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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 �m and 3.888 �m. The devices were used to detect an expected IPA absorption

peak at 3.77 �m, 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 �m) 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 �gure 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 andO2 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 andO2 perform a reaction and generate hydrogen peroxide (H2O2) in

a selectively permeable membrane as equation 1.1 shows. The equation 1.2 shows that

then H2O2 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+ O2
GOx���! Gluconic acid + H2O2 (1.1)

H2O2
electrode�����! O2 + 2H + + 2e� (1.2)

There are various bene�ts 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

1
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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 �nal reading of the device. It

was reported that for such a device, the mechanical drift of the di�erent components of

the electrochemical sensing a�ects 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 bene�t from minimal

drift, are able to detect separate gases e�ciently 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 a�ected by external features such as tempera-

ture, voltage and stress [2]. Optical biosensors o�er 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 e�ects [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 di�erent molecules have well

characterised absorption peaks in the MIR wavelength region (2.5� m to 20 � m). The

MIR spectral region contains strong absorption bands for many molecules (see �gure

1.2). Making use of existing experimental set ups, this project will focus on the 3.725-

3.888 � m and 6-10 � m wavelength range. The limitations of absorption spectroscopy

are that absorption spectroscopy is a�ected 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.CH4), 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 identi�cation of analytes within a mixture. Moreover it also could

signi�cantly 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 micro
uidic channels and opening di�erent 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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Micro
uidic 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 micro
uidic 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 speci�c 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 micro
uidic channels.

2. Finding proper claddings for di�erent wavelength ranges; the claddings will protect

the waveguide surface and will be also used for bonding of micro
uidic 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 micro
uidics to perform absorption spectroscopy of analytes. There are six

chapters in this thesis: (1) introduction, (2) background, (3) silicon waveguides inte-

grated with micro
uidics for IPA 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. Di�erent 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 � m)

and longer (7-10� m) 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 micro
u-

idics for mid-infrared evanescent absorption spectroscopy, at the short wavelength range

(3.725-3.888� m). 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 di�erent 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� m), 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.



Chapter 2

Background

Absorption spectroscopy sensing takes advantage of di�erent molecules having di�erent

absorption peaks at di�erent 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 �gure 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].

Figure 2.1: The absorption energy � E causes the molecule transfer from a
ground state to a vibrational excited state [25].

7
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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 �gure 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 re
ected

to a �xed mirror (beam A), and a part (beam B) is transmitted to a movable mirror.

Then the re
ected light from the �xed mirror and movable mirror are recombined at a

beam-splitter, and the result reaches a detector.

The distance between the �xed 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 di�erent wavelengths. The molecules

of the sample will absorb speci�c wavelengths, causing the detected signal to contain

characteristic absorption bands. The results from the detector are processed using a

Fourier Transform.

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 �gure 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 re
ectance. 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' con�guration. 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 (�gure 2.4).

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� m 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 � m, 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 �gure (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


at mirror and is re
ected by a corner-cube mirror. The output light was directed onto

a retrore
ector placed a distance of 76m from the laser source forO3 measurements,

propagating through air. During the open path propagation, the light interacted with

the gas. The re
ected light was received by a telescope and another elliptical 
at mirror,

and �nally 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 su�cient 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 �gure 2.6 shows, the O3 concentration data were

recorded for �ve days by the QCL open path system and an unnamed commercial sensing

instrument [36]. During this monitoring, the QCL sensing system measured peaks ofO3

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].

Figure 2.6: The concentration spectra ofO3 measured over �ve 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 forO3 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 di�erences 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 con�ned mainly to the waveguide with a small percentage interaction with

the sample. However, it bene�ts 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 �gures 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 di�erence 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 �gure 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 �gures 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 con�guration of it is `QCL -

waveguide - detector'. The principle of this sensor is usually based on absorption e�ects

of the sample on the evanescent �eld [37] of the optical mode in the waveguide [23]. The

evanescent power determines the absorption e�ects with the chemical material and also

in
uences the interaction with the waveguide cladding layer (�gure 2.7). As is known



Chapter 2 Background 13

Figure 2.7: Evanescent �eld waveguide absorption sensing in the MIR [38].

that in the MIR region, di�erent samples absorb at di�erent 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 = P0exp(� �"CL � � propL) (2.1)

where P is the optical signal power, the input power is P0, � (%) is the evanescent

power factor and " is the molar absorption (Lmol � 1cm� 1). C and L stand for the

concentration (mol/L) and optical path length (cm) respectively, and � prop (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� (%). The evanescent power factor� (%) is given by the

following equation [39]:

� =
Psup

Ptotal
(2.2)

where Psup is the optical power in the superstrate media [39], andPtotal is the total

guided optical power.

In this project, focus is placed on measuring concentrations (C) of samples whilst using

di�erent 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 (� prop (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 
uidic channel to measure the concentration of IPA (analyte) in acetone
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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 
oor 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 � m). 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 �gure 2.8). The

total length of the 260 � 260 � m sensing area was 4.02mm and it is smaller than the

length of FTIR and QCL free space sensors. The loss of the waveguide was 7.86dB=cm

which is not ideal [40] (the e�ect 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� m, with ZnSe

(zinc selenide) on silicon waveguides (�gure 2.9). The authors did not choose a 
uidic

channel, but used a �lter paper instead. The spectra were slightly di�erent 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 micro
uidic channel could have helped to improve the accuracy,

because it can reduce the evaporation of the IPA. Also the �lter 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-IR sensing applications [23].

(a)

(b)

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

pro�le. Because the evanescent �eld 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� m and

Si has high absorption for � > 8� m (see �gure 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.

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 � m), strip, rib SOI, and slot waveguides, 3000

nm thick Ge-on-Si rib waveguides and 850nm 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

� m, and it operated at a wavelength of 3.77� m 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 bene�t of low propagation loss waveguides is that they can be used with long path

lengths for sensing. However they still su�er 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 con�ned particularly in bends.

Therefore, for a device that is a straight waveguide, choosing a shallow etch will be the

best con�guration 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� m. They were fabricated with the same fabrication steps as

the 400 nm SOI waveguides. The loss was similar, at 1.28� 0.65 dB/cm. The waveguide

width was 1.3 � m 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 con�ned 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 (�gure 2.11). The optical mode can be con�ned in

the air gap [45], and SOI slot waveguides can improve the sensitivity as the electric �eld

amplitude in the gap can be increased up to 50 times, compared to the evanescent-wave

sensing (�gure 2.11) [46]. A slot waveguide was designed as a 2D waveguide with a

height of 500nm, width of 1300 nm, and gap of 78nm in the middle. The propagation

loss at 3.8 � m 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 �eld con�nement 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 a�ected.

Figure 2.11: Simulated mode pro�le in a slot SOI waveguide at� = 3.8 � m [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 �gure 2.12) was designed for a single mode operation

at 3.8 � m wavelength with a low propagation loss of only 0.6 dB/cm. The dimensions

of this waveguide were: height = 2.9� m, width = 2.7 � m and etch depth = 1.7 � m

[42]. The main reason for low loss operation of this rib waveguide is that the mode

is well con�ned 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� m thick Ge, with a width of 6 � m, at a

wavelength of 3.682� m. The propagation loss was about 10 dB/cm [48]. Compared

to the Ge-on-Si rib waveguide at 3.8� m, 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.



Chapter 2 Background 19

Figure 2.12: Simulated TE mode pro�le in the Ge-on-Si waveguide at� = 3.8
� m [42].

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� m thick and 3 � m thick Ge-on-Si

waveguides, 11� m thick Ge-rich graded SiGe waveguide, and 1.4� m thick suspended

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

2000 nm Ge-on-Si waveguide at 5.8 � m

The �rst 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� m. The

propagation loss was 2.5 dB/cm [50]. As �gure 2.13 shows, this strip waveguide consists

of three main parts: coupling taper (500� m long), funnelling part (350 � m long) and a

straight section. The dimensions of this waveguide were: thickness 2um and width 2.9

� m [50].

After this design, a group in Glasgow presented a Ge-on-Si waveguides at 5.8� m, 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 � = 5.8 � m [50].

Ge-on-Si rib waveguides at wavelengths up to 8.5 � m

Ge-on-Si (GOS) waveguides were also characterised at a wavelength range of 7.5-8.5� m,

the minimum propagation loss of the GOS waveguide was 2.5 dB/cm at 7.575um [52].

The dimensions of this waveguide were: 3� m thick Ge layer, 4.3 � m width, 1.5 � m

etch depth. The process of fabrication was the same as previously for the 3� m GOS

waveguide operating at 3.8� m, 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� m GOS waveguide at

3.8 � m, 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 � m

A graded SiGe platform operating at a higher wavelength range which is between 5� m

to 11 � m 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� m, and the etching height H

being 6.1� m which includes a 2� m thick Si0:2Ge0:8 layer.

As �gure 2.16 shows, at this wavelength range, below 8� m the loss is less than 1.2

dB/cm; between a wavelength range of 9.5 to 11.2� m, the loss is below 3 dB/cm; the

loss is slightly high when the wavelength is between 8 to 9.5� m but is still less 4.6

dB/cm. In the wavelength range of 5.1-8� m, the loss mainly comes from the roughness

of the sidewall of the rib waveguide and free carrier absorption of residual dopants.

Between 8.1 - 11� m 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� m rib GOS waveguide cross-section after dicing
[52].

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

the loss between 9.1-9.3� m is predominantly because of the absorption ofO2. During

the deposition of rich Ge graded SiGe layer on substrate Si platform, the deposition

process includesO2 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� m 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 theSi0:2Ge0:8 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 �gure 2.17 shows, the grating period (�) 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 � m wavelength. The dimensions of the suspended waveg-

uide were (see �gure 2.17): width of coreWcore = 2.9 � m, cladding width Wclad = 3

� m which limits the leakage to the lateral silicon region, silicon thicknesstSi = 1.4 � m,

buried oxide layer thicknesstBOX = 3 � m, L hole = 900 nm, L Si = 250 nm [55].

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 o�er two side evanescent �elds, 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 �gure 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.

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, di�erent

types of SOI thermo-optic waveguide switches have been produced. Based on MIR

silicon photonics materials, SOI and SiO2 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 e�ective index

of the platform. This then leads to a change in the phase of the light, through a process

known as the thermo-optic e�ect [56]. The thermo-optic e�ect refers to the change of

the real part of the refractive index with temperature, with the rate of change being

named the thermo-optic coe�cient (
dn
dT

) [57].
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Taking silicon as an example, the phase change of the lightM ' is relative to the change

of Si refractive index M n by the thermo-optic e�ect as shown in equation 2.3, where�

is the wavelength, and L is the length of the heated area [58].

M ' =
2� M nL

�
(2.3)

If the phase changeM ' of light is � , ie destructive interference occurs, then the change

of temperature M T can be found by equation 2.4:

M T = (
dn
dT

) � 1 �
2L

(2.4)

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

Silicon and SiO2 (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.

SiO2 has a stable and low thermo-optic coe�cient. As �gure 2.18 shows, at 23.5� C, the

thermo-optic coe�cient (
dn
dT

) of SiO2 is 0.5� 10� 5 C � 1 , 0.3� 10� 5 C � 1 and close to

zero at a wavelength of 2.73� m, 3.05 � m, and 3.37� m respectively [61].

Figure 2.18: Spectrum of the silica thermo-optic coe�cient (dn/dT) for the 0 -
500 � C temperature range at varying wavelengths in the MIR region [61].
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