voltage ( δV
) can be ex-

tracted by monitoring the transmission of the MRR as different voltages are applied
to the IRPHD. The change in resonance wavelength due to a change in the effective
index ( δδnλeff ) can be calculated using Equation 2.6. The waveguide mode sensitivity
eff
( δδnnclad
) describes the change in effective index due to a change in the cladding

index, and was extracted from simulations. Using this conversion, a sensitivity of
0.98 W/RIU was determined.
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Broadband MRR
Component
Loss
Length/Number
Broadband MZI
Component
Loss
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Length/Number
Fixed-wavelength MRR
Component
Loss
Length/Number

Directional
coupler

Ring
(in water [57])

0.1 dB

5 dB/cm

3 dB/cm

3 dB/cm

4

50 µm

1 mm

50 µm

Y-branch
[108]

Waveguide
(in water)

Routing
waveguide

Routing
waveguide

Ring
(in oxide)

Waveguide
(in oxide)

Total loss

Lorentzian
curve

Total power
remaining

0.74 dB
(15.7%)

30%

25.3%

Total loss

Sinusoidal
curve

Total power
remaining

1.9 dB
(35.4%)

45%

29.1%

0.3 dB

5 dB/cm

3 dB/cm

3 dB/cm

4

500 µm

1 mm

500 µm

Directional
coupler

Strip to
multimode
converter [109]

Multimode
waveguide [109]

Strip to
SWG
converter [110]

SWG
(in water)

Total loss

Total power
remaining

0.1 dB

0.02 dB

0.085 dB/cm

0.1 dB

8 dB/cm

2.3 dB
(41.1%)

58.9%

1

4

1 mm

16

640 µm

Table 3.1: Summary of the remaining power incident on the photodetector after accounting for losses in each sensor
design. After accounting for losses in the broadband designs, the final power must also be multiplied by the percent
power corresponding to the design’s transmission curve (Lorentzian or sinusoidal).
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Figure 3.3: (a) Experimental setup used for the measurements in (b) and (c).
An SLED broadband source was filtered using a BPTF and amplified
with an EDFA before being coupled on chip using grating couplers
(GCs). The sensor and tracker MRR were electrically controlled using an off-chip source meter. The photocurrent from the IRPHD and Ge
PD was also measured using the off-chip source meter. (b) The IRPHD
photocurrent as a function of the tracking ring voltage at various sensing ring voltages (indicated as legends on the line plots). (c) Tracker
voltage to maximize the photocurrent (from the IRPHD and Ge PD) at
various sensing ring voltage setpoints across time, implemented using a
maximum search algorithm (the dither signal can be seen).
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Sensitivity values for SiPh sensors are typically reported in units of nm/RIU.
This conversion can be made using [103]:
S



h nm i
W
δ λ h nm i
=S
×
RIU
RIU
δP W

(3.2)

where δ λ /δ P is the change in wavelength due to a change in applied power. This
can be determined by monitoring the output transmission as a function of applied
power. For this design, the extracted value was 80 nm/W. This gave a sensitivity of
78.8 nm/W.
The high dynamic ranges of IRPHDs suggest that low optical input powers
(<-30 dBm) can be detected. To compare and contrast the IRPHD performance
versus that of the Ge PD, we tuned the sensing MRR in real-time and tracked the
voltage change of the tracking MRR, once by maximizing the IRPHD photocurrent, and once by maximizing an on-chip Ge PD (placed at the drop port of the
tracking MRR (Fig 3.2c)). Fig 3.3b shows the real-time tracking, for the Ge PD
and IRPHD, using a maximum search algorithm (discussed in Section 3.1.1); similar performance was obtained, suggesting that the IRPHDs are suitable in a sensing
system.
To investigate the sLoD of the system using the IRPHD versus the Ge PD, the
noise of the IRPHD and Ge PD were extracted from Fig. 3.3. Fig. 3.4 displays the
noise floor of the power at the maximum current for each detector. After detrending, a 110 µW and 51 µW standard deviation was obtained for the IRPHD and Ge
PD, respectively, indicating a detection limit of 3.4×10-4 RIU and 1.6×10-4 RIU,
respectively, using Equation 1.1. While the Ge PD has slightly better performance
compared to the IRPHD, both sLoDs are similar to values reported for other SiPh
sensors, which range from 10-3 to 10-6 RIU [23]. Furthermore, the noise reported
here is significantly higher than the intrinsic noise for both PDs [111], as we are
measuring the system noise, which includes other sources of noise (such as the
power source or the coupling conditions). In a system controlled and measured
via integrated CMOS electronic devices, the noise from additional components
(i.e., the trans-impedance amplifier and analog-to-digital converter [82, 112]) will
be greater than the intrinsic noise of the PD. The slightly higher noise from the
IRPHD is thus not large enough to noticeably influence the system.
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Figure 3.4: System noise of the (a) IRPHD architecture and (b) GePD architecture, measured for 2.5 min and 10 min, respectively. Inset: Histogram of noise distribution with standard deviation results.
A second test device was fabricated with the oxide removed from the sensor
MRR, allowing it to be directly exposed to samples. The performance of the sensor was characterized by using a series of isopropyl alcohol (IPA) dilutions from
0% to 20% v/v (Fig 3.5). The voltage corresponding to the maximum IRPHD photocurrent was recorded for each IPA concentration by sweeping the applied voltage
of the tracking ring (as discussed in Section 3.1.1), obtaining a bulk sensitivity of
101.7 V/RIU (61.8 nm/RIU) and an sLoD of 9.8×10-4 RIU. Although this sensitivity is worse than the state of the art MRR sensors [23], it is similar to standard
transverse electric (TE) MRR sensitivities. Since these experiments were designed
to validate the IRPHD as the tracking MRR and detector, efforts were not made to
optimize the performance of the sensing MRR. However, the sensitivity and limit
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Figure 3.5: a) Experimental setup used for the measurements in b). An SLED
broadband source was filtered using a BPTF and amplified with an
EDFA before being coupled on chip using GCs. The sensor had a microfluidic channel above it, allowing it to be exposed to the IPA dilutions. The tracker IRPHD was electrically controlled and measured
using an off-chip source meter. b) Sensogram of the sensor/IRPHD system response to the introduction of IPA dilutions to the sensing ring. A
sensitivity of 101.7 V/RIU (or 61.8 nm/RIU) was extracted.
of detection of this system could be improved by replacing the simple TE strip
waveguide with transverse magnetic (TM), slot or SWG rings, which have been
shown to produce higher sensitivity [23]. Furthermore, by optimizing the coupling
efficiency of the broadband source to the chip, the SNR can be increased, further
lowering the sLoD.
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3.1.2

Broadband MZI design

In this section, we propose and demonstrate a low-cost silicon photonic sensor
similar to the broadband MRR design described above, but instead based on MZI
elements. The operational principles of MZI sensors are discussed in Section 2.1.2.
Compared to the MRR design, MZIs: (1) are simpler to design, (2) provide sensitivities that can be scaled with component length, and (3) utilize more of the
optical power from the broadband source, enabling a higher SNR. A sensitivity
of 3.88 W/RIU (322 rad/RIU) and a system limit of detection of 7.7×10-4 RIU is
demonstrated.
Operating principle
The broadband MZI sensor operates very similarly to the MRR broadband design:
light is input to a sensor MZI, which is followed by a tracker MZI (that is thermally
controlled by a heater) (Fig 3.6a). The optical transmission spectra of both MZIs
are initially aligned by applying an initial electrical power to the tracker MZI, resulting in a high output transmission (Fig 3.6b). When interaction with an analyte
induces a phase change (∆φ ) in the sensor MZI, causing its transmission spectrum
to shift, a new electrical power must be applied to the tracker MZI to realign the
spectra. By measuring the change in applied electrical power (∆W ) to the tracker
MZI, the change in RIU of the sensor MZI can be determined. The change in
applied electrical power can similarly be tracked using a scanning or maximum
search method; the experiments in this section use the scanning method, since it
provides a more reliable method for determining the peak position, as discussed in
Section 3.1.1.
Device design and fabrication
The test devices were fabricated using electron beam lithography by Applied Nanotools Inc [113]. This fabrication was performed without any dopants, inhibiting
implementation of IRPHDs or other on-chip PDs. Additionally, no oxide open step
was performed on the chip, therefore a sensor test with real solutions was not possible. However, several metal layers were available and so, both the sensor and
tracker MZIs were fabricated with heaters. The heater on the sensor enabled the
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Figure 3.6: a) Layout of the broadband MZI design, consisting of a sensor
MZI and a tracker MZI, the latter of which is thermally controlled by a
resistive heating element.1 b) Transmission spectra of sensor and tracker
MZI (first column) and the resultant output (second column). Initially
the transmission spectra are aligned, producing a peak output transmission. When the sensor MZI has a phase shift due to a change in the effective index, ∆n, the output is lowered. The tracker phase is realigned
to the sensor by applying a power, ∆W . By monitoring the ∆W required
to keep the transmission spectra aligned, the ∆n caused by the target
analyte can be extracted.
simulation of a biosensing experiment.
Three different test MZIs were designed, each with a different ∆L, but all had
the same sensing arm length, Lsens . This resulted in distinct FSRs for each device
1 This

figure is adapted from the author’s EECE 584 course project report (see Appendix A).
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(Table 3.2). Because the sensing MZI was not exposed to solutions in this experiment, its group index was essentially identical to that of the tracker MZI (slight
variations exist due to fabrication), resulting in identical FSRs for both the sensing
and tracking MZI.
The experimental setup is almost identical to that of the broadband MRR design (Fig 3.2). An optical broadband source (LUXMUX BeST-SLED) was input
to a BPTF, followed by an EDFA to compensate for the BPTF and on-chip grating
coupler losses. In this case, while the BPTF was not necessary since the FSRs of
both MZIs were nearly identical, it was kept in place to simulate what a real sensing
experiment would look like. Because no PDs were on-chip, the light was coupled
out using grating couplers and measured with an off-chip PD (Section 3.1.1 describes the expected optical power output for this system). The on-chip heaters for
each MZI were contacted using electrical probes, with electrical power applied and
measured using a Keithley 2604B SourceMeter SMU.

MZI1
MZI2
MZI3

∆L
(µm)
200
100
50

FSR
(designed)
2.87 nm
5.71 nm
11.38 nm

FSR
(measured)
2.75 nm
5.67 nm
11.30 nm

Sensitivity
(W/RIU)
3.88
5.09
7.70

sLoD
(RIU)
7.7×10-4
5.8×10-4
3.9×10-4

Table 3.2: Summary of broadband MZI results. The designed and measured
FSRs are within 5% tolerance, with deviations due to fabrication variations. With the exception of MZI3 , the sLoDs are within commonly
reported SiPh sensor ranges.

Experimental results and analysis
Several of the experiments discussed in Section 3.1.1 (for the broadband MRR design) were repeated for the broadband MZI design. To understand and analyze the
spectrum more precisely, the transmission spectrum was collected using a tunable
laser (Fig 3.7 displays the results for MZI1 ). While their nominal designs were
equivalent, the transmission spectra of the tracker and sensor MZIs in the system
were slightly offset due to fabrication variations. Here, we can extract the FSRs for
each MZI design, and compare to the designed value (Table 3.2). To realign the
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transmission spectra, a voltage of 2.5 V was applied to the tracker heater (Fig 3.7
orange data).

Transmission (dBm)
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Figure 3.7: Transmission spectra of MZI1 , obtained using a tunable laser.
The blue data shows that a 2.0 V signal applied to the tracker MZI1 offsets the spectra, allowing the FSRs of each to be extracted. The orange
data is the transmission spectrum when 2.5 V is applied to the tracker
MZI1 . We see that the spectra are roughly overlapped. This is expected
as their designs are equivalent.
Next, different voltages were applied to the sensor MZI, and the electrical
power was scanned on the tracker MZI to find the maximum optical power input to the PD (Fig 3.8a displays the experimental setup, and b shows the results for
MZI2 . Plots for MZI1 and MZI3 are included in Fig ??). The sensitivity (in units
of Wtracker /Wsensor ) can be obtained by tracking the electrical power applied to the
tracker MZI that corresponds to the peak optical power transmission through the
device. To convert sensitivity (SMZI ) into units of Wtracker /RIU, we use an equation
similar to that for the MRR (Equation 3.1):

SMZI




W
=
RIU

Wtracker
Wsensor

eff
× δδnφeff × δδnnclad

δφ
δP

(3.3)

The change in resonant wavelength due to the change in applied power ( δδ φP ) can
be extracted by monitoring the transmission of the MZI as different voltages are
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Figure 3.8: a) Experimental setup used for the measurements in b and c. An
SLED broadband source was filtered using a BPTF and amplified with
an EDFA before being coupled on chip using GCs. The sensor and
tracker MZIs were electrically controlled using an off-chip source meter. The optical output was coupled off-chip using GCs and measured
with an off-chip PD. b) The detected output optical power as a function of power applied to the tracker MZI2 , at various sensor MZI2 voltages (indicated as legends on the lineplots). c) The applied tracker MZI
power corresponding to peak detected optical power as a function of
sensor MZI voltage, for each MZI design. Each data set was fit to a
line, with the slope corresponding to the sensitivity of each MZI (in
mWtracker /Vsensor ).
applied to the heater (values of 83.3 rad/W, 58.3 rad/W, and 38.3 rad/W were extracted for MZI1 , MZI2 , and MZI3 , respectively). The change in the phase due to
a change in the effective index ( δδnφeff ) can be calculated using Equation 2.3. The

eff
) describes the change in effective index due to
waveguide mode sensitivity ( δδnnclad
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Figure 3.9: The detected output optical power as a function of power applied
to the tracker MZI, at various sensor MZI voltages (indicated in legends)
for a) MZI1 and b) MZI3 .
a change in the cladding index, and was extracted from simulations. The extracted
values are summarized in Table 3.2, with the highest sensitivity corresponding to
7.7 W/RIU.
To convert this sensitivity into units of rad/RIU, we use an equation similar to
that for the MRR (Equation 3.2):





 
rad
W
δ φ rad
S
=S
×
RIU
RIU
δP W

(3.4)

where δ φ /δ P is the change in phase due to a change in applied power. The average
sensitivity obtained for the broadband MZI design was 309 rad/RIU. This is on
the inferior end of sensitivity ranges reported for MZI structures [23], however,
like the MRR design, this value could be improved by using sensitivity-enhancing
structures, such as SWGs, slots, or TM waveguides.
The above equations are based on several assumptions. The first is that the
shift in the tracker MZI transmission linearly follows the shift in the sensor MZI
transmission. However, this may not be the case, depending on the ratio between
the filter bandwidth and the FSR of the device. Calculations to determine this
relationship were performed by integrating the expected transmission curve of two
cascaded MZIs to get the expected power incident on the PD, given by1 :
1 This

equation is modified from the author’s EECE 584 course project report (see Appendix A);
it is used here for a separate set of analyses.
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Z b
a

sin2 (φ − k) × sin2 (φ − j) dφ

(3.5)

where sin2 (φ − k) and sin2 (φ − j) describe the transmission of the sensor and

tracker MZI with phase shift k and j, respectively, and a and b describe the op-

tical filter bandwidth. When the bandwidth of the filter is equal to integer multiples of the FSR, the tracking follows linearly (Fig 3.10a black line). However, if
the bandwidth is in between these values, the linear relationship no longer holds
(Fig 3.10a coloured lines). This deviation from linearity decreases as more full
FSRs are included in the bandwidth. When the bandwidth is less than a full FSR,
the relationship is very nonlinear. For our designs, we had FSRs equal to 2.09,
1.05, and 0.52 times the input optical bandwidth, corresponding to MZI1 , MZI2 ,
and MZI3 , respectively. Fig 3.10b displays the deviations that this causes in our
measurements. This adds a fundamental uncertainty in our measurements of 0.05
rad, 0.06 rad, and 1.3 rad (i.e., if a phase shift of π/2 is measured in the tracker
MZI1 , the real phase shift in the sensor MZI1 is π/2± 0.05 rad), corresponding to
MZI1 , MZI2 , and MZI3 , respectively.
Another assumption in these equations is that the sensitivity of this cascaded
MZI system has the same sensitivity expression as a single MZI. This may not be
the case, since the MZI is not operating at its quadrature point where its slope is
the highest, and further investigations are necessary to determine the sensitivity
relationship for this system. Furthermore, the larger optical bandwidth used in
this system corresponds to a shorter coherence length, which reduces the fringe
visibility (i.e., the contrast in the interference pattern). In particular, the coherence
length (Lc ) for our design is approximated (for a square-like source) by [114]:
Lc =

λ2
(1550 nm)2
=
≈ 93 µm
ng ∆λ
4.3 × 6 nm

(3.6)

where λ is the wavelength, ng is the group index, and ∆λ is the bandwidth of
the optical source. Here, we obtain a coherence length of 93 µm. Since the path
length differences in MZI designs were 200 µm, 100 µm, and 50 µm (for MZI1 ,
MZI2 , and MZI3 , respectively), this corresponds to approximately 21 Lc , 1Lc , and
2Lc , respectively. Since a single coherence length corresponds to 37%-50% fringe
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Figure 3.10: a) Tracker phase shift required for maximum power output as
a function of sensor phase shift, for bandwidths equal to half-integer
multiples of the FSR. As more full FSRs are included in the bandwidth, the tracker matches the sensor more linearly at non-integer FSR
values. The black dotted line shows the linear value, where exact integer multiples of the FSR are included in the bandwidth (in this case,
exactly one FSR). b) Tracker phase shift required for maximum power
output as a function of sensor phase shift, for the different MZI configurations in this section. Since the bandwidth was kept constant at
6 nm, the number of bandwidths included is equal to 6 nm divided
by the FSR of the device. For MZI3 , a full FSR was not within the
bandwidth, leading to very large deviations.
visibility (for a single MZI), the visibility for the 200 µm case will thus be significantly reduced. Further investigations are necessary to determine the impact that
this reduced fringe visibility has on the cascaded MZI system.
System noise measurements were also performed for this setup. The power
applied to the sensing MZI was kept constant, and the power was repeatedly swept
on the tracker MZI for just under 2 minutes. The tracker power for maximum
transmission was obtained (Fig 3.11), detuned, and analyzed for noise. The 3σ
deviation was 3 mW. This allowed us to obtain an average sLoD of 5.8×10-4 RIU
(using Equation 1.1). The device performances are summarized in Table 3.2.
One of the major drawbacks of an MZI sensor is its size, which can lead higher
sensitivity to environmental noise sources such as temperature fluctuations [79].
A small investigation was performed towards characterizing this dependence. In
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Figure 3.11: System noise in the MZI1 system, extracted by monitoring the
system for 140 seconds. The data was fit with a quadratic function,
used to detrend the data. A histogram of the noise distribution is inset,
with a standard deviation of ∼1 mW.
the experimental setup, the SiPh device is placed on a programmable, thermallycontrolled stage. By changing the temperature slightly on the stage, temperature
fluctuations in the environment can be simulated. Fig 3.12 displays these results.
Over a temperature difference of 0.2◦ C, the tracker power shifted 0.6 mW. Linearly
fitting the data produces a slope of 2.9 mW/◦ C. Because the sensing arm lengths
of each MZI were equivalent, the temperature dependence on arm length could not
be experimentally extracted, but it is expected to scale with arm length (as does the
sensitivity). This highlights the importance of a completely standalone reference
MZI that can be used to monitor sensor drift over time.

3.1.3

Comparison of architectures

While standalone MRRs and MZIs were briefly contrasted in Section 2.1.5, here
we compare the performance of the broadband MRR and MZI sensor designs (summarized in Table 3.3). The sensitivities of the MRR and MZI were 78.9 nm/RIU
(0.98 W/RIU) and 322 rad/RIU (3.88 W/RIU), respectively. SiPh sensor sensitivities are typically given in nm/RIU since the wavelength is being tracked, with
a higher sensitivity being more desirable. In the broadband sensor designs, the
tracker power is being measured, resulting in a measured sensitivity in W/RIU.
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Figure 3.12: Tracker power as a function of temperature, measured in the
MZI1 design. After fitting, we see that a 1◦ C change in temperature
change results in a 2.9 mW change in tracker power. If temperature
fluctuations are not accounted for in sensing measurements, it may
result in incorrect readings.
However, representing sensitivity in W/RIU introduces challenges when comparing devices, and makes it unclear whether a higher sensivity is better, since there is
a tradeoff between higher device sensitivity and higher electrical power. The measured tracker power is a function of both how sensitive the element is to a change
in effective index and a function of the electrical heater efficiency. A higher sensitivity (in W/RIU) could mean that the design is actually more sensitive to RIU
changes, but it could also indicate a poor heater design, resulting in a higher power
required for the same refractive index shift. The broadband MRR and MZI designs reported here used different heater designs (the MRR was based on doped
heaters, the MZI was a metal heater), therefore their heater efficiencies are quite
different. Therefore, a comparison in W/RIU does not accurately reflect the sensor
performance.
The converted units (in nm/RIU) are independent of the heater efficiency. However, as discussed in Sections 2.1.3 and 2.1.2, the MZI has a length-dependent
sensitivity, which is given by [57]:
2πLsens
SMZI =
λ
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δ neff
δ nclad



(3.7)

MRR
MZI

Sensitivity
(W/RIU)
0.98
3.88

Sensitivity
(RIU-1 )
78.9 nm
322 rad

sLoD
(RIU)
3.4×10-4
7.7×10-4

Table 3.3: Summary of key FOMs for the broadband MRR and MZI designs.
Sensitivity in nm/RIU or rad/RIU respresents a more accurate representation, as it is not dependent on the heater efficiency. sLOD is difficult to
compare as the system noise was not constant across measurements.
where Lsens
 is the
 length of the sensing arm of the MZI, λ is the wavelength of
δ neff
light, and δ nclad is the waveguide sensitivity. The sensitivity of the MRR is given
by [57]:

λ
SMRR =
ng



δ neff
δ nclad



(3.8)

where ng is the group index. Since the MRR sensitivity does not depend on
component size, it is impossible to scale the sensitivity with geometry. Without
performance-enhancing structures like SWGs, slot, or TM waveguides, it is difficult to increase the light-matter interaction in the MRR that is needed for higher
sensitivity. The MZI, on the other hand, can simply be made larger. Since the sensitivities of these devices are fundamentally linked to their geometries, the sensitivity
results are thus not a good metric for comparison.
Using Equations 3.7 and 3.8 above, we can also calculate the expected sensitivities from these devices, using a simulated waveguide mode sensitivity of
0.18 RIUneff /RIUnclad for both MRR and MZI devices (as the same strip waveguide
was used). The results are summarized in Table 3.4. Here, the sensitivity for the
broadband MRR extracted experimentally using isopropyl alcohol matches well
with the simulated value. However, the sensitivity for the MRR extracted using
thermal tuning is higher than the expected value. This is likely because the thermal tuning experiments change the refractive indices of both the core waveguide
and the surrounding cladding, whereas the equations and simulations expect the
refractive index change to be isolated to the cladding. While the thermal tuning experiments are useful for proof-of-concept demonstrations, the extracted values for
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Broadband MRR

Broadband MZI

Isopropyl
alcohol
Thermally
tuned
MZI1
MZI2
MZI3

Calculated
sensitivity
(RIU-1 )

Measured
sensitivity
(RIU-1 )

69.4 nm

61.8 nm

69.4 nm

78.9 nm

373 rad
373 rad
373 rad

322 rad
304 rad
302 rad

Table 3.4: Simulated versus measured sensitivities for the broadband designs.
The measured values from the isopropyl alcohol experiment match well
with simulated values. The sensitivity extracted from the thermal tuning
experiments for the MRR produced a higher value than expected, likely
due to the refractive index change not being isolated to the cladding. The
MZI designs have lower sensitivities than expected, likely arising from
the nonlinearity in their tracking method or manufacturing variations.
sensitivity (and therefore also sLoD) may not accurately reflect the results expected
in a sensor system measuring a real analyte. Additionally, the broadband MZI measured sensitivities are lower than expected. This may be due to the non-linearity in
their tracking (discussed in Section 3.1.2), or due to deviations in the waveguide
mode sensitivity arising from manufacturing variations (see Appendix A).
The sLoD values are also reported in Table 3.3. Since these are system LoD,
this parameter factors in the noise from the experimental set-up. The noise factors
for both systems were slightly different for both designs. The PDs were off chip for
the MZI design and heaters were used. The MRR had wirebonded electrical pads,
while the MZI pads were contacted using electrical probes. These differences in
system noise makes it difficult to arrive at strong conclusions on the relative performance of the platforms, although the MRR sLoD is an order of magnitude better
than that of the MZI. The MZI design suffers from the deviations in the linearity
of the sensitivity, which adds additional uncertainty. However, more similar experimental setups would be required to properly characterize the noise discrepancies
between the MRR and MZI systems. Despite the challenge in comparing the reported values, these sLoD are similar to values reported for other SiPh sensors,
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which range from 10-3 to 10-6 RIU [23]. This is very promising, as it highlights
that a SiPh system is not dependent on a high-resolution laser to achieve high sensor performances.
While both the MRR and MZI architectures operate on the same principles of
a sensor and tracker element, their results are fundamentally different due to the
differences in their transmission spectra. When the sensor and tracker are misaligned in the MRR case, very low (<-60 dBm) transmissions are possible, as
the responses correspond to convolutions of Lorentzian-based transmission curves
(Fig 3.13a). The peak measured power is highly dependent on the Q-factor of the
rings, with high Q-factors leading to near-zero transmission when misaligned. As
investigated by Prasad et al. [115], a high Q-factor is necessary for a high SNR
in the sensor-tracker system. Furthermore, a near-zero transmission can be problematic if the maximum search detection algorithm is used to find the resonance
alignment (as discussed in Section 3.1.1). If no power is transmitted and the slope
of transmission curve is roughly flat, the maximum search algorithm may get stuck
in noise, and it may be difficult to realign the peaks. The MZI transmission, on the
other hand, is sinusoidal, resulting in a high optical (>-20 dBm) transmission even
when the sensor and tracker are misaligned (Fig 3.13b), which should make it easier to keep track of the peak power. However, this misalignment issue will not arise
in the scanning method, which, as discussed in Section 3.1.1, provides a more reliable method for determining the peak position. Thus, this near-zero transmission
of the MRRs when misaligned should not impact device performance.
Finally, the design size must also be considered when choosing the architecture
that makes more practical sense in a sensing system. As previously discussed, the
MRR is significantly more compact than an MZI. The footprint savings of the MRR
are doubled compared to the MZI design, since two elements are needed for each
sensor. Furthermore, the MRR design suggested here has further footprint savings
since the PD and heater are combined. While an IRPHD could be implemented
in the MZI design, it would have to be placed at the output of the MZI, rather
than contained within it (since the sinusoidal transmission is not detected within
the MZI). This increases the footprint of the MZI design by requiring space for the
PD, and also increases the number of electrical contacts. Overall, the MRR design
footprint is significantly smaller than even the smallest MZI architecture.
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Figure 3.13: Simulated optical spectrum and transmission when the tracker
and sensor are slightly out of phase for a) the MRR design and b)
the MZI design. In a), we see very low transmission output as the
Lorentzian curves do not have any overlap. In b), we continue to detect
a signal due to the sinusoidal nature of the transmission, although it is
not at its maximum.

3.1.4

Design benefits and optimization

By using a broadband source rather than a tunable laser, the cost of implementing
silicon photonic sensor systems is significantly reduced. Furthermore, in a tunable
laser architecture, the system limit of detection is limited by the resolution of the
49

laser. In order to lower the limit of detection, the wavelength resolution of the laser
must be increased, which further increases costs. In broadband source architectures, the sLoD is dictated by the resolution of the power supply, which can be
increased in a much more cost-effective way.
A broadband source can also simplify the coupling process for multiplexing
systems. Designs that include multiple sensors can be used for noise cancellation
between sensors, thus lowering the limit of detection, and for detection of multiple analytes on the same chip. In lieu of using mechanical coupling systems, both
the tunable laser and broadband coupling will be limited by the number of input
channels that can be be attached to the chip. In order to route light to multiple
sensors, the light needs to be split on chip. This reduces the optical power in each
sensor, and can reduce performance. While the optical power can be scaled, laser
amplification significantly increases the noise [116], thus reducing sensor performance. Furthermore, the sensor-tracker broadband source architecture does not
have to suffer from reduced optical power when multiplexing, since only a small
bandwidth of light is used for each sensor. Instead of splitting the optical power,
this system could split the light based on wavelength, sending separate wavelength
bands to each sensor. The broadband source used in our experiments has a bandwidth of 35 nm, however we only use a small bandwidth (corresponding to the
band over which the sensor and tracker FSRs remain similar). In these experiments, a single 6 nm window was used due to the limitations of the off-chip BPTF.
By moving to on-chip bandpass filters [106], multiple bandpass filters centered at
different frequencies could be implemented, allowing for multiple sensors in either
the MRR or the MZI design (Fig 3.14). The number and bandwidth of the filters
will depend on the expected sensor range (i.e., the maximum resonant wavelength
shift from an expected RIU shift), the Q-factor, and the bandwidth of the broadband
source. These filters will likely need thermal tuners to compensate for drifts from
their designed center wavelengths due to fabrication variations. This design offers
the benefits of multiplexing without sacrificing the optical power in each ring.
Additionally, using IRPHDs in place of Ge PDs broadens the range of applications in two ways. Firstly, rapid prototyping foundries (such as AMO, Applied
Nanotools Inc, Cornerstone [117]) do not have germanium available in their fabrication processes. By replacing Ge PDs with IRPHDs, designers can create fully
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Figure 3.14: Proposed multiplexing system. Each on-chip CDC filter can be
centered at a different wavelength, allowing for different bands of the
light to be coupled to each sensing chip. Each sensor ring has its own
IRPHD to track transmission shifts.
functional sensor designs that do not rely on off-chip detectors, at a fraction of
the turnaround time for tapeouts with traditional CMOS foundries [118]. Secondly, the high temperature processing required to grow germanium on silicon
introduces challenges when integrating with CMOS processes [46–49], although
several foundries have solved these challenges, to different degrees [51, 119]. In
the future, the control for the sensor should be accomplished using an electronic
CMOS circuit integrated onto the same chip as the sensor. Since IRPHDs do not
require high temperature processing, they would enable SiPh sensors to be fully
integrated with CMOS devices, allowing for low-cost fabrication, and an overall
more cost-effective sensing platform.

3.2

Fixed-wavelength laser design

In this section, a third low-cost SiPh sensor design is presented, in which a fixedwavelength laser is used for the optical source. Compared to the broadband sensor
architectures described above, this fixed-wavelength design: (1) uses a lower-cost
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optical source, (2) benefits from simple coupling of light from source to chip, and
(3) reduces the number of components by eliminating the need for an on-chip filter.

3.2.1

Operating principles

In this fixed-wavelength laser design, a single MRR contains a sensing region and a
tracking region, in this case an IRPHD (Fig 3.15). A single wavelength is coupled
to the ring, and the IRPHD can apply an initial power to shift the MRR resonance
to align with the fixed wavelength. When the sensing region is exposed to an analyte, the resonance wavelength of the MRR will shift due to the change in effective
index. Due to the misalignment between the fixed wavelength and the MRR resonance, very little optical power will be detected in the IRPHD. A new electrical
power will need to be applied to the IRPHD to bring the resonance peak back to its
original position, spectrally aligned with the fixed-wavelength laser (the resonance
peak can be shifted to the left by reducing the power applied to the IRPHD). By
measuring the change in electrical power applied to the IRPHD (using either the
scanning or maximum search method discussed in Section 3.1.1), the change in the
RIU of the sensor can be extracted.

3.2.2

Design and fabrication

Since a single ring must contain both an oxide open window for sensing and an
electrically-tunable region for thermal control and detection, this introduces a few
practical design considerations to ensure the electronics and microfluidics can be
integrated smoothly. Since MRRs are typically very compact, placing the sensing
region very close to the IRPHD is quite difficult for microfluidics, as the fluids need
to avoid the electrical contacts. In this design, the rings were made much longer
than in typical MRR designs in order to keep these regions separate.
As the size of the ring increases, the optical loss likewise increases. This is
undesirable, as increased optical loss results in a lower ring Q-factor and higher
iLoD. To mitigate this effect, several designs were implemented. Firstly, the circuit
was designed to operate at 1310 nm wavelength rather than 1550 nm. This was
chosen due to the lower water absorption at 1310 nm compared to 1550 nm [120],
and also the availability of low-cost fixed-wavelength lasers at 1310 nm [121].
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Figure 3.15: a) Layout of the fixed-wavelength laser design, consisting of a
single MRR in which a portion acts as a sensing region and another
portion acts as a heater/detector. b) Simulated resonances in the MRR
and IRPHD output, when electrical power W1 and W2 are applied to the
IRPHD, before and after ∆λres (∆n), respectively. By monitoring the
the electrical power required to keep the transmission spectra aligned
to the fixed-wavelength laser, the ∆n caused by the target analyte can
be extracted.
Secondly, most of the ring length was designed with wider waveguides, as this
confines the light more and leads to lower loss. Finally, only a small portion of
the total ring length was actually exposed to the solution, thus lowering the overall
interaction with the water, and therefore lowering total loss. However, reducing the
length of the sensing region also reduces the sensitivity of the design. To increase
the sensitivity, SWG waveguides were implemented in the sensing region.
As discussed in Section 2.1.1, there is some difficulty in the fabrication of SWG
waveguides, which is particularly undesirable when designing a robust sensor architecture. An alternative to the SWG structure is the SWG-assisted, or “fishbone”
structure (Fig 3.16) [122, 123]. Since there are no free-standing pieces of silicon,
this structure is less fragile in both fabrication and operation. However, having a
continuous strip of silicon throughout the structure increases the effective index
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of the design when compared to traditional SWG waveguides, therefore decreasing sensitivity. However, this is less detrimental at larger waveguide widths, and
similar sensitivities between the SWG and SWG-assisted can be obtained.

a)

SWG-Assisted

b)
Sensitivity (nm/RIU)

400
SWG Assisted
SWG

350
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200
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480
520
Waveguide width (nm)

560
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Figure 3.16: a) Layout of SWG-assisted structure. b) Sensitivity as a function
of waveguide width for SWG and SWG-assisted. Similar sensitivities
can be obtained by changing the width of the SWG-assisted blocks.
For traditional SWG waveguides, there is an additional mode-matching concern when converting from strip to SWG waveguides. If the modes are not changed
gradually enough, the sharp difference in effective indices can cause reflections
at these interfaces. While tapers can be used to help with the gradual transition
(Fig 3.17a), there is still a change in effective index at the interface. To implement
a smoother transition, the widths of the tapers and SWG waveguides can be designed to create a better effective index match. Simulations that varied the widths
of the tapers and SWGs were performed, and the effective indices were extracted
as a function of waveguide width (Fig 3.17b). In order to keep the effective indices
54

matched, the taper waveguide width should be on average 25 nm smaller than the
SWG waveguide width, for a 50% duty cycle SWG waveguide, at a 1310 nm wavelength.
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Figure 3.17: a) Layout of transition from strip to SWG waveguides. b) Effective index as a function of width for tapers and SWG waveguide, with a
50% duty cycle, at a 1310 nm wavelength. To keep the effective index
of the taper and SWG waveguide matched, the taper must be designed
with a width ∼25 nm larger than the width of the SWG waveguide, as
displayed in a).
To test the efficacy of this design, several devices were fabricated through Applied Nanotools Inc. Several design variations were included, as summarized in
Table 3.5 and illustrated in Fig 3.18. Two different sizes of MRRs were fabricated,
with the larger one having approximately 2x the circumference of the small design. For each size, a series of SWG and SWG-assisted waveguides were used in
the sensing region, where either a single section (1x) or eight sections (8x) of SWG
or SWG-assisted waveguides were used in the sensing region. This fabrication run
did not include any active devices and therefore the IRPHD regions were not included in these designs. However, the aim of these designs was to better understand
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the impacts that different design variables had on the circuit. Full simulations of
this design were also performed and are discussed by Mosquera in [66], and the
expected power budget for this design is included in Section 3.1.1.
Large MRR
8 section
SWG
input

Small MRR
1 section
SWG-Assist
input

IRPHD

IRPHD
sensor

sensor

Figure 3.18: Sample diagram of design variations in the fixed-wavelength
laser design. On the left, we show the large MRR with 8 sensing sections, using the SWG waveguides. On the right, we have the small
MRR with 1 sensing section, using the SWG-Assist waveguides. Various combinations of large versus small, 1 section versus 8 sections,
and SWG versus SWG-Assist were fabricated. The cuts shown in the
ring indicate that this diagram is not to scale, as the routing waveguides
are longer to keep the sensing region farther from the IRPHD.

3.2.3

Results 1

The transmission through each device described above was taken using a highresolution tunable laser. Resonance peaks were curve-fit with Lorentzian function,
an example curve is shown in Fig 3.19. The resonance wavelengths and FWHMs
1 The measurement data for this section was obtained and provided by Hassan Rahbardar Mojaver
from McGill University. It is being used here with permission.
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of the peaks were extracted and used to calculate the Q-factor (using the approximation in Equation 2.7). A summary of the results is in Table 3.5.
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Wavelength (nm)
Figure 3.19: Sample resonance peak from the fixed-wavelength laser MRR
design measured in water (from the small MRR 8 section SWGAssist design outlined in Table 3.5). The full-width at half-maximum
(FWHM) and extinction ratio (ER) are labelled on the graph. The Qfactor is approximated to be 44,350 using the FWHM = 28.6 pm.
The sensitivity of these devices could not be extracted since the entire structure
was exposed to air. Any solution deposited would change the effective index of all
elements in the design, rather than just the SWG/SWG-Assist sections, producing
inaccurate sensitivity measurements,and also increasing loss significantly due to
additional water absorption. However, using the simulated sensitivity values along
with the extracted Q-factors, the iLoD can be calculated using Equation 2.8.
The large MRR designs have higher Q-factors compared to the corresponding
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Large MRR

Small MRR

1 section
SWG
8 section
SWG
1 section
SWG-Assist
8 section
SWG-Assist
1 section
SWG
8 section
SWG
1 section
SWG-Assist
8 section
SWG-Assist

Q factor
(measured)

Sensitivity
(simulated)
[nm/RIU]

iLoD
(calculated)
[RIU]

223,630

2.10

2.7×10-3

139,090

15.7

5.8×10-4

165,000

2.2

3.5×10-3

121,170

16.7

6.3×10-4

60,970

12.6

1.6×10-3

45,300

71.8

3.9×10-4

56,040

13.3

1.7×10-3

44,350

76.0

3.8×10-4

Table 3.5: Summary of preliminary results for the fixed-wavelength MRR architecture.
small MRR designs, however, they also have lower sensitivity. This is because a
smaller fraction of the total MRR length is exposed to the solution compared to
the shorter MRR structures. Despite the high Q-factor, the long MRR designs have
poorer iLoD values compared to the short MRR designs. Because of the higher
sensitivity and lower iLoD, the short MRR designs are preferable to the long ones.
Likewise, while the 8x devices have lower Q-factors, their increased sensitivities
result in better iLoD, making them the preferred choice. In these designs, the
SWG-Assist waveguides were designed with higher sensitivities (by reducing the
waveguide width), resulting in slightly better iLoD performance compared to the
SWG devices on average. Overall, the best performing device was the short, 8x
SWG-Assist design, which demonstrated a simulated sensitivity of 76 nm/RIU,
and a calculated iLOD of 3.8×10-4 RIU.
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While these initial results are promising, a full device test with the IRPHDs
and a fixed-wavelength laser has not yet been performed and will be necessary for
better characterizing the performance of this design.
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Chapter 4

Conclusion
In summary, we have studied silicon photonic sensor architectures that do not rely
on high-resolution tunable lasers, thus demonstrating that high sensor performance
is not dependent on high-resolution tunable lasers. Various optical sources and
their implementation in silicon photonic sensor systems were discussed, including
considerations of cost, ease of use, and ease of coupling. Two broadband sensor
approaches, one using a microring resonator and the other using a Mach-Zehnder
interferometer, were designed, simulated, characterized, and compared. The design
of a fixed-wavelength laser architecture introduced other design considerations, including sub-wavelength grating tapers and sub-wavelength grating-assisted waveguides. The main contributions of this thesis include:
• Characterization of a broadband microring resonator sensor that included
CMOS-compatible IRPHDs, including extraction of the system sensitivity,
noise, and sLoD. Simulated biosensing experiments enabled comparison between the IRPHDs and traditional Ge PDs, proving the efficacy of the IRPHDs in a sensing system. Sensing experiments using isopropyl alcohol
extracted a real sensitivity value of 78.9 nm/RIU and an sLoD of 9.8×10-4
RIU. A multiplexing system based on this approach was proposed. Overall,
this design reduces the overall cost of the sensing system by eliminating the
need for a tunable laser, and by enabling CMOS-compatible integration.
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• Design, simulation, and measurement of a broadband Mach-Zehnder interferometer sensor, including the extraction of the system sensitivity, noise,
and limit of detection. A simulated biosensing experiment using thermallycontrolled MZIs was used to extract a sensitivity of 322 rad/RIU and an
sLoD of 7.7×10-4 RIU. Compared to the MRR design, the MZI design produces a higher optical power output, which could enable use of lower-power,
cheaper optical sources. However, this MZI design suffers from nonlinearity
in tracking, which is dependent on the FSR to optical bandwidth ratio. If
the FSR and optical bandwidth values are known, this nonlinearity can be
accounted for in post-processing. Additionally, the MZI design will have a
larger on-chip footprint, and requires more electrical contacts than the MRR
design. Like the MRR design, this system reduces overall cost through its
implementation of a broadband source. Further work is necessary to fully
characterize this design.
• Design, simulation, and initial characterization of a fixed-wavelength laser
sensor system that combined the sensor and tracker into a single ring. Design
of this system included a comparison between the sensitivities of SWG and
SWG-assisted structures and taper design for SWG waveguides. Passive optical measurements allowed for the extraction of Q-factor, which, along with
simulated sensitivities, enabled the calculation of iLoDs in the 10-4 range.
The low cost of fixed-wavelength lasers, along with their ease of integration
and minimalist design, make this architecture extremely promising.

4.1

Future work

This thesis aimed to propose and demonstrate alternative approaches to tunable
laser sensor designs, which can improve and enable the development of low-cost
SiPh sensor systems. While the initial demonstrations of these designs are promising, there is still considerable room for their improvement, as well as additional
research required prior to their implementation in a real sensing system.
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4.1.1

Broadband design

The main disadvantage of the broadband design is its reliance on off-chip components, namely the broadband source and the tunable filter. While a design for
an on-chip filter has been proposed and demonstrated in separate work [106], it
has yet to be demonstrated in this sensor architecture. Fabrication variations could
cause the filter to become off-centered, or change its bandwidth. Without a tunable
laser to monitor the initial state of the filter, it may be difficult to realign it with
the transmission of the sensors. Further investigation is necessary to determine the
viability of this option.
On-chip integration with the broadband source should be further investigated.
The broadband source used in this work was high-powered, with a flat transmission and highly stable optical power, and while cheaper than tunable lasers, it is
still quite expensive. To reduce the cost of the sensor, other broadband sources
should be investigated. The effect that various transmission profiles have on this
sensor system will have to be researched. Furthermore, more research will need
to be done to determine if these broadband sources can easily be coupled to the
SiPh chip, similar to what is done for a fixed-wavelength laser. Without simple
coupling integration, implementation of these designs in a real sensing platform
will be difficult.
Finally, the MZI version of this system requires further investigation to fully
characterize it. The tradeoff between increasing the path length difference to create
smaller FSRs (to obtain more linear tracking) and lowering the fringe visibility
should be investigated further. The relationship between the sensitivity for this
design versus the sensitivity of a single MZI design also requires further study.

4.1.2

Fixed-wavelength laser design

While simulation and initial results were discussed for this design, it is still in
the preliminary stage of development, as no experimental data has confirmed the
sensitivity of the design, nor the viability of the IRPHD detection readout in this
system. Further experimental investigations will be necessary to fully characterize
the performance of the sensor. Additionally, further investigation is required to
assess the impact fabrication variations have on this design, in particular, their
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impact on the critical coupling condition of the ring.
Further work would also be required to realize a multiplexed version of this
system. The PWB approach to integrate fixed-wavelength lasers is promising as
it can allow multiple lasers to be easily coupled to the same chip. However, there
will likely be packaging space considerations that will ultimately limit the number
of devices. Additional research is required to better understand how many sensors
can be monitored using a single laser. The input power of such a laser will be split
between devices, which will reduce the signal; the minimum detectable signal will
ultimately limit the number of sensors that can be integrated using a single laser.

4.1.3

Overall design considerations

The packaging of SiPh sensor devices is a key area of development. While the
SiPh chips can be rapidly produced at high volume, current packaging techniques
require careful, manual alignment of some components, including the microfludics
and PWB integration. Without automated processes for integrating such components, the overall cost of production of these sensors will be increased. Further
research is required to determine how these processes can be improved.
Finally, microfluidics and electronics integration should be further investigated.
The microfluidics used in this work were controlled by a fluidic pump, which could
inhibit the widespread implementation of these devices due to their large size. Integration with digital microfluidics is a promising option that can be explored to
reduce system size and cost. This will also require more electronics control. In
this work, all electronic elements were controlled by off-chip equipment. To realize a fully packaged sensor, however, all electronics will need to be on-chip, with a
single CMOS electronics chip to control and measure both the sensor, the microfluidics, and the laser. Integration of all these components is necessary to provide a
fully packaged, cost-effective, silicon photonics sensor platform.
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and Íñigo Molina-Fernández.
Optimizing the limit of detection of
waveguide-based interferometric biosensor devices. Sensors, 19(17):3671,
2019. → page 33
[113] Applied Nanotools Inc. Nanosoi fabrication service. URL https://www.
appliednt.com/nanosoi-fabrication-service/. → page 36
[114] John Staples. Fiber laser, michaelson interferometer, and coherence length,
2007. URL https://uspas.fnal.gov/materials/08UCSC/mml19 fiber laser.
pdf. → page 42
[115] Prashanth R Prasad, Shankar K Selvaraja, and Manoj M Varma. Full-range
detection in cascaded microring sensors using thermooptical tuning. Journal
of Lightwave Technology, 34(22):5157–5163, 2016. → page 48
[116] Jia-Ming Liu. Principles of photonics. Cambridge University Press, 2016.
→ page 50
[117] Wei Shi, Ye Tian, and Antoine Gervais. Scaling capacity of fiber-optic transmission systems via silicon photonics. Nanophotonics, 9(16):4629–4633,
2020. → page 50
[118] Lukas Chrostowski, Hossam Shoman, Mustafa Hammood, Han Yun,
Jaspreet Jhoja, Enxiao Luan, Stephen Lin, Ajay Mistry, Donald Witt, Nicolas AF Jaeger, et al. Silicon photonic circuit design using rapid prototyping
76

foundry process design kits. IEEE Journal of Selected Topics in Quantum
Electronics, 25(5):1–26, 2019. → page 51
[119] Yimin Kang, Han-Din Liu, Mike Morse, Mario J Paniccia, Moshe Zadka,
Stas Litski, Gadi Sarid, Alexandre Pauchard, Ying-Hao Kuo, Hui-Wen
Chen, et al. Monolithic germanium/silicon avalanche photodiodes with 340
ghz gain–bandwidth product. Nature photonics, 3(1):59–63, 2009. → page
51
[120] Joseph A Curcio and Charles C Petty. The near infrared absorption spectrum
of liquid water. JOSA, 41(5):302–304, 1951. → page 52
[121] ViaLite Communications.
Choice of wavelength for rf over fiber
– 1310nm vs 1550nm. URL https://www.vialite.com/resources/guides/
choice-of-wavelength-for-rf-over-fiber-1310nm-vs-1550nm/. → page 52
[122] ML Povinelli, Steven G Johnson, and JD Joannopoulos. Slow-light, bandedge waveguides for tunable time delays. Opt. Express, 13(18):7145–7159,
2005. → page 53
[123] Justin R Bickford, Pak Cho, Mikella Farrell, and Ellen Holthoff. Fish-bone
subwavelength grating waveguide photonic integrated circuit sensor array.
In Chemical, Biological, Radiological, Nuclear, and Explosives (CBRNE)
Sensing XIX, volume 10629, page 1062910. International Society for Optics
and Photonics, 2018. → page 53

77

Appendix A

EECE 584 and ELEC 581 project
reports
The following pages contain course project reports for EECE 584 (Titled: Free
spectral range matching for cascaded Mach Zehnder interferometer sensors) and
ELEC 581 (Titled: Impact of fabrication variations on silicon photonic evanescent
field sensors). These reports contain additional investigations of the effects of FSR
matching and fabrication variations in low-cost sensor designs.
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Free spectral range matching for cascaded Mach-Zehnder
interferometer sensors
Leanne Dias
Department of Electrical and Computer Engineering, University of British Columbia,
Vancouver, Canada
1. SUMMARY
A silicon photonics sensor consisting of two cascaded Mach-Zehnder interferometers (MZIs) is investigated
through simulations and experiments. This sensor design uses a broadband source, and has one MZI that
acts as the sensor, with one arm exposed to analytes, while the other MZI acts as a tracker, with one thermally
tunable arm. Ideally, the free spectral ranges (FSRs) of both MZIs would be designed to be identical. In this
work, we demonstrate through experiment and simulation that analyte exposure and thermal tuning will shift
the group indices, and thus the FSRs, of each MZI in opposite directions, causing initially matched FSRs to
become misaligned. We also investigate the impact this misalignment will have on the device performance. We
simulate a decrease in the extinction ratio of the detected output power, and an induced non-linearity in phase
tracking when the FSRs are not matched.

2. INTRODUCTION
Integrated photonic circuits have demonstrated tremendous potential for replacing traditional systems in numerous fields. Silicon photonics, based on the silicon-on-insulator (SOI) platform, routes light on-chip through
waveguides, which, due to the high contrast between refractive indices, can create extremely compact, high density devices.1 The SOI platform is compatible with mature complementary metal-oxide semiconductor (CMOS)
fabrication processes, which enables the fabrication of these devices at a very low cost at high volume.1, 2 The
commercialization of silicon photonics was initially driven by applications in the telecommunication industry, but
has since demonstrated in many other fields, including quantum information processing,3, 4 light detection and
ranging (LIDAR),5, 6 and sensors.7, 8 Many of the components and designs that were initially used for transceiver
networks can be redesigned for use in these other fields.
One such system is based on cascading on-chip components, such as micro-ring resonators9, 10 or MachZehnder interferometers (MZIs),11, 12 to create filters for wavelength division multiplexing (WDM). In these
circuits, the free spectral range (FSR) of the components are designed to create filters at specific wavelengths,
allowing some wavelengths to pass, while others are suppressed. The FSRs of the cascaded components are
typically offset from one another to create better filtering. This cascaded approach has since been researched
and modified for use in cost-effective sensing applications.13–16 In these sensor designs, the on-chip components
are once again cascaded. The sensor operates by tuning the transmission spectrum of one component to match
the transmission spectrum of the other. Thus, shifts in the second transmission can be detected by monitoring
the tuning power required to keep the transmissions aligned.
The FSRs in these sensors are typically designed to be matched at a specific wavelength, as a mismatch can
cause complications in detection. Prasad et al.17 investigated various factors that could influence the performance
of such a sensor design based on micro-ring resonators, including the impact that the quality factor of the ring
and FSR mismatches, and found that both could decrease the detected extinction ratio. In this report, we aim
to characterize a cascaded MZI sensor, by investigating factors that could contribute to mismatched FSRs, and
simulate the impact that these mismatches could have on such a system.

79

3. SENSOR DESIGN
In our cascaded MZI sensor design, one MZI acts as the sensor, while the other MZI acts as a tracker, and is
electrically tunable with a heater (Figure 1a). Both MZIs are unbalanced, with one arm longer than the other,
to create a sinusoidal transmission, which can be more easily monitored. Broadband light is input to the sensor
MZI, and the output is input to the tracker. The output can be monitored with a single photodetector. Both
MZIs will have their own sinusoidal transmission (Figure 1b). The output will be the multiplication of their
transmissions (Figure 1c).
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Figure 1. a) Layout of the cascaded MZI sensor. Light is coupled on-chip through grating couplers. The first MZI has
one arm exposed to water. The second MZI is thermally tunable. The output is coupled off-chip with grating couplers
and measured off chip. b) Simulated spectra of the sensor MZI and the tracker MZI. c) Simulated and measured (with a
tunable laser) transmission of the ∆L = 100 µm cascaded system.

In a sensing experiment, an electrical power would be applied to the thermal tuner on the tracker MZI, and
would continually be scanned. A photodetector would measure the output power through the cascaded MZI
system. A high output power detected by the photodetector would indicate that the transmission spectra of the
MZIs are aligned. When the water-clad sensor arm of the MZI is exposed to an analyte, the effective index of
the waveguide will shift. This will create a phase shift (∆φ) in the transmission of the sensor MZI, given by:7
∆φ =

2π
∆neff Lsens
λ

(1)

where ∆neff is the effective index change, λ is the wavelength, and Lsens is the length of the sensing arm. Now,
when the electrical power on the thermal tuner of the tracker MZI is scanned, the peak output power will occur
at a new electrical power applied to the thermal tuner. By measuring the shift in applied electrical power to the
thermal tuner, the refractive index shift caused by the analyte can be extracted.

80

LRef S
(µm)
950
900
800
700

LS
(µm)
1000
1000
1000
1000

∆LS MZI
(µm)
50
100
200
300

LRef H
(µm)
950
900
800
700

LH
(µm)
1000
1000
1000
1000

∆LH MZI
(µm)
50
100
200
300

Table 1. Design variations for the cascaded MZI sensor. “Ref” refers to the reference arm in the MZI, and “S” and “H”
refer to the sensor and heater, respectively.

Figure 2 displays the layout of the sensor as it was fabricated on chip. Spiral waveguides were used for the
MZIs to try to keep the footprint of the device to a minimum. The total area of all four device variations,
excluding grating couplers, was 1215 µm × 440 µm (dotted line in Figure 2). The open-oxide arm of the sensor
MZI was designed with 500 µm spacing from the grating coupler, in order to be able to expose it to solutions
without the grating coupler interfering. This can be done by either placing droplets of solutions on the MZI,
or fabricating a microfluidics channel to cover the open oxide area (the latter being the more reliable option).
The tracker MZI was spaced 650 µm away from the sensor MZI in order to reduce thermal cross-talk. The
electrical contact pads were placed 550 µm away from the sensor MZI so that the fluidics would not interfere
with the electrical contacting, and placed 500 µm away from the grating couplers so that the electrical probes
would not interfere with the grating coupler. In future designs, it is suggested to create larger spacings between
the oxide-open area and the electrical contacts and grating couplers, for simpler testing.

500 µm

heaters

Device 1

Device 2

Device 3

Device 4

open-oxide

Device 1

Device 2

Device 3

Device 4

650 µm

Figure 2. Layout of the cascaded sensor design, with close up insets of the tracker and sensor MZIs. Each set of devices
is labelled with their matching sensor and tracker (trackers on the left, with sensors on the right). The distance between
sensor and tracker is 650 µm, and the distance between grating couplers and electrical contact pads is 500 µm.

There are four variations of the design, as summarized in Table 1. The arm lengths of the sensor and tracker
MZI that are exposed to phase shifts were kept at a constant length, while the reference arms, buried in oxide,
had varying lengths. The difference in path lengths of the sensor and tracker MZI were equivalent in each device,
respectively.
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4. GROUP INDEX VARIATIONS
Ideally, the transmission spectra of the two MZIs would be identical, and the FSRs would match perfectly. The
FSR for an MZI is given by:18
FSR =

λ2
L1 ng1 − L2 ng2

(2)

where λ is the wavelength, L1 and L2 are the lengths of the two MZI arms, and ng1 and ng2 are the group indices
of the two MZI arms, respectively. If the FSRs were matched and the transmission spectra were aligned, the
output from the cascaded system would look like a single MZI transmission. Unfortunately, our designs were not
matched, as is visible in Figure 1c (for a ∆L of 100 µm). Our designs were fabricated with identical arms lengths
for both the sensor MZI and the tracker MZI. However, the group indices of these MZIs are different because of
their different cladding materials. One of the arms in the sensor MZI is exposed to water, which gives it a group
index of ∼4.28 RIU (at 1550 nm wavelength), while both arms of the tracker MZI have an oxide cladding (group
index of ∼4.24 RIU at 1550 nm wavelength). The FSR mismatches in our designs are summarized in Table 2.
∆L
(µm)
50
100
200
300

FSRheater
(nm)
11.34
5.67
2.83
1.89

FSRsensor
(nm)
10.26
5.38
2.76
1.86

Deviation
(%)
10.6
5.3
2.6
1.8

Table 2. FSR mismatches for the fabricated devices. Mismatches are less apparent for larger arm imbalances.

The arm lengths of the MZIs can be designed to compensate for the mismatch in the group index of the
MZIs. However, group index (ng ) is wavelength (λ) dependent, given by:18
ng (λ) = neff (λ) − λ

dneff
dλ

(3)

where neff is the effective index, which is also a function of wavelength. Because the sensor and tracker arms
have different claddings, they will also have different effective indices, and different dependencies on wavelength.
Tuning the arm lengths to match the FSRs at a specific wavelength does not guarantee matching at across all
wavelengths. Table 3 shows the arm length differences for the sensor and tracker to have matched FSRs at
1550 nm wavelength (and Lsens = 500 µm), and shows the percent deviation of the FSRs at 1535 nm wavelength.
The calculated deviation is quite small (0.4% in the worst case); however, this is for the nominal design case,
where no refractive index shifts have occurred in the sensor or tracker MZI. Exposure to an analyte or thermal
tuning of the effective index will also effect the group index, which will be discussed further.
∆Lsensor
(µm)
50
100
200
300

∆Lheater
(µm)
55.3
105.3
205.3
305.3

FSRsensor
(nm)
10.11
5.296
2.713
1.824

FSRheater
(nm)
10.07
5.285
2.710
1.822

Deviation
(%)
0.4
0.2
0.1
0.07

Table 3. FSR mismatches at wavelengths for which the arm lengths were not designed to be matched. In this case, the
heater arm was modified to match the sensor FSR at 1550 nm. At 1535 nm, we start to see slight deviations from the
FSR matching.
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The group index can be extracted from the measured data by measuring the FSR at various wavelengths
(1550 nm and 1535 nm, in our case), and using Equation 2 to calculate ng . Figure 3a shows the measured
output transmission (of the ∆L = 300 µm MZI) at two different voltages. From this, we can measure the FSRs
(labelled) at 1535 nm and 1550 nm for each voltage. The group index dependence on applied power can then be
extracted by repeating this measurement across various voltages. Figure 3b displays the extracted and simulated
group index versus applied power. While there is some deviation between the measured and simulated values,
the trends are fairly similar, and the difference may arise due to fabrication variations, or variations between the
simulated and fabricated heaters.

Transmission (dBm)

a)
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-30
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-40
FSR2
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FSR2

FSR1
FSR1

-60

1542
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Wavelength (nm)

b)
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measured
1550 nm
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1535 nm
measured
1535 nm
simulated

ng (RIU)

4.34
4.33
4.32

0

5
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15

20

25

30

Applied Electrical Power (mW)
Figure 3. a) Measured (with a tunable laser) optical transmission of the ∆L = 300 µm design at 0.75 V and 1.00 V. The
FSRs of the tracker MZI at two different wavelengths are marked on each. b) Simulated and measured group index as a
function of voltage at 1550 nm and 1535 nm.

The expected change in effective index due to the applied power was also extracted by simulating the temperature profile of the waveguide using Lumerical’s HEAT, and importing that temperature map into Lumerical’s
MODE to extract the effective index, at various applied biases. Across a 30 mW applied power, a change in
effective index of 4.08x10-3 RIU was extracted. This change in effective index can then be converted to change in
refractive index of the cladding for the sensor MZI arm, using a waveguide mode sensitivity7 of 0.151 RIU/RIU.
The change in cladding refractive index was calculated to be 0.027 RIU.
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Figure 4. a) Simulated change in effective index for the oxide-clad and water-clad waveguides, as a function of applied
power and cladding refractive index, respectively, for wavelengths at 1550 nm and 1535 nm. Here, we see the oxide and
water results match well. b) Simulated change in group index for the oxide-clad and water-clad waveguides, as a function
of applied power and cladding refractive index, respectively, for wavelengths at 1550 nm and 1535 nm. Here, we see a
large deviation between the oxide-clad and water-clad waveguide group indices.

Lumerical’s MODE was once again used to simulated the change in effective index of the sensor MZI arm
over a 0.027 RIU change in the cladding. In Figure 4a, we see that the change in effective index between the
sensor and the tracker match very well, meaning that a phase induced in one MZI can be matched well in the
other. However, although the phase shifts are matched, the group indices will not be. The mode solvers were
also used to extract the group index across the same range of powers/RIU shifts. In Figure 4b, we see that
the change in group index of the oxide-clad waveguide has a positive slope, while the change in group index of
the water-clad waveguide has a negative trend, with a slope almost a two times larger in magnitude than the
oxide-clad waveguide. Here, we see that even if the FSRs of the sensor and tracker MZIs were initially matched,
they would become unmatched in a sensor-tracker experiment due to uneven changes in the group indices.

5. FREE SPECTRAL RANGE VARIATIONS
As we have seen experimentally in the previous section, there will be some FSR mismatch between the sensor
and tracker MZI, due to the group index variations across wavelengths or variations that arise when the sensor
is exposed to an analyte, even when the MZIs are designed and fabricated perfectly. Here, we aim to simulate
the impact this mismatch will have on the device performance.
Because the group index varies across wavelengths, we will filter the broadband to only use a bandwidth over
a small range of wavelengths, since the variations should not be large over a small range. The expected output
power can therefore be modelled as the integration of two sinusoidal functions multiplied:
Z

a

b

sin2 (φ − k) × sin2 (h(φ − j)) dφ

(4)

where sin2 (φ − k) and sin2 (h(φ − j)) describe the transmission of the sensor and tracker MZI with phase shift k
and j, respectively, and a and b describe the optical filter bandwidth. The sinusoidal-squared functions nominally
have a period of π; however, here, we introduce a change in the period of the tracker MZI with the factor of h.
We can then integrate over 1, 2, 3, and 10 FSRs for various percent deviations in the period (∼FSR). The results
are displayed in Figure 5. In the ideal case with 0% deviation, we see an extinction ratio of ∼0.6. However, as
the deviation is increased, the extinction ratio gets smaller, eventually to where it is zero. Furthermore, we see
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Figure 5. Output optical power through the cascaded system by integrating over 1, 2, 3, and 10 FSRs, as a function of
sensor MZI phase shift, for various FSR mismatches. Here, we would like a large extinction ratio, as in the 0% deviation
case.

that as more FSRs are included in the integration, the transmission (output power measured) can actually change
signs, where the peak power is no longer when there is zero phase shift between transmissions, but rather occurs
when the transmission spectra are out of phase. In the 10 FSR case, any deviations greater than ∼5-10% results
in quite low extinction ratios (∼0.1). Conversely, in the 1 FSR case, deviations up to 40% still produce ∼0.3
extinction ratio. Even with large FSR deviations, using an optical bandwidth over a single FSR can still produce
decent results.
Unfortunately, the mismatch in FSR effects more than just the extinction ratio. It also effects the output
power measured across different sensor MZI phase shifts. In Figure 6a, we plot the measured output power
(measured over 1 FSR bandwidth) versus the phase shift in the sensor MZI for various phase shifts in the tracker
MZI, and for 0% and 10% FSR deviations. In the case where the FSRs are matched, we see that the peak
output power remains constant (black solid line). In the 10% deviation case, we can see that the output power
changes depending on the phase shift (black dotted line). This measurement was repeated for deviations up to
50%, as shown in Figure 6b. Here, we see that the power difference have the greatest variation around 30% FSR
mismatch.
Finally, we also see that the FSR mismatches causes non-linearity in tracking the phase shift of the sensor
MZI. Figure 6c displays the tracker MZI phase shift required to obtain peak output power as a function of sensor
MZI phase shift. Ideally, a phase shift in the sensor MZI would be matched with an equal phase shift in the
tracker MZI (linear line, shown in black for 0% deviation). However, as the FSR mismatch becomes larger, we
can see larger deviations from this linearity (coloured lines, labelled in the legend). In cases where the FSRs are
not matched, a phase shift measured by the tracker MZI will not be equal to the phase shift in the sensor MZI.
In order to properly track the phase shift in the sensor, the mismatch between the FSRs must be known prior
to sensing measurements.
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Figure 6. a) Output power as a function of sensor MZI phase shift, for various tracker phase shifts, and for FSR mismatches
of 0% and 10%, as labelled in the legend. The black lines indicate the trend for the peak powers, and are used to create:
b) The peak output power as a function of sensor MZI phase shift, for various FSR mismatches. c) Tracker MZI phase
shift for peak output power as a function of sensor MZI phase shift, for various FSR mismatches. Ideally, the trends
would be linear, as shown by the 0% line.

6. CONCLUSION
In this report, we characterized a silicon photonics cascaded MZI design for applications in sensing. The group
index of an oxide-clad waveguide was simulated and extracted from fabricated designs. The group index of a
water-clad waveguide was also simulated. Over the same shift in effective index, the oxide-clad and water-clad
waveguide experience different changes in group index, which would cause the FSRs to become misaligned. An
investigation into the impact of this misalignment was also performed. When the FSRs of the cascaded MZIs
are not matched, the extinction ratio and linearity of phase tracking decreases. Ideally, the cascaded MZI sensor
device should be designed to initially have matched FSRs. If the optical bandwidth of the source matches the
FSR of the MZI, changes in group index should not greatly effect the extinction ratio, although some non-linearity
will still exist in the phase tracking.
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evanescent-field sensors
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1. SUMMARY
Silicon photonic sensors show potential in global healthcare, however, they suffer from manufacturing challenges,
which can lead to variability in device performance. In this report, we simulate fabrication variations in the
waveguide mode sensitivity and phase shifter efficiency, and analyze their effect on the overall sensor performance.
Variations in the waveguide mode sensitivity were analyzed by varying the waveguide width and height, while
variations in the phase shifter efficiency were extracted by varying the dopant concentrations. Here, we propose
a sensor system using both components, and demonstrate the possible false interpretation of results if fabrication
variations are not addressed.

2. INTRODUCTION
Miniaturized biosensing devices are crucial for the advancement of global healthcare as they offer fast, reliable,
and affordable detection.1, 2 Services that are typically performed in a lab can be combined into a single compact
device, reducing the required sample size and lowering the cost of materials. Silicon-based photonic sensors can
perform real-time measurements, which can accelerate the diagnosis process and allow for earlier treatment.3
These silicon photonic devices have been shown to detect diseases, viruses, and pathogens, including biomarkers
for breast and lung cancer,4, 5 neurodegenerative disorders,6 and SARS-CoV-2.7 Additionally, these sensors are
compatible with the complementary metal-oxide-semiconductor (CMOS) fabrication processes, which can be
leveraged to produce silicon photonic sensors at a very low cost.8
While silicon photonic sensors can be made for low-cost, the total cost of the sensing system remains quite
high, due to their reliance on high-resolution tunable lasers. There has been a push towards lower cost optical sources, including using fixed-wavelength lasers and broadband sources.9–15 Some of these designs rely on
extracting the refractive index shift of the sensor using an electronic readout, rather than directly measuring
optical transmission shifts. Rather than scanning the laser wavelength to extract the sensor transmission spectrum, these methods typically use a tuning element to shift the transmission of the sensor and track where the
photodetector output is maximized. By tracking the change in electrical power applied to the tuning element,
the shift in the sensor refractive index can be extracted. This assumes a precise knowledge of the effect that
applied electrical power has on the refractive index.
However, silicon photonic circuits suffer from variations in manufacturing,16 which leads to uncertainties
in their design metrics. Fabrication errors in the waveguide geometries effect the propagation of light in the
waveguide. While these errors can differ from wafer to wafer, then can also occur across a single wafer. These
variations can be somewhat difficult to determine, as they either require the use of characterization equipment,
such as scanning electron microscopy (SEM) or atomic force micropscopy (AFM),17 or additional on-chip test
circuits across the wafer, which, for a sensor system, is not very practical. While some studies have demonstrated
methods to predict the performance of silicon photonic circuits with manufacturing errors,18, 19 studies have not
been specifically been performed for silicon photonic sensors. In this paper, we simulate fabrication variations
on several sensor components, and use these results to simulate the resultant performance of a low-cost silicon
photonic sensor design.
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3. OPERATING PRINCIPLES
In this section, we provide a brief overview of some of the components used in silicon photonic sensors. We also
introduce the basic operating principles of our low-cost sensor architecture.

3.1 Sensitivity in silicon photonics MZI sensors
In our proposed sensor system, we will use a Mach-Zehnder interferometer (MZI) as our sensor component. Here,
the input light is split into two waveguide paths, where one path is exposed to the sample (Lsens ), and the other
is our phase shifter (Lps ). The light from the two arms is then recombined. When there is no phase difference
between the arms, constructive interference occurs at the output. However, as a phase shift is introduced (either
from exposure to the sample in the sensor arm, or a bias in the phase shifter), the light will no longer be in
phase, and destructive interference will occur. The phase shift (∆φ) due to exposure to a sample (assuming the
phase shifter arm is constant) can be related to the change in effective index (∆neff ) at a given wavelength (λ)
by:20
∆φ =

2π
∆neff Lsens
λ

(1)

where Lsens is the length of the arm.
Silicon photonic sensors are often characterized by their sensitivity performance, which quantifies the strength
of the sensor response when exposed to an analyte. For an MZI sensor, sensitivity (SMZI ) is often measured in
rad/RIU (refractive index units), and is given by:20
SMZI

2πLsens
=
λ



δneff
δnclad



∆φ
=
∆neff



δneff
δnclad



(2)



δneff
where δn
is the waveguide mode sensitivity. The waveguide mode sensitivity describes how the effective
clad
index of the waveguide will change due to a change in the refractive index of the cladding. It is independent of
the sensor component (i.e., the MZI), and is based on the geometry of the waveguide. Therefore, as we will see
in sections below, the waveguide mode sensitivity is highly dependent on the width and height of the waveguide.

3.2 Phase shifters in silicon photonics sensors
A second component needed for a low-cost silicon photonics sensor is an on-chip optical tuning element. This
element is used to shift the transmission curve of the sensor across a fixed-wavelength input. This tuning
behaviour arises from the ability to electrically control the effective index of the waveguide. This can be done
with two methods: thermal tuning, and plasma dispersion.
Thermal tuning arises from the temperature dependence of the refractive index. A generated change in
temperature (∆T ) will change the refractive index of silicon (∆n) according to the thermo-optic coefficient of
silicon:21
∆n(at 1550 nm) = 1.8 × 10−4 ∆T

(3)

There are several common heater types in silicon photonics, both based on resistive heating. The first uses
metallic heaters placed above (or to the side of) the silicon waveguide. A voltage is applied across the metal,
causing a current to flow through, and the metal will heat up. The heat will then transfer through the oxide
layers to the silicon beneath. The second method uses the silicon waveguide itself as the resistor. In this case,
the silicon waveguide is doped (which will add additional losses to the waveguide). Contacts are placed on both
sides of the waveguide, and a voltage is once again applied, allowing current to flow. In this case, the silicon
waveguide itself will heat up.
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The second method to control the effective index of silicon is through the plasma dispersion effect. This effect
describes the dependence of the refractive index of silicon (∆n) on the carrier densities of electrons or holes (∆N
and ∆P , respectively, in [cm-3 ]), given by:22
∆n(at 1550 nm) = −5.4 × 10−22 ∆N 1.011 − 1.53 × 10−18 ∆P 0.838

(4)

As noted above, doping the waveguide will incur additional losses. The change in the absorption is given by:
∆α(at 1550 nm) = 8.88 × 10−21 ∆N 1.167 + 5.84 × 10−20 ∆P 1.109

(5)

There are several types of phase shifters based on the plasma dispersion effect, including carrier depletion and
carrier injection. In the depletion case, the waveguide is doped to have a pn-junction at zero bias. By applying
a reverse bias to the waveguide, a depletion region will form at the pn-junction, thus depleting carriers in the
waveguide. The width of the depletion region (W ), which is a dependent on the doping concentrations (N and
P for electrons and holes, respectively) and applied voltage (V ), is given by:23

W (V, N, P ) =

s

2r o (N + P )(Vb − V )
q
NP

(6)

where r and o are the relative permittivities of silicon and free space, respectively, q is the fundamental charge,
and Vb is the built in voltage potential, given by:
Vb =

kT
NP
log( 2 )
q
ni

(7)

where k is the Boltzmann constant, T is temperature, and ni is the intrinsic carrier concentration.
In the carrier injection phase shifter, the waveguide is doped to have a PIN structure. When the waveguide
is forward biased, carriers will be injected into the intrinsic region, thus altering the refractive index. The PIN
structure benefits from eliminating excess optical loss when the waveguide is unbiased.
For all phase shifter designs, the effective index of the waveguide will change depending on the applied bias.
Here, we will refer to this change in effective index due to an applied voltage as the phase shifter efficiency. In
this report, we will focus specifically on the pn-junction phase shifter design.

3.3 Silicon photonic sensor design
Our proposed low-cost sensor design is displayed in Figure 1. Here, we use a fixed-wavelength laser as the optical
source, which is input to an MZI. One arm of the MZI acts as the sensor, and can be exposed to the analyte,
while the other arm acts as the tracker, as it contains a phase shifter tuning element. The output of the MZI is
detected with a single photodetector. Initially, the arms of the MZIs are balanced. When the voltage applied
to the phase shifter is scanned, the effective index in that arm will change, resulting in a phase shift. This
causes the output transmission detected by the photodetector to fluctuate between constructive and destructive
interference, resulting in a sinusoidal output. When the sensor is exposed to an analyte, the effective index in
its arm will also shift, adding an additional phase shift to that arm. Now, when the phase shifter voltage is
scanned, the points of constructive and destructive interference will have shifted, according to the phase shift.
By measuring the voltage shift in the phase shifter, the change in effective index of the sensing arm can be
extracted.
Here, we can see that we need a reliable way to convert the applied voltage to a change in effective index of
the phase shifter (phase shifter efficiency), and a conversion for the change in effective index of the sensor arm to
a change in the cladding index (waveguide mode sensitivity). Unfortunately, both of these metrics for conversion
are subject to fabrication variations.
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phase shi er bias
Figure 1. Silicon photonic sensor design using a fixed-wavelength laser and an MZI. The output signal is read as a function
of phase shifter bias, and the shift can be seen from t1 and t2 , corresponding to before and after analyte exposure in the
sensor arm.

Figure 2 displays the layout of the sensor as it was designed for fabrication on chip. The MZI arms were
designed to be separated from one another to keep the microfluidic area away from the rest of the design.
Likewise, the grating coupler, photodetector, and electrical contact pads for the phase shifter are also placed
500 µm, 700 µm, and 650 µm away from the open oxide area, respectively. The total area of the MZI was 90 µm
× 470 µm, excluding the grating coupler, photodetector, and electrical contacts.
output
open oxide

phase shifters

input

Figure 2. The layout of the proposed sensor design, which can be used to extract variations in device performance due to
fabrication variations. The grating coupler, electrical contacts, and photodetector are not shown here, as they are spaced
farther away from the main device.

No design variations were included for this design. Although the length of the sensor/phase-shifter arms
could be adjusted, including this as a design variation would not be helpful in investigating fabrication variations
across the wafer. A single design, with MZI arm lengths of 505 µm, which included oxide-open sensor and
phase shifter lengths of 200 µm, was designed (in future designs, a small path difference should be included to
compensate for differences in effective indices of the sensor and phase shifter arms). Instead of adding design
variations, the design shown in Figure 2 can be duplicated multiple times across the chip. With approximately
30 chips across the wafer, and often two wafers (with different lithography processes) in a single multi-project
wafer (MPW) fabrication run, this should provide close to 200 duplicate devices placed at different locations
across the wafers. Practically, it would be quite time consuming to measure each device, since each device would
require microfluidics and electrical contacting, which is not automated. Initially, devices that are spaced far
apart should be measured, as these are expected to have larger fabrication variations.

4. WAVEGUIDE MODE SENSITIVITY VARIABILITY
Our first set of simulations aim to determine the waveguide mode sensitivity variations due to changes in
manufacturing. While other work has characterized how variations in width and height will effect the the
effective index of the waveguide,18 the effects they have on the the waveguide mode sensitivity has not been
analyzed. In this section, we run simulations to characterize these effects.
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We use a mode solver to calculate the effective index of the waveguide for the fundamental transverse electric
(TE) mode in a strip waveguide for various widths, heights, and cladding indices. Fig. 3 shows the cross-section
of the waveguide with width, height, and refractive indices labelled. Fig. 4 displays the simulated effective index
for various waveguide widths, height, and cladding index. From this figure, we see that effective index varies by
over 10% across these parameters.

ncladding
width
nsilicon

height

noxide

Figure 3. Cross-section of the waveguide, with width, height, and refractive indices labelled.
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Figure 4. Effective index of a fundamental transverse electric strip waveguide as a function of waveguide width, height,
and cladding index.

We can extract the waveguide mode sensitivity by taking the change in the effective index due to the change
in cladding index for each width/height combination. Fig. 5 displays the results. Here, we see that the waveguide
mode sensitivity can vary by over 70% across these width/height variations.
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Figure 5. Waveguide mode sensitivity as a function of waveguide width and height, extracted from the results displayed
in Fig. 4.

We can use the data from Fig. 5 to extract a function for the sensitivity based on the width and height of
the waveguide. Approximating it as a linear function, the sensitivity (S) can be given as:
S(h, w) = m(h) × w + c(h)

or S(h, w) = m(w) × h + c(w)

(8)

where w and h are the width and height of the waveguide (in nm), and m and c describe the slope and constant
for a linear fit. Here, we can fit the sensitivity to a curve as a function of width and height. We do this by
plotting sensitivity versus height (or width) for different widths (or heights) as shown in Fig. 6a, for sensitivity
versus waveguide height. Each curve is fit to a line, with the slope and constants extracted for each waveguide
width. Next, we fit the slopes and constants as a function of waveguide width to extract a linear equation, as
shown in Fig. 6b. From these curves, we extract:
m(h) = 2.693 × 10−6 × h − 0.001391

and c(h) = −0.002312 × h + 1.096

(9)

and c(w) = −0.001391 × w + 1.096

(10)

for m(h) and c(h) and:
m(w) = 2.693 × 10−6 × w − 0.002312

for m(w) and c(w). We can see when Equations 9 and 10 are input into either versions of Equation 8, we obtain
the same result:
S(h, w) = 2.693 × 10−6 × h × w − 0.001391 × w − 0.002312 × h + 1.096

(11)

While there is some error in this equation due to the linear approximation of sensitivity, this equation provides
a reasonable approximation for the waveguide mode sensitivity at various heights and widths.
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Figure 6. a) Waveguide mode sensitivity versus waveguide height, for different waveguide widths, as shown in the legend.
For each width, the curve is linearly fit, and the slope and constants are extracted. b) The slopes extracted from a) as a
function of waveguide width.

5. PHASE SHIFTER EFFICIENCY VARIABILITY
In this section, we analyze the effects that fabrication variations can have on the pn-junction phase shifter.
Specifically, we will see how changes in the doping concentration can effect the phase shifter efficiency. As
described by Equations 6 and 7, the depletion width of the pn-junction is highly dependent on the doping
concentrations. Furthermore, the efficiency of the phase shifter is highly dependent on the depletion region, as
the depletion of carriers will effect the refractive index, according to Equation 5.

a)

b)

Figure 7. Electron dopant profiles for the cross-section of the waveguide at a) 0 V bias, and b) -4 V bias.
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Ansys Lumerical’s CHARGE was used to simulate the doping profile at different bias points, and for different
dopant concentrations. The nominal implant doping concentrations were 1.5x1017 cm-3 and 2.5x1017 cm-3 for
electrons and holes, respectively. Fig. 7a shows the electron dopant profile at the cross section of the waveguide
at zero bias. When a reverse bias is applied, as in Fig 7b, the dopant profile shifts.
We can then load the dopant profiles into Lumerical’s MODE solver, to calculate the effective index of the
waveguide at various bias points. From this, we can extract the phase shifter efficiency, in RIU/V. Next, we
repeat this process at different dopant concentrations, ranging from -15% to 15% the nominal concentration
value. Fig. 8 displays the results of extracting the phase shifter efficiency at each doping concentration. The
phase shifter efficiency (η) as a function of change in dopant concentration (∆D in % units) can be given by:
η = 1.2 × 10−7 ∆D + 2.6 × 10−5

(12)

This assumes a linear correlation, which is fairly accurate over a small range. If larger variations occur in the
dopant concentrations, a nonlinear fit should be applied.
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Figure 8. Phase shifter efficiency as a function of change in the doping concentration.

6. SENSOR SYSTEM EFFECTS
Finally, we can combine the variations outlined in the previous sections to see how the sensor performance may be
altered by fabrication variations. In a low-cost system that shifts the transmission spectrum rather than scanning
the laser wavelength, the shift in transmission of the sensor will be measured as shifts in voltage applied to the
tuning component. To convert this change in voltage (∆V ) to change in RIU, we use the following conversion:
∆RIU =

η
× ∆V
S

(13)

where η is the phase shifter efficiency, and S is the waveguide mode sensitivity. Here, we assume that the length
of the sensor arm and the length of the phase shifter are equivalent, therefore a change in effective index from
the sensor or phase shifter arm will produce the same phase shift in the interferometer.
Assuming no variations in the width, height, or doping concentration, the η value will be 2.6x10-6 RIU/V,
and the sensitivity will be 0.177 RIU/RIU, giving a conversion of ∆RIU = 1.47x10-5 ∆V . This implies that if
we measure a voltage shift of 1 V, the refractive index of the cladding has shifted by 1.47x10-5 RIU. However,
height, width, or doping concentration variations will change this conversion. For example, if the sensitivity
shifts to 0.2 RIU/RIU, a 1 V shift will correspond to a 1.3x10-5 RIU shift; however, without the knowledge of
the new sensitivity, it will still be read as 1.47x10-5 RIU. This corresponds to 11% error in the RIU value.
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The combined variations of waveguide width, height, and doping concentration is visualized in Fig. 9. This
figure displays the voltage shift required to track a 0.001 RIU shift in the cladding. Here, we see the voltage
requirements vary quite dramatically, up to 93% across the entire range of variations used in this report. This
93% difference is higher than what we would expect to see in fabricated devices, as the height and width variations
are typically smaller than the range investigated here.
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Figure 9. The phase shifter applied voltage required to track a 0.001 RIU shift in the cladding, as a function of waveguide
sensitivity and phase shifter efficiency.

Nevertheless, this demonstration illustrates the need to characterize each sensor system before using it for
real analyte detection. Without the individual characterization of each sensor, the conversion from volts to
RIU would be made using the nominal conversion, which will lead to inaccuracies in the reported results. The
waveguide sensitivity and phase shifter efficiency values need to be extracted for each sensor device in order to
make the proper conversion.
The phase shifter efficiency could be extracted by scanning the voltage and measuring the voltage requirement
for a 2π phase shift. The corresponding change in effective index can then be calculated using Equation 1. By
dividing the change in effective index by the change in voltage, the phase shifter efficiency can be extracted,
assuming a linear phase shifter response.
The waveguide mode sensitivity is somewhat more difficult to extract, and would require the use of a solution
with a known refractive index. Before being used with real analytes, the sensor should be exposed to the known
solution, and the change in phase can be extracted. Once again, using Equation 1, the change in effective index
can be calculated. By dividing the change in effective index by the known change in refractive index of the
solution, the waveguide sensitivity could be extracted.
Finally, the variations included here are just a few of the possible variations that can occur in such designs.
For a waveguide, there is also possible variations in the sidewall angle of the waveguide, which will also impact the
effective and group indices. For the phase shifter, doping mask position, waveguide height/width, and waveguide
loss are other fabrication variations that could effect the phase shifter efficiency. Further investigations are
necessary to fully characterize all these effects.
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7. CONCLUSION
While silicon photonic sensors show the potential to impact global healthcare, there are still significant manufacturing challenges, which can lead to variability in device performance. In this report, we simulated potential
fabrication variations, and analyzed their effect on the overall design performance. Waveguide mode sensitivity
variations can arise from variations in the waveguide width and height. Furthermore, phase shifter efficiency is
highly dependent on the dopant concentrations, and will also vary if these concentrations fluctuate. When implemented together in a low-cost silicon photonic sensor architecture, these variations can cause false interpretation
of the results from the sensor, up to a 93% difference, using the variations in this report. This 93% difference is
higher than what we would expect to see in fabricated devices, as the height and width variations are typically
smaller than the range investigated here. Nevertheless, fabrication variations do still occur, and the results here
highlight the need for initial calibration steps before using these sensors for analyte detection.
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