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Abstract

Abstract

This work involves optimization and characterization of low pressure chemical
vapour deposition (LPCVD) of silicon nitride and silicon oxynitride layers. The
optimized parameters of this deposition were used in fabricating the guiding layer of an
optical Mach-Zehnder interferometer which was used as a transducer for a waveguide
based sensor used to detect chemical gases such as ammonia. In this sensor a titanium
heater with aluminium contacts was integrated near to the reference arm in order to
increase the sensitivity of the sensor by using the thermo-optical effect. A chemo-
optical sensitive material to ammonia (its refractive index changes with changing the
amount of ammonia that diffuses into it from the ambient air) was spin coated on a
sensing window in the sensing arm.

The work in this thesis is split into three main areas of study. The first is designing
a monomode silicon oxynitride waveguide using the imaginary distance beam
propagation method (ID-BPM), also a design of waveguide parameters which increase
the sensitivity, designing the Mach-Zehnder interferometer and the heater. The masks
for the whole structure were designed using the Cadence program.

In the second area, LPCVD of silicon nitride and silicon oxynitride films were
optimized by the adjustment of the deposition temperature and the gases flow rate. The
homogeneity of the deposited layers, the deposition rate and the thickness variations
along the wafers and the boats were discussed.

In the third area, the detailed fabrication procedures of the sensor are discussed
including several important standard processes such as the thermal oxidation of the
silicon substrate, the low pressure chemical vapour deposition (LPCVD), the
photolithography for mask transfer, the reactive ion etching for a ridge waveguide
formation, the metal evaporation and wet etching. Also the characterizations of the
sensor were carried out. The waveguide was analyzed to make sure that the sensor is
working as expected. The heater also was tested to see how much dissipated power the
resistor can withstand during its heating, the heating effect on its resistance and the
heating effect on the transmission intensity were checked too. Finally, the refractive
index change in the sensitive layer during exposure to ammonia was measured. Also the
sensor response, the response time and sensitivity of the sensor were discussed.
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Zusammenfassung

Zusammenfassung

In dieser Arbeit wurden die Abscheidung von Siliziumnitrid Und
Siliziumoxynitridfilmen nach dem Low Pressure Chemical Vapor Deposition
(LPCVD)-Verfahren zur Integration eines optischen Gassensors optimiert und die
resultierenden  Schichten  optisch  charakterisiert. ~ Mit den  gewonnenen
Abscheideparametern wurden die Wellenleiter eines Mach-Zehnder-Interferometers
hergestellt, das als Signaltransformator in einem Ammoniaksensor dient. Dieser Sensor
nutzt ein Heizelement aus Titan mit Aluminiumkontakten, integriert neben dem
Referenzarm, um die Empfindlichkeit des Interferometers durch Ausnutzung des
thermo-optischen Effekts auf das Maximum abzugleichen. Ein chemo-optisch mit
Ammoniak reagierendes Material wurde im Spincoating-Verfahren auf die Sensorflache
im Messzweig aufgetragen.

Im ersten Teil dieser Arbeit wurde ein Monomode-Siliziumoxynitrid-Wellenleiter
mit der Imaginary-Distance-Beam-Propagation-Methode (ID-BPM) entworfen. Die
Wellenleiterparameter wurden entsprechend gewdhlt, um das Mach-Zehnder-
Interferometer mit dem Heizelement zu optimieren. Die Masken flr die vollstandige
Struktur wurden mit dem Programm Cadence entworfen. Im zweiten Teil wurde die
Abscheidung von Siliziumnitrid und Siliziumoxynitrid im LPCVD-Verfahren anhand
von 45  Testwafern  bezuglich  der  Abscheidetemperatur  und  der
Gasstromungsgeschwindigkeit optimiert. Die Homogenitat der abgeschiedenen
Schichten, die Abscheiderate und die Schichtdickenvariationen wurden untersucht. Im
dritten Teil wurde die Herstellung des Sensors einschlieBlich der wichtigsten
Prozessschritte behandelt. Ebenso wurden die Wellenleiter sowie der gesamte Sensor
charakterisiert. Der Heizer wurde hinsichtlich der maximal zuldssigen Leistung
analysiert, insbesondere die Auswirkung der Erwdrmung auf den elektrischen
Widerstand getestet. SchlieRlich wurde die Anderung des Brechungsindexes in der
empfindlichen Schicht in Abhéangigkeit von der Ammoniakkonzentration bestimmt.
Ebenso wurden das Sensorubertragungsverhalten, die Ansprechzeit und die
Empfindlichkeit des Sensors untersucht.
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Introduction

The main goal of this thesis work is the optimization of LPCVD to find the
deposition parameters such as deposition temperature, deposition pressure and gases
flow rate which will be used in fabricating the guiding layer of the MZI waveguide.
This layer will be used to verify the design requirements such as refractive index value,
thickness and optical properties which will make the designed waveguide monomode
and will result in high surface sensitivity. This waveguide will be used as a transducer
for a waveguide based sensor used to detect chemical gases such as ammonia. In this
sensor a titanium heater with aluminium contacts will be integrated near to the reference
arm of the MZI in order to increase the sensitivity of the sensor by using the thermo-
optical effect. For ammonia sensing a chemo-optical material sensitive to ammonia will
be placed at a sensing window in the sensing arm. The processing facilities in our
research laboratory were employed throughout the study. This thesis is consisting of
five chapters;

Chapter one includes background on silicon technology, low pressure chemical
vapor deposition, the optical guiding materials such as silicon nitride and silicon
oxynitride, the optical waveguides and chemical sensors.

Chapter two concerns the sensor design including the design of the waveguide in
order to verify two conditions: it has to be monomode and it should show a high surface
sensitivity. It explains the design of the Mach-Zehnder interferometer and the design of
the heater.

In chapter three the optimization of low pressure chemical vapor deposition for
silicon nitride and silicon oxynitride is presented. The gases flow rate, the deposition
temperature, the thickness variation along the wafers, the deposition rate and the
homogeneity of the deposited layers were discussed.

Chapter four describes the process steps applied in the fabrication of the silicon
oxynitride waveguide based ammonia sensor and the characteristics of the sensor such
as total losses, light modulation and ammonia sensing.

Finally, in chapter five the conclusions that are drawn from this study are
presented.
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1 Processing of waveguide sensors

1.1 Silicon technology

Silicon technology still remains the most dominant force in electronic integrated
circuits and it seems that it will continue in the near future. The work towards
implementation of silicon technology in the integrated optics area started ever since the
notion of integrated optics was introduced. There are several key factors for this
application to be successful. First of all, any candidate technology must provide
waveguide structures with low propagation losses. Moreover, it should be compatible
with microelectronics device processing and provide a high reproducibility at
reasonably low cost. The coupling between optical integrated circuits (OIC) and other
elements such as optical waveguides, light sources, and photodetectors is another
important issue of consideration. Si-based technologies offer crucial advantages on all
these points, which make it more attractive than other competing technologies.

In order to look for silicon compatible materials, one of the requirements is the
availability of thin dielectric films with a large refractive index difference between the
core material and the cladding material. In fact, the device size scales down with
increasing the refractive index difference. Unfortunately, it is quite difficult to achieve
low propagation losses for large refractive index differences and the scattering losses
increase as the square of the refractive index difference, and therefore high index core
waveguides are very sensitive to interface roughness. A second requirement on the
materials is the compatibility with the conventional silicon technology. The materials
have to withstand the process conditions such as purity, temperature, compatibility,
stability, functionality and should be processable with the tools already common in the
microelectronics industry. Low pressure chemical vapor deposition (LPCVD) is a very
important process for silicon technology.

1.2 Low pressure chemical vapor deposition (LPCVD)

Chemical vapor deposition (CVD) is defined as the formation of a non-volatile
solid film on a substrate by the reaction of vapor phase chemicals (reactants) that
contain the required constituents.

A CVD process can be summarized as consisting of the following sequence of
steps:

e A given composition (and flow rate) of reactant gases is introduced into a
reactant chamber

e The gas species move to the substrate
e The reactants are absorbed on the substrate
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e The atoms undergo migration and film-forming chemical reactions
e The gaseous by products of the reaction are desorbed and removed from the
reaction chamber

Gas Temperature
Control Control
7 N S \
Pressure Pressure
Sensor Sensor
Mechanical
Pump
( ] !
—
l Exhaust
Three-zone resistance heated furnace

Figure (1-1): Block diagram of a low pressure chemical vapor deposition system

LPCVD can be used for deposition of silicon nitride (Si3sN4) and silicon oxynitride
(SiON). The low pressure chemical vapor deposition (LPCVD) process shown in figure
(1-1) deposits the films at relatively high temperatures and low pressures and depends
upon four critical parameters which are the total flow rate of the gasses, gas ratio of
ammonia (NHj3), oxygen (O;) and triethylsilane (C¢H6Si), chamber pressure and
chamber temperature. The most significant factor in the (LPCVD) silicon nitride
furnace is the gas ratio. By modifying the ratio at which gases enter the gas chamber
one can drastically change the film properties obtained at a specified point within the
chamber. By increasing the amount of ammonia that is in the chamber, the film stress
becomes increasingly tensile, whereas, by a decrease of the amount of ammonia in the
chamber the stress of the film becomes increasingly compressive. By balancing these
two extremes, one can create a point in the chamber that closely approximates zero
stress.

The second significant factor in a LPCVD silicon nitride furnace is the chamber
pressure. By increasing the pressure of the chamber, the extent of the reaction is not
allowed to move too far down the chamber (towards the vacuum). Hence by increasing
the pressure of the chamber for a fixed gas ratio, total flow and temperature, the
resulting film will become more compressive. On the other hand, by decreasing the
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pressure within the chamber, the extent of the reaction will migrate further down the
chamber and the resulting thin films will be more tensile.

A similar relationship is involved with the total flow rate of the furnace. By
increasing the total flow, the reactions can be pushed further down the chamber (with
high flow rates) or keep them confined to the point of entry (with low flow rates). By
increasing the flow rates, the film will be more tensile, and by decreasing the flow rates,
the film will be more compressive [1]. Reduced pressures tend to reduce unwanted gas-
phase reactions and improve film uniformity across the wafer. Increasing the chamber
temperatures tend to increase the deposition rate.

1.3 Silicon nitride (Si3Ny)

Bulk silicon nitride (Si3Ny4) is a hard, dense, refractory material. Its structure is
quite different from that of silicon dioxide: instead of flexible, adjustable Si-O-Si bridge
bonds, the Si-N-Si structure is rendered rigid by the necessity of nitrogen forming three
rather than two bonds. CVD silicon nitride is generally amorphous, but the material is
much more constrained in structure than the oxide. As a consequence, the nitride is
harder, has higher stress levels, and cracks more readily.

The dense structure of silicon nitride does not provide the open channels found in
oxide structures; thus, the nitride is widely employed in electronics as a barrier material.
Even hydrogen diffuses slowly in the nitride film, and other small positive ions (Na" or
K") are effectively blocked by thin nitride layers. Since oxygen diffuses very slowly
through the nitride, deposited nitride can prevent an oxidation of the underlying silicon:
this property is exploited in local-oxidation-of-silicon (LOCOS) transistor isolation.
Nitride layers are also employed as etch stop layers both for wet etching and plasma
etching.

Deposited nitrides almost always contain hydrogen, typically much more than in
the comparable oxide films. The source of the hydrogen is the silane precursor and
possibly also the ammonia oxidant employed in most deposition schemes, but the
presence of hydrogen in the film is a consequence of the nitride structure. It is very
difficult for the atoms in an amorphous but constrained film like silicon nitride to
occupy all positions allowing the valence of each silicon and nitrogen atom to be filled:
that is, a lot of broken bonds are present. These bonds are readily occupied by hydrogen
atoms. The amount of hydrogen and the bonding (Si-H or N-H) can be measured by
infrared spectroscopy, and are important in characterizing the properties of plasma
nitrides. The stoichiometry of nitride films also varies widely so that the refractive
index can vary from about 1.8 to 2.2. This is another useful control parameter for nitride
deposition.

Silicon nitride thin films have been extensively used in various technological
areas, especially in microelectronic devices such as passivation layers, interlevel
insulators, and dielectrics. All these applications are due to silicon nitride’s remarkable
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physical properties such as a high dielectric constant, high insulation strength, low
creepage, and good resistance against sodium as well as water vapor. In addition, they
also have excellent mechanical properties and stability. In addition to the above physical
and mechanical properties, silicon nitride films have another special characteristic,
namely the spectral selectivity, which can be used in optical coatings, used as a
diffusion mask for local oxidation of silicon in MOS processing and used as a guiding
layer in optical waveguides [2].

1.4 Silicon oxynitride (SiON)

There are some strong requirements for the devices for optical communication
such as low propagation loss, efficient fiber-to-chip coupling, low insertion loss, small
bend radii, and low fabrication cost that should be met for successful realization of the
technology.

Most of the materials used in integrated optics so far are classified as either low
contrast (e.g. silica, LINbO3, polymers) or high contrast (e.g. InP, silicon on insulator).
The satisfaction of all of the above mentioned requirements simultaneously for both of
these systems is rather difficult if not impossible. In the low contrast systems the fiber-
to-chip coupling efficiency is excellent due to the large size of the single mode
waveguides, but they have a low integration density since large bend radii (10-30 mm)
are required for low loss operation. On the other hand, high contrast systems allow very
small bending radii (down to 0.15 mm) with low losses, but efficient fiber-to-chip
coupling is difficult to obtain due to small waveguide dimensions.

The commercially planar waveguide technology is typically based on low-index
contrast (0.7 %) silica material. This technology platform ensures planar waveguide
components with low propagation loss (less than 0.05 dB/cm) and low fiber-to-chip
coupling losses. However, to increase the level of functional integration and reduce the
fabrication cost, it is necessary to decrease the component size. Therefore core materials
with higher refractive index have become the center of attention in the field of
integrated optics devices for telecommunication. The propagation loss of high refractive
index contrast waveguides is influenced by the material absorption loss and scattering
by surface roughness of the waveguide core.

In recent years, growing attention has been paid to silicon oxynitride (SiOxNy or
SiON for short) as a potential material for integrated optics. This attention has been
motivated mainly by its excellent optical properties such as low absorption losses in the
visible and near infrared, a large refractive index range and compliance with standard
CMOS technology. SiON combines the dielectric properties of SiO, together with good
chemical inertness and low permeability of Si3Ny. In addition, the index of refraction of
SiON layers can be easily adjusted continuously over a wide range between 1.45 (Si0,)
- 2.0 (Si3N4) which comes to be a very attractive property that allows fabrication of
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waveguides with desired characteristics of fiber match and compactness. Moreover, the
growth of SiION layers on silicon substrate is done by well established standard silicon
integrated circuit processing technology which is also a key point towards a low cost
mass production.

In addition, after the optimization of the processes it has become a well-controlled
technology with small technological tolerances. The relatively high index contrasts
which can be obtained enable a high functional density on the chip. It is quite natural to
apply in this technology the layer stack on the top of a silicon wafer which has several
advantages. The SiION technology is also used for integrated optical telecom devices.
The high contrast pure silicon technology using SOI wafers has only recently reached a
state in which it can be applied in practice; because of the high refractive index contrast
which can be obtained it might be most useful for circuits in which high compactness is
required such as in sensor arrays.

Amorphous silicon oxynitride layers are deposited by various techniques. The
most used growth technologies are plasma enhanced chemical vapor deposition
(PECVD) and low pressure chemical vapor deposition (LPCVD). The PECVD process
is found to be more efficient in controlled deposition of films with refractive indices
below 1.7. The deposited layers have good uniformity of the refractive index and in
layer thickness with run-to-run reproducibility [41].

1.5 Optical waveguides

Integrated optical systems generally consist of an optical chip which is provided
with a network of optical waveguides. The light is propagating through these
waveguides according to certain field patterns (the guided modes).

Figure (1-2): Total internal reflection of light [3]
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Just as in optical fibers light is confined to the waveguide as a result of total
internal reflection (TIR) against material boundaries. This happens when light arrives
through an optically dense medium of refractive index n; at its boundary with an
optically rarer medium of refractive index n; (i.e., n; > ny) and the angle of incidence 6;
is greater than the critical angle 8, where, sin 6, = n, / n, as shown in figure (1-2) [3]
and figure (1-3).

np

Figure (1-3): Different light rays with different incidence angles are arriving to the
boundary of two mediums from a higher refractive index medium to a lower refractive
index medium where the total internal reflection occurs when the angle of incidence is
greater than the critical angle

Light in optical fibers is exposed to multiple total internal reflections which may
occur as a consequence of the core layer having a higher value of refractive index than
the cladding layer as shown in figure (1-4).

Cladding n,

Core ny, (n; > ny)

Figure (1-4): Multiple total internal reflections in an optical fiber
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Most IO systems are structured as a planar multilayer stack deposited on top of a
substrate (e.g. a glass slide or a silicon wafer). Sometimes the higher index core is
defined by locally implementing (mostly by diffusion) ions. Layer thicknesses are on
the order of magnitude of 0.1-10 um just as the cross sectional dimensions of the core.
Lateral dimensions of a functional optical chip are in between some millimeters and
some centimeters.

In some IO systems there is no lateral patterning; in these systems, called
slabguides, the light is confined in the transverse direction only and not in the lateral
direction. These slabguides are useful for straightforward propagation of relatively wide
beams (hence with a low lateral divergence) only. They are seldom applied in integrated
optics, but nevertheless they will be met in several sensors. Mostly used are the
channel-type waveguides in which the light is also confined in the lateral direction [4].

Waveguides typically consist of a core with a higher refractive index n; than the
surrounding cladding layer n,. This structure is transferred to the planar technology for
silicon wafer processing using different types of anorganic films, which are standard
materials in MOS technology. Silicon technology offers different transparent materials
with a wide range of refractive indices which can be used for light guiding films and
waveguide structures. The most common material for the cladding layers is silicon
dioxide (SiO;). It is normally used as a dielectric layer in MOS transistors. The
refractive index is about 1.46, and the absorbance rate is extremely low in the visible
spectral range. SiO; can be deposited by thermal oxidation of silicon or by chemical
vapor deposition (CVD) using low pressure (LPCVD) or plasma enhanced CVD
(PECVD).

Figure (1-5): The rib waveguide

Optical waveguides on silicon can use different types of setup. Figures (1-5), (1-6)
and (1-7) depicts the most common structures of waveguides suitable for monolithic
integration.
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The rib waveguide [figure (1-5)] consists of a low refracting layer which is
covered by a layer with a higher refractive index as the light guiding film. The top layer
is partly etched to form a rib. The electromagnetic wave can only propagate in the area
of the rib, outside the rib no mode can exist due to the reduced film thickness. Because
of the roughness of the etched surface the propagation loss of this kind of waveguide is
large.

Figure (1-6): The channel waveguide

Figure (1-7): The strip loaded waveguide

Types of figure (1-6) waveguides (channel waveguides) depict less propagation
loss. This kind of waveguide can easily be integrated on silicon, but propagation loss is
not optimized due to the roughness of the vertical rib side walls caused by dry etching.
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The strip loaded film waveguide shown in figure (1-7) exhibits very low
propagation loss. The surface cladding layer is deposited on top of the light guiding
film, and the etching process to form the strip does not affect the quality of the light
guiding layer, so propagation loss is very low. The integration process is as simple as in
case of the rib loaded waveguide.

In channel and rib waveguides, monomode behavior depends on the thickness, the
width and depth of the core and on the difference between the core and cladding
refractive indices. If the difference between the refractive index of the core and cladding
is large (higher than 10 %), monomode behavior is achieved with a core thickness of
hundreds of nanometers. The cladding thickness is a few micrometers due to the small
penetration of the evanescent field into the cladding. However, the rib depth must be
around several nanometers for monomode waveguides.

As shown in figure (1-8), the modes are in different locations for the rib and strip
loaded waveguides. For rib waveguides, the mode is confined just below the rib, which
gives a symmetric mode profile. In practice, it is difficult to produce such devices with
smooth rib sidewalls and since the mode is confined just below the rib, there will be
significant scattering loss. With strip loaded geometry, the mode is confined to the
higher index core below a lower index loading strip layer. Since the mode is not
contained in the strip, this configuration is insensitive to sidewall roughness.

(a) (b)

Figure (1-8): Schematic cross-section of waveguide structures with the location of the
mode in each case (a) Rib waveguide (b) Strip loaded waveguide

The difficulty in designing strip loaded waveguides is that their fundamental
modes are inherently elliptical, making them difficult to couple to optical fibers. It
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requires much effort to obtain circular mode profiles suitable for coupling to optical
fibers.

The propagation of light through the waveguides is formally described by
Maxwell theory. It can be derived that for each wavelength, A, the guided light
propagates as a running wave in certain patterns of the electro-magnetic field, each
pattern with its own specific velocity; one speaks about guided modes. The number of
guided modes which can propagate through the waveguide depends on the values of the
refractive indices, the geometry of the channel structure and the wavelength used.
Structures through which one mode can propagate at only a given wavelength are easily
designed and realized. These monomodal waveguides are required by most 1O sensing
principles. When lowering the cross sectional dimensions or the refractive index of the
core a state can be reached such that at lower values of these parameters no guided
mode can be supported anymore. This state is called the cut-off.

Generally, the electro-magnetic field of the modes consists of three electrical and
three magnetic field components. If one (for slab modes) or two (for channel modes) of
them are known Maxwell theory delivers some simple relations for calculating from the
known components all other ones. From Maxwell theory it can also be derived that in a
good approximation for most waveguide types the guided modes can be classified into
two groups: TE-modes and TM-modes, where the electrical, respectively the magnetic,
field has a dominant component along the lateral direction only as shown in figure (1-9)
[5]. Three of the field components are zero leaving for TE-modes Hy and H, and for
TM-modes Ex and E, only. Generally, the component of the field along the propagation
direction (defined as the z-axis) is relatively small. The approximation is exact for slab
modes and is very good for the commonly used rib-type channel modes.

From Maxwell theory it can be shown that for a given vacuum wavelength of the
light, Ao, the i TE mode can be mathematically described by:

Eiy(io,x,y,z,t) = Eiy(x,y,/lo)expj[Nieﬂ (ﬂ,o )koz - a)t] (1-1)

x  Electric field

Y

Figure (1-9): The propagation of light as a running wave of the electro-magnetic field

[5]
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The formula shows a harmonic wave running in the Z-direction, with an angular
frequency . Here ko= 2JI/ Ay = ® / ¢, where c is the vacuum velocity of light. E'y (x, y,
o) is called the i™ field profile of TE-mode. Note that not all optical power propagates
through the core layer, but that parts of it propagate through the outer layers (the
cladding layers). In these layers the field strength decays exponentially with the distance
to the boundary with a decay length (1/e value) in medium i with refractive index n;
being:

1 _ C (1_2)

For most systems this decay length is on the order of magnitude of 0.1-1 um.
These fields outside the core layer are called the evanescent fields of the mode. These
evanescent fields play an essential role in most 1O sensors.

The propagation velocity of the mode is equal to ¢ / Negr, where Neg, the so-called
effective refractive index, being limited to the range neore > Negr > (0, Np), has taken the
place of the refractive index of a homogeneous medium, through which a planar
electromagnetic wave propagates. Modes are numbered according to their Neg-values,
the highest Nes corresponding to the lowest mode number. In the case that the structure
is lossy (e.g. due to some absorption or scattering) the losses are expressed by adding an
imaginary component to Negr.

The number of guided modes that can propagate through the waveguide, their
field profiles and their N¢g-values depend on the refractive index distribution (meaning
the values of the refractive indices of all relevant materials and the geometry of the
cross section of the straight waveguide) and the wavelength used. Structures are
possible through which for a given wavelength one TE mode (and often one TM mode)
can propagate only: a monomodal waveguide.

1.5.1 Light coupling into waveguides

There are various ways of coupling light from the outside world into a guided
mode of the chip (excitation of a guided mode): selective excitation using prisms [6] as
shown in figure (1-10) or gratings [7] as shown in figure (1-11) for coupling the power
of collimated free space beams into a specific waveguide mode or butt-end coupling
using fibers [8] or (especially in the laboratory) free space beams focused on the
entrance plane of the waveguide.

The first two methods are also utilized for the sensing itself. Because of
reciprocity of light all these methods can also be used for coupling light out of the chip.
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Figure (1-10): Prism coupler

Figure (1-11): Grating coupler
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1.5.2 Optical losses

The most important characteristic with the modal properties of a waveguide is its
attenuation or loss, that a guided mode experiences as it travels through the waveguide.
The loss arises mainly due to intrinsic material properties or imperfections that may
come during the fabrication processes. A common measure of the optical loss is dB/cm
and it is defined as the logarithm of the power (intensity) ratio as:

P
10log —*
gP

Loss(dB/cm):f””’ (1-3)

Where 1, P,y and Pj, are the waveguide length, output and input power,
respectively. The measured total loss is the sum of the individual losses due to different
mechanisms.

A mode traveling in the waveguide experiences a scattering loss, in case of facing
imperfections with index fluctuations of the order of the wavelength of light. According
to the location of occurrence, the scattering losses in a waveguide can be divided into
two as volume and surface scattering. In general, volume scattering results from
imperfections such as voids or particle contaminations. The loss due to them is
proportional to the total number of scattering centers per unit length and is negligible
compared to surface scattering loss.

The surface scattering loss might be of much more importance since the
propagating wave interacts strongly with the surfaces that are more imperfect in terms
of roughness. Namely, as the ridge waveguide is defined by etching, the surface may
experience damage, in addition to which the side walls of the rib itself can be rather
rough. In order to avoid these complications, a careful optimization of the reactive ion
etching (RIE) process applied for the waveguides, has to be worked out.

Although both types of scattering occur at different locations, they result from the
same physical process of scattering of light. The power radiated as a result of this
mechanism is given by the well-known expression of Rayleigh scattering

o' (As) E* _4x’c(As) E’
127¢,c’ 3g,A°

= (1-4)

rad

where Ag is the excess polarizability and E is the electric field component of light. The
important feature of the equation is that the radiated power is inversely proportional to
the fourth power of the wavelength.
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Another type of energy loss in waveguides is in the form of the loss of the optical
power from the mode into the media surrounding the waveguide. It can be observed in
both slab and ridge waveguides in terms of leakage of the mode into the substrate or air.
In fact, scattering losses may be included in this category, too. Radiation losses can also
take place in the waveguides having sharp bend or curvature, but this is not an issue for
our case. The Si0, lower cladding thickness of 2 x/m ensures no radiation leakage in

the substrate [41].

1.6 Chemical sensors

1.6.1 Background

Sensors technology has been identified as one of the most important technologies
for the 21 century. Sensors are important components in quality control as well as for
online control of different processes in industry.

Sensors are usually designed to monitor one thing at a time and are generally
devices which transduce a physical or chemical parameter into an electrical or optical
signal. Physical parameters which are commonly monitored with sensors are
temperature, pressure, force, magnetic field, etc, while chemical parameters of interest
most often are the concentrations of chemical substances.

A sensor can be described by the:
- detection mechanism
- parameters it is sensitive for, selectivity
- concentration range, sensitivity
- speed of response
- operation temperature

- life time

Physical sensors are different than chemical sensors. Physical sensors are
normally influenced by one or very few parameters only but chemical sensors might be
influenced by hundreds of parameters.

Sensor technology in general is multidisciplinary and this is particularly true for
chemical sensors, simply because knowledge in physics and electronics has to be
combined with knowledge in disciplines such as electrochemistry, biochemistry, etc.
This is an inhibiting factor in the development of chemical sensors but more and more
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scientists are now crossing discipline boundaries and new multidisciplinary research
groups are being set up.

Chemical sensors usually consist of a sensitive layer or coating and a transducer
[9], [10]. Upon interaction with a chemical species (absorption, chemical reaction,
charge transfer, etc.), the physicochemical properties of the coating, such as its mass,
volume, optical properties, or resistance, etc. reversibly change. These changes in the
sensitive layer are detected by the respective transducer and translated into an electrical
signal such as frequency, current, or voltage, which is then read out and subjected to
further data treatment and processing.

Various inorganic materials serve as chemically sensitive layers that
can be coated onto the different transducers [11]. The different sensitive materials and
their operation conditions, such as elevated temperature, impose certain requirements on
the transducer design [12].

The large amount of parameters that influence the sensor signal of a chemical
sensor gives a lot of effects that has to be taken into account when using chemical
Sensors:

- Chemical sensors are normally non-specific sensors, there are very few 100
% selective chemical sensors

- Cross-sensitivity: some chemicals may interact to give a different signal
from the component in a mixture compared to the single component

- Temperature sensitivity, chemical reactions, adsorption, desorption, and
diffusion processes have a large temperature dependence, and temperature
control is crucial

- Memory effects: the history of the sensor influences the response to a certain
chemical component, so frequent recalibration is necessary or advanced
signal processing

- Drift problems related to the sensor technology in use, e.g. MOSFET
sensors, SAW sensors or conducting polymers may have electronic drift not
related to chemical interaction

- Other drift problems, that is, chemical sensors in general suffer from long
term stability problems

Hence, there are some special measurement techniques used for chemical sensors:

- Twin sensors are used to get rid of drift problems not caused by the chemical
species to be measured

- Recalibration normally has to be used frequently. Special calibration
algorithms for chemical sensors are being developed

- Regeneration of the sensor by heating might reduce memory effects

- Short test gas pulses might reduce memory effects

- Scanning of the temperature enhances selectivity
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- Large areas of catalytic metal influences selectivity

- Advanced signal processing enhances the sensitivity

- Sample handling and sample treatment, e.g. to keep a constant temperature
and humidity of the samples

The response of a sensor to a certain chemical component can be measured in
different ways [13]:

- The difference in sensor signal between a reference and the test species

- The ratio between the sensor signal at a reference related to the test species
- The derivative of the initial change of the signal due to a chemical species
- The integral of the change of the signal due to a chemical species

Semiconductors play an important role in sensor technology because of their
variable conductivity. The concentration as well as the mobility of charge carriers in a
semiconductor is sensitive not only to physical parameters such as temperature, light
and mechanical tension but also to chemical parameters.

Integrated optical (IO) devices are increasingly used as transducers for
optochemical sensing applications [14], [15]. The utilization of microtechnology for the
integration of these devices offer some advantages as a better control of the light path
by the use of optical waveguides, high sensitivity, mechanical stability, miniaturization,
and the possibility of mass production [16]. The use of standard silicon microelectronics
technology for the fabrication of these devices allows a high homogeneity of the
waveguide material and the possibility of final integration of optical and electrical
functions on the same chip [17].

In general, integrated optical sensors make use of the evanescent field detection
principle. In an optical waveguide, confined light travels within the core layer.
However, part of the guided mode (evanescent field) travels through a region that
extends outward into the media surrounding the waveguide. When there is a change in
the optical characteristics of the outer medium (i.e., refractive index change), a
modification of the optical properties of the guided mode is induced via the evanescent
field. To detect this variation, Mach-Zehnder Interferometer (MZI) can be used. The
refractive index change is evaluated by the intensity modulation produced by the
interference of light traveling through the two branches of the interferometer, one of
which is exposed to the refractive index variations of the outer medium.

To obtain an efficient transducer for detecting molecular interactions, the optical
waveguides of the sensor should have a high surface sensitivity. The strength and
distribution of the evanescent field in the outer medium need to be maximized in order
to assure a high response for changes in the optical properties of the surrounding
medium.
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For sensing applications, the optical waveguides that form the MZI sensor must
have two features: monomode behavior and a high surface sensitivity. Optical
waveguides based on Total Internal Reflection (TIR) have been experimentally proved
to have high surface sensitivity [18]. For implementation in a MZI, these waveguides
should have monomode behavior that, assuming a fixed wavelength, can be controlled
with a proper design of the thicknesses and refractive indices of the waveguide layers.
Finally, a rib structure is designed to achieve lateral light confinement. Width and depth
of this rib are also essential for assuring a single-mode optical waveguide.

There has been extensive research reported using optical fibers and planar
waveguides for chemical sensors and optical guided-wave chemical sensing is an
extremely promising and fast growing technology. However, planar waveguide devices
utilizing modern microfabrication technologies facilitate monolithic integration of
several components in a single chip for simultaneous multiagent detection. These
compact integrated optical devices are robust, give much flexibility in material selection
to optimize the sensitivity and have the potential for low-cost manufacturing [19].

Since so many different sensors are found one can ask: which one is the best?
There are so many different sensing situations and criteria to be considered that the
general answer is: the sensor which will do the job. There is, however, one
characteristic of a chemical sensor which sets it apart from the others and that is
ruggedness. This term describes the ability of the device to maintain its performance
specifications even under adverse operating conditions. In a pragmatic sense it is
understood as reliability.

Ruggedness may have different meanings; a mechanically rugged device is able to
withstand mechanical shock, vibrations, mechanical stresses, and so on. Chemical
ruggedness has a slightly more subtitle meaning. It is related to selectivity and means
that the output of the sensor is unaffected by unforeseen chemical changes in the
operating environment. Generally speaking, rugged sensors are those commercially
most successful because they are reliable or because they are the only ones which can
provide information under conditions in which other sensors would be unable to
operate.

It is generally possible to distinguish two types of interaction of the chemical
species with the sensors: a surface interaction in which the species of interest is
adsorbed at the surface, and a bulk interaction in which the species of interest is
absorbed and partitions between the sample phase and the sensor.

1.6.2 Historical Perspective of chemical sensors

Classical solutions to chemical sensing tasks have been dominated by complex,
expensive laboratory methods such as gas chromatography and ion-mobility



20 1 Processing of waveguide sensors

spectroscopy. Although these methods are accurate for detecting chemical
concentrations and in discriminating among chemicals, their cost is often prohibitive for
many low-end, chemical sensing applications ranging from residential sensing of toxic
chemicals to the detection of seafood freshness and breath alcohol analysis. To lower
the cost of chemical sensing systems sufficiently to compete in these low-cost markets,
a new approach to chemical sensing needs to be adopted.

In order to address the needs for chemical sensing systems in consumer and other
low-end markets, it has been useful to use miniaturization techniques that perhaps
sacrifice some of the accuracy of laboratory methods for lower cost, faster response
times and greater accessibility. Since the early 1970’s, the microelectronic chemical
sensor has been investigated as this low-cost, miniaturized alternative to laboratory
chemical sensing methods. However, the miniature chemical sensor has been plagued
by problems with:

- Reproducibility: inconsistent responses to the same chemical over time
- Selectivity: difficulty in discriminating among chemicals

- Sensitivity: difficulty in detecting low concentrations of particular
chemicals

- Stability: difficulty in detecting chemicals of interest across changes in
ambient conditions

- Response time: typically on the order of tens of seconds to minutes

Chemical sensing systems that overcome some or all of these problems have had
difficulty in keeping system cost down at a manageable level for the corresponding
market for particular sensing applications. However, some progress has been made in
the research community since the 1970’s in addressing this delicate balance between
cost and robustness of viable chemical sensing systems. There are three general tasks of
interest in these systems: concentration detection, chemical discrimination, and response
time optimization. Most microelectronic chemical sensors are able to detect
concentrations reasonably well at medium to high concentrations.

Since the 1970’s, the microelectronic chemical sensor has been explored as a low-
cost alternative to laboratory chemical sensing methods. Many of the microelectronic
sensor technologies are based simply on conductivity changes in a material in response
to chemicals in the environment. The simplest of these conductivity-based sensors, the
thin-film sensor, was first introduced into the research community in the early 1970’s.
As shown in figure (1-12) the thin-film sensor is simply a film of chemically sensitive
material, such as tin oxide [20] or polypyrrole [21] whose conductivity changes in
response to reducing chemicals in the sensing environment. The thinness of the film is
required, because these conductivity changes are primarily based on surface interactions
and the surface must be a significant part of the entire sensor in order to detect these
changes. The output of the sensor may be read either as a current or as a voltage.
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Figure (1-12): Basic structure of the thin-film sensor

The metal-oxide, thin-film sensors are the only miniaturized chemical sensors that
have had significant impact in commercial markets. For example, tin oxide (SnO,) and
iron oxide (Fe,Os3) [22] have frequently been used to detect hydrocarbons and
combustible gases in a variety of applications. By far, the most popular of these sensors
has been the Taguchi-type sensor, manufactured by Figaro Engineering in Japan; these
sensors are made up of primarily tin oxide modified with various catalysts and additives
to detect particular hazardous gases such as carbon monoxide and methane [23].

Perhaps the most important promise of these thin-film sensors for the development
of viable chemical microsystems is their compatibility with standard integrated circuit
fabrication processes. Metal oxides and conducting polymers can be deposited onto
standard integrated circuit substrates, often after circuits have already been fabricated on
the same substrate.

Also, in the early 1970’s, the ion sensitive field effect transistor (ISFET) was
developed in the research community. As shown in figure (1-13) an ISFET is simply a
MOSFET without a gate. The oxide layer of the FET is replaced with an insulating,
chemically sensitive membrane. Charges from sensitive chemicals accumulate on top of
this insulating membrane and are amplified through the operation of the FET [24].
Although the amplification properties of the transistor in these devices seem very
attractive for sensing chemicals, the vulnerability of the insulating membrane to
environmental poisoning and subsequent transistor breakdown has prevented the ISFET
from gaining popularity in commercial markets.
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Figure (1-13): ISFET (ion selective FET)

Since the insulator layer provides no optical shielding from the surrounding FET
device, light sensitivity has also proven to be a problem with these devices. As a result,
the ChemFET has demonstrated more potential for integration into practical chemical
sensing applications although it is less selective and chemically sensitive than the
ISFET as shown in figure (1-14). Unlike the ISFET, the ChemFET uses a standard
oxide layer as the insulator and a chemically sensitive metal, such as palladium, as the
gate [25]. The addition of the gate minimizes light sensitivity problems that are a
problem in ISFETs. Likewise, potential poisoning of the oxide layer is minimized not
only by the inherent physical barrier provided by the metal gate but also by the fact that
the silicon dioxide is fairly resilient to environmental poisoning.

Modifications and hybrids of the ChemFET and the ISFET such as the surface
accessible FET or SAFET [26] [see figure (1-15)] and the Suspended Gate FET or
SGFET [27] [see figure (1-16)] were also introduced into the research community in the
1970’s; despite the enhanced selectivity and sensitivity of these devices over the
ChemFET, however, they share the common flaw of a short lifetime due to the
accelerated degradation of the partially or completely exposed oxide layer. Because of
its relative low sensitivity to environmental degradation, the ChemFET is thought to be
the most promising of the MOSFET-based chemical sensors in spite of its relatively low
selectivity compared to other chemically sensitive FETS.

The ChemFET sensors are also well suited to monolithic integration onto standard
integrated circuit substrates. Although fabrication of these devices on standard
substrates is more complex and slightly less advanced than that of the thin film devices,
the technology for integration is nevertheless currently available in the research
community.
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Figure (1-15): SAFET structure
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Figure (1-16): SGFET structure

The MOS-based and conductivity based devices described above belong to the
largest class of microelectronic chemical sensors: those based on a single stage of
transduction between chemical input and electrical output signal. Significant
improvements in the sensor response times are attained as a result of this single level of
transduction. Furthermore, the cost of implementing and manufacturing systems that
use single transduction stage devices for chemical sensing is minimized by the fact that
standard microfabrication techniques are frequently sufficient to produce many of the
MOS-based and conductivity based sensors.

Although the ChemFET and thin-film sensors are undoubtedly the most popular of
the single transduction-stage chemical sensors, a variety of other chemical sensors have
also been explored in the last three decades for accomplishing chemical analysis tasks.
Chemically sensitive MOS capacitors are similar to ChemFETs; however, since they
lack the source and drain of the Chem-FET, their capacitive output is difficult to capture
and to process for chemical analysis. Chemically sensitive Schottky barrier diodes
contain a chemically sensitive metal as the top layer of the diode [28]; the diode barrier
height alters in the presence of a reducing chemical; however, as in the case of the MOS
capacitor, this change in barrier height is difficult to measure in a reliable and
reproducible manner. The solid electrolyte has also shown potential for improved
performance over ChemFET and thin-film sensors, since many of the available
electrolytes that are chemically sensitive have an ionic sensitivity that is highly selective
to particular chemicals [29], [30]. However, fabrication difficulties involved in bulk
micromachining and establishing a reference electrode for these devices have prevented
most electrolyte-based devices from becoming commercially viable [31].
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Multiple stage transduction devices have demonstrated use for chemical sensing
applications. The thermal sensor uses a thermistor to measure the heat generated by
reactions between particular chemicals and the chemically selective layer coating the
temperature sensors. However, the low efficiency of these devices in capturing reaction
heat limits their suitability for the low concentration limits required for many chemical
sensing applications. The mass sensors, on the other hand, suffer from the opposite
problem. Based on sensing the added mass of a chemical reacting with the sensor
surface, these devices are extremely sensitive, making them also very noisy and
inherently vulnerable to interference. The piezoelectric sensors which sense the added
force of an additional mass on the sensor surface have very broad selectivity. The
surface acoustic wave SAW devices have improved selectivity over their piezoelectric
counterparts and can often be made using standard IC fabrication techniques. In these
sensors, a chemical reacts with a chemically selective layer on the sensor surface,
causing a frequency, phase, or amplitude shift in the acoustic wave traveling across the
device. Finally, the optical sensor has two advantages over all other types of chemical
sensors. These sensors are selective and the sensing environment is not required to
interact physically with the sensor. This characteristic makes optical sensors well suited
to remote sensing and applications where electricity in the sensing environment can be
hazardous.

1.6.3 Applications of chemical sensors

The applications for chemical sensors are innumerable. Chemical analysis is
presently carried out, or should be carried out, in almost all areas of technology.
Obvious is the use of chemical sensors in laboratories, in medical clinics, industrial
processes and bioreactors but there is, most certainly, a number of other places where
these devices can find applications [32]. Conceivable applications might be for food
freshness monitoring in shops, field analysis of plants and soil, portable air pollution
monitors and many more.

In the medical area there is a pronounced need for chemical sensors. Medical
diagnosis makes significant use of chemical analysis and incredible numbers of tests are
carried out in clinical laboratories. The costs for these activities are very high and there
is a significant time delay involved.

New sensors that enable rapid analysis will significantly reduce the costs and will
also enable appropriate treatment to be set in at an earlier stage. Sensors which are
cheap and easy to use will also facilitate decentralization of the chemical analysis to the
hospital wards and to the general practices. Even sensors which can be used at home
e.g. by chronically ill patients can be conceived.

Another important opportunity for chemical sensors is continuous monitoring of
chemical parameters during intensive care. This is an area which is subject to a lot of
research. Equipment for monitoring blood gases such as oxygen and carbon dioxide are
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used today. Sensors for these as well as sensors for monitoring of potassium, calcium
etc. are at present being developed further, especially with respect to miniaturization
and biocompatible encapsulation. Silicon technology has opened up new possibilities
for miniaturization but the delicacy and sensitivity to moisture and ionic contaminations
of silicon devices emphasis the importance of good encapsulation.

In industrial processes there are a number of chemical parameters which should be
measured in order to optimize the processes both with respect to efficiency and quality.
Looking closer into different industrial processes one finds that surprisingly few
parameters are actually measured. With some exceptions the few analyses which are
undertaken are done so by bringing samples to a chemical laboratory. This is not only
expensive but also includes a time delay which quite often makes the information
useless for process control.

To have the ability of using modern computer technology for efficient process
control, continuous on line measurements have to be done by means of chemical
sensors. The reason why this is done to such a small extent today is not only the lack of
sensors for many substances but also the fact that existing chemical sensors are often
not sensitive, selective and stable enough for the use in industrial processes.

Factors that limit the usability of existing sensors are things like temperature and
pressure, interference from other chemical parameters, fouling and mechanical shock.
Many existing sensors would certainly be useful if they were further developed to
withstand such conditions. The main reason why this is not done is that the demands are
very diversified and the sensor needs to be designed specifically for each application.
This is expensive and the market for each version of a sensor is too small to cover the
development costs. A good sensor for process control purposes can be sold at very high
prices but very few sensor manufacturers are prepared to take the economical risks
involved. This means that the potential users of process control sensors have to
undertake, or at least pay for, the development of sensors in their particular applications.
This fact is slowly being accepted since improved process efficiency and quality are
often the most powerful means for competition and improvements in process control
can therefore be highly valuable in economic terms.

Environmental monitoring is another field of applications for chemical sensors in
general and gas sensors in particular. In more and more countries people are becoming
aware of environmental hazards in their lives. Long-term exposures to even trace
amounts of hazardous gases have been shown to have severe medical implications.
Health authorities have a demand for portable instruments for monitoring and the
industry is interested in alarm systems for protection against elevated levels of toxic and
explosive gases.

The most difficult task is to develop gas sensors with sufficiently high sensitivity
and selectivity to measure concentrations at the very low exposure limits. This can be
done, and has been done, for some of very reactive gases but is more difficult for less
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reactive, but still toxic gases. The need for sensors for environmental monitoring is
appreciated amongst health authorities but the markets for sensors for toxic gases are
generally too small to attract commercial interest. The development of these sensors is
therefore strongly dependent on governmental funding. Sensors for explosive gases
have been shown to have much larger markets and have consequently attracted more
commercial interest. Research on sensors for gas alarms is carried out by a large number
of companies.

It is also worth bearing in mind that chemical sensors can be used, and are used, to
measure nonchemical parameters. A well known example of this is leak detection by
means of tracer gases. Other indirect measurements such as flow measurement using
traces can be conceived and new sensors will probably give rise to such new
possibilities.

1.7 Optical waveguide based chemical sensors

Sensors that can translate the concentration of various chemical compounds to the
electrical domain are in great demand by industry. These sensors are required in process
control, environmental monitoring, health care, biotechnology and the automotive
industry for example. In some cases it is advantageous to use the optical domain as an
intermediate between the chemical and electrical one. This can be useful for several
reasons, amongst them are:

e The absence of electromagnetic interference
e No danger for explosions due to electrical passivity
e High sensitivity to many measurands

e Specific optical sensing mechanisms, such as chemical analysis by means of
material specific absorption wavelengths

Many characteristics of light are available to carry the sensor information. For
example the phase, the intensity (distribution), the direction of propagation, the
polarization or the wavelength can be used. In many situations it is preferred to
incorporate optical sensors in a waveguide system, either fiber or integrated optics
based. Compared to the use of free space beams this guided wave approach offers the
potential advantages of:

e a better control of the light path, no alignment of the experimental setup is
required

e cvanescent field sensing, enabling the use of thin chemo-optical interfaces since
large interaction lengths can be used

o the possibility of remote sensing by the use of a fiber network
¢ a higher mechanical stability

e areduced size, weight and price
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Waveguide based sensors compared to integrated optics are very cheap and have
the strong advantage that they can be easily applied for distributed sensing. The sensor
can be incorporated into the waveguide that transports the light from the source to the
detector and the different sensors can be read out. Nevertheless, waveguide sensors can
not compete with integrated optics with respect to:

e Robustness

e Compact optical circuitry, enabling a higher complexity (e.g. multiple sensors
on one chip)

e Design flexibility with respect to the geometry as well as the choice and
combination of materials (for example active and passive materials)

e Ease of access to the optical path in evanescent-field sensing

e Potential of integration with micro-electronics, micro-mechanics and micro total
analysis systems

e Potential of ‘cheap’ batch-wise mass production

e Benefits from the developments in guided wave devices and microsystems in
optical telecommunication

The degree of integration of a sensing scheme depends entirely on the intended
application. Selection criteria will for example arise from the required sensitivity,
selectivity, sensing environment, size or price. On one hand very sensitive sensing
systems are known where only the sensing element is a planar waveguide and where the
light from a bulk laser is coupled into and out off the waveguide by means of prism-,
grating- or end-fire coupling. This type of devices will be very suitable for applications
in e.g. medical laboratories. On the other hand, channel waveguide based sensors where
the source, a phase modulator and a detector are monolithically integrated on the chip
have been reported. Due to their small size and weight these sensors might be especially
suitable for applications in e.g. space or micro total analysis systems. These two
examples illustrate that there is no ultimate choice for using end-fire, butt-end, grating-,
prism-, hybrid- or monolithically-coupled light sources or detectors, for the use of
channel or slab waveguides, or for on- or off-chip modulation, referencing and signal
processing [6]-[8].

1.7.1 Refractive chemical sensors

Refractive sensing is very important because of several reasons:

e Association of a limited number of receptor—target pairs only will accomplish
useful changes of absorptive and luminescent properties while the refractive
index will always change

e Most physically interesting sensor principles are of the refractive type
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e Measuring absorption changes by an IO sensor does not differ in essence from
that of the corresponding bulky methods [33]. Also, they are less sensitive and
generally show a poor selectivity

e In luminescent sensors the luminescent properties of the sensitive material are
sensitive to the analyte. Up to now in luminescent sensors the 10 system has
been used only for propagation of a mode of a wavelength suited to excite the
luminescent particles [34]; the number of luminescent particles is derived from
monitoring the free space emission. The low collection efficiency of a guided
mode and the lack of efficient 1O filters to effectively split the weak emitted
mode from the intense excitation mode hamper a complete 10 luminescence
based sensor. Note that as a consequence of the fact that the exciting mode
propagates parallel to the thin luminescent layer, the excitation power is used
much more effectively than when using a perpendicularly incident free space
excitation beam. Although not treated here in full detail, luminescence sensors
are often applied because of their extremely high sensitivity.

The great majority of the refractive sensors rely on the induced changes of the
effective refractive index Neg. In order to get large effects the wave guiding structure in
the sensing region has to be optimized to maximum partial sensitivity ONest/Olgensitive layer-
Various papers [35], [36] have been published on how to do so, resulting e.g. in maps in
which all influences on the sensitivity can be represented by a pair of normalized
parameters only. Sensitivities not only depend on the geometry, but also on the choice
of materials. Out of the three technologies mentioned earlier the SiON technology can
result in sensitivities close to 0.25, while the sensitivities of in-diffused glasses are an
order of magnitude lower, mainly as a consequence of the low index contrast between
the core and the substrate layer. However, by applying in the sensing region thin high
index layers on top of the structures much higher sensitivities can be obtained.
Sensitivities of polymer 10 waveguides are in between. In special structures and special
free standing waveguides ONef/Onensitive layer Values somewhat larger than unity can be
obtained [37].

In chemical sensing the cross effect arises from the in-diffusion and the
subsequent capture of the target units (molecules or ions) at receptor sites in a so-called
chemo-optical material. This capture-based sensing is generally called affinity sensing.
Essentially during the capture of target molecules by receptor molecules a small volume
of gas or solution is replaced by the target molecules, while as a consequence of their
chemical bond, also their electron distribution will be changed. Both effects together
always result in a change of the refractive index; for a limited number of specific
receptor—analyte pairs the association also accomplishes a useful change of the
absorption in the visible / near infrared or of the luminescent properties. The larger the
concentration of accessible receptors in the sensitive layer, the larger are the optical
changes which can be obtained.

Generally, this chemically sensitive material is applied as a cladding layer within a
window obtained by removing locally the originally applied cladding layer. This
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sensitive material is probed by the evanescent field of the mode: evanescent field
sensing. This configuration has several advantages:

Firstly, it affords in a natural way for the realization of general 10 sensing
platforms which later on can be provided with a specific cladding layer which enables
the capture of the target units aimed at in the specific application. Also, if required, the
sensitive layer can be easily removed making room for applying another one.

Secondly in-diffusion especially of large target molecules can be a slow process;
hence to obtain acceptable response times the diffusion path has to be short as can be
realized by using thin chemo-optical cladding layers.

Thirdly these thin layers can be very effectively probed by the evanescent field of
a guided mode. Although only a part of the modal power experiences the change of the
optical properties of the cladding, the interaction length is large, sometimes even on the
order of magnitude of centimeters. So the effects on the light beam properties are much
larger than in the case that the thin layer were interrogated by a perpendicularly incident
free space beam, for then the interaction length would be equal to the thickness of the
sensitive layer.

Generally the capture of the target molecules by receptors is part of a chemical
equilibrium reaction and as a consequence the fraction of filled receptors will be an S-
shaped function of the logarithm of the concentration of the target molecules in the
environment as shown in figure (1-17). The concentration at which half of the receptors
are filled can be derived to be the reciprocal of the association or affinity constant, K,
of the target-receptor pair. Hence, large affinity constants in principle allow for
measurements in low-concentration ranges. This association constant is equal to the
ratio of the association rate and the dissociation rate. In practice (e.g. at
immunosensing) a high association constant mostly appears to imply a very low
dissociation rate and as a consequence the fraction of filled receptors can follow only an
increase of the concentration of analyte with a commonly acceptable time lag, but not a
decrease.

Also materials with physical/chemical adsorption of analyte molecules can be
applied; for example polymer layers with some porosity or gels. Here gelatin is
mentioned, a material sensitive to relative humidity, and over the 100% R.H. range the
corresponding change of the refractive index is about 0.055 [38].

When measuring the concentration of a chemical compound in a solution in the
absence of other dissolved substances: for the refractive index or absorption of the
solution is already a measure for the concentration. There are however several reasons
to use also sensitive layers in these cases. Firstly as a result of the generally high
association constants the concentration of the target molecules in the sensitive layer will
be much larger than that in the solution; hence, such a sensitive layer generally strongly
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enhances the effects. Secondly use of a sensitive layer enables the use of structures from
which also some reference signals can be obtained by which e.g. the influence of
temperature changes of the solution can be strongly reduced.

If several types of target molecules are solved all with unknown concentrations, an
additional requirement of the receptors arises: they have to be selective, implying that
they can associate with the target molecules only and hence that any association with
other types of molecules is excluded. And in fact here one arrives at one of the weak
points of all chemical sensors based on association: complete selectivity can never be
reached. Nevertheless, if the nature of all types of target molecules in the solution is
known it is sometimes possible to obtain data on all concentrations. If the structures of
all other compounds differ strongly from that of the measurand, high specificity with
respect to these other compounds is feasible. Also all concentrations may be determined
by using sensor arrays, each sensor supporting a layer that shows different sensitivities
to all present compounds, while these sensitivities are different for different layers. By
application of neural networks or chemometric methods all concentrations can be
derived from the primary sensor data. In this review these aspects will not be treated
any further. For example it is left up to the chemists to develop useful receptors and
adequate methods for immobilizing them in a matrix material, for attaching this material
to the core layer of the sensor inside the sensing window and for regeneration of filled
receptors.
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Figure (1-17): Fraction, F, of the sites which are associated with a target molecule as a
function of the concentration, ¢, of the target molecules (K, is the affinity constant)
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The response time of the sensor not only depends on the association rate but also
on the time needed for the target molecules to reach the receptors (diffusion time).
Under special conditions response times can be reduced appreciably by introducing
kinetic measurements: not the equilibrium state is registered, but here it is sufficient to
monitor the first part of the process in which the equilibrium state is reached only.

In so-called direct sensing only, the target molecules are identical to the analyte
molecules. In this operation mode in principle continuous measurements are feasible
and it is very effective for e.g. an alarm sensor. In indirect sensing mostly either analyte
or receptor molecules are applied which are provided with optical labels.

It may be clear that these indirect formats do not allow for continuous
measurements and after each measurement the receptors have to be emptied completely
by adding appropriate regenerating solutions. Another drawback is the consumption of
expensive labeled molecules, while also auxiliary facilities have to be added to the
sensing system for providing and mixing several solutions. However their sensitivity is
generally greater than obtained by direct sensing methods and both indirect formats are
often applied in applications where a concentration has to be measured only once, e.g.
in immunosensing. Most markets prefer application of rapid label-free methods [39]
provided that their resolution is sufficient for the specific application. And in fact
obtaining the high resolutions (and hence the low detection limits) required for direct
assays at acceptable response times is one of the main challenges for refractive type 10
Sensors.

With respect to the thickness of the sensitive cladding layer one can define two
extremes: in the first one the sensitive layer is thick enough that the power of the
evanescent field outside the sensitive layer can be neglected; the sensor is insensitive to
the refractive index of the solution and one speaks about homogeneous or bulk sensing.
At the other extreme the sensitive cladding is very thin, in the limit being a
monomolecular layer only; in good approximation the modal field is constant over the
whole of the thickness. Association can result in both an increased average thickness of
the layer and a change of its refractive index. In practice both effects can be taken into
account simultaneously by approaching the effects as arising from a change of the
effective thickness of the layer only. In surface sensing the Ng-value is also sensitive to
the refractive index of the solution and it will also experience influence of non-specific
adsorption of other substances on the sensitive layer. Application of reference windows
can (sometimes partly) compensate for these disturbing effects.

Optical environment sensors have recently become a fast-expanding technology
where the change of the phase shift is converted into a variation of intensity. The main
focus of this research is to demonstrate a chemical sensor, particularly as a sensor of
gaseous species such as ammonia.
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1.8 Ammonia sensors

Ammonia is widely used in the production of explosives, fertilizers and as an
industrial coolant. The toxic qualities of this gas are well documented, and acute
poisoning can result from inhalation of only small doses of ammonia vapor. Exposure
limits of 25 ppm over an 8 h period and 35 ppm over a 10 min period have been
recommended and have recently been legislated for.

Locations employing industrially sized cooling systems, such as food production
and storage plants, report a number of exposure incidents every year. As industry is
becoming increasingly safety conscious, efficient sensor devices to monitor personal
exposure of workers undertaking any risk of contact with ammonia are desirable, as
rapid evacuation of personnel from contaminated areas may be all that is required to
prevent serious illness.

In the field of air quality monitoring, a wide variety of instrumentation can be
employed for ammonia analysis. Devices employing spectroscopic or electrochemical
methods are usually very accurate, sensitive and selective. However, they are also
expensive, static instruments and requiring the presence of an experienced operator.
Simpler detector systems based on the semiconductivity of SnO, thin films do exist for
monitoring ammonia leakage in the working environment, and have been
commercialized as personal monitoring systems. However, these devices come at a
much higher cost, are not selective towards ammonia and display a restricted active
sensor lifetime.

evanescent field
/ cover ng

e waveguide ng
/ substrate n
>

Figure (1-18): Evanescent field penetrates the cover layer

Recently a miniaturized electrochemical sensor device has become available for
ammonia detection. This device uses interchangeable sensor heads biased towards
detection of a specific gas, with the added requirement of peripheral filters to achieve
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effective selectivity towards ammonia. A different approach can be applied when
considering a dedicated ammonia sensor, which similarly takes advantage of
miniaturized, low power components and selective response to ammonia in the required
range. Optochemical transduction is a way to develop a non-consumptive, compact
ammonia sensor device with low power demand that could be used for in real-time
analysis.

A variety of optical electrode devices have been used that utilize the reaction of
dissolved ammonia vapor with a pH-dependent dye material, which undergoes a
suitable colour change [40]. In general, these are based on monitoring the absorption or
fluorescence characteristics of indicator dyes entrapped within a membrane deposited
onto a waveguide substrate. Ammonia interacts with the immobilized indicator,
resulting in changes in absorbance or emission spectra, which are monitored using a
suitable detector module via an optical fiber or planar waveguide. Evanescent wave
absorption is an effective technique for performing such analysis. Light energy
associated with the guided mode penetrates into a coating of lower refractive index than
the substrate as shown in figure (1-18). This evanescent field is able to interact with dye
materials contained within the coating. When there is a change in the optical
characteristics of the outer medium (refractive index change), a modification of the
optical properties of the guided mode is induced via the evanescent field and this can be
detected by MZI.

In the Mach-Zehnder interferometer (MZI) shown in figure (1-19), the incoming
coherent light wave is equally split into two channels, and after a certain distance of
propagation, the waves from both channels are recombined together. One of the
channels [the phase-modulating arm (sensing arm for sensing applications)] is exposed
to the outer medium for a certain distance L (interaction length), while the other channel
(the reference arm) is isolated from the medium. During this distance, the wave in the
phase-modulating arm will experience a phase shift with respect to the wave in the
reference arm. At the output port, light coming from both channels will interfere and
show a sinusoidal variation corresponding to the accumulated phase difference, which is
related to the change of the refractive index of the surrounding medium.

Sensing area

Figure (1-19): Mach-Zehnder interferometer
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2 Theoretical considerations

2.1 Introduction

Optical devices based on integrated waveguides are crucial for the future
development of optical communication systems. In recent years, growing attention has
been paid to silicon based dielectrics such as silicon oxides, nitrides, and oxynitrides as
potential materials for integrated optics [41].

There is also a growing need for sensitive chemical sensors in areas such as
process technology, health care, environmental control, biotechnology, etc. For many
applications these sensors should show a high resolution over a wide dynamic range,
they should be very sensitive, selective, fast, small and cheap, and should be suited for
remote sensing. An attractive option fulfilling all these requirements is offered by
integrated optical (IO) sensors. In these optical chips the chemical parameter to be
sensed, the measurand, influences the sensing region directly or by means of a chemo-
optical transduction layer the propagation properties of a guided light propagating
through the chip. Using appropriate optical circuitry, these changes of propagation
properties can be converted into a change of the optical output power. In turn, this is
measured using a photo detector and appropriate electronics.

Generally, selectivity is provided by the chemo-optical transduction layer,
alternatively called sensitive layer. This layer contains receptor units that are selectively
associated with the chemical entities of the measurand. In addition, this layer can
concentrate the measurand molecules and enhance the optical effects of their presence.

Mostly the relevant changes of optical parameters occur in a region just outside
the core layer of the waveguide, the evanescent field region. Hence, such chemical 10
sensors are often called evanescent field sensors. The changing optical parameters are
the refractive index (n), the absorption coefficient and luminescence parameters.

The interferometric sensors are generally supposed to have the highest sensitivity
potential. This is mainly based on the possibility of using large interaction length values
resulting in an enhanced sensitivity. Amongst the interferometric sensors it is only the
MZI sensor that contains an easily accessible reference arm. When used properly, this
reference arm can make the sensor (nearly) insensitive to many perturbing effects. The
large intrinsic stability results in an improved sensor resolution, making the MZI sensor
very attractive. The next task is to design an optical waveguide based chemical sensor
and a heater which will be used to increase the sensitivity of the sensor.
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2.2 Waveguide design

Chemical sensors are the non-communication application field where integrated
optic technology is expected to play an increasing role and where it is already
successful commercially. The sensing in the waveguide is performed by the evanescent
tail of the modal field in the cover medium. This sensing operation consists of
measuring the change of the effective index of a propagating mode when a change of
the refractive index takes place in the waveguide cover. The waveguide characteristic
equation or/and a calibration allows the retrieval of the index change from the measured
change of the effective index. The sensitivity of the measurement of the physical or
chemical quantity present in the cover depends on the strength and the distribution of
the evanescent field in the cover. The main design task is therefore to find the
monomode waveguide structure which maximizes the sensitivity on the quantity to be
measured [42].

In the case of the rib waveguide, the geometrical parameters of the waveguide
section shown in figure (2-1) are chosen in order to fulfill the monomode propagation
condition. This can be achieved if the geometry of the waveguide fulfils the following
relationship using the effective index method (EIM) [43].

t<c+ (2-1)
l-r
where:
w h,
Z. — eff , y= eff ,
HEﬁ' He.ﬁ"
hqf:h+q, H,=H+gq,
2B
qu-- =w+ ﬁ 5 (2'2)
kyn," —n,
g=—rDe B (2-3)
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n, , ng and n, are refractive indices of the guiding region, the substrate and the cover,

respectively.

nc,s

2
B, =1 for TE modes and ( ] for TM modes, k =2z , A 1s the wavelength. The

n, A

factor ¢ can be either 0 or 0.3.

A
v

I h
Figure (2-1): Schematic of a rib waveguide

The results of the calculations using core refractive index 1.55 are given
graphically in figure (2-2). In the region below the line the structure is monomode. It is
evident that according to the theory, the waveguide width is more critical parameter
than the rib height.

At present, the beam propagation method (BPM) is the most widely used for the
study of light propagation in waveguides and therefore it is used to calculate the
thickness of the different layers. Nowadays, there are a great number of versions of
BPM [44]-[48]; BPM based on the finite difference method (FD-BPM), BPM based on
the fast Fourier transform (FFT-BPM), BPM based on the McKee-Mitchell Scheme and
BPM based on the finite element method (FE-BPM). Especially, FE-BPM is superior to
FFT-BPM in the sense that the former can be applied to strongly guiding waveguides
and strongly polarization dependent waveguides. In addition, FE-BPM can arbitrarily
select the order and the number of elements, depending on the required computational
accuracy.

Recently, the so-called imaginary distance beam propagation method (ID-BPM)
[49] has been reported as an analysis method of eigenmodes which in it the propagation
direction is selected along the imaginary axis, and selecting the appropriate propagation
step size, we can extract the specific eigenmode from the initial input field expressed by
arbitrarily superposing the eigenmodes. The main advantages of the ID-BPM as an
eigenmode solver are as follows:

- High-efficient calculation algorithms developed for the BPM analysis can
be directly utilized
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- Matrices derived from the BPM formulation are essentially complex, hence,
lossy optical waveguides can be easily treated with no additional effort

- Eigenmodes can be obtained successively from the fundamental to higher
order modes

- Employing the appropriate boundary conditions, not only guided modes but
also leaky modes may be treated

Multimode

Monomode

Width (um)

0,4 0,6 0,8 1 1,2 1,4 1,6 18
Rib height (um)

Figure (2-2): Monomode condition for SION waveguide

Here, in order to treat leaky modes, the perfectly matched layer (PML) boundary
condition, the validity of which has been already confirmed in the real distance beam
propagation method, are employed as boundary conditions for artificial boundaries.

A 3-D optical waveguide surrounded by PML regions I, II, and III with thickness
as shown in figure (2-3) is considered, where x and y are the transverse directions, z is
the propagation direction, PML regions I and II are faced with the x and y directions,
respectively, region III corresponds to the four corners, and Wy and W, are the
computational window sizes along the x and y directions, respectively.
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Using the transversely scaled version of PML [49], Maxwell’s equations can be
written as:

VxH = joén’sE, (2-4)
and
VX E=—jou,sH (2-5)
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Figure (2-3): Optical waveguide is surrounded by PML regions
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where,

Vzixsxi+is £+izs£, (2-6)
ox oy oz

where iy, 1y, and 1, are the unit vectors in the X, y and z directions, respectively, and the
values of s, and sy are summarized in table (2-1).
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Region Sx Sy
I 1 S
II S 1
I 1 1

Table (2-1): The definition of s, and sy

with:

s=1-j—2e =1 j 2
Toin o @)

where:

E and H are the electric and the magnetic field vectors, respectively,

@ 1s the angular frequency,
&,and po are the permittivity and the permeability of free space, respectively,
n is the refractive index and

o, and o, are the electric and the magnetic conductivities of PML, respectively.

The relation (2-7) is required to satisfy the PML impedance matching condition:

(o}

e m

50"2 Hy

(2-8)

which means that the wave impedance of a PML medium exactly equals that of the
adjacent medium with refractive index n in the computational window:

Hy
é:onz ’
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Regardless of the angle of propagation or frequency. In the PML medium, we
assume a q—power profile of the electric conductivity as:

- pY 2-9
O, =0 ( d j ( )

where p is the distance from the beginning of PML. Using the theoretical reflection
coefficient R at the interface between the computational window and the PML medium:

_ T [ £ 2-10

0 0

The maximum conductivity o, can be determined as:

o= (q—”] (éﬂj In— (2-11)
2 \d ) R

where c is the light velocity of free space. Usually, a parabolic profile is assumed for the
conductivity, q = 2, and thus, s in (2-4) and (2-5) is finally written as:

2
s=1-7j 34 (ﬁj 1nl in the non-PML region

s=1, in the PML region

where ] = 27 is the free-space wavelength.
@

Under the scalar approximation, from (2-4) and (2-5) the following basic equation
can be obtained:

sxg(ps—"@ngrs 9 ps—y@ +s£(pa£j k,’ gs® =0 (2-12)
ox\" s Ox Yoy s oy oz\" oz

where k is the free space wavenumber, and @, p and g are given by:
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® =E,, p=1 and g= n? for quasi-TE modes and
O =H;, p=1/n* and g= for quasi-TM modes.

substituting a solution of the form:
CI)(x,y,Z)z‘P(x,y,z)exp(—jkonoz) (2-13)

into (2-12), and assuming Fresnel approximation, the following beam propagation
equation for the varying complex amplitude ¥ can be obtained:

. oY 0 s 0¥ 0 s, oY 2 2
i ps QY g O s W) O 5 O¥ a Ve g (2-14)
JKo PS o Sy 6x(p P ax] S, Gy(p P Gyj 0 S(g iy p)

where ng is the reference refractive index.

By solving the last equation the effective index of the desired mode can be
calculated, and then the field distribution and effective index of the fundamental mode
are obtained. The value of reference refractive index, no may be arbitrarily chosen.

This was one mathematical way to design a monomode optical waveguide, and
now the design task will be transferred to find the waveguide structure which
maximizes the sensitivity on the quantity to be measured.

Figure (2-4) is representing a slab waveguide refractometric sensor in which the
measurand is homogeneously distributed in the cover (homogeneous sensing) and
assuming that the cover medium is a fluid, which implies that the contact zone between
the cover and the waveguide is of zero thickness.

Evanescent wave sensing of a chemical quantity which is homogeneously
distributed in the waveguide cover refers to a different electromagnetic condition. The
sensitivity is now related to the integral of the squared evanescent field in the cover
material. A waveguide refractometric sensor can be used in liquid concentration
monitoring, for measuring traces of chemicals by means of a thick selective membrane
and, more generally, for measuring all chemical quantities whose variation corresponds
to a change of refractive index.
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Cover ng

Figure (2-4): Schematic representation of a slab waveguide refractometric sensor

The sensing operation consists of the measurement of changes of the real or
imaginary part of the effective refractive index caused by measurand-induced changes
of the refractive index of the cladding. Hence, the sensitivity is defined as the ratio of
the effective index change of the guided mode to the refractive index change of the core
layer environment, i.e., both cladding and substrate. This ratio is 1 for a free-space
beam.

Nevertheless, for practical application the sensitivity should be as high as possible
and therefore the waveguide parameters should be chosen with care.

where:

2 _ — —
Ey=N, > & =n, E=n_, and E =N
where Epp1Ees &, and &, are the effective, cover, substrate and waveguide permittivities
respectively.

Nesr, Ng, g and ny, are the effective, cover, substrate and waveguide indices respectively.

By starting the analysis with the well-known characteristic equation for a three-
layer slab waveguide [50]:
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(2-15)

where w is the thickness of the waveguide core layer, and m is an integer defining the
mode order, p = 0 for TE- and p = 1 for TM-polarization while A is the free-space
wavelength.

Let:

X, = , X (2-16)
and
n’ n’
o, =l g (2-17)
n n

by using equations (2-16) and (2-17), equation (2-15) can be rewritten in a more
normalized form:

(2-18)

as
—arctana, x, —arctana, x, —mm =0

with & = = 1 for TE modes.

The sensitivity S of homogeneous sensing is defined as the rate of change of the
modal effective index N.g with respect to the change in the cover index n..

|
_ Ny _[On | (2-19)
on ON o

c

S
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S = /L{xcw/l+xc2 Lerc2
ac ac

I 1 _
{— +—+arctan x, +arctan x, + mz |}

X, X,
(2-20)
and,
2 B 1+ xs2
2 1
1+ x, ac(+x52j
a,.| —+ X,
aS
STM - 1
1+ x,” +a.x, 2+xc2 y/j
ac
(2-21)
where:
1+.XS2 202
B =| arctana x, +arctana, x, +mr + (2-22)

1
anS 72 + xS
I o,

Searching for the condition of the maximum sensitivity in a structure of constant

ny, ng and n, amounts one can get the exact maximum condition after some
mathematical operations:

for TE modes:
1
11 1-—
i 1 a 1 1
+—+arctanx, +arctanx +mrz || _—_ 34 s - L~
'xc xs A xcz L +x 2 xc3 xs3

(2-23)
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and for TM modes:

2x{1_1] 2t 2
osterp) ol e L L2 )
0(1+x2j 1+ x, 2a,

aS

2xct+ﬁact(%+3xczj+r ! + ! + 2 |=0
a

c

(2-24)
where:
r=x.a, (Lz + xczj (2-25)
a(;
A
= % (2-26)
_ e
(2-27)
2x (12 + xszJ - (1 +x, )(12 + 3xs2J
a a
Y= : \% (2-28)

The normalized waveguide thickness achieving maximum sensitivity can be
obtained by substituting the x; solutions of equations (2-23), (2-24) into the
characteristic equation (2-18) of the three layer structure for TE(, and TM, modes:
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nw 1 [1+x,

w

A 2z 1_1

a

N

[arctan &, x, +arctana,x, | (2-29)

In the case of surface sensing the measurand in the slab waveguide refractometric
sensor is an ultrathin film at the waveguide-cover interface as shown in figure (2-5).
The sensitivity in surface sensing is related to the squared field magnitude at the
waveguide-cover interface [50].

ng

Figure (2-5): Schematic representation of a surface sensor

By starting the analysis with the normalized characteristic equation for the surface
sensing case:

b

2zwn,, asz —arctana,x, —arctane, (1-6)x, —mz =0
A 1+x,
(2-30)
where for TE modes:
S=2T 4(e. - (2-31)
= o)

and for TM modes:
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2 Llljl
s="d(e ~¢.) S (2-32)

\/gejf - gc

The sensitivity S of a surface sensing structure is defined as the rate of change of
the model effective index Negr with respect to the dielectric load term that is defined as:

n =2—ﬂd (gf —gc) > (2-33)
A
-1
=Ny _| 0 | (2-34)
on 8Neﬂ.
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o,
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(2-35)
and
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where:
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and,
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p=22 1 q (2-38)
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and for TM modes:
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2
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a

The normalized waveguide thickness achieving maximum sensitivity can be
obtained as before in the homogeneous sensitivity:
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2 - It xf [arctana x, +arctana x, | (2-42)
7
1-

By taking all considerations above into account during the design of a monomode
waveguide which operates with signal wavelength 633 nm (in the visible range) the
strip-loaded waveguide shown in figure (2-6) was designed.

0.4 pym
0.1 pm
0.5 pm

2.0 ym

Figure (2-6): Schematic cross section and target design parameter of a strip-loaded
waveguide

2.3 Design of Mach—Zehnder interferometer (MZI)

The Mach—Zehnder interferometer (MZI) is one of the work-horses in the field of
IO chemical sensors. On the one hand because of its performance and on the other hand
because it is relatively simple to implement its basic structure in integrated optics and to
provide it with a chemo-optical interface layer. And indeed many papers have been
published in which it is shown that an 10 MZI loaded with a certain type of interface
enables the determination of low concentrations of certain chemicals.

The IO MZI sensor will be treated in greater detail in order to illustrate the
approach which is needed to develop stable, reproducible IO chemical sensing systems
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with high resolution and low detection limit, for the market demands of applications
such as determining contaminant concentrations in food or protein concentrations in
health care. First the principle of the IO MZI sensor will be explained. Next an approach
will be given for arriving at an MZI implementation, which shows a very high
resolution of the refractive index measurement and finally some other interesting MZI
implementations will be discussed.

The structure of the IO MZI consisting of two monomode waveguides is given in
figure (2-7) [51]. At the input side the mode is excited by coherent monochromatic light
from e.g. a fiber. Next the modal power Pj, is equally divided into two parallel branches
by a Y-splitter, and after traveling these branches the branches merge again at a second
Y-junction, where the modes from both waveguides interfere with each other. Their
phase difference, A, defines the power of the mode in the output waveguide Py:.

Figure (2-7): Mach — Zehnder interferometer (MZI) [51].

Assuming a lossless MZI device with symmetrical Y-junctions it can be derived
that:

Pout/ Pin=(1/2) (1 + cos Ag) (2-43)

Using the previous equation, the transfer function of the MZI, i.e., the power ratio
Pout/ Pin, 1s depicted as a function of Ag in figure (2-8).
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The power ratio
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Figure (2-8): Plot of the transfer function of the MZI versus the phase difference A

Such an MZI device can be applied for many purposes. By applying an electro-
optical material and electrodes in one of the branches, the MZI can be used as an on/off
modulator, while if it was provided with one or more additional input channels and if
opto-optical materials were inserted it could also function as an optical transistor or a
logic function. For sensing, however, one applies locally (within the so-called sensing
window) on the top of one of the branches (the sensing branch) a chemo-optical layer.
The MZI used as a sensor utilizes the transduction chain:

AC — An — ANggr — A@ — A (Pout/ Pin) (2-44)

where Ax denotes a change of the parameter x.

In all IO sensors a change of the value of the measurand (AC) affects the optical
properties or position of one or more of the materials forming the waveguide. The
extent of this change depends on the value of the measurand. The effects of these
changes on modal parameters are in most cases not only nearly proportional to the
change of optical properties but also to the fraction of the modal power which
propagates through that material, and in fact it is this fraction which interrogates with
the material. The most relevant optical properties which may be influenced are the
refractive index, the absorption coefficient or the emission properties (e.g.
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luminescence) of one of the materials. A change of the refractive index (An) expresses
itself as a change of two parameters: the real part of Neg and the field profile. A change
of an absorption coefficient manifests itself in the imaginary part of Negr and hence in
the modal attenuation. Some of the absorbing material may show luminescent
properties: part of the absorbed power is emitted as photons of another wavelength. In
general the major part of the emitted power leaves the system as free space radiation,
while a minor part is captured by the waveguide generating a new mode of another
wavelength.

Changes of the (complex) refractive index distribution in a region which is
relevant for the waveguide can be caused by physical (e.g. thermo-optical, electro-
optical, mechano-optical) or chemo-optical cross effects and in addition by partial
substitution of one material by another one [52]. For obtaining large sensitivities it is
preferred that all waveguide materials show the relevant cross effect in order to utilize
the modal power most effectively; in addition, it would be advantageous if all these
materials possessed large cross coefficients.

The third step in the transduction chain can be quantified by the expression:

A(p = ANeff L (21‘[/)\0) (2'45)

where L is the interaction length (the length of the channel section provided with the
interface or simply the sensor area) and Ao is the vacuum wavelength of the
monochromatic light source.

Using the inverse transfer functions the concentration change can be derived from
the change of the output power. This sounds simple, but in fact a too simple picture has
been presented; reality is more unruly: many other physical phenomena appear to
interfere in such a transduction chain: the perturbing factors. Maximizing resolution
implies on the one hand maximizing all transfer functions and hence maximizing all
partial sensitivities, such as (ONegr/ On), [0 (A@) / ONegr] and [0 (Pout / Pin) / 0 (A@)] but
on the other hand minimizing the effects of all perturbing factors.

Starting with maximizing the sensitivities, it can be immediately concluded that [0
(Pout / Pin) / 0 (A@)] 1s at maximum at the quadrature points: Ap = 2m + 1) /2, and
from (2-45) that [0(A@) / ONeg] will increase the longer the interaction length and the
lower the wavelength. Both latter parameters are limited however: the first one mainly
because the chip area is restricted, limiting L usually to about 1 cm; the second one as a
consequence of material properties: the increase of absorption- and scatter-losses with
decreasing wavelength. Hence generally a wavelength in the visible region is chosen
while its precise value may depend on the requirements of the application aimed at.
Also imperfectness of technology is a complicating factor. It hampers e.g. achieving
perfect mirror symmetry of the Y-junctions, which had been implicitly assumed in
deriving expression (2-43); also it hampers reaching the quadrature points at a preset
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value (e.g. zero) of the concentration. Fortunately, these imperfections can be easily
accounted for by inserting additional parameters (the visibility factor V and the phase
offset Apo whose values have to be determined experimentally) into expression (2-43):

Pou = (Pin / 2) (1 + V cos (Ag + Ago)) (2-46)

There are a number of perturbing factors, which will affect the Ap — Py
transfer:

- Scatter light will be generated in the IO circuitry of which a part Py, may be
detected at the output port of the MZI

- Expressions (2-43) and (2-46) are correct if one mode of one given
wavelength propagates through the system only. While launching the zeroth-
order TE mode from a fiber generally also the zeroth-order TM mode is
weakly excited and the power of this TMyp-mode has to be removed from the
system

- A laser never shows a constant output: wavelength-, phase- and output
power-fluctuations may occur, e.g., as a consequence of temperature
fluctuations. Also mechanical instabilities can influence the Py / P, ratio

- Note also that if incidentally starting from (A¢ + Apg) = m 7w (m being an
integer) it is unknown whether A¢ is increasing or decreasing (directional
ambiguity) while also near this state the partial sensitivity [OPoy / 0 (A@)] is
very low (sensitivity fading).

Sensing area

r 100 xm

Figure (2-9): Top view of the basic configuration of an IO Mach-Zehnder
Interferometer

In the integrated version of MZI, an input optical waveguide is split into two arms
which, after a certain distance, recombine again in an output optical waveguide as
shown in figure (2-9). Several MZI configurations were designed with varying
parameters but there are some fixed principles which must be taken into consideration
in each design in order to have small propagation losses. These principles are:
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- The Y junction is formed with straight arms and small opening angles (i.e. 1°)
- The Y junction is shaped with circular bends with radii ranging between (200
Amto 5 mm)

- Separation between the sensor and the reference branches must exceed 50 4m

to avoid coupling between modes traveling through both branches and the width
of the branch is in the range of 3 zm to get monomode waveguide.

- Inonearm, a (0.5, 1 or 2 mm) length and from 10 to 20 & m wide sensor area is

created.

- The total length of the device is ranging between 7 to 9 mm to get a small chip
area.

- The visibility signal (difference between the maximum and minimum intensity)
depends on the coupling factor of the divisor and on the propagation losses of
the guided mode in the interferometer arms. It must be at maximum and
therefore it is important to design a divisor or Y junction with a coupling factor
of 3 dB, that is, input light is equally divided in each branch of the
interferometer. Moreover, propagation losses in the sensor and reference branch
should be identical.

2.4 The heater design

In an optical waveguide, the optical path of the propagation light can be modified
by thermal changes. A change in temperature of the waveguide by AT modifies the
optical phase of the light traveling through it by Ae. This is due to two effects: the
variation in length of the waveguide due to a thermal expansion or contraction, and the
temperature-induced change in the refractive index [54], [55].

These changes affect directly the optical phase of the light, given by:

_4mL

P (2-47)

where n is the refractive index, A is the wavelength of the light and L is the waveguide
length.

L A .
The temperature effects on phase Varlatlons,A—?, can be calculated by obtaining

the derivative of ¢ with respect to temperature T, and is given by:

dp _4r

bL 2-48
dr 1 (2-48)

where:
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b (d_’u ﬁd_Lj (2-49)
AT LdT

The right hand terms of the last equation depend on the chemical composition of
the waveguide.

As shown in figure (2-10), one design for a heater which is made from titanium
and has two contacts from aluminum which will be used to inject electrical current to
heat the reference arm of the MZI waveguide in order to create the required difference
in refraction index that will control the propagation of light through the sensor and
increase the sensitivity of the sensor.

The heater is 300 nm thick, 5 g m width, 35 gm height, 10 gm distance

between vertical parts and 2 mm length. This heater will be placed at a distance equal to
3 ym away from the reference arm.

The thermal conductivity between the heater and the waveguide should be
maximized, but this is normally limited by the need for sufficient optical insulation. In
low-index contrast waveguides the distance between the core and the heater element
must be several micrometers. Increasing the thermal conductivity around the heated
waveguide makes the response faster, but it also increases the power consumption [55],
[56]. This leads to a trade-off between the speed and the power consumption. In many
waveguide structures the requirement for sufficient optical confinement also limits the
possibility to increase the thermal conductivity between the waveguide core and the
underlying substrate.

In order to calculate the total resistance of the heater to compare it with the
measured value, the total length L and the cross sectional area of the heater must be
calculated as shown in figure (2-11) and then the total resistance of the heater can be
calculated from the next equation:

L
R=pZ (2-50)
P

where p, is the material resistivity of the heater. The total length of the heater is 11 mm,

its cross sectional area is 1.5 pm?, the resistivity of the titanium is 42*10°Q.un and
hence the total resistance of the heater can be calculated as 3.08 KQ.
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Aluminium
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Figure (2-10): A top view of the titanium heater and the aluminium contacts

Figure (2-11). The heater as one part

With respect to the contacts, the resistivity of aluminium is 2.8*10°Q.mand the
total resistance of the two contacts is 1.6 Q and therefore the resistance of the two
contacts is negligible with respect to the resistance of the heater.

Now the whole sensor is designed and is shown in figure (2-12). The next design
task is transferring this sketch to the computer using Cadence program in order to
fabricate the mask which will be used to fabricate the desired sensor.
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Figure (2-12): Optical waveguide based chemical sensor
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3 Deposition of silicon nitride and silicon
oxynitride by LPCVD

3.1 Introduction

In order to optimize the deposition processes by LPCVD to obtain high
homogeneity layers of silicon nitride (Si3Ny4) and silicon oxynitride (SiON) to use them
as guiding layers in optical waveguide chemical sensors the appropriate temperature and
deposition rate had been chosen. Also the wafers must be distributed uniformly along
the boat with leaving two free places between the wafers. These deposited layers must
be suitable for both masking the local thermal oxidation and for coal etching. This
process gives layers with high homogeneity and is better than the physical deposition
processes.

The disadvantage of this process is that LPCVD is done at high temperatures
(these high temperatures enhance deposition processes). To obtain SizN4 and SiON the
triethylsilane liquid (C¢H;6S1) was used instated of dichlorsilane gas because it is safe
and harmless.

Three processes were done with a temperature of 740 °C, 760 °C and 780 °C.
These different temperatures were chosen to help in optimizing the LPCVD process (to
determine the temperature and deposition rate which give higher homogeneity layers).

3.2 Description of LPCVD process

The deposition of silicon nitride (Si3sN4) and silicon oxynitride (SION) was done in
a three-zone oven for low pressure chemical vapor deposition shown in figure (3-1).
The LPCVD is a vacuum deposition process and it is suitable for the production of thin
layers. In the case of Si3N4 the ammonia (NH3) and triethylsilane (C¢ H;6 Si) were let to
flow into the tube and reacted with each other to develop SisN4 layer on the wafers as
shown in the next equation:

4 NH;3 + 3 C¢ Hi6 St — Si3Ny + Secondary products

In the case of SiON, additionally to NH; and C¢ Hj6 Si, oxygen O, also was let to
flow into the tube as shown in the next equation:

NH; + Cs Hig Si + O, — SiON + Secondary products
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The quantity of gases can be adjusted by mass flow controllers. The deposition
rate depends on the temperature and the pressure. At low temperatures the deposition
rate is very low because more reactive gas molecules go away than deposit on the
wafers. With increasing the temperature, the deposition rate increases on the surface of
the wafers.

Figure (3-1): 3-zone-oven used to produce SiO, by thermal oxidation, TEOS
decomposition, deposition of Siz N4 and SiON layers by LPCVD

The developed SisNy is stable mechanically and has a refractive index of (2.0 —
2.1). The developed SiON has a refractive index of (1.5 — 1.6). The boat and the carrier
used to carry the wafers into the tube are shown in figure (3-2) without the wafers and
in figure (3-3) with the wafers showing on it the wafers position, the direction of gas
inlet (1) and the direction of gas outlet (2).

The boat is made from quartz and can carry maximum 9 wafers since there are
two free places between wafers. This improves the homogeneity of the deposited layers.
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Figure (3-3): The carrier and the boat with the wafers showing the wafers position, the
direction of gas inlet (1) and gas outlet (2)

The boat before going into the tube is shown in figure (3-4) where there is a
second quartz carrier (1) placed above the wafers to improve the heat distribution and

gas diffusion.
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Figure (3-4): The boat with the wafers just before going into the tube

Figure (3-5): The quartz tube of LPCVD
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The wafers are placed in the carrier such that their surface is toward the tube inlet
hole (toward the direction of gases inlet). To improve the homogeneity of the deposited
layers, the boat must be fully occupied with each deposition; therefore blind wafers are
used to fill the places which have no wafers.

Then the boat is brought into the tube very slowly and very carefully since inside
the tube is very hot as shown in figure (3-5) and with moving the boat quickly the
wafers can be bended or broken due to the high temperature difference between inside
and outside the tube. After that, the tube will be evacuated and then heated to the
desired temperature and the deposition can be started.

3.3 Measuring of layer thickness and refractive index by ellipsometer

An ellipsometer which is shown in figure (3-6) enables to measure the refractive
index and the thickness of semi-transparent thin films. The instrument relies on the fact
that the reflection at a dielectric interface depends on the polarization of the light while
the transmission of light through a transparent layer changes the phase of the incoming
wave depending on the refractive index of the material. An ellipsometer can be used to
measure layers as thin as 1 nm up to layers which are several microns thick.
Applications include the accurate thickness measurement of thin films, the identification
of materials and thin layers and the characterization of surfaces.

Figure (3-6): The ellipsometer

The principle of operation of an ellipsometer is illustrated by the schematic
drawing of the ellipsometer shown in the figure (3-7) below:



64 3 Deposition of silicon nitride and silicon oxynitride by LPCVD
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Figure (3-7): Schematic drawing of an ellipsometer

It consists of a laser (commonly a 632.8 nm helium/neon laser), a polarizer and a
quarter wave plate which provide a state of polarization which can be varied from
linearly polarized light to elliptically polarized light to circularly polarized light by
varying the angle of the polarizer. The beam is reflected off the layer of interest and
then analyzed with the analyzer. The operator changes the angle of the polarizer and
analyzer until a minimal signal is detected. This minimum signal is detected if the light
reflected by the sample is linearly polarized, while the analyzer is set so that only light
with a polarization which is perpendicular to the incoming polarization is allowed to
pass. The angle of the analyzer is therefore related to the direction of polarization of the
reflected light if the null condition is satisfied. In order to obtain linearly polarized light
after reflection, the polarizer must provide an optical retardation between the two
incoming polarizations which exactly compensates for the optical retardation caused by
the polarization dependent reflections at each dielectric interface. Since the amplitude of
both polarizations was set to be equal, the ratio of the amplitudes after reflection equals
the tangent of the angle of the analyzer with respect to the normal [57].

3.4 Preparation of the silicon wafers

For the deposition of SizN4 and SiON 45 wafers were required (24 wafer for
silicon nitride and 21 wafer for silicon oxynitride). The first step was marking the
wafers on their back surfaces. This was done by a special cutter with diamond edge.
After that, a cleaning process was done which remove any organic materials from the
surface of the wafers. Cleaning process steps are shown in table (3-1).

3.5 Deposition process
3.5.1 Silicon nitride (Si3Ng4) deposition

The deposition was done at temperatures of 740 °C, 760 °C and 780 °C and the
deposition time was 20 min. The wafer was placed at the center of the boat (position 4)
during deposition.
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1 | Blow off with N,

To remove small particles from the wafers

2 | Ultrasonic bath

It consists of water and a wetting agent and it separates the

particles which are strongly bonded with the wafers

3 | Washing in DI

water

To remove the wetting agent of the previous cleaning step

from the surface of the wafers

4 | Piranhia-acid

The acid consists of a H, SO4 / Hy O, solution and it solves
any organic residues from the surface of the wafers

5 | Washing in DI

water

To remove the acid residues from the surface of the wafers

6 | Drying process

At the end, the wafers are washed in DI water and they
dried using N, in drying machine

Table (3-1): Cleaning procedures

3.5.1.1 Deposition of SizNgat 740 °C

The process parameters of this deposition are shown in table (3-2) and the results
of thicknesses and refractive indices are distributed on the wafer shown in figure (3-8).

Ammonia (NH;) flow rate 21 %
Triethylsilane (Cs Hy6 Si) flow rate 97 %
Process temperature 740 °C
Process pressure 0.6 mbar
Process time 20 min

Table (3-2): Process parameters for silicon nitride deposition at 740 °C
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Figure (3-8): Thicknesses and refractive indices distribution at 740 °C (wafer 1)

The deposition layer has a thickness ranging between 20 nm and 24 nm. The

homogeneity of the layer is not uniform since there is a thickness variation along the
wafer equal to 4.5 nm (18.7 %). The layer thickness increases at the parts which the
gases are moving and reacting faster. The average value for the thickness is 21.9 nm and
for the refractive index is 2.054. The deposition rate was approximately 0.9 nm/min
(low rate and the desired layers can not be deposited in an acceptable time).

3.5.1.2 Deposition of SizN4 at 760 °C

The process parameters of this deposition are shown in table (3-3) and the results
of thicknesses and refractive indices are distributed on the wafer shown in figure (3-9).

Ammonia (NH;) flow rate 21 %
Triethylsilane (Cs Hy6 Si) flow rate 97 %
Process temperature 760 °C
Process pressure 0.6 mbar
Process time 20 min

Table (3-3): Process parameters for silicon nitride deposition at 760 °C
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Figure (3-9): Thicknesses and refractive indices distribution at 760 °C (wafer 2)

At a temperature of 760 °C, the deposition rate increased to 1.2 nm/min. The

homogeneity also improved because the thickness variation along the wafer decreased
to 3.8 nm (14.1 %). The gas deposition at the edge is more than at the center of the
wafer (the thickness is smaller at the center). The average value for the thickness is 24.7
nm and for the refractive index is 2.105.

3.5.1.3 Deposition of SizN4 at 780 °C

The process parameters of this deposition are shown in table (3-4) and the results
of thicknesses and refractive indices are distributed on the wafer shown in figure (3-10).

Ammonia (NH;) flow rate 21 %
Triethylsilane (C¢ Hi6 S1) flow rate 97 %
Process temperature 780 °C
Process pressure 0.6 mbar
Process time 20 min

Table (3-4): Process parameters for silicon nitride deposition at 780 °C



68 3 Deposition of silicon nitride and silicon oxynitride by LPCVD

..___..-"'-- 27.0 nm --"'-.,_
-~ (2.111) H‘m_
26.5 nm 26.8 nm *
(2.0977) (2.107)
I| 28.3 nm 28.1 nm 29.1 nm
l (2.120) (2.057) (2.107)
30.0 nm 29.6 nm
(2.123) (2.105)
30.0 nm
M (2.088) 5
Sy, _._,.-"'

Figure (3-10): Thicknesses and refractive indices distribution at 780 °C (wafer 3)

The deposition shows the same result as the deposition at 760 °C. The thickness
variation is 3.5 nm (11.7 %). The deposition rate increased to 1.5 nm/min. The average
value for the thickness is 28.3 nm and for the refractive index is 2.102.

3.5.1.4 Temperature optimization

From the results of the three deposition processes, it is clear that, deposition at 740
°C is the worst one because the deposition rate is small and the thickness variation along
the wafer is large (18.7 %). This deposition can not deposited thick layers at short time
since the deposition rate is only 0.9 nm/min. The depositions at 760 °C and 780 °C
show better results with respect to the deposition rate and the homogeneity. Therefore,
the next deposition processes will be done at only 760 °C and 780 °C using three wafers
in each deposition to optimize the homogeneity along the boat. The wafers will be
placed at positions 2, 4 and 8 in the boat.

The results for depositions of wafers (4, 5 and 6) in the same boat at temperature
of 780 °C are shown in table (3-5) and of wafers (7, 8§ and 9) in the same boat at
temperature of 760 °C are shown in table (3-6). It is found that the deposition rate
increased at the front place of the boat (position 2). The thickness variation along the
boat of wafers (4, 5 and 6) was 23.8 nm (52.3 %).

The thickness variation along the boat of wafers (7, 8 and 9) was 15.7 nm (47.43
%). The thickness variation along this boat is smaller than that of the first boat. This
means that the homogeneity was improved. Hence, the deposition at 760 °C had better
results and it is also preferred because the temperature is lower. Therefore, the next



3 Deposition of silicon nitride and silicon oxynitride by LPCVD 69

depositions will be done only at 760 °C and to decrease the thickness variation
along the boat at temperature of 760 °C, the temperatures of the heating zones along the
tube must be optimized.

Temperature Wafer 4 Wafer 5 Wafer 6
780 °C Position 2 Position 4 Position 8
Measurement | Thickness | Refractive| Thickness| Refractive | Thickness|Refractive
No. (nm) index (nm) index (nm) index
1 38.4 2.066 29.2 2.115 23.0 2.098
2 42.4 2.022 31.2 2.125 25.0 2.115
3 45.5 2.076 32.0 2.016 25.0 2.107
4 41.5 2.076 30.1 1.980 233 2.075
5 36.0 2.044 27.9 1.966 21.2 2.057
6 35.9 2.066 28.2 1.967 21.8 2.068
7 37.8 2.057 28.5 1.967 21.5 2.063
8 39.8 2.076 29.9 1.986 23.1 2.070
9 42.7 2.081 31.1 2.006 24.5 1.966
The average 39.9 2.063 29.7 2.000 23.1 2.069
Deposition rate | 1.995 nm/min 1.485 nm/min 1.155 nm/min
Thickness vari. | 7 nm (16.7 %) 4.1 nm (12.8 %) 4 nm (16 %)

Table (3-5): The results for depositions of wafers (4, 5 and 6) in the same boat at
temperature of 780 °C

The next deposition was done on wafers (10, 11 and 12) in the same boat with
changing the temperatures of the heating zones along the tube. The temperature at the
front zone was 720 °C, at the middle zone was 753 °C and at the back zone was 759 °C.
The results of this deposition are shown in table (3-7).

By changing the temperature of the heating zones along the boat, it is found that
the gas deposition decreased at front of the boat since the front temperature is low. So
the temperature in the front side of the boat must be increased. The thickness variation
along the boat decreased to 9.6 nm (28.6 %). The homogeneity of the individual wafers
had been improved.
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Temperature Wafer 7 Wafer 8 Wafer 9
760 °C Position 2 Position 4 Position 8
Measurement | Thickness | Refractive| Thickness| Refractive | Thickness|Refractive
No. (nm) index (nm) index (nm) index
1 29.6 2.001 22.9 2.099 18.1 2.067
2 33.1 2.046 243 2.078 19.3 2.068
3 32.8 2.039 243 2.126 19.3 2.084
4 30.4 2.026 23.4 2.104 18.7 2.017
5 27.9 1.972 214 2.090 17.7 2.007
6 28.2 1.976 21.9 2.092 17.4 2.047
7 28.9 1.990 22.0 2.077 17.5 1.997
8 31.4 2.019 23.5 2.100 18.8 2.047
9 33.2 2.046 249 2.126 19.7 2.077
The average 30.6 2.013 23.5 2.099 18.4 2.046
Deposition rate]  1.530 nm/min 1.175 nm/min 0.920 nm/min
Thickness vari.] 5nm (15.1 %) 3.5nm (14 %) 2 nm (10.5 %)

Table (3-6): The results for depositions of wafers (7, 8 and 9) in the same boat at
temperature of 760 °C

The next deposition was done on wafers (13, 14 and 15) in the same boat with
changing the temperature of the heating zones along the tube. The temperature at the
front zone was 732 °C, at the middle zone was 754 °C and at the back zone was 759 °C.
The results of this deposition are shown in table (3-8).

By increasing the temperature of the front heating zone, the deposition rate
increased at the front of the boat. The thickness variation along the boat decreased to 5.6
nm (16.62 %). The wafers 14 and 15 have nearly the same layer thicknesses. The
temperature of the front heating zone must be increased in order to improve the
homogeneity of the layers.
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Front: 720 °C Middle: 753 °C Back: 759 °C
Wafer 10 Wafer 11 Wafer 12
Position 2 Position 4 Position 8
Measurement  [Thickness |Refractive | Thickness | Refractive | Thickness | Refractive
No. (nm) index (nm) index (nm) index
1 24.7 2.093 30.6 2.097 31.3 2.109
2 27.1 2.083 31.7 2.105 32.8 2.113
3 26.6 2.103 31.7 2.109 33.6 2.121
4 25.9 2.067 31.6 2.103 33.1 2.113
5 25.1 2.087 30.1 2.097 31.5 2.097
6 24.0 2.086 30.1 2.102 30.3 2.116
7 25.1 2.087 30.1 2.109 29.8 2.097
8 26.1 2.085 31.2 2.106 31.7 2.107
9 26.1 2.088 31.5 2.097 335 2.112
The average 25.6 2.087 30.9 2.103 31.8 2.109
Deposition rate | 1.280 nm/min 1.545 nm/min 1.590 nm/min
Thickness vari. | 3 nm (11.1 %) 1.6 nm (5.05 %) 3 nm (9.0 %)

Table (3-7): Deposition of wafers (10, 11 and 12) in the same boat with changing the
temperatures of the tube to [Front zone: 720 °C, Middle zone: 753 °C and Back zone:

759 °C]

The next deposition was done on wafers (16, 17 and 18) in the same boat with
changing the temperatures of the heating zones along the tube. The temperature at the
front zone was 750 °C, at the middle zone was 756 °C and at the back zone was 760 °C.
The results of this deposition are shown in table (3-9).

The results in this deposition had been improved. The homogeneity of wafer 16 is
not optimized yet but it is increased along the boat. The thickness variation along the
boat decreased to 4.8 nm (15.1 %) and this was the best result could be obtained. The
homogeneity was optimized in this deposition and to test the ability of reproduction,

this deposition

will be repeated.
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Front: 732 °C Middle: 754 °C Back: 759 °C
Wafer 13 Wafer 14 Wafer 15
Position 2 Position 4 Position 8
Measurement | Thickness | Refractive| Thickness| Refractive| Thickness| Refractive
No. (nm) index (nm) index (nm) index
1 28.1 2.093 32.2 2.087 322 2.121
2 30.3 2.101 333 2.117 33.4 2.146
3 31.3 2.110 33.1 2.112 333 2.127
4 29.0 2.087 32.6 2.116 33.7 2.117
5 29.6 2.080 31.3 2.101 30.4 2.114
6 27.5 2.090 31.0 2.103 30.9 2.116
7 28.1 2.097 30.9 2.097 30.9 2.114
8 30.2 2.107 32.7 2.114 33.1 2.118
9 30.9 2.077 33.2 2.112 33.6 2.117
The average 294 2.094 33.2 2.107 32.2 2.121
Deposition rate | 1.470 nm/min 1.660 nm/min 1.610 nm/min
Thickness vari. | 3.2 nm (10.22 %) 2.4 nm (7.21 %) 3.3 nm (9.79 %)

Table (3-8): Deposition of wafers (13, 14 and 15) in the same boat with changing the
temperatures of the heating zones along the tube to [Front zone: 732 °C, Middle zone:
754 °C and Back zone: 759 °C]

The last deposition was repeated but with 4 wafers instead of three and the fourth
wafer was placed at position 6 in the boat. The results of this deposition are shown in
table (3-10).

This deposition shows the reproducibility of the process since the thickness
variation along the boat is 4.7 nm (15.1 %) which is almost the same as before. The
homogeneity in this deposition is sufficient for the intended purposes.
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Front: 750 °C Middle: 756 °C Back: 760 °C
Wafer 16 Wafer 17 Wafer 18
Position 2 Position 4 Position 8
Measurement | Thickness | Refractive| Thickness| Refractive| Thickness| Refractive
No. (nm) index (nm) index (nm) index
1 27.6 2.087 29.6 1.977 30.3 2.097
2 30.2 2.095 30.6 2.023 31.6 2.104
3 30.2 2.097 31.6 2.017 31.4 2.116
4 29.3 2.077 30.3 2.017 30.3 2.106
5 27.2 2.079 28.7 2.006 29.1 2.097
6 27.0 2.083 28.4 2.006 29.0 2.087
7 27.2 2.086 30.1 2.019 28.7 2.089
8 28.9 2.084 29.0 2.096 30.8 2.099
9 30.2 2.077 30.5 2.036 31.8 2.101
The average 28.6 2.085 29.8 2.022 30.3 2.100
Deposition rate | 1.430 nm/min 1.490 nm/min 1.515 nm/min
Thickness vari. | 3.2 nm (10.60 %) 3.2 nm (10.13 %) 3.1 nm (9.75 %)

Table (3-9): Deposition of wafers (16, 17 and 18) in the same boat with changing the
temperatures of the tube to [Front zone: 750 °C, Middle zone: 756 °C and Back zone:
760 °C]

3.5.1.5 Ammonia flow optimization

In the next depositions the amount of ammonia will be changed to see its effect on
homogeneity and refractive index. The first deposition (wafer 23) was done with flow
rate equal to 30 % (63.18 SCCM) of ammonia. The parameters of this process are
shown in table (3-11) and the results are shown in figure (3-11).

It is found that the deposition rate is 1.385 nm/min, the thickness variation along
the wafer is 4.6 nm (14.84 %), the average thickness is 27.7 nm and the average
refractive index is 2.085.
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Front: 750 °C Middle: 756 °C Back: 760 °C
Wafer 19 Wafer 20 Wafer 21 Wafer 22
Position 2 Position 4 Position 6 Position 8
Meas. | Thick.| Reft. Thick. | Refr. Thick. | Refr. Thick. Reft.
No. (nm) index (nm) index | (nm) index (nm) index
1 27.4 | 2.097 28.7 1.097 | 29.1 2.097 28.5 2.057
2 29.0 | 2.112 29.9 2.083 30.1 2.119 29.8 2.069
3 29.3 | 2.087 29.6 2.107 | 30.7 2.107 30.6 2.107
4 29.0 | 2.100 293 2.100 | 29.7 2.107 30.3 2.060
5 263 | 2.105 27.6 2.103 | 279 2.101 27.6 2.041
6 263 | 2.087 27.4 2.100 | 27.9 2.088 27.4 2.048
7 264 | 2.087 27.2 2.097 | 283 2.098 26.5 2.058
8 29.0 | 2.087 29.2 2.104 | 29.6 2.090 29.5 2.060
9 29.6 | 2.110 29.7 2.109 | 30.0 2.098 31.0 2.077
AV 28.0 | 2.097 28.7 2.100 | 29.6 2.101 29.0 2.064
DR 1.400 nm/min 1.435 nm/min 1.480 nm/min 1.45 nm/min
TV 33nm (11.15%)| 2.7nm (9.03 %) | 2.8 nm (9.12%) | 4.5 nm (14.5 %)

Table (3-10): Deposition on wafers (19, 20, 21 and 22) in the same boat with changing
the temperature of the tube to [Front zone: 750 °C, Middle zone: 756 °C and Back zone:
760 °C] where AV is the average value, DR is the deposition rate and TV is the
thickness variation

Ammonia (NH;) flow rate 30 %
Triethylsilane (C¢ Hi6 Si) flow rate 97 %
Process temperature 760 °C
Process pressure 0.6 mbar
Process time 20 min

Table (3-11): Process parameters for Si3N4 deposition with ammonia flow rate of 30 %
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Figure (3-11): Thicknesses and refractive indices distribution of Si3zN4 deposition with

flow rate of 30 % ammonia (wafer 23)

The next deposition (wafer 24) was done with ammonia flow rate 15 % (31.59
SCCM). The parameters of this process are shown in table (3-12) and the results are

shown in figure (3-12).

Ammonia (NH3) flow rate

15 %

Triethylsilane (C¢ Hi6 Si) flow rate

97 %

Process temperature

760 °C

Process pressure

0.6 mbar

Process time

20 min

Table (3-12): Process parameters for SizN4 deposition with ammonia flow rate of 15 %
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Figure (3-12): Thicknesses and refractive indices distribution of Si;Ny4 deposition with
flow rate of 15 % ammonia (wafer 24)

It is found that the deposition rate is 1.35 nm/min, the thickness variation along
the wafer is 2.8 nm (10 %), the average thickness is 27.0 nm and the average refractive
index is 2.047.

From these results there is no much difference in the refractive index in both cases
but the homogeneity is better with ammonia flow rate 15 %.

3.5.2 Silicon oxynitride (SiON) deposition

The optimized parameters which were obtained from the deposition of silicon
nitride were used here to deposit silicon oxynitride in order to obtain a homogenous
layer to use it as a guiding layer in the waveguide which will be used as a transducer for
the desired chemical sensor. Every deposition was done with front zone temperature
750 °C, middle zone temperature 756 °C, back zone temperature 760 °C and pressure
0.6 mbar using one wafer and this wafer was placed at position 4 (the best position) in
the boat.

The process parameters used in the first deposition on wafer 1 are shown in table
(3-13) and the results of this deposition are shown in table (3-14).
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Ammonia (NH3) flow rate 34.66 %
Triethylsilane (Cs Hy6 Si) flow rate 85 %

Oxygen (O,) flow rate 0.178 %
Process temperature (750-756-760) °C
Process pressure 0.6 mbar
Process time 50 min

Table (3-13): Process parameters used in SION deposition (O, flow rate is 0.178 %)

0.178 % of O, M; M, M; M,y M5 Average

Thickness (nm) | 598.330 | 598.910 | 597.003 602.001 | 599.423 | 599.133

Refractive index| 1.504 1.501 1.499 1.510 1.511 1.504

(Wafer 1) Deposition rate is 11.982 nm/min

Table (3-14): The results of SION deposition with O, flow rate of 0.178 %

From the results of this deposition it is found that the average refractive index
(1.504). The results show that the layer is homogenous since the thickness variation
along the wafer is approximately 5 nm (0.83 %) and the homogeneity is better than with
silicon nitride. In the next depositions the oxygen flow rate was decreased to increase
the refractive index of the silicon oxynitride with fixing the other parameters. The
results of the depositions on wafers (2 — 6) are shown in table (3-15) and on wafers (7 —
11) in table (3-16).

The results show that the layers of SION are more homogenous than the layers of
Si3Ny4 since the thickness variation along the wafer in SiON is very small. From the
results shown in both tables, it is clear that, the lower the oxygen flow rate the lower the
deposition rate and the higher the refractive index of the silicon oxynitride. The
relationship between the oxygen flow rate and the refractive index of the silicon
oxynitride is shown in figure (3-13).
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0.174 % of O, M; M, M; My M; Average

Thickness (nm) | 583.111 | 582.963 | 584.073 585.601 | 586.496 | 584.449

Refractive index| 1.501 1.533 1.540 1.499 1.491 1.513
(Wafer 2) Deposition rate is 11.689 nm/min

0.170 % of O, M; M, M; My M; Average

Thickness (nm) | 569.039 | 569.998 | 571.438 | 573.111 | 572.867 | 571.291

Refractive index| 1.511 1.517 1.524 1.531 1.534 1.523
(Wafer 3) Deposition rate is 11.426 nm/min

0.166 % of O, M; M, M; My M; Average

Thickness (nm) | 551.312 | 553.479 | 554.019 | 558.989 | 557.676 | 555.095

Refractive index| 1.533 1.539 1.533 1.524 1.537 1.531
(Wafer 4) Deposition rate is 11.102 nm/min

0.162 % of O, M, M, M; My Ms Average

Thickness (nm) | 540.991 | 542.432 | 539.987 | 538.762 | 542.319 | 540.898

Refractive index| 1.549 1.547 1.541 1.539 1.532 1.542
(Wafer 5) Deposition rate is 10.818 nm/min

0.158 % of O, M; M, M; My M5 Average

Thickness (nm) | 525.374 | 525.989 | 527.231 526.317 | 526.412 | 526.265

Refractive index| 1.551 1.553 1.556 1.548 1.549 1.551

(Wafer 6) Deposition rate is 10.525 nm/min

Table (3-15): The results of deposition processes of SiON on wafers (2 — 6) with
decreasing the oxygen flow rate with each wafer

From figure (3-13), it can be seen that the higher the oxygen flow rate the lower
the refractive index. From this figure also the required oxygen flow which gives the
desired refractive index can be obtained.
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0.154 % of O, M; M, M; My M5 Average
Thickness (nm) | 511.931 | 513.702 | 514.678 | 519.317 | 516.321 | 515.190
Refractive index| 1.561 1.559 1.554 1.562 1.558 1.559

(Wafer 7) Deposition rate is 10.304 nm/min
0.150 % of O, M; M, M; My M5 Average
Thickness (nm) | 501.999 | 503.246 | 504.491 504.663 | 506.081 | 504.096
Refractive index| 1.561 1.564 1.572 1.577 1.570 1.569
(Wafer 8) Deposition rate is 10.082 nm/min
0.146 % of O, M; M, M; My M; Average
Thickness (nm) | 490.081 | 492.783 | 495.141 494.938 | 494.777 | 493.544
Refractive index| 1.571 1.573 1.573 1.582 1.579 1.576
(Wafer 9) Deposition rate is 9.871 nm/min
0.142 % of O, M; M, M; My M; Average
Thickness (nm) | 482.631 | 480.374 | 484.990 | 485371 | 481.012 | 482.876
Refractive index| 1.574 1.591 1.592 1.599 1.582 1.587
(Wafer 10) Deposition rate is 9.658 nm/min
0.138 % of O, M; M, M; My M; Average
Thickness (nm) | 474.321 | 468.031 | 469.781 473.073 | 473.146 | 471.67
Refractive index| 1.622 1.599 1.581 1.607 1.571 1.596

(Wafer 11) Deposition rate is 9.433 nm/min

Table (3-16): The results of deposition processes of SiON on wafers (7 — 11) with
decreasing the oxygen flow rate with each wafer

Deposition of wafers (12 — 21) were done with 0.158 % oxygen flow rate at
different times and the results were given graphically as shown in figure (3-14). The
figure (3-14) shows the relationship between the thicknesses of the deposited layers and
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the deposition times. From this figure the required time which gives the desired
thickness can be obtained.
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Figure (3-13): The relationship between the oxygen flow rate and the refractive index of
the deposited layers
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Figure (3-14): The relationship between the thicknesses of the deposited layers and the
deposition times for SION layers with flow rate of oxygen equal to 0.158 %.
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4 Silicon oxynitride waveguide based ammonia
sensor

4.1 Introduction

As an application of low pressure chemical vapor deposition of silicon oxynitride,
the deposited silicon oxynitride layer will be used in this part as a guiding layer in the
designed Mach-Zehnder interferometer waveguide which will be used as a transducer in
an optical waveguide based ammonia sensor.

This sensor consists of an integrated Mach-Zehnder interferometer which has two
monomode waveguides, one of them represents the reference arm and the other
represents the sensing arm. A titanium heater with aluminium contacts will be
integrated near to the reference arm in order to increase the sensitivity of the sensor by
using the thermo-optical effect. A chemo-optical sensitive material to ammonia (its
refractive index changes with changing the amount of ammonia that diffuses into it
from the ambient air) will be spin coated on the sensing window in the sensing arm.

4.2 Sensor fabrication

The sensor fabrication processes are divided to three main processes which are the
MZI waveguide fabrication process, the heater fabrication process and the sensitive
layer fabrication process.

4.2.1 MZI waveguide fabrication

With respect to the MZI waveguide, the extensively studied structure is Si/ SiO, /
SiON / TEOS where silicon oxynitride (SiION) is used as core layer. All the information
required for SiON deposition using low pressure chemical vapor deposition (LPCVD)
were obtained from the last chapter. The first buffer layer is usually grown by thermal
oxidation (TO) and must be at least a 2 um thick oxide layer (the buffer layer must be
thick enough to prevent absorption of the guided light by the Si substrate). Finally, a 0.5
4 m Tetraethylorthosilicate (TEOS) layer will be deposited by LPCVD.

Fabrication of the waveguides was performed using our clean room facilities. The
first step in the fabrication process of the device is the growth of a 2 g m thick SiO,
lower cladding layer of refractive index 1.46 on a silicon wafer by thermal oxidation in
wet atmosphere at an oven temperature of 960 °C and a water temperature 95 °C for 30
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h and then oxygen for 5 min [see table (4-1)]. Figure (4-1) shows the relation between
the time and the layer thickness during the oxidation process.

Oven temperature 960 °C
Water temperature 95 °C
Process time 30h
Process pressure 1 atm

Table (4-1): Process parameters used in thermal oxidation

Then the silicon oxynitride SiON core layer with a refractive index 1.55 and a
thickness of 0.5 xm is deposited by LPCVD at (750-756-760) °C and a pressure of

0.6 mbar. The SiON core layer of refractive index 1.55 can be deposited using flow of
Ammonia (NHj3), Triethylsilane (Cs Hj6 Si) and Oxygen (O,) as shown in table (4-2).

300
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Figure (4-1): The thickness of SiO; layers by thermal oxidation at 960 °C / 95 °C
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Ammonia (NH3) flow rate 34.66 %
Triethylsilane (TES) flow rate 85 %

Oxygen (O,) flow rate 0.158 %

Process pressure 0.6 mbar
Temperature (750-756-760) °C
Deposition time 47.5 min
Deposition rate 10.526 nm/min

Table (4-2): Process parameters for SiON deposition

Finally, a 0.5 x m Tetraethylorthosilicate [(C;Hs)4SiO4] layer with a refractive

index 1.46 was deposited by LPCVD at temperature of 721 °C with pressure of 0.3
mbar as shown in table (4-3). Figure (4-2) shows the thicknesses of different TEOS
layers with time.

Tetraethylorthosilicate (TEOS) flow rate 24.57 %
Process pressure 0.3 mbar
Temperature 721 °C
Deposition time 85 min
Deposition rate 5.882 nm/ min

Table (4-3): Process parameters used in TEOS deposition

After each step of the last three processes, the average thickness of film deposited
on the silicon wafer is measured using an ellipsometer which also was used to calculate
the refractive index of the film.

A five point scan was done on the sample, in which the laser picked up five points
on the sample and measured the thickness and calculate the refractive index for each of
these points. The average of the five points was then taken to get the average thickness
and refractive index of the sample.
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Figure (4-2): The thicknesses of deposited TEOS layers with different times

Then the photoresist was spin coated and the waveguide pattern is defined by
optical contact photolithography [see table (4-4)] and transferred to the TEOS layer by
reactive ion etching (RIE). This etching process is anisotropic, and it produces vertical
sidewalls that guarantee precise control and good reproducibility of the geometry and,
accordingly, of the effective lateral index contrast of the waveguide structure as shown
in figure (4-3).

Oven 45 min 150 °C

Photoresist adhesion 5 min N,

Blow 5s 1000 rpm

Low spin 7s 800 rpm

High spin 45s 4000 rpm

Hot plate 60 s 110 °C

UV exposure 25s Air humidity is 36 %

Development 40 s (1 1 DI water + 8 g NaOH) in H,O [2:1]
Oven 45 min 130 °C

Table (4-4): Process parameters used in spin coating and photolithography for TEOS
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Figure (4-3): SEM images of a cross section of the waveguide revealing the resulting
etch profile

This etching is done in a width of 3 x m by reactive ion etching (RIE) to form a
rib of 0.4 xm in the TEOS for light confinement in the SION film below as shown in
figure (4-4).
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The etching process is done using power equal to 1.4 KW, pressure equal to 25
mTorr and flow of two gases, the first is Argon (Ar) and the second is Trifluoromethane
(CHF3) as shown in table (4-5).

Argon (Ar) flow rate 51.724 %

Trifluoromethane (CHF3) flow rate | 86.3 %

Process pressure 25 mTorr

RF power 1.4 KW
Process time 23.4 min
Etching rate 17.14 nm/min

Table (4-5): Process parameters used in RIE for TEOS layer (the upper cladding)

Figure (4-4): SEM image for reactive ion etching (RIE) in TEOS layer

After this, the mask had been removed and a cleaning step had been done to the
wafer. The fabrication process flow for SiON planar optical waveguide, as described
before, is illustrated in figure (4-5).
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Figure (4-5): Fabrication process flow for high-refractive index contrast SiON/SiO,
waveguide structures; (a) grown of SiO, layer by using thermal Oxidation; (b)
depositing of SiON layer by using LPCVD; (c¢) depositing of TEOS layer by using
LPCVD; (d) spin coating the photoresist; (e) defining the waveguide pattern by using
optical contact lithography and development processes; (f) forming the rib in the TEOS
by using reactive ion etching (RIE); (g) removing the mask and cleaning the wafer
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Figure (4-6) shows two SEM images of the MZI waveguide structure. Figure (4-6)
(a) represents a cross-section image for the waveguide structure and figure (4-6) (b)
represents an image for the splitting point of the MZI waveguide.

(b)

Figure (4-6): (a) Represents a SEM image for the waveguide structure; (b) Represents a
SEM image for the splitting point of the MZI waveguide
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Then the waveguide was tested for coupling and propagation loss. The light
coming from a red He-Ne laser (633 nm) is coupled into the waveguide by means of
end fire coupling and a photodiode detects the light coming out from the waveguide.

4.2.2 Heater fabrication

In order to construct the heater and its contacts the following steps were done:

- A layer of thickness equal to 300 nm of titanium was thermally evaporated on
the wafer [see table (4-6)]

- After spinning the photoresist and photolithography process the titanium was
wet etched using the materials shown in table (4-7). The etching rate was 50
nm/min and after that the wafer was cleaned

Power increasing 20 s until 5 % power
Wait 20s

Power increasing 30 s until 8 % power
Delay 5s

Rate 1 nm/s

Process time 5 min

Table (4-6): Process parameters of Titanium evaporation

DI water 300 ml

Hydrogen peroxide (H,0O,) 180 ml

Ammonium hydroxide (NH4OH) 60 ml

Table (4-7): The materials which were used in titanium etching

- As before, a 300 nm aluminium layer was evaporated [see table (4-8)]. After
that, the photoresist was spin coated and photolithography was done. Then the
aluminium was wet etched using the materials shown in table (4-9). The etching
was done at temperature of 60 °C and had a rate of 1 ¢ m/min.

- Atthe end, the rest of photoresist was removed and a cleaning step was done

Figure (4-7) shows a SEM image for the titanium heater with aluminium
contacts. The Mach-Zehnder interferometer, the titanium heater and aluminium contacts
all together can be seen in figures (4-8) and (4-9).
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Power increasing 40 s until 10 % power
Wait 2 min

Power increasing 60 s until 18 % power
Delay 5s

Rate 1 nm/s

Process time 5 min

Table (4-8): Process parameters of aluminium evaporation

1 2
840 ml Phosphoric acid (H3;PO4) 85 % 1120 ml (H3POy)
164 ml DI water 224 ml DI water
38 ml Nitric acid (HNO3) 65 % 50 ml HNO;
3 ml Antarox

[700 ml of (1) + 1400 ml of (2)] at 60 °C

Table (4-9): The materials which were used in aluminium etching

10 gm

Figure (4-7): A SEM image for the titanium heater with aluminium contacts
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Figure (4-8): A microscopic image for the structure consisting of MZI, the heater and
the contacts

Figure (4-9): A SEM image showing the structure of the sensor

4.2.3 Sensitive layer fabrication

To build a sensor, sensitive material had to be selected that changes its refractive
index in response to the presence of a targeted chemical substance, such as ammonia in
ambient air. One of the choices was a thin film of polymer doped with an appropriate
indicator dye. Dye-doped polymers are traditionally used in optical chemical sensors, or
optodes, based on a change in optical absorption. In our case, however, the sensitive
optical parameter to be measured was not the absorbance but the refractive index.



94 4 Silicon oxynitride waveguide based ammonia sensor

As a sensitive layer, the polymer polymethyl methacrylate (PMMA) was used,
which can easily be dissolved in a number of commercial solvents and mixed with
various indicator dyes. It can also easily be processed into a thin layer by spin coating.
As an indicator dye that is sensitive to ammonia, Bromocresol Purple (BCP) was
selected [58].

The BCP was added to a solution of PMMA at a concentration of 5.5 % weight
concentration of the BCP in PMMA. The solution was filtered by a filter with 0.5 um
pore size. Then it was spin coated at 4000 rpm for 60 s to give a layer thickness 200 nm
[see figure (4-10)] and backed on a hot plate for 60 s at 180 °C.

The following defines is the photolithography process. A UV lamp exposed the
samples for 3 min. The UV beam is aligned on the pattern from the mask. After all the
samples were exposed to UV, the samples were developed using methylisobutyl ketone
(MIBK) in isopropanol (IPA) [1:3 MIBK to IPA] for 30 s. Following the development
process, the samples were rinsed with DI water (de-ionized water). Baking the samples
in a convection oven at 95 °C for 30 min [see table (4-10)]. The final thickness of the
PMMA-BCP layer was close to 200 nm and its refractive index was 1.48.

500 -
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Figure (4-10): The film thickness vs. spin-speed of the sensitive layer
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Oven 45 min 150 °C

For layer adhesion 5 min N,

Blow 5S 1000 rpm

High spin 60 S 4000 rpm

Hot plate 60 S 180 °C

UV exposure 3 min Air humidity 39 %
Development 30 S [1:3 MIBK to IPA]
Oven 30 min 95 °C

Table (4- 10): Process parameters used in fabricating the PMMA-BCP sensitive layer

4.3 Experimental results

The results are split into three main areas of study. The first is studying if the
waveguide has an expected behavior concerning insertion losses, propagation losses,
wavelength response and light confinement.

The second is studying the modulation of light using thermo-optical effect by the
heater in order to increase the sensitivity.

The third is studying the detecting of ammonia by studying the change in intensity
of the output port of the MZI.

4.3.1 Waveguide characterization

If the cladding layers are properly tuned, both in refractive index and thickness,
losses have a minimum at the operating wavelength (633 nm). If there were any
variation of these parameters, minimum losses will shift from the operating wavelength.

Using end-fire coupling as in the experimental setup shown in figure (4-11), losses
in test waveguides were measured. The losses sharply increase as waveguide gets
narrower. It has to be taken into account that total losses here include attenuation and



96 4 Silicon oxynitride waveguide based ammonia sensor

insertion losses. Care has been taken to minimize injection losses due to modal
mismatch, reflections and edge defects or irregularities. The insertion loss
measurements have been calculated equal to 1.4+ 0.2.

Microscope
Holder
Micrometer
Laser MZI —
source waveguide

A 4
A 4

V\ I T |
Mirror Lens ) .. Photodiode
Micropositioner

(a)

(b)

Figure (4-11): Experimental setup for coupling light to the waveguide by using end fire
method (a) Sketch; (b) Real image
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Propagation loss measurements have been performed by measuring the intensity
of the transmitted light in waveguides at different lengths. From the fit results a
propagation loss coefficient of about 1.5+ 0.3 dB/cm. These losses are independent on
the coupling losses. Figure (4-12) shows the normalized intensity with respect to the
horizontal direction of the waveguide.

0,94
0,8
0,74

0,6+

Normalized Intensity

-2 -1 0 1 2
Horizontal direction (um)

Figure (4-12): The normalized intensity vs. the horizontal direction

4.3.2 Light modulation

By heating near the reference arm of the MZI waveguide using the metal heater
(titanium heater) the refractive index of the reference arm will change, and hence, there
will be a phase difference between the two optical branches, and hence, the output
intensity will be changed, and the heating process is done by using a voltage controlled
power supply. In general, this power is inversely proportional to the response time. The
response time of this device was calculated to be in the range of several milliseconds.

If the phase change of the waves in the two arms is reaching 7 , the optical output
power will be zero. The phase change A@ can be expressed as follows [59], [60]:
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27 dn
Ap=—-—ATL 4-1
@ o dr 4-1)

Where A is the wavelength of the transmitted light, dn/dT is the thermo-optic
coefficient of the silicon substrate, AT is the temperature difference between the two
waveguides and L is the heater length.

Taking into consideration the high thermal conductivity of the silicon substrate
(150 W/mK) and the small distance between the heater and the reference arm of the
Mach-Zehnder interferometer (3 um) and knowing that the thermo-optic coefficient for
the SiON-based waveguide is equal to 1.2x107° °¢™', the transmitted light wavelength
1s 633 nm and the heater length is 5.5 mm long, the temperature difference required to
give the different phase difference between the signals traveling in the two arms of
Mach-Zehnder interferometer can be calculated. Then a temperature difference of 5 °C
is needed for having a phase difference equal to 7 (zero output optical power) and a
temperature difference of 10 °C is needed for having a phase difference equal to zero
(2 ) and this gives maximum output optical power.

For most materials, the resistivity changes with temperature. If the temperature
range is not too large, the resistivity is a linear function of the temperature.

As the temperature of the heater is varied, its resistance changes due to:

- The temperature dependence of the resistivity
- The thermal expansion of the heater

For titanium, which is used here as a heater, the thermal expansion effects can be
neglected in comparison with the resistivity change. Since only the change in resistance
of the material is important, the overall resistance of the heater has a similar dependence
on the temperature:

R=R,[1+a(T-T,)] (4-2)

where « is the temperature coefficient of resistance (TCR) and has a value of 0.0038
°K™' for titanium (the material of the heater), Ty is the reference temperature, T is
temperature of interest, Ry is the resistance at reference temperature and R is the
resistance at temperature of interest where the influence of the temperature on the
resistance of the heater is plotted in figure (4-13). According to the plot, the resistance is
almost linearly increasing at this temperature interval.
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Figure (4-13): The resistance ratio (R/Ry) as a function of temperature difference (T —
Ty) for the titanium heater
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Figure (4-14): Resistance of the heater against the dissipated power

However, changes in the resistance of the heater are observed during heating as
shown in figure (4-14). The resistance increases rapidly when more than 25 mW is
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dissipated. Heating above 60 mW is destructive (the heater can not withstand more than
60 mW).

Figure (4-15) shows the effect of applying the heating power on the transmission
intensity of the light at 633 nm wavelength. As the power is increased, there is an
increase in transmission that peaks at 7 mW (constructive interference). A destructive
interference in the Mach-Zehnder device was achieved at 39 mW as indicated by the
transmission minimum. The maximum sensitivity was achieved at 24 mW.
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5 0.6 - Maximum
c 9
é | _O__S ___________________________ / Sensitivity
2 |
(2] 1
E 074 ] :
= | Destructive
E Interference
0,2 - 5
0 T T T T T T :\ T T T T T T
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Figure (4-15): Transmission intensity against electrical heating power

4.3.3 Ammonia sensing

The sensor under study relies on detection of a refractive index change at the
ammonia sensitive layer. This device falls into the so-called evanescent field sensing
technology wherein an electric field penetrates into the layer above the waveguide and
serves as a probe beam. The reversible reaction has associated with a refractive index
change to which the evanescent field is quite sensitive.
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When the sensitive layer was exposed to ammonia a change in its absorption was
observed. An initially almost colorless film appeared to be yellow (the absorption
increase) after exposure and it was accompanied by an increase in the refractive index at
633 nm of maximum value equal to 0.004 [as shown in figure (4-16)], originating a
change in the effective refractive index of the guided mode and, therefore, in the MZI
sensor output.
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0,0035 -
0,003 +
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0,002 -

0,0015 -

Refractive index change

0,001 +

0,0005 -

0 0,8 1,6 2,4 3,2 4 4,8

Ammonia concentration (%)

Figure (4-16): The calculated refractive index change in the sensitive layer during
exposure to ammonia

The experimental setup shown in figure (4-17) is used for ammonia detecting
measurements. It consists of an external red He — Ne laser source, single mode silicon
optical fiber is used to couple the light directly into the waveguide inside the box, lens
for light beam converging, glass box with 7 holes (one of them is used to pump the
ammonia into the box, the second hole is used to pump the nitrogen into the box, the
third hole 1s used to pump the gases out the box, two holes are used to connect the wires
of the heater to the power supply and the last two holes are used to connect the
photodiode to the micrometer), mass flow controller to control the ammonia
concentration, photodiode to detect the light coming at the output port of the Mach-
Zehnder interferometer, microscope, micrometer, micropositioner and power supply.
All measurements were made at room temperature.

The hole which is used to pump the gases out the box is located at the opposite
side of the inlet tube which is used to pump the ammonia into the box so that ammonia
flows parallel to the sensitive surface. The gas must flow parallel to the surface to
minimize sample vibrations.
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Figure (4-17): The experimental setup used for ammonia sensing measurements; (a)
sketch; (b) image
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Light from an external laser source was coupled into the input port of the Mach-
Zehnder interferometer through a single mode optical fiber by using a lens, a
microscope objective and a micropositioner. The intensity at the output port was
detected by using a photodiode and a micrometer.

An electrical power equal to 24 mW (which gives maximum sensitivity) was
given to the heater for thermal tuning. And then, the glass box was closed carefully and
ammonia was pushed into the box. The total length of the sensitive layer was exposed to
the ammonia stream.

The recovery time is large in the case of ammonia with dry air and acceptable with
wet air. The best way to test the sensor is mixing the ammonia with air and with extra
water vapor and transfer the mixture into the glass box which initially had been filled
with air at atmospheric pressure (the higher relative humidity in the air the shorter the
time required for recovering change in the refractive index of the sensitive layer after
exposure).
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Figure (4-18): Calibration plot for the sensor response represented by the output
intensity as a function of ammonia concentration
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Figure (4-19): The phase change A¢ as a function of the change in the refractive index
of the sensitive layer
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Figure (4-20): The sensor response as a function of response time
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Figure (4-18) shows the sensor response represented by the output light intensity
of the MZI as a function of the ammonia concentration. From this figure, the sensitivity
of the sensor could be calculated to be close of 2.4 % (ammonia concentration below
2.4 % could not be detected).

The calculated phase change A@ between the light beams propagating in the two

MZI arms as a function of the change in the refractive index of the sensitive layer is
shown in figure (4-19).

With respect to the response and recovery times, it was found that the response
time is close to 120 sec and the recovery time is close to 240 sec as shown in figure (4-
20).
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5 Conclusions

Low pressure chemical vapor deposition was optimized. This optimization is
concerning with the deposition rate and the homogeneity of the layers. The deposition at
740 °C was not good because the deposition rate was small and the thickness variation
along the wafer was large (18.7 %). This deposition can not deposit thick layers at short
time since the deposition rate was only (0.9 nm/min). The deposition at 760 °C was the
best because it had better results and it is also preferred on deposition at 780 °C since
the temperature is lower. To decrease the thickness variation along the boat at a
temperature of 760 °C the temperatures of the heating zones were optimized. The front
zone temperature was optimized to 750 °C, the middle zone temperature was optimized
to 756 °C and the back zone temperature was optimized to 760 °C. The homogeneity of
the silicon nitride was better at an ammonia flow rate of 15 % than at an ammonia flow
rate of 30 % but there was no much difference of the refractive index in both cases. The
thickness variation along the boat was optimized to 15.1 % in the case of silicon nitride
and the deposited layers on the wafers were mechanically stable. In the case of silicon
oxynitride the homogeneity was better than with silicon nitride since the thickness
variation along the wafer with silicon oxynitride was 0.83 %. It is found that the higher
the oxygen flow rate the higher the deposition rate and the lower the refractive index of
the silicon oxynitride.

An optical microsensor based on silicon microelectronics technology was
developed. It makes use of an integrated Mach-Zehnder interferometer configuration
fabricated with a silicon oxynitride waveguide. The main function of this sensor was the
detection of ammonia gas. The sensor consisted of an integrated MZI and an integrated
titanium heater with aluminum contacts. The titanium heater was integrated near one
arm from the two arms of MZI (the reference arm) and on the second arm (sensing
arm), a sensing window was created. A chemo-optical sensitive material to ammonia
(PMMA-BCP) was spin coated on the sensing window in the sensing arm.

Due to total internal reflection at the waveguide interfaces, light coupled into the
waveguide core is confined and guided. The coupled light processes an evanescent field
distribution that decays exponentially into both the substrate and cover layers.

Interaction of a target analyte with the chemo-optical selective coating on the
sensing window produces a phase change in this guided optical wave. The phase delay
introduced to the guided wave as a result of interaction with a target analyte is easily
detected by means of an optical circuit known as an interferometer such as Mach-
Zehnder interferometer.

For sensing applications, waveguide structure must verify two conditions: it has to
be monomode and it should show a high surface sensitivity. To obtain a single mode
behavior, large attenuation losses for the higher order modes must be done by
calculating the parameters of the waveguide carefully using beam propagation method
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(BPM). Concerning the second condition, sensitivity increases by increasing the
strength and the distribution of the evanescent field. In this work, designing the
monomode silicon oxynitride waveguide was done using imaginary distance beam
propagation method (ID-BPM).

The planar monomode MZI waveguide structure was fabricated using standard
technology (Si/ Si0O, / SiON / TEOS) and had been designed in order to obtain a high
intensity of the evanescent field close to the waveguide surface (high surface
sensitivity).Silicon oxynitride with low optical losses can be made with good uniformity
and reproducibility of refractive index and layer thickness.

As a sensitive layer, a PMMA film is doped with bromocresol purple (BCP), an
indicator dye, that causes the index of refraction of the film to vary with the amount of
ammonia that diffuses into the film from the ambient air.

This thesis was developed in five chapters which covered a literature review on
the low pressure chemical vapor deposition and its application in optical waveguide
based chemical sensors. The first chapter was an introduction. The second chapter was
the theoretical considerations concerning the design of the sensor. The third chapter was
optimization of low pressure chemical vapor deposition of silicon nitride and silicon
oxynitride. The fourth chapter was concerning the sensor fabrication and the
experimental results. The last chapter was the conclusions of this study.

The integrated optical device used here may serve as a key component of
integrated optical sensors, and can be produced at low cost. By directly attaching the
light source and the detectors to the integrated optical device, a very compact sensing
element will be obtained. Alternatively, optical fiber may be coupled to the input port of
the device. In this case, the electronic and optoelectronic components can be placed at
some distance from the actual sensor head.

The sensor can be used as low cost component of a distributed optical network of
chemical sensors for monitoring presence of hazardous air pollutants in the exhaust of
aircraft / spacecraft propulsion.

In this sensor, ammonia concentration below 2.4 % could not be detected by this
sensor while the response and recovery times were in the range of 120 and 240 sec
respectively.

By making use of larger numbers of dye molecules per unit volume of polymer
will result in a stronger change in the refractive index and correspondingly in more
phase change between the two light beams of MZI for the same concentration of
ammonia and hence increase the sensitivity. The sensitivity of the sensor may further be
improved by increasing the interaction length.
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This sensor has a very important advantage, that this sensor can be used to detect
different chemical gases by removing the sensitive material after measurements, and
spin coating another material which can be used to detect another gas. Therefore, the
device can be used again for other applications.

As a future work, more work is needed to enhance the sensor sensitivity and
response.
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Ar

BCP
BPM
CHF;
CyHi6S1
(C2Hs)4 Si04
CVD
DCS

DI

EIM
Fe;O3
FD-BPM
FE-BPM
FET
FFT-BPM
He-Ne
H,0,
H;PO4
HNO;

IC
ID-BPM
InP

10

10 MZI
IPA
ISFET
LiNbO;3
LOCOS
LPCVD
MIBK

Abbreviations

Argon
Bromocresol purple
Beam propagation method
Trifluoromethane
Triethylsilane
Tetraethylorthosilicate
Chemical vapor deposition
Dichlorosilane
De-ionized
Effective index method
Iron oxide
Finite difference beam propagation method
Finite element beam propagation method

Field-effect transistor

Fast Fourier transform beam propagation method

Helium-neon

Hydrogen peroxide

Phosphoric acid

Nitric acid

Integrated circuits

Imaginary distance beam propagation method
Indium phosphide

Integrated optics

Integrated optical mach-zehnder interferometer
Isopropanol

Ion sensitive field effect transistor

Litium niobate

Local-oxidation-of-silicon

Low pressure chemical vapor deposition

Methylisobutyl ketone
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MOSFET Metal-oxide-semiconductor field-effect transistor
MZ1 Mach-zehnder interferometer

NH; Ammonia

NH,OH Ammonium hydroxide

(0)) Oxygen

OIC Optical integrated circuits

OLIVE Oil-latching interfacial-tension variation effect
PECVD Plasma enhanced chemical vapor deposition
PML Perfect matched layer

PMMA Polymethyl methacrylate

PMMA-BCP  Polymethyl methacrylate-bromocresol purple
RIE Reactive ion etching

SAFET Surface accessible field effect transistor

SAW Surface acoustic wave

SGFET Suspended gate field effect transistor

Si Silicon

Si3Ny Silicon nitride

Si0, Silicon dioxide

SiON Silicon oxynitride

SnO, Tin oxide

SOI Silicon-on-insulator

TCR Temperature coefficient of resistance

TE Transverse electric

TEOS Tetraethylorthosilicate

TES Triethylsilane

TIR Total internal reflection

™ Transverse magnetic

TO Thermal oxidation

uv

Ultraviolet
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