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ABSTRACT

A HIGHLY ASYMMETRIC HYBRID DIRECTIONAL COUPLER SENSOR

Can Simer

The advances in the microelectronics industry and microfabrication techniques in
the past few decades have lead to an increase in the capabilities and features of all kinds
of sensors. From pressure sensors to chemical sensors, all kinds of devices have gone
through fundamental improvements, giving rise to a generation of sensors with better
quality, higher precision and lower cost and power consumption.

In this work, a new optical chemical sensor was designed. The structure is based
on a highly asymmetric directional coupler, where the asymmetry implies a high
refractive index difference between the core layers of the waveguides in the coupler,
rather than an asymmetry in the geometry.

The device designed presents a very high sensitivity to both the operating
wavelength, and the index of refraction of the target material. Therefore, monitoring can
be performed in two alternative ways, namely, by monitoring the output power at a
specified wavelength of operation, or by monitoring the whole multi-wavelength
spectrum for a changing refractive index. The coupler is composed of a polymer ridge
waveguide and a semiconductor slab waveguide.

Fabricating the sensor employs conventional microelectronic fabrication
techniques and can easily be integrated with various microelectronic components. The
complete top-down fabrication scheme for the devices is presented, giving specific
recipes and techniques. The materials to be used in the fabrication are selected to yield
the best results in the device performance. Also, fabrication processes for each

individual layer are optimized in order to obtain the desired device structure.



OZET

YUKSEK DERECEDE ASIMETRIK MELEZ YON BAGLASTIRICI ALGILAYICI

Can Simer

Gegtigimiz yillarda mikroelektronik endiistrisinde ve mikroiiretim tekniklerinde
olan ilerlemeler tiim algilayici tiirlerinin kapasite ve 6zelliklerinde bir artisa yol agmustir.
Basing algilayicilarindan kimyasal algilayicilara, biitiin aygitlar esasli bir gelisme
siirecinden ge¢mis, bu da daha kaliteli, daha hassas, daha ucuz ve daha az gii¢ tiikketimli
bir algilayicilar nesline yol agmustir.

Bu calismada, yeni bir optik kimyasal algilayici tasarlanmistir. Yapi, yliksek
derecede asimetrik bir yon baglastirici lizerine kuruludur ve asimetri geometrideki bir
asimetriden ziyade, baglastiricidaki dalga rehberlerinin i¢ niive bolgelerinin kirilma
indisleri arasindaki bir asimetriyi ifade etmektedir.

Tasarlanan aygit hem calistirma dalgaboyuna hem de hedef malzemenin kirilma
indisine kars1 yiiksek bir hassasiyet gostermektedir. Boylelikle, denetleme belli bir
calistirma dalgaboyundaki ¢ikis giliciiniin denetlenmesi, ya da degisken bir kirilma indisi
icin  biitiin  ¢oklu-dalgaboyu tayfinin denetlenmesi olarak iki ayr1 sekile
gergeklestirilebilmektedir. Baglastirici, bir polimer kabartma ¢izgi dalga rehberi ve bir
yariiletken dilim dalga rehberinden olugsmaktadir.

Algilayict modern mikroelektronik iiretim teknikleriyle iiretilebilmektedir ve
kolaylikla c¢esitli mikroelektronik bilesenlerle tiimlenebilir. Aygitlar i¢in bastan sona
tam iiretim plan1 belirli tarif ve teknikler verilerek sunulmustur. Uretimde kullanilacak
malzemeler aygit basarimi agisindan en iyi sonuglar1 verecek sekilde seg¢ilmistir. Ek
olarak, her bir katmanin iiretim siirecleri, istenen aygit yapisini elde edebilmek igin

miikemmele eristirilmistir.

Vi
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CHAPTER 1

INTRODUCTION

1.1. Introduction

The advances in the microelectronics industry and microfabrication techniques in
the past few decades have lead to an increase in the capabilities and features of all kinds
of sensors. New sensing applications and new sensing techniques can be realized. From
pressure sensors to chemical sensors, all kinds of devices have gone through
fundamental improvements, giving rise to a generation of sensors with better quality,
higher precision and lower cost and power consumption.

The purpose of this work is to propose a new optical sensor for detecting the
chemical concentrations in various materials like blood. Our motivation is the
increasing connection and interaction between the technology and humankind. The
integration of optical technologies and the semiconductor technologies is another

important goal in this work.

1.2. Sensors

A sensor is a device or a biological organ that detects or senses a signal, a
physical condition, a chemical compound, or a change in a local environment. The
human body contains many types of sensors, which are specialized cells sensitive to
light, motion, temperature, sound, toxins, nutrients, glucose level, oxygen level,
hormones, neurotransmitters, proteins, etc. The technological sensors, which can also be
defined as transducers that convert a quantity or a parameter into a signal carrying
information, also come in a great variety and function. According to the nature of the

signal carrying the information, a sensor can be characterized as electrical, mechanical



or optical. On the other hand, sensors are also classified according to the parameter to
be measured (e.g. the stimulus) as mechanical (position, acceleration, flow rate, etc),
thermal (temperature, etc), electrostatic, magnetic, radiation (electromagnetic, nuclear,
etc), chemical (humidity, gases, ions, etc), and biological (enzymes, antigens, antibodies,
etc) sensors. In addition, another type of classification is according to the type of
response, which leads to physical sensors, chemical sensors and biosensors. Since the
sensor structure to be proposed in this work is a chemical one, it is worthwhile to
investigate the types of chemical sensors, in the sense of the interaction forming the

base of operation.

1.2.1. Electrical Sensors

Electrical sensors operate on the basis of the response being a change in electrical
signal. Their principle of operation is detecting changes in current, voltage, power or etc.
In the case of detecting a chemical or a gas in the environment, they mostly work on the
principle of change in the conductivity or resistivity. The main idea is the use of
materials sensitive to selected chemicals as individual components. [1], [2], or in
specific layers which are sensitive to certain chemicals, in devices like Schottky diodes
and MOSFETS, enabling various gases like Hydrogen [3], NH3, Ethanol, and H,S [4] to
be detected. The operating principle of the electrical sensors in chemical detection is as
follows: depending on the concentration of the substance to be detected in the ambient,
some of the material in the medium is either absorbed from or emitted into the ambient
by the sensitive layer. As a result of this process, the electrical resistivity and/or the
conductivity of the layer changes, and consequently, the electrical properties of the
entire device will change.

These types of sensors enable fabrication of the sensor structure itself and the
readout circuitry in the same processing steps. In addition, the sensor structure and the
readout circuitry being adjacent reduces the overall size of the device and allows the

system to be more compact.

1.2.2. Quartz Crystal Microbalance (QCM) Sensors

The quartz crystal microbalance (QCM) sensors are a relatively simple kind of
piezoelectric sensors capable of measuring temperature, pressure, force, acceleration,
and also mass changes in the case of chemical sensing. QCM sensors consist of a few-

millimeter thick resonating disk with metal electrodes on each side. The basic principle



of operation is as follows: When excited with the oscillating signal, device goes into a
resonance state at a characteristic frequency. The resonating disk is preferably coated
with an active sensing material to provide the sensing operation. When the device is
exposed to the medium where the target material is present, then the adsorption of the
chemical causes an increase of mass in the resonating disk. This leads to a decrease in
the resonance frequency, and sensing can be achieved by measuring the change in the
resonance frequency. Mass changes to a resolution of 1 picogram have been reported [5].

The QCM sensors have the advantage of being highly linear over a wide range,
and their sensitivity to temperature changes is relatively low. It is possible to change the
target material by simply changing the coating of the resonant disk, and hence the
device structure is generic [6].

The operation of the QCM sensors may experience some size-dependent issues.
When the overall dimensions of the device are on the order of a micron, the surface-to-
volume ratios increase, and the noise in the device becomes an issue because of
kinetics-limited surface processes causing instabilities. Signal-to-noise ratio of QCM
sensors decreases with increasing surface-to-volume, and hence the accuracy of the
device decreases. Also, in the case of repetitive measurements, a recovery time or a
reference medium is generally necessary in order to have accurate results. Recovery

times up to tens of seconds have been reported [7].

1.2.3. Surface Acoustic-Wave (SAW) Sensors

The surface acoustic-wave (SAW) sensors are similar to QCM devices; however,
they differ in some important points. First of all, in SAW devices, a surface wave
travels over the surface of the device instead of throughout its volume. Also, SAW
sensors operate at much higher frequencies than the QCM sensors and hence they can
generate a larger change in the frequency [5]. The SAW devices are usually made of a
relatively thick plate of piezoelectric materials like zinc oxide or lithium niobate, with
electrodes to excite the oscillation of the surface wave. The surface acoustic-wave is
stimulated by applying an oscillatory signal to the fingers of the electrode to cause a
deformation in the surface. Subsequent propagation of the surface wave is determined
by the changes in the properties of the surface material. In a common gas sensors using
SAW device with a multiple structures, the sensing arms are coated with a sensitive
material, while a single arm is left out acting as a reference in order to reduce the effect

of factors like temperature and so on [8].



Since the SAW sensors use the surface wave in their principle of operation, the
device structure is planar, and therefore the device can be fabricated by
photolithographic methods. As in the case of QCMs, it is possible to change the target
material of a SAW sensor by simply changing the coating of the sensitive membrane,
and hence the device structure is generic [5]. On the other hand, both QCM and SAW
sensors share a common disadvantage that, both sensors require more complex
peripheral electronics compared to electrical sensors. Also, both structures require

frequency detectors, whose resonant frequencies may drift as the active membrane ages

[5].

1.3. Optical Sensors

Optical sensing is another mechanism available for chemical sensors. As in the
case of electrical and acoustic sensors, there are several kinds of optical sensors present,

used in a variety of areas from biomedical sensing to environmental monitoring [9].

1.3.1. Fiber-Optic Chemical Sensors

One class of optical chemical sensors is the fiber-optic chemical sensor, where the
sensor structure is based on the advantageous properties of the optical fiber technology.
Optical fiber technology presents many advantages over the electrical methods. First of
all, optical fibers present a very low loss figure over long distances, typically less than
0.2 dB/kilometer. Moreover, optical fibers are immune to electromagnetic interference,
and they produce no electromagnetic radiation like the electrical transmission lines. In
addition, signals carried within the optical fibers can be very low in power, usually in
the range of milli Watts [10].

A technique for using optical fibers in chemical sensors is the coating of porous
layers on the fiber substrate. In this technique, diffusion of the target material into the
porous layer coated around the fiber is detected by induced change of optical properties
such as the refractive index, optical absorption, or fluorescence. These changes cause a
shift in the amplitude or the phase (or both) of the optical wave traveling in the optical
fiber, which can be detected at the output of the fiber, and hence forms the principle of

operation for the fiber-optic chemical sensors [11-13].



1.3.2. Optical Surface Plasmon Resonance (SPR) Sensors

Another class of optical sensors used in chemical sensing is the optical surface
plasmon resonance (SPR) sensor, in which the sensing mechanism is based on the
optical phenomenon called surface plasmon resonance. Surface plasmon resonance is
achieved by optically exciting a standing charge density wave at the interface between a
thin dielectric and a metal surface [14]. The conditions for exciting the charge density
and the performance of the surface plasmon resonance are determined by the angle and
the energy of the incident photon, the complex dielectric constant of the metal, the
refractive index of the substrate on which the metal is deposited, and changes in the
refractive index of the sample at the metal surface [14]. Applications of optical SPR
sensors, which are sensitive to the change of the refractive index on the surface of a

sample, have been reported for various purposes over the past years [14-16].

1.3.3. Optical Waveguide Sensors

Optical waveguide structures are extensively used in chemical sensing
applications. Various methods have been used in sensing mechanisms employing
optical waveguides to detect several chemicals, gases, vapors or humidity. The principle
of operation of the optical waveguide sensors is related to internal reflection
spectroscopy, and it takes the advantage that light will propagate through a medium by
internal reflection [17]. The lightwave can interact with a second material, which is in
contact with the reflecting surface of this medium. The degree of interaction is related to
the angle and wavelength of the incident light and the refractive indices of the two
media. If the refractive indices of the waveguide and the coating media are close to each
other, then the lightwave is not reflected at the interface, but travels without interference
into the second media. If light is absorbed as it passes through the structure, then the
waveguide can be used for spectroscopic analyses. The more reflections that occur, the
greater the degree of interaction of the lightwave with the structure. The sensitivity of
the device is thus a function of the length and the thickness of the waveguide [17].
Abundant examples are available in the literature, employing different waveguide

structures for several sensing applications [17-23].



1.4. Highly Asymmetric Hybrid Directional Coupler Sensor

The device to be presented in this work is a Highly Asymmetric Hybrid
Directional Coupler Sensor, which is a chemical sensor based on an optical asymmetric
directional coupler structure. The sensing mechanism is based on the critical matching
between the waveguides in the coupler structure. This matching highly depends on both
the refractive indices of the waveguides employed in the structure, and the wavelength
of operation. This yields not only a very high, but also a two-fold sensitivity on the
sensor performance. While the changes in the refractive index of a layer in the structure
can be measured via the change of output power at any given wavelength, the change
can also be measured via the investigation of the multi-wavelength spectrum of the
output.

The materials of choice and the fabrication methods of the structure also make the
integration of the device with existing IC and microelectronic technologies possible.
The fabrication of the device involves standard semiconductor process technologies and

introduces no extra cost.

1.5. Thesis Flow

The rest of this work is laid down as follows. The second chapter discusses the
fundamentals of directional couplers and introduces the proposed device to be
investigated in this work. The third chapter outlines the expected characteristics of the
device and includes detailed investigations and simulations of the device operation. The
fourth chapter discusses the fabrication of the proposed device. It includes the material
properties and the fabrication methods for the materials to be used in the structure.
Furthermore, the fourth chapter also includes a top-down fabrication recipe for the
proposed device. Finally, the fifth chapter summarizes the work done and concludes the
written part of this work. It discusses the insights gained and the results obtained, and

also proposes the next steps in the future work.



CHAPTER 2

DEVICE FUNDAMENTALS

2.1. Introduction

This chapter introduces the proposed device in this work and presents its
fundamental working principles. The proposed structure is a highly asymmetric
directional coupler, where the asymmetry implies the difference in the refractive index
dispersions of the modes, instead of an asymmetry in the geometry of the device. The
device operation is highly-wavelength dependent as will be shown, and the structure can
be utilized for sensor applications, and easily integrated in standard semiconductor
technologies. The basic device operation stems from the fact that a refractive index
change within a layer of a directional coupler causes a change in the power spectrum,
allowing for changes in the refractive index to be monitored by a change in power.

In this chapter, the structure and the properties of the proposed device structure
will be presented. How the structure can be utilized in sensor applications will be
discussed. Following the sensor approach, the wavelength-dependent operation of the

device and the degree of wavelength dependency will be investigated.

2.2. Wavelength Dependence of Asymmetric Directional Couplers

A directional coupler consists of two co-directional waveguides. In order to
correctly simulate the above described hybrid structure, the light input and output
through the device is restricted to one waveguide. A method to analyze such a topology
is to use the perturbation theory, i.e., to derive the propagation behavior of the incident
mode throughout the structure. This leads to viewing the presence of the second

waveguide as a perturbation to the effective index solution for the modes for the main



waveguide of interest. According to this approach, the total field at any point throughout
the structure is expressed using the individual unperturbed effective index solution for
the modes of separate waveguides. If we assume weak coupling, the solution of this
approach is the coupled-mode equations. The weak-coupling assumption will be
discussed later. The figure below shows a generic directional coupler structure in order

to assist the further discussions.
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Figure 2-1: A generic directional coupler structure.

If we assume that U;(x,y) and U,(x,y) are the unperturbed eigenfunction solutions
and, £ and f, are the unperturbed eigenvalue solutions to the wave equation for the two
individual waveguides, the solutions of co-directional couplers (#; > 0, £, > 0) are in the

form [24]:

A(2) =|a, e +a,e |exp(- &), (2.2-1a)
B(z) =|be™ +b,e P |exp(jt) , (2.2-1b)
where,
5= M, (2.2-2)
2
and
B =5"+x. (2.2-3)



In the equations above, ¢ represents the difference in the effective propagation
constants for separate waveguide modes, and is known as the detuning parameter;
meanwhile, x represents the amount of mode overlap between the two waveguide
modes, and is known as the coupling coefficient. ¥ can be represented using the

perturbation analysis as [25]:

K2 =K, (2.2-4)
where,

. [[A&U; (e, 0)U, (x, y)dxdy
0o WG

75 [l e, )|y 223

Constants ay, a,, b;, and b, should satisfy the following initial conditions:

ar + as = 4(0), (2.2-62)
by + by = B(0). (2.2-6b)

Substituting Equations (2.2-1) into the coupled mode Equations written as [24]:

6;_1:: _jKl,zBeXp[_ ](ﬂz _181 )Z]’ (2.2-721)
cj[_f = _sz,lAeXp[j(ﬂz - IBI )Z] ’ (22_7b)

And applying the initial conditions of Equations (2.2-6), we obtain:

A(z)= {cos( Boz2) + iﬂi sin( ﬂoz)}A(O) - iﬂisin( ﬂOZ)B(O)}e"& : (2.2-8a)

0 0

B(z)= {— iﬁﬁsm( B,2) A(0) + {cos(ﬂoz) - iﬂism( ﬁoz)}B(O)}e"& . (2.2-8b)

0 0



Then, introducing the initial condition of the field at the input of the second waveguide
being equal to zero (B(0) = 0), we can write the field amplitudes at any given point of

the structure as follows [26]:

B, A(z) = A(0)[cos(B,z) —iSsin( B,z) e ™, (2.2-9a)

B,B(2) =—iA(0)xsin(B,z)e™* . (2.2-9b)

We see from the above coupled-mode Equations (2.2-9) that the maximum power

. . 7
transfer from the first waveguide to the second waveguide takes place for 5,L. =5

The length L. seen in this equation is referred to as the coupling length for the
directional coupler. At the coupling length, the amount of power transferred from the

first waveguide to the second waveguide can be expressed as [27]:

By

0] %)

K

(2.2-10)

We see from the above Equation (2.2-10) that the coupling of power from one
waveguide to the other depends not only on the amount of mode overlap, but also on the
propagation constants of both waveguide modes.

At the phase-matching condition [26], f; = S, and hence J = 0; as a result, at the
coupling length L =21, all of the power in the first waveguide is transferred to the
K

second waveguide for all wavelengths of operation. For the symmetric case, the
coupling coefficient k, representing the amount of mode overlap between the two
waveguide modes, usually changes negligibly with respect to wavelength, and therefore
it can be taken as constant. Here, it should be reminded that fjand f, are the
unperturbed eigenvalue solutions to the wave equation for the two individual
waveguides.

For the asymmetric case, the resultant effective index solutions for the modes for

the two waveguides in the device lead to different effective index dispersions.
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Nevertheless, the two waveguides in the structure can be designed such that the
effective index solutions for the modes of these waveguides can match exactly at a
certain wavelength. At this specific wavelength, the operation of the asymmetric
coupler turns out to be similar to the operation of the symmetric case. In addition, even
though the refractive index dispersion curves for the two waveguides in the structure are
usually different from each other, the curves will meet at the wavelength specified
above. What is more, the tangential slopes of the dispersion curves also turn out to be
different, and this leads to a fast increase in the detuning parameter for the wavelengths
away from the wavelength where the effective indices match. Remembering that the
maximum power that can be transferred to the second waveguide depends strongly on
the detuning parameter, we conclude that the coupling between the waveguides will also
be limited at the wavelengths away from the mode matching wavelength.

Since the coupling between the waveguides in the coupler is dependent on the
operating wavelength, it is obvious that the amount of wavelength dependence is due to

anp , which is the differential dispersion of the detuning parameter [27]. Thus, in order

to have effective wavelength selectivity using an asymmetric directional coupler, we
must employ two waveguides in the structure whose effective index dispersion curves
are different from each other, but at the same time, these curves must intersect at a
single point, i.e., at a single wavelength. Here, it is implied that merely a difference in
the effective indices values of the cores is an insufficient condition, but also a difference
in the dispersions is required.

To illustrate the refractive index sensitivity of the critical coupling, consider the
specific example involving the case when ¢ = x, which leads to the amount of power
transferred from the first waveguide to the second waveguide at a coupling length being

equal to 50 % of the input power. Then, considering

_ 27An
A

o

, (2.2-11)

and taking the coupling coefficient « to be 10™ (which is a very high ratio of coupling),
and the operating wavelength to be 1.55 um, we get an approximate refractive index

change of:
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An=2.46x107". (2.2-12)

Thinking “backwards” in the above set of example calculations, we can point out
that, even if there is a very small effective index change between to modes in the order
of 10™, then the amount of power coupled from one waveguide to the other will be
affected in the order of 50 %. This shows that the sensitivity of the structure to the
refractive index changes is in fact, very high.

Then, revisiting the generic coupler structure in Fig. 2-1 in the light of the above
discussion, we see that, if the refractive indices n; and ns are smaller than 73, and if the
refractive index of the second (top) core layer, n4, is much greater than that of the first
(bottom) core layer, where an index difference larger than 1 will suffice; the absolute
cut-off of the highest order modes of both waveguides will be at n3. To express

mathematically, the condition is where,

n,ns <n, (2.2-13)
and

n, >>n, (2.2-14)
where,

n,—n,>1 (2.2-15)

Under these conditions, since 73 is the common cladding, it is possible to satisfy ;=P
at any wavelength, as previously shown [27]. Also, in the simplest terms, since the
relative refractive index dispersion will be in the limits from n, to n3 in the first
waveguide and from n4 to n3 in the second waveguide, as long as n4 is much greater
than ny, it is obvious that the dispersions will be significantly different from each other.
This fact has been shown by Ozturk, et al., [27] and will also be shown in the following
sections of this work with examples, and hence a mathematical proof is not necessary in
the scope of this work. Here, we conclude that, as the asymmetry in the coupler

structure increases, we get higher wavelength dependency in the operation.
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2.3. Asymmetric Directional Coupler for Sensor Applications

Returning to the coupled mode analysis, we can investigate the asymmetric
directional coupler structure using an unperturbed analysis, i.e., we can investigate the
solutions of the wave equations for the two separate waveguides without taking into
account the effect of the other waveguide.

A change in the refractive index of the upper layer, ns, should lead to change in S
and f(A) values, which causes a A amount of change in the tuning parameters. Hence,
since a refractive index change causes a change in the maximum output power, the
change in ns is measurable.

This structure has the advantage of allowing two separate ways of measuring the
change in ns, as a result of the above investigation. First, a change in the refractive
index ns can be measured via the change of output power at any given wavelength. Or,
the change can be measured via the investigation of the multi-wavelength spectrum of
the output. Both of these measurement methods will be shown with examples in the

following chapter.

2.4. Proposed Device Structure

Prior to proposing a device structure for the work, it is worthwhile to outline the
main expected properties and requirements of the structure. Using the above
terminology, the first waveguide, which will be both the input and the output of the
coupler structure, should be a low loss structure and have an effective refractive index
close the fiber delivering the power in and out. Also the mode profile of the structure
should match the fiber mode profile as highly as possible. In addition, the device should
be realizable with conventional semiconductor and microfabrication process
technologies, and be compatible with integration in the previously mentioned
technologies.

For the second waveguide structure, a semiconductor waveguide is chosen due to
several reasons. First of all, the index of most semiconductors is much higher relatively
than that of the fiber, and since our first guide has indices close to that of fiver, a high
asymmetry is guaranteed. Also, integration with the semiconductor and

microfabrication technologies is essential as described above. For the second waveguide,
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silicon and gallium arsenide is expected to meet the requirements of the structure, due to
their well known processability and refractive index properties.

The device proposed in this work is the combination of a polymer ridge
waveguide and a semiconductor slab waveguide, which share a common cladding
region. The resulting device is a hybrid highly asymmetric directional coupler. A
structure similar to the one to be investigated here was previously presented by Ozturk
[27], and this work follows his studies on the device fundamentals. In order to come to a
complete model of the device structure, the individual waveguides can be considered
first separately (unperturbed analysis), and then in an estimation of the overall device

working principles.

2.4.1. Polymer Ridge Waveguide

The ridge waveguide to be considered in this work is an all-polymer ridge
waveguide with BCB polymer (benzocyclobutene) as the core and PDBCB (Photo-
definable benzocyclobutene) polymer used as the cladding regions. Detailed analyses of
these two materials are given later in this thesis, in Chapter 4 on Device Fabrication. For
the purposes of this chapter, the knowledge of the relative refractive indices of these
materials, that the refractive index of PDBCB is slightly higher than that of BCB, and
that both indices are approximately 1.535 at the wavelength of 1.55 pum, will be
sufficient. This gives us the symmetric ridge waveguide structure illustrated in Fig. 2-2,
where the refractive indices of the core and the cladding regions are given as n; and ny,
respectively. The guiding principle of the ridge waveguide is well known [26, 28, 29],

and a summary obtained using the 2-D effective index approximation follows [27]:

rrl

Figure 2-2: Polymer ridge waveguide.

In the ridge waveguide structure depicted above, n, is slightly greater than nj,

which makes the vertical guiding of the mode apparent. According to the 2-D effective

14



index approximation, assuming no variations throughout the lateral direction, the three
regions A, B and C defined in Fig. 2-3 can be considered individually. Then what we
have as a result is three layer slab waveguide, whose dimensions and layer indices are

defined according to the original ridge waveguide, also depicted in Fig. 2-3:
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Figure 2-3: The guiding principle of a generic ridge waveguide — 2-D effective index
approximation.

In the resultant structure, what we have in region A (and region C) is a three slab
waveguide with a core thickness equal to ¢ If ¢ is chosen (using 2-D effective index
approximation) such that the slab waveguide is single-mode, then it follows that n; <
Nefa < n2 [27]. Similarly, in region B, what we have is again a three slab waveguide with
a core thickness equal to /. Likewise, if / is chosen such that the slab waveguide is
single-mode, then it follows that n; < n.p< ns, and also nepp> nep4 since it is given in
the generic ridge structure that / > ¢. Once the vertical slabs are defined and set to be
single-mode, then the analysis in the vertical direction is simply the solution of a three
layer slab waveguide, with a core thickness of w. Like the previous slab solutions, if the
w is chosen such that the slab waveguide is single-mode, then the single-mode guiding
of the whole structure is guaranteed.

In order to make sure that the layers in the ridge waveguide satisfy the single
mode conditions, the respective (and relative) refractive indices of the individual
materials must be known. The indices can be obtained by spectroscopic ellipsometry
[27]. When performed for a wavelength spectrum of 1 pm to 1.6 um, the measurements

result in the index dispersions illustrated in the Fig. 2-4 [1]:
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Figure 2-4: The measured refractive indices of BCB and PDBCB [27].

What is more, the characteristics depicted in Figure 2-4 can be approximated with

high precision by the following function for BCB:

Npep(A) =(1.528493) + (0'01/;508) - (0'0(1;716) , (2.4-1)
and by the following function for PDBCB [27]:
0.015802) (0.004267
Rppges(A) =(1.530907) + ( e )_{ 7 ) : (2.4-2)

Using the above formulation, the refractive index of BCB and PDBCB are
obtained to be 1.534 and 1.537 respectively, at the wavelength of 1.55 pm. The 0.003
difference between the relative refractive indices of the two materials give rise to the

possibility of creating a waveguide structure, depicted previously in Fig. 2-2.

2.4.2. Semiconductor Slab Waveguide

The second waveguide structure within the device is a semiconductor slab guide,
which consists of the shared cladding region with the ridge waveguide, a semiconductor
guiding layer and another cladding region, which also forms the outer region of the

overall device. The overall slab waveguide structure is illustrated in Fig. 2-5:
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Figure 2-5: Semiconductor slab waveguide.

The working principles of this asymmetric slab waveguide are also well known
[26, 28, 29], and the guiding mechanism is based on the refractive index difference
between the core and the cladding regions. Unlike the polymer waveguide, the indices
of the cladding regions are asymmetric, in other words, they are not the same. Also, the
difference between the indices of the core and the cladding regions are higher with
respect to the difference in the polymer guide, i.e., the index of the common cladding,
semiconductor, and the outer layers being around 1.534, 3.37 and 1.33, respectively, at

a wavelength of 1.55 pm.

2.4.3. Hybrid Sensor

The overall device, as described at the beginning of this chapter, is the
combination of the two waveguide structures described above, with the BCB cladding
region being the common cladding region. The overall device structure is shown below,

in Fig. 2-6:
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Figure 2-6: Generic hybrid waveguide sensor structure.

The overall device structure is a highly asymmetric (due to the asymmetry in the
refractive indices) directional coupler and the coupling between the waveguides
depends on the operating wavelength [30]. The polymer part of the device is the
polymer waveguide described previously, and the semiconductor part is the
semiconductor waveguide described in the above section. The upper cladding of the
polymer waveguide, namely the BCB layer in the middle of the device, is where the two
structures meet, and this layer is used as the cladding for both waveguides. In the device
definition, the substrate is neglected since it is not a crucial part of the design and does
not affect the device performance as long as the lower BCB cladding is sufficiently
thick, i.e., its thickness “goes to infinity” in terms of the device parameters and
calculations.

The wavelength-dependent properties of this whole structure have been analyzed
by Ozturk, et al. [27]. In the work of Ozturk, et al., the semiconductor waveguide has
been realized in the structure of a p-i-n diode, and in this way the core refractive index
of the second waveguide has been changed electronically and the wavelength-
dependence of the structure was investigated. In our work, on the other hand, the effect
of the outer medium effective index on the wavelength-dependence was investigated.
Note that, although this structure have been investigated using the above structure, this
particular device realizes a generic idea for the asymmetric directional couplers. It

should be added that, in realizing this generic idea, in terms of both the physical
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constraints like fiber-to-waveguide coupling and a low-loss condition, and the
wavelength constraints, the optimum results and performance are expected to be

obtained using this proposed structure.

2.5. Polymer — Semiconductor Hybrid Structure

In light of the discussions above, we see that the structure fits the definitions and
properties of an asymmetric directional coupler. The two waveguides in the structure
are the polymer waveguide and the semiconductor waveguide. Considering that the
refractive indices of the core layer materials are around 1.5 (nz¢p) and around 3.4 (ngc)
at a wavelength of 1.55 pum, it seems unlikely we can achieve any coupling with this
structure. However, when inspected further, coupling is in fact possible due to two facts.
First, the common BCB cladding layer in the middle section of the structure is shared
by both waveguides. And second, the silicon or gallium arsenide slab waveguide is
generally a multi-mode structure. Since the semiconductor guide has the BCB cladding,
the highest-order mode of this guide must have an effective refractive index that is close
to the refractive index of BCB. Therefore, for the suggested semiconductor slab
waveguide structure, the effective refractive index of the highest-order guided mode
must match the effective refractive index of the single-mode polymer waveguide
perfectly [31]. In addition, due to the high refractive index of silicon (or gallium
arsenide), the refractive index dispersion curve of the highest mode of the slab
waveguide is expected to be significantly different than the dispersion curve of the
polymer ridge guide, and this leads to that the coupling will vastly depend on the
operating wavelength.

Then, the next task is to show that the suggested generic device in fact fits the
above described asymmetric directional coupler fundamentals; that is to show that the
mode-matching can occur and to mathematically estimate the precise spectral position
where the mode-matching for an hybrid structure occurs. Using a 1-D analysis is both
sufficient and practical in this task for not only the analytical solutions are already
available, but also the complexity of the 2-D analysis which lacks any advantage over
the 1-D analysis in this approach. The refractive index solutions of the modes are
necessary to investigate the spectral characteristics of the coupling, and a 1-D analytical
solution is sufficient for this purpose.

Both waveguides can be treated as slab waveguides in the transverse direction.
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The polymer waveguide can be treated as a symmetric slab waveguide with PDBCB in
the core layer and BCB as the cladding layers. The semiconductor waveguide can be
treated as an asymmetric slab waveguide with BCB in the lower cladding and #,,, in the
upper cladding. Then, the effective index solution to the slab waveguides has the form

of the known general characteristic equations [26]:

27 2 2 .l -1
~—tyn,,, —n, —tan" (h)—tan =mr, 2.5-1
/1 core eff ( ) (q) ( )

where,

2 2
n,.., —n
h — core - bottor;z , (25-23)
ncore - neﬁ’
2 2
ncore - nupper (25—2b)

for TE polarization and,

2 2 2
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h oo . (2.5-3a)
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n *-n °? 2
core upper n
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q= S
n.e _neﬁr upper

for TM polarization. In the above characteristic equation, A is the wavelength of
operation, ¢ is the physical thickness of the core of the slab waveguide, n.y is the
effective refractive index of the guided mode, and m is the transverse mode number.

It is obvious that m should be equal to 1 for the polymer waveguide, since the
structure is designed to be single-mode in the wavelength spectrum of interest. Then, for
the polymer waveguide to be used in the structure, we can fix the effective refractive

index dispersion, which will be the solution to the characteristic waveguide equation in

the form npca(4) < neﬁfpoly(ﬂ) < npppce(A).
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It can be seen from the characteristic equation that the effective index solutions
depend strongly in the thickness of the semiconductor layer (First term of Equation 2.5-
1). Since the thickness of the semiconductor layer depends on the process parameters, as
will be explained in Chapter 4 on Device Fabrication, it is controllable and becomes the
primary design parameter for achieving mode matching at a certain wavelength. The
mode-matching condition is satisfied when the effective refractive index of the
semiconductor waveguide equals that of the polymer waveguide at a specific
wavelength of operation. Then, putting in the values to be used in the structure, the

characteristic equation for the mode matching condition can be expressed as:

%’”W(nscw)z ~(yy oy (D) —tan” (W)~ tan" (@) =mm,  (2.5-4)

where,

o Al D ~(n,, (D) .55

\/(nsc (/1))2 - (neff,poly (ﬂ,))2

- A D), ) .55

\/ (”Sc (/1))2 - (neﬁ', poly (/1))2

for TE polarization and,

b \/(nSC (/1))2 - (nBCB (ﬂ))z % (nSC (ﬂ))zz (2.5-6a)
\/(nsc (ﬂ“))z - (neﬂ,poly (ﬂ“))z (nBCB (i))
_ e @) -0, D) (e (D) (2.5-6b)

O R ) A s

for TM polarization. Then, knowing the refractive indices of the layers and the
wavelength of operation, the thickness of the semiconductor layer (zsc) becomes the
primary design parameter. To achieve critical coupling for a specific wavelength, the
characteristic equation for the mode matching condition must be solved in order to

obtain the primary design parameter Zsc.
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It can be seen from the above equations that there will be multiple solutions to the
thickness zs¢ depending on the mode number m (index-matching will be obtained for the
highest-order mode supported in the multi-mode waveguide), and also it can be seen
that the solutions for the TE and TM modes will be different. In addition, the effective

index birefringence does not exist for the polymer waveguide since

npca(A) < Nefrpon(A) < nppacp(4), (2.5-7)

and the two polymers used in the structure have a refractive index difference around
0.003 for the wavelength range of interest. However, for the semiconductor guide, due
to the high refractive index difference between the core and the cladding regions, and
also between the core and the outer region, the boundary conditions are different for
different polarizations. This leads to very different refractive index dispersion solutions
for TE and TM modes for the semiconductor slab mode. As a result, the coupling
condition is expected to be polarization dependent.

So, our simulation results should demonstrate that, for a specific supported
number of modes and a specific polarization in the slab guide, there will be a certain
thickness #s5c to guarantee critical mode matching at a predetermined, very narrow
wavelength window, and mode matching will not prevail for the wavelengths even

slightly away from the predetermined center wavelength.
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CHAPTER 3

SIMULATIONS AND RESULTS

3.1. Introduction

Following the device fundamentals presented in the previous chapter, the
simulation methodology for the proposed generic device structure will be presented here,
as well as an extensive collection of results obtained together with the performance

analysis.

3.2. Simulation Method

The simulations in this work are performed using the derivations presented in the
previous chapter and the calculations are performed using MATLAB. The simulation
methodology used is as follows: As stated in the previous chapter, both waveguides can
be treated as slab waveguides in the transverse direction. The polymer waveguide can
be treated as a symmetric slab waveguide with PDBCB in the core layer and BCB as the
cladding layers. The semiconductor waveguide can be treated as an asymmetric slab
waveguide with BCB in the lower cladding and n,,, in the upper cladding. The resulting
equations were given previously, together with the fact that the primary design
parameter being fsc, thickness of the core layer of the semiconductor slab waveguide.
Then, the methodology employing the unperturbed analysis is to find the effective
refractive index of the polymer guide, and then to compute the corresponding zsc to
match the effective index of the semiconductor slab guide at a certain wavelength.
When all the indices and the operating wavelength are known for this specific case, the
mode matching condition is satisfied. Then, the overall performance and the

transmission spectrum are calculated using the supermode theory. The performance
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analysis performed on the device aims to investigate the effects of:
e Semiconductor slab thickness (number of modes supported),
e Sensing medium,
e Common cladding thickness.

The “output” to be monitored will be the power at the output of the polymer
waveguide. Because, adopting the analysis from the previous chapter, the polymer
waveguide is the “first” waveguide in the structure, and hence it is thought of as the
input to the device, and also as the output. To clarify the relation further, the device can
be thought of as placed in a y-branch scheme, half the light power input to the polymer
waveguide in the asymmetric directional coupler device, and half the light power going
straight to the read-out peripherals, as the reference. It should be noted that, when
calculating the power ratios between the input and the output, the input power will be
taken as the whole power instead of this 50 percent, in other words, the ratios will be
normalized. This scheme is illustrated in the following figure, together with a 3-D

illustration of the device:
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Output Output
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Figure 3-1: 3-D illustration of the device and the y-branch scheme.

In addition, it should be noted that, as previously mentioned, the measurements
are possible in two ways in the system, one being the measurement of the power at the
output as described above, and the other being the measurement of the whole multi-

wavelength spectrum.
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3.3. Simulation Sets and Results

Iustrating the methodology with the first of the simulation sets shall clarify the
technique used in the simulations. The verbal descriptions of the basic methods will be
limited to the first set only; however, additional information will be given whenever

necessary.

3.3.1. Simulation Set #1
Let’s start with the initial set, which employs the device configuration illustrated

in the following figure:
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Figure 3-2: Asymmetric directional coupler sensor configuration #1.

As seen in the figure, the device to be investigated is an asymmetric directional
coupler, with the core thickness of the polymer layer set as 6 pm, and the thickness of
the common cladding set as 8 um. For the semiconductor guide, Gallium Arsenide,
which has a refractive index around 3.376, is selected for the core. The refractive index
of the outer layer is set to be n,, = 1.3330, for the initial case. For an operating
wavelength of 1.55 um, the refractive indices of the polymers are npcp(1.55) = 1.533887
and npppcp(1.55) = 1.536745.

With these figures, the effective index of the polymer slab waveguide is calculated
using the 1-D effective index method as neppon(1.55) = 1.535349, which satisfies the

relation

ngcs(A) < Negrpon(A) < nppgcs(4), (3.3-1)

as expected. Then, if the core thickness of the semiconductor waveguide is selected
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such that the effective indices of both waveguides match, then critical coupling can be
achieved. The way to do this is to iterate the 1-D effective index solution “backwards”
for the semiconductor waveguide, and hence come to a solution for the thickness zgc. It
should be noted that all the values obtained with this method are re-checked with the
“forward” 1-D effective index method and verified.

Using this method, the thickness of the core layer is found to be ¢ = 279.842 nm,
when the mode number m equals 1, meaning that the second mode is of interest in the
semiconductor slab guide. In all the structures to be discussed in this work, the mode
number m is 0 for the polymer guides, since the polymer waveguide is fundamentally
designed to be a single-mode structure.

At this point, where the primary design parameter ¢s¢ is obtained, what is achieved
is that, an asymmetric directional coupler is designed with the mode matching condition
satisfied for a determined and a specific condition. What follows is investigation of the
effects of parameters like n,,,, mode number m, thickness of the common cladding on
the mode matching condition, and to investigate the multi-wavelength characteristics of
the device. Here, it should be noted that the all of power calculations are performed for
a device-length equal to the coupling length L., which is in the order of less then 10 mm
[27]. Investigating the n,,, dependence of this configuration, when the output power is
calculated with respect to the outer layer refractive index, the following figure is

obtained:
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Figure 3-3: Output power vs. n,,, for configuration #1.

We see from the above graph that, all of the input power is coupled to the second
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waveguide when the outer layer refractive index equals 1.3330, whereas, as the outer
refractive index increases, the amount of power at the output increases, and 12% of the
input power is seen at the output as n,,, reaches the value of 1.3344 [32, 33].

Moreover, when the thickness of the common cladding region is increased, we see
that the amount of power seen at the output increases by the order of more than 2 when
the outer layer refractive index equals 1.3344, and this is shown in the following figure,

together with the previous result:
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Figure 3-4: Output power vs. n,,, for configuration #1 when the common cladding
thickness is increased to 10 um.

It can be seen from the above figure that as the thickness of the common cladding
region increases, the amount of power coupled to the second waveguide will decrease as
the refractive index of the outer layer increases. However, there is a physical limit to the
thickness of the common cladding layer, because even though the calculations show the
chance of the critical matching condition, coupling will not be possible beyond a certain
thickness as this thickness “goes to infinity” in terms of device parameters and
calculations.

In order to see the effect of the mode number m on the amount of power seen at
the output, when the m is changed from 1 to 3, that is when the fourth mode is of
interest in the semiconductor slab guide, the results show an observable, however a very

minor change in the output power:
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Figure 3-5: Output power vs. n,,, for configuration #1 when the fourth mode is of
interest in the semiconductor slab guide.

In addition, we see that the amount of power coupled to the second waveguide
increases in this case, which means that there is less power seen at the output.
Comparing with the earlier simulation where the second mode was of interest in the
semiconductor guide, we see that for n,,, values close to 1.3330, both results are similar.
However, as the outer refractive index increases, more power is seen at the output for
the earlier case. Therefore, since our aim is to sense the changes in the outer layer, we
can conclude that using the smaller mode as the mode of interest in the semiconductor
slab guide is more advantageous.

Moving onto the wavelength dependence of the critical coupling, we should
remember that the expected behavior is a perfect match at a predefined wavelength (in
this case at 1.55 um), and very low matching at the wavelengths away from the critical
wavelength. It should be noted that, in all of the wavelength-dependent calculations, the
indices of the layers are calculated with respect to each instantaneous wavelength of
interest, that is, as a function of the wavelength (i.e. nzcs(A), etc.). The simulations and

the calculations present the following wavelength characteristics:
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Figure 3-6: Output power vs. wavelength of operation for configuration #1 for n,,, =
1.3330 and n,,, =1.3344.

The simulation results show that our expectations are in fact, correct. Moreover,
the above figure shows that when the wavelength of operation is shifted by an amount
of 1 nm, the output power changes quite a large amount, by an amount of 45 percent.
Furthermore, when we observe the sensing characteristics of the device with the
multiple wavelength spectrum, we get the following characteristics graph, showing the
wavelength spectrum of the device when the outer layer refractive index equals 1.3330

and 1.3344:
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Figure 3-7: Output power vs. wavelength of operation for configuration #1

The above figure shows that the wavelength dependence for the critical coupling

prevails for the changing outer layer refractive index. More importantly, the
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characteristics show that when the outer layer refractive changes from n,,, = 1.3330 to
Hour = 1.3344, there is a 3 A shift observed in the wavelength spectrum. Although the
amount of spectrum shift is small, this observation should be repeated in the

forthcoming designs as well, in order to see the differences, advantages, etc.

3.3.2. Simulation Set #2
The second asymmetric directional coupler sensor configuration is very similar to

the first one, as shown in Fig. 3-8:
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Figure 3-8: Asymmetric directional coupler sensor configuration #2.

The difference between these two configurations that, Configuration #2 is for
achieving critical coupling when the outer layer refractive index n,,, equals 1.5000, the
refractive index of crown glass. Other than the outer layer refractive index, the
remaining parameters are equivalent to the first configuration. The core polymer layer
thickness is 6 pm, the common cladding thickness equals 8 um, the “base” wavelength
of operation is 1.55 um, and m = 1, meaning that the second mode is of interest in the
semiconductor slab guide. As in the first simulation set, the primary design parameter is
the thickness of the semiconductor core layer, and the method for determining #sc is the
same as before. When calculated, the thickness for achieving critical mode matching at
1.55 um wavelength turns out to be ¢ = 268.392 nm.

Investigating the n,,, dependence of this configuration, when the output power is
calculated with respect to the outer layer refractive index, the following figure is

obtained:
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Figure 3-9: Output power vs. n,,, for configuration #2.

We see from the above graph that, all of the input power is coupled to the second
waveguide when the outer layer refractive index equals 1.5000, whereas, as the outer
refractive index increases, the amount of power at the output increases, and 50% of the
input power is seen at the output when n,,, equals 1.5014. This ratio was calculated to
be 12 % for Simulation Set #1, and this difference between the ratios shows that as the
refractive index of the outer layer approaches the refractive index of the common
cladding region and also to that of the semiconductor core region, the amount of
coupled power increases.

As far as the wavelength dependence of the critical coupling is concerned, the

simulations and the calculations present the following wavelength characteristics:
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Figure 3-10: Output power vs. wavelength of operation for configuration #2.
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The simulation results show similar highly selective characteristics as the previous
configuration. Moreover, the above figure shows that when the wavelength of operation
is shifted by an amount of 1 nm, the output power changes hugely, by an amount of
approximately 40 percent. Furthermore, when we observe the sensing characteristics of
the device with the multi-wavelength spectrum, we obtain the following plot, showing
the wavelength spectrum of the device when the outer layer refractive index equals

1.5000 and 1.5014:
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Figure 3-11: Output power vs. wavelength of operation for configuration #2 for n,,, =
1.5000 and n,,, = 1.5014.

The above figure shows that the wavelength dependence for the critical coupling
prevails for the changing outer layer refractive index. More importantly, the
characteristics show that when the outer layer refractive changes from n,,, = 1.5000 to
Noye = 1.5014, there is a 10 A shift observed in the wavelength spectrum. Compared with
the spectrum observed in the previous simulation set, we see that as the outer layer
refractive index becomes closer to the refractive index of the common cladding region
and also to that of the semiconductor core region, the shift has increased by a factor of

more than 3.

3.3.3. Simulation Set #3
The third simulation set employs the same polymer waveguide as the previous

sensors; however, it replaces the Gallium Arsenide core layer with a silicon layer in the
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semiconductor slab guide, as illustrated in the following figure:
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Figure 3-12: Asymmetric directional coupler sensor configuration #3.

The purpose of investigating such a configuration is to observe the device
performance when silicon is employed in the structure, which can be considered as a
fabrication alternative. The refractive index of silicon being around 3.378 in the
spectrum of interest suggests that the device performance and characteristics will be
very similar to the devices in which a Gallium Arsenide core layer is employed in the
semiconductor slab guide. The thickness #5¢ to achieve the critical matching condition in
the “base” wavelength of 1.55 pm and the outer layer refractive index of 1.3330 is
calculated to be # = 279.705 nm; and remaining properties are the same as the first
configuration (Simulation Set #1).

Investigating the n,,, dependence of this configuration, when the output power is
calculated with respect to the outer layer refractive index, the following figure is

obtained:
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Figure 3-13: Output power vs. n,,, for configuration #3.

The results obtained with this device are almost identical with Simulation Set #1.
All of the input power is coupled to the second waveguide when the outer layer
refractive index equals 1.3330, whereas, as the outer refractive index increases, the
amount of power at the output increases, and 12% of the input power is seen at the
output when n,,, equals 1.3344.

As far as the wavelength dependence of the critical coupling is concerned, the

simulations and the calculations present the following wavelength characteristics:
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Figure 3-14: Output power vs. wavelength of operation for configuration #3.

As expected, the results show that when the wavelength of operation is shifted by

an amount of 1 nm, the output power changes significantly, by an amount of 45 percent,
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similar to the equivalent configuration employing gallium arsenide instead of silicon in
the core layer. Furthermore, we obtain the following plot, showing the wavelength

spectrum of the device when the outer layer refractive index equals 1.3330 and 1.3344:
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Figure 3-15: Output power vs. wavelength of operation for configuration #3 for n,,, =
1.3330 and n,,, = 1.3344.

Once more, the results are as expected. The above figure shows that when the
outer layer refractive changes from n,,, = 1.3330 to n,, = 1.3344, there is a 3 A shift

observed in the wavelength spectrum, similar to Simulation Set #1.

3.3.4. Simulation Set #4
Similar to the purpose of the previous configuration, Simulation Set #5 is the

silicon-analog of the Simulation Set #2, as seen in the following figure:
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Figure 3-16: Asymmetric directional coupler sensor configuration #4.
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This configuration employs an outer layer refractive index of 1.5. The thickness
tsc to achieve the critical matching condition in the “base” wavelength of 1.55 pm and
noue = 1.5000 is calculated to be ¢ = 268.266 nm; and remaining properties are the same
as the second configuration (Simulation set#2).

Investigating the n,, dependence of this structure, when the output power is
calculated with respect to the outer layer refractive index, the following figure is

obtained:
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Figure 3-17: Output power vs. n,,, for configuration #4.

The results obtained show that all of the input power is coupled to the second
waveguide when the outer layer refractive index equals 1.5000, whereas, as the outer
refractive index increases, the amount of power at the output increases, and 45% of the
input power is seen at the output when n,,, equals 1.5014.

As far as the wavelength dependence of the critical coupling is concerned, the
simulations and the calculations present the following wavelength characteristics, where
the plot shows the wavelength spectrum of the device for both when the outer layer

refractive index equals 1.5000 and 1.5014:
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Figure 3-18: Output power vs. wavelength of operation for configuration #4 for n,,, =
1.5000 and n,,, =1.5014.

As expected, the results show that when the wavelength of operation is shifted by
an amount of 1 nm, the output power changes hugely, by an amount of 42 percent. In
addition, we see that when the outer layer refractive changes from n,,, = 1.5000 to n,,, =
1.5014, there is a 10 A shift observed in the wavelength spectrum, similar to Simulation
Set #2.

The last two examples, Configuration #3 and Configuration #4 show that there is
no major difference between employing silicon or gallium arsenide layer in the core
region of the semiconductor slab guide, and that the device can be realized using any of

the two, depending on fabrication issues.

3.3.5. Simulation Set #5

The fifth configuration is based on the initial silicon-employing structure
(Simulation Set #3); however, the common cladding region is reduced from 8 um to 4
um, and the effects of this change on the device performance and characteristics are to

be investigated. The configuration is illustrated in the following figure:
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Figure 3-19: Asymmetric directional coupler sensor configuration #5.

The outer layer refractive index n,,, is taken as 1.3330 and the thickness ensuring
the critical match condition is calculated to be # =279.705 nm. As the previous devices,
the mode number is taken to be m = 1, meaning that the second mode is of interest in the
semiconductor slab guide.

Investigating the n,,, dependence of this configuration, when the output power is
calculated with respect to the outer layer refractive index, the following figure is

obtained:
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Figure 3-20: Output power vs. n,,, for configuration #5.

We see from the above graph that, all of the input power is coupled to the second
waveguide when the outer layer refractive index equals 1.3330, whereas, as the outer
refractive index increases, the amount of power at the output increases an insignificant
amount, and 1.4% of the input power is seen at the output when #,,, equals 1.3344.

As far as the wavelength dependence of the critical coupling is concerned, the
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simulations and the calculations present the following wavelength characteristics, where
the plot shows the wavelength spectrum of the device for both when the outer layer

refractive index equals 1.3330 and 1.3344:
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Figure 3-21: Output power vs. wavelength of operation for configuration #5 for n,,, =
1.3330 and n,,, = 1.3344.

As with the n,, dependence, the multi wavelength characteristics of this
configuration are also observed to be rather poor. When the wavelength of operation is
shifted by an amount of 1 nm, the output power changes relatively poorly, by an amount
of 10 percent. In addition, we see that when the outer layer refractive changes from n,,,
= 1.3330 to n,,; = 1.3344, there is a 3 A shift observed in the wavelength spectrum. The

reason for this behavior is that, since the common cladding is thinner in this

configuration, the coupling coefficient x is relatively higher and hence d/k is smaller.
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3.4. Simulations Summary and Discussion

Having explored the five different configurations, a summary of the general

properties of these simulation sets is presented in the following table:

Table 3-1: Summary of the general properties of simulated sensor configurations.

1-P,u/P;, for | Spectral

SC Core | tsc(nm) | T, g (um) | base noyue MAX Moy Shift (A)

Configuration #1 GaAs 279,842 8 1,3330 0,12 3
Configuration #2 GaAs 268,392 8 1,5000 0,50 10
Configuration #3 Si 279,705 8 1,3330 0,12 3
Configuration #4 Si 268,266 8 1,5000 0,45 10
Configuration #5 Si 270,705 4 1,3330 0,014 3

The analysis of these simulations points out some important facts about the device.
It can be seen that the device performance is highly sensitive to thickness changes, in
the order of nanometers. The dependence of the device performance to the
semiconductor layer thickness is briefly investigated in Appendix A.

In addition, a section involving the comparison the performances of the
asymmetric directional coupler and the symmetric directional coupler structures is
presented in Appendix B, where the results presented show the advantage of the
asymmetric directional coupler over the symmetric structure.

An analysis of relative performances is in order. First of all, for the purpose
monitoring refractive index changes around the base index of n = 1.3330, configurations
#1 and #3 clearly rule out configuration #5. These two simulation sets demonstrate a
variation of 12 % at the output power for the fixed wavelength of 1.55 um, or
alternatively a spectral shift of 3 A for a multi wavelength spectral analysis.

Furthermore, for the purpose of monitoring refractive index changes around the
base index of n = 1.5000, both of the configurations #2 and #4 exhibit an equivalent
performance, demonstrating a variation of around 50 % at the output power for the fixed
wavelength of 1.55 um, or alternatively a spectral shift of 10 A for a multiple
wavelength analysis.

Here, one point to note is that, sensor configurations #1 and #2 employ gallium
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arsenide cores in their semiconductor slab guides, whereas their equally performing
counterpart configuration #4 employs silicon. Due to the very near refractive indices of
the gallium arsenide and silicon, the choice of using one of these materials in place of
the other becomes trivial in terms of the device performance. Then, the preference of
materials becomes an issue of the fabrication.

Considering the microelectronic fabrication facilities and capabilities present at
Sabanci University, employing silicon in the device structures turns out to be the clear
choice. Hence, the sensor configurations labeled #3 and #4 become the main goal of

fabrication, testing and characterization procedures.

3.4.1. A Blood Glucose Sensor

The sensor structure presented in this work can be utilized in many different
purposes, and a particular application is the sensing of the glucose concentration in
human blood.

Related work on the purpose of sensor configuration #3 has been carried out by
Liu, et. al [32], where they reported a refractive index change of 0.0014 when the sugar
(glucose) concentration was increased by 1 percent. Considering that the normal glucose
concentration of human blood being in the range of 0.07g/100mL — 0.16g/100mL and
the refractive index of human blood being » = 1.3334 in this range, together with the
output ratio of sensor configuration #3 being 0.011 for n = 1.3334; we can normalize the
output of sensor configuration #3 with respect to this value as shown in the figure below,

where the marked spot on the plot depicts the reference point for power normalization:
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Figure 3-22: Normalized output of configuration #3 with respect to normal human
blood refractive index.
Moreover, performing the same normalization with respect to the normal glucose
level in human blood, we obtain the following plot, where the marked spot on the plot

depicts the reference point for power normalization:
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Figure 3-23: Normalized output of configuration #3 with respect to normal human
blood glucose level.

The plots show that a 0.007% change in the glucose level is sensed per 0.0001
refractive index change, which corresponds to a concentration of approximately
7mg/100mL. In addition, it can be seen that a 0.1% change in the glucose level changes
the output almost 100%. In their comparable design, Liu, et al. has reported an

approximately 5% change in the output for the same range of 0.1% change in the
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glucose level [32].

In a more recent report, Borges, et al. presented a 17% change in the output for the
range of glucose level between 0% and 1% [33], whereas Liu, et al. had reported a 30%
change [32]. Here, we present an approximately 10 times change in the output for the

Same range.
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CHAPTER 4

DEVICE FABRICATION

4.1. Introduction

The realization of the devices employs conventional semiconductor fabrication
methods. Using readily available fabrication techniques such as thin-film coating, spin
coating and etching, the devices can be fabricated along the process steps of any silicon
or silicon-on-insulator based device and hence integration can be achieved without

introducing any additional cost.

4.2. Materials and Processes

In order to realize the final structure of the waveguide, several different process
steps must be performed using different materials for the structure, namely, BCB,

PDBCB, and silicon layers.

4.2.1. Fabrication of BCB Layers

BCB (Benzocyclobutene) is a thermally produced polymer generally used as a
dielectric layer in microelectronic fabrication, and DOW Chemical Company supplies
various types of BCB products under the product label Cyclotene 3022 series, as well its
characteristics and electrical, mechanical and optical properties [34]. BCB has been
used in the microelectronics industry as an interlayer dielectric material [35-37],
providing the functions of surface smoothing and surface passivation. Besides its
electronic use, it has also been used in the field of optoelectronics as both the core and
the cladding material of various waveguide structures, which are used as optical

interconnects, optical modulators, optical filters, etc. [27, 38-42].
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Fabrication of the BCB layer employs an initial spin-coat of the uncured polymer
on the substrate surface, where the final thickness of the coated polymer depends on the
spin speed [34]. DOW Chemical Company supplies several Cyclotene 3022 types with
different viscosities that produce different final thicknesses depending on the spin speed.
The BCB type with product label Cyclotene 3022-57, to be used in fabrication, leads to
a cured thickness range between 5 pum and 17 um depending on the spin speed [34].
DOW Chemical reports for Cyclotene 3022-57 an after-cure thickness of 5.55 um @
5000 rpm, 6.20 um @ 4000 rpm, 7.21 pum @ 3000 rpm, 9.04 um @ 2000 rpm, and 13.8
um @ 1000 rpm spin speed.

Spin-coated BCB must be cured to attain its final material properties. The curing
process must be performed in an inert atmosphere (preferably in a nitrogen or argon
purged tube furnace) due to the oxidation susceptibility of BCB at temperatures above
100 °C [34]. The curing process of Cyclotene 3022 products involves two different
methods, namely, the partial (soft) cure and full (hard) cure.

The partial cure of BCB is used when successive coats or multilayer structures are
employed, where multiple levels of BCB are in contact in the structure. DOW Chemical
recommends a 40 min partial cure at a temperature of 210 °C, where approximately
80% of the material polymerizes at the end of the process. The full cure is used as the
final cure of BCB when all of the polymer layers in the structure are established. DOW
Chemical suggests a 60 min full cure at a temperature of 250 °C, where approximately
100% of the material polymerizes at the end of the process. Fig. 4-1 illustrates the ratio
of the polymerized BCB with respect to curing duration and temperature [34].

A partial cure profile recommended by DOW Chemical is a 15-minute ramp to
150 °C, a 15-minute soak at 150 °C, followed by a ramp to 210 °C, with a 40-minute
soak at 210 °C, and finally a natural cool-down to around 150 °C [43].

The recommended profile for the full cure is a 15-minute ramp to 150 °C, a 15-
minute soak at 210 °C, followed by a ramp to 250 °C, with a 60-minute soak at 250 °C,
and finally a natural cool-down to around 150 °C [43]. A point to note here is that,
despite the safety margin of 150 °C for the oxygen susceptibility of the polymer,
experience has shown that it is not advisable to remove the sample from the furnace at
temperatures above around 70 °C — 80 °C. Therefore, the natural cool-down stages

should be performed down to the temperatures around 75 °C.
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Figure 4-1: Ratio of the polymerized BCB with respect to curing duration and
temperature for the full cure process.

4.2.2. Fabrication of PDBCB Layer

PDBCB (Photodefinable Benzocyclobutene) is a photosensitive type of BCB.
Supplied by DOW Chemical Company under the product label Cyclotene 4000 series,
PDBCB basically has the same characteristics and electrical, mechanical and optical
properties as BCB [43]. Similar to BCB, PDBCB has also been used in the
microelectronic industry [2], providing the functions of surface smoothing and surface
passivation. Furthermore, it has also been used in the field of optoelectronics as the core
material of various waveguide structures that are used as optical modulators, optical
filters, etc [27, 42].

Fabrication of the PDBCB layer is similar to that of the BCB layer, with
additional exposure and develop processes. PDBCB process employs an initial spin-coat
of the uncured polymer on the substrate surface, where the final thickness of the coated
polymer depends on the spin speed [43]. DOW Chemical Company supplies several
Cyclotene 4000 types with different viscosities that produce different final thicknesses
depending on the spin speed. The PDBCB types with product labels Cyclotene 4024-40
and Cyclotene 4026-46, to be used in fabrication, lead to a thickness range between 3

um and 8 um, and between 7 um and 15 pm, respectively. DOW Chemical reports for
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Cyclotene 4024-40 an after-cure thickness of 3.7 um @ 5000 rpm, 4.1 um @ 4000 rpm,
4.8 um @ 3000 rpm, 5.9 pum @ 2000 rpm, and 7.2 pm @ 1500 rpm spin speed.
Moreover, DOW Chemical reports for Cyclotene 4026-46 an after-cure thickness of 7.3
um @ 5000 rpm, 8.1 um @ 4000 rpm, 9.4 um @ 3000 rpm, 11.6 um @ 2000 rpm, and
14.2 pm @ 1500 rpm spin speed.

Spin-coated PDBCB is then soft baked in order to evaporate the residual solvent
and decrease the tackiness of the material for hard contact lithography, where the soft
bake duration and temperature depend on the substrate composition and also on the film
thickness [43]. DOW Chemical recommends hot plate soft bake temperatures depending
on the pre-bake PDBCB thicknesses. Table 4.2-1 depicts these recommended soft bake

temperatures for a given bake time of 90 seconds [43].

Table 4-1: Recommended soft bake temperatures with respect to pre-bake PDBCB
thicknesses, for a given soft bake time of 90 seconds.

PDBCB pre-bake thickness Hot plate soft bake temperature

<4.5 um 60 °C

4.6 um — 6.6 um 65 °C

6.7 um — 8.7 um 70 °C

8.8 um — 10 pm 75 °C

10.1 yum—11.4 um 80 °C
11.5 um—15.6 um 85 °C
>15.6 um 90 °C

On the other hand, studies have shown that the parameters for the soft bake are
highly pattern dependent [44]. For devices involving waveguide patterns, it has been
shown that ideal soft bake temperature for Cyclotene 4024-40 must be between 70 °C
and 90 °C; and that ideal soft bake temperature for Cyclotene 4026-46 must be between
75 °C and 100 °C. It has been experimentally shown that for a soft bake duration of 90
seconds, a temperature of 80 °C for Cyclotene 4024-40 and a temperature of 90 °C for
Cyclotene 4026-46 leads to the desired results [44].

Following the soft bake, exposure is the next step. DOW Chemical reports that a
contact aligner with power level adjusted for a level of radiation at 365 nm, can be used
for the task, and that exposure dose should be adjusted according to the pre-exposure

film thickness. Consequently, the exposure dose for Cyclotene 4024-40 should be 20
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mJ/em?® per pm film thickness, and the exposure dose for Cyclotene 4026-46 should be
60 mJ/cm” per pm film thickness [43]. It should be noted that the polymer films should
cool down to room temperature before the exposure; and also that Cyclotene 4000 series
resins act like negative photoresists, that is, exposed regions remain on the structure
following the development stage [43].

The next step is the development of the films, and DOW Chemical supplies the
developer with product label DS2100 for this process. Puddle development is
recommended for this particular developer instead of an immersion development [45].
The puddle development method is as follows: First, a puddle of developer DS2100 is
dispensed on the sample rotating at a slow speed, helping the developer spread on the
surface. Then, the developer is allowed to remain on the sample to let the unexposed
areas dissolve for a certain duration. The end-point of the development process can be
determined visually, with the observation of color fringes on the developed portions of
the sample [45]. At the end of the puddle time, the sample is rinsed by a 10 second
spray of DS2100 developer while spinning at 500 rpm. It should be noted that the
developer and the rinse solutions are the same, namely DS2100. After the rinse process,
the sample should be spin-dried at a speed of around 5000 rpm for 30 seconds to
remove the developer and to dry the sample [43].

The development process is completed with a post-develop bake process typically
for 60 seconds at a temperature in the range of 60 °C — 90 °C to ensure the dryness of
the films and to stabilize the side-walls [43].

Following the development process, the next step is the cure process, where the
cure conditions and the parameters for the partial and full cures for PDBCB are exactly
the same as for BCB, described in the previous subsection on Fabrication of BCB

Layers.

4.2.3. Fabrication of Semiconductor Layer

The semiconductor or namely the silicon core region in the device is fabricated by
thin-film deposition by the means of sputtering. According to our fabrication experience,
obtaining the desired sputtered silicon layers is possible. The fabrication process
employs 200 W of DC power with an argon flow rate of 35 sccm in to the chamber,
together with a the base pressure of 0.25 mbar, and a chamber temperature of 250 °C.
With these process parameters, the final thickness of the sputtered silicon layer was

measured to be 360 nm for a duration of 20 minutes, and 660 nm for a duration of 40
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minutes. These figures correspond to a deposition rate of approximately 17 nm/min.
Then, using the above recipe, a process duration of 16.4 minutes should be employed

for Device #4, and a duration of 15.8 minutes should be employed for Device #5.

4.2.4. Fabrication of Ridge Structure — Reactive lon Etching of BCB

The ridge structure in the device is fabricated by dry-etching, that is reactive ion
etching to be exact. Since the ridge structure is on the BCB region, a BCB Plasma etch
should be performed in order to form the device structure. Reactive ion etching of BCB
is performed using a mixture of oxygen and a fluorine gases, where both the etch rate
and the smoothness of the etched are controlled by the ratio of the fluorine gas in the
oxygen-based mixture [46]. The reason for this effect of the fluorine gas is the presence
of silicon in the backbone of BCB polymer [34].

Masking in the reactive ion etching of BCB is an important issue, where both hard
masks and soft masks can be used for the process. Hard masking commonly employs
the deposition of metal or silicon oxide or silicon nitride on the surface, followed by
patterning by the means of photolithography, and etching. Once the reactive ion etching
is completed, the mask has to be removed from the surface without damaging the
underlying polymer. Since fluorine is present in the gas mixture[46], the range of hard
mask materials that can be consistently used are limited. Even if the selectivity
concerning the hard mask is not an issue, using a hard mask increases the process
complexity [47].

Using a soft mask (i.e., a photoresist mask) reduces the process complexity of the
etch process by eliminating the deposition, patterning and stripping processes. The
disadvantage is the reduced etch selectivity, however the effect of this disadvantage can
be overcome mostly by choosing appropriate parameters for the etch process [47].

Our experimental results have shown that, desirable etch results are obtained
when a total flow rate of 45 sccm with an O, rate of 11%, employing 300 W of RIE RF
power. The background pressure and the chamber pressure values for the mentioned

parameter set are 180 pbar and 260 pbar, respectively.

4.3. Overall Process Flow

Having discussed the fabrication techniques for each layer employed in the device

structure individually, we can now present the overall process flows and fabrication
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recipes for both devices. Note that, the fabrication steps of both devices are identical,
except for the deposition durations of their silicon layer, due to the difference in the
thicknesses of the two regions.

The fabrication of the device starts with the spin-coating of uncured BCB on the
substrate. The thickness of this layer should be as thick as possible, since this layer will
be the lowest cladding region of the sensor structure, and it is critical to isolate the core
region of the polymer guide from the substrate, or any other structure sitting under the
sensor structure. And so, using the BCB product with name designation Cyclotene
3022-57 and spin-coating with a spin speed of 1000 rpm result in a final thickness of
13.8 um, which suffices the isolation needs of the device.

Once the BCB is spin-coated, the next step is the partial cure of the BCB. A full
cure is not employed at this point, because subsequent BCB and PDBCB layers will
also have to be full cured following their spin-coat, and two-time full cure of a BCB
region must be avoided, as discussed in the previous sections. The partial cure of the
first BCB region involves a 15-minute ramp to 150 °C, a 15-minute soak at 150 °C,
followed by a ramp to 210 °C, with a 40-minute soak at 210 °C, and finally a natural

cool-down to around 75 °C; in a nitrogen-purged furnace.
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Figure 4-2: Fabrication step #1 — spin-coat and partial cure of BCB.

Once the spin-coat and the partial cure of the BCB layer is performed, the next
step in the fabrication is the dry etching of the BCB layer which will later form the ridge
structure in the finished polymer waveguide. The dry etching of the BCB layer employs
reactive ion etching, and the process parameters of a total flow rate of 45 sccm with an
O, rate of 11%, employing 300 W of RIE RF power, where the background pressure

and the chamber pressure values are 180 pbar and 260 pbar respectively, produces the
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necessary ridge structure in the waveguide.
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Figure 4-3: Fabrication step #2 — reactive ion etching of BCB.

The next fabrication step is the spin-coating of PDBCB on to the initial BCB layer,
to form the core region of the polymer waveguide. Remembering that the thickness of
the core layer is set to be 6 um, and in the light of the discussions in the previous
sections, we conclude using the BCB product with name designation Cyclotene 4024-40,
and a spin speed of 1940 rpm leads to the desired PDBCB thickness.

Then, the next step is the soft-bake of the PDBCB, which is a 90 second bake on
the hot-plate at a temperature of 65 °C. Once the structure cools down to the room
temperature, the PDBCB layer is then exposed using a contact aligner with power level
adjusted for a level of radiation at 365 nm. The exposure dose for the PDBCB layers in
the devices is 120 mJ/cm?.

Following the exposure of the PDBCB layer, the PDBCB layer is then puddle
developed with DS2100 developer, precisely as described in the previous sections. After
the develop process, the structure is soft baked on a hot plate for 60 seconds at a
temperature of 90 °C. The fabrication of the PDBCB layer ends with the partial cure of
the polymer. The partial cure conditions and parameters are exactly the same with the

partial cure scheme of the BCB layer.
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Figure 4-4: Fabrication step #3 — spin-coat, exposure, developing.

Once the PDBCB layer is set (though both BCB and PDBCB layers has not been
full-cured yet), the next step is the fabrication of the common cladding layer. This
involves the spin-coating and partial cure of a second BCB layer.

Remembering that the thickness of the common cladding region is 8 um, and in
the light of the discussions in the previous sections, we selected the BCB product with
name designation Cyclotene 3022-57, for which a spin speed of 2460 rpm provides the
desired BCB thickness.

Following the spin-coat, the next step is the full cure of the BCB layer, which is
also, the full cure of the underlying PDBCB and BCB layers.

The full cure process involves a 15-minute ramp to 150 °C, a 15-minute soak at
150 °C, followed by a ramp to 250 °C, with a 60-minute soak at 250 °C, and finally a

natural cool-down to around 75 °C; in a nitrogen-purged tube furnace.
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Figure 4-5: Fabrication step #4 — spin-coat of BCB and full cure.

Once the fabrication of the polymer films are completed, the final step of
fabrication of the whole device is the fabrication of the semiconductor layer, which
involves the thin film deposition of silicon via sputtering. The sputtering process
employs 200 W of DC power with an argon flow rate of 35 sccm in to the chamber,
together with a base pressure of 0.25 mbar, and a chamber temperature of 250 °C. For
Device #4, in order to achieve a final thickness of 279 nm, the deposition duration is
16.4 minutes; where as for Device #5, the deposition duration is 15.8 minutes in order
to achieve a final thickness of 268 nm.

The deposition of the silicon layer completes the device fabrication. The complete
device structure is achieved by the coming together of the fabricated device with the
medium to be monitored. The final structure at the end of the fabrication can be seen

below, in Fig. 4-6:
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Figure 4-6: Final step of fabrication — thin-film deposition of the silicon layer.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1. Conclusions

In this work, a new optical chemical sensor was designed. The structure is based
on a highly asymmetric directional coupler, where the asymmetry implies a high index
difference between the core layers of the waveguides in the coupler, rather than an
asymmetry in the geometry. The device structure is generic, and can be modified, and
also can be improved for specific applications.

The designed device presents a very high sensitivity on both the operating
wavelength, and the index of refraction of the target material. Therefore, the monitoring
can be performed in two alternative ways, namely, by monitoring the output power at a
specified wavelength of operation, or by monitoring the whole multi-wavelength
spectrum for a changing refractive index. Both of these techniques were demonstrated
in the device simulations, and the results certified the expectations. Besides, simulations
were also supportive in moving towards an optimum design for specific applications.

For the particular application of sensing of the glucose concentration in human
blood, when the glucose level was changed in the range between 0% and 1% the device
has presented an approximately 10 times change in the level of output power, whereas
previously reported devices presented changes around 0.3 times in the output power
level.

The sensor employs contemporary microelectronic fabrication techniques and can
easily be integrated with various microelectronic components. The complete top-down
fabrication scheme for the devices was presented, giving specific recipes and techniques.
The materials to be used in the fabrication were selected to yield the best results in

terms of device performance. In addition, fabrication processes for each individual layer
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were optimized in order to obtain the desired device structure.

5.2. Future Work

As the future work of this research, the initial aim is the fabrication of the devices.
Following the fabrication are the testing and characterization of the sensors. According
to the results of the characterization, further optimizations in the design may be
performed.

Moreover, employing different semiconductor materials in the coupler structure is
also a work to be done. For this task, initial candidate for the semiconductor material in
the device is ZnO (zinc oxide), which has a refractive index around 2.1 in the operating
wavelength of 1.55 um. The effects of using ZnO on the device performance, and a
comparison between the three semiconductors to be in the device (GaAs, Si and ZnO)
are to be studied. Employing dielectrics like SiO, (silicon dioxide) and studying the
effects are also options for the work to be done in the future.

Furthermore, modifying the generic device structure for the sensing of different
materials is another preference in the future goals.

In addition, integration of the device with various other IC or semiconductor
components is planned. Integrating the structure with its own readout circuitry, for

example, on the same chip is one of the ultimate goals of this research.
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APPENDIX A

BRIEF INVESTIGATION OF THICKNESS DEPENDENCE OF THE
WAVELENGTH OF OPERATION

A.l. Introduction

The aim of this section is to briefly investigate the sensitivity of the device
structure to the thickness of the semiconductor core region. The analysis involves the
observation of the changes in the center wavelength with changing semiconductor layer

thickness.

A.2. Simulation Method and Results

For this task, asymmetric directional coupler sensor Configuration #4 was taken

as the reference. The device structure is illustrated in Fig. A-1:
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Figure A-1: Device structure for thickness-dependence analysis

In order to achieve comparable results, the initial thickness of the semiconductor

layer in the slab waveguide has been set the same as its original value, achieving critical
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mode-matching at the operating wavelength of 1.55 pm, when the outer layer refractive
index equals n,,, = 1.5000. Then, in order to observe the affect of the changing ¢, the
thickness was changed by small amounts and the wavelengths of critical-mode
matching corresponding to each value of ¢ were recorded. As a result of this analysis,

the following plot was obtained:
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Figure A-2: Wavelength of mode-matching vs. semiconductor layer thickness

In the figure above, the marked spot depicts the thickness which the sensor
Configuration #4 employs for obtaining mode-matching at the operating wavelength of
1.55 um. The rest of the plot shows the deviation in the operating wavelength when the
thickness varies from its original value. It can be seen that the wavelength of critical
mode-matching is highly dependent on ¢, and this dependence is in the order of sub-
nanometers. This dependence is a crucial fact in terms of the fabrication techniques and
shows the level of precision that should be employed in the fabrication of the
semiconductor layer in order to obtain critical mode-matching at a specific wavelength.
However, we should note that a change in the wavelength where the phase matching

occurs will not affect the overall characteristics of the sensor.
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APPENDIX B

BRIEF ANALYSIS OF THE SYMMETRIC DIRECTIONAL COUPLER

B.1. Introduction

The aim of this section is to compare the performances of the asymmetric
directional coupler and the symmetric directional coupler structures. The analysis
involves the n,, dependence of the symmetric structure, as well as its multiple-

wavelength spectrum characteristics.

B.2. Simulation Method

The simulation method employed in the simulation of the symmetric structure is
the same as the one employed for the asymmetric structure. The same simulation
algorithms have been used in the analysis as the simulation sets presented in Chapter 3

on Simulations and Results.

B.3. Simulations and Results

The device structure is a symmetric directional coupler, where unlike the
asymmetric structures investigated in the whole of this work, the cores of the two
waveguides in the coupler structure are identical. To be exact, both waveguide cores
consist of PDBCB polymer regions. The outer (environmental) region in the structure is
kept as the n,,, layer as in the previous simulations in order to be able to make a better

comparison between the two structures.
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Figure B-1: Symmetric directional coupler sensor configuration.

As seen in the figure, the thickness of the lower PDBCB layer is set as 6 um, that
of the common cladding is set as 8 um, and also, the refractive index of the outer layer
is set to be n,,, = 1.5000. With these figures, this configuration can be considered as the
“symmetric” analog of Configuration # 4, which as the same lower core and common
cladding lengths and the same initial outer layer refractive index. However, the upper
waveguide is designed to be single-mode, in order to guarantee critical matching.

When calculated, the thickness for achieving critical mode matching at the
operating wavelength of 1.55 um turns out to be # = 8.172 um. Investigating the n,,,
dependence of this configuration, when the output power is calculated with respect to

the outer layer refractive index, the following figure is obtained:
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Figure B-2: Output power vs. n,,, for the symmetric device.

As seen in the figure, the device characteristics exhibit a similar form of plot as

the asymmetric structures. On the other hand, whereas all of the input power is coupled
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to the second waveguide when the outer layer refractive index equals 1.5000, as the
outer refractive index increases, the amount of power at the output increases a very
insignificant amount, and only 0.001% of the input power is seen at the output when n,,,
equals 1.5014. Moreover, if we compare the power-levels for the both structures, it can
be seen that the magnitude of power seen at the output of the symmetric device is totally
ignorable compared to that of the asymmetric device; and this is illustrated in the plot
below, where the outputs of the symmetric configuration and configuration are shown

on the same plot:
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Figure B-3: Comparison of 7n,,, dependences of symmetric and asymmetric
configurations.

As far as the wavelength dependence of the critical coupling is concerned, the
simulations and the calculations present the following wavelength characteristics, where
the plot shows the wavelength spectrum of the device for both when the outer layer

refractive index equals 1.5000 and 1.5014:
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Figure B-4: Output power vs. wavelength of operation for symmetric configuration for
Howe = 1.5000 and #n,,, =1.5014.

The figure depicts the poor wavelength selectivity of the symmetric structure; for
the best case, when the wavelength of operation is shifted an amount of 10 nm, the
difference in the output power level is less than 0.01%. Moreover, for the outer layer
refractive index of n,,, = 1.5000, when the multiple wavelength spectrum characteristics
of the symmetric and the asymmetric structures are illustrated on the same figure, we
obtain the plot shown below, and once again observe that the output power level for the
symmetric configuration is totally ignorable compared to that of the asymmetric

configuration:
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Figure B-5: Comparison of multi-wavelength spectrums of symmetric and asymmetric
configurations.
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