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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCE

Optoelectronics Research Centre

SILICON MID-INFRARED WAVEGUIDE-BASED BIO-CHEMICAL SENSORS

by Yanli Qi

The MIR spectral region contains strong absorption bands for many molecules and sub-
stances such as gases, liquids, proteins or drugs. Photonic devices operating in the MIR
can be used, for example, in the treatment of aspirin and paracetamol overdose patients
to identify and measure the concentrations of drugs in the body. The main aim of the
project is to develop the MIR silicon photonic circuits for absorption spectroscopy, to be
able to detect the quality and quantity of samples. By analysing the absorption spectra,
identifiable absorption peaks and troughs at certain wavelengths can give knowledge of
the composition of the sample present and the level of absorption can give information

about the samples concentration.

In the first part of this work, a preliminary demonstration of a silicon-on-insulator
(SOI) device with a microfluidic channel is carried out in which the absorption spectra
of different concentrations of water-IPA solutions are measured at wavelengths between
3.725 pm and 3.888 pum. The devices were used to detect an expected IPA absorption
peak at 3.77 pum, and a concentration as low as 1.5% IPA in water (by volume) was
detected.

The second part of this work aims to reduce the noise floor. A new on-chip liquid
sensor in the mid-infrared wavelength region was demonstrated, which uses Si waveguide
switches and a microfluidic channel to allow for the circuit transmission to be switched
between a reference waveguide and a sensing waveguide faster than fluctuations due to
the noise. The results of this study show that the switch sensor can reduce the noise
floor by a factor of 11 compared to a simple waveguide absorption sensor, which would
ultimately allow the switch sensor to measure lower concentrations of a target analyte,
and to reach a lower limit of detection. In future work, different methods of achieving

longer wavelength (7-10 pm) sensing are discussed, with the current progress outlined.
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Chapter 1

Introduction

A biochemical sensor is a system that can decipher biological or chemical information
through the use of an external stimulus. This can take the form of an electrical or
optical signal and then be measured to obtain quantitative data which can be analysed
to learn interesting features about the sample [1] [2][3][4]. Biosensors can detect chemical
elements that are related to the environment and humans [5]. Currently, there are
many techniques addressing biochemical sensing such as electrochemical and optical

techniques.

Electrochemical biosensors are devices which can use electrical parameters such as volt-
age, current or resistance as a stimulus to detect pH value, glucose concentrations or
gas in an environment. As an example, a modern version of glucose sensor which works
by measuring current can be seen in figure 1.1. It was able to continuously perform
glucose monitoring. The device consists of a reference electrode, a working electrode,
a selectively permeable membrane for glucose and Oy to measure the concentration of
glucose [6]. The principle of this device is to use GOx (Glucose oxidase) as a catalyst to
help the glucose and Oy perform a reaction and generate hydrogen peroxide (H202) in
a selectively permeable membrane as equation 1.1 shows. The equation 1.2 shows that
then HoOy breaks down at the electrode to produce electrons, which forms a current
that can be measured [7]. Comparing this to the reference electrode, the current change

between the electrodes is related to the glucose concentrations.

Glucose + O9 L9, Gluconic acid + Hy09 (1.1)
Hy0y 799, 0y 4 21 4 2¢~ (1.2)

There are various benefits of electrochemical biosensors such as their ability to work
well at low currents, meaning such devices can be portable due to lower power usage,

and even be battery powered [8]. However, they have a few shortcomings. Due to the
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Reference
electrode(Ag/AgCl)

Substrate
— (polymer)

\

Selective permeability
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(for Glucose and 0,) ~ Working

electrode
(Gox and
Platinum)

Figure 1.1: The diagram of an amperometric glucose sensor as a kind of electro-
chemical biosensor using electrodes to measure glucose concentrations through
measured current [6].

mechanism by which they work, it takes a long time (potentially 5-20 minutes [6]) to
produce a stable current, which can be used to give the final reading of the device. It
was reported that for such a device, the mechanical drift of the different components of

the electrochemical sensing affects the sensitivity of the measurement [9].

Optical biosensors are able to identify these analytes qualitatively and quantitatively
[9]. Optical sensors use light as a signal source, and measure a change such as the
absorption of the sample, or the phase shift of the light wave whilst propagating through
the medium. It can be used for detection in a variety of applications, such as gas sensing,

glucose sensing, chemical liquid sensing and therapeutic drug dose measurement.

Optical sensors are known to produce extremely quick response times, with some exper-
iments producing results in the sub 1 second region. They also benefit from minimal
drift, are able to detect separate gases efficiently and some have even been observed to
detect with ppq (part per quadrillion) capabilities [10]. These factors allow for quick
and reliable results. Compared to optical biosensors, electrochemical biosensors need a
stable pH environment [11], and are easily affected by external features such as tempera-
ture, voltage and stress [2]. Optical biosensors offer a highly sensitive, rapid, potentially
low-cost and non-destructive alternative. Currently, they are more frequently used in
research because in the mid-infrared wavelength range they work at the technology of
the laser, the waveguide, and the detector are not developed maturely enough to be in-
tegrated into a small package. After solving this issue, optical sensors have the potential

to be able to be made commercially.

1.1 Optical sensors

Optical sensors are based on the interaction between light and a sample, such as ab-
sorption effects [12], refractive index changes, and signals from characteristic Raman

scattering [13]. Raman spectroscopy is usually used to detect the vibration mode of
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molecules, but Raman scattering is extremely weak in the MIR wavelength region [14].
Raman spectroscopy is a really useful tool for the interrogation of samples, however, it
requires expensive equipment, and is not easily maneuvered. The refractive index spec-
troscopy is a technique measuring the refractive index of the sample, while absorption
spectroscopy is used to measure the absorption of a sample. For biochemical sensing,
absorption spectroscopy can provide the absorption spectrum to identify what is present

and can also measure the concentration of the analyte.

1.2 MIR absorption spectroscopy

Absorption spectroscopy in the mid-infrared (MIR) wavelength region has a variety of
potential applications [15] including atmospheric monitoring [16], detection of chemicals
and explosives [17], human breath analysis [18], non-invasive glucose monitoring [19],
and plant and crop science [20]. Absorption spectroscopy can provide unique spectra to
identify substances present in a sample and can also measure their concentrations [21],
based on the Beer-Lambert Law [22].

MIR absorption spectroscopy is based on the fact that different molecules have well
characterised absorption peaks in the MIR wavelength region (2.5 ym to 20 pum). The
MIR spectral region contains strong absorption bands for many molecules (see figure
1.2). Making use of existing experimental set ups, this project will focus on the 3.725-
3.888 um and 6-10 pm wavelength range. The limitations of absorption spectroscopy
are that absorption spectroscopy is affected by the light source’s spectral range, the
absorption of other materials during measuring (waveguide platforms, claddings), and

the photodetector wavelength range.

MIR absorption spectroscopy sensing could be used in the treatment of drug (Aspirin,
Cocaine) overdose patients to identify the drug and measure its concentration, as well
as therapeutic drug monitoring. Usually, in hospitals, a sample needs be taken from
the body and sent to a lab for analysis. In some cases this procedure requires a long
time for measurements and needs professionals to operate the tools. In addition, current
measurement apparatuses are bulky and not convenient for moving to a place of need.
MIR spectroscopy can also be used for gas sensing (e.g. C'Hy), and in food safety diag-
nostics (acetic acid, mycotoxin). MIR absorption spectroscopy is important for clinical

treatment and environmental monitoring, which can improve the quality of human life.
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Figure 1.2: The transmission windows and some of the applications within the
MIR region [15].

1.3 Enhanced waveguide MIR absorption spectroscopy in

silicon photonics

On-chip waveguides which work through the mechanism of MIR absorption spectroscopy,
are able to achieve the requirements highlighted in section 1.2, such as the production of
unique spectra for the identification of analytes within a mixture. Moreover it also could
significantly minimise dimensions, reduce the costs of manufacture and could also enable
non specialists to operate diagnostic tools [23]. A future can be envisaged whereby such
waveguides are integrated with other devices such as smart phones or watches, allowing

for quick and easy diagnosis.

The performance of MIR absorption spectroscopy using waveguides is dependent on the
waveguide platform used. Waveguide platforms should have wide transmissions in the
MIR wavelength region, the material should be mechanically and chemically stable in
contact with a sample, and should also have an easily deposited cladding layer which
could be used for bonding microfluidic channels and opening different interaction lengths.
Silicon photonic waveguides can have low loss in the MIR and can be fabricated using
mature fabrication processes that result in high yield, small footprint and cost, and
potential for photonic-electronic integration. These features can improve the possibility

of realising sensors with small size and high sensitivity.
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Microfluidic channels have been widely used to guide and deliver analyte samples to a
sensing area and for more controllable interaction lengths in sensing measurements. They
can also be used to avoid the evaporation of the liquid sample and make measurements
repeatable. The most widely used material for microfluidic channels is Polydimethyl-
siloxane (PDMS), because it can be easily moulded and made using mature fabrication

processes.

1.4 Project objectives

The principle of this project is based on the Beer-Lambert law [24], which is that the
absorption of molecules at a specific wavelength can cause the attenuation of light. This
research work aims to develop a device to measure mid-infrared absorption spectra of
analytes, which can be used to detect the presence of a particular substance in the sam-
ple and can also quantify its concentration. The main aims of this project are to measure
the spectra and concentrations of samples to realise highly sensitive, repeatable optical
devices based on waveguides, working at the MIR wavelength range. Single analyte
solutions are used for testing, meaning selectivity of the analyte is not considered in the

scope of these works. This will be done by completing the following:

1. Integration of waveguides with microfluidic channels.

2. Finding proper claddings for different wavelength ranges; the claddings will protect

the waveguide surface and will be also used for bonding of microfluidic channels.

3. Demonstration of chemical sensing for the realised integrated devices, using IPA as

an example analyte.

4. Improvement of the signal to noise ratio by adding switches into the photonic circuit.

1.5 Thesis outline

This work will describe the integration of mid-infrared (MIR) silicon photonics with
PDMS microfluidics to perform absorption spectroscopy of analytes. There are six
chapters in this thesis: (1) introduction, (2) background, (3) silicon waveguides inte-
grated with microfluidics for TPA sensor, (4) integrated switching circuit for low-noise
self-referenced mid-infrared absorption sensing using silicon waveguides, (5) suspended
Si with sub-wavelength waveguide and Ge-on-Si waveguide for sensing, (6) conclusions

and future work.
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Chapter 2 describes the background of MIR absorption spectroscopy, which includes
methodologies and principles. Different spectroscopy methods such as on-chip spec-
troscopy and Fourier Transform Infrared (FTIR) spectroscopy are discussed, followed
by the introduction of several MIR platforms. These include both shorter (up to 4 pm)
and longer (7-10 pm) wavelength ranges, such as SOI, Ge-on-Si and suspended waveg-
uides. The theory behind the usage of a thermo-optical switch is also introduced, with
the methods by which it could be integrated into a sensing device outlined. MIR ab-
sorption spectra of water, IPA, paracetamol and aspirin are also presented at the end of

this chapter.

Chapter 3 presents experimental work on silicon waveguides integrated with microflu-
idics for mid-infrared evanescent absorption spectroscopy, at the short wavelength range
(3.725-3.888 pm). For this wavelength range, the 500 nm SOI waveguide was simulated,
fabricated and characterised, and used to measure the absorption of IPA and water
solutions. The spectra of measured water-IPA solutions of different concentrations are

plotted and discussed.

Chapter 4 develops on the work in chapter 3. Switches are integrated with the waveguide
to make a circuit that can improve the sensitivity of detection of IPA in water. In this
chapter, the theory of how the circuit operates is presented, and the device design,

fabrication, experimental setup, and experimental results are also shown.

For the longer wavelength region (7-10 pm), the suspended Si and Ge-on-Si waveguides
are described in chapter 5. The discussion on the waveguides, which includes simulation,

mask design and the fabrication, is given.

As the last chapter, chapter 6 gives a summary of the experimental work and also

describes future plans for improving performance of the devices presented.
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Background

Absorption spectroscopy sensing takes advantage of different molecules having different
absorption peaks at different wavelengths. The molecule consists of atoms and bonds,
and the bonds are used to connect the atoms. When the bonds are excited by infrared
light which has the same frequency as the bond’s vibrational frequency, the light will be
absorbed, and the molecule will be excited from ground energy state to a higher energy
state (excited state) as shown in figure 2.1 [25][26]. The absorbed energy transfers to
vibrational energy when the light is in the mid-infrared wavelength range [27]. When the
light is in the far-infrared wavelength range, the absorbed light energy will become rota-
tional energy [28]. For the near-infrared wavelength range, emissions from ro-vibrational
spectroscopy of overtone and combination bands are measured. These arise from the

fundamental absorption resonances present in the MIR [29].

A -

Excited states

AE

Vibrational state energy

Ground state

Figure 2.1: The absorption energy A E causes the molecule transfer from a
ground state to a vibrational excited state [25].
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2.1 Methodology of MIR absorption spectroscopy

Three well known methods of MIR absorption spectroscopy will be presented: Fourier-
Transform infrared spectroscopy, QCL (Quantum Cascade Laser) absorption spectroscopy

and on-chip (waveguide-enhanced) absorption spectroscopy.

2.1.1 Fourier-transform infrared spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a technique for measuring IR spectra
of solids, gases and liquids, and to identify chemical samples via absorption. The basic
components of an FTIR are a broadband light source and a Michelson interferometer

with a moving mirror.

As figure 2.2 shows, the method of obtaining a spectrum with FTIR is that when light
from a broadband source goes through the beam-splitter, a part of the light is reflected
to a fixed mirror (beam A), and a part (beam B) is transmitted to a movable mirror.
Then the reflected light from the fixed mirror and movable mirror are recombined at a

beam-splitter, and the result reaches a detector.

The distance between the fixed mirror and beam-splitter is constant, while the distance
between the movable mirror and beam-splitter is changing, and this condition results
in constructive and destructive interference for different wavelengths. The molecules
of the sample will absorb specific wavelengths, causing the detected signal to contain
characteristic absorption bands. The results from the detector are processed using a

Fourier Transform.

Fixed Mirror Extreme mirror

- =

Beam-

splitter Sample Cell

To Sample and
Datactor

Figure 2.2: The basic schematic block of Michelson interferometer in FTIR [30].
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Figure 2.3: Agilent Cary 600 series FTIR Spectrometer operating from near-IR
to far-IR [31].

The advantages of the FTIR technique are that it is label-free meaning that it causes
no damage to the sample, and it is a quite mature technology [32]. The light source
normally used are lamps which are not expensive and can generate a wide range of
wavelengths. For example, a tungsten-halogen lamp is used for shorter wavelengths
[33]. For longer wavelength ranges, the lamp used is typically a mercury lamp [34]. An
example of a commercial FTIR device is shown in figure 2.3. A limitation of FTIR is
that the sample usually requires some surface treatment to ensure good transmission
qualities. This can be countered with the use of ATR-FTIR which uses a crystal as
a base, and instead measures reflectance. This allows for liquid samples to be easily
tested. However, if the refractive index of the sample is larger than that of the crystal,

the measured IR intensity is too low [35].

2.1.2 Tunable QCL mid-infrared chem/bio sensors

Tunable QCL MIR chem/bio sensors are normally based on only using an open path
‘QCL - detector’ configuration. For the QCL-detector system, a QCL is used as a light
source, which lets the light interact with the sample (gas or liquid). After the light is
absorbed by the sample, at the end, the detector or power meter will collect the rest of
the light. Normally, a beam splitter will be used to split light into two parts. One part
goes through the analyte, and it is then collected by PD1 (photodetector 1). Another
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part goes to a reference detector (photodetector 2) to check the stability of the optical
signal (figure 2.4).

Beam splitter

Light

QCL » Analyte |=—| PD1

v

Reference light

PD2

Figure 2.4: QCL-detector sensor with a reference photodetector (PD 2).

For example in [36], an open path system with QCL and detector was used to measure
the concentration of ozone and other gases at the 9.3 - 9.81 um wavelength range. The

open path was an interaction length, which for the O3 gas measurement was 76 m.

Figure 2.5 shows the QCL open path system structure with a QCL as a light source
(9.3 - 9.8 pm, Daylight Solutions Inc.). Firstly the light was split into two parts: a few
percentages of light reached the yellow coloured detector at the top of the figure (a liquid-
nitrogen-cooled detector), which was used to monitor the stability of the QCL source
as a reference detector. Most of the light was transmitted to a beam expander that can
make the beam diameter 10 times bigger which can reduce the beam divergence and
enables longer path lengths. Then the light goes though the open path via an elliptical
flat mirror and is reflected by a corner-cube mirror. The output light was directed onto
a retroreflector placed a distance of 76m from the laser source for O3 measurements,
propagating through air. During the open path propagation, the light interacted with
the gas. The reflected light was received by a telescope and another elliptical flat mirror,
and finally collected at the red coloured detector (a thermoelectrically cooled mercury
cadmium telluride (MCT) detector). A diode laser was used to align the QCL beam.
The O3 absorption spectrum measurements took 8 minutes to collect sufficient data,
limited by the capabilities of the computer controller. The total experiment ran for 10
weeks and was continually running for 24 hours per day highlighting the stability of the

laser source.

Ozone levels in Beijing were measured at room temperature, in the 0-150 ppbv (parts
per billion by volume) range. As figure 2.6 shows, the O3 concentration data were
recorded for five days by the QCL open path system and an unnamed commercial sensing
instrument [36]. During this monitoring, the QCL sensing system measured peaks of Os
concentrations agreed well with the data from the commercial sensing instrument which

proved the QCL sensing was reliable and repeatable.
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Figure 2.5: The quantum cascade laser open-path system for measuring trace
gases in free space [36].
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Figure 2.6: The concentration spectra of O3 measured over five days using a
QCL open path system (QCLOPS) and a commercial instrument [36].

Compared to FTIR, the advantages of QCL sensors are easily changing path length, and
repeatability for air quality measurement. However, to reliably measure low concentra-
tions, the QCL laser sensor requires a long open path (76 m for O3 in this case), which
results in large dimensions of the whole system and larger noise. Realistically, for liquid
samples, a much shorter path length is needed due to the differences in particle density
of liquids and gases. There is also the limitation that the large path length would not be

easily feasible for liquid samples. Instead, other mechanisms that are able to maintain a
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large path length, but a small total size should be considered. One such technique could
be to use a spiral waveguide to replace the open path. This will give the device a small
footprint as the dimensions of the system can be reduced. By using a waveguide device,
the light is confined mainly to the waveguide with a small percentage interaction with
the sample. However, it benefits from ease of alignment, and more control of the guided

light. It would therefore be expected to have less noise.

2.1.3 Figures of merit for sensing devices

In the evaluation of the quality of sensing devices, there are a few key figures of merit to
take into account. Foremost of these is the limit of detection (LOD), which essentially
tells us the lowest sensitivity that a sensing device is able to detect between an analyte
and a host solvent. A high quality device can usually be described as having a low
LOD, or high sensitivity. One method to achieve this is for the device to have a low
loss. Here, loss is described as the difference in the output and input power of such a
device. In most photonic circuits, loss is seen as a negative aspect, as essentially power
is lost. However, in sensing devices there must be the consideration that loss occurs due
to interaction with the sample. So ideally a small amount of loss is needed (to ensure we
have sample interaction), but not too much as this would greatly diminish the quality
of the results. A further figure of merit to consider is the signal to noise ratio. When
observing the transmission change when the analyte is introduced to the system, the
noise of the spectra can sometimes hide intensity drops. It is therefore key to minimise
the noise in the system, and have a low signal to noise ratio. In real world applications,
measurements may need to be taken quickly, so recording the time taken for sensing is

another key point of evaluation in such devices.

Other aspects of the device must also be considered for ensuring the device is up to
standard for real world applications. These are more qualitative measurements. Factors
such as the repeatability of measurements, the controllability of the liquid analyte and
the ability to clean devices are worth considering. These figures of merit will be further

discussed in the literature, and be evaluated in device created in this project.

2.1.4 On chip MIR absorption spectroscopy with tunable lasers

A tunable QCL mid-infrared sensor can use a waveguide to guide light and a sample/an-
alyte is placed on the surface of the waveguide and the basic configuration of it is ‘QCL -
waveguide - detector’. The principle of this sensor is usually based on absorption effects
of the sample on the evanescent field [37] of the optical mode in the waveguide [23]. The
evanescent power determines the absorption effects with the chemical material and also

influences the interaction with the waveguide cladding layer (figure 2.7). As is known
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Figure 2.7: Evanescent field waveguide absorption sensing in the MIR [38].

that in the MIR region, different samples absorb at different wavelengths. The Beer-
Lambert law can describe this relationship between the concentration of the chemical

sample and optical signal power received by the detector [24]:

P = Pyexp(—nmeCL — apropL) (2.1)

where P is the optical signal power, the input power is Py, n (%) is the evanescent
power factor and ¢ is the molar absorption (Lmol~tem™!). C and L stand for the
concentration (mol/L) and optical path length (cm) respectively, and aprop (cm™1) is
the intrinsic optical propagation loss from the waveguide. The increase of attenuation
of the signal power is associated with higher concentration of the chemical substance
and evanescent power factor n (%). The evanescent power factor n (%) is given by the

following equation [39]:
_ Psup

= 2.2
P, total ( )

where Py, is the optical power in the superstrate media [39], and Pie is the total

guided optical power.

In this project, focus is placed on measuring concentrations (C') of samples whilst using
different optical path lengths (L). Theoretically, the longer optical path lengths can de-
tect lower concentrations of samples, however they introduce larger optical propagation
loss from the waveguides (cprop (cm™1)). Table 2.1 discusses the expected impact of

tuning various parameters in sensors design.

A discussion of previously reported research work will now be shown. Figure 2.8 [23]
shows a germanium-on-silicon nitride waveguide that was used with a tunable QCL

and a bonded fluidic channel to measure the concentration of IPA (analyte) in acetone
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Change to Device Performance

Optical path (L) If the optical path is larger, the sensitivity of the device will be higher.
A longer optical path means more analyte can interact with light, leading to an
increase in absorption from the analyte.

Waveguide loss (@rop ) If the waveguide loss is smaller, the sensitivity will be better.
At constant input light power, if the waveguide loss is small, then light will be
able to achieve a longer optical path. As above, a longer optical path will
produce a larger absorption of the analyte, leading to better sensing ability.

Evanescent power factor (n) If the evanescent power factor is larger, the sensitivity will be higher.
It means more light can interact with analyte. However, if this factor is too large,
the mode will be poorly guided in the waveguide, meaning it will be hard to
obtain high quality results.

Wavelength (A) If the wavelength changes, the selectivity of the sensing will be affected.
Different analytes have different absorption peaks, so ensuring the wavelength is
correct for the chosen sample is key.

Table 2.1: Summary of the expected impact of tuning various parameters in
sensor design.

(solvent). The lowest concentration of IPA in acetone was 5% and the authors also
measured the IPA and acetone absorption spectra. The limitation of the device is the
noise floor of the system, with a theoretical limit of 4.5% due to the signal to noise
ratio. Also, the minimum concentration measured is quite large, taking into account
that acetone does not have very large absorption at this wavelength (~ 3.8 pm). In
addition, considering the dimensions of the sensing chip, the spiral waveguide can be
used to reduce the footprint and increase the interaction length (see figure 2.8). The
total length of the 260 x 260 pm sensing area was 4.02 mm and it is smaller than the
length of FTIR and QCL free space sensors. The loss of the waveguide was 7.86 dB/cm
which is not ideal [40] (the effect of the waveguide loss and an ideal value of this loss

will presented in section 2.2.1).

Another research work [41] also presented an IPA spectrum at 2.6 to 3.7 um, with ZnSe
(zinc selenide) on silicon waveguides (figure 2.9). The authors did not choose a fluidic
channel, but used a filter paper instead. The spectra were slightly different than the
theoretical ones and they also detected the lowest concentration of IPA in water of 20%.
The interaction length was 3 mm which was shorter than the length reported in [23].
It is possible that a microfluidic channel could have helped to improve the accuracy,
because it can reduce the evaporation of the IPA. Also the filter paper had a thickness
of 3 mm, but the glass thickness was 6 mm, so it was unclear that the interaction length
was exactly 3 mm. Using a cladding region to open a sensing window should reduce the

error in the interaction length.

On chip tunable QCL MIR absorption spectroscopy sensing can result in more con-

trollable sensing. However, the FTIR uses a broad band light source and can achieve
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Figure 2.8: The top view of the spiral waveguide on Ge-on-SiN platform for
mid-TR sensing applications [23].
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Figure 2.9: (a) Illustration of the waveguide assembly. (b) Transmission spectra
of pure IPA with experimental and theoretical results [41]
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larger spectral range. On the other hand, considering the size of the sensor, FTIR sys-
tems are larger than on chip MIR absorption spectroscopy devices meaning they are less

applicable to on demand testing of samples.

Another advantage of the on-chip absorption spectroscopy sensor is a controllable mode
profile. Because the evanescent field is dependent on the dimensions of the waveguide,

sensitivity and other sensing parameters are controllable.

2.2 Mid-infrared platforms for on chip absorption spec-

troscopy

2.2.1 Group IV materials for MIR

As was mentioned in the previous section, the waveguide loss is related to sensing per-
formance, because lower loss of a waveguide means a higher signal can be delivered to
a detector. The waveguide loss is dependent on the waveguide material and geometry.
The most attractive material platform in group IV photonics in the near-infrared (NIR)
is silicon-on insulator (SOI), but silicon dioxide has high absorption beyond 4 pm and
Si has high absorption for A > 8um (see figure 2.10) [40]. That is why for short MIR
wavelengths the SOI platform can still be used, but for longer wavelengths in the MIR
alternative materials are needed [42], such as suspended Si where the lossy oxide has

been removed, or Ge-on-Si.

Recently, the properties of group IV devices based on Ge-on-Si (germanium-on-silicon)
platforms have been investigated, due to its performance qualities such as excellent

transmission, high refractive index contrast, and low cost.

In this section, SOI waveguides, Ge-on-Si (GOS) waveguides and suspended Si waveg-
uides will be outlined from material, structure, operating wavelength and performance

points of view.

Germanium tin alloy - |
Germanium - -

siicon [l 00 ]
sicondionde [ [
Sapphire | ]

1 2 3 4 5 & 7 8 9 10 n 12 13 14
Wavelength (pm)

Figure 2.10: Infrared wavelength ranges over which waveguide propagation loss
is less than 2 dB/cm. The light areas present optical transparency, the dark
areas signify high loss [40].
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2.2.1.1 Group IV waveguides operating at short MIR wavelengths

For short MIR wavelengths (up to 4 um), strip, rib SOI, and slot waveguides, 3000
nm thick Ge-on-Si rib waveguides and 850 nm thick Ge-on-SOI waveguide have been

reported.

Rib SOI waveguides at 3770 nm

A 400 nm rib SOI waveguide was designed with 220 nm etch depth, the width was 1.35
pm, and it operated at a wavelength of 3.77 um in a single mode. The propagation
loss was 1.46 £+ 0.2 dB/cm which is acceptable. The fabrication process involved e-
beam lithography with ZEP-520A and dry etching with an Oxford Instruments ICP
(Inductively Coupled Plasma Etching) 380 plasma tool [43].

The benefit of low propagation loss waveguides is that they can be used with long path
lengths for sensing. However they still suffer from loss, hence further improvements need
to be made. One option is to remove the silica, to make the rib waveguide as a suspended
waveguide that can reduce the propagation loss (as the silica has high absorption in MIR
range). However, this additional fabrication step to remove the silica can weaken the

structure of the waveguide meaning it can be fragile to work with.

The other option is to reduce the interaction of light with the side walls which can have
high surface roughness. To do this, we can decrease the etch depth. However, this
will increase the bend loss, as the mode will become less confined particularly in bends.
Therefore, for a device that is a straight waveguide, choosing a shallow etch will be the

best configuration to fabricate.

Strip SOI waveguides at 3770 nm

A 500 nm strip SOI waveguides was also demonstrated as well as a library of passive
devices operating at 3.77 pm. They were fabricated with the same fabrication steps as
the 400 nm SOI waveguides. The loss was similar, at 1.28 4+ 0.65 dB/cm. The waveguide
width was 1.3 pm so slightly narrower than the 400 nm rib SOI waveguides [44]. Since
the 500nm SOI strip waveguide is larger than the 400 nm rib waveguide, the mode was
more confined in the core resulting in slightly lower propagation loss. This can however,

also reduce the sensitivity of a sensor based on evanescent wave absorption.

Slot waveguides at 3800 nm

For a SOI (Silicon on insulator) slot waveguide, there is a slight distance between the
two Si tracks which is named the gap (figure 2.11). The optical mode can be confined in
the air gap [45], and SOI slot waveguides can improve the sensitivity as the electric field
amplitude in the gap can be increased up to 50 times, compared to the evanescent-wave
sensing (figure 2.11) [46]. A slot waveguide was designed as a 2D waveguide with a
height of 500 nm, width of 1300 nm, and gap of 78 nm in the middle. The propagation
loss at 3.8 um was quite low (1.4 £ 0.2 dB/cm) and the loss of transition from strip
to slot waveguides was only 0.09 £+ 0.01 dB/transition [47]. The main problem of this
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structure is the very high electric field confinement in the slot, which then has a high

overlap with any roughness of the Si surface in the slot. The propagation loss of the

waveguides can therefore be easily affected.

Air .

Silica
Gap

Figure 2.11: Simulated mode profile in a slot SOI waveguide at A = 3.8 pum [47].

Since silica has high absorption in the MIR range, ideally, removing the silica can reduce
the propagation loss. However, etching errors of the middle gap and the roughness of
the side wall contribute to high loss. Shallow etching or a wider waveguide design can
reduce the propagation loss, but they will reduce the interaction of light with the analyte
as well. These elements need to be considered for sensing applications, the propagation

loss and light interaction should be balanced.

Ge-on-Si waveguides

A Ge-on-Si rib waveguide (see figure 2.12) was designed for a single mode operation
at 3.8 um wavelength with a low propagation loss of only 0.6 dB/cm. The dimensions
of this waveguide were: height = 2.9 pym, width = 2.7 ym and etch depth = 1.7 ym
[42]. The main reason for low loss operation of this rib waveguide is that the mode
is well confined in Ge and consequently there is less interaction between the mode and
threading dislocations at the Ge-Si interface, which act as scattering centres. Also, there
is less interaction with the side wall roughness. The fabrication again involved e-beam

lithography and ICP etching.

Recently, the improvement of strip waveguides was presented, the Ge-on-SOI platform
was chosen to be the platform with 0.85 pym thick Ge, with a width of 6 um, at a
wavelength of 3.682 pum. The propagation loss was about 10 dB/cm [48]. Compared
to the Ge-on-Si rib waveguide at 3.8 pm, the propagation loss of these Ge-on-SOI strip

waveguides are larger due to larger mode interaction with the side walls.

Summary of Group IV waveguides operating at short MIR wavelengths

A summary of the waveguides discussed in this section are shown in table 2.2.
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Figure 2.12: Simulated TE mode profile in the Ge-on-Si waveguide at A = 3.8
pum [42].

Rib SOI waveguides 1.46+0.2 3.77 um 1.35 um 220 nm 400 nm [43]

Strip SOl waveguides 1.28+0.65 3.77 um 1.3 um 500 nm 500 nm [44]
Slot SOl waveguides  1.4+0.2 3.8 um Width of 500 nm 500 nm [45]
1300 nm/
78 nm (gap)
Rib Ge-on-Si 0.6 3.8 um 2.7 um 1.7 um 2.9 um [42]
waveguides
Strip Ge-on-SOlI 10 3.682 um 6 um 0.85 um 0.85 um [48]
waveguides

Table 2.2: Summary of group IV waveguides operating at short wavelengths.

2.2.1.2 Group IV waveguides for longer wavelengths

For long MIR wavelengths there are two group IV platforms to choose from: Ge-on-Si
and suspended Si [49]. This section will introduce 2 pm thick and 3 pm thick Ge-on-Si
waveguides, 11 pm thick Ge-rich graded SiGe waveguide, and 1.4 pum thick suspended

Si with sub-wavelength grating claddings for operation at wavelengths >4 pm.

2000 nm Ge-on-Si waveguide at 5.8 ym

The first Ge-on-Si waveguides were reported by Herzig’s group from EPFL. These were
strip Ge-on-Si waveguides optimized for TM polarisation at a wavelength of 5.8 pm. The
propagation loss was 2.5 dB/cm [50]. As figure 2.13 shows, this strip waveguide consists
of three main parts: coupling taper (500 um long), funnelling part (350 ym long) and a
straight section. The dimensions of this waveguide were: thickness 2 um and width 2.9
pm [50].

After this design, a group in Glasgow presented a Ge-on-Si waveguides at 5.8 um, with
the loss at about 2 dB/cm [51].
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Figure 2.13: Scanning Electron Microscope (SEM) image of a strip GOS waveg-
uide operating at A = 5.8 um [50].

Ge-on-Si rib waveguides at wavelengths up to 8.5 ym

Ge-on-Si (GOS) waveguides were also characterised at a wavelength range of 7.5-8.5 pym,
the minimum propagation loss of the GOS waveguide was 2.5 dB/cm at 7.575 um [52].
The dimensions of this waveguide were: 3 pum thick Ge layer, 4.3 pm width, 1.5 pm
etch depth. The process of fabrication was the same as previously for the 3 pm GOS
waveguide operating at 3.8 um, but required a dicing (lapping and polishing) process,
because the input was butt-coupled and the output was grating coupled. Figure 2.14
shows the diced waveguide cross-section. Compared to the 3 um GOS waveguide at
3.8 pm, this rib was wider, which can be expected since the mode size scales with
wavelength. With the increasing of the wavelength, a larger mode is produced, which

needs a larger core [52].
Ge-rich graded SiGe rib waveguides at wavelengths up to 11 ym

A graded SiGe platform operating at a higher wavelength range which is between 5 pm
to 11 pm is demonstrated in [53]. Figure 2.15 shows the schematic of such a waveguide,
with a width of the graded SiGe rib waveguide being 6.2 um, and the etching height H
being 6.1 pym which includes a 2 um thick Sig2Geg g layer.

As figure 2.16 shows, at this wavelength range, below 8 yum the loss is less than 1.2
dB/cm; between a wavelength range of 9.5 to 11.2 um, the loss is below 3 dB/cm; the
loss is slightly high when the wavelength is between 8 to 9.5 pm but is still less 4.6
dB/cm. In the wavelength range of 5.1-8um, the loss mainly comes from the roughness
of the sidewall of the rib waveguide and free carrier absorption of residual dopants.
Between 8.1 - 11um wavelength range, the loss occurs due to absorption from the silicon

substrate, sidewall roughness, and free carrier absorption of residual dopants. However,
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Figure 2.14: SEM image of a 3 pm rib GOS waveguide cross-section after dicing
[52].

W=6.2um

Silicon

Figure 2.15: Rich-Ge graded rib waveguide’s dimensions with 6.1 ym etch depth
and 6.2 pm width, this waveguide operates at a 5 ym to 11 pm wavelength range
[53].

the loss between 9.1-9.3 pum is predominantly because of the absorption of Os. During
the deposition of rich Ge graded SiGe layer on substrate Si platform, the deposition
process includes Oy gas resulting in Si-O-Si bonds being created during the deposition

process, which absorbs light.

This waveguide is able to operate at a longer wavelength range which is up to 11 pm with
low loss. This means that the device will be good for sensing more analytes which have
absorption peaks at longer wavelengths. However, this design requires one complicated

deposition process for the Sig2Gegs layer [54].
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Figure 2.16: The propagation loss of a graded SiGe waveguide, the green line
shows the loss of free carrier absorption, the violet line shows the loss due to
roughness of the sidewalls, and the total loss of these factors are plotted with a
black line. The propagation loss from TM and TE are seen as the red and blue
curve [53].

Suspended Si waveguide with a sub-wavelength grating cladding operating
at 7600 nm

Another option at longer wavelengths is to use suspended waveguides to remove the high
loss of silica. A suspended Si waveguide with a sub-wavelength grating cladding was re-
alised from the SOI platform by opening holes in the top Si layer, and subsequently
removing the silica layer. As figure 2.17 shows, the grating period (A) in top view is
smaller than the wavelength, such that there is no scattering of light propagating in the
waveguide core. Such waveguides have been recently demonstrated with a propagation
loss of 3.1£0.3 dB/cm at 7.67 um wavelength. The dimensions of the suspended waveg-
uide were (see figure 2.17): width of core Wepre = 2.9 um, cladding width W,q = 3
pm which limits the leakage to the lateral silicon region, silicon thickness tg; = 1.4 um,

buried oxide layer thickness tpox = 3 pum, Lpoe = 900 nm, Lg; = 250 nm [55].

Core_Si

z ’
FRONT VIEW - TOP VIEW OF A

SEM IMAGE

Figure 2.17: Suspended Si waveguide with sub-wavelength grating cladding
(front and top view) [55].
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Compared to the GOS platform, it is also able to achieve higher sensitivity in the
detection of analytes, because the Ge-on-Si waveguide air interface has a higher index
contrast (Ge/air) than the suspended Si waveguides (Si/air), which results in Ge-on-Si
waveguides having smaller mode overlap with an analyte [55]. The suspended waveguide
can offer two side evanescent fields, thus increasing the mode overlap with an sample.
However, suspended SOI waveguides need two etching steps, which are the opening of
holes on the top Si layer and removing the silica underneath as seen in figure 2.17. This

means it has a more complex fabrication process.

Summary of Group IV waveguides for longer wavelengths

A summary of the waveguides discussed in this section are shown in table 2.3.

Waveguide Propagation | Operating Width of Thickness of | Reference
loss (dB/cm) wavelength | waveguide waveguide

Strip Ge-on-Si 5.8 um 2.9 um 2 um [50]

waveguides

Rib Ge-on-Si 2.5 7.575 um 4.3 um 1.5 um 3 um [52]

waveguides

Ge-rich graded <1.2 <8 um 6.2 um 6.1 um 13 um [53]

SiGe rib

waveguides <46 8-9.5 um 6.2 Um 6.1 um 13 um [53]
<3 9.5-11.2um 6.2um 6.1 um 13 um [53]

Suspended Si 3.1+0.3 7.67 um See figure  See figure 1.4 um [55]

waveguide 2.17 2.17

Table 2.3: Summary of group IV waveguides operating at longer wavelengths.

2.3 Mid-Infrared silicon-on-insulator thermo-optic waveg-

uide switch for sensing

With the technological advancements of SOI waveguides and integrated optics, different
types of SOI thermo-optic waveguide switches have been produced. Based on MIR
silicon photonics materials, SOI and StOy platforms will be discussed, as they are a
key component to the work completed in this thesis. Furthermore, a background on
Multi-Mode Interference (MMI) and Mach-Zehnder (MZI) switches will be introduced.
Some typical performance metrics for the MZI and MMI optical switches will also be
described.

The principle working mechanisms of a thermo-optic waveguide switch centres on the
ability of a waveguide to guide light and the use of a heater to change the effective index
of the platform. This then leads to a change in the phase of the light, through a process
known as the thermo-optic effect [56]. The thermo-optic effect refers to the change of
the real part of the refractive index With temperature, with the rate of change being

named the thermo-optic coefficient (— ) [57].

dr
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Taking silicon as an example, the phase change of the light A ¢ is relative to the change
of Si refractive index A n by the thermo-optic effect as shown in equation 2.3, where A
is the wavelength, and L is the length of the heated area [58].

_27TAnL
N A

If the phase change A ¢ of light is 7, ie destructive interference occurs, then the change

(2.3)

of temperature A T' can be found by equation 2.4:

dn._| A
My-1 24 (2.4)

T = ("
AT=0Gp) o

2.3.1 Thermo-optic analysis of silicon and silica in the MIR region

Silicon and Si0O; (silica) have been already successful demonstrated experimentally as
suitable photonic materials for integrated photonic circuits [59][60]. Silicon is a good

choice as a waveguide material.

Si0- has a stable and low thermo-optic coefficient. As figure 2.18 shows, at 23.5°C, the

d
thermo-optic coefficient (%) of Si03 is 0.5x 107 C~1 | 0.3x 107° C~! and close to
zero at a wavelength of 2.73 pum, 3.05 pum, and 3.37 pm respectively [61].
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Figure 2.18: Spectrum of the silica thermo-optic coefficient (dn/dT) for the O -
500 °C temperature range at varying wavelengths in the MIR region [61].
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Compared to Si02, silicon undergoes a larger thermo-optic effect and the coefficient
which is 1.7 x 10™* C~! at a wavelength around 3 pm (see figure 2.19). The thermo-
optic coefficient of Si is much bigger than SiO2 at 26.85 °C (300 °K), which means Si
is a more efficient material for thermo-optic modulation at a wavelength around 3 pm.
This is because the refractive index of Si can be changed by small change of temperature

which means for the switch to function only a low input power is needed [43].
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Figure 2.19: Spectrum of the silicon thermo-optic coefficient (dn/dT) at 300 °K
for varying wavelengths [43].

2.3.2 Multi-mode interferometers and Mach-Zehnder interferometers
for thermo-optic switches.

Mach-Zehnder Interferometers (MZI) and Multi-mode Interference (MMI) devices are
regularly used for optical switches. In optical switch circuits, MMIs are usually used
as a power coupler or splitter. Figure 2.20 shows one 1x2 MMI as a power splitter
(figure 2.20(a)) and a 2x1 MMI as a power coupler (figure 2.20(b)). For the 1x2 MMI
structure, there normally is an input waveguide which is supporting the single mode.
Then a taper will help guide the light to a multimode waveguide. In the multimode
waveguide, the light will be excited to multimode states. After that, two tapers are able
to guide two single modes to output waveguides separately. This design can be used as
a splitter in a switch circuit. In the 2x1 MMI structure, compared 1x2 MMI, there are
two input waveguides and one output waveguide. This design can be used as a power

coupler in a switch circuit.

When the light goes from a single mode input waveguide to a multimode waveguide,

higher order modes can be excited (see figure 2.21). Figure 2.21 shows 9 guided modes
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Figure 2.20: (a) The schematic of 1x2 MMI structure and (b) 2x1 MMI struc-
ture.

(v is the number of the mode and W), multimode waveguide width). These modes have
different group velocities because they have different propagation constants 5. They
interfere with each other while travelling in the same waveguide. If the interference pat-
tern happens to be periodic, as in figure 2.22, it is called self-imaging. The interference
pattern is related to beat length (L,) which is the length at which there is a 7 phase

difference between the fundamental and first higher order modes of the waveguide.

™

" Bo- B

L (2.5)

where [y is the first mode’s propagation constant, and the [3; is the propagation constant

of the second mode.

v = 0 3

Figure 2.21: Multimoded waveguide with W), width supports 9 modes and their
field profiles are displayed [62].
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Self image of
input signal

Figure 2.22: An intensity map of power for symmetric interference against length
[63][64].

The yellow circle in figure 2.22 is the self-imaging point of the input signal, and is found
to be at 3L, /4. For a 1x2 MMI as a power splitter, the length between the input and
two output waveguides should be 3L, /8 [43], as it is here where we can see that the

input light is split into two equal intensities (see the green circle in figure 2.22).

For a 2x2 MMI, there are two input waveguides which are input waveguide 1 and input
waveguide 2. Two input tapers guide light from the input single mode region to the
multimode waveguide. Two output tapers guide the light from the multimode waveguide
into single mode output waveguide 1 and output waveguide 2 (see figure 2.23). When
the input optical power is divided into two output ports, there is a 0.5 w phase shift

between the two output signals [65].

Input waveguide 1 Output waveguide 1

Multimode

1 1
I I
I I
I I
| :
Input waveguide 2 lwaveguide ! Output waveguide 2
1 1
1 1
I I
I I
I I
[

1
Input Output

tapers tapers

Figure 2.23: The schematic of 2x2 MMI with two input waveguides, two input
tapers, a multimode waveguide, two output tapers and two output waveguides.

The MZI-based optical sensor is made by a sequence of separate components. There is
a 1x1 Mach-Zehnder Interferometer (MZI) and a 1x2 MZI. The 1x1 MZI contains one
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input and one output, to which the working mechanism is shown in figure 2.24(a). A
1x2 MZI contains one input (1x1 MMI) and two outputs (2x2 MMI), which can be
used as a switch. It can switch the light beam between two output ports by changing
the phase of the light and then combine the light to cause interference in a 2x2 MMI,
like figure 2.25.

The 1x1 Mach-Zehnder Interferometer is a conventional configuration with two phase
shift arms, one splitter and one combiner (see figure 2.24(a)) [66]. The splitter is used to
split the input light power into two arms, which are known as the upper-waveguide and
the lower-waveguide, equally, creating two ‘paths’ for the light. In the case where the
two light paths are equal, one would expect to find a constructive interference pattern
when the light recombines at the combiner. This state can be considered to being the
open state for the switch. However, when one of these paths is modified, the interference
pattern would be expected to change. If the modulation is severe enough to produce a
phase change whereby the two light paths are fully out of phase, the interference will be
destructive which means the switch can be considered as off. To alter the path length
and hence the output signal of an interferometer there are a variety of methods. Two
of the simplest methods to do this modification are by varying the length of one of the
arms (see figure 2.24(a)) or by the thermo-optic effect (see figure 2.24(b)) [67] being
applied to one of the arms. As figure 2.24(a) shows, there are two varying lengths of the
arms in the MZI. Figure 2.24(b) shows heaters on both arms that are used to change the
waveguide’s refractive index. MZIs can transform very minor differences in path length

to greater, more readily detectable changes in optical intensity [68].

As figure 2.25 shows, the light is split by a 1x2 MMI. The light beams then travel into
two channels. These channels have a thermal phase shifter (heaters) placed on top of
each of them. These shifters are used to change the phase of the light in the arm. Then
the light beams are recombined which causes interference in the 2x2 MMI. The light
will be guided into output 1 or output 2, which depends on the difference of the lights’
phase and the subsequent interference pattern in the 2x2 MMI.

There are several performance metrics for the MZI such as insertion loss and extinction
ratio (ER).

(1) Insertion loss:

The total loss of the modulator or switch is the insertion loss, which includes the coupling
loss of light from the laser to the waveguide, the propagation loss of the waveguide, and
the loss of the splitter as well as bends, etc. If the input power is P;, and the output

power is P,,;, then the insertion loss in dB can be calculated using equation 2.6.

PO’LL
Loss(dB) = 10  log;, P—t (2.6)

wm



Chapter 2 Background 29
' Phase shift .
! Jarm2 \ \
1
Input waveguide £, \ Output waveguide
ll ‘\
I' \\
/ /  Phaseshift \ \
/ /! arm 1 \ ‘\‘
Splitter Combiner
(a)
Output light
Input light
(b)
Figure 2.24: The schematic of Mach-Zehnder Interferometers. (a) Asymmetric
MZI structure. (b) thermo-optic Mach-Zehnder Interferometer with heaters on
SOI waveguides [67].
ser ) Heaters
Thermal 7 == Output1
Phase Shifter ~ .”
Input ol
1x2 MMI 2x2 MMI Output 2
Figure 2.25: The diagram of a 2x2 MZI switch, it has one input which is a 1x2
MMI. This splits into two arms, each with a thermal phase shifter deposited
on top of the separate waveguide. These recombine at the output, into a single
2x2 MMI [69).
(2) Extinction ratio (ER):
The extinction ratio of the modulator is defined as:
Pmam
Loss(dB) = 10 * log;, B (2.7)

mwn
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In the MZI, if the maximum transmission and minimum transmission are presented in
dB, then the extinction ratio can be defined as the differences between them. In [70],
the authors used silicon spiral waveguides as two arms of the asymmetric MZI. One arm
was covered with a metal layer as the heater’s contact pad, and the electrical probes
were used to contact the heater. The electrical probes are connected with a DC power
supply. Figure 2.26 shows the optical transmission versus the DC power of the probes.
The maximum transmission is around -0.2 dB and the minimum transmission around
-18 dB, therefore, the extinction ratio is 17.8 dB.
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Figure 2.26: The spiral waveguide MZI’s normalized transmission in dB of the
experimental result (black squares) and the fitted theoretical result (red line).
As can be seen, a small change of power to the probes can lead to a large change
in transmission [70].

2.3.3 MIR on-chip switch sensor application based on Mach-Zehnder

Interferometer

A research work [71] used a plasmonic MZI as a liquid optical bio-sensor which is based
on metal-insulator (MI) plasmonic waveguides at the wavelength of 690 nm. This work
aims to measure the sensitivity of BSA (bovine serum albumin) sample with SA (serum
albumin) as background. The principle of plasmonics is the use of electromagnetic waves
to generate coherent charge oscillations on the metal interface. The idea is that more
light is guided on the metal surface, which makes the refractive index of the metal surface

very sensitive to the accumulation of particles from the surrounding medium [72].

As figure 2.27 shows, in this refractive index sensor design, the authors chose two slits
as the input waveguide and the output waveguide, and the middle silver film as the
cladding layer of the reference arm to protect the reference arm from the samples. There

are three layers on this platform, the upper plasmonic metal layer as the sensing arm
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Figure 2.27: Plasmonic MZI sensor with reference channel and sensing channel.
The upper metal layer is a sensing channel, and the substrate glass is a reference

channel [71].
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Figure 2.28: Response of the sensor device using plasmonics to generate refrac-
tive index changes when in a sample medium. Here we see two distinct traces,
one for the reference arm and one for the sensing arm. For different sample
media, a wavelength shift is detected, significantly larger than the noise level of
0.052 nm|71].

and the bottom plasmonic metal layer as a reference arm. As figure 2.28 shows, their
experimental results proved this plasmonic MZI biosensor could distinguish the bBSA
(biotinylated bovine serum albumin) and BSA samples, the analyte bBSA in the sensing

arm can generate a 15.7 nm wavelength shift with 0.052 nm of noise.

This design has few components which means less integration loss. However, there is no
tuning, which means there is no opportunity to compensate for the fabrication error. A
small fabrication error can lead to the light being unequally split between the reference

and the sensing channel. This could be solved using thermo-optic tuning.
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2.4 Sample Spectrum for MIR

Chemical substances are composed of atoms, which are known to be constantly vibrating.
The molecules absorb specific wavelengths which are consistent with the vibrational and
rotational frequencies of the molecule. Hence, according to the peak positions and
the intensity of absorption, the chemical substance can be qualitatively analysed. In

addition, the functional groups could lead to specific absorption spectra of molecules.

An ideal sample in the MIR should fulfil the requirements below:

1. The solute and solvent have no chemical reactions with the chip material.

2. The solute should have strong absorption in the MIR.

3. The selectivity between solute and solvent at the same wavelength range should be
high.

4. The solvent is not highly volatile.

Based on the laser sources that are available in the lab, this section will report some
absorption spectra of several specific samples at three MIR wavelength ranges. There is
one laser which functions in a short wavelength region 2.5 - 3.9 yum and another which
works in a longer wavelength region 5.3 - 12.8 um. For the 2.5 - 3.7 pum region, aspirin
and paracetamol can be used as analytes because they have absorption peaks in this
wavelength range (figures 2.29 and 2.30). For the 3.725 - 3.880 pm wavelength range,
Isopropanol (IPA) has been chosen as the analyte because it has absorption peak at this
wavelength range (figure 2.33). Since water is a very important element in our body,
and it does not have high absorption in this wavelength range (figure 2.32), water will
be used as the host solvent. In reality, sensing devices are less interested in testing for
samples within water hosts. Instead, solutions such as blood may be tested for medical
diagnostics. However, laboratory sensing devices may use water as a sample for testing,
as water and blood have very similar absorption spectrum in the wavelength range of 2
- 14 pm [73].

For longer wavelength region experiments (5.3 - 12.8 um), acetone [74], and cocaine [75]
will be chosen as analytes, because they have high absorption at this wavelength range,

and carbon tetrachloride as a solvent as it has low absorption [76].

Aspirin

Aspirin is frequently used as a painkiller [77], but if overdosed, can cause a fatal outcome
[78]. The spectra appears to have multiple wide peaks notably at around 3.7 um and 3.85
pm. These are also relatively wide, likely due to interactions between high frequency
O-H and low frequency O-O bonds which have been widened [79]. Aspirin’s complex
shape leads to multiple bands in it’s absorption spectra. Formula: CyHgO4

Absorption peak: 3.3 - 3.9 um, solid state (figure 2.29).
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Figure 2.29: Spectrum of a 10 pum solid aspirin sample at the 2.5 - 5 ym wave-
length range [76].

Paracetamol

Paracetamol is also a painkiller, sometimes called acetaminophen. Paracetamol is a

common drug for self-poisoning, which can cause liver damage and can even cause death

[80]. Timely treatment (within 4 hours) is important to prevent liver damage [81].

Typically, diagnosing paracetamol drug level is based on laboratory blood analysis, which

requires at least 30 minutes. That means rapid detection of the level of paracetamol in

blood is important as it can can reduce the risk of liver damage, and enables treatment

to be timely provided to a patient.
Formula: CsHgNO5
Absorption peak: around 3.25 um, solid state (figure 2.30).

g
§ o
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Figure 2.30: Paracetamol (solid state) spectrum between 3 to 5 um wavelength
range [76].
Water

Water is the most important element in our body (70 - 75% in weight). It is also an
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abundant solvent and transport medium in biochemical reactions [82]. As the NIST [76]
standard database shows, the spectrum of water between 3.725 to 3.888 pum wavelength
is almost flat (figure 2.32), whilst there is an absorption peak at 2.7 - 3.5 um (figure
2.31).

Formula: HyO
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Figure 2.31: Pure water spectrum between 2.5 to 3.7 pum [76].
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Figure 2.32: Pure water spectrum between 3.725 to 3.888 um [76].
Isopropanol

Isopropanol (IPA) is a colourless alcohol liquid. It dissolves in water but it is highly
volatile. Usually, it is used in pharmaceutics, plastics, paint, and cosmetics.

Formula: C3HgO

Absorption peak: around 3.77 pm (figure 2.33).
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Figure 2.33: Pure IPA spectrum on 0.01 ¢m path length between 3.725 to 3.880
pum wavelength [76].

2.5 Summary

This chapter reports features of different techniques for MIR absorption spectroscopy

sensing, waveguide platforms, thermo-optic waveguide switch sensors and target samples.

For short MIR wavelengths, GOS and SOI platforms are described. Compared to the
GOS platform, the SOI platform is more mature in terms of fabrication. In addition,
SOI waveguides can be easily covered with SiOy which is usually used for bonding with
a microfluidic channel. Also, the GOS platform is a relatively new platform and there

are not well known recipes for covering Ge with suitable claddings.

For the SOI platform, 500 nm slot SOI waveguides, 500 nm strip SOI waveguides and
400 nm rib SOI waveguides have already been demonstrated. Compared with the 500
nm slot SOI waveguide, the strip waveguides have lower propagation loss as discussed
in section 2.2.1. Therefore, for short wavelengths, the 500 nm strip SOI waveguide will

be used for sensing systems.

For longer wavelength ranges in the MIR, 1.4 pym suspended Si waveguides with sub-
wavelength gratings, 3 um GOS and 2 pum GOS platforms have been described. Con-
sidering the fabrication process, the 1.4 um suspended Si waveguide is more mature
than the GOS waveguides. However, the former has higher propagation loss than the
latter at a wavelength of ~ 7.6 pum and requires more design effort for liquid sensing
scenarios. The GOS platform has lower propagation loss than the suspended SOI plat-
form, but needs a protection layer and deposition of a bonding layer for the integration
with microfluidic channels. Potential analytes include acetone, or cocaine, and carbon

tetrachloride as the solvent.
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Silicon waveguides integrated

with microfluidics for IPA sensor

In this chapter, the experimental work of the silicon waveguides integrated with mi-
crofluidics for mid-infrared evanescent absorption spectroscopy will be presented in 4
sections: (1) simulation and fabrication processes for low loss waveguides; (2) control-
ling the interaction length with mask design; (3) fabrication processes for the PDMS
microfluidics channel; (4) addressing the repeatability of the measurements and avoiding

the evaporation of the sample using a microfluidics system.

The sensing device used in these works include two key aspects - a microfluidics part and
an optical part (see figure 3.1). The microfluidics part includes a syringe pump (1 ml)
which is used to pump the sample into and out of the microfluidics channel. The optical
part includes a tunable QCL source, input/output fibres, a detector and a waveguide.
The microfluidics part was bonded onto the waveguide and will be described in chapter

3.5. This system operates at the 3.725 pm to 3.888 pum wavelength range.

For this wavelength region, considering the requirement for low loss waveguides, we
have based our work on previously demonstrated SOI waveguides with a low loss of
1.3 £ 0.7 dB/cm at 3.8 um [44]. The SOI platform was chosen because it uses only
standard fabrication processes, and a library of well-optimized passive components is
already available for the 3-4 pm wavelength range. Because silicon-on-insulator (SOI)
technology can be accessed at low cost through multi-project wafer services in which
near-infrared and MIR devices can be made on the same wafer, SOI technology is an

attractive prospect.

The samples under analysis are mixtures of IPA as the analyte and water as the solvent,
because in the 3.725 pm to 3.888 pum wavelength range, IPA has a signature absorption
peak [76] making it easy to distinguish. Water can mix with IPA and does not react with

it, meaning different concentrations will be easy to make and test. In addition, water

36
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Figure 3.1: The block diagram of the whole system for sensing.

is an important molecule and has very similar absorption spectrum in the wavelength
range of 2-14 pm [73] with blood, meaning that testing absorption of aqueous solutions
could be useful outside of the lab.

The preliminary demonstration of the device was carried out by sensing different con-
centrations of water-IPA solutions at wavelengths between 3.725 pm and 3.888 pm.
The aims of these measurements was to use absorption spectra to differentiate between
IPA and water, and also to detect the concentrations of different mixtures of IPA in
water. This work used microfluidics in integrated SOI waveguide sensors in this wave-
length range to improve the repeatability of sample handling, reduce reagent volumes

and prevent evaporation of volatile species.

3.1 SOI rib waveguide’s design and simulation

A 500 nm thick SOI rib waveguide was designed for IPA sensing with single mode
operation at 3.8 um. The performance of the waveguide is determined by the dimensions
of the SOI rib waveguide. If the waveguides is too wide, the light will begin to propagate
in multiple modes, and the aim for our device is to be as wide as possible as this
should help to reduce scattering loss from modal interaction with the side walls, while
maintaining single mode propagation. The dimensions of the waveguide was simulated
by Lumerical MODE solutions software. Lumerical MODE solutions software is able
to show a 3D structure of the waveguide and calculate the supported TE mode in a

waveguide with a 2D cross-section mesh of the waveguide by solving Maxwell’s equations.

The buried oxide (silica layer) thickness of the SOI platform was 3 um, labelled as Silica
BOX in figure 3.2 (a). As figure 3.2 (a) shows a cross-section of the SOI rib waveguide
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design, at 3.8 pym wavelength, where h is the thickness of the slab, H is rib height, and
by using simulations the rib width was designed to be 1.3 um. Figure 3.2 (b) shows the
simulated result that the light is confined in the waveguide with TE mode, which means
the waveguide can guide the light with low loss of 0.47 dB/cm at a wavelength of 3.8 ym.
A light wave can be considered as having two types of polarisation. These are known as
TE (transverse electric) and TM (transverse magnetic). When considering their electric
field vector components, a TM wave will have it’s vector pointing in the incidence plane,
whereas a TE wave will have it’s vector pointing normal to the incidence plane. Any

width larger than 1.3 pm produced multi-mode propagation.

The rib can be fully etched by 500 nm in order to increase lateral mode confinement so
that the waveguides can have a small bending radius. However, considering that in the
subsequent step SiOy will be deposited as a cladding, which will then be fully etched
to create sensing windows of varying lengths along the waveguide, a thin un-etched slab
is needed to act as an etch stop layer, the partially etched rib design ensures that the
silica BOX layer is not affected by the HF etching of the cladding, as the 50 nm thick
Si layer protects the BOX. Therefore the rib waveguide is etched 450 nm Si to leave a
50 nm thick Si slab layer.

In order to control the interaction length between the waveguide and the analyte, a 2
pm thick Si09 top cladding was deposited onto the sample, which was simulated in
Lumerical MODE Solutions and confirmed that a 2 um cladding was thick enough to
completely isolate the waveguide mode from an analyte. Holes are then patterned into
the Si04 to create sensing windows of varying lengths which will be described in the

next section.

Lumerical is also used to simulate the percentage of light in air and the TE mode profile
at a wavelength of 3.8 ym. The simulations showed 10.6% of the light is evanescent,
which means this light can be used to interact with the analyte for sensing measurements.
In sensing applications based on the evanescent field, the balance of the evanescent field
fraction and the propagation loss should be considered. As the evanescent field fraction
increases, the light has more interaction with the analyte and the sensitivity of the device
will be higher. However, a device with a large evanescent field will intrinsically have
a large loss. Therefore the device needs to be tailored to ensure that this loss is not
too high, but still maintains a high evanescent field so that interaction with a sample
can be observed. The overall output of the device also needs to be larger than the
noise floor of the detector after travelling through the waveguide. This will allow the
detector to be able to receive a strong signal from the output light. We can compare
the output light and input light to calculate the absorption of the analyte. In this case,
10.6% of the light is the value we picked up to understand the relationship between
evanescent field fraction, propagation loss of waveguide and sensitivity of analyte. This
percentage is not the optimal value of such an experiment, as translating the device to

real world applications raises too many issues such as device size and light interaction
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with the sample, however the chosen percentage is a good compromise due to the issues

surrounding loss and evanescent field strength.

Sensing Window
Air H=2um
W=1.3um
Silica - 3 Silica
Cladding ST H1=500nm Cladding
silicon Slab $ h=50nm
Silica BOX
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Figure 3.2: The design of SOI rib waveguide. a) 2D schematic of the SOI rib
waveguide cross-section with W,.;;=1.3 um, H,;=500 nm, hg.,=50 nm, with
a silica cladding layer and an etched sensing window. b) Simulated TE mode
profile at A=3.8 pm.
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Figure 3.3: Modelled absorption spectrum of the SOI waveguide covered with
IPA between 3.725 pm and 3.888 um, using literature data for IPA absorption
and refractive index [83].

3.2 Simulation of the IPA spectrum on a SOI rib waveg-

uide

Lumerical MODE Simulations was used to simulate the absorption loss spectrum of a

SOI waveguide with a top cladding of pure IPA as well. In this simulation, using the
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wavelength-dependent refractive index, n, and extinction coefficient, k, of IPA [83], as
well as the same parameters for Si and Si0O2, the model was constructed with a semi-
infinite region of IPA above the waveguide. The absorption loss was simulated over a
wavelength range from 3.725 pm to 3.888 pm . The result (see figure 3.3) for TE polar-
ization shows the absorption spectrum of pure IPA near 3.77 um, with a peak waveguide
absorption of ~130 dB/cm. This simulated spectrum of IPA on the SOI rib waveguide
can be used to compare the experimental spectrum of IPA in the measurements section

later.

3.3 Mask design of the chip

From the result of the simulation, to begin to make the waveguide a reality, focus turned
to the mask design of the chip. The Beer-Lambert law [84] states that the absorption of
a sample depends on the interaction length. Different interaction lengths were defined by
etching windows in the cladding layer to test the sensitivity of the device to water-IPA
solutions as an exemplar biochemical mixture. In this case, 10 ym to 3 mm interaction
lengths were designed, which were chosen based on a preliminary measurement that was
carried out using SOI waveguides and the same 3.8 um wavelength setup with pure IPA
as the sample (see Appendix). This also allowed the chip to be used for measurements
of different concentrations, and different analytes, which might have different absorption

strengths, without the need for further fabrication.

This mask was designed with both grating couplers and edge couplers. This is because
there were two experimental setups. The first set up can operate at the wavelength
range of 2.5 - 3.7 pm and had a tunable laser as it’s source. Due to this wide wavelength
range, to couple into the chip devices, butt-coupling was used, as it would allow for a
wide range of wavelengths to be coupled into the device. Butt-coupling works via free
space optics focussing the beam into the waveguide on the chip. This setup can be
used to detect aspirin and paracetamol, because these analytes have absorption peaks
between 2.5 and 3.7 um. The second setup required a grating coupler to couple light into
waveguides as the laser was directed into an optical fibre alignment. Grating couplers
function by arrays of materials of a refractive index accept incident light to be coupled
to the device as the incident light is at resonance to the grating design. This allows for
filtering of non-resonant light. This setup guided light in the wavelength region of 3.7 -
3.9 pm. The grating coupled waveguides can be used to detect IPA at the 3.7 - 3.9 ym
wavelength range, as IPA has absorption peaks in this wavelength range. The grating

coupler design from [44] was used in this work.

Figure 3.4 shows the designed mask of the chip with both grating coupler waveguides and

butt-coupling waveguides. They are drawn in the red colour and with purple shading in
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the open sensing area. The blue section is the microfluidics channel position with input

and output holes (which will be introduced in section 3.5).

Input Hole g

Butt-Coupling 1.1 um

: Microfluidics
- Bonding Edge

Butt-Coupling 1.3 um

Grating-Coupler 1.3 um

Microfluidics channel

Output Hole

Figure 3.4: Mask design with SOI waveguides with grating coupler section (red
colour), SOI waveguides butt-coupling section(red colour), microfluidics section
and sensing section (purple shading).

Figure 3.5 (a) shows the block diagram of the grating coupler waveguides and figure 3.5
(b) shows the design of the grating coupler waveguides with a microfluidics channel. It
can be seen that the design is symmetrical, with two grating couplers (GC), two 0.5 mm
long tapers (Taper), two 9 mm long access waveguides (Access WG), of 1.3 ym width,

and the middle part is a lmm long sensing window (SW) with silica (red colour).

For the GC (see figure 3.6), the widths are 20 um (W1) and 40 pm (W2), and the length
(L) is 60 pm. The width is dependent on the input and output fibre mode field diameter,
and the length L is found by the grating coupler design [44]. After the input grating, the
input taper was designed, which is used to adiabatically transform the mode from the
wide waveguide at the grating coupler to the single mode waveguide. The width of the
input side of the taper is 20 um, while the output side has the same width as the access
waveguides (1.3 um). The length of the taper is 500 pm. There are two main waveguide
parts: two access waveguide regions (Access WG) and a sensing window region (SW).
There are three main sections for each access waveguide, which are WG1 (3 mm long
waveguide 1), WG2 (5 mm long waveguide 2) and WG3 (1 mm long waveguide 3). WG1
is used to guide light from the taper to WG2, the 5 mm WG2 space is used as bonding

edge for a microfluidics channel, and the 1 mm WGS3 is used as an error margin when
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Figure 3.5: Block diagram of the grating couplers for the waveguide design
with a microfluidics channel operating at 3.725-3.888 um. (a) Diagram of the
grating waveguide design Lyygi= 3 mm, Lywgo= 5 mm, Lygz= 1 mm, Lsgw=
1 mm, Lrgper= 0.5 mm. (b) Block diagram of the microfluidics channel block
LMicrofludics—channel: 3 mm, LMicrofludics—channel—bonding—edge: 5 mm.

bonding. Based on previous experience in our group, the 5 mm bonding edge is needed to
make a strong bond between the Si chip and microfluidics. The 1 mm SW is used as the
sensing area that will be covered by the microfluidics channel. The 1 mm error margin
is needed when bonding by hand because it is difficult to align precisely. Therefore,
the microfluidics channel should be 3 mm long (including the two error ranges and the

sensing window)(see figure 3.5 (b)).

A butt-coupling waveguide in this mask is used to bring light from the input fibre
into the start waveguide (Start WG) via an input taper. The butt-coupling waveguide
structure design is similar to the grating waveguide design, and it includes start and end
waveguides (End WG), input and output tapers, access waveguides (Access WG) and a
sensing window (SW). The width of the tapers was 10 ym and the length was 500 pm.
For the start WG and end WG, the width was 10 ym and the length was 3 mm. The
width depends on the input and output fibre width, and the length depends on the chip
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Figure 3.6: Mask design with SOI grating coupler (red colour) design from [44],
with length L, width W1 and width W2.

width and should enable lapping and polishing of the chip. The access WG and SW are

the same as in the grating waveguide design.

For the butt-coupling section design (figure 3.7), there are two waveguide widths which
are 1.1 ym and 1.3 pm. These two different widths are chosen as it is intended that
the waveguides will work at different wavelength, and hence be used to detect different
samples. For the 1.3 ym width waveguides, they will be used at a wavelength of 3.725
- 3.888 um and are to measure IPA in water. For the 1.1 ym width waveguides, they

are to be used for preliminary tests at a wavelength of 3.3 pum to detect aspirin and

paracetamol.
Start WG ‘ Taper Access WG swW Access WG Taper End WG
<+ ‘ ‘ < pt———P ¢ >
[ = e ——e
< >« e » d > >« >
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Figure 3.7: Structure of the butt-coupling waveguide design Lgtqrt—wa= 3 mm,
Wstart-wae= 10 pm, Lywgi= 3 mm, Lwge= 5 mm, Lwgs= 1 mm, Lsgw= 1
mm, Lrgper= 0.5 mm.

As figure 3.8 shows, in the 1 mm wide sensing window (1lmm SW), 10 pum to 500 pum
interaction lengths were designed with straight waveguides, as figure 3.8 (a) shows: silica
lengths (L (Silica)) is shaded white, and interaction length (L) is shaded purple. For 1.2

mm to 2 cm interaction lengths, spiral waveguides were used. Taking 1400 um and 2
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Figure 3.8: The sensing window (SW) region of the waveguide design in the
mask. (a) The straight waveguide design. (b) The spiral waveguide design.

cm interaction lengths as examples (figure 3.8 (b)), a 1400 pm interaction length could
fit within the 1 mm sensing widow, whilst 2 cm interaction length could not fit within

1 mm sensing window, and therefore L (Silica) was increased.

3.4 Fabrication

3.4.1 Introduction to the process of chip fabrication

The chip is made by dicing of the wafer. Figure 3.9 shows the electron beam lithography
(e-beam) process with an etching step. The wafer was spun with an organic material
that is called photoresist, then the mask design is written on to the surface of the wafer
by e-beam in this case. The pattern was written point by point, which means that the e-
beam needs a long time to write the pattern. However, this is outweighed by the benefits
of e-beam lithography as it is able to generate flexible features with no expensive physical
mask required, and the features can be made to be below about 10 nm. In this case,

the e-beam system used was a JEOL JBX9300FS electron beam lithography system.

For the e-beam resist, there are two types of resists used which are positive resist and
negative resist. The type of resist defines what happens after the development step of
the photolithography. A developer step is performed after the e-beam pattern, where
the patterned wafer is placed in a chemical liquid (ZED-N50) which can remove the
e-beam resist. The region that had been a pattern by the electron beam will wash off,
except the unpatterned part. This occurs for positive resist. The opposite effect occurs

for negative resist.

In this project, ZEP-520A and PMMA (Polymethylmethacrylate) which are positive
tone resists are both used. PMMA is used in the large regions of the mask as larger
features do not require a high resolution, such as the sensing window. However for high

resolution features such as the rib waveguides, ZEP-520A is used. This resist requires
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the electron beams to have a high energy, around 80-100 keV [85]. For lower beam
voltages, such as 10-30 keV, the resolution will be smaller, as the electron beam has less

energy to interact with the resist material.

Compared to ZEP-520A, PMMA has a faster etching rate, which means the etching
is less controllable [86]. ZEP-520A has stronger tolerance to dry etching which means
can work under higher plasma power, and still maintain a slow etching rate, meaning
a shallower etches can be performed without the risk of overetching. However, it costs
approximate 25x more than PMMA [85].

In figure 3.9, the resist is positive. After the developer step, the wafer is ready to be
etched. In the etching step, the wafer with the resist part will not be etched, and the

part without resist will be etched.
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pattern
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Figure 3.9: Electron beam lithography process with an etching step.

Etching Etching

ICP (Inductively Coupled Plasma) etching is a method of dry etching with a plasma.
Compared to wet etching, ICP etching produces vertical walls, due to the etching direc-
tion being focused vertically down towards the sample by a potential difference between
the sample and the plasma (used in section 3.4.2). Figure 3.10 shows the principles
of ICP etching. Gases are pumped into an electrical field (blue dotted line) which is
created by electrodes in the ICP chamber. Some of the gas will become ionized into a
plasma state. The plasma will react with the exposed material, and the reacted product
is volatile, meaning it will be evacuated out by the vacuum pump. The etching perfor-
mance is dependent on the selective gases, gas flow rate, plasma generator (RF) power,

stage temperature, ICP power and pressure [87].
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Figure 3.10: ICP etching with etching wafer.

3.4.2 Fabrication of 500 nm SOI waveguides

For this section, the fabrication process will be split into 6 steps, with figure 3.11 (a)
used as a reference for these. These steps are mature process steps for photonic devices,
and as such many standard procedures were performed. However, the details of the

fabrication are discussed:

1. A 500 nm SOI wafer (see figure 3.11 (a)) was put in an oven for 1 hour at 210°C,
as a warm wafer is easily coated with the resist. 500 nm thick ZEP-520A photoresist
was deposited on the warm wafer surface with a spinner at a speed of 4370 rpm for 180
seconds. It was then baked on a hot plate at 180°C for 3 minutes as advised by the
manufacturer, ensuring the resist can stick on the wafer surface properly and the resist
is dry. To guide the electron beam on the location of the wafer surface, the photoresist
Espacer (ESpacer 300Z) layer is required, because it has a high conductivity. Espacer
is used to remove excess charge on the surface of a wafer, which can help ensure good
patterning when e-beam lithography is used. The wafer was then patterned using e-

beam.
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Figure 3.11: The process of fabricating waveguides with sensing windows.

2. A developer step is performed using water to rinse the surface of the wafer to remove
the Espacer in a 2-3 minute process to make sure the Espacer is removed. Then the wafer
is put in a beaker with ZED-N50 liquid for 2 minutes 15 seconds, whilst shaking the
wafer to ensure circulation. Once it was certain that the patterned part of the ZEP had
been removed, the wafer was then put in another beaker with TPA, and shaken gently
for 30 seconds. Finally, the wafer was dried with a spin rinse dryer tool after the IPA step.

3. The wafer then has 500 nm of Si etched using an Oxford Instruments ICP 380 system.
This step is used to etch gratings. The gases used are SF6 and C4F8 with 25 sccm and
45 scem gas flow rate respectively, the stage temperature was 15°C and the chamber
pressure was 15 mTorr. The RF power is 50 W and the ICP power is 800 W. The etch-
ing rate is calculated to be 7.5 nm/s. In this fabrication run ellipsometer measurements
showed that the etching results were that the Si was etched 468 nm, and the ZEP had
a remaining thickness of 384 nm. Then an asher is used to remove the photoresist after
the first etch.

4. ZEP and Espacer resists are then spun again, and e-beam patterning is carried out
again to pattern the waveguides. The ICP is used to etch 450 nm of Si (figure 3.11
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(b)), the process is the same as the grating etching step. The wafer was cleaned using
acetone, IPA and DI (deionized) water. After this, the wafer was placed in the asher for

15 minutes to remove the photoresist.

5. The next step was to deposit 2 ym of SiOy by PECVD (Plasma Enhanced Chemical
Vapor Deposition) (figure 3.11 (c)). To create the sensing windows, the wafer was first
put in an oven for 2 hours, then HMDS (hexamethyldisilazane) was deposited on top of
the wafer to facilitate PMMA adhesion to the chip. A 2 pum thick layer of PMMA pho-
toresist was then spun on the wafer again, and it was subsequently e-beam patterned.
Liquid hydrofluoric acid (HF) was used to remove 2 ym SiO; in order to open sensing
windows, with 20:1 ratio of water:HF. HF selectively etches SiOy but not Si (figure 3.11
(d)). The wafer is then placed in NMP at 50°C for 20 minutes to remove the PMMA,
then the wafer was put in the asher for 15 minutes, to make sure that any dust or any

remaining photoresist were removed from the wafer’s surface.

6. Before dicing the wafer into chips, S1813 photoresist was spun onto it to protect the
wafer surface. After dicing the wafer, it is quickly rinsed with DI water to remove large
debris particles, then it was cleaned using acetone in an ultrasonic bath for 10 minutes
and then rinsed first with IPA, then with DI water, and finally dried with a nitrogen

gun.

Table 3.1 shows the summary of the most critical steps in the fabrication process.

Calculating the total etching time needed based on experience of the Si etching
rate, then perform 3 separate short etches. After every etch step, use of the
ellipsometer to measure the thickness of etched Si.

A low concentration of HF was used, HF:water = 1:20, which leads to a slow
etching rate. This means there is more control on the etching of the silica.

Use of the manufacturers suggested timing for development and use of gentle
shaking when developing. By also using a large beaker for developing, it can be
ensured that removing the chips from the developer liquid can be done easily

and quickly, which helps keep the timing as accurate as possible.

Resist was spun at a speed of 4370 rpm for 180 seconds. A high spin speed
should correlate to good coverage of the chip. After the resist was deposited, the
ellipsometer was used to measure the thickness of photoresist at different
points of the chip.

Table 3.1: Summary of the most critical steps in the fabrication process.

Figure 3.12 shows an optical microscope image of a part of the fabricated chip with
several straight waveguides and a spiral waveguide. The spiral waveguide is used for a
longer interaction length while maintaining a small footprint. The interaction lengths
of the sensing areas were over-etched by 140 pm, as it is difficult to control the HF etch

rate. Therefore, the fabricated interaction lengths were between 150 ym and 2 cm. The
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Figure 3.12: Top view microscope image of the sensing window covering different
lengths of several waveguides. The darker regions of the image are those covered
by the SiO- cladding layer, while the lighter areas are the sensing windows.

lighter regions are the open sensing areas, while the darker regions are those covered
by the SiOs cladding layer. The entire open area is covered by a microfluidic channel

which will be introduced in section 3.5: design and fabrication of PDMS microfluidics.

3.5 Design and fabrication of PDMS microfluidics

For on chip MIR absorption sensing, one way to introduce a liquid sample to the waveg-
uide is to place a droplet on the chip surface and to then measure the change of output
signal. However, a liquid sample might easily evaporate and therefore the amount of
sample is not easily controllable. Instead, a microfluidic channel bonded onto an SOI
chip would guide the liquid in a controllable way. The bonding position of the microflu-

idic channel used here is shown in the previous section (figure 3.4).

PDMS is a widely used material for making microfluidics systems, as it can easily be
fabricated and moulded [88]. The microfluidic channel was designed to cover all sensing
windows with the sample to be characterized. The microfluidics model was designed with
Solidworks software (figure 3.13) and fabricated using the standard procedure described
here. Sylgard 184 (a type of PDMS) was chosen as the microfluidic channel material
and it was stamped using a 3D printed mould (figure 3.14 (a)). A clean petri dish was
prepared to put the PDMS materials which are Sylgard 184 base and agent with 10:1
ratio (Sylgard 184 base : agent) [89]. Once mixed together, the mixture was poured into
the mould. The filled mould was put into a vacuum chamber for at least 30 minutes
until no bubbles were left in the PDMS. The mould and mixture were then placed into
an oven at 150°C for 10 minutes for curing the PDMS. After curing the microfluidics
channel, a lmm Miltex Biopsy punch with plunger was used to make holes through the

channel (figure 3.14 (b) (c)), so that tubes can be inserted. A plasma asher was used to
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heat the SiOy and Sylgard 184 in an Oy environment to cause covalent bonding between
the two surfaces. The result is shown in figure 3.15. The microfluidic channel had a

width of 3 mm, a height of 0.5 mm, and a length of 20 mm.

Input Output

Figure 3.13: 3D model of the microfluidics model, designed with Solidworks.

Figure 3.14: Photographs of the microfluidics channel fabrication process: (a)
PDMS model made using a 3D printer. (b) PDMS microfluidics channel show-
ing how the Miltex plunger is used to open up the holes to the channel. (c)
Completed PDMS channel with the hole to the channel highlighted.

Figure 3.15: An optical microscope image of the PDMS cell bonded onto an
SOI chip.
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3.6 Experimental setup

In this section the set-up for the measurements using a wavelength of 3.8 pm is described.
A diagram of the optical experimental set-up is shown in figure 3.16. It is composed
of a MIR tunable laser, a half-wave plate, a chopper wheel (used to cut the beam with
a controlled periodicity), a ZnSe lens, MIR fibres, two 3-axis stages, a visible camera,
a screen, a MIR detector, a lock-in amplifier, a computer with Labview program to
control the laser and save data from the detector, and a chopper controller. In this
work, the chip was measured by using optical fibres and surface grating couplers (out
of plane coupling). A camera was used as an aid for precise alignment of the fibres and
waveguides on the chip. The MIR QCL was tunable from 3.725 to 3.888 um at 21°C

Lock-in d
7| amplifier Chopper

controller
Visible screen
camera

7y
fibre . .
3-axis 3-axis
MIR detector
ZnSe ‘
lens
l:l k MIR laser

chip

fibre
connectors

Chopper 4 wave
wheel plate

Figure 3.16: A block diagram of the 3.8 um optical experimental set-up [43].

and has its peak output power of 150 mW at a wavelength of 3.8 um (see figure 3.17).
The laser was connected to a chiller, which keeps the laser at constant temperature.
Placed after the path of the the laser is a ZnSe lens which focuses the light into the MIR
fibre, to enhance the coupling. For the MIR fibres, in this setup, the fibre is single mode
fluoride fibre which guides well in the MIR wavelength range from 3.2 to 5.5 um. The
product name is P3-32F-FC-2 from Thorlabs. This fibre is low loss which is below 0.45
dB/m between 3.2 and 4.6 ym wavelength range [90]. The MIR detector is a IS-1.0 InSb
detector (InfraRed Associates Inc). The detector requires liquid nitrogen to keep it at
a low temperature, and it has a noise floor around 0.1 mV. It works from 1 to 5.5 ym
wavelength range [91]. A lock-in amplifier is also used which is from Signal Recovery,
the product name is 7265 Dual Phase DSP Lock-in Amplifier [92]. It is able to achieve a
high frequency of about 250 kHz and it allows two different frequencies for two channels.
In this work 3.16, the lock-in amplifier was connected to both the MIR detector and the
chopper controller. The MIR detector measures the signal of output power from the
output fibre, the chopper controller sends the specific frequency to the chopper wheel.
This alters the reference signal of the input power from the laser to the lock-in amplifier

as well. The lock-in amplifier picks up the signal whose frequency is the same as the
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reference signal’s frequency and removes the noise, which is based on the orthogonality
of sine and cosine waves [93]. In this work, the chopper works at a frequency of 405 Hz
as a reference signal. The output from the lock-in amplifier will be collected through a

GPIB cable by the Lab-View program in the computer.
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Figure 3.17: The spectrum of the Daylight Solutions QCL laser in the wave-
length range of 3.725 - 3.888 pm [94].

Figure 3.18 shows a block diagram of another part of this set-up, which is the fluid
delivery system. It is driven by a syringe pump (from KD Scientific) with a 1 ml (vol-
ume) syringe (from Nipro) and has an attached input tube. Fl-clip tip pipettes can
take different percentages of analyte and solvent and mix them in a 1 mm plastic tube.
The varying mixture solutions were then put in syringes individually. The syringe pump
then pumps the sample through the input tube into the microfluidic channel, which is
bonded onto the chip. After passing through the chip, the liquid is pumped out through
the output tube to a waste bottle. Between each measurement, the chip is cleaned with
water flowed through the channel with a syringe pump, followed by a syringe pump filled

with air. This should remove all residue from the chip.

Syringe with

sample Microfluidics
. ﬁ Input - ) Output | Waste
Syringe pump tube bondlag with tube bottle
chip

Figure 3.18: Block diagram of the syringe pump experimental set-up.
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3.7 Measurements, data analysis, and comparison to the-

ory

3.7.1 Measurements of IPA spectrum and sensitivity of IPA in DI
water with SOI waveguides

In this work, mixtures of IPA and water were taken as example analytes to validate
the device and microfluidics at MIR wavelengths, because IPA has an absorption peak
around 3.725 - 3.888 um. By using water as a solvent we emulated a more realistic
environment which may have smaller or larger water content, even though it also has
high absorption at 3.725 - 3.888 pm. In addition, both liquids are easily available, and
do not react with the PDMS microfluidics.

As the Beer-Lambert law states the absorption is related to the interaction length (L)
and concentration (C) of the sample, therefore, the work began by measuring pure IPA
with different interaction lengths of the waveguide.

The aims of these measurements were:

1. To measure the effective interaction length of the waveguide.

2. To test and verify the pure IPA spectrum with different interaction lengths and to
measure the absorption peak of pure IPA at 3.77 um.

Figure 3.19: Image of the SOI chip with microfluidics and pump tubes.

Figure 3.19 shows the syringe pump system with an input tube connected to the SOI chip
(39 mm x 27 mm) with microfluidics channel. The pure IPA solution was pumped into
and out of the microfluidics channel with tubes (see figure 3.20). An initial background
spectrum was collected by measuring the transmission spectrum of the waveguide when
it is only surrounded by air. Firstly, the fibres are aligned to maximise the optical

output signal, then the wavelength is scanned from 3.725 pm to 3.888 pum to get the
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output signal Ppackground(A). The analyte transmission spectrum (Pyparyte(A)) was then
measured with pure IPA being pumped through the channel. This process was repeated
for the waveguides of different interaction lengths (150 pm - 640 pm). The absorption («)
in dB was then calculated from the ratio of Pynaiyte(A) and Pygckground () for waveguides

with different interaction lengths.

Waste bottle with
output tube

Syringe with input

Syringe pump

Figure 3.20: The syringe pump experimental set-up with sample in syringe,
input tube, optical set-up and waste bottle.

Figure 3.21 shows the absorption spectra for waveguides of 150 yum, 190 pym, 240 pm, 340
pm, and 640 pm interaction lengths, where the absorption spectrum for IPA is clearly
visible. The theoretical waveguide absorption spectrum for a waveguide length of 640
pm, taken from figure 3.12 and scaled for length, is also plotted on figure 3.21, showing

excellent agreement between experiment and theory.

Figure 3.22 shows the measured waveguide absorption of pure IPA at a wavelength of
3.77 pm for interaction lengths of 150 pm, 190 pm, 240 pum, 340 pm and 640 pm. The
gray line shows the theoretical prediction from the data in figure 3.3. There is very good
agreement between the theoretical and experimental results. A clear trend showing that
when the interaction length increased, the absorption also increased can be seen. The

small deviations from the simulation may be from noise (e.g. fiber drift).

One aim of this sensing project is to obtain a spectrum which can be used to iden-
tify a specific sample. The other aim is to measure the concentrations of chemicals
in the sample. Therefore, after getting the spectra of pure IPA with different interac-
tion lengths, measuring concentrations of water-IPA solutions with different interaction

length waveguides should be the next step.

A 150 pm interaction length waveguide was chosen for the first measurement. This

would be the waveguide with the most output power as per the Beer-Lambert law.
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Figure 3.21: Measured absorption spectra of pure IPA on SOI rib waveguides
with different interaction lengths and the simulated absorption spectrum for a
waveguide of length equal to 640 pm.

Firstly, water was pumped into the microfluidic channel to coat the waveguide, and
the background transmission signal (Pyater) Was measured with the waveguide being
covered with pure water. Mixtures of 5%, 10%, 15%, 20%, 40%, 60%, 80%, 100% IPA
(by volume in water) were then pumped through one by one. Between pumping each
different concentration of the water-IPA mixture, air was pumped into the microfluidics
channel to flush out the previously measured liquid sample. Once the sample was inside
the microfluidic channel, a single output power was recorded from the photodetector,

giving the value of the output signal (Pynaiyte). This was performed for each IPA solution.

After getting the output signal of pure water and water-IPA mixture solutions, the
absorption (in dB) of the different concentration water-IPA solutions was calculated at

3.77 pm wavelength. The absorption (AB) was defined by equation 3.1:

PCLTLCL e
AB(dB) = 10 x loglopilyt (3.1)

water
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Figure 3.22: The experimental (red points) and theoretical absorption (straight
line) of TPA at 3.77 pm, for varying interaction lengths.
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Figure 3.23: Absorption plot of a 150 pum interaction length SOI rib waveguide
sensor with different IPA-water mixtures at 3.77 pm. The minimum concentra-
tion of IPA (in volume) that can be measured by the sensor on SOI waveguide
is 5%. Due to the device being used for purely demonstrative purposes, error
bars have not been added.

As figure 3.23 shows, when the concentration of IPA in water was increased, the absorp-
tion also increased. The lowest concentration of IPA (by volume) measured by the 150
pm interaction length SOI rib waveguide with microfluidics was 5%. This is because

the interaction length is too short to detect lower concentrations of water-IPA mixtures.
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To improve the sensitivity of this sensor system, a longer interaction length (640 pm)

waveguide was used to measure lower concentrations of water-IPA mixtures.

The next step used the 640 pum interaction length waveguide to measure a minimum
concentration of 3% of ITPA with water by volume. The measurement with the 640
pm interaction length waveguide was consistent with the 150 pm interaction length
waveguide measurements. Ten measurements were completed with 0%, 3%, 6%, 9%,
12%, 15%, 18%, 21%, 24%, 27% , 30% IPA (by volume in water), as seen in figure 3.24.
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Figure 3.24: Absorption plot of a 640 pum interaction length SOI rib waveguide
sensor with different IPA-water mixtures at 3.77 um. The lowest concentration
of IPA (in volume) that can be measured by the sensor on SOI waveguide was

3%.

As figure 3.24 shows, the lowest concentration of IPA (by volume) measured by the
640 pm interaction length SOI rib waveguide with microfluidics was 3%. However, the
absorption spectrum sensing can not only just detect the concentration of a sample, but
can also be used to distinguish between different samples’ spectra. At 640 um interaction
length, the waveguide can also identify the spectrum of pure water and pure IPA, which
are shown in figures 3.25 and 3.26. Compared to the literature results of water (figure
2.32) and IPA (figure 2.33) spectra between 3.725 - 3.888 um, the experimental spectra
can detect the IPA absorption peak at 3.77 um, and the water spectrum is almost flat

which is as expected.

With the success of the 640 um devices, to try and push the capabilities of this sen-
sor system to smaller concentrations, a longer interaction length (1893 pum) waveguide
with a microfluidic channel was used to measure various concentrations of water-IPA

mixtures at a wavelength of 3.77 ym. A longer interaction length should mean that a
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Figure 3.25: Pure water spectrum on 640 pm interaction length SOI rib waveg-
uide with a microfluidic channel.
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Figure 3.26: Pure IPA spectrum measured with a 640 pm interaction length
SOI rib waveguide with microfluidics channel.

lower concentration of IPA in water could be detected. Firstly, to obtain the background
transmitted power, DI water was pumped through the microfluidic channel to surround
the waveguide, and the transmitted power (Pyqater) was measured. 10 mixtures of be-
tween 1% and 10% IPA (by volume) in water were then pumped through one by one,
and the transmitted power (Pypnqiyte) Was recorded for each one. Figure 3.27 shows the
measured waveguide absorption with IPA concentration together with a line of best fit

(in red). The standard error Sy/z [95] is & 0.25dB. This was calculated by equation
3.2:
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Sy/x = E((gz_ 23;1) (3.2)
where y; is the value of experimental absorption in dB, g; is the value predicted from the
actual absorption using the regression equation and n is the number of samples. This
results in a limit of detection (deduced as the concentration corresponding to three times
the standard error divided by the gradient 0.5) of 1.5% IPA in water. The error bars on
figure 3.27 represent the standard error. The limit of detection comes from the smallest
discernible change in transmission, which is limited by total absorption and background

noise/fluctuations.

= m  Experimental absorption (dB)

: o Linear fit of experiment

™~ Iy

(sp]

o T T

)

=,

c 34

§e]

s

o

@ 2

S 1

©

g 11

E

@

0

i
T ¥ T x T = T % T 5 T
0 2 4 6 8 10

IPA Concentration (%)

Figure 3.27: The experimentally measured absorption of water-IPA mixtures
relative to transmission through 100% water, for varying IPA concentrations.
The points show the experimental values and the red line is a linear fit to the
data of 1893 um interaction length SOI rib waveguide sensor, the error bars
show the standard error + 0.25dB.

Experiments were also performed on a waveguide with an interaction length of 3179.3
pm. Concentrations of 1% IPA in DI water and 2% of IPA in water were tested, as it was
expected that these low concentrations could be analysed with such a large interaction
length. However, the results showed a 10.28 mV and a 10.14 mV response in the detector
for the 1% solution and the 2% solution respectively. This difference of 0.14 mV is close
to the noise floor of the detector, of 0.1 mV. Furthermore, losses due to fibre drift also
limit this response. It is expected that due to the large interaction length and bend
loss in the design leads to too much absorption from water. To further characterise this
device, a better detector would be needed, which would incur high cost, or for the noise

arising from fibre drift to be removed.
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In this apparatus, the major factor limiting the smallest measurable change in trans-
mission is believed to be the drift and vibration of the fibre position. The temporal
variation of input and output coupling efficiency was the dominant noise source. This
could be eliminated in future designs by robustly packaging the input and output fi-
bres with the chip or including an on-chip reference branch to normalise out fibre input

coupling fluctuations.

3.7.2 Propagation loss measurements of SOI waveguide

Propagation loss measurements were performed using the well known cut-back method
[96], in which 9 waveguides with different length (see figure 3.28) were used. The shortest
waveguide’s length was 1 mm, with the difference between waveguide being 1 mm to a

maximum of 9 mm.

1 mm 1 mm

1mm

Figure 3.28: The mask design for cutback measurements to calculate propaga-
tion loss.

As figure 3.29 shows, the average propagation loss of the SOI waveguides at a wavelength
range of 3.725 - 3.888 um is 6.7 dB/cm. This value is higher than simulation value, as
these waveguides were deposited with a 2 pum silica layer which are not present in the
simulations, and silica has high absorption in the MIR range (see section 2.2.1.1). As
Chapter 4 will use the same waveguide design, the propagation loss measurement was

not repeated.

3.8 Conclusion

In summary, a SOI chip integrated with a microfluidic channel and operating at a wave-
length range of 3.725 - 3.888 um was used for detection of different concentrations of IPA
in water. Several different interaction lengths of SOI waveguides (150-3179 pum) were
used. A limit of detection (defined in section 3.7) of 1.5% IPA in water was achieved
with an interaction length of 1893 pm.

From the results, it can be seen that the longer interaction length devices can produce
a higher sensitivity. However, there are several visible limits of detection of this system,
such as the intrinsic abilities of the detector, fiber drift causing noise and the bend loss

of spiral waveguides lowering the output signal of the device. To therefore calculate
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Figure 3.29: The propagation loss spectrum of SOI waveguides at a wavelength
range of 3.725 - 3.888 um, the average value of the propagation loss is 6.7 dB/cm.

a theoretical model of the detection limit of such a device plotted against interaction
length, there are too many factors to accurately calculate a definitive detection limit.
For the experiments discussed, the 1893 pum device was able to produce a high detection
capability. Confidence in this interaction length means that it can be considered for

future devices.

A modified version of this system will in the future be used to detect clinically relevant
analytes in the 3.3 pum wavelength range. This device is a rib SOI waveguide with
a width of 1.1 pum and it can function at 3.3 pm wavelength to detect aspirin and

paracetamol. The input mechanism for the light is butt-coupling rather than grating

coupling.



Chapter 4

Integrated switching circuit for
low-noise self-referenced
mid-infrared absorption sensing

using silicon waveguides

This chapter will report a demonstration of an on-chip liquid absorption sensor in
the mid-infrared wavelength region using low loss silicon-on-insulator (SOI) waveguides
which incorporates switches and a microfluidic channel. The fatal dose of alcohol in the
bloodstream for humans is calculated to be around 0.5% [97]. It is therefore important
for medical devices to be able to measure concentrations at or below this value. Noise
in absorption measurements can be a major limiting factor to the potential of many
devices, and is often caused by random fluctuations of transmission through the sensor.
Chapter 3 showed that SOI waveguide can be used to measure IPA-water mixtures, and
an issue arose with the limit of detection (LOD) restricted by the noise arising from both
the experimental setup and environmental issues, such as the vibration of the input and
output fibers. This occurs due to the reference and sample measurements occurring

asynchronously.

A solution to this problem is to lower the noise floor of a SOI waveguide evanescent
absorption sensor by integrating a pair of switches into the circuit, so that the circuit
switches the light between a sensor waveguide and a reference waveguide at a rate of
a few kHz. If this switching frequency is higher than the noise frequency, measuring
the relative transmission of the two arms in two successive measurements can help to
reduce the noise of the absorption measurement. In all tests, an external light source and
an external detector were used. The switch sensor was integrated with a microfluidic
channel, and its performance was verified by using it to measure the absorption of

water-IPA solutions. The device was used to detect an IPA absorption peak near 3.77

62
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pm wavelength. It is hoped that the introduction of the switches to the device will make

the low frequency common noise components to be removed from the measurement.

4.1 Sensing circuit and measurement scheme

Figure 4.1 shows a diagram of the integrated switching circuit (excluding grating cou-

plers) for low-noise self-referenced sensing using silicon waveguides:

Heater 1 Sensor waveguide

............... 1x2 MMI
input 1x2 MMI 2x2 MMI 1 2x2 MMI 2 Output
#

_

Reference waveguide

Figure 4.1: Schematic diagram of the sensing circuit.

The electric field output of the full device (Eyy:) can be calculated by multiplying to-
gether the input electric field (Ej,) with the S-matrix elements of each component in the
full circuit (where the S-matrices describe the relationships between the electric fields

at the input and output ports of each device):

Eout = Sox1M M1 X Sheater2 X S2x2MM 1 X Ssensor X S2x2M M 11 X Sheater1 X S1x2MM 1 X Ein
(4.1)

For simplicity we (unrealistically) assume that there is no insertion loss in any of the
multimode interferometers (MMIs) in this model, since any insertion loss would simply
contribute to the insertion loss of the whole switch. For the 1x2 MMI we also assume
that there is no imbalance or phase error (since the 1x2 MMI is inherently symmetrical

without significant fabrication defects):

SixaMmr = \2 [i] (4.2)

P out

For the 2x2 MMIs we assume that there is an imbalance B = where P,,;1 and

in
P,.10 are the optical intensities at the two output ports, and the electric fields at the
output ports are Eyur1 X v Poyt1 and Eoyro < v/ Poyto. We also assume that there is a

phase error £ between the two output ports. Then:

T
1 \/E 6](5""6)

SQXQMMI - T ™ (43)
B + 1 ] i—i—
eJ(Q 2 v B
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For the two waveguide arms in the switch Mach-Zehnder interferometer (MZI), where
the waveguides are of the same length but a thermo-optic phase shifter in the upper arm
has a phase change A¢ applied to it, we insert a phase error 6 (but do not include an

unbalanced loss in the two arms as the 2x2 MMI imbalance creates a similar effect):

i(A6+0)
Sheater1 = 44
[ »
and
1 0
Sheater2: [0 ej(A¢+€)] (45)

In this experiment the two heaters were placed in opposite arms of the two switches to
simplify the layout design, and experimental measurement, but they could be placed in
either arm of the switch, in which case the s-matrices should be adjusted accordingly.

In the sensor arm the analyte introduces an absorption changeA« (in dB), with an
A

accompanying transmission change AT =10 10 and an effective refractive index change
Angyy that produces a phase change A¢. The s-matrix for the sensor arm and reference
arm combined in parallel (assuming no phase error or insertion loss in the reference arm)

is then:

SS@TLSOT -

(4.6)

VAT el (B9) O]
0 1

Figure 4.2 (a) shows a map of the theoretically calculated transmission for all possible
combinations of phase shift, for an ideal circuit with no fabrication errors. Three points
are marked on the map:

1. “S”’= (1.5 m, 0.5 7) — the phase shift to switch the light to the sensor arm and to
receive the light from the sensor arm, i.e. the sensor arm transmission.

2. “R”"= (0.5 m, 1.5 7) — the phase shift to switch light to the reference arm and to
receive light from the reference arm, i.e. the reference arm transmission.

3. “Z”= (0.5 m, 0.5 m) — the phase shift to switch light to the sensor arm but to receive
it from the reference arm, i.e. a “zero” position where the transmission is minimized.
The waveforms shown in figure 4.2 (b) and (c) are applied to the two phase shifters
so that in time slot A (equal to half of the measurement time) the light is modulated
between the “S” and “Z” positions, and in time slot B the light is modulated between
the “R” and “Z” positions.

The resulting relative optical transmission for the whole device takes the form shown

in figure 4.2 (d). The modulation in time slot A is applied at frequency fa, while the
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modulation in time slot B is applied at frequency fg. The sensor waveguide transmission
S-Z is then retrieved by using a lock-in amplifier operating in dual reference mode
to isolate the signal at frequency fa, and the reference waveguide transmission R-Z
at a different frequency fp is simultaneously retrieved in the same way. The change
in transmission due to the analyte is then found from the ratio (S-Z)/(R-Z). When
using thermo-optic phase shifters the two frequencies f4 and fg can be in the kHz
regime so that the modulation frequency is higher than the frequency of most mechanical

vibrations in our setup.

(a) 2 (b) 2 © 2 @12 -
Timeslot A : Time slot B Timeslot A : Time slot B ; Time slot A : Time slot B
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o 15 = 15 E 15 S S
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Figure 4.2: (a) Map of transmission intensity for varying switch phase shifts,
(b) and (c) phase shifts applied to the first and second switches respectively in
each full time period, (d) overall switch transmission over a full time period.

The definition of the following variables for transmission through the device in four pos-
sible cases:

Ig = transmission when the switches are configured for maximum transmission through
the sensor arm, i.e. point “S”

Ir = transmission when the switches are configured for maximum transmission through
the reference arm, i.e. point “R”

17 = transmission when the switches are configured for minimum overall transmission,
i.e. point “Z”

Isy = transmission when the switches are configured for maximum transmission through
the sensor arm, i.e. point “S”, in the specific case when no analyte has been introduced

to the sensor. This is effectively the background transmission.

We can additionally assume that there are likely to be different losses in the sensor and
reference arms even when no analyte is introduced to the sensor arm (e.g. because of
a different waveguide top cladding absorption in the sensing windows, or from losses at
the point where there is a transition in the sensing arm between the silica top cladding
and an air or liquid top cladding), such that Isg = Ty Ig. Tp is the transmittance of the
sensor arm when there is no analyte. In that case we can say that the transmittance of

the waveguide when an analyte is introduced is Ty, and that it can be calculated from:

Is Is
T, = — = 4.7
“Iso  Tolr (4.7)
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Random variations in the laser power or in the coupling efficiency to and from the
chip would have the effect of multiplying the transmissions at all operating points in a

particular instant by the same scaling factor N, so that

_ NIg  Ig
“  IgNIp Tylp

(4.8)

Thus these noise components can cancel out if the two absolute transmissions are mea-
sured simultaneously. In this approach the time between measurements is kept as small
as possible, so as to remove lower frequency noise components. However, if in this ap-
proach there is continuous modulation between the points “S” and “Z” in time slot A
and between “R” and “Z” in time slot B, and a lock-in amplifier is used to measure
the amplitude of the resulting optical signal in the two time slots, then the difference in
intensities of “S” and “Z” compared to “R” and “Z” are measured, which is called Mg
and Mpg:

Mg =1Ig— Iy (4.9)

Mp=1Ip— Iy (4.10)

In a perfect MZI switch the value Iy would be equal to zero, but in practice the MZI
switches have finite extinction ratios, so that I, has a non-zero value. With the noise

scaling factor N these become:

Mg = N(Ig — I) (4.11)

Mg =N(Ig - Iz) (4.12)

However, calibration measurements of the extinction ratios can be performed from the
“S” and “R” positions compared to the “Z” position (ERgy and ERp), using a DC
optical signal before an analyte is introduced, since these extinction ratios of the switches
would not change after an analyte is introduced, and in this case the noise can be removed

by averaging.

I

ERgy = -2 (4.13)
Iso
I

ERp =2 (4.14)
Ir

Combining equation 4.11 and equation 4.13 together:
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Is
Ms = N(Is = IsoERso) = N(Is — 7 ERso) (4.15)

a

M,
I g s (4.16)
0
N(1-—
(-5

And combining equation 4.12 and equation 4.14 together:

Mp = N(Ig — IrERR) (4.17)

Mpg
Ip=——1 4.18
B~ N1 —ERpg) (4.18)

From earlier equation 4.7, equation 4.16 and 4.18

Mg
ER
T, = = a (4.19)
Tolr ToMp
N(1— ERpR)

Finally, rearranging for T}, and substituting in equation Isg = Ty Ir, equation 4.13 and
equation 4.14 get:

Mg ERsoMgs
T.=FR ——(1—-FEFRp)=FER —=(1—-FR 4.20
50+TOMR( R) SO+ERRMR( R) (4.20)
ERsoMg
T.(dB) =101 FE —(1-F 4.21
(dB) 0logyg < Rgo + ERRMR( RR)) ( )

Alternatively, the absorption loss induced by introducing the analyte can be expressed
as an absorption A,(dB)= -T, (dB). Notice that in this final expression the noise term
N has been cancelled out. Therefore, if Fgg and ERpr before the analyte is introduced
can be accurately measured, and if the set-up is able to simultaneously measure Mg and
Mp in the presence of the analyte, then the analyte absorption A, can be measured

without multiplicative noise.
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4.2 Theoretical investigation of the effect of fabrication

and calibration errors on measured absorption

In this section the theoretical model described in section 4.1 is used to explore how
design, fabrication, or calibration errors can affect the accuracy of the sensor region

absorption measured using the device. The absorption error is defined as:

measured sensor region absorption(dB)

absorption error(%) = 100 x (

- 1) (4.22)

=100 x (=2 —1) (4.23)

actual sensor region absorption(dB)

The phase errors in the switch arms (6; and 62) and the phase shifter efficiencies can be
calibrated and compensated for by measuring a 2D map of the overall switch transmission
with varying powers applied to the two heaters, in order to find the heating powers
required to set the device to the “S”, “R”, and “Z” positions. The remaining principal
fabrication errors that would alter the device response are then the imbalances of the
two 2 x2 MMIs (B; and Bs ) and their phase errors (§; and &2).

Figure 4.3 (a) shows a contour map of the absorption error for a range of imbalances
and phase errors, with By = Bs and & = &, when measuring an analyte with A = 3
dB and the calibration was carried out in the presence of an analyte for which A = 5
dB. From the contour map it can be seen that the error stays <1% if the imbalance is
within approximately <43 dB and the phase error < 5°, and also that this error can

become very large for large imbalances and moderate phase errors.

Furthermore, the absorption error arising from the MMI phase error and imbalance
depends strongly on the difference between the sensor region absorption during the
measurement and during the calibration of the device extinction ratios EFgy and ERRg,
as depicted in figure 4.3 (b), which shows the magnitude of the absorption error when the
sensing region absorption is varied between 0 dB and 20 dB, and when the calibration
is performed at three specific sensing region absorption values. In each case the errors
are dramatically smaller when this difference in absorption is small, implying that the
calibration should be carried out using a background sample whose absorption is as close

as possible to the target analyte absorption.

It can also be expected that inaccurate estimation of the phase shifter efficiencies and
phase errors (61 and 6s) will lead to error in the measured absorption since the positions
of “R”,“S”, and “Z” will be inaccurate. For simplicity we have estimated the absorption
error when only one of these three measurement points is inaccurate at any one time,
and find that absorption is most sensitive to the “Z” position. Figure 4.3 (c) shows

the absorption error when the phase shift applied to each heater for the “Z” position
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Figure 4.3: Plots showing the theoretical percentage error in the measured ana-
lyte region absorption (compared to the actual analyte region absorption) in the
presence of different fabrication or calibration errors: (a) Contour map showing
the error when different combinations of equal imbalances and phase errors are
present in the two 2x2 MMIs. (b) Line plot showing how the magnitude of the
error varies for different actual sensor region absorptions, in the situation when
the 2x2 MMIs each have an imbalance of 0.5 dB and phase offset of 5.7°. Three
lines are shown that illustrate how the error vs. actual absorption relationship
changes when switch calibration is performed at different values of sensor region
absorption. (c¢) Contour map showing the error when the “Z” is incorrectly cal-
ibrated, i.e. when the phase shifts applied using the heaters in the two switches
are varied around the ideal “Z” position, 0.57, 0.57 (which is marked on the
figure with a red star). In figure (a) and (c) the sensor region absorption is set
to 3 dB during calibration and 5 dB during measurement.

is varied in the range 0.4 - 0.6 7 (with the ideal position being (0.5 m, 0.5 7)). This
calibration error on its own appears to result in smaller absorption errors than the those

arising from B and &.

Overall, these calculations suggest that great care should be taken to minimize the MMI
imbalance and phase error during device design and fabrication, to accurately calibrate
the thermo-optic phase shifters, and to perform the extinction ratio calibration at a
background absorption close to the target analyte absorption. With typical fabrication
and calibration errors the absolute error in the absorption measured using the device
could be in the range of a few % even before noise is considered (as the fabrication error
will affect the “Z”, “R”, “S” positions, and hence have an effect on the values of the
FEgy and EFRp, based on equation 4.21. The measured absorption of the analyte will
therefore be different to the actual absorption of the analyte).

4.3 Switch Sensor Mask design

The SOI waveguide design is the same as the waveguide in Chapter 3, comprising a
Si rib waveguide this design integrated a switching circuit to switch the light between
sensor waveguide and reference waveguide. As figure 4.4 shows, this mask design is made

from multiple features. These include the quality control marks (labelled as QC in the
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Figure 4.4: Mask design of the integrated switch on silicon rib waveguide for
liquid sensor.

figure), alignment marks, the thermo-optic switches, the sensing device (including three

different designs), and various waveguides.

The quality control marks show patterned boxes indicating the layers of the differ-
ent parts of the device, which can be used for measuring the layer thickness during
lithography and etching, by ellipsometry. There are five patterned boxes with each box
representing one layer of the mask. The SW box corresponds to the sensing window
layer, the AM box corresponds to the alignment mark layer, WG corresponds to the
waveguide layer, and MW links to the layer of metal which is deposited on the heaters.

The alignment marks are at four corners in the mask, and are used to align the chip when
the chip needs to be diced and they can also be used to help the e-beam lithography to
find the chip position in the wafer. This allows for control during the e-beam exposure

helping to reduce fabrication error.
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Figure 4.5: Mask design of the thermo-optic switch.

The design of the thermo-optic switch is highlighted in figure 4.5 as this mask design has
multiple features such as design A, design B, design C, design D, design E, and design
F.

Design A and design B are one set, which aimed to test the thermo-optic MZI to see if
it works. Design A has one input and one output waveguide with grating couplers and
tapers, and a thermo-optic MZI. The thermo-optic MZI includes a 1x2 MMI as a light
splitter, an upper arm and a lower arm, and a 2x1 MMI as the light coupler. The upper
arm and the lower arm have metal deposited on top, and contact pads which are used
to connect with electrical probes. Compared to design A, design B does not have metal
deposited on top of the upper arm and the lower arm. It also does not have contact

pads. The overall aim of design B is it can be used to compare with design A.

Design C in figure 4.5 shows an integrated thermo-optic switch, which includes a 1x2
MMI, an upper arm and a lower arm, and a 2x2 MMI. The upper arm and the lower
arm have metal deposited on top, and contact pads which are used to connect with
electrical probes. Unlike design C, design D does not have metal deposited on top of
the upper arm and the lower arm. If issues arise with design C, design D can be tested

to see if the contact pads are the issue.

Design C and D are one set. Compared to design A and B, instead of one output port
with a 2x1 MMI, they have two output ports with one 2x2 MMI which is used to test
the 2x2 MMI element to ensure functionality. Design E and F are also one set, this set is
used to test the waveguide to see if it can guide light. Design E is a straight waveguide,

whereas Design F has two bends which can test if the bends are able to guide light well.
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The sensing device area consists of three designs (see figure 4.4), which are design 1,
design 2, and design 3. They all have sensor devices with four different interaction
lengths. For each design, from top to bottom, the first device has an interaction length
of 3.2 mm, the second device has an interaction length of 1.8 mm, the third of 500
pm and finally the bottom device has an interaction length of 100 ym. This therefore
allowed the chip to be used for measurements of different concentrations, and potentially
different analytes, which might have different absorption strengths, without the need for
further fabrication. Design 3 is the switch sensing circuit, with the schematic diagram
shown in 4.6. It has an input thermo-optic switch and an output thermo-optic switch
(the principle of the thermo-optic switch is explained in section 4.1), as well as a sensor
waveguide and a reference waveguide. This is the most complete design for the devices

discussed in this section.

Input thermo-

Input optical switch
. waveguide» ...............

Sensor waveguide ~ Output thermo-
optical switch

Grating
coupler| Taper

Grating
coupler

Output
waveguide

Taper

Figure 4.6: Mask design of the design 3 sensing device.

Design 2 is less complicated, it will be used in case design 3 does not work. Compared
to design 3, design 2 (figure 4.7) does not have an output thermo-optic switch, instead a
2x1 MMI combines light from the sensor and reference arms into the output port. The
other benefit of this design is that one thermo-optic switch needs to be driven instead
of two, which would be a simpler experiment to perform. However, the disadvantage is
that in theory you would get an extra -3 dB loss from not including the output switch.
Unlike design 2, design 1 (figure 4.7) does not have a 1x2 input switch or a reference
waveguide, it simply has a 1x1 thermo-optic MZI at the input, followed by a sensor
waveguide. The main benefit of this design is to modulate the light; it removes the need
to have another external bulk-optics component chopper. Instead the thermo-optic MZI

is able to act as a chopper to encode a constant frequency onto the optical input. The
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lock-in amplifier then isolates the signal at the desired frequency, and reduces the noise

coming from other frequencies.
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Figure 4.7: Mask design of the design 2 sensing device.
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Figure 4.8: Mask design of the design 1 sensing device.

For the “waveguides” area of the mask, it includes a variety lengths of straight waveg-
uides and bend waveguides. The straight waveguides will be used to test the propagation
loss of the waveguide. The bend waveguides will be used to test if the waveguide can

guide light or not, and it can also be used to measure the bend loss.

4.4 Fabrication

For the fabrication process (figure 4.9), the 500 nm thick silicon chips (figure 4.9 (a))
were patterned by electron-beam lithography, and etched using an Oxford Instruments
ICP 380 system to etch 450 nm of Si and to create the rib waveguides (figure 4.9 (b)).
This lithography process was described in Chapter 3. A 2 um SiOs cladding layer was
deposited on the top surface of the chips by PECVD (figure 4.9 (c)), then the sensing
windows were opened by HF wet etching (figure 4.9 (d)). Figure 4.9 (e) shows a spiral
waveguide with sensing window, the spiral waveguide is used for longer interaction length

while maintaining a small footprint. The lighter regions are the open sensing areas, while
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the darker regions are those covered by the SiOs cladding layer. A 150 nm thick layer
of aluminium was deposited on the surface of the SiOs to act as the heaters (figure 4.9
(f)). When the aluminum is heated up, the temperature of the surrounding silica is
also raised. Therefore, the Si layer underneath (the thermo-optical switches) are also
heated which in turn affects the optical properties of Si. For further information on
the principle of the heaters, see section 4.1. To create the heaters, the following steps
were taken. In the process, the photoresists used were MMA and PMMA. Firstly, MMA
was spun onto the substrate at a speed of 2.5k rpm. It was then baked at 150°C for
1 minute and 15 seconds, then allowed to cool to room temperature. Then, PMMA
(PMMA 495) was spun, at a speed of 6k rpm. This was baked at 180°C for 1 minute
and 15 seconds, and again allowed to cool to room temperature. The last step involved
a third photoresist called Espacer. E-beam lithography was then used to pattern the
heaters in the design. Once the lithography was completed, water was used to remove
the Espacer in the patterned region, then a Ny gun was used to blow dry the wafer.
A developer solution of MIBK : IPA mixed in a ratio of 1:1 was created, and then the
wafer was placed inside the solution for 1 minute, then the wafer was submerged in IPA
for 30 seconds, followed by a DI water rinse. The wafer was allowed to dry via an Ny

gun.

The Al was deposited for 750 seconds using the leybold helios system. The excess Al
on the surface of the wafer needed to be removed with a lift off process. The lift off
is completed by putting the wafer in a sonic bath with NMP for 10 minutes and 40
seconds. Then the wafer was spun with S1813 photoresist as a protective layer for
the dicing step. The dicing was done using the Disco Saw tool to dice the wafer into
individual chips of 36 mm height and 27 mm width. After dicing, water was used to
rinse the surface of the chips, to remove the particulates which may be have fallen onto
the chips during the dicing process. Then the chips were submerged in NMP for 4 hours,
with an initial heating step of the NMP for 20 minutes at 50°C. The chips were left in
the NMP overnight to remove the S1813. This leaves the patterned Al heaters in the

desired location, with high accuracy.

Figure 4.9 (g) shows the PDMS channel after the bonding process to the chip. PDMS
was used to fabricate the microfluidic channel to be bonded onto the surface of the
Si0, cladding layer, because mature fabrication techniques are already available for
this material [88]. Although PDMS has high mid-infrared absorption, the silica top
cladding prevents the light from interacting with the PDMS [98]. A plasma asher was
used to heat the silica and PDMS in an Os environment to cause covalent bonding
between the two surfaces. The entire visible area is covered by a microfluidic channel

which was 3 mm wide, 0.5 mm high and 20 mm long.

Table 4.1 shows the summary of the most critical steps in the fabrication process.
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Figure 4.9: Fabrication process of SOI waveguides with PDMS microfluidics
channel.

Use of an ultrasonic bath with NMP to remove the photoresist underneath the
Al. To ensure that all the photoresist is removed, the chips are left in NMP
overnight.

Calculating the total etching time needed based on experience of the Si etching
rate, then perform 3 separate short etches. After every etch step, use of the
ellipsometer to measure the thickness of etched Si.

A low concentration of HF was used, HF:water = 1:20, which leads to a slow
etching rate. This means there is more control on the etching of the silica.

Use of the manufacturers suggested timing for development and use of gentle
shaking when developing. By also using a large beaker for developing, it can be
ensured that removing the chips from the developer liquid can be done easily

and quickly, which helps keep the timing as accurate as possible.

Resist was spun at a speed of 4370 rpm for 180 seconds. A high spin speed
should correlate to good coverage of the chip. After the resist was deposited, the
ellipsometer was used to measure the thickness of photoresist at different
points of the chip.

Table 4.1: Summary of the most critical steps in the fabrication process.

4.5 Measurements

The experimental system is set up so that light can be coupled through the photonic
circuit, and electrical signals can be applied to the two heaters through the use of
electrical probes. The probes are held in place by clamps on 3-axis stages, and make
mechanical contact with the heaters. A liquid sample can be pumped through the
microfluidic channel by a syringe pump. The syringe pump’s pump speed can be easily
controlled, which is good for recording data at the computer. Figure 4.10 shows a

diagram of the setup.
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Figure 4.10: Diagram of the system layout.

Figure 4.11 shows a photograph of the system. The light source was a tunable QCL
laser (3.725 - 3.888 um) [43] and the light was coupled into a MIR fiber by a ZnSe
lens, and then from the fibre into the waveguides using surface grating couplers (out
of plane coupling). A pair of electrical probes were positioned on top of on-chip metal
contact pads connected to each of the two heaters, using 3-axis micropositioners built
in to the probe bases. At the output end of the photonic circuit, light was coupled to
the output MIR fiber and subsequently to the MIR detector. A single use syringe pump
forced the fluid sample through the microfluidic channel via input and output tubes.
By using a new syringe pump for each measurement, it was ensured that there was no
contamination to the sample. The chip (dimensions: 36mm X 27mm) was kept still

during measurements using a vacuum stage.

PDMS microfluidic channel

Input electric probes

Qutput electric probes

Input syringe tube

SOl sensor chip

Figure 4.11: A photograph of the experimental apparatus for testing the sen-
sor with a single use syringe pump, sample in the syringe, input tube, optical
apparatus, output tube, and electrical probes.
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4.5.1 Sensor calibration measurements

Before the sensor can be used, a calibration step is carried out to find the efficiency and
phase offsets of the switches (mW/pi) (see figure 4.12). The power which needed to be
applied to the heather was found which generates one 7 optical phase shift. The laser
is set at 3.77 pm wavelength, because IPA has a signature absorption peak at 3.77 um

wavelength.

The first step is to find the heater’s power range to make the light’s phase change by
1.5 m, the reason was mentioned in chapter 4.1. Figure 4.12 shows the phase shift «
corresponds to 0.0937 W, therefore, 1.5 7 will correspond to 0.14 W. If the heater needs
to make the light to shift 1.5 7 phase shift, the heater should be able to withstand

a power more than 0.14 W. The heater will need to withstand more than the power
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Figure 4.12: A normalised transmission with power of heater of a single thermo-
optic switch device.

needed to create a 1.5 7 phase shift, because there will also be some phase offset of the
transmission. The second step is to test whether the heater can withstand more than
0.14 W or not. If it can work with more than 0.14 W, what is the maximum power that
the heater can suffer, and for how long? The switch worked 0.2761 W power for more
than 1 hour. It also can work under power 0.30 W, however after 30 minutes the heater
stopped working. The heater’s maximum power is 0.30 W, and the safe working power
is around 0.2761 W. Considering that the calibration measurement might take longer
than 30 minutes, 0 - 0.2761 W was chosen as the power range to perform a sweep over,
which corresponding to voltage applied across each heater is swept (0 - 2.35 V). The
time needed for the calibration measurements is based on the step of applied power. A

smaller step size can produce more accurate results to find the heater’s ability to change
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the phase by 1.5 m. However, this aspect of the experimentation could be removed once

the electrical probes are more permanently bonded to the heaters.

During the calibration a DC signal generator is used to apply a DC electrical signal to
the probes, then the optical chopper is switched on, and the lock-in amplifier is used
in single channel mode to retrieve the amplitude of the modulated optical signal. The
voltage applied across each heater is swept (0 - 2.35 V) and at each voltage combination
the electrical currents and optical transmission are recorded, then power was calculated
by multiplying the voltage and current of the heater to produce a transmission map
like the one shown in figure 4.13 (a). Water is then flowed through the microfluidic
channel, and the measurement is then repeated, producing a map as shown in figure
4.13 (b), and the difference in optical transmission is plotted in figure 4.13 (c¢). The “S”
position is then determined by finding the power combination with maximum change
in transmission (0.2761 W, 0.2761 W), “Z” is a point at which the transmission is low
in both cases and there is very little change in transmission (0.2761 W, 0.0020 W), and
“R” is a point with there is high transmission in both cases and there is the minimum
change in transmission (0.0814 W, 0.0814 W). It can be seen that the overall shape of
the transmission map in figure 4.13 which corresponds to the theoretical transmission

map shown in figure 4.2 a.
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Figure 4.13: Experimental map of 2D transmission intensity for varying switch
driving voltages (0 - 2.35 V), the plot shows the voltages covert to power (0 -
0.2761 W), the units of the colour scale is dB. (a) The calibration map with air,
(b) The calibration map with water, (c) The difference between the calibration
map with air and water over a full power period.

After finding the driving voltages of switch circuit required to tune to the “S”,“R”, and
“Z” operating points, a signal generator supplies waveforms with the shapes shown in
figure 4.2 (b) and (c) to the thermo-optic phase shifters, where the voltages are chosen
to correspond to the three operating points. The waveform is set up so that in time slot
A the frequency fa = 6 kHz (figure 4.2 (b)) and in time slot B the frequency fp =7
kHz (figure 4.2 (c)). The lock-in amplifier is then switched to dual channel mode so that
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it retrieves the amplitudes of the optical transmissions at these two frequencies, where

one corresponds to the measurement Mg and the other to the measurement Mp.

4.5.2 Time series measurements and stability performance of the switch
sensor

Allan deviation measurement can be used as a method for analysing the noise and
stability of the switch sensor [99]. When discussing the sensors used in this experiment,
the switch sensor is the device fabricated in Chapter 4, which includes a integrated
switching circuit. The waveguide sensors are the devices fabricated in Chapter 3. To
compare the stability of the switch sensor and waveguide sensor, a time series of the
transmission of the waveguide sensor over 47 minutes was measured with the laser on
and recorded by a detector, as well as a time series of the transmittance of the sensing
region of the switch sensor for the same length of time, both without an analyte present
in the sensing region. Both time series were normalized to their mean values, and are
plotted in figure 4.14 (a). During the measurement the time constant of the lock-in

amplifier was set to 5 seconds.

As figure 4.14 (a) shows, qualitatively the normalized transmittance of the switch sensor
(orange colour line) is flatter than that of the waveguide sensor (blue colour line), both
in terms of high frequency fluctuations and in terms of long-term drift. The Allan
deviation is a quantitative measure of the average deviation of the signal over varying
time periods, and is shown for both of sets of time series data in figure 4.14 (b). It is
evident that for all time periods, the deviation of the switch sensor is lower than for the
waveguide sensor, and the minimum Allan deviations of the waveguide and switch are
2.1% and 0.2% respectively, showing that the switch sensor can reduce the minimum

noise by a factor of 11.

Furthermore, from the Allan deviation results, for the waveguide sensor it can be seen
that initially as the averaging time is increased to 10 s the deviation slightly increases,
before reducing for a further increase to just over 100 s, when the deviation reaches
a minimum. Beyond approximately 200 s the deviation increases, showing that drift
of the signal becomes dominant, and preventing further noise reduction by averaging.
On the other hand, for the switch sensor as the averaging time increases the deviation
immediately decreases with a faster slope than the waveguide sensor until approximately
200 s, before also becoming dominated by drift for longer periods. This data shows that
not only does the switch circuit reduce noise in the measured sensor transmittance, but
it is also less susceptible to drift, which allows averaging to be used to even further

reduce the noise.
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Figure 4.14: (a) Time series of the normalized transmissions of waveguide sensor
and the calculated transmittance of the sensor arm of the switch sensor, (b)
Allan deviation of the time series.

4.5.3 Sensing demonstration

4.5.3.1 Concentration series measurement of 2% IPA (by volume) in DI

water sample with 1.8 mm interaction length switch sensor

After characterizing the noise properties of the sensor without an analyte, a test to
see whether the switch is able to correctly measure the absorption of an analyte is
performed, whilst at the same time reducing the noise of the measurement. The light
from the sensing arm and the reference arm were measured, the extinction ratio of the
sensing arm and reference arm were calculated as being Ego= -2 dB and Er= 13.12 dB.
Mg, Mg, and T, were measured using the switch over a period of 555 seconds with data
points recorded every 0.2 seconds, and with the lock-in amplifier time constant set to 5
seconds. Figure 4.15 shows an example of the measured signals, for an experiment in
which the switch sensing device is used to remove the noise and measure the normalized

transmittance of the sensing arm and reference arm separately. There are 3 stages in this
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measurement. The light was continuously switched between sensing arm and reference
arm, and the computer was recording the signals at 6 kHz and 7 kHz measured by the

lock-in amplifier.
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Figure 4.15: Time series measurement of transmission through the sensor arm
(orange), the reference arm (blue), and the corrected relative transmittance of
the analyte (purple) where each signal is simultaneously retrieved by the lock-in
amplifier. The transmission in each arm is normalized to the mean of the water
only transmission in that arm during this time series.

The first stage was from 0 - 200 seconds, during which there was DI water present in the
microfluidic channel, and light was guided through the sensing arm and interacted with
the DI water. The thermo-optic switch would switch it to the reference arm, with data
being recorded from the sensing arm and the reference arm separately. From 200 - 330
seconds, a mixture of 2% IPA (by volume) and 98% DI water was pumped through the
microfluidic channel until the mixture was in the microfluidic channel. Pumping of the
mixture was then stopped, and data was recorded for the light output changing from
the sensing arm and the reference arm. The third stage was the data from 330 - 555
seconds with the mixture remaining in the microfluidic channel, and the light interacting
with the sample in the sensing arm waveguide only. The computer was recording the

transmittance of the light from the sensing arm and the reference arm for this stage.
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The data are plotted together in figure 4.15, each normalized to their mean values in
the first period (where only water was in the sensing channel), so that their fractional
changes can be directly compared. As the figure shows, there are three coloured lines
which are blue (the normalized transmittance of reference arm), orange (the normalized
transmission of sensing arm), and purple (the corrected relative transmittance of the

analyte).

Initially, when only DI water flows through the microfluidic channel, the transmittance
of the reference arm, sensor arm, and corrected relative transmittance each have a value
close to 1. The transmittance of the reference arm and sensor arm follow very similar
patterns to each other, but also quite noisy. However, the corrected sensor transmittance
(purple line) is clearly less noisy than the normalised transmissions of the reference and
sensor arms. This would be expected, since the Mg and Mg measurements would include
similar noise in the optical input power to the switch, whereas that noise should largely
be filtered from the T, measurement. A simple waveguide sensor of the type in chapter 3
could be expected to have the same noise level as seen in the Mg and Mg measurements,

since it would be equally susceptible to the optical input noise.

After approximately 330 seconds an IPA/water mixture flows through the device. A
change in the transmission is seen for the sensing arm, because it interacts with the
IPA /water solution, whereas the reference arm transmission remains unchanged. The
value of the corrected sensor transmittance also changed with the transmission of the
sensing arm, showing a change in the absorption of the sample at 3.77 pm wavelength
with 1.8 mm interaction length of 0.99 dB. In chapter 3, a similar waveguide sensor was
measured to have an absorption of 0.52 dB for a 1.9 mm interaction length, which is
around 50% lower than measured using the switch sensor. The discrepancy could be
caused by fabrication errors in the sensor region length or the waveguide dimensions in
either experiment, causing an error in the assumed effective optical interaction length.
However, there may indeed be an error in the absolute value of the absorption measured
by the switch sensor that could be the result of calibrating the switch sensor to incorrect
“S” “R”, and “Z” points. Such an error could be compensated for in an experimental
setting by simply calibrating the sensor absorption using a sample with a known ab-
sorption value. The root mean square (r.m.s) of the T, measurement before 200 seconds
is 0.9%, while after 330 seconds is 1.3% of the normalized value, whereas for Mg it is
5.9% and 3.6% separately, showing that the switch reduced the noise by a factor of 7
times before 200 seconds and a factor of 2 times after 330 seconds in this measurement.

A lower root mean square value would suggest data which has lower noise.

An SOI circuit with integrated thermo-optic switches and microfluidic channel has been
demonstrated for use as a mid-infrared absorption sensor with reduced noise compared
to a simple wave-guide absorption sensor. The circuit works by alternately measuring
the relative sensor channel and reference channel transmissions, from which a change

in absorption due to a liquid analyte can be observed. A calibration and measurement
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scheme for using the device was proposed, and it was demonstrated by using it to
measure the difference in absorption between 100% DI water and a solution of 2% IPA
in 98% DI water. The results show that the switch sensor is able to lower the noise floor
by a factor of 11 times compared to a simple waveguide sensor, which would ultimately
allow the switch sensor to measure lower concentrations of a target analyte, to reach a

lower limit of detection.

4.5.3.2 Current vs. time series measurement of the heaters on the switch

sensor

Analysis of the results in this section suggest that the simple waveguide sensor’s noise
and drift is predominantly caused by variation of the input and output fiber positions,
affecting the fiber-waveguide coupling efficiency. However, where does the remaining
noise in the switch sensor measurement come from? There are a range of possibilities
for the source of this noise, such as the contact of the electrical probes to the heaters, or
even that the switch device does not act as quickly as predicted in our theory, and that
there may in fact be a small time delay between measurements in each arm, meaning

that not all of the noise is removed.

An experiment to analyse the noise occurring due to the contact of the probes was
performed. Time series measurements of the currents passing through each of the switch
heaters at constant voltage were taken. To do this, the input probes were placed on the
input heater of the input switch, and the output probes contacted the output heater
of the output switch. The DC power supply was set at 0.2 V, and the current was
measured for 15 minutes. The current is measured by a Keithley 6487 picoammeter’s
current function which is connected to a computer via GPIB cables and the results
are plotted on a normalised axis in figure 4.16. The input (blue markers) and output
(orange markers) probes’ current are changing over time and the output probes’ current
changes almost 3%, which might cause fluctuations in the phase change of the switch

and influence the sensitivity of the sensor device.

Effectively this noise would manifest as a noise in the “S”,“R”, and “Z” positions during
the measurement, leading to varying errors in the absorption measurement. In a future
experiment the susceptibility of the switch sensor to this noise source could be lessened
by using a more mechanically stable method to electrically contact the heaters, for
example by creating wire bonds between the heater contact pads and a driving PCB

(printed circuit board).

Furthermore, the drift of the mechanical positions of the electrical probes meant that

while performing the experiments, sometimes the voltages found to reach the “S”,“R”,



Chapter 4 Integrated switching circuit for low-noise self-referenced mid-infrared
84 absorption sensing using silicon waveguides

-y
" .
0.995 -
Gass -
*
o o
o 0.99- -
= %ﬂ
o ® -
B wape| o ° ° Input Probes
= T - o ° Qutput Probes
£ R
[} L
S 098
0.975 _—
0,97 1 1 Il 1 1 1 1 1 1 1 1 1 1 1 ]
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15

Time (min)

Figure 4.16: The current measurements of the electrical probes with heaters.

and “Z” positions during calibration would no longer be valid by the time the ana-
lyte measurement was performed, leading to inaccuracy in the calibration. Solving the

mechanical issues would help to solve this issue too.

Beyond this, some of the remaining noise will come from the incorrect earlier assumption
that the measurements of the transmissions through the sensor and reference waveguide
are occurring simultaneously, when in fact there is a small time offset between the
measurements, so that the common noise components do not cancel perfectly. The
ultimate limit of the noise rejection improvement that can be achieved using this sensing
scheme without the presence of significant electrical noise should be investigated in future
work. The focus of this section is the switch device’s ability reduce the noise. Time was
therefore not spent on finding the limit of detection of this device. Due to the results
shown in this section, it would be expected that the 2% IPA in DI water sample is
not the lowest concentration detectable. In the future experiments, finding the limit of

detection of the device would be of interest.



Chapter 5

Suspended Si with
sub-wavelength grating and

Ge-on-Si waveguides for sensing

5.1 Integration of suspended Si with sub-wavelength grat-

ing for liquid sensing for A= 6 ym - 8.5 ym

For liquid sensing at longer wavelengths (A= 6 pm - 8.5 um) suspended Si waveguides
with sub-wavelength gratings in the cladding can be integrated with microfluidic chan-
nels. The microfluidic channels are of the same design as Chapter 4 which is made by
PDMS material. To bond the PDMS microfluidic channel, the device needs a SiOs
cladding layer, which as observed in previous successful experiments, a 2 pum thick of
cladding layer worked to bond the PDMS microfluidic channel effectively. However,
the Si09 has strong absorption at this wavelength range. A protection cladding layer
of ZnSe (zinc selenide) is therefore deposited between the suspended Si and the SiOs
cladding. ZnSe has an almost zero absorption coefficient in this wavelength range mean-
ing no further loss should occur due to absorption of this buffer material. The ZnSe
protection layer is able to avoid the loss of Si0O9 cladding layer as the thickness of this
layer should prevent any overlap of the guided light to the silica. Simulation results

proved 2 pum thick ZnSe is sufficient to solve this issue.

Several substances (e.g. acetone, cocaine and heroin) have strong absorption peaks at
this wavelength range [76]. The simulation, mask design and fabrication processes will
be discussed in this chapter. Suspended Si waveguides with sub-wavelength grating
claddings are explored because they can be made with a more mature fabrication pro-
cess, and offer a more sensitive platform for sensing due to possibility to have a larger

evanescent fields.
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5.1.1 Simulations

The simulation of this design is based on figure 2.17, which was a low loss (3.1 &+ 0.3
dB/cm) suspended silicon waveguide design (the principle of suspended silicon waveg-
uides is discussed in 2.2.1.1) [55]. Figure 5.1 shows the cross section of the suspended Si
with sub-wavelength grating. The height of Si-core layer which is 1.5 um (hg) instead
of 1.4 pum, and the core waveguide width (wq) is 2.9 pm wide. Additionally, this design
has a top cladding of ZnSe 2 pm thick (h3). The width (ws) of the waveguide cladding
(blue) is 3 pm.

Top cladding (ZnSe)

Si-core

Waveguide
cladding

Silicon substrate

Figure 5.1: Simulation of a suspended Si waveguide with a sub-wavelength
grating at 7.6 um, with two holes (blue areas) covered with a cladding, and the
waveguide covered with top layer zinc selenide (ZnSe) using literature data for
the refractive index of ZnSe [100].

This simulation aims to check the loss of the suspended Si waveguide with a 2 pm thick
layer of ZnSe at 7.6 pm wavelength. It is carried out using Lumerical MODE Solutions.
The cross section of the waveguide is covered with a mesh. The meshing step lets the
software use Maxwell’s equations to analyse the mode profile of the light in a certain
area [101]. If the size of the mesh is smaller, more points are calculated in the selected
area, and the results will more accurate. However, it will cost more time, especially with
large designs. Based on [102], the time of the simulation scales inversely to the mesh
resolution cubed. In the simulations used for the experiments in this section, the mesh
resolution setting is 0.05 pm. If the mesh resolution setting is reduced to 0.01 pm, using

the relationship from [102] the simulation time would be 125 times slower.

The boundary condition of the simulated area is PML (Perfectly Matched Layer) which
is a condition that essentially absorbs the light to reduce the reflection of the light at the
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outermost interface. The optical properties of the Si material came from the Lumerial
material library [103] and for the waveguide cladding the refractive index is given a value
of 1.72, as per [55].

The ZnSe refractive index (n,k) data was taken from [100]. The refractive index of ZnSe
is around 2.4 and the extinction coeflicient can be considered as constant and close to
zero at the wavelength range of 6 - 10 um (actual value of k is 9 x10 ~7) [100]. The
layer between the Si-core and silicon substrate was a silica layer, which was 3 pm thick
(h1). Since the silica layer has a high absorption at a wavelength of 7.6 pm [40], it has
been removed. This structure is good for sensing applications, because there is more
light than a strip structure waveguide in the air surrounding the core as it can be seen

in figure 5.2(a), which leads to is higher light-analyte interaction.

Figure 5.2(a) shows the TE mode profile of the suspended Si core at 7.6 um, as the
simulation showed that the TM mode was not supported in this design. The results
show that 18% of light is in air. The simulation shows a loss of the TE mode of 2.24
dB/cm. The loss come from the Si substrate’s absorption, because the Si increased the

absorption around 8 pm [52].

Between the wavelength range of 6 ym and 10 pm, the loss of the TE mode as a function
of the wavelength was also investigated, which is plotted in figure 5.2(b). As figure 5.2(b)
shows, the blue and orange lines are the loss of TE mode of the suspended Si waveguide
with a ZnSe cladding layer and without a cladding layer. The blue line is showing the
same trend as the orange line, however, the loss of suspended Si waveguide is slightly
higher than the loss of the waveguide with the cladding layer. This is likely due to the
Si having a high absorption after a wavelength of 8 um. When the ZnSe is placed on
the top of the suspended Si waveguide, the TE mode is less confined in the Si layer and

that causes the loss to be reduced after a wavelength of 8 pum.

A simulation of the 2 pym thick SiOs cladding layer on the top of the ZnSe was also
performed. The result showed that the extra silica layer did not change the loss, with
the spectra being hard to distinguish from the spectra with just the ZnSe cladding layer
show in figure 5.2(b). This would suggest the 2 pm thick ZnSe cladding layer ensures
the light is not absorbed by 570> cladding layer. The simulation results suggest the loss
at the 6 - 8.5 um wavelength range is acceptable, at about 2 dB/cm.

5.1.2 Mask design

The suspended Si waveguide can operate at longer wavelengths because the Si0O2 bottom
cladding is removed. A 1.5 um thick SOI suspended waveguide was designed with
grating couplers at input and output for an initial test run. If it can operate at 7.6 um
wavelength, then a ZnSe cladding layer will be deposited later which can be used to

create sensing windows and can also avoid absorption of PDMS at longer wavelengths.
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Figure 5.2: (a) Simulation of the TE mode profile of a suspended Si waveguide
at 7.6 um, (b) Simulated loss of the suspended Si waveguide in the wavelength
range of 6 - 10 um where zinc selenide (ZnSe) is deposited on top of the cladding
(blue line), and a suspended Si waveguide without a cladding layer (orange line).

After obtaining the design of the waveguide, the mask design needs to be described.
There are three sections: the sensing section (figure 5.3 (a)), the cutback loss section
and the bend loss section (figure 5.3 (b)). As figure 5.3 (a) shows the three elements
that constitute the sensing part are the straight waveguides (region highlighted with
green) where the waveguides are under etched with HF, the walls (the section between
the purple and green highlighted regions) are not etched with HF, and the sensing
window (purple highlighted region). The width of the wall is 100 ym. As the HF etches
isotropically, this thickness should ensure the HF does not etch away all of this wall. If
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Figure 5.3: Suspended waveguide mask design. a) The sensing section with
sensing window and walls. b) The bend loss and cut back section.

the wall is fully etched, the analyte will not be contained in the sensing window area,

and the analyte will spread underneath without control.

Sensing window lengths from 10 pm to 1000 pm were designed using straight waveguides
(figure 5.4 (a)). To make sensing lengths of 1.1 mm to 1.54 mm, bend waveguides (figure
5.4(b)) were used to fit the longer lengths into the 1 mm wide sensing region. Between
sensing window and straight waveguide, there are two 100 um thick walls which should
theoretically be able to avoid leakage of the liquid underneath the waveguide along its
length.

The cutback loss section and bend loss section (figure 5.3 (b)) are included for testing
the waveguide propagation loss and the bend loss. Future work will include the use of
the cut back method to measure the waveguide propagation loss. The loss coefficient
() can be calculated using equation 5.1 for two lengths of the waveguide Ly and Lq, the
output intensity of the waveguide is I; and will be different for each waveguide, as the
length of each waveguide is different. We assume the input intensity is the same which

is Io.

a(dB/em) = 10 + (ﬁ)logw(%) (5.1)
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Figure 5.4: A schematic description of how the suspended waveguide masks
fit into the sensing window. There are two designs. (a) shows how a straight
waveguide looks, with light propagating through the black region in the centre
of the device. (b) shows a bend waveguide, where light propagates through the
blue region of the waveguide. For sensing windows of the same length, the bend
waveguide is able to achieve a higher interaction length.

The input light for all waveguides is the same which is Py, the output P of different
waveguides are different due to different number of bends (An). Hence the bend loss
(Loss(dB/90")) can be calculated using equation 5.2.

P
10 * loglo(ﬁ))

Loss(dB/90°) = An

(5.2)

5.1.3 Fabrication

For the fabrication of the 1.5 pm thick suspended Si waveguides, a SOI wafer is used as
the starting point (see figure 5.5 (a)). S1813 photoresist is then spun onto the wafer for
protection, then it is diced into chips. Acetone, IPA and DI water are used to remove
S1813. 900 nm thick ZEP photoresist is then coated onto the wafer before patterning
by e-beam, and then the chip is fully etched (1.5 pm) by an Oxford Instruments ICP
380 system to make the holes through the Si layer (see figure 5.5 (b)). The holes allow
HF to come underneath to remove the 3 ym SiO2 bottom cladding (see figure 5.5 (c)),
and at the same time, the stops are kept. This part of the fabrication process has been
completed. The next process that will be done on these chips is to test their guidance
quality, however, this work has been paused due to the outbreak of COVID-19. This
caused the lab closure for almost 4 months, from 16/03/2020-07/08/2020. The chip

could therefore not be measured in the lab.

Once the guidance quality of the chips can be verified, the fabrication process can
continue. This will involve 2 ym PMMA will be spun onto the wafer, and e-beam
patterning will be used to define windows for HF etching, which will determine which
parts of the waveguide are under etched, and where walls are created underneath the

waveguide. Next, the cladding layer of ZnSe will be deposited (figure 5.5 (d)), followed
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by deposition of 2 pm thick SiOy cladding layer (figure 5.5 (e)) on which the PDMS
microfluidic channel can be bonded to later. Finally, e-beam lithography will be used
for the third patterning step to define different interaction length sensing windows, and
then the ICP will be used to etch the sensing windows (figure 5.5 (f)).

H=1500nm
Silicon

hole hole

Silicon Silicon

Silica

(b)

Silica

Stop(Silica) (C) Stop(Silica)

sio,

ZnSe ZnSe

hole

hole Silicon hole| siiicon

Silicon

Stopsilica) (d) Stop(silica)  Stop(Silica) (e) Stopsilica) Stopsilica) (f) stop(silica)

Figure 5.5: The fabrication process of the suspended Si with sub-wavelength
waveguide with two silica stops, 2 pm thick ZnSe cladding layer, 2 pum thick
Si104 cladding layer with a sensing window.

For the work discussed in this section, the simulation of the waveguide, the mask design
of the suspended Si waveguide with sensing windows of varying lengths and structure,
and a part of the fabrication of the chip has been achieved. However, due to the time
constraints of the project and lab unavailability caused by the outbreak of the COVID-
19 virus, the testing of the chip could not be completed. It is expected that this chip
will be able to detect acetone in a host solvent using a wavelength range between 6 ym

- 8.5 um, which the future work of this project will revolve around.

5.2 Integration of Ge-on-Si waveguide for A= 7 ym - 10

pm with microfluidics

Ge-on-Si waveguides are attractive because they have a very wide transmission range,
which means they can work with samples with absorption features at very different
wavelengths. In this chapter, the simulation of Ge-on-Si waveguides with Lumerical

MODE Solutions will be described, as well as the fabrication process.
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5.2.1 Simulation

In this part of the project, a Ge-on-Si rib waveguide was designed and simulated by
Lumerical MODE Solutions with a script presented in the Appendix. At 7.6 ym wave-
length, in order to both increase the overlap between the mode and an analyte, and to
avoid mode substrate leakage from Ge to Si, the platform was chosen to have a height
(H) of 2 pm germanium on silicon. Based on simulations results, the etch depth should
be h = 1.75 um and the rib width W = 3.8 um. The mode confinement is 98.4%, which is
calculated by Lumerical. Figures 5.6 (a) and (b) show the cross section of the waveguide
and simulated TE and TM mode profile at 7.6 pm wavelength. The simulation results
shows both TE and TM mode are supported, and the loss of this waveguide design is
about 0.1 dB/cm, which is due to the absorption of Si at 7.6 pm.

Germanium

(a) (b)

Figure 5.6: The design of the Ge rib waveguide. (a) A diagram of the Ge rib
waveguide cross-section with W= 3.8 ym, H= 2 pm, and an etch depth of rib
waveguide h= 1.75 ym. (b) Simulated TE and TM mode profile at A= 7.6 pm.

Considering the mode confinement of these waveguides and based on the Beer-Lambert
law, for the case of an ideal waveguide with negligible loss, the longer interaction length
will achieve higher sensitivity for chemical sensing [104]. The spiral structure was used
to extend the optical path length and to reduce the device footprint in this mask design.
Seven different lengths of spiral waveguides were designed in this project. The bend
radius and bend loss were calculated and the results plotted by Matlab. Considering
the bend loss and dimensions of the chip, 76.6 pm of bend radius was chosen, because

this bend radius was simulated to give a negligible loss of 6 x 10-*dB/90°.

5.2.2 Mask Design

The chip was divided in three parts: the cutback section, the normalisation section and
the spiral waveguide section. Before the fabrication, the mask was required and it is
designed by L-edit with C++ functions. The width of this mask is 15 mm, the height

is 20 mm.
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As figure 5.7 shows, there are seven different spirals with the same inner bend radius
of 76.6 um. The width of the spiral waveguide is 3.8 ym. Each design in the spiral
waveguide section is a butt-coupling rib waveguide, and it consists of input and output
tapers, bends, straight waveguides and spiral waveguides. The total length of the tapers,
bends and the straight waveguide features are 23.5 mm. Each design has different lengths
of the spiral waveguide; they are 1625 pm, 3000 pgm, 4570 pm, 6205 pm, 8000 pm and
9799 pum. The reason this design uses bends is to make the output and input port not
in line with one another. This is to ensure that during measurement, any output light
collected at the waveguide facet is guided by waveguide, rather than directly transmitted

from the input source.

The normalization section is used to measure the insertion loss of the spiral waveguides.
The spiral waveguide section is used as the sensing part and the cutback section is used
to measure the propagation loss of the waveguide. The end facets of the fabricated chip

will be polished, then the butt-coupling setup will be used to measure it.

5.2.3 Fabrication

This fabrication of the Ge-on-Si chip was carried out in the Southampton Nanofabrica-

tion Centre.

Before fabrication, the chip was cleaned using Acetone, IPA, and DI water. After the
cleaning, the chip was spun with ZEP photoresist, then baked on a hotplate for 2 minutes.
The next step was to spin e-spacer to avoid charging effects during e-beam lithography.

The chip was then patterned using e-beam lithography.

This chip was etched in the Oxford Instruments ICP 380 system. The etch time was
based on the etch depth and material. The etch depth was 1.75 um. The photoresist

was removed with an Oy plasma asher.

As the chip is designed for butt-coupling at the chip facets, the next step is dicing with
S1813 photoresist covering the chip to minimize potential damage. After the dicing, this

chip will be cleaned by acetone for 10 minutes in an ultrasonic bath and then with TPA.

As with the work in the previous section 5.1, the fabrication of the chip was completed,
however it has not yet been able to be tested on. Like the work in the previous section,
acetone in a host solvent will be used for sensing. The results of section 5.1 and 5.2 will
then be compared to find the optimum waveguide design for a wavelength of 7.6 um.
To date, this work has not been completed, and will be an interesting direction for the

future of this project.



Chapter 5 Suspended Si with sub-wavelength grating and Ge-on-Si waveguides for
94 sensing

Normdlization
Section

Spiral Waveguide
Sectign

Cut Back $ectjon

Figure 5.7: The Ge-on-si rib waveguide mask layout.



Chapter 6

Conclusions and Future Work

The projects described in this thesis focus on the development of SOI waveguide cir-
cuits that can be used for the detection of liquid analytes. By operating in the MIR
wavelength range, the fingerprint absorption of an analyte can be used to locate the
presence of certain molecules and the subsequent absorption changes can be used to find
the concentration of a sample. It is envisaged that such a device could have applications

in the medical sector, for use in drug testing of blood samples.

The conclusion section summarises the work performed in the project: the integration
of a SOI rib waveguide with a microfluidic channel to detect the spectra of IPA, the
integrated switching circuit on Si waveguide to improve the sensitivity of IPA detection,

and the design and fabrication process of suspended Si and Ge-on-Si waveguides.

The future work section presents ideas for improvements of the integrated switches on
a Si, and descriptions of the future analysis and improvements of a suspended Si and

Ge-on-Si waveguides.

6.1 Conclusions

6.1.1 Development of a SOI rib waveguide with microfluidic channel

The initial experiments were based on a SOI rib waveguide structure. After a thorough
literature review on MIR sensors, it was decided that an SOI device would work best,
due to its low loss (~ <2 dB/cm) and the mature fabrication technology available.
To calculate the optimum dimensions for such a waveguide, Lumerical Mode Solutions
software was used to simulate the device, and to calculate the guidance properties of the
contained mode. This was found to be a design with a 1.3 um width and a height of 450
nm, made from pure silicon. The calculated TE mode overlap was around 10.6% of the

light in air surrounding the Si core. The chip’s mask design was created in L-edit with
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C++ code, and different interaction lengths (10 pm -3 mm) were created, in order to
determine an optimum length for sensing. Si02 was deposited on the waveguide surface
as a cladding layer which was used for bonding a PDMS microfluidic channel and etching

the sensing windows.

A PDMS microfluidic channel was selected to be integrated with the device to act as the
host for the liquid analyte. This was chosen as it would not lead to liquid evaporation
whilst detecting, which would affect our results. The microfluidic channel enabled a
variety of benefits, such as the capability to guide liquids to the sensing area and the
ability to clean the chip with ease. The microfluidic channel was fabricated at the
University of Southampton’s Nanofabrication Centre, in which Solidworks was used to

design the microfluidic mould, which a 3D printer was able to realise.

Using the SOI rib waveguide chip, demonstration of IPA in DI water sensing which
includes sensitivity measurements and spectra measurements were achieved. The ab-
sorption spectra of pure IPA on SOI rib waveguides with a variety of interaction lengths
(of 150 pm, 190 pm, 240 pm, 340 pm, and 640 pm) was achieved. This was performed
using a tunable QCL. The absorption peak of IPA at 3.77 um wavelength was measured

which agrees with the simulation results.

As a reference for assessing the quality of the sensing device, results from [23] are used
as a comparison. They were able to detect a concentration of 5% IPA in DI water with
an interaction length of 4.02 mm. The characterisation of SOI waveguide device aimed
to improve on this value, looking for smaller concentrations at lower interaction lengths.
Results presented in this thesis show the limit of detection of SOI rib waveguide sensor is
1.5% with a 1893 pum interaction length. To achieve this, a SOI rib waveguide sensor was
integrated with a microfluidic channel, with a syringe system, an external light source,
and an external detector was used. Further testing at other interaction lengths of 150
pm, and 640 pm found concentrations of 5%, and 3% of IPA in DI water respectively.
This was possible due to the low loss waveguide, and the PDMS microfluidics channel

helped to avoid the IPA evaporation.

The most obvious limitation in these experiments is that the input and output fibers con-
tributed to the background noise, which influences the sensitivity of the measurements.
The aim of the next work was to lower the noise floor of a SOI waveguide evanescent
absorption sensor by integrating a pair of switches into the circuit, so that the circuit
switches the light between a sensor waveguide and a reference waveguide at a rate of a
few kHz. If this switching frequency is higher than the noise frequency, measuring the
relative transmission of the two arms in two successive measurements can help to reduce

the noise of the measurement.
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6.1.2 Integrated switching circuit for low-noise self-referenced mid-

infrared absorption sensing using silicon waveguides

The drift of the input and output fibres introducing noise led to the next aspect of the
project: the integration of an input switch and an output switch into the Si waveguides
with microfluidics channel to reduce the noise floor. By reducing the noise, the sen-
sitivity of the device could be increased due to information not being hidden behind
unpredictable data points. The switch circuit includes one input switch, one output
switch, a reference channel and a sensor channel. The switch circuit worked by essen-
tially producing two channels, a reference channel and a sensor channel which when
compared with one another could show the change in absorption. By switching be-
tween the two channels at a frequency higher than that of the noise, the data would be

unaffected by aspects such as fibre drift.

The theory of the thermo-optic switch circuit design is based on S-matrices which is used
to describe the relationships between the electric fields at the input and output port.
The theoretical calculation supports the concept of the switch being used to reduce the
noise. The mask design has a variety of elements of the switch circuit, and the idea
behind this is to help diagnose problems with the switch circuit should issues arise. The
chip used an ICP etcher to remove 450 nm of Si to produce the rib waveguide. 2um
thick silica was deposited on the top of the SOI waveguides as a cladding layer. 150 nm
of aluminium was then deposited as the heater on the switches. The chip was bonded
with a PDMS microfluidic channel at the end.

A series of experiments were performed to characterise the new chip, and ultimately
to show the sensing capabilities of the new design. They were split into calibration
measurements of the heaters, stability performance measurements and sensing measure-

ments.

The calibration measurement obtained the driving powers of the two heaters in input
and output switches. For maximum transmission of the light to travel through the
sensor arm, the power generator should supply 276.1 mW to both the input and output
switches. For the light to be switched to the reference waveguide, the input and output
switches need 81.4 mW each. This standard was maintained through the following

experiments.

A stability performance experiment was performed on both the rib waveguide chip and
the switch integrated waveguide. In these tests, light was allowed to propagate through
the waveguides, and the output of the two designs was measured over a period of 47
minutes. The results were then compared. It was found that the integration of the
switch produced less inherent noise than that of the rib waveguide. The Allan Deviation
was calculated on each device, and it was found that the switch integrated waveguide

had an order of magnitude lower value. The switching sensor was able to reduce the
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noise floor by a factor of 11 times compared to the simple waveguide absorption sensor.
This would suggest the switch integrated waveguide operates better by removing the
noise for both high frequency and low frequency components. The performance of this

switch circuit could be improved, the details are described in the future work section.

The initial results were able to show sensitivity measurements of 2% IPA in DI water
for an interaction length of 1.8 mm. The results showed the reference arm and sensor

arm operating in synchronisation, suggesting the switch operated effectively.

6.1.3 The design and fabrication process of suspended SOI waveguide
and Ge-on-Si waveguides

Other work presented in the thesis focused on the challenging longer wavelength range,
in which a suspended SOI waveguide was first used for 6 pm - 8.5 pm wavelength range.
This wavelength was selected as it can be used to detect other analytes such as chemical
liquid acetone, or drugs like cocaine and heroin. The difficult part is the fabrication
processing to build two buried oxide walls to avoid liquid leakage. The chip design was

carried out with Lumerical Mode Solutions and L-edit.

The purpose of the design of the suspended Si with sub-wavelength grating waveguide
for liquid sensing measurement is to remove the absorptive silica layer. This will allow
for the Si platform being able to operate at the wavelength range of 6 ym - 8.5 um which
is proved by the simulation of the suspended Si waveguide. The simulation shows that
the loss is about 2 dB/cm and 82% of the light is confined in the waveguide. 18% of the

light is in the air which should allow for sufficient interaction with the analyte.

The simulation results of the loss spectrum of the ZnSe cladding layer and silica cladding
layer shows that the 2 pm thick ZnSe is thick enough to avoid the light interacting
with the silica cladding layer. The ZnSe absorption coefficient is close to zero at the
wavelength range of 6 um -8.5 pm, which theoretically means the ZnSe as a cladding

layer does not increase the loss.

The mask was designed so that the two stops (ie silica walls) underneath the waveguide
can avoid leakage of the analytes. Another aspect of this mask design is that it can used
for bend waveguides for longer interaction lengths to save space but still achieve high

sensitivity.

In the fabrication process, the chip was initially patterned with photoresist. It was then
etched with an ICP dry etching tool to open the holes on the Si layer. These holes
allow the HF to go into the BOX layer to remove the silica and create the silica walls
(stops). By controlling the timing of the etch, it can be ensured that the silica walls
(stops) are not over etched. After this part of the fabrication process was complete, a

microscope check was performed to check the quality of the design. This can be seen in



Chapter 6 Conclusions and Future Work 99

figure 6.1. The testing the waveguide quality of this chip has not started yet. This is
due to limitations of the laboratory time and the effects of the COVID-19 virus.

Figure 6.1: A microscope image of two of the suspended bend waveguides after
HF etching.

When the testing of the chips is able to be completed, the next steps for the fabrication
of this chip are to deposit 2 um ZnSe on the top of the suspended Si waveguide, and then
the 2 pm silica cladding layer will be deposited on the top of the ZnSe layer. The ZnSe
is used to stop the light interacting with the silica cladding layer. The silica cladding

layer is used to bonding the microfluidic channel later on in the fabrication process.

Another method of being able to detect at longer wavelength ranges is to change ma-
terials. Using Ge-on-Si waveguides due to Germanium’s inherent low loss at longer
wavelengths (7 pum - 10 pum), sensing at such wavelengths should be capable. The di-
mensions of the Ge rib waveguide is a width of 3.8 um, etch depth of the rib waveguide
of 1.75 um, and the Ge layer thickness is 2 pm. This design supports TE and TM polar-
ization and 98% of the light is confined in the Ge rib waveguide at a wavelength of 7.6
pm. The simulated loss is as low as 0.1 dB/cm. To test the experimental possibilities of
such a design, for the mask design, there are seven different lengths of spiral waveguides
which are between 1600 pm to 9800 pm. Each waveguide has a corresponding normal-
ization waveguide, whereby the spiral is replaced with a straight waveguide. This allows
for the loss of the spiral to be calculated. The fabrication of the Ge rib waveguide has
been carried out. The Ge layer thickness is 2 um, and the etch depth is 1.75 pym of the
rib waveguide which is made by using an Oxford Instruments ICP 380 tool. The Ge on
Si chips have been fabricated, and are currently awaiting characterisation. This work
has been delayed due to issues regarding laboratory access which is restricted by the

limitations in place caused by the COVID-19 virus.
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6.2 Future work

6.2.1 Improvement of the integrated switches on Si waveguide

There are suggestions on how the sensitivity of switch circuit’s measurements can be
improved. One such method of achieving this could be creating wire bonds between the
heater contact pads and a driving printed circuit board. That means their vibrations will
not introduce additional noise. The current set up uses electrical probes that are held
in place to the heaters by force, which is not particularly stable and could be influenced
by vibrations to the setup. Another option is to replace the Al with a different metal
contact that does not react with oxygen and can withstand high temperatures that may

occur due to long measurement times.

Furthermore, for the 3.725 um - 3.888 pm wavelength region, the liquid-liquid extraction
could be used to move the analyte to a lower absorption solvent. For example, most
organic solvents have lower MIR absorption than water so extraction would allow a
lower limit of detection when the sample is characterised using the waveguide sensor
[105]. This is particularly relevant to clinical analysis as biological samples are typically

aqueous.

A modified version of the silicon waveguides integrated with microfluidics for mid-
infrared evanescent absorption spectroscopy (chapter 3) will in future be used to detect
clinically relevant analytes such as lipids, proteins and drugs (aspirin and paracetamol)

in the 3.3 um wavelength range.

6.2.2 Developments of suspended SOI waveguide and Ge-on-Si waveg-
uides

For the longer wavelength region (7 pum -10 pm), suspended SOI waveguide and Ge-
on-Si spiral waveguides will be used to measure acetone as an analyte with carbon
tetrachloride as a solvent. Because acetone has an absorption peak at this wavelength
range, acetone can be used as a test sample to qualify the performance of the waveguide.
As it is an abundant solvent, it is cheap and easy to obtain. If the test is successful,
the suspended SOI waveguide and Ge-on-Si spiral waveguides are able to be tested with

more challenging analytes, such as cocaine.

Considering chemical reactions between analytes and waveguides, a capping material
will be considered for cladding the waveguides to protect them. For example, SiO-
and ZnSe will be used for shorter and longer wavelengths, respectively. The sensitivity
of acetone in carbon tetrachloride measurements on these waveguides with integrated
microfluidics will also be tested. As mentioned in Chapter 6, the challenging part of the

suspended SOI waveguide needs to consider the leakage of analytes, and high loss from
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silica. To avoid the leakage, the mask design will be improved, adding more dimensions
of the separation of the buried oxide walls, which can balance the low loss and leakage

problems.

6.2.3 Longer term objectives

The long term aims of the project are to be able to use the device in real world appli-
cations. Therefore the detection of analytes such as paracetamol are key. This would
require the longer wavelength MIR testing, likely to be used with a Ge-on-Si waveguide.
As yet, this type of waveguide has not been integrated with a switch circuit which has
been proven to lower the noise floor of said device, and would hopefully allow for high
sensitivity measurements to be made. The device would also benefit from a wider broad-
band guidance capability, so the possibility of multiple analytes can be performed in a
single measurement. For this to become a reality, some components, such as the switch
and the low loss waveguide would require further research to ensure the device functions
at a wider wavelength range. A major development of the sensing waveguide would be
the integration of other components, such as detectors, lasers and power sources, to cre-
ate a pure lab-on-chip device. This would heavily decrease the footprint of the device,
and allow for example bed-side measurements of patients, with rapid results, meaning

prompt diagnosis can be made, possibly saving lives.

A further avenue for exploration is the use of the chip for gas sensing. By filling the
microfluidic channel with gas, it would be of interest to see how the device performs, and
how well encapsulated the channel is. Such a chip could allow for small, cheap devices

to quickly warn of hazardous material.

6.2.4 Description of work complected by the author

Here is a description of the work undertaken by the author in the process of this project.

In each chapter, the work that the author has completed is described.

Chapter 3:

1. Design and simulation of the SOI rib waveguide.
Mask design of the chip.

Fabrication of the chips and microfluidics channel.

Building of the setup of the SOI rib waveguide sensing system.

Gk N

All measurements of waveguide loss and sensing measurements, and data analysis.

Chapter 4:
1. Theoretical sensing design with Dr. Milos Nedeljkovic’s help.
2. Mask design of the chip.
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3. Fabrication of the chips and microfluidics channel.
4. Building of the setup of the switch sensing system.

5. All measurements of waveguide loss and sensing measurements, and data analysis.

Chapter 5:

1. Design and simulation of the suspended SOI waveguide and Ge waveguide for sensing.
2. Mask design of the chip.

3. Fabrication of the chips.
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Appendix

A.1 Preliminary measurements using filter paper, and cal-

culating the length of the sensing windows

In this experiment 0.05 cm wide filter paper was used to apply pure IPA to the chip
surface, in a similar way to that described in the thesis of Dr. Mittal [106]. The pure
IPA is dropped on the filter paper, which is then placed on the surface of SOI with
sub-wavelength grating waveguides. When this is carried out, the output signal from a
detector measuring waveguide transmission is reduced from 1V to 0.1 mV at 3.8 pm.
The loss (in dB) of pure IPA at 3.8 pm wavelength is then calculated to be 40 dB (see
equation A.1).

104V
Loss(dB) = —10 x logloT =40dB (A.1)
Got the loss of pure IPA and known the width of filter paper is 0.05 cm ((interaction
length), which can calculate the attenuation coefficient (attenuation per cm) of pure IPA
(in dB/cm) is presented by A, see equation A.2.
_ Loss (40 dB)

If the target of loss is 10 dB, then the interaction length (L) should 0.0125 cm (125 pm),

see equation A.3.
Loss (10 dB)

Llem) = 3800 dB jem)

= 0.0125 cm (A.3)

As same process of pure IPA, I repeated this process with pure water, got the output
signal changed from 0.59 V to 0.512 V, after calculated with equation 3.1-3.3, the inter-
action length should 1200 pym. Considering this mask design will be used for identifying
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water and IPA spectra and the concentrations of water-IPA mixture solutions, dosing
10um to 2 cm interaction length in this mask which include 100 um, 1200 um and 0.05

cm interaction length.

A.2 Lumerical simulation rib spiral waveguide (Ge-on-Si)

deleteall;

selectall;

delete;

# The cross-section of Ge-on-Si rib spiral waveguide
# Define structure

1=10e-6; #length of substrate
w=100e-6; #width of substrate
h1=10e-6; #height of substrate
h2=2e-6; #etch of rib waveguide
D=1.7e-6;

wg=3.8e-6;# width of rib

# Define Materials

wg_material= ’Ge (Germanium) - Palik’; # material of rib

sub_material = ’Si (Silicon) - Palik’; # material of substrate

#Draw Waveguide Ge-on-Si
deleteall;

selectall;

delete;

addrect;

set (’name’,’rib’);
set(’z’,0);

set(’z span’,1);
set(’x’,0);

set(’x span’,wg);
set(’y max’,D);
set(’y min’,0);

set (’material’,wg_material);

addrect;

set (’name’,’wg’);
set(’z’,0);

set(’z span’,1l);
set(’x’,0);

set(’x span’,w);
set(’y max’,0);
set(’y min’,-h2+D);

set (’material’,wg_material);

addrect;
set (’name’,’sub’);
set(’z’,0);

set(’z span’,1l);
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set(’x’,0);

set(’x span’,w)

H

set(’y max’,-h2+D);

set(’y min’,-h2

-h1+D);

set (’material’,sub_material);

# define simulation patameterd

wavelength=7.6e

meshsize=0.1e-6

-6;

>

# set general solver type

addfde;

set (’solver type’,’2D Z normal’);

# set geometry-center posiiton of the simulation region

set(’x’,0);

set(’x span’,16e-6);

set(’y’,h2/2);

set(’y span’,16e-6);

# mesh seting

set(’define x mesh by’,

set(’define y mesh by’,

set (’min mesh step’, 0.01e-6);

# set boundary conditions

set(’x min bc’,
set (’x max bc’,
set(’y min bc’,

set(’y max bc’,

PPML ’) ;
PPML *) ;
PPML *) ;
PPML ) ;

set(’allow symmetry on all boundaries’,1);

addmesh;

# set Geometry
set ("x",0);

set ("x span",4.9e-6);
set("y",0.75e-6);
set ("y span",2.5e-6);

set("z",0);

set("z span",10e-6);

# enable in X and Ydirection and disable in Z directions

set ("override x
set ("override y
set ("override z

# restrict mesh

mesh",1);
mesh",1);
mesh",0);

by defining maximum step size

set ("set maximum mesh step",1);
set ("dx",0.01e-6);
set ("dy",0.01e-6);

findmodes;

‘maximum mesh step’);set(’dx’,

maximum mesh step’);set(’dy’,
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A.3 Mask design of spiral rib waveguide with L-edit

//177/17//7/7/77/7//7/7/7//7/// wmain function ////////////7////7///7//7//7///7//1/////
void MACRONAME (void)
{

/77177777177 //7/////////Set wup layers////////////////
LCell pCell = LCell_GetVisible();

LFile pFile = LCell_GetFile(pCell);

LPoint centre = LPoint_Set (0, 0);

//Initialize default layers:
layers_CLASS layers;
layers.list = layers.setdefaultlist(pFile);

//To add compatibility with previous code,

transfer layers.list into LLayer array "layer":

LLayer layer [25];

for (int a = 0; a < layers.list.size(); a++) layer[al] = layers.list[al;

//copy all elements of "layers" vector into "layer" array

////// 1. declare all component types, and set all common variables:

/* //Declare grating coupler struct and set variables:
GratingCoupler_TYPE GC;

GC.Period = 1.96 * 1000;

GC.W_grat = 25 * 1000;

GC.L_grat = 50 * 1000;

GC.W_wg = 10 * 1000;

GC.angle = 0;

GC.InPort = centre; */

//Declare waveguide struct and variables:
WG_TYPE WG;

WG.W = 3.8 % 1000;

WG.angle = 0;

WG.L = 500 * 1000;

// 1 Declare waveguide struct and variables:
WG_TYPE WG_cl;

WG_cl.W = 25 x 1000;

WG_cl.angle = O;

WG_cl.L = 500 * 1000;

//Declare input taper struct and set variables;
Taper _TYPE TAPin;

TAPin.W1 = WG_cl.W ;

TAPin.W2 = WG.W;

TAPin.angle = O0;

TAPin.L = 5000%1000;;

//Declare output taper struct and set variables;
Taper _TYPE TAPout;

TAPout .W1l = WG.W;

TAPout.W2 = WG_cl.W ;

TAPout .angle = 0;

TAPout.L = TAPin.L;
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//Declare Bend and set variables
long R=85%1000;
bend_TYPE Bend;
Bend.W = WG.W;

Bend.radius = R;

//1.5 Declare Spiral
Spiral _TYPE Spiralil;
Spirall.gap = 7*1000;
Spirall.n = 0;
Spirall.R1 = R;

Spirall.orient =-1;

/////// 2. Draw waveguides of different lengths, with with butt coupling both LHS and RHS:
long dyi = 700%1000;

int i, j;

int n = 7; //Set number of spiral waveguides

//long d_length = 100 * 1000; //Set difference in length between each variation
long LO = 2500 * 1000; //Set the length of the shortest waveguide

long offset = 100 * 1000; //Set offset between adjacent waveguides.

long L_total = 4000 * 1000;

long out_offset = 200 * 1000;

for (i = 0; i<n; i++)

{

//First set the changing length for each iteration
long PL_in = 2000%1000;

long PL_mid 5000%1000;

long PL_out = 2000%1000;

long BendSep = PL_mid-PL_in-PL_out -2*R;

//0 Now draw butt coupling input section WG ,taper:

WG_cl.InPort.x = centre.x; //Set LHS grating start point.

WG_cl.InPort.y = centre.y + i*2x(out_offset + offset + 4 * Bend.radius)+ i*dyi;
waveguide (pCell, layer [0], WG_cl, WG_cl.OutPort);

TAPin.InPort = WG_cl.OutPort;
TAPin.angle = O0;
Taper (pCell, layer [0], TAPin, TAPin.OutPort);

//1 Draw length of waveguide to the first bend:
WG.L = (L_total - BendSep) / 2;

WG.InPort = TAPin.OutPort;

waveguide (pCell, layer [0], WG, WG.OutPort);

//Draw first two input bends

Bend.InPort = WG.OutPort;

Bend.start_angle = 0;

Bend.end_angle = 90;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 1

Bend.InPort = Bend.OutPort;

Bend.start_angle = 90;

Bend.end_angle = 180;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 2
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//2 Draw Prop loss section waveguide input part

WG.angle = 180;

WG.L = PL_in;

WG.InPort = Bend.OutPort;
waveguide (pCell, layer [0], WG,

//Draw two bends to middle part

WG.0OutPort);

Bend.InPort = WG.OutPort;

Bend.start_angle = 180;

Bend.end_angle = 90;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend
Bend.InPort = Bend.OutPort;

Bend.start_angle = 90;

Bend.end_angle = 0;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend
// Draw spiral input waveguide:

//3

WG.angle = 0;

WG.L= PL_in;

WG.InPort = Bend.OutPort;

waveguide (pCell, layer [0], WG, WG.OutPort); //Draw

/* WG.L = centre.x + 5000 * 1000

- Spirall.OutPort.x;

/* //Draw Prop loss section waveguide middle part

WG.angle = 0;

WG.L = 500%1000;PL_mid;
WG.InPort = Bend.OutPort;
waveguide (pCell, layer[0], WG,
// 2.2 Draw spirall
Spirall.InPort = WG.OutPort;
Spirall.n = 1+ i;
Spirall.R1 = R;
Spiral(pCell, layer[0], Spiralil,
//4 Draw spiral output waveguide:
WG.angle = 0;

WG.InPort = Spirall.OutPort;
WG.L = PL_mid-
long L_mr = WG.L;

long distance =

waveguide (pCell, layer [0], WG,

WG,

WG.OutPort); */

Spirall.QOutPort);

Spirall.OutPort.x-Spirall.InPort.x;
WG.0OutPort);

//Draw two bends to output waveguide part

Bend.InPort = WG.OutPort;
Bend.start_angle = 0;
270;

layer [0],

Bend.end_angle =

bend (pCell, Bend, Bend.

Bend.InPort = Bend.OutPort;
Bend.start_angle = 270;

180;
layer [0],

Bend.end_angle =

bend (pCell, Bend, Bend.

OutPort);

OutPort);

spiral input

*/

(Spirall.OutPort.x-Spirall.InPort.x)-PL_in;

waveguide
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//5 Draw Prop loss section waveguide output part

WG.angle = 180;

WG.L = PL_out;

WG.InPort = Bend.OutPort;

waveguide (pCell, layer [0], WG, WG.OutPort);

//Draw final two
Bend. InPort =
Bend.start_angle

Bend.end_angle =

WG .

bends to chip output
OutPort;

= 180;

270;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 1
//6 Draw input/output offset waveguide

270;

out_offset;

Bend .OutPort;

WG.angle =
WG.L =
WG.InPort =
waveguide (pCell, WG,

layer [0], WG.0OutPort);

Bend.InPort = WG.OutPort;
Bend.start_angle = 270;
0;

layer [0],

Bend.end_angle =

bend (pCell, Bend, Bend.OutPort); //bend 2

//7 Draw length of waveguide to output taper:

WG.L = (L_total - BendSep) / 2;

WG.InPort = Bend.OutPort;

WG.angle = 0;

waveguide (pCell, layer [0], WG, WG.OutPort);

TAPout . InPort = WG.OutPort; //Set LHS taper staring point
Taper (pCell, layer [0], TAPout, TAPout.OutPort); //Draw LHS Taper

WG_cl.InPort =
TAPout . angle =

TAPout .OutPort;
0;
waveguide (pCell,

//Set LHS grating start point.

layer [0], WG_cl, WG_cl.OutPort); //Draw LHS grating.

//Now draw butt coupling input section:
WG_cl.InPort.x =
WG_cl.InPort.y =
waveguide (pCell,

centre.x;

centre.y + (i+1)*2*x(out_offset + offset + 4 * Bend.radius)+ ix*dyi;
layer [0], WG_cl, WG_cl.OutPort);
TAPin.InPort =
TAPin.angle =

WG_cl.QOutPort;
03
layer [0], TAPin,

Taper (pCell, TAPin.OutPort);

//Draw length of waveguide to the first bend:

WG.L = (L_total - BendSep) / 2;
WG.InPort = TAPin.QOutPort;
waveguide (pCell, layer[0], WG, WG.OutPort);

//Draw first two input bends
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Bend.InPort = WG.OutPort;

Bend.start_angle = 0;

Bend.end_angle = 90;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 1

Bend.InPort = Bend.OutPort;

Bend.start_angle = 90;

Bend.end_angle = 180;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 2

//Draw Prop loss section waveguide input part
WG.angle = 180;

WG.L = PL_in-distance/2;

WG.InPort = Bend.OutPort;

waveguide (pCell, layer[0], WG, WG.OutPort);

//Draw two bends to middle part

Bend.InPort = WG.OutPort;

Bend.start_angle = 180;

Bend.end_angle = 90;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 1

Bend.InPort = Bend.OutPort;

Bend.start_angle = 90;

Bend.end_angle = 0;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 2

// 2.1 Draw spiral input waveguide:
WG.angle = 0;

WG.L= PL_in+distance/2;

WG.InPort = Bend.OutPort;

waveguide (pCell, layer [0], WG, WG.OutPort);

/* WG.L = centre.x + 5000 * 1000 - Spirall.OutPort.x; */

/* //Draw Prop loss section waveguide middle part
WG.angle = 0;

WG.L = 500%1000;PL_mid;

WG.InPort = Bend.OutPort;

waveguide (pCell, layer [0], WG, WG.OutPort); x*/

// 2.2 Draw spirall

//Spirall.InPort = WG.OutPort;

//Spirall.n = 1+ ij;

//Spirall.R1 = R;

//Spiral(pCell, layer [0], Spirall, WG, Spirall.OutPort);

// 2.3 Draw spiral output waveguide:

WG.angle = 0;

WG.InPort = WG.OutPort;

WG.L = PL_mid- (Spirall.OutPort.x-Spirall.InPort.x)-PL_in;

//long L_mr = WG.L;

//long distance = Spirall.OutPort.x-Spirall.InPort.x;

waveguide (pCell, layer[0], WG, WG.OutPort); //Draw spiral output waveguide

//Draw two bends to output waveguide part
Bend.InPort = WG.OutPort;
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Bend.start_angle = 0;
Bend.end_angle = 270;
bend (pCell, layer [0], Bend, Bend.OutPort); //bend 1

Bend.InPort = Bend.OutPort;

Bend.start_angle = 270;

Bend.end_angle = 180;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 2

//Draw Prop loss section waveguide output part
WG.angle = 180;

WG.L = PL_out;

WG.InPort = Bend.OutPort;

waveguide (pCell, layer[0], WG, WG.OutPort);

//Draw final two bends to chip output

Bend.InPort = WG.OutPort;

Bend.start_angle = 180;

Bend.end_angle = 270;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 1

//Draw input/output offset waveguide
WG.angle = 270;

WG.L = out_offset;

WG.InPort = Bend.OutPort;

waveguide (pCell, layer[0], WG, WG.OutPort);

Bend.InPort = WG.OutPort;

Bend.start_angle = 270;

Bend.end_angle = 0;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 2

//Draw length of waveguide to output taper:
WG.L = (L_total - BendSep) / 2;

WG.InPort = Bend.OutPort;

WG.angle = 0;

waveguide (pCell, layer [0], WG, WG.OutPort);

//Draw Butt coupling output section:

//WG.InPort = Bend.OutPort; //Set waveguide start point

//WG.L = L_total - (Bend.OutPort.x - TAPin.OutPort.x); //Change wg length
//waveguide (pCell, layer [0], WG, WG.OutPort); //Draw waveguide

TAPout .InPort = WG.OutPort; //Set LHS taper staring point

Taper (pCell, layer [0], TAPout, TAPout.OutPort); //Draw LHS Taper
WG_cl.InPort = TAPout.OutPort; //Set LHS grating start point.

TAPout .angle = 0;

waveguide (pCell, layer [0], WG_cl, WG_cl.OutPort); //Draw LHS grating.

}//end for

}//end PropLossButt_offset (end main)

2 prop loss waveguide

/11177 777/7177777/7/777/77/// wmain function /////////////111//771/1117/771//117/1777/
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void MACRONAME (void)
{

/111177777 /7//7////////Set uwp layers////////////////
LCell pCell = LCell_GetVisible();

LFile pFile = LCell_GetFile(pCell);

LPoint centre = LPoint_Set (0, 0);

//Initialize default layers:
layers_CLASS layers;
layers.list = layers.setdefaultlist(pFile);

//To add compatibility with previous code, transfer layers.list into LLayer array "layer":
LLayer layer [25];
for (int a = 0; a < layers.list.size(); a++) layer[al] = layers.list[a]l;

////// 1. declare all component types, and set all common variables:

/* //Declare grating coupler struct and set variables:
GratingCoupler_TYPE GC;

GC.Period = 1.96 *x 1000;

GC.W_grat = 25 * 1000;

GC.L_grat = 50 * 1000;

GC.W_wg = 10 * 1000;

GC.angle = 0;

GC.InPort = centre; x*/

//Declare waveguide struct and variables:
WG_TYPE WG;

WG.W = 3.8 * 1000;

WG.angle = 0;

WG.L = 500 * 1000;

// 1 Declare waveguide struct and variables:
WG_TYPE WG_cl;

WG_cl.W = 25 x 1000;

WG_cl.angle = O0;

WG_cl.L = 500 * 1000;

//Declare input taper struct and set variables;
Taper _TYPE TAPin;

TAPin.W1 = WG_cl.W ;

TAPin.W2 = WG.W;

TAPin.angle = 0;

TAPin.L = 5000%1000;;

//Declare output taper struct and set variables;
Taper _TYPE TAPout;

TAPout .Wl1 = WG.W;

TAPout .W2 = WG_cl.W ;

TAPout .angle = 0;

TAPout.L = TAPin.L;

//Declare Bend and set variables
long R=85%1000;

bend_TYPE Bend;

Bend.W = WG.W;

Bend.radius = R;
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/////// 2. Draw waveguides of different lengths, with with butt coupling both LHS and RHS:

int i, j;

int n_lengths = 5; //Set number of length variations
long d_length = 1500 * 1000; //Set difference in length between each variation
long LO = 2500 * 1000; //Set the length of the shortest waveguide
long offset = 100 * 1000; //Set offset between adjacent waveguides.

long L_total = 4000 * 1000;

long BendSep = 100 * 1000;

long out_offset = 200 * 1000;

// L_min=L0+2*Bend.radius+BendSep=2753.2%x1000,
//difference length= d_length =1500%1000

for (i = 0; i<n_lengths; i++)

{

//First set the changing length for each iteration
long PL_in = (LO + ixd_length) / 4;

2 * Bend.radius + BendSep + (LO + i*d_length) / 2;
(LO + i*d_length) / 4;

long PL_mid

long PL_out

//Draw grating coupler section:

//GC.InPort.x = centre.x; //Set LHS grating start point.
//GC.InPort.y = centre.y + i*(offset + 4 * Bend.radius);
//GratingCoupler (pFile, pCell, layer, GC, GC.OutPort);

//Now draw butt coupling input section:

WG_cl.InPort.x = centre.x; //Set LHS grating start point.

WG_cl.InPort.y = centre.y -i*(out_offset + offset + 4 * Bend.radius)-9000%1000;
waveguide (pCell, layer [0], WG_cl, WG_cl.OutPort); //Draw LHS grating.
TAPin.InPort = WG_cl.OutPort; //Set LHS taper staring point

TAPin.angle = O0;

Taper (pCell, layer [0], TAPin, TAPin.OutPort); //Draw LHS Taper

//Draw length of waveguide to the first bend:
WG.L = (L_total - BendSep) / 2;

WG.InPort = TAPin.OutPort;

waveguide (pCell, layer [0], WG, WG.OutPort);

//Draw first two input bends

Bend.InPort = WG.OutPort;

Bend.start_angle = O0;

Bend.end_angle = 90;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 1

Bend.InPort = Bend.OutPort;

Bend.start_angle = 90;

Bend.end_angle = 180;

bend (pCell, layer [0], Bend, Bend.OutPort); //bend 2

//Draw Prop loss section waveguide input part
WG.angle = 180;

WG.L = PL_in;

WG.InPort = Bend.OutPort;

waveguide (pCell, layer [0], WG, WG.OutPort);
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//Draw two bends

Bend.InPort = WG.

Bend.start_angle

Bend.end_angle =

to middle part
OutPort;

= 180;

90;

bend (pCell, layer [0], Bend, Bend.OutPort);

Bend.InPort = Bend.OutPort;

Bend.start_angle

Bend.end_angle =

90;
0;

bend (pCell, layer [0], Bend, Bend.OutPort);

//Draw Prop loss section waveguide middle part

WG.angle = 0;
WG.L = PL_mid;

WG.InPort = Bend.

waveguide (pCell,

//Draw two bends

Bend.InPort = WG.

Bend.start_angle

Bend.end_angle =

OutPort;
layer [0], WG, WG.OutPort);

to output waveguide part
OutPort;

= 0;

270;

bend (pCell, layer [0], Bend, Bend.OutPort);

Bend.InPort = Bend.OutPort;

Bend.start_angle

Bend.end_angle =

= 270;
180;

bend (pCell, layer [0], Bend, Bend.OutPort);

//Draw Prop loss section waveguide output part

WG.angle = 180;
WG.L = PL_out;

WG.InPort = Bend.

waveguide (pCell,

//Draw final two

Bend.InPort = WG.

Bend.start_angle

Bend.end_angle =

OutPort;
layer [0], WG, WG.OutPort);

bends to chip output
OutPort;

= 180;

270;

bend (pCell, layer [0], Bend, Bend.OutPort);

//Draw input/output offset waveguide

WG.angle = 270;

WG.L = out_offset;

WG.InPort = Bend.

waveguide (pCell,

Bend.InPort = WG.

Bend.start_angle

Bend.end_angle =

OutPort;
layer [0], WG, WG.OutPort);

OutPort;
= 270;
0;

bend (pCell, layer [0], Bend, Bend.OutPort);

//Draw length of
WG.L = (L_total

WG.angle = 0;
waveguide (pCell,

waveguide to output taper:

- BendSep) / 2;
WG.InPort = Bend.

OutPort;

layer [0], WG, WG.OutPort);

//Draw Butt coupling output section:

//WG.InPort = Bend.OutPort;

//Set waveguide start point
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//WG.L = L_total - (Bend.OutPort.x - TAPin.OutPort.x); //Change wg length
//waveguide (pCell, layer [0], WG, WG.OutPort); //Draw waveguide

TAPout.InPort = WG.OutPort; //Set LHS taper staring point
Taper (pCell, layer [0], TAPout, TAPout.OutPort); //Draw LHS Taper

WG_cl.InPort = TAPout.OutPort; //Set LHS grating start point.
TAPout .angle = 0;
waveguide (pCell, layer [0], WG_cl, WG_cl.OutPort); //Draw LHS grating.

}//end for

}//end PropLossButt_offset (end main)

Write label text- spiral + reference waveguide

1177777777777 7/7/777/777//7// main function ////////////7////7/7/7//7/777/777/77/77777/
void MACRONAME (void)
{

///11717171/7//1////7/////8et up layers////////////////

LCell pCell = LCell_GetVisible();

LFile pFile = LCell_GetFile(pCell);

LPoint centre = LPoint_Set (0,0);

//LStatus statuslLay = LLayer_New(pFile, LLayer_Find(pFile, "New Layer"), "Layerl");
LLayer plLayer = LLayer_Find(pFile, "labels");

// Set text size:
long txtSize = 100 * 1000;

// Initialise string variables:
std::stringstream sstm;
string name;

char *InName;

int n=7;

int i;

long dyi = 700%1000;

long out_offset = 200 * 1000;
long R=85%1000;

long offset = 100 * 1000; //Set offset between adjacent waveguides.
for (i = 0; i < n; i++)

{

sstm << "N" << 1+i << "-W" << 3.8; //append different parts of name to string
name = sstm.str(); //create string in "name" from stringstream

char *innamechar = new char[name.length() + 1];

std::strcpy(innamechar, name.c_str());

sstm.str(std::string());

// Change y-position:

centre.x = centre.x ;

centre.y = centre.y + 2000%1000; //Set textLabel start point.
//Draw text:

textLabel (pCell, plLayer, centre, innamechar, txtSize);
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}//end BendLossButt (end main)

Write label text-prop loss waveguide

/1117777771777 /77/7/777/7/7/// wmain function ///////////////////1//117////1/1//7////

void MACRONAME (void)

{

/1171111177777 7////////8et up layers////////////////
LCell pCell = LCell_GetVisible();

LFile pFile = LCell_GetFile(pCell);

LPoint centre = LPoint_Set (0,0);

//LStatus statuslLay = LLayer_New(pFile, LLayer_Find(pFile, "New Layer"),

LLayer pLayer = LLayer_Find(pFile, "labels");
// Initialise string variables:
std::stringstream sstm;

string name;

char *InName;

int n=5;

int ij;

long d_length = 2000%1000;
long dyi = 700%1000;

long out_offset = 200 * 1000;
long R=85%1000;

long offset = 100 * 1000;

// Set text size:
long txtSize = 100 * 1000;

for (i = 0; i < n; i++)

{

sstm << "L" << 2753.2+i*d_length << "-W" << 3.8;

/* sstm << "N" << 1+4i << "-W" << 3.7; */

name = sstm.str(); //create string in "name" from stringstream
char *innamechar = new char[name.length() + 1];

std::strcpy(innamechar, name.c_str());

sstm.str(std::string());

// Change y-position:

centre.x = centre.x ;

centre.y = centre.y + 600%x1000; //Set textLabel start point.
//Draw text:

textLabel (pCell, plLayer, centre, innamechar, txtSize);

}//end BendLossButt (end main)

"Layerl");
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