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Abstract

A plasmon-polariton waveguide is investigated for its thermo-optic capability for
the first time in the context of variable optical attenuators. The optical waveguide’s metal
core embedded into thermo-optic materials can be heated due to ohmic losses when
current is injected through it. Hence, the optical and electrical function is agglomerated
into the same waveguide layer. Heat changes the surrounding materials’ refractive index
and affects light propagation. The variable optical attenuator’s response time was shown
to be as fast as 50us. The 8um x 20nm metal waveguide achieves 19dB extinction ratio
with 222 mW of electrical power consumption. Many other waveguide’s characteristics
were obtained experimentally and through thermal, electrical and optical modeling.

The metal waveguide was used as a non-invasive, direct and accurate temperature
sensor. Electromigration and electrostatic discharge were investigated as the waveguide’s
degrading mechanisms. A novel optical method to study thin metal films’ degradation

due to electromigration is suggested.
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Abstract

A plasmon-polariton waveguide is investigated for the first time for its thermo-optic
capability in the context of variable optical attenuators. The core of the optical waveguide
embedded into thermo-optic materials is made of metal and can therefore be heated due to
ohmic losses when current is injected through it. Hence, the optical and electrical function is
agglomerated into the same waveguide layer. Heat changes the refractive index of the
surrounding materials and affects propagation of light. The response time of the device was
shown to be as fast as 50us, with smaller values being possible. The 8um x 20nm metal
waveguide achieves 19dB extinction ratio with 222 mW of electrical power consumption
with significant improvements being possible. Mode field diameter, propagation loss,
coupling loss and return loss of the waveguides were also obtained experimentally.

The metal optical waveguide was calibrated and used as a non-invasive, direct and
accurate temperature sensor useful in the context of thermo-optic devices. It is the first time
that the core of an optical waveguide is simultaneously used as a temperature sensor.

Electromigration tests were conducted to determine if this phenomenon is a limiting
factor to the regime of operation of the variable optical attenuator. A novel optical method to
study the degradation of thin metal films due to electromigration is suggested. Furthermore,
the waveguide is shown to be very susceptible to the damaging effect of an electrostatic
discharge.

A 2D steady-state finite-difference method based on the heat diffusion equation was
developed to predict the temperature distribution surrounding the heated plasmon-polariton
waveguide for the first time. Through the thermo-optic coefficient, the new refractive index
distribution can be determined.

A 1D modal analysis based on Maxwell’s equations solving a thin film slab structure
embedded in a spatially dispersive dielectric medium resulting from heating was obtained
for the first time and used as an approximation to the 2D model. The two most significant
modes were investigated: sp and s, modes. Performance parameters resulting from the model
are presented. |

Results from the model are compared to that from the experiments. Improvements

and suggestions were made to the thermal/optical model.
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1. Introduction
1.1 Purpose

The purpose of this work is to introduce the thermo-optic (TO) effect within a new
metal optical waveguide technology and to study its behavior within the context of TO

variable optical attenuators (VOASs).

1.2 Contributions

This thesis makes a number of contributions to the advancement of science and
engineering. For the first time, an active capability is introduced to a new metal optical
waveguide technology, in particular, the TO effect. The TO effect is used to affect the
electromagnetic field propagating through a waveguide; hence, it can be used to modulate or
attenuate an optical signal. VOAs based on mode cutoff are a relatively new concept within
TO applications and the present thesis suggests a novel way of achieving this. The metal
optical waveguide technology simplifies fabrication of active devices since the electrical and
optical function is agglomerated into a single waveguide layer. The metal optical waveguide
used as a heater influences light more efficiently than that of conventional thin film heating
technologies. The heat source is already in the optical path such that little heat diffusion is
needed to affect the optical mode substantially; however, heat diffusion is necessary for
cooling. It follows that the device size, power consumption and switching time of the device
may be reduced in comparison to other conventional planar lightwave circuit (PLC) TO
VOA technologies. Some inherent properties of the metal optical waveguide enable
accurate, direct and non-invasive temperature monitoring of the device, which may be useful
for TO devices. Electromigation tests are conducted on the metal waveguide and a new
qualitative optical method to monitor the degradation of thin films due to electromigration is
suggested and demonstrated experimentally as this method is an alternative to the resistance
measurements and scanning electron microscopy. The failure of the 1D modal analysis to
predict the waveguide’s behavior suggests that a more elaborate optical model be used such

as a 2D or 3D model.



1.3 Organization

The current chapter will introduce the TO effect and its use in the context of VOAs.
Performance parameters of TO VOAs will be presented. Subsequently, current TO VOAs
will be presented and criticized.

In Chapter 2, a review, which led to the development of plasmon-polariton
waveguides, will be presented. Furthermore, we will introduce the basic theory and
principles explaining the behavior of the plasmon-polariton waveguides. Finally, the
principles from which the TO VOA functionality is accomplished using plasmon-polariton
waveguides will be revealed.

Chapter 3 investigates experimentally some aspects of the performance of the thin
. metal film TO VOA based on mode cutoff for a simple structure. Chapter 3 also introduces
accurate, direct and non-invasive temperature monitoring of the metal waveguide, which is
useful in the context of TO devices. Given the high current densities injected into the
waveguide, the possible degradation due to electromigration is investigated. Based on this
simple investigation, we suggest a new way to investigate electromigration within the
context of metal optical waveguides.

In order to have more insight on the behavior of the waveguide and to be able to
predict its behavior for design purposes a model was developed. One of the goals was to
develop a model that was not too computationally intensive, but still accurate enough to
predict the behavior of the waveguide. The smaller the domain of computation, the less
computationally intensive it is, which means that a model with reduced dimensionality will
generate results more rapidly, but sometimes less accurately. We will determine if these
inaccuracies have an important impact by comparing experimental results with those
provided by the model.

The model is separated into two main parts. The first part is a 2D steady-state
thermal model, which predicts the temperature distribution in the structure resulting from
heating the waveguide. The thermal model is validated by comparison with results from the
literature. The results of the 2D thermal model for the TO VOA structure are presented in
Chapter 4. From the temperature distribution, the refractive index distribution in the

structure may be determined from the thermo-optic coefficient (TOC) of each material.



The second part of the model is a 1D optical model. The optical model uses the
refractive index distribution found earlier to obtain the results. The model is validated by
comparison with literature. The results of the 1D optical model for the TO VOA structure
are presented in chapter 5. Finally, the last chapter expresses the concluding remarks and

summarizes the thesis. Improvements and future work are also presented.

1.4 Variable optical attenuators

VOAs have a fundamental role in optics; they control the power level of an optical
signal. There is a wide range of applications where VOAs can be used. For example, they
can be used to equalize the optical output power of different channels in a dense wavelength
division multiplexing system. The VOA function can be implemented in several ways such
as by using the electro-optic (EO) and TO effect. In general, the TO effect is slower and
consumes more power than the EO effect, but the design of TO devices is simpler and their
construction is cheaper due to lower material cost. Since no active devices have ever been
designed in this new metal optical planar waveguide technology, it would be wise to start
with something simple to design and build. For this reason, in this present work, a VOA will
be designed using the TO effect. Studying the behavior of the thermo-optic VOA may give

us an insight on how to develop an EO modulator or EO VOA in the future.

1.4.1 Thermo-optic VOAs: The thermo-optic effect

The TO effect is a phenomenon by which heat can influence the refractive index of a
material. A simple linear model describing the refractive index change due to a temperature
variation is given by Equation (1.1).

(0 - Ty (.0

20,B Ty
2

Mpn =
Ao Ti g BTy

Where “n”, A, P, and “T” are the refractive index, the free space wavelength, pressure and

temperature respectively. The subscripts only reflect the conditions in which the refractive

index was obtained. The variation of the refractive index as a function of temperature and at

a constant pressure is called the thermo-optic coefficient (TOC) and is denoted% . The



TOC is usually assumed constant over the range of temperature considered for practical
purposes. This is usually valid if the temperature range is relatively small.
If the TOC is non-constant in the range of temperature considered, then it is possible

to decompose it as a sum over smaller ranges of constant TOC. This is denoted:
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TOC usually varies for a range of temperature 100°C or less [1]. The behavior of the TOC
as a function of temperature and wavelength is best described by a new physically

meaningful relation [1]:
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wavelength associated with the isentropic band gap lying in the UV region respectively.

dE
L—d;f is the temperature coefficient of the excitonic band gap. Hence, Equation (1.3)

E

eg
shows that the refractive index change of Equation (1.1) and (1.2) depends on these
physically meaningful parameters. More details about the origin of this equation and its
limitations are given in reference [1]. Alternatively, the TOC can also be obtained via
experimental measurements.

From relations (1.1), (1.2) or (1.3) and knowing the temperature distribution of the
optical device, it is possible to determine the réfractive index distribution resulting from

applied heat.



1.4.2 Performance parameters

A TO VOA described as having good performance parameters is one that has a fast
response time, low electrical power consumption, large extinction ratio (ER), low insertion
loss (IL), low thermal cross-talk, low return loss, low polarization dependent loss (PDL),
low polarization mode dispersion and is broadband. Other parameters of importance are
compactness, low cost, low drive voltage and ease of fabrication. Some of the above
parameters are inherent to the technology selected while other parameters can be improved
with careful design.

Power consumption depends on the ER desired, material properties and the geometry
of the structure. Materials with high absolute TOCs are of interest since less heat is required
to affect the refractive index by an equal amount than that of low absolute TOC materials. A
material with low thermal conductivity will reduce the device’s power consumption to
obtain the same temperature increase if it is located between the heat source and heat sink.
Furthermore, the heat source must be very close to the optical waveguide and the low
thermal conductivity material must be in the optical path.

The response time is subdivided into two categories: the rise time and the fall time.
The rise time of an optical device is the minimum time for which the output optical power
increases from 10% to 90% of its steady “on” state. The fall time of an optical device is the
minimum time for which the output optical power reduces from 90% to 10% of its steady
“on” state. The response time is determined by the diffusivity of the material and the
structure geometry. A material with high thermal diffusivity will have a shorter response
time than that with low thermal diffusivity. The diffusivity is a function of the thermal
conductivity, density and specific heat of a material. Usually, selecting a material with low
thermal conductivity translates into a slower response time. Hence, usually a trade-off
occurs between power consumption and the response time.

The ER is defined as the ratio of the output optical power between the “off” state and
“on” state of the device. The ER of a VOA depends on the materials, electrical power
consumption and geometry of the structure; hence, it depends on a careful design.

The return loss is the amount of optical power reflected back to the optical source
relative to the amount of optical power launched by the optical source. The return loss may

be relevant since it contributes to the IL and may destabilize the optical source. To minimize



the return loss, materials with matching refractive indices are used. Air gaps between
connections or devices must be eliminated and this can be achieved by using index matching
oil or a similar technique. The angled polished connectors are probably the best type of
connector to minimize reflection back into the laser source.

A device is said to be broadband if it meets the required specifications in a large
range of wavelengths. The device will be broadband in accordance to its geometry and its
constituent materials.

A device with low PDL has essentially the same IL independent of the input
polarization. The standard medium through which light propagates in a network is single
mode fibers (SMFs) or multimode fibers (MMFs). The polarization state coming out of
these fibers is random and varies with time. As a resqlt, most devices within the network
must have low PDL.

The IL of the device is dependent on the input and output coupling loss and return
loss of the device along with the propagating loss of the waveguide, which is also dependent
on material loss. In essence, it is important that the waveguide geometry be properly
designed and its constituent materials are chosen with low loss and are compatible with the
other materials in the system.

Having a low thermal-cross talk in a multi-channel system refers to limiting the
influence of heat to its own channel. In this work, we are analyzing a single channel such
that this parameter is of small importance.

Polarization mode dispersion occurs when modes of different polarizations supported
by a waveguide or device propagate at different speeds causing pulses to spread and become
difficult to detect. This effect must be minimized.

In this thesis, attention was focused towards the response time, power consumption

and ER.

1.4.3 Literary Review

VOAs may be referred to as switches or modulators since all these devices have
similar functions. In any case, there is an overwhelming amount of work dedicated to the
subject. Only the most relevant work regarding thermo-optic VOAs will be presented. In the

prior art, the usual configuration in which the TO effect is exploited consists of depositing a



thin metal film on top of a TO material located in or near the propagation path of the light.
Light propagation can be affected by injecting a high current density into the thin metal film,
which will generate heat througﬁ ohmic losses and affect the refractive index of the
surrounding material. This is illustrated in Figure 1.1. As shown by the figure, it is crucial to
have a heat sink in order for the device to evacuate heat quickly when the VOA is switched

to the “off” state. This enables the TO VOA to have a faster response time.

Thin film heater—___
[ ~ |

TO material

Heat sink

Waveguiding region

Figure 1.1: Typical TO VOA structure.

In reference [2], TO modulators based on mode cutoff were introduced for the first
time even though this effect was well known to be used in conjunction with the EO effect.
The structure presented by Sang-Shin Lee is similar to that of figure 1.1, except that the
waveguiding region is a polymer rib waveguide. The rib width is made larger in a given
region to reduce confinement such that it becomes more prone to the effect of heating. As
explained by the author, applying heat reduces the refractive index near the middle of the rib
waveguide, which reduces the lateral confinement of the structure. This device has an ER of
20dB with an electrical power consumption of 160mW. The response time was evaluated to
be faster than 1.5ms.

In reference [3], a similar structure with an inverted rib waveguide was investigated.
The authors claimed that by heating sufficiently they could create an anti-waveguiding
region, which could improve the ER of the device as compared to cutoff modulators.

In reference [4], the authors activate a heater above a polymer based waveguide to
create an asymmetrical refractive index profile along the vertical axis extending between the

thermal source and the heat sink. The optical energy propagating along the core is



transversely deflected in the region away from the thermal source. The device is able to
achieve an ER of 30dB with 15mW of electrical power and has a rise and fall times of at
least 270 s and 1260 s respectively.

It is also possible to create a VOA in conjunction with a Mach-Zehnder (MZ) as
shown by Figure 1.2. The light propagating along the waveguide in the figure to the left is
split in two beams having equal power propagating in each branch of the MZ. One of the
branches of the MZ is influenced by heating which causes a phase difference between the
modes supported by both branches of the MZ. The amount of heating power dictates the
amount of phase difference induced. At the butput of the MZ, both beams combine
constructively or destructively according to the induced phase difference. A n-phase
difference causes total extinction of the mode while no phase difference results in maximum

optical power to flow at the output.

Figure 1.2: Mach-Zehnder configuration.

The MZ configuration operates in a low power regime in comparison to that of the
VOAs based on mode cutoff. The most relevant prior art related to VOAs based on the MZ
structure is found in reference [5]. The device was able to achieve n-phase difference with
only 4.8 mW with a rise and fall time of 9 ms.

Finally, reference [6] uses a novel approach to cause TO switching of an optical
waveguide. Essentially a Schottky diode was created on top of a ridge waveguide made of
an optically transmissive semiconductor. A ground plane was deposited under the device.
The Schottky diode was forward biased and a current was injected between the electrode
and the ground plane causing internal Joule heating of the semiconductor. Furthermore, heat
is localized to the diode’s depletion region. Because of the interesting properties of GaAs
and because of internal heating, switching time is as fast as 0.3 ps while power consumption

varies between 100mW and 800mW depending if the device attenuates or switches.



Each device above has some performance advantages, but also disadvantages. Mode
cutoff VOAs and anti-waveguiding structures consume a lot of electrical power in
comparison to MZ VOAs because, unlike the MZ VOA, they must displace the optical
mode. Except for reference [6], the prior art had a heat source located some distance away
from the optical waveguide. Heat must diffuse towards the waveguide in order to affect it,
but this is a time consuming process. Furthermore, heat diffuses away from the heat source;
not all the energy is directed towards the waveguide. Therefore, some energy is lost or
unused. These losses can be reduced by adding trenches each side of the waveguide to limit
lateral heat diffusion, but at the expense of slowing switching time.

On the other hand, in reference [6], the source of heat lies within the waveguiding
region and no heat diffusion is necessary before affecting the optical mode. Therefore,
switching time is fast. Because internal heating is caused by flow of current between the
electrode and ground plane, power is consumed throughout that region, but unfortunately,
only a fraction of this power is used effectively in the optical region. For this reason, there is
a waste of electrical power.

Most of the prior art is ambient temperature sensitive and would therefore require
temperature control. Devices using high thermal conductivity materials will consume a lot of
power with a fast switching time and vice versa, but it cannot achieve, both, fast switching
time and low power consumption. Finally, device size and manufacturing costs are other
concerns of the optics industry.

In addition to introducing a new TO technology, one of the goals is to design a
device that is an improvement over some or all the performance parameters as compared to
the prior art. The detailed analysis of the performance of the metal optical waveguide will be
presented in the next few chapters. Before dealing with the thermo-optic VOA within the
plasmon-polariton waveguide, its waveguiding characteristics will be presented in the next

chapter.



2. Introduction to metal optical waveguides

In this chapter, a brief history of how the metal optical waveguide came into
existence will be presented. Basic notions regarding metal optical waveguide will also be
presented. Finally, the mechanism by which the metal optical waveguide can be used as a

VOA will be explained.

2.1 Definition of surface plasmon polariton

The propagation of light along a metal optical waveguide is possible due to the
existence of surface plasmon-polaritons (SPP). The term “polariton” denotes the coupling of
electro-magnetic (EM) fields with macroscopic polar excitations in solids. Surface
polaritons may be defined as the coupling of EM radiation to surface dipole excitations,
which propagate in a wave-like manner along the interface between two media [7].
Therefore, the surface plasmon-polariton occurs at the interface between plasma,
characterized by a negative real permittivity, and a dielectric, which has a positive real
permittivity, when a EM wave polarizes the dielectric’s surface, disrupts the plasma’s

surface charge density causing plasma oscillation (or plasmon) and becomes coupled to it.

2.2 Metal permittivity according to Drude’s theory of metals

At optical wavelengths, the electromagnetic properties of some metals closely
resemble those of an electron gas or, equivalently, cold plasma. The conduction electrons
coupled to the EM field influence the permittivity of metals. Under specific conditions, the
permittivity of metal may be modeled by the Drude theory of metals according to[8]:
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where o, is the plasma frequency, v is the average electron collision frequency, 7 is the
relaxation time (or average time between electron collisions), m, is the effective mass of the
electron, N is the conduction electron density, “e” is the electron charge and p is the DC
electrical resistivity of the metal. If »? +p? < w; , then g' < ( and surface plasmon-

polariton can be supported by a metal-dielectric interface. The plasma frequency is an
important parameter since for lower optical frequency the metal is opaque whereas at higher

frequency the metal becomes transparent.

2.3 Surface plasmon-polariton guided by a single interface

The discovery of the metal optical waveguides followed the work of many
researchers. Fano and Zenneck were the first to describe a mode guided by the interface
between semi-infinite media [9] [10]. Fano modes are found for non-absorbing media, while

Zenneck modes are found for absorbing media such as metal. In order for Fano modes to

exist, the condition: |32| > & and £, <0 must hold where g, is a collisionless plasma and g

is a lossless dielectric. This is not the case for Zenneck modes. In fact, only a small region of

the complex space for ¢, will not generate solutions. In the case of Ig'2| >> |g"2| the Zenneck

mode becomes almost a purely radiative mode, that is, a Brewster wave [11].

It is only after Otto, Kretschmann and Raether [12] introduced attenuated total
reflection (ATR) by which a prism is used to effectively couple the bulk EM wave to the
surface EM wave supported by an interface, that significant researching effort was devoted
to SPP. The interest in SPP modes was spawned by its highly localized fields near
interfaces, which make them particularly sensitive to any irregularities near those interfaces.
Hence, this property, along with information provided by ATR, constitutes a powerful

investigative tool to determine the properties and quality of interfaces and thin films.
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2.4 Surface plasmon-polariton guided by a thin metal film slab

In practice, thin metal films bounded by semi-infinite media are used instead of
single metal-dielectric interfaces since some of the modes supported by the thin metal film
structure exhibit lower losses than those supported by a single metal-dielectric interface. The
most relevant work regarding this structure was conducted by Burke, Stegeman and Tamir
[14]. Their work presents the numerous modes supported by this structure based on the fact
that a purely non-magnetic thin metal film slab can only support transverse magnetic (TM)
modes [7]. This makes thin metal films useful in polarizing applications. For the case where
the metal thickness is much greater than the classical skin depth, the solutions are decoupled
SPP propagating at each interface, which very much resembles the solutions found for the
semi-infinite metal-dielectric interface. When the metal film is thin enough, the SPP modes
guided by each interface become coupled by field tunneling through the metal, thus creating
supermodes that exhibit dispersion with metal thickness

In some instance of the structure, the substrate’s and superstrate’s refractive indices
were matched making a symmetrical structure and, in another instance, they were
mismatched. For a symmetric structure, a symmetric bound (sp) mode and an asymmetric

bound (ap) mode can be found as shown in Figure 5.2 where their phase ( ) and attenuation

(& ) constants are plotted as a function of film thickness. For the asymmetric structure, the
Sb, ap, Symmetric leaky (sp.), and asymmetric leaky (ar) modes can be found as shown in
Figures 5.3 and 5.4 where their propagation and attenuation constants are plotted as a
function of metal film thickness. The term “bound” and “leaky” indicate that the mode is
non-radiative and radiative respectively. The nomenclature comes from the particular field
distribution found for each mode. The symmetric mode comes from the fact that the
transverse electric field present in the slab structure does not exhibit a phase reversal within
the metal. Conversely, we refer to the asymmetric mode when the transverse electric field
suffers a 180°-phase reversal within the metal. An example of the field distribution of a
symmetric mode in a symmetric structure is the E, field (see details in chapter 5) of the s,
mode illustrated in Figure 5.11 and indicated as curve “a”. The propagation loss of the s,
mode diminishes as the metal thickness is reduced in opposition to that of the a, mode. This
is true for the symmetric and asymmetric structure as shown in Figure 5.2 and 5.4 (a). This

occurs because, for the s, mode, the field confinement within the lossy metal is reduced
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while it increases for the a, mode. For this reason, the s, mode is often called “long-ranged”
while the a, mode is short-ranged. When one designs a waveguide, a tradeoff has to be made
between propagation loss and confinement. A similar situation occurs for the s;, mode except
that, as the metal thickness is reduced, radiative losses become dominant. This is shown by
comparing Figure 5.6 curve “a” and D.2 because the main difference between these two
modes is radiation. For the a; mode the confinement increases as metal thickness is reduced,
therefore the radiative losses remain small compared to the losses incurred within the metal.
An important difference between the symmetric and asymmetric structure is that the
sp mode of the asymmetric structure exhibits a cutoff thickness while it does not for the
symmetric structure, which can be observed by comparing Figure 5.2 and 5.4. Instead,
beyond the cutoff thickness of the s, mode, a growing wave exists where more power is
provided than dissipated; therefore, the wave grows in amplitude along the structure [14].
This mode can only exist, if power is provided along the whole length of the device. The
asymmetric modes do not change in character as the film thickness is reduced except for a
change of confinement, attenuation and phase constants. This is not the case for the
symmetric modes, which evolves slowly towards the TEM mode supported by the
background material. Finally, these authors suggest “end-fire excitation”, different from the

ATR, as a new way to couple light to the SPP supported by the metal slab structure.

2.5 Surface plasmon polariton guided by thin metal film of finite width

2.5.1 Theoretical review

Thin metal film slabs are of limited practical interest since they offer 1D field
confinement only in the transverse plane and losses remain high for all metals at
communications wavelengths. Two-dimensional optical confinement in the transverse plane
can be achieved by a thin metal film of finite width, which is commonly named a plasmon-
polariton waveguide. Such a structure does not support pure TM modes; instead, all six field
components are present. The plasmon-polariton waveguides were analyzed in a symmetric
and asymmetric structure for various metal thicknesses and widths [15], [16], [17]. The
author makes a detailed analysis of the modes supported by the various waveguide structures
and presents results through graphs; The reader is strongly advised to read these publications

in order to properly comprehend the remaining of section 2.5.1 since it summarizes their
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results and graphs. Four fundamental bound modes were found for this structure: ga), sa;,

as) and ss) . Leaky modes also exist, but they have yet to be investigated in detail. The

nomenclature is an extension of the thin metal film slab’s nomenclature where the additional
letter indicates the symmetry or asymmetry of the main transverse electric field component
along the width of the waveguide. The subscript indicates whether the mode is bound or

leaky while the superscript denotes the number of extrema of the field component along the

width of the waveguide. All bound modes supported by the symmetric structure except qa;,

sa; and ss) have a cutoff thickness where m>0 indicates higher order modes. In addition to

exhibiting dispersion as a function of metal thickness, the modes also exhibit dispersion as a
function of width. Furthermore, the finite width metal waveguide has a cutoff width in

addition to a cutoff thickness. The general trend of these modes is that the attenuation
constant increases with vanishing thickness for the g4q ” and gg v modes while it reduces for
the ss;’ and gs 2. In particular, the ss;’ mode tends towards the TEM mode supported by the

background materials as the metal film vanishes. This is the main mode of interest in these

waveguides.

An asymmetric structure has a more complex behavior where it is possible that the
ss, mode (and possibly other modes) becomes asymmetric-like with decreasing metal
thickness. However, if this is not the case, then, the SSI(;) will exhibit a cutoff thickness that
was not present in the symmetric structure. Further detail is given in [15]. In any case, for a
very thin metal waveguide in an asymmetric structure, the ss, either does not exist or

exhibits too high propagation loss to be able to propagate a useful distance.

In a symmetric structure, the ssf mode is one of the most useful modes for practical

purposes since, for thin enough metal film, it can propagate a useful distance. In addition, it
is the only long-ranged bound mode, which does not exhibit cutoff in a symmetric structure.

In fact, it is possible to design and excite the waveguide in such a way that virtually only the

fundamental 550 mode propagates, which eliminates problems related to multimode

waveguiding. In addition, it was shown that the ssg mode supported by a thin metal

waveguide in a symmetric structure had a Gaussian-like intensity distribution suitable for
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end-fire excitation [15]. With careful design, this mode can be coupled to a SMF or

polarization maintaining fiber (PMF) with minimal coupling loss.

2.5.2 Experimental review

Recently, the plasmon-polariton waveguides were examined experimentally for the
first time [18], [19], [20]. Basic structures such as straight waveguides, tapers, Y-junctions,
couplers, bends and MZs were investigated for different widths. End-fire excitation was
proven to couple light effectively to the waveguide. Plasmon-polariton waveguides with
large aspect ratios w/t>>1, where “w” and “t” are the width and thickness of the waveguide
respectively, were shown to have high PDL as suggested by purely TM modes supported by
thin film slabs. For aspect ratios near unity such as a square waveguide, the waveguide is
shown theoretically to be insensitive to the input polarization of the optical source [21].

Consequently, for large aspect ratio metal optical waveguides, it is critical that the
input polarization of the optical source be perpendicular to the deposition plane of the metal
layer, if the plasmon-polariton wave is to propagate a useful distance. In the context of the
telecommunications industry, large aspect ratio metal optical waveguides may only find
applications near the transmitting end of an optical network where light is polarized. As light
propagates through the network, it becomes arbitrarily polarized and is not suitable for large
aspect ratio metal optical waveguides. Because the TO VOA presented in this work is made
of a large aspect ratio metal optical waveguide, it would need to be placed near an optical

transmitter.

2.6 Mechanism from which VOA functionality is possible

As was suggested by this chapter, it is possible to cutoff a mode supported by the
waveguide simply by introducing a refractive index asymmetry whether in a slab structure
or finite width waveguide. The input power would then be transferred to the other existing
modes, which are much lossier. A careful design could use the ss;’ mode such that, when it is
heated, it becomes asymmetric-like as proven by comparing results from reference [15] and
[16]. This would cause the attenuation constant to increase dramatically, which is useful in

the context of VOAs.
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There are other means by which heating can cutoff the modes supported by the
waveguide. Reducing the refractive index near the waveguide is one of them. It causes the
waveguide’s confinement to be reduced [20], causes more optical power to radiate and
couples to cladding modes. However, in this work, mode cutoff was achieved by introducing

a refractive index assymetry.
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3. Experimentation

In this chapter, the TO VOA will be designed, built and its thermal, electrical and
optical behavior will be investigated experimentally. In section 3.1, the TO VOA’s design
will be explained. Section 3.2 discusses the setup to stabilize the temperature of the sample.
The waveguide is also characterized electrically and calibrated for use as a temperature
sensor. In section 3.3 current is injected through the waveguide and the temperature increase
is measured. Waveguide degradation due to electromigration and electrostatic discharge
(ESD) is also investigated. Finally, in section 3.4, the waveguide is characterized optically.

The IL, ER, mode field diameter (MFD) and response time are measured.

3.1 Description of waveguide structure and method of fabrication

3.1.1 Design of the structure

The finite width metal optical waveguide is designed to exploit the basic properties
introduced in the previous chapter. Essentially, the waveguide is heated due to its ohmic
losses when a high current density is injected through it, which introduces an asymmetric
refractive index profile that induces cutoff of the mode supported by the waveguide. First,
the design of the waveguide structure will be explained from a thermal and optical
perspective.

A refractive index asymmetry can be easily achieved between the upper and lower
claddings when the sample is heated, if the claddings’ TOCs are of opposite polarity. It is
also important that the amplitude of at least one of the TOCs be large to minimize electrical
power consumption. Silica, a standard optical material, and an optical polymer were chosen.
Silica has a small positive TOC while the polymer has large negative TOC.

Silica having a higher thermal conductivity was placed between the heat source and
heat sink rather than polymer because it enables faster response time of the device, but at the
expense of electrical power consumption [22]. The “electrical power consumption”
performance parameter is considered to be of less importance than that of the response time
because it is already known that the heat source will affect light efficiently within this

particular structure (more on this next).
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Heat comes from the metal optical waveguide due to ohmic losses when a current is
injected through it. The maximum temperature of the waveguide is at its core and reduces
with distance from it, as does the electric field intensity, due to the optical excitation. For
this reason, it is expected that heat affects the optical mode efficiently and electrical power
is conserved.

Gold was chosen as the metal forming the waveguide for the following reasons.
Gold, a noble metal, is very chemically stable as it does not oxidize or tarnish as does other
metals. Its permittivity can be described by Drude’s model. In addition, its use as a metal
optical waveguide is known to produce low propagation losses as compared to most other
metals [20].

The distance separating the heat sink and heat source also affects power consumption
and response time of the device. Thermal investigation shows that reducing the thickness of
the top cladding slightly increases the device’s response time and reduces its power
consumption [22]. These results are based on the assumption that the device lies within air, a
good thermal insulator. However, it is important that the claddings be thick enough to not
perturb the modes supported by the waveguide. In such a case, the fields are negligible when
they reach the edge of the claddings. It was determined theoretically and reinforced with
experimentation that claddings 15um thick or more would be sufficient for normal operation
of the waveguide [23]. For this reason, the lower cladding, silica, is set to 15um. Given the
way that polymer was deposited on top of the waveguide, we did not have as much control
over its thickness (more on this later).

The heat sink is simply a large high thermal conductivity material with a large
surface exposed to its surroundings such that heat can be exchanged easily. Wafers on which
are built optical devices are typically made of silicon, a material with high thermal
conductivity. It will be shown in chapter 5, in the context of TO VOAs that silicon was not a
good choice from an optical perspective because its refractive index is not matched to silica.

In summary, we have committed ourselves to silica, polymer, silicon and gold as the
the claddings, heat sink and metal core respectively. Furthermore, the claddings are at least
15pm thick. The device is assumed to lie within the air. The device incorporating these

materials is constructed in the next section and is shown in Figure 3.1.
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3.1.2 Construction of the structure

The TO VOA structure presented in Figure 3.1 was constructed. In order to construct
this structure, wafers from Silicon Quest International having a 15um layer of thermally
grow silica on top of 600um silicon were used. The metal deposition was provided from
Carleton University. A mask was designed to pattern pure gold onto the thermal oxide.

Because gold does not adhere well on silicon dioxide, a thin adhesion layer of
Molybdenum a few Angstroms thick was first deposited onto the thermal oxide. As will be
shown in chapter 5, the modes supported by the waveguide structure have fields that are
large near the metal-dielectric interface. Therefore, it can be expected that the supported
modes will be especially sensitive to the material property near the interface. It is known
from simulations that Molybdenum as the waveguide’s core will produce higher propagation
losses than that of gold. It was determined that a very small adhesion layer, much thinner
than the gold thin film, will still have a noticeable impact on the total propagation loss.
However, a few Angstom thick of Molybdenum, a few atoms thick, will undeniably be an
uncontinous film making it much more difficult to model or determine its experimental
impact. In addition, there may be the presence of a cermet layer. As a first approximation,
the adhesion and cermet layer will be neglected in the optical model shown in chapter 5.

A 20 nm layer of gold was then deposited. The metal was patterned by removing it
in predetermined regions according to the mask in a lift-off lithography process.
Waveguides of 4, 6 and 8 microns wide were patterned along with arms extending
perpendicular to the waveguide on the thermal oxide as shown in Figure 3.1. It is known
from optical simulations [24] that the coupling loss to PMF for the 8um wide waveguide is
lower than that of the other waveguide widths; therefore, the 4 and 6 pum wide waveguide
had tapers at their input and output in order to reduce the coupling loss. Figure 3.2 is a cross-

sectional view of Figure 3.1, taken away from the pads.
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Figure 3.1: Isometric view of the waveguide structure.
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Figure 3.2: Cross-sectional view of the waveguide structure.

Subsequently, samples were sent to Surface Science Western for a line profile
measurement using atomic force microscopy (AFM) and it was determined that the gold
thickness was in fact 15 nm as shown in Figures 3.3 and 3.4. The line profile measurement
was done on two samples, X014604.13 and X014604.14, where the 8um wide waveguide
was deposited. The sample names will be referred as .13 and .14 henceforth. On sample .13
and .14 the width of the metal waveguide was measured to be 8.1pum and 8um respectively.
The metal thickness of both samples was measured to be the same, 15nm, which is

significantly different from the expected value of 20nm.
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Figure 3.3: Line profile measurements using AFM of sample .13.

One of the purposes of the arms of the waveguide is to connect the contact pads to
the waveguide electrically. The arms are made of gold and are of the same width and
thickness as that of the waveguide. The pads are made of a 0.5pm thick aluminum layer
since they must be robust enough to accommodate metal probe, henceforth named
electrodes, which will deliver the current to the waveguide. Because the pads are made of
metal, they can technically support a plasmon-polariton mode and interact with that of the
waveguide. This is unwanted and this is the reason why the main role of the arms is to bring
the pads further from the waveguide to minimize optical interaction. It is known that most of
the power of the fundamental modes supported by the waveguide is contained within a
radius of 15-20pm [23]. For this reason, the closest part of the pads is at a least 20 pm away
from the waveguide. Furthermore, the pads are also tapered as it reaches the arms of the
waveguide. The large rectangular region of the pads being 150pm x 100um is convenient
because it is difficult to insert an electrode very precisely even with the help of micro-

positionners.
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Figure 3.4: Line profile measurements using AFM of sample .14.
It is well known that metals may degrade from electromigration (to be discussed in a
later section) when a large current density is passed through [25]. For this reason, the whole
waveguide including its arms can be seen as a fuse in such conditions. Because we need the
waveguide to be heated through ohmic losses, it is important that it cannot sustain as much
current as the sum of the currents flowing through pad “a” and “b” or “c” and “d” as shown
in Figure 3.1. Arms on each side of the waveguide, in total, can carry twice as much current
as the waveguide; therefore, if current is injected from pad “a” to “c” and “b” to “d”, the
waveguide is most likely to be destroyed due to electromigration before the arms. For the
same reason, most of the heating will occur in the waveguide rather than its arms. However,
while testing the device in the laboratory, it was noted that it was difficult to insert all four
electrodes appropriately on the pads and conduct a full series of experiments without
damaging the waveguides. For this reason, to increase the probability that the experiments

would be conducted successfully, only two pads were used. For the same reason, resistance
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measurements will only use two pads. The purpose for making resistance measurements will
be explained later.

The sample was cleaved perpendicular to the longitudinal direction of the
waveguide to the desired length, which includes at least a few pads to be able to inject
current into the waveguide. A picture of the real device was taken and its top view is shown

in Figure 3.5.

Figure 3.5: Picture of the the waveguide with pads: Top view.

Finally, Nye optical curing gel (OCK-433) was deposited on top of the waveguide to
form the upper cladding. The gel addresses an issue. As most gels would behave, it is
possible to poke through it. Hence, this eliminates a few steps in the lithography process; we
do not need to etch a hole to be able to reach the pads as would be required with the use of
solid materials. On the other hand, the optical curing gel introduces another problem, but it
can be solved rather easily. Essentially, the gel is composed of two liquids that cure when
mixed together. As is expected from surface tension of liquids, the shape of the gel covering
the waveguide is not flat; it looks elliptical in shape. In fact, there is a serious concern
regarding the gel’s ability to cover the waveguide at its ends. It is important that the material
covering and supporting the waveguide be vertically flat at the edge of the sample, |
otherwise, it would cause undesired effects. A solution to this problem is to put a jig on top
of the edges of the sample as shown in Figure 3.1. The jig is constructed from fibers that

were stripped down. As seen from the figure at the input and output of the waveguide, there
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is a 125um gap between the edge of the sample and the fiber. As the curing gel is poured
into the jig, it fills the 125pum gap and the surface tension between the edge of the sample
and fiber causes the gel to be almost vertically flat. On the other hand, there is still an
elliptical shape on top of the sample. However, this will have a negligible impact on the
experimental results for the purpose of this thesis because the gel is very thick. Another role
of the jig is to prevent the gel from spilling outside of the sample during the curing process.

The thickness of the gel layer was measured by using a micro-positionner and an
electrode. The position of the electrode was recorded when it touched the top of the gel in
the middle of the sample. Subsequently, the electrode was poked into the gel until it touched
the silica and a second position was recorded. The difference in positions gave us the gel
thickness. There was a high variability from sample to sample. We determined that the gel
thickness varied between 500-1000um.

The material properties constituting the waveguide structure is as follows. Silica has
a refractive index of 1.4457+4*10™ measured with a Metricon at 1548 nm and room

temperature (near 23°C). The other parameters were determined from typical values from

the literature. The thermal conductivity is assumed to be 1.1 L [26] and the TOC is
mK

10.75*10° (°C)' [1]. The properties of silicon also come from the literature. The refractive

index is assumed to be 3.475 [1] with a TOC of 1.818*10™ [1] and thermal conductivity of

145 lK [27]. The thin gold film properties where obtained from the literature in similar
m.

conditions than our structure. The refractive index was assumed to be 0.55-1i*11.5 [1] (bulk

value) with thermal conductivity 30 _.V% [28] and electrical conductivity 1*107 (Qm)’
m.

obtained from the measurements in chapter 5. Those are thin film values, which are different

from the typical bulk values. The refractive index of the polymer is 1.4469 [29] at room
temperature with a TOC of -1.3*10™* and thermal conductivity of 0.14_% [30]. The
m.

refractive index of the silica and polymer can be matched by increasing the temperature of

the whole device uniformly with the use of a thermo-electric cooler/heater (TEC).
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3.2 Sample preparation for experiments

3.2.1 Sample setup for temperature stabilization

As explained earlier, we want to induce cutoff of the modes supported by the
waveguide when a current is injected through it. One the other hand, we wish to have
maximum output optical power when no current is injected. This occurs when polymer and
silica are matched. As we know, the polymer and silica have very different TOCs, which
means that, at a given ambient temperature, the claddings may be matched, but not at
another temperature. Devices on the market are required to operate in a large a range of
ambient temperature; therefore, for our design to meet those requirements, it is necessary
that the sample temperature be stabilized. This can be done by using a thermo-electric
cooler’heater (TEC). Unfortunately, temperature stabilization involves more power
consumption and extra cost. This is a disadvantage for our particular structure. Other designs
could eliminate this problem, but this is not one of the goals of this thesis.

Once the sample was constructed, it was placed on top and in the middle of a
thermo-electric heater/cooler (TEC), which is used to heat or cool the sample in order to
match the refractive indices of the silica and polymer. To control the temperature, a current
is injected through the leads of the TEC. The direction of the current flow dictates if a given
side of the TEC will heat or cool. A silver based thermally conductive compound was used
at the interface between the sample and the TEC to minimize the thermal contact resistance.
The sample was pressed firmly on the TEC and wiggled to make sure the thermal compound
would spread uniformly under the sample. A thermistor was also placed and fixed on top of
the TEC near the sample via a thermally conductive epoxy. The temperature on top of the

TEC could then be determined by using the Steinhart-Hart relation:

%=A+B*lnR+C*(lnR)3 G.1)

where T and R are the temperature in degree Kelvin and resistance in ohms respectively.
The parameters A, B and C are dependent on the specific thermistor used. The thermistor
that was used in the experiments had the following parameters: A=9.6542*10,
B=2.3356*10"" and C=7.7781*10"® and these parameters are valid between 0 and 69°C. The
leads of the TEC and thermistor were connected to a TEC controller. Essentially, a feedback

loop was created and the TEC controller was able to dynamically control/stabilize the
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temperature of the device to a desired value. Also, the TEC controller through the Steinhart-

Hart equation calculated and displayed the temperature detected on the top of the TEC.

3.2.2 Waveguide calibration as a temperature sensor

In addition to determining the temperature on top of the TEC, it is also useful to
know the temperature of the waveguide when it is heated by injecting a current through it
because, from this, we can determine the induced refractive index asymmetry that may
cutoff the mode supported by the waveguide. Unfortunately, heating the waveguide does not
generate a uniform temperature distribution throughout space and cannot be determined
from the thermistor. In such a situation, we would think that the most accurate temperature
measurement occurs when a thermal probe, such as a thermo-couple, is placed closest to the
waveguide. Because the thermo-couple is large in comparison to the dimensions of the
waveguide, placing it close to the waveguide would perturb the optical mode, the
temperature distribution and render the temperature measurement inaccurate. Another
approach was considered.

It is well known that the resistivity or resistance of a metals changes with
temperature. Near room temperature, resistance or resistivity varies linearly as a function of
temperature [32]. Conversely, it is possible to determine the temperature knowing the
resistivity or resistance of a metal given a calibration. The core of the waveguide is a metal,
therefore, it can itself be a temperature sensor; the need for a thermal probe is eliminated.
The same electrodes that are connected to the pads to inject current can be used to measure
the resistance of the waveguide and determine the temperature.

It is quite simple to calibrate the waveguide as a temperature sensor. A given length
and width of waveguide is selected for resistance measurement, the resistance is measured
and the temperature of the waveguide is noted. With the exact same electrode connection,
these measurements are accomplished for various temperatures of the device until the
temperature range of interest is covered. The temperature at the waveguide level is
determined from the temperature measurement of the thermistor on top of the TEC given the
assumption that they are the same when the waveguide is not heated. This is proven true in
Appendix A. In this manner, we can proceed with a non-invasive and accurate temperature

measurement.
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The resistance measurement was done by injecting a 100pA current into the
waveguides. We determined experimentally that such a small current does not produce
enough heat to influence the electrical and optical characteristics of the metal optical
waveguide structure. Furthermore, to eliminate the resistance of the wires from the
measurements we can use a four-point probe. Typically, two of the electrodes are connected
directly to one pad while the other two are connected to another pad; this constitutes the four
point probe. However, in practice I failed multiple times to introduce four probes on two
pads since, each time, either a probe accidentally scratched the waveguide or the effect of
elecstrostatic dischard destroyed it even if [ was grounded (something that I still don’t
understand to this day). Given the limited number of samples available for the experiments,
a less risky configuration was used instead: the four-point probe connections were made at
the end of the two micro-positionners where the input of the electrode is attached. Using this
particular configuration, only two electrodes are inserted onto the pads. Unfortunately, this
~ modified setup does not eliminate the resistance of the electrode and its contact resistance
with the pad. However, by plotting the resistance of a waveguide as a function of length, it is
possible to extrapolate this linear relationship to obtain a value at its ordinate. The value
found at the y-ordinate represents the total resistance of the electrodes including the contact
resistance with the pads. This value is subtracted from the results to obtain the true
resistance of the waveguide.

For each waveguide width, resistance measurements were made over the temperature

range of interest for a few waveguide lengths. The results are shown in Figures 3.6 and 3.7.
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Figure 3.6: Temperature calibration of waveguide on sample .14. (a) and (b) show the resistance versus
temperature of the TEC for the 8 and 6pum wide waveguide respectively for various waveguide lengths.
(c) and (d) show the percentage of variation of resistance of the 8 and 6um wide waveguide respectively
for various waveguide lengths when the sample is heated from the TEC. In the legend, the first number
indicates the waveguide width in microns. L1, L2, L3 and L4 are the lengths of the metal waveguide
between the pads. L1=4440pm, L2=2240pm, L.3=1640pum, L.4=840pum and L5=2290um. Resistance is
shown to be a linear function of temperature.
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Figure 3.7: Temperature calibration of waveguide on sample .13. (a) and (b) show the resistance versus
temperature of the TEC for the 6 and 4pum wide waveguide respectively for various waveguide lengths.
(c) and (d) show the percentage of variation of resistance of the 6 and 4um wide waveguide respectively
for various waveguide lengths when the sample is heated from the TEC. In the legend, the first number
indicates the waveguide width in microns. L1, L2, L3 and L4 are the lengths of the metal waveguide
between the pads. L1=4440pm, L2=2240pm, L3=1640pum, L.4=840um. Resistance is shown to be a linear
function of temperature.

Because the resistance versus temperature is a linear relationship, we can fit a linear
model through the experimental data using a least square method.

R=mT+b (3.2)
where “m” and “b” are coefficients to be determined by fitting the curve through the above
data. R and T are the resistance and temperature in 2 and °C respectively. Now that the
waveguides have been calibrated for some selected lengths and widths, we can introduce a
current through the waveguides, heat them via ohmic losses and monitor the temperature
using changes in resistances. The heat produced by the ohmic losses will change the
resistance of the waveguide in a similar way that the TEC achieved it. Because the thermal

conductivity of the metal is much higher than that of the polymer or silica, the temperature
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will be rather uniform inside the metal. Because the waveguide is now calibrated, it is easy
to determine the average temperature increase inside the metal due to the injection of
current.

In addition to calibrating the waveguide as a temperature sensor, we can determine
the resistivity of the thin gold film knowing the resistance and the cross-sectional area of the
waveguide. The thin film resistivity differs from the bulk resistivity.

The resistance of a bulk homogeneous isotropic rectangular material is defined by
the following equation:

R =P_; (3.3)
w

where R, p, L, w and T is the resistance, resistivity, length, width and thickness of the

material respectively. p is itself represented by the following equation:

m
_ (3.4)
p Ne*r

where m, N, e, 1 is the effective mass of the electron, the number of electrons per unit
volume, the electric charge and the relaxation time[8]. These equations do not apply to thin
films because many microscopic effects become significant. However, Equation (3.3) may
be used in conjunction with an effective resistivity where the microscopic effects are
considered.

Modeling the resistivity as a function of microscopic phenomena can become quite
complex. The effective resistivity of a thin film is higher than the one from bulk materials in
part because, in a thin film, the thickness of the waveguide can be comparable to or less than
the mean free path of the electron. The electrons are only mobile within the waveguide;
therefore, collisions at the interface between the metal and dielectric must occur. For thin
films, this phenomenon can be significant, while for bulk materials the internal collisions are
dominant [31]. The effective relaxation time or mean free path in a thin film is therefore
seen to be reduced which implies, according to Equation (3.4), that the resistivity is
increased. Grain size of the metal can influence its resistivity. The surface roughness of the
metal has also a small impact on the resistivity.

The resistivity of metals is known to increase with temperature. For a small range of

temperature near 20°C, the resistivity can be assumed to vary linearly according to
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Pr =p0[1+5(T_T0)] (3.5
where p_, p, and § are the resistivity at the temperature T, the resistivity at the standard

temperature Ty and the temperature coefficient of resistivity for the particular metal,
respectively [32]. It follows that resistance will also vary linearly in those conditions.
Figure 3.8 represents the resistivity of the gold metal as a function of sample

temperature determined from waveguides of various widths and lengths.
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Figure 3.8: Resistivity of gold as a function of temperature.

Notice the significant difference in resistivity from sample .13 and .14. The
difference in resistivity is probably due to the different deposition conditions. De-embedding
errors from the contact and electrode resistance is not significant enough to account for the
discrepancy. Although the thickness of all waveguides is 15nm, the width of the 4um and
6pm wide waveguide was not measured using AFM. The results shown in Figure 3.8 are

based on the assumed widths.
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Based on equation (3.5), we determined § for thin films. We obtained 1.4* 103ccy?!
for the .14 sample and 1.2* 103(°C)™! for the .13 sample.

3.3 Electrical and thermal characterization of waveguide

3.3.1 Effect of current on resistance and temperature of waveguide
Resistance was measured as a function of injected current through the waveguide
and results are illustrated in Figure 3.9. Figure 3.9 (a) shows the percentage variation of
resistance as a function of applied power density for a few waveguide widths and lengths.
The relationship between power density and current density is shown in Figure 3.9 (b). The

relationship between power density and power per unit length is shown in Figure 3.9 (d).
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Figure 3.9: Temperature increase of waveguide from injection of current. a) represents the percentage
of variation in resistance as a function of applied power density for various waveguide lengths and
widths. The relationship between current density and power density is shown in Figure b). Figure c)
shows the increase in waveguide temperature as a function of the applied power density. Figure d) shows
the electrical power per unit length dissipated for known cross-sections of the metal waveguide as a
function of power density.
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From the theory of thermo-dynamics, we know that the temperature increase of the
waveguide is directly related to the input power in the form of heat. In fact, it appears linear
as shown by Figure 3.9 (c). The heat generation due to ohmic losses is of the form P=RI%,
consequently it follows that the temperature increase as a function of current is of the second
order. A curve can be fitted to the experimental data through an equation that takes the
following form:

R=nP,+c (3.6)
where “n” and “c” are coefficients to be determined by fitting the curve to the experimental

data. “R” and “ p,_” are the resistance and electrical power density applied to the waveguide

respectively. The experimental data for Equation (3.6) is found by measuring the resistance
as a function of the injected current into the waveguide. Except for the second order
behavior explained above, there is no particular reason why Equation (3.6) should take that
form. We are merely trying to find a simple equation that closely fits the data points. By
equating Equation (3.2) and (3.6) and isolating the temperature, it is possible to find the
temperature of the waveguide for an applied power density (or current density). To find the
temperature increase due to the applied power density into the waveguide, the following
relationship is useful:

P .
AT =" Hetezb o 3.7)
m

where “n” and “c” were found from Equation (3.6) while “m” and “b” were found from
Equation (3.2). AT and T, are the variation of temperature due to injected electrical power
density and the TEC temperature respectively. From Equation (3.7), the temperature
increase is plotted as a function of electrical power density, as shown in Figure 3.9 (c), for
different waveguide widths and lengths. Essentially, Figure 3.9 (¢) shows that, for the same
applied power density, a wider waveguide will provide more temperature rise than a
narrower one. This is also the reason why, for the same power density, the percentage of
variation of resistance for the wider waveguide is larger than that of the narrower one. It is
important to reiterate that Equation (3.7) is an average temperature increase because the

temperature in the waveguide is almost but not quite uniform.
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Power density is useful to compare waveguides of different geometry, but in the end,
we want to know how much a given waveguide structure will consume power. For this
reason, rather than expressing results as a function of power density, they can be expressed
as a function of the electrical power consumption per unit length considering the cross-
sectional area of each metal waveguide. For this purpose, Figure 3.9 (d) shows the power
per unit length as a function of power density for all waveguide geometries. The figure
shows that, for the same power density, a wider waveguide will consume more electrical

power per unit length than a narrower one.

3.3.2 Electrical phenomena degrading waveguide: electromigration and

electrostatic discharge

A scheme was devised to cutoff the mode supported by the waveguide by
introducing a refractive index asymmetry by heating the metal waveguide through ohmic
losses when a current was injected through it. However, based on the high current density
required to heat the waveguide sufficiently to have a significant optical impact, we
recognize a potential problem. The current density injected through the metal may be so
high that it may suffer degradation. For gold metal, the current density threshold at which
degradation (or a change of morphology) occurs is as low as 9 GA/m*-70 GA/m? [25]. The
degradation process is named electromigration. Electromigration occurs when the heavy
positive ions constituting the metal are displaced due to the strong electron-wind colliding
on them when a high current density is applied.

In a polycrystalline metal such as in the case of our metal waveguide, the
electromigration mechanism occurs predominantly through the migration of ions along the
grain boundaries [33]. Unfortunately, the size of grain boundary reduces as the metal
deposition thickness becomes very small such as in the present metal waveguide. The
concentration of grain boundary per unit volume therefore increases and facilitates
electromigration. A solution to this problem is to use a metal deposition process that
produces large grain size even for thin films. It would be desired that the metal constituting
the waveguide be a single crystal since it lacks grain boundaries. In addition,
electromigration resistance can be improved with the presence of another metal whose ionic

mobility is lower than that of the constituting metal of the waveguide’s core. This metal
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combination (or alloy) may adversely affect the propagation loss of the waveguide. In
addition, it would be preferable that the alloy be deposited in its amorphous form since it
lacks the grain boundaries favorable to electromigration [34]. The presence of H; in gold is
known to increase the electromigration resistance [35].

The electromigration phenomenon is non-reversible and will eventually destroy the
wire if the current density is not reduced. Hence, in these conditions, the resistance of the
wire can change dramatically over time. The rapidity of degradation, for a given current
density, depends on material deposition conditions, metal melting point and temperature of
the structure [25] just to name a few. From these facts, this morphology-altering
phenomenon could potentially be a limiting factor on the performance, reliability and life-
time of the thermo-optic device. Therefore, we must investigate, given our range of
operation, if this is an immediate problem.

Usually products are tested for long-term reliability, but for the purpose of this
thesis, only a short-term electromigration test will be investigated. A waveguide surviving
this test is believed capable of surviving at least a few days within the normal limits of
operation if not more. In order to conduct the electromigration test, probes were inserted
onto the pads beside the waveguide and different levels of current intensity starting at 0.1
mA with increasing steps of ImA, were injected into the waveguide. Because
electromigration alters the resistance of the waveguide, each level of current intensity was
applied for two minutes using a current source and the resistance was observed as a function
of time. The temperature of the sample was stabilized during the whole experiment through
the TEC. In 8, 6 and 4 pm wide and 15 nm thick waveguides, 13, 10 and 7 mA were
required respectively before a variation of resistance as a function of time could be detected.
The corresponding threshold electromigration current densities are 108.3, 111.1 and 116.6
GA/m” respectively. We would expect that resistance increase steadily from degradation of
the waveguide, but in fact, the resistance would reduce and increase multiple times as a
function of time. Eventually, the resistance increases before the waveguide is completely
destroyed. After the test, the waveguide was brought back to room temperature and the
resistance was measured and compared to those before the test. Both values were distinct
indicating that electromigration altered the waveguide’s resistance. This along with short-

term tests, are reasons why the true electromigration threshold current density is believed to
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be lower than demonstrated by this test. This is consistent with the current density values
obtained from literature. The maximum current density used in the experiments was 66.6
GA/m? and this is deemed sufficiently low to not have a destructive impact on the
waveguide in the short-term but, yet, high enough to have a reasonable impact on the optical
mode. The electromigration issue is therefore not an immediate concern in the short-term.

Before and after injecting current to heat the waveguide throughout the experiments
in this chapter, the resistance was measured and compared. The results suggest that no
macroscopic changes occurred in each waveguide during the optical measurements, which
typically lasted a few hours. Therefore, in all the measurements, it was assumed that no
significant metal degradation occurred causing the results to be questionable.

As was already mentioned in chapter 2, the modes supported by the waveguide are
very sensitive to any irregularities in the thin metal film due to their highly localized fields
near interfaces. Although surface plasmon-polaritons were used to evaluate the quality of
deposited film, they were never used to study metal degradation due to electromigration. As
electromigration degrades the quality of the film, it is expected to influence the surface
plasmon-polariton mode propagating through the metal optical waveguide.

In order to investigate this impact, the same setup as explained in section 3.4.2 was
also used here. Essentially, the input of the waveguide was excited with a PM fiber whose
polarization is set perpendicular to the plane of the waveguide. The output of the waveguide
was collected by a multimode fiber (MMF) connected to an optical power meter. The
temperature of the sample was set to match the refractive index of the polymer and silica
claddings. At first, the optical output was measured without injecting current through the
waveguide. Subsequently, different levels of current intensity starting at 3 mA with
increasing steps of 1mA were injected into the waveguide. The optical output was measured
as a function of time for a given injected current density. Of course, upon injecting current
through the waveguide, it will heat and cause a refractive index mismatch that will tend to
cutoff the mode supported by the waveguide. However, once the temperature has stabilized
in the structure, it is expected that the optical output will remain constant assuming that
electromigration is not occurring. In the event that electromigration degrades the waveguide,

it is expected that the optical output will fluctuate as a function of time.
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The experiment was preliminary so only qualitative results are provided at this time.
We observed that at current densities lower then the electromigration threshold current
density, the output optical power remained constant. On the other hand, for current densities
higher than that for electromigration, the optical output was attenuated as a function of time.
Interestingly enough, at even higher current densities, upon increasing the current, the
optical output intensity temporarily increased for a few seconds and, then, resumed its
steady decrease. The temporary optical fluctuation is believed to be due to the thermal
transients. Even when the waveguide was destroyed due to electromigration, the optical
output power could still be observed, but its intensity was slightly reduced as compared to
that before the electromigration test.

The main difference between the resistance fluctuation measured above and the
optical fluctuations is that, at every increase in level of current density, the optical output
consistently increased before resuming its steady decrease. On the other hand, the resistance
fluctuation did not seem to follow any particular pattern except at the rupture of the
waveguide.

Finally, another phenomenon that has a destructive impact on the waveguide is the
electrostatic discharge (ESD). Given the electromigration tests, we know that a current
density even lower than 110 GA/m? may cause degradation of the waveguide. Given the
resistance of the samples, only 77 V is required to cause degradation of the waveguide. A
few standard human body ESD models exist in the literature, but it is still not clear which
one reflects most accurately the reality since the result depends on the exact method of
measurement [36]. However, it is known that our body can easily develop a difference of
potential of many thousand volts in the right conditions [37]. In addition, each model has
something in common; the human body can accumulate enough charge to sustain a human
body ESD of a few amperes for a few microseconds [36]. To develop a model to determine
the minimum amount of energy (sustained current) required to destroy a thin metal electrode
would require extensive research and this is too great a task for this thesis considering that it
is not part of our main goal. However, because the human body can sustain ESD current
many orders of magnitude higher than that required for electromigration in our metal
waveguide, it is expected that the time required for the waveguide to rupture (or to be

destroyed) would be significantly less than 2 minutes (see electromigration tests explained
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earlier). Therefore, amperes of current sustained for a microsecond or less seems plausible to
destroy the waveguide.

An experiment was conducted by accident, which confirms our suspicion. After
setting up the experiment as explained in section 3.2.2, the waveguide was observed through
a microscope. The waveguide was of good quality and the Keithley source meter indicated
its resistance. Unfortunately, right after observing the waveguide, one of the waveguide’s
electrodes was touched and I was not grounded. A big shock was felt; a large ESD occurred
through the waveguide. According to the literature, an ESD of at least a few thousand volts
occured. It is at that moment, that the source meter indicated an open circuit proving that the
waveguide was ruptured. It could be observed through the microscope that the waveguide
was, now, completely destroyed as shown in Figure 3.10 (b). In fact, damages caused by
ESD are much more severe than that from the electromigration as can be observed by
comparing Figure 3.10 (a) and (b). The optical output could still be observed even when the
waveguide was completely destroyed by ESD, but its intensity was reduced substantially.

Hence, we are concerned that an ESD coming from the human body or other source
could destroy the waveguide. It is crucial that we take all necessary precautions to prevent
the device from the damaging effect of ESD. Standard ESD prevention and protection
circuitry can be applied to protect the metal waveguide. ESD protective equipment includes
but is not limited to wrist wrap connected to ground, ESD protected work stations,
protective packaging, protective bags, conductive foam, electrostatic detector, conductive
floors, special clothing, air ionizers and faraday shielding. Protection circuitry includes but
is not limited to series resistance, shunt capacitance and shunt diodes at the input electrode
of the device. Alternatively, more elaborate circuitry can be used to protect the device such

as the use of transistors.
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Figure 3.10: Degradation due to electromigration and electrostatic discharge of the metal optical
waveguide. a) is degradation due to electromigration whereas b) is the degradation due to ESD.

3.4 Optical characterization of waveguide

3.4.1 Insertion loss as a function of sample temperature

In the last section, the waveguide was calibrated, characterized electrically and
thermally. The waveguide will now be investigated optically. As was explained earlier, the
optical modes supported by the waveguide can be cutoff simply by introducing an
asymmetry in the refractive index profile near the waveguide. This can be achieved in two
ways, injecting a high current density into the waveguide and/or heating/cooling the sample
with a TEC. We will start by investigating the latter situation. The goal is to measure the IL
as a function of sample temperature or equivalently, the induced refractive index
asymmetry. The sample must first be prepared for the experiments, then, measurements will
be made and results will be presented.

It is known that only TM modes are supported by a thin metal film slab [7]. From
these facts, it was suspected and later shown experimentally that the propagation loss of the
laser beam propagating through the finite width waveguide is very sensitive to its
polarization state [19] [20]. Equivalently, the waveguide has a very high PDL in this
particular waveguide geometry. For this reason, a Tunics polarized laser was connectorized
to a PMF and its polarization was oriented normal to the metal deposition plane in order to
minimize propagation loss.

The elevation angle of the fiber is matched to that of the sample by making the fiber
parallel to the TEC on which lies the sample. The other horizontal angle was adjusted by
placing the input fiber over the sample with its position aligned with that of the waveguide

such that, by observation, we could match the angle of the fiber with that of the waveguide.
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The input fiber was, then, removed from the top of the sample and placed at the input
cleaved vertical face of the sample where the input of the waveguide is located. The position
of the input fiber was aligned vertically and horizontally with the input of the waveguide
with the use of micro-positionners. In order to minimize the return loss, index matching oil
was used between the fiber and the input of the sample. To make sure that the input fiber
was aligned properly to the input of the waveguide, the output of the waveguide was
captured by an “Electrophysics” CCD camera using a Melles-Griot 6x microscope objective.
The CCD camera was connected to a monitor. The position of the objective was adjusted
such that the image on the monitor was in focus. Whenever the input fiber’s alignment was
optimal, a Gaussian shaped bright spot was displayed on the monitor. However, the spot
can only be seen if the top and bottom claddings’ refractive indices are matched; therefore,
the TEC was tuned to match the claddings prior to trying to observe the output of the
waveguide.

An estimate of the temperature needed to match the claddings can be determined by

the following equations:
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where Equation (3.8) and (3.9) are linear equations describing the dependence of the
refractive index to temperature. n, aa—; and T represent the refractive index, TOC and

temperature respectively. T1 and T3 are the temperatures from which the refractive indices
of the polymer and silica were measured or obtained from the literature. T2 is the
temperature at which polymer and silica will be brought to match their refractive indices.
The subscripts identify of the material, the wavelength and temperature for which the
refractive index and TOC are represented respectively. When the refractive index of the
silica and polymer are matched, Equation (3.8) and (3.9) are equal. By equating these two

equations and isolating T2, we obtain:
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which is the temperature required to match the claddings. Replacing the variables with the
material properties mentioned in the beginning of the chapter, we obtain a temperature of
31.52°C. We iteratively optimized the temperature and position of the input of the
waveguide to obtain a nice bright spot in the monitor. In the experiments, the actual
temperature to match the claddings was near 27.50°C.

Since the CCD camera is connected to a computer, it is possible to take digital
pictures of the output of the waveguide. Now that the alignment is reasonable enough to
excite the waveguide, the microscope objective and CCD camera were removed and the
optical output was collected instead by an Agilent power meter through a MMF.

The reason for using a MMF at the output of the sample was to collect the maximum
amount of light near the waveguide resulting from its large core. However, after reflection,
we realized that the core of the MMF was too large. It not only captured the optical power
supported by the waveguide, but it also captured the power from cladding and radiative
modes. As a result, even when the waveguide was cutoff, the MMF still collected a
reasonable amount of cladding and radiative power. A SMF would have been a better choice
since its core is small enough to only capture the optical power supported by the plasmon-
polariton waveguide. Therefore, with the presence of a SMF at the output of the sample, the
TO VOA is expected to achieve a better ER than with that of a MMF.

In any case, the angle and position of the output MMF was matched to that of the
waveguide using the same procedure than was done for the input fiber. The alignment of the
output fiber was optimal whenever the power detected was maximized. Finally, a final
adjustment was made by iteratively optimizing the input and output fiber and temperature of
the sample. The alignment of the input fiber was optimized with the power meter because it
is more accurate than making an estimation based on the observation of the CCD camera.

The electrodes were inserted onto the pads prior to having aligned the fibers with the
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waveguide, because inserting electrodes can move the sample; the fibers would need to be
realigned.

The measured IL as a function of sample temperature is displayed in Figure 3.11.
There are a few phenomena competing to produce those results. The first phenomenon was
purposely designed as the refractive index mismatch. As the sample temperature changes,
the claddings eventually becomes unmatched and the optical modes is displaced such that
less power is collected by the MMF. Notice the asymmetry in the IL profile surrounding the
optimum temperature (temperature matching the claddings). This occurs because the optical
mode starts to be displaced due to the refractive index mismatch at the waveguide level and
sees an asymmetric structure due to the proximity of the silicon and its large refractive
index. A very similar structure was investigated experimentally except that the silica was
made very thick (making a more symmetrical structure) and results were shown to be much
more symmetrical [38]. The curve represented by 6um.13 and 4um.13 do not reflect the real
IL because the input of the sample was contaminated with the conductive compound used
between the sample and TEC. The main impact of the contamination is to increase
uniformly the IL over the whole range of temperature. There was no simple way of cleaning
the sample without risk of destroying it because the curing gel is very delicate. It is to be
noted that the .14 and .13 samples have a difference in length. The .13 sample is 7.31 mm
long while the .14 sample is 7.13 mm long; therefore, the results are not strictly comparable

even though we will do so.
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Figure 3.11: Insertion loss as a function of sample temperature. 8um.14 indicates that results were
obtained from an 8um wide waveguide on the .14 sample. The results from the .13 sample are somewhat
questionable because the sample was contaminated. The asymmetric IL profile around the optimal
temperature comes from the asymmetry in the structure.

The second phenomenon is undesired and occurs due to material expansion or
contraction from heating or cooling. The input and output fibers were aligned with the
sample at the optimum temperature to match the refractive index of the claddings. When the
TEC heats or cools the sample, the sample, the TEC and supporting structure will expand or
contract. Since the input and output fibers are not fixed (or bonded) onto the sample, a
misalignment may occur due to the expansion or contraction. A misalignment causes the

waveguide to be improperly excited and the output will not collect as much optical power

resulting in less optical power detected by the power meter.

Another less important phenomenon that contributes to the IL profile is that when the

waveguide is heated its resistivity increases as was demonstrated in section 3.2.2 and 3.3.1.
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The increase in resistance will have an impact on the permittivity of the metal in reference to
Equation (2.1) through (2.5), which will also affect the IL.

Those were the phenomena competing to produce the result in Figure 3.11. The
second phenomenon can be eliminated by bonding the input and output fibers to the sample.
However, given the limited number of samples and the possibility that gluing the sample
properly might fail, the risk was too high to attempt. It was not clear which two dominating
phenomena was most important. Robert Charbonneau, working at Spectalis Corp. such as I
was during the course of my thesis, had a large quantity of samples. He was able to use a
similar structure for the same experiment except that the input and output fibers were
bonded onto the sample. Comparing both results revealed that the misalignment due to
expansion is the dominating effect of the IL profile shown in Figure 3.11 [38] (more on this
in the discussion of chapter 5).

" An array of pictures was taken with the CCD camera for the 6 and 8um wide
waveguide on the .14 sample at different temperatures. As can be seen in the array of
pictures in Figure 3.12, there is some unwanted noise that degrades the quality of the
picture. We later found out that because instruments were connected on different power
bars, it caused ground loops, which were the source of the noise. Unfortunately, during the
experimentation process the sample was broken so those are the best pictures currently
available. Fortunately, this is not the case in Figure 3.13. When the temperature of the
sample is below that required to match the claddings as shown in Figure 3.12 (a) and (b) and
Figure 3.13 (a) and (b), the refractive index of the polymer is higher than that of the silica,
the waveguide is cutoff and most of the power radiates into the polymer. In addition, the
fibers are misaligned with the sample due to expansion and contraction of the materials. As
the temperature is further increased, the refractive index of the polymer and silica becomes
closer, less optical power radiates into the polymer and more is guided by the metal
waveguide. At the optimum temperature, the claddings are matched and almost no power
radiates as shown in Figure 3.12 (e) and Figure 3.13 (e). Furthermore, the fibers are properly
aligned with the sample. This is where the IL is minimal. When the sample temperature is
higher than that to match the claddings, the refractive index of the polymer is below that of
the silica. We would expect the optical power to start radiating towards the silica, but this

does not happen. Instead, the spot only dims and change shape slightly. The presence of the
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silicon having a large refractive index mismatch with silica has a confining effect that

prevents light from escaping the waveguide through the silicon given that light propagates

parallel to its interface. In addition, the fiber misalignement causes the output to dim.

29°C

Figure 3.12: Picture array of optical output as a function of TEC temperature for the 8um wide
waveguide on sample .14.

29°C

Figure 3.13: Picture array of optical output as a function of TEC temperature for the 6pum wide
waveguide on sample .14.

3.4.2 Insertion loss and extinction ratio as a function of power density
We are now going to investigate the IL and ER as a function of current injected into

the waveguide. The same setup as the previous section is used except that the TEC
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temperature is set to match the claddings while a high current density is injected through the
waveguide. Other combinations could have been chosen. In reference to figure 3.11, we
could have set the TEC temperature under the optimum value to match the claddings and,
then, inject a current through the waveguide to bring it to the optimal temperature. However,
because only 4.44mm or less of the waveguide is heated relative to its total length (near 7
mm) as shown in Figure 3.1, a portion of the waveguide would remain unmatched causing
the ER of the VOA to be poor. Thus, the earlier method is chosen.

An array of pictures was taken with the CCD camera for various applied electrical
power densities for the 8 and 6pm wide waveguide from the .14 sample. In each case, the
heated length was 4440um on a sample around 7.3mm long. The claddings were matched
with the TEC prior to injecting current through the waveguide. On the lower right hand

corner of each figure is a number which represent the applied electrical power density in

%. As shown in Figure 3.14 and 3.15, as more current is injected through the waveguide
| (or for higher applied electrical power density), the bright spot is seen to dim. Also, not as
clear in Figure 3.14 (c), (d), (e), (f), (g) and (h) and Figure 3.15 (c), (d), (e) and (f) we can
see a small amount of optical power radiating from the sides and top of the waveguide.

The maximum temperature of the waveguide is at its core and reduces with distance
from it. The polymer’s TOC is negative; therefore, its refractive index near the core of the
waveguide will be lower than that further from the core. The TOC of silica is positive;
therefore, its refractive index near the core of the waveguide will be higher than that further
from the core. Light tends to propagate where the refractive index is higher. When the
waveguide is heated, the refractive index gradient in the polymer becomes large enough to
pull some light away from the waveguide. As a result, we can see light radiating to its sides
and on top. There is no light radiating from the bottom of the waveguide because the silica’s
refractive index is higher closer to the waveguide. In the previous section, the picture array
did not reveal any lateral radiation.

The impact of expansion and contraction of materials due to heat is assumed
negligible since only a small area around the waveguide is heated as opposed to heating the

whole sample with the TEC. Furthermore, only a small section near the middle of the

waveguide was heated. Both ends of the waveguide are not heated and it is not expected that
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the input and output fibers become misaligned with the sample. In any case, it would have

still been preferable if the input and output fibers would be bonded onto the sample.

0.00629 0.0252

0.159

Figure 3.14: Picture array of optical output as a function of applied electrical power density for an 8um
wide waveguide with a 4.44 mm heated section on .14 sample. Electrical power density is expressed in
mW
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Figure 3.15: Picture array of optical output as a function of applied electrical power density for a 6 pm
wide waveguide with a 4.44 mm heated section on .14 sample. Electrical power density is expressed in
mw .

3

m

The CCD camera was removed and a MMF connected to a power meter was aligned
with the sample. IL and ER measurements as a function of applied electrical power density
are shown in Figure 3.16, 3.17 and 3.18 respectively for various heated waveguide widths

and lengths.
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Figure 3.16: Insertion loss as a function of applied electrical power density for a variety of waveguide
widths and lengths. a) and b) are measurements of the 8 and 6pum wide waveguide on the .14 sample
respectively while ¢) and d) are measurements of the 6 and 4 pm wide waveguide from the .13 sample. In
the legend, the first number indicate the waveguide widths in microns and is followed by L1, L2, L3, L4
or L5 specifying the length of the heated section of the waveguide. The last value identifies the sample.
Any IL measurements obtained from sample .13 are somewhat questionable because of its
contamination. L1=4440pm, 1.2=2240pum, L.3=1640um, L4=840pum and L5=2290um.

The comparison of Figure 3.16 a) and b) shows that the unheated 8um wide
waveguide exhibits more IL than that of the 6um wide waveguide. Figure 3.17 shows that a
longer heated section of the waveguide, for a given width, enables a larger ER. Figure 3.18
reveals that a wider waveguide, for a given length, achieves a larger ER because it achieves
a larger variation of temperature. Figure 3.19 shows the same information as figure 3.17

except that it is expressed as a function of electrical power consumption.
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Figure 3.17: Extinction ratio as a function of the applied electrical power density for a variety of

waveguide widths and lengths. a) and b) are measurements of the 8 and 6um wide waveguide on the .14

sample respectively for different lengths while c) and d) are measurements of the 6 and 4 pm wide

waveguide from the .13 sample respectively for different lengths. In the legend, the first number indicate
the waveguide widths in microns and is followed by L1, L2, L3, L4 or LS specifying the length of the

heated section of the waveguide. The last value identifies the sample. L1=4440pum, L.2=2240pum,
L3=1640pm, L4=840pm and L5=2290pum. Contamination of sample .13 is not expected to have an

impact on the ER.

49



&)

5
g g
z z 1
W iy
450 —— 6L2.14
A 6L2.13
g, -o- 4L2.13
. , e S . A . A
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
P 4o (MW/um?) P 4o (MW/pm)
%, © Rgo @
] -~
‘?}7@-& ., 0-0-0-0._g.
-5 \?\‘\' “O. 5 ok ey ~€
= \.".'“\*.‘ ©- -6 - N . ~~~§~ ‘~~,|_
% -\\. -*\ -~ c_g s.~~
RoA ~. "Sb T
5 -10 . ~— % 10
w .. |
y ~. .
3
451 = 8L3.14 ] A5l == 8L4.14 ]
-+ 6L3.14 -+ 6L4.14
-0 4L3.13 -9~ 4L4.13
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
P 4o (MW/um?) P 4o (MW/m?)

Figure 3.18: Extinction ratio as a function of applied electrical power density for a variety of waveguide
widths and lengths. It compares the same information as the previous figure in a different order. a), b),
¢) and d) compare the same waveguide length to different widths. In the legend, the first number
indicate the waveguide widths in microns and is followed by L1, L2, L3 or L4 specifying the length of the
heated section of the waveguide. Finally, the last value identifies the sample, L1=4440pm, 1.2=2240pm,
L3=1640um, L4=840pm. The contamination of sample .13 is not expected to have an impact on the ER.
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Figure 3.19: Extinction ratio as a function of applied electrical power for a variety of waveguide widths
and lengths. In the legend, the first number indicate the waveguide widths in microns and is followed by
L1, L2, L3 or L4 specifying the length of the heated section of the waveguide. Finally, the last value
identifies the sample. L1=4440pum, 1.2=2240pm, L.3=1640pm, L4=840pm, L5=2290pm. The
contamination of sample .13 is not expected to have an impact on the ER.

Results of Figure 3.19 show that an 8um waveguide whose 4.44mm section is heated

with a power consumption of about 222mW is able to achieve 19dB ER for this particular

structure.

3.4.3 Determination of propagation loss, coupling loss and return loss

In addition to the IL, we would like to obtain the return loss (RL), coupling loss (CL)
and propagating loss of the waveguide from the measurements. We can obtain these results
by following the standard fiber optic test procedures (FOTP). The procedure to obtain the
propagation loss of the waveguide is the well known cutback method [39]. Essentially, we

must make IL. measurements for a few different sample lengths (or waveguide lengths). The
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IL is plotted as a function of waveguide length. A straight line is fitted through the data
points using a least square method. The value of the straight line at the abscissa is the total
coupling loss from the input and output of the sample. Assuming the input and output
coupling loss are equal, we divide the result by two to obtain the coupling loss of either the
input or output of the sample. The slope of the straight line is the propagation loss.

Unlike, the description in the FOTP, we are purposely using a polarizing maintaining
coupler for our particular measurements. Since the coherence length of the input laser is a
few meters while the sample size is about 7mm and since the laser has a narrow linewidth,
constructive and destructive interference will influence the results. To eliminate the effect of
interference, a broadband source would be required. A broadband optical source is available
but not in a connectorized form, which is necessary to be able to connect it to the only
available coupler for the RL measurement. Another method can give similar results than that
of a broadband source; one needs to sweep the tunable laser near the wavelength of interest,
fit a line through the experimental data and find the value at the wavelength of interest.

IL measurements were done for three sample lengths: 7.31 mm, 5.60 mm and 3.42
mm respectively for the 8um waveguide on sample .13. Typically, four or more sample
lengths should be measured to obtain acceptable results, but there was not enough samples
to do so. Furthermore, these measurements could not be conducted for the 4pm and 6um
wide waveguides because, at the point in time, these samples were damaged. The
measurements were done at a temperature matching the claddings and without injecting
current into the waveguides. IL measurements as a function of wavelength near 1550nm are
presented in Figure 3.19. The straight line superimposed onto the data points is a linear fit as
explained above. Figure 3.21 (a) shows the IL as a function of sample length. A straight line
is fitted through the data points from where we obtained a coupling and propagating loss of
1.32 dB and 11.83 dB/cm, respectively. We compared these result with those obtained from
other samples where the metal waveguide was thicker [40]. The results were noticeably
different. The quality of the metal deposition of sample .13 and .14 are not believed to be as
good as the later sample measured in [40], which may contribute to higher propagation loss.
In fact, many of the earlier samples were not perfectly rectangular; some of the waveguides
were slightly elevated at the superior edges attributed to lift-off lithography. In addition, the

measurements in reference [40] did not have pads or arm coming out of the straight
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waveguide. The pads and arms of the waveguide should have a negligible impact on the
optical mode, but this was not confirmed experimentally. More measurements should be

made to validate these results in the future, if the necessary resources are available.
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Figure 3.20: Insertion loss as a function of wavelength for the 8um wide waveguide at different
waveguide length. The ripples are in great part due to interference effects. The straight line is used to
average the effect of the ripples and obtained the insertion loss at the desired wavelength. L.1=3.42 mm,
L2=5.06mm and L.3=7.31mm

According to reference [42], to obtain a RL measurement, we need to use a three port
coupler. If a coupler has more ports, the other ports must be matched at all times. The output
of the laser source is connected to port one (P1) of the coupler as shown in Figure 3.19. The
output of the coupler (P3) is connected to the input of the device under test (DUT). For our
sample, this means that the fiber is aligned with our waveguide as described earlier. The
temperature of the sample is also adjusted to match the cladding. Finally, the output of the
sample (or DUT) is matched. Any power reflected from the DUT goes back into the coupler

through P3 and a fraction of this power comes out of P2 where an optical detector is

53



connected. Before making any measurements, the coupler must be calibrated, which is

described by the FOTP.

Pl

Laser

Coupler DUT [
P3

Detector

P2

Figure 3.21: Instrument configuration to make return loss measurements.

In such a setup, the RL is defined as:

(3.10)

RL=—10% log(w) I,

P3w

where RL is the return loss expressed in dB. P2DW is the power expressed in mW coming
out of P2 when the DUT’s input is connected to P3 and its output is matched. P2W is the
power expressed in mW coming out of P2 when P3 is not connected to the DUT but is
matched instead. IL3; is the IL between P3 and P2 and is express in dB. The results of the
return loss measurements as a function of wavelength are shown in Figure 3.21, where (b),
(c) and (d) are related to the 3.42 mm, 5.06 mm and 7.31 mm samples respectively. In all

cases, the return loss is around 50 dB.
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Figure 3.22: Insertion loss as a function of sample length and return loss as a function of wavelength. a)
shows the insertion loss as a function of sample length used to determine the coupling loss and
propagation loss. b), ¢) and d) are the return loss as a function of wavelength for a 3.42, 5.06 and

7.31mm samples respectively.

3.4.4. Mode field diameter measurements

From the pictures taken from the CCD camera, we obtain qualitative images, but we
would like to obtain quantitative results: the mode field diameter. Quantitative results can be
obtained with a beamscanner. The beamscanner is an optical detector whose position is
swept behind two narrow intersecting perpendicular slits where the beam is shone. The
beam passing through the slit is diffracted, scanned by the optical detector and deconvolved
by software. The instrument generates two orthogonal intensity profiles whose direction is
selected by rotating the slit in the desired position. For our purpose, the slit was rotated such
that the vertical and horizontal intensity profile of the waveguide was measured. The mode
field diameter measurements using a Beamscanner is relatively new and no standard test

procedures yet exists. The measurements were conducted based on information sheets
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provided with the purchased Beamscanner. Photon fabricating the Beamscanner is writting
documentation should eventually become the standard of MFD measurement using
Beamscanners.

Given that the beamscanner provide little information on the beam, in order to make
sure that the beam is properly adjusted at all times, the beam was split with a beam splitter
and was simultaneously observed with the CCD camera as shown by Figure 3.21. A 40x flat
field microscope objective was used to observe the output of the waveguide and was placed
before the beam splitter. The distance of the optical path to the CCD camera was set to be
exactly the same as that of the beamscanner such that we know that whenever the beam is
focused on the CCD camera, it is also focused on the beamscanner. Once the beam is
properly adjusted, the beam splitter can be removed and a measurement with the

beamscanner can be achieved.

CCD

Camera
L. Sample Laser
! T

Beamscanner . L.
Beam Microscope objective

splitter

Figure 3.23: Instrument configuration to make mode field diameter measurements.

As the beam propagates, it diverges such that the size of the beam at the
beamscanner is larger than that at the output of the sample. For this reason, we must
calibrate the measurement to obtain the desired result. In order to do so, we excited the
waveguide and adjusted the objective such that the output of the sample is focused. Without
moving the sample, the microscope objective and the orientation of the PM fiber at the input
of the sample, the longitudinal position of the PM fiber is aligned with the output of the

waveguide and its vertical position is set slightly higher than the sample. Without moving
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the microscope objective, if the PM fiber is exactly aligned with the output of the sample, it
should also be focused in the CCD camera. The vertical position of the objective is adjusted
such that the beam is centered on the CCD camera and beamscanner. If the beam of the PM
fiber is not focused into the CCD camera, its longitudinal position is adjusted. The beam
splitter is removed. The mode field diameter of the PM fiber is measured with the
beamscanner and is compared to its known value of 10.5 um according to the standard
definition. The electric field coming out of a PMF is approximated as a Gaussian
distribution:

r2

E(r)ce ™ (3.11)
The optical power is proportional to the square of the electric field intensity:

2r?

P« |E@)| e ¥ (3.12)
where “r” is the radial distance from the center of the fiber. “w” is a parameter of the fiber.
The mode field diameter is defined as the diameter at which the electric field has reduced to
1/e of its maximum value or 1/ of its power. For a Gaussian profile as represented by
Equation (3.11), the mode field diameter is defined by:

MFD=2 w (3.13)
where “w” was defined in Equation (3.11).

The ratio of the expected value, 10.5um, to the measured value is the calibrating
factor. The PM fiber is aligned with the input of the waveguide, the waveguide is optically
excited and the vertical position of the objective is adjusted so that the beam shines in the
middle of the beamscanner. Since only the vertical position of the objective was moved, the
beam is already properly focused on the beamscanner. A measurement is made and the
calibrating factor is used to scale the results. This procedure was used to measure the mode
field diameter of the 4, 6 and 8um wide waveguide. The light intensity profile along the
vertical and horizontal center of the waveguide were obtained and presented in Figure 3.23
(a) and (b).
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Figure 3.24: Light intensity profile as a function of horizontal and vertical position.

Results show that the 4pm waveguide has a minor and major axis diameter of 14.2
and 18 pm respectively. The 6um waveguide has a minor and major axis diameter of 13 and
15.75 pm respectively. Finally, the 8um wide waveguide has a minor and major axis
diameter of 15 and 17.8 pm respectively. Measurements were repeated many times and
results varied by as much as 1 or two microns. The results are very sensitive to the
adjustment of the objective because of its large magnifying power. Furthermore, there is a
range of objective positions that seems to lead to the optimum focus, but results in
significantly different mode field diameters. The results are not accurate enough to compare
them between themselves and more measurements would be required to confirm its validity.
Although the results have a high variability, the figure shows that the mode field diameter of
the major and minor axis remains near 15um. Results prove that the mode shape is elliptical.

While investigating other sources of errors for the MFD measurements, we realized

that a drop of oil from the earlier IL measurements remained at the output of the sample
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potentially distorting the optical power leaving the sample. In fact, observing the output of
the sample through a microscope suggests that the polymer at the edge of the sample under
the fiber constituting the jig was not as vertically flat as we had expected. The fiber
constituting the jig should have been put further from the edge of the sample to improve the
vertical flatness of the polymer from surface tension. The oil filled the areas that were not
properly filled with the polymer. The effect of the presence of the oil is shown in Figure
3.22 and 3.23. Figure 3.22 (a) and Figure 3.23 (a) are the output of the waveguide with the
presence of the index matching oil at its output while, in Figure 3.22 (b) and Figure 3.23 (b),

there was no oil at the output.

Figure 3.25: Output of sample with and without index matching oil of a 6um waveguide taken with CCD
camera.

Figure 3.26: Output of sample with and without index matching oil of an 8um waveguide taken with
CCD camera.

This shows that the optical output depends critically on the quality of the output of
the sample. This could also explain why the MFD did not have a great repeatability. It is to

be noted that all previous CCD camera pictures where all taken with the presence of oil.

59



However, this has no impact on the measurements taken with the power meter because a

- MMF fiber was inserted at the output of the sample.

3.4.5 Rise and fall-time measurements

Other performances parameters of interest related to the thermo-optic VOA are its
rise time and fall time. The rise-time is defined as the time taken for the optical power at the
output of the waveguide to increase from 10% to 90 % of its maximum. The fall-time is
defined as the time taken for the optical power at the output of the waveguide to decrease
from 90% to 10% of its maximum. The goal of this section is to obtain the rise and fall-time
of the device. The design of the experiment will be explained, results obtained and
presented.

In order to make these measurements, the output of the waveguide is connected to a
PDA-400, an amplified InGaAs optical detector from Thorlabs [41], via a MMF. Again, the
alignment procedure was followed. The Thorlabs detector specifications are suitable for the
regime of operation of the experiment; the Thorlabs detector can detect 1550nm radiation
with a modulation frequency up to 10MHz and reasonable output voltage suitable for
connection to an oscilloscope. The Thorlab detector has been calibrated by measuring the
output voltage as a function of the input optical power and it was used in its linear region of
operation. When excited with a laser beam, the detector generates an output voltage
proportional to the input optical power according to its responsivity and transimpedance
gain. The electrical signal is guided by a coaxial cable, which is connected to one of the two
inputs of a Tektronix TDS-320 oscilloscope. From the calibration, the voltage read on the
oscilloscope can be converted to its equivalent optical power. The oscilloscope has a serial
port and all the information can be saved on a computer.

A waveform generator was connected to the electrodes that were inserted onto the
pads to inject the current along the waveguide. The waveform generator was set to generate
a square wave. The amplitude of the square wave was set high enough to inject a large
amount of current to heat the waveguide sufficiently to influence the propagation of light.
We verified that the rise and fall-times of the waveform generator is negligible compared to
that of the VOA. The frequency of the waveform generator was set lower than the cutoff

frequency of the waveguide near 50Hz.
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While conducting the experiments, it was determined that the rise and fall-times are
dependent on the TEC temperature and the amount of heat dissipated by the waveguide. The
phenomenon has not been fully characterized. However, a choice was made to set the TEC
to the temperature matching the claddings (optimum temperature) and inject a current via
the waveform generator. In such a case, the optical rise-time was much longer than the fall-
time as will be shown shortly.

It is important to understand that the application of voltage (or current through the
waveguide), such as the rising-edge of a square voltage wave, may induce cutoff of the
modes supported by the waveguide, hence, reduce the optical power captured by the optical
detector. In summary, the rising-edge of the square voltage wave corresponds to the falling-
edge of the output optical power, while the falling-edge of the square voltage wave
corresponds to the rising-edge of the output optical power. Only the waveform of the output
optical power resulting from an applied square voltage wave will be presented.

A few measurements were conducted to determine the dynamic operation of the
device. The optical fall-time (or thermal rise-time) has been determined to be in the range of
35us-170us, but typically between 50us-75us as obtained from different waveguide widths,
lengths and on different samples. On the other hand, the optical rise-time (or thermal fall-
time) was much slower being in the range of 1.3-7ms. The optical rise-time seems to be
dependent on the waveguide width, but more experiments would be required to confirm this.
The optical rise-time range was typically 1-2ms, 2-3ms, 5-6.8ms for the 4, 6 and 8um wide
waveguide respectively. Figure 3.26 shows the optical rise and fall-times of the 4, 6 and

8um waveguides for a 4.44mm heated section.
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Figure 3.27: Rise time and fall time of the 4, 6 and 8um wide waveguide for a 4.44 mm heated section,

Thermo-optic devices, as presented in the literature, usually have comparable values
for rise and fall-times. It is quite surprising that, in this technology, the optical rise and fall-
time have a difference of about two orders of magnitude. It is interesting to understand why
this phenomenon occurs. As opposed to most other thermo-optic technologies, the heat
source is located at the same location as the optical path. Upon injecting current into the
waveguide, the heat does not need to diffuse very far from the source to have a significant
optical impact. On the other hand, for the waveguide to cool down when the current is
interrupted, heat must diffuse through the heat sink, which is a time-consuming process
resulting from the constituting material properties and the waveguide’s large distance from
the heat sink. In summary, heating is fast but cooling is slow in these devices. If this
hypothesis is true, then we would expect to have a fast optical rise-time and slow optical

fall-time when the TEC is set lower than the optimum temperature and current is injected
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through the waveguide. Although the device’s ER was poor for the reason explained in the

beginning of section 3.4.2, results did support the hypothesis.
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4. Thermal modeling of metal optical waveguide
thermo-optic variable optical attenuator

A TO VOA was constructed and tested. From the results, modifications are
suggested to improve the design’s performance. Many experimental iterations can be
conducted to improve the device’s performance, but it is rather a slow and expensive
process. In order to reduce the number of design cycles and its related costs, prediction of
the structure’s performance is desirable. This can be achieved by modeling the TO VOA,
both, thermally and optically. The thermal model is used first since it generates results,
which are subsequently used to obtain the refractive index distributions that are used in the
optical model. The goal of the thermal model, in the present thesis, is to predict the
temperature distribution of the TO VOA structure resulting from introducing heat into the
system. More particularly, this work is focused on 2D isotropic steady-state results.

Chapter 4 is organized as follows. Section 4.1 will present the theory and the system
of equation to solve. Since the solution will be found by numerical computing via a
computer, the equation will be discretized . A finite difference method (FDM) formulation
will be derived and solved. Numerical techniques to minimize computation time are also
presented. In section 4.2, the thermal model is validated while in section 4.3 results are
presented.

The particular motivation for developing a thermal model rather than using a
commercial tool is purely for educational purposes. In doing so, I was able to acquire a more

profound understanding of numerical methods and its use in developing a CAD tool.

4.1 Thermo-dynamic model: Theoretical background
The thermal model is based on the well-known general 3D thermal diffusion

equation in integral form [43]:
S (De, T)
IVHQgendV—;{Q 7idS = jﬂ%dlf [W] @.1)

Q;'en is the volumetric heat generation rate (W/m>) coming from a heat source within the

control volume.The triple prime denotes a volumetric quantity. dV represents an
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infinitesimal volume within the volume V. Q;en is integrated over the whole volume to

determine the total power generated within the domain as shown by the left-most term of
Equation (4.1). 0" is the heat flux vector (W/m?) or equivalently, heat transfer rate per unit

area, where the double prime denotes a per-unit-area quantity and the arrow indicates a

vector. 71dS or equivalently, dSs , is an infinitesimal section of the surface, S, and points
outward in the direction perpendicular to the surface at that point as shown in Figure (4.1).
At every point on the surface S, only the heat flux in the direction of 7 contributes to the
power leaving the domain. This fact is represented by the dot-product of the middle term of
Equation (4.1). To obtain the total amount of power leaving the volume,V, the heat flux is
integrated over the whole closed surface S encapsulating the volume V. Given the
conventions that 7 points outward and that the power leaving the control volume is
negative, a negative sign is placed in front the middle term of Equation (4.1). The right hand
term of Equation (4.1) represents the amount of power stored within the volume V. It is
composed of the variables “D”, ¢, “T” and “t” which are the density (kg/m’), the heat
capacity (J/(kg.K)), the temperature (K) and time (s) respectively.

Figure 4.1: Heat flux coming out of the surface of an arbitrary volume.

The interpretation of this equation is that “the total thermal and mechanical power
entering a control volume, plus the thermal power generated within the control volume,
minus the thermal and mechanical power leaving the control volume must equal the power
stored within the control volume” [44]. Hence, it is an equation that satisfies the

conservation of power.
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In order to simplify Equation (4.1), assumptions are made. As stated earlier, the
focus is to generate steady-state results. When the device reaches steady-state, the
temperature distribution becomes invariant with respect to time. Therefore, the term on the
right of Equation (4.1) vanishes. The TO VOA was constructed by depositing a few layers
of materials. The system is inhomogeneous and it is expected that thermal properties will
change in each layer. Furthermore, materials with isotropic thermal properties were chosen
such that tensors are not necessary to describe material properties. A Cartesian coordinate
system was chosen since it is compatible with the geometry of the TO VOA structure
proposed in earlier chapters. The heat source, the metal optical waveguide, is very long in
comparison to its thickness and width; therefore, its thermal results should match closely

those of a source infinitely long. For this reason, a 2D model will be used to simplify the

problem and reduce computation time. Q;'en is produced by heating the metal optical

waveguide via ohmic losses by injecting a current through it. It can be defined as:
w J?
0,., == [Wim’] 42)
o

where J and o are the current density (A/m®) injected in the metal optical waveguide and
electrical conductivity ((Q.m)™") of the metal, respectively. Also, Q presented earlier is
described by the phenomenological equation [43]:
Q' =-KVT [Wim’] (4.3)
where “K” is the thermal conductivity (W/(m.K)) of the material. Using these assumptions

and replacing the appropriate variables in (4.1) by the Equations (4.2-4.3) we obtain:
2 —
[[Zds+{(xV7)-idc =0 [W] (44)
N o C

Equation (4.4) is the 2D isotropic steady-state heat diffusion equation in integral form. The
volume integral becomes a surface integral while the integral over a closed surface becomes
the integral over a closed curve.

Heat diffusion can often be compared to an equivalent electrical system. Using this
analogy, heat flux has a more physical meaning and simplifies the thought process for future

derivation. Here are different ways representing the heat flux:
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6 =-kVi=0 kL =g ka2 @.5)
on on

where ', Q,, “k” and “A” represents the power flux density, the power flux along

direction 7, the thermal conductivity and the cross sectional area considered respectively.
On is an infinitesimal distance in the direction 7 .The last equation to the right resembles
ohms law:

=Y oo X5 (4.6)
R, on

-1
where Qp, 7 and (aﬁ) are equivalent to the current, I , voltage, V, and electrical
n

resistance, R, respectively. Hence, it is sensible to define a thermal resistance, Ry as:

R, =% kW] 4.7)
KA
such that:
or
__o 1w 4.8
0, R [W] (4.8)

T
where part of the differential operator, on , is hidden in Rr.
Given a structure made of various materials, it is possible to determine its effective thermal
resistance between two points in a similar manner than that of an electrical circuit by

combining series and parallel resistances. This notion will be used in the next section.

4.2 Finite difference method formulation

Given the complexity of Equation (4.4), it cannot be solved analytically, but can be
solved numerically. All variables constituting Equation (4.4) must be discretized in space. In

particular, a FDM will be used. The discretization process will be explained in this section.
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Figure 4.2: Illustration of the infinitesimal discretized space from which the discretized thermal
diffusion equations will be derived. It contains thermal resistance, contact resistance, node separation
and material properties associated to each node.

Figure (4.2) is used to illustrate the situation from which the discretized thermal
diffusion equation will be derived. It shows an infinitesimal region of space where the
conservation of power may be applied. The Cartesian coordinate system is discretized into a
2D mesh represented by nodes (i,j) . Each node has spatial coordinates, (x(, ), y(i, j)) or
simply (x,y) and temperature T(i,j) associated with it where T is the average temperature
within the rectangular area. Each node (i,j) is encapsulated by a rectangular area. The
rectangular area is itself subdivided into quadrants where the node lies at the quadrants’
common vertices. Each quadrant has its own set of thermal properties representing the fact
that the material properties may change from one quadrant to the next. In Figure (4.2), this is
shown as Z, where “n” may take a value from 1 to 4. Z represents all three parameters of the
material: K, J or o where each parameter is associated with its respective quadrant and node.
Rj; through Ri4 and R,; through R,g are contact resistances, which occur when two or more

materials are joined together. The node, (i,j), is surrounded by four neighboring nodes on the
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left, right, up and down denoted by (i-1,j), (i+1,j), (i,j+1), (i,j-1) respectively. These nodes
are illustrated since they are relevant to the derivation. Only the variables in the quadrants of
the middle node are shown in the figure, but they nonetheless exist for the other nodes. The
separation between T(i-1,j) and T(i,j) is h(03(i-1,j)+6:(i,j)) as shown in Figure (4.2) where
the distance, “h”, is modified by the weighing factor 63 and 6;. The weighing factors enable
the possibility of using a non-uniform mesh. The reason for using non-uniform meshes will
become apparent in the next section. In order to have a pattern of rectangular areas
discretizing the Cartesian coordinate system, one may quickly realize that 0,(i,j)=0.(i + n,j),
04(1,))=04(i £ 1 ,j), 03(i,))=03(i,j £ n) and 0;(i,j)=0:(i,j £ n) must hold where n is any positive
integer.

In the particular case represented by Figure (4.2) , Equation (4.4) becomes:
JZ
[[=as-(0.+0,+0.+0,)=0 4.9)
o
S
where 0,+0,+0,.+0 = cJ' Q -7dS - Qx Q+y, Qix and Q. are the heat fluxes leaving
N

the rectangular control area by crossing the left vertical wall between node (i,j) towards (i-
1,j), the same through the horizontal wall between node (i,j) towards (i,j+1), the same
through the vertical wall between node (i,j) towards (i+1,j) and the same through the
horizontal wall between node (i,j) towards (i,j-1) respectively. Each Q in Equation (4.9) is of
the form of Equation (4.8) and its differential operator must be discretized. All differential
operators in the continuous domain are transformed to finite-difference operators in the
discretised domain.

Discretizing the differential operator involves an approximation. The Taylor series of
a function f(x) provides an effective means for constructing finite-difference approximations
of a desired accuracy for differentials of any order [45]. The Taylor series of a function f(x)

about the point “a” is given by:

=, £®(a)(x-a)*
f(x)=Zf ( )k(' ) (4.10)
k=0 :

The domain may be discretized into equal intervals x,, - x, =+nH where “a” become x;

and the taylor series in discretized form yields
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2, fO(x,)(&nH)*
f(xiin)=;f (x’;f nH) .11

The taylor series shown below is for x4 and x;.1.

fn)=fx)+f (x)H + f"();"")Hz + fm(’;'")Hs +OHY (412

f"(xi)Hz __fm(xi)l'l3 +0(H4) (4.13)
2! 3!

Sxo) =)= f (x)H +
where the terms with H of order higher than 3 are dropped. This leads to an approximation
error of order H*. This is represented by O(H*) in Equations (4.12) and (4.13).

When f'(x,) is isolated in Equation (4.12) and (4.13) and terms of order H? or higher are
ignored. The forward (4.14) and backward (4.15) finite difference approximation,

respectively, are obtained:

f'(xi)=f(xi+1;;f(xi)+0(H) (4.14)

f'(xi) _ f(xi)_}'lf(xi—l) +O(H) (4.15)

where the error of the approximation in each equation is of order H. In (4.14), the derivative
at node x; is determined from “f” at x;+; and x;, while for (4.15), the derivative at node x; is

determined from “f” at x; and x;.;. By substracting Equation (4.13) from (4.12) and isolating

f(x,) we get:

f'(xi)=f(xi+1)_f(xi—1)+0(H2) (4.16)
2H
which is the central difference with error of order H?. In (4.16), the derivative at node x; is
determined from its adjacent nodes X;:+1 and x;.;. Now, imagine that there exist a node ; +%

between i and i+1. Using 4.16, node i, node i+1, and replacing h by h/2, we get the central

difference for a derivative at j + i:
2

i

£ )= LB 2T oy @.17)
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where the error is of order H>. The only difference between (4.14) and (4.17) is that the
derivative of (4.17) is determined between nodes and its order is H? rather than H. Doing the

same between i and i-1, we get:
£ )= HE2LEL oy @.18)
)

It is desirable to have a simple approximation but accurate representation of the differential
operator. Equations (4.16), (4.17) and (4.18) seem to be good choices since they are rather
simple and are of order O(H?). In Figure (4.2) 0.,., are always evaluated between their
respective nodes (at the rectangular segments). In order for Q to be evaluated simply and
accurately the following parameters are set to: 83(i-1,))=0:(i.j), 94(i,j+1)=0,(i,)),
01(i+1,j)=03(1i,j) and 6,(i,j-1)=064(i,j) throughout space. This means that Q is evaluated in the

middle between its respective nodes or equivalently at ; + %or j i% in the x or y dimension

respectively. Therefore, Equation (4.17) or (4.18) may be used in conjunction with (4.8) for
the Q’s in (4.9):

oT ~_T(la.])_T(l_19J)

0 (i-1/2,)=-2L = (4.19)
tot—x Rtot—x

0., G j+1/2)=-2L 2 TE/+D-TG) (4.20)
tot+y Rtot+y

0.(i+1/2, /)=~ or E_T(z+1,])—T(1,J) 421
Rtot+x Rtot+x

0,6 j-1/2)=-2L 5 TG)H-TGj-D (4.22)
tot—y Rtot—y

where the “ g, "hidden in each “R” becomes the distance between the two corresponding
nodes. Riot.x, Riotty, Reot+xsRiot-y are the total effective thermal resistances between node (i,j)
and (i-1,j), node (i,j) and (i,j+1), node (i,j) and (i+1,j) and node (i,j) and (i,j-1) respectively.
Figure (4.3) represents the thermal resistance model of Figure (4.2) for R.x. The other

thermal resistances are determined in a similar way.
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Figure 4.3: Complete thermal resitance model between the node (i-1,j) and (i,j).

In Figure 4.3,R’, (i—1,/)=R,, (i, j)and R, (i—l; J) = R4 (i, ) since it is assumed

that the vertical interface separating the quadrants falls directly in the middle of the contact

resistance. The double prime on the contact resistance denotes a per-unit area value. For the

same reason le'z(i, s Rl2 G-1,7), Rl4 (i, j)and RZ4 (i —1, j) represented in Figure (4.2) and

(4.3) are only half of the total contact resistance. The resistance Rix(i,j), Rax(i,j), Rox(i-1,j)

and Rjx(i-1,j) shown in Figure (4.3) represent the individual thermal resistance contributions
from each involved quadrants in Rioex. Riotx=(Rux(i,j) // Rix(i,j)) + (Rax(i-1,j)) // (R3x(i-1,)))

where the symbol “//” denote a parallel configuration. A similar derivation could be applied

for Riot+ys Reot+x and Ryor.y. The resulting equations are:

R, = | G RatRy | 403 R, =& BatR | 429)
6,| K, h 6|k, h

R, _ 1[0 RUGHRG | (405 Ry =L| O KR | (426
0, K, h ;| K, h ]

R, =] % (RostRu | 47 R, =] %o RastRs | 428
0, | K, h o, K, I
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R, = _L[i ; Es_h”3_4] (4.29) R, = _1_[6’_4 + R—7;_R_l] (4.30)

94 K4 g 01 K4
Reotx= (Rax(iyj) // Rix(iy)) + Rax(i-1j)) // Rax(i-1,j)) = VA (4.31)
Ruotry = (Ruy(ij) // Ray(i))) + (Ray(i,j+1)) // (Ray(i,j+1)) = 1/B (4.32)
Riotix = (Rax(i,)) 7/ Rax(i,))) + (Rux(i+1,))) // (Rix(i+1,j)) = 1/C (4.33)
Reoty = (Ray(ij) // Ray(i,))) + Ruy(i,j-1)) // Ry(iyj-1)) = 1/D (4.34)

Finally, the left-most term of Equation (4.9) is discretized by integrating the power density

generated over the infinitesimal area:

2 2 2 ] 2 2
0, = ﬂ‘]—dS:hz[al(e2i]‘—+e4 ‘]—4)+93[92J—2+94 ‘-’iﬂ (4.35)
S O o, o, o, o,
In Equation (4.35), J; through J4 is the average current density injected within its respective
quadrant. Equations (4.31) to (4.34) are substituted in conjunction with (4.19) to (4.22) into
(4.9) and T(i,j) is isolated; thus we obtain:
(-LDA+TGE,j+DB+T@E+1, ))C+T(G,j-DD+ 0, J)
A+B+C+D

The thermal simulator is written from these principles.

TG, j)= ! (4.36)

The domain of computation cannot be infinitely large given the limited resources of
the computer. At the edge of the domain, boundary conditions are set. There are three
common types of boundary conditions. The first kind consists of setting the boundary at a
fixed temperature. The second kind consists of fixing the heat flux. The final kind is a
convective boundary condition where the heat conduction equals the heat convected by the
fluid at the boundary.

In the TO VOA presented in earlier chapters, the prototype is a very large structure
surrounded by air and placed on a heat sink. The top of the structure is bounded by air. Air is
a very good thermal insulator if conduction is the only heat transfer mechanism. This is
assumed the case for the TO VOA structure presented in earlier chapters. This assumption
will be proven a good approximation in later sections. For this reason, the top boundary is a

boundary of the second kind where the heat flux is set to zero or is adiabatic. In fact, given
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the particular geometry of the structure, the temperature of the waveguide was proven quite
insensitive to the type of boundary condition of the top boundary [22].

Since the device sits on a heat sink, the bottom of the sample should be very close to
the ambient temperature. From the superposition principle, it is possible to remove the
ambient temperature offset of the result and set the bottom boundary to 0 K. In doing so,
results generated by the thermal model will be seen as the temperature increase due to
heating the metal optical waveguide. The bottom boundary is of the first kind.

The TO VOA has thermal half symmetry where the axis of symmetry is located at
the vertical center of the waveguide. Because of thermal half symmetry of the structure,
there is no heat flux crossing the vertical center of the waveguide. As a result, an adiabatic
boundary condition can be set at the vertical center of the waveguide. Hence, only half of
the domain can be computed to obtain the results of the full domain. The structure is
assumed infinitely wide, but for computing purposes, an adiabatic boundary condition is set
far away from the heat source such that it has little impact on the results. An adiabatic
boundary condition can be interpreted as an infinite thermal resistance. For this reason, the
adiabatic boundary condition is implemented by setting the corresponding Ry, in from
Equation (4.31) to (4.34) to infinity or equivalently by setting the corresponding variables A,
B, C or D to zero in Equation (4.36).

Equation (4.36) can be written in matrix form for all nodes in the computational
domain and the system can be solved exactly (except for numerical truncation) by matrix
inversion. Equation (4.36) can also be calculated for each nodes of the domain iteratively
until the desired accuracy is obtained. The first method seems to be the best one, but for a
domain with a large quantity of nodes, inversion of matrix can take a significant amount of
time. On the other hand, within a given tolerance, the iterative method will generate results
more quickly than the other method for large quantity of nodes. Therefore, the latter method
was chosen. In order to obtain the temperature profile generated by the waveguide heater,
Equation (4.36) is calculated for each point (i,j) in the domain. To begin the calculations,
T(i,j) is set to 0 in the whole domain. The grid is computed iteratively until the desired
accuracy is achieved. The condition for which the computation ends can take many forms. A
simple choice is to apply the conservation of power over all the domain of computation in a

similar way than that was done for the infinitesimal region shown in Figure (4.2). Equation
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(4.9) represents this situation except that the power flux is taken at the boundary of the

domain of computation. The iterative method is summarized by Equation (4.37):

Qs —(OL + 0, + 0, +0) = A (4.37)
where Qg is a value set by the amount of power inserted into the system. The superscript k
represents the iteration number. A* represents the deviation from the steady-state condition.

As “k” tends to infinity A* vanishes and, under that condition, (4.37) generates the true

steady-state solution. A condition for which computations may be stopped is:

Ak

<Y (4.38)

G
where ¥ is chosen between 0 and 1 inclusively, but should be chosen to be very small in
order to obtain accurate results.

The domain of computation cannot be infinitely large since the resources of a
computer are not unlimited. Furthermore, computation time depends on the size of the
problem. Hence, the domain of calculation is set to be as small as possible to minimize
computation time, but not so small as to perturb the results significantly. In order to obtain
accurate thermal simulations, it is necessary that at least a few points lye along the thickness
and width the waveguide heater. Given the small size of the waveguide heater in comparison
to the minimized computational domain, the number of points required to cover the domain
adequately is quite significant; therefore, computation time is not negligible. Computation
time can be reduced further as discussed in Appendix C (Gauss-Siedel method, successive
overrelaxation method (SOR), non-uniform meshes and multigrids). Also, because the
problem has half symmetry, only half of the domain is computed as explained in Appendix
C.

Most of the thermal model was implemented in FORTRAN. However, the non-

uniform mesh was generated by using Matlab.

4.3 Validation

There are many steps to validate the thermal simulation. In the previous section, the
side, middle and top boundary condition were set to be adiabatic. The top and side

boundaries were set far enough from the source to not influence the results significantly.
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“Far enough” is arbitrary and must be determined numerically. The side and top boundary
were set far and results were obtained. Each boundary was then independently successively
brought closer each with its own set of results. It is only when the results start to change
more than by a given tolerance that the minimum boundary distance is determined. Next,
results are determined as a function of mesh density to determine the convergence of the
results. The mesh is non-uniform, so to increase the mesh density, the number of points
inside the waveguide is increased and the spacing near the boundary is set smaller. With
theses changes, our mesh-generating algorithm explained in Appendix B based on Equations
(B.6) to (B.8) automatically generates a denser mesh.

In order to validate the thermal simulations, a structure was simulated via the
commercial simulator ANSYS. Results from the present model were obtained and compared
to those generated by ANSYS for the same structure [22]. The simulations provided by
ANSYS are based on the finite element method. The structure consists of 10um of silicon
over which is placed 15um of silica and 15pm of polymer respectively. The gold metal
waveguide was 20nm thick and 8um wide. The silicon has a thermal conductivity of

145 l, silica, 1.4-£, polymer, 0.11 _VL and gold 2981. The electrical

mK mK mK m.K

conductivity of gold was 4.1¥107 (Q.m)". An electrical power of 9.756mW/mm was
dissipated by the waveguide to generate heat. The result of the FDM simulation is shown in
Figure 4.5. In order to compare both results, we subtracted them to observe the difference in
temperature provided by both simulations. This is shown in Figure 4.6 where the largest
difference in temperature is located at the edges of the waveguide and is of about 0.1°C. The
node distribution of both methods is quite different, so to compare both simulations, we had
to use a linear interpolation to obtain the temperature at the same node positions, which
contributes to the error. Most of the error, though, is less than 0.06°C, which is very small
compared to the maximum increase of temperature of the waveguide. Our simulations are

deemed valid considering that the two numerical methods are different.
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Figure 4.4: Increase of temperature of the waveguide for an applied electrical power of 9.756 W/mm.
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Figure 4.5: Difference of temperature between the results provided by ANSYS and the present work.

4.4 Results

In the previous sections, the thermal model was derived and validated. The results of
the thermal simulation are presented in this section along with the refractive index
distribution resulting from heating the waveguide.

The structure simulated and their material properties are similar than described in
section 3.1. As explained in the earlier section, adiabatic boundary conditions were set at
three out of the four sides of the computational domain where one of them is set at the
vertical center of the waveguide. The temperature of the heat sink was set to 0 K due to the
superposition principle as explained in the previous section. It suffices to add the ambient
temperature to the results obtained by the thermal model to get the real temperature expected
in the experiments.

From bottom to top, the structure includes 10pm of silicon, 15pm of silica, a gold

waveguide 15nm thick and 8um wide and polymer 125.85um thick. The polymer and silica
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layers are not as thick as that present in the laboratory, but it makes simulations quicker with
negligible differences in the results. Therefore, the whole structure is 150pm thick. Refer to
section 3.1 for the material properties.

Figure 4.6 presents the temperature increase resulting from heating the various
waveguides by injecting a current density of 66.66 GA/m? (or 9.756mW/mm), which was
the maximum current density used in the experiments. Figure 4.6 (a), (b) and (c) show the
temperature as a function as the cross sectional position for the 8, 6 and 4um wide
waveguides, respectively. Only the solution of half of the full domain is shown because of
thermal half symmetry. The waveguide is located at a vertical position of 25um. Figure 4.6
(d) is the temperature along the horizontal center of each waveguides. As can be seen in (d),
the average temperature in the metal waveguide is about 32°C, 28°C and 22°C for the 8, 6
and 4pm wide waveguides, respectively. It also shows that the temperature of the waveguide
is not constant within. There is a difference of about 7°C between the experimental results
and the simulations, which is quite significant. This suggests that the material properties
obtained from the literature could be quite different from that of the actual structure. Since
the refractive index distribution is based on those results, it will also have repercussions on

the optical simulations.
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Figure 4.6: Increase of temperature of the 8, 6 and 4um waveguide for an injected current density of
66.6 GA/m’, (a), (b) and (c) are associated with the 8, 6 and 4um waveguide, respectively. (d) is the
temperature taken along the horizontal center of each waveguide.

The optical simulations that are conducted in Chapter 5 are 1D. For this reason, the
temperature along the vertical center of the waveguide was used to obtain the refractive
index profile, which will be used in the optical simulator. Figure 4.7 shows the temperature
distribution along the vertical center of the waveguide as a function of injected current
density. Finally, Figure 4.8 shows the refractive index distribution as a function of applied

current density.
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Figure 4.7: Increase of temperature along the vertical center of the waveguides as a function of injected
current density. (a), (b) and (c) are associated with the 8, 6 and 4pm wide waveguides respectively. As
the current density increases, the temperature also increases. The metal core of the waveguide is located
at a vertical position of 25um.The current densities are: 1.3, 20, 40, 53.3, 60, 66.6, 73.3, 80, 86.66, 96,
102.6 and 110.6 GA/m’ respectively. The temperature profile associate to 1.3GA/m? is almost flat and is

not visible in the figures.
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Figure 4.8: Refractive index along the vertical center of the 8, 6 and 4um wide waveguides as a function
of injected current density. (a), (b) and (c) are associated with the 8, 6 and 4um wide waveguides,
respectively. As the current density increases, the refractive index increases for the silica and reduces for
the polymer. The metal core of the waveguide is located at a vertical position of 25pum. The current
densities are: 1.3, 20, 40, 53.3, 60, 66.6, 73.3, 80, 86.66, 96, 102.6 and 110.6 GA/m> respectively.
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5. Optical modeling of metal optical waveguide
thermo-optic variable optical attenuator

To determine how light is propagating along the metal waveguide, a 3D optical
model such as beam propagation method (BPM) could be used to generate results, but it is
very computationally intensive given the small size of the waveguide in relation to the
domain of computation. Also, BPM has never been developed for metal waveguides. Given
that variations in the longitudinal direction are usually small, a 2D optical simulation should
approximate the 3D situation rather well. Furthermore, it is of interest to see if such a
situation could be approximated with a 1D model, because it could substantially reduce
computation time. If such an approximation is deemed acceptable, it could be used to
quickly estimate the behavior of simple structures.

The first goal of this chapter is to model a metal slab structure optically and validate
it by comparisons with other authors. Subsequently, the wayeguide that was analyzed in the
laboratory presented in chapter 3 will be approximated by a 1D optical model. In particular,
a modal analysis is conducted and results are obtained for the s, and s, modes. It is assumed
that most of the power is contained within those modes due to the rather good mode overlap
with the end-fire excitation of a PMF. Results will be presented, discussed and compared to
those generated in the laboratory such that we can determine if the above assumptions and
approximations are acceptable.

The thermal simulations of the previous chapter were useful to determine the
refractive index profile surrounding the waveguide heater. Next, the refractive index profile
will be used in optical simulations to determine the optical performance of the VOA. The
theory surrounding the simulations of the metal optical waveguide has already been
presented in detail in reference [20], but due to its importance and slight differences, it will

be incorporated herein.

5.1 Derivation of the dispersion equation for a thin metal film slab
In order to determine the modes supported by the 1D thin metal film structure (or
slab), Maxwell’s equations are solved satisfying appropriate boundary conditions.

Maxwell’s equations are defined in a right-hand Cartesian coordinate system where
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propagation occurs in the +x direction along the metal film. In the present work the metal
waveguide is made of gold, which is a non-magnetic material (u=1). As was explained
earlier a non-magnetic thin metal film supports purely TM modes only [7]. Furthermore,
given purely TM modes and the convention defined above, only E,, E, and H, field
components exist. Because of the nature of the numerical method used to solve the problem,
the z-dependence of the permittivity can be removed since the inhomogeneity along “z” is
treated by dividing the structure into a number of layers that are homogeneous along this
direction, and suitable boundary conditions are applied between them. The situation is

illustrated in Figure 5.1.
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Figure 5.1: Multilayer structure from which the 1D optical model is derived.

In Figure 5.1, “z” denotes the various positions of each interface separating the
layers where the subscript “i” indicates the layer number. The letter “d” represents the layer
thickness and dr is the total thickness of the structure. “s” and “c” represent the lower semi-
infinite medium or substrate and upper semi-infinite medium or cover, respectively. It is

assumed that the modal solutions take the form:

H,(x2)=H,, (DH, (x) = §H, () " 5.1)
E(x2)=[RE, (9)+2E, ()| E (x) = [fE, (2)+ 2 E, ()] /@) (5.2)

where ﬁi (x,z) and E‘i (x,z) are dependent on “x” and “z” . Because it is assumed that “x”

and “z” are not interdependent, Equation (5.1) is composed of its individual “x” and “z”
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dependency: H,( x) and H, (z)respectively. A similar situation occurs for Equation (5.2).

Given the 1D model and direction of propagation of the wave, there can only be x and z

. 0 . . . ..
dependencies; hence, — = (. Maxwell’s equations in a general isotropic linear
homogeneous non-magnetic medium in phasor form are:

_ I I
VxHi =ja)808riEi +J1i = l_l_Et +J1i (5.3)
WO,

VB = jou, i, (5.4)
where the parameters¢_, and k? may be complex numbers. ¢ _is the permittivity of the

material at layer “i”. The effective permittivity of materials may be obtained from optical

measurements, but for metals, Drude’s model presented in section 2.1 may also be used, if

appropriate. J ;; denotes the impressed current density at layer “i”. The propagation
constants are related by:

ki =k;+k} +k: (5.5)
where ky = () in this planar structure.

k} = kozari (5.6)

2 2
where ki =o’u,e, and

k, = + kK (5.7)

Applying (5.3) and (5.4) with (5.1) and (5.2) we obtain:

-\jk. H, +J ]

5=Vt t ) oy yy (5.8)

’ JOEE, k; C ’

- oH ] oH
E, ()= — 1 g, | =L g (5.9)
‘ (joe,e, )\ 0z ‘ k; 0z ’

We raise the order of the derivative of (5.3) and (5.4), and get:
VH, +klH, =-VxJ, (5.10)
Vin +ki2Ei =ja)ﬂ0j1,. (.11
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Equations (5.3) and (5.4) are first order coupled differential equations, which can be
uncoupled by raising the order of the derivative only if the resulting equations (5.10 and
5.11) are homogeneous. This will be proven the case. In order to heat the waveguide a
constant (DC) current is injected to heat it. Therefore, this can be modeled in Maxwell’s
equations by an impressed DC current density. Fortunately, by the superposition principle, it
is possible to solve the problem by solving the DC and high frequency components
independently. Subsequently, the results may be summed together. In any case, we have
little interest of the static field distribution due to the impressed DC current density.

We are only interested in the refractive index variation occurring near a heated
waveguide when a high current density is injected through it, because only the refractive
index variation will have an impact on the high frequency solution. For this reason, only the
high frequency solution will be investigated with consideration to the refractive index

change. Therefore, in the metal layer, solving for the high frequency components only
(without the DC source term: J . ), (5.10) and (5.11) become homogeneous equations and
can be decoupled.

Using the method of separation of variable, the homogeneous vector wave equation

is decomposed into scalar Helmholtz Equations (5.12-5.14) where such decomposition is

possible because of the initial assumption that 7/ (x,z)=H  (z)H, (x) and

E(xz2)=RE, (2)+2E, ()| E.(x) -

’H, (2) O*H, (x)
i tEH, (=0, — %+ H, (=0 (5.12)
O’E_ (z O*E (x
aA,.Z( )+k22'_Ezi(z)=O, _a—Ziz(—)ﬁLk;Eff (x)=0 (5.13)
'z 29
0’E_(z O’E
—6;2(—)+kiEx,, (z2) =0, —a;"z&)%kiEx‘_ (x)=0 (5.14)

The general solution of (5.10), without the DC impressed current density, for the lower

infinite medium is:

k. .z
H, (2)= 4¢’ | (5.15)
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where the subscript “s” denotes the substrate. The solution is inserted in (5.8) and (5.9),

without the source terms, to obtain E (2) and E_(2):

G)SOEXS (Z) _ . z, Aej'kzsz

rS

-k 2
we,E, (z) = —= A’
: &

rs

k. = +.Jk? — k2

Similarly, the solution within a layer is:

H, (2)=B, cosh (jk, (z~z,))+ C,sinh (jk, (z—2,)

08, () =— [ B, sinh (jk, (z - z,))+ C, cosh (jk, (z—z,))]

7

ks 1B cosh(jk, (z—z,)) + C, sinh ik, (z - z,))
- | ,

4

k, =*yk? -k

we k. (z) =

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

where the fields within a layer is written in terms of the fields at the bottom of this layer

denoted z, . The solution for the upper infinite medium is:

_ oy ik (dp)
H, (z) = De

k. o
we,E, (z) = —=De /"
‘ £

e

—k S (e
w5,E, ()= —=De %)

rC

k, =4k = k2

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

where the subscript “c” denotes the upper cladding and “n” denotes the total number of

layers. Choosing Imik, k. 3} <0 causes the solution to be bound while Smik, k. }>0

ensures that the solution is leaky. Depending on the desired solution, k, and k_ must be
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chosen accordingly. As will become apparent shortly, all fields and parameters (D, B; ,C;

k, .k, and k. ) are determined as a function of “A” and k, where “A” is set arbitrarily and

z

k_is determined by solving the system. Because “A™ is arbitrarily chosen, an appropriate

way of displaying the resulting fields is to normalize them with the square root of the total

power contained within as shown by:
y= [ (ExH Yz = (S (2)dz=\Jy (5.28)

In order to link the parameters and fields of all layers to “A”, appropriate boundary
conditions are used. These boundary conditions reveal that all fields tangential to an

interface are continuous. Hence, we may write in reference to (5.15) to (5.25):

H, (Zl)=Hy_; (z)=B,=4 (5.29)
kz g"

E (z)=E (z)=C = ks ~A (5.30)

Hy‘.ﬂ (zin) = Hyi (21) = B, = B, COSh(jkz,. d)+C, Sinh(jkz,. d;) (.31

k. g
E (z,)=E, (z,)=C, = k—z—’—‘[Bl sinh(jk_ d,)+ C; cosh( k.. d, )] (5.32)

Ziv1 T

H,(z,,)=H, (z,,)= D= B,cosh(jk, d,)+C,sinh(jk, d,) (5.33)

and using the following two equations: H (z,)=H, (z,)=B, and

06,E, (z,) = w,E, (z,)=—=C,we may rewrite (5.16) and (5.17) in the following
i i-1 8

7

matrix form:
( H, (2) J cosh(jk, (z - z,)) 7"—51nh( Jk. (z-2;) ( H, (z) )
: = & -l (5.34)
weE, (2) - wgE, (z,)

—sinh(jk, (z~z,))  cosh(jk, (z~z,)
g, k :

which clearly shows the interdependence of the fields of each layer. The fields at “i” are

determined from the fields at “i-1”. Similarly, the fields at “i-1” can be determined from the

fields at “i-2” and so on. We define the matrix A/ , as:
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I
cosh(jk, d,) “sinh(jk_ d,)
M, = ‘ k., ' {mu,. ’”lzf] (5.35)
“ sinh( jkz,» d,) cosh( jkzi d,)) My My,

£

where the fields at “b” may be determined from the fields at “u” from the equation:
Hy o) Y[ HCod) ) G0, [ o) | g, [ o)
W E (Z;,) o, E, (z,,) i= o og,E, (2,.,) i=0 - weE, (z,.)
(5.36)
The following must hold: b>=u+1. The layers are numbered from 1 to n and therefore u>=0
and b<=n. Hence, the ficlds at the upper interface can be determined from the fields at the
lower interface with:
H n-l H
Ve (Zn+1) - HMn_i YV (Zl) (5.37)
ngExc (Zn+1) i=0 ngExs (ZI)
where “n” is the total number of layers excluding semi-infinite media. For this particular
situation, the following matrix is defined:
my,  mp 1
Sis (5.38)
[mZI mzz] g
Equation (5.37) can be rewritten as:
H, (Z) = H, (Z) = mllHy: (z))+ m, 08, E, (z)) (5.39)
W& E, (z,,)=08,E, (2,,,) =myH , (2,)+myoe,E, (2)) (5.40)
These fields are substituted by their parametric values in Equations (5.15) and (5.16) and
(5.23) and (5.24). The Equations (5.39) and (5.40) are then manipulated to obtain:

k. g, k.
[mll —my fJ_kc [mZI —Mmy ;l)=0 (4D

rS ZL‘ rS

A solution to (5.40) is in fact a value of ¢ from which k_ and k_ are determined and

which satisfies Equation (5.41). In practice, Equation (5.41) takes the form of (5.42) because

the left-hand side of Equation (5.41) usually does not become exactly zero:
k. £, k.
My —my — | = 7| My — My —
g ) k. £,
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Instead, a solution occurs when (5.41) is closest to zero or equivalently a local or global

minimum. The condition for which a solution is found is written in the form of (5.43).
|F (k)| <tol (5.43)
where “tol” is the value under which I F(kx)| must remain if it is going to have an acceptable

solution, £_, solving the system. In order to have an accurate solution, “tol” must be set as

close as possible to the minimum of (5.42). This can be done by setting “tol” smaller than
the minimum of (5.42) and successively increasing it until a solution is found.

A guess for f_is passed as an argument to a root-finding function which

subsequently finds the exact value of k_satisfying Equation (5.43). In particular, Muller’s

root-finding method was used since it is a robust method, which can find complex roots. The

details of the root finding method are included in Appendix C.

5.2 VALIDATION
In order to validate the results obtained by the optical simulator described above,
results are compared to some obtained from the literature. We consider the same symmetric

structure analyzed by Burke et Al [14]. A thin silver metal film with permittivity ¢ = -19-

0.53i is bounded by dielectrics of refractive index », = JE: =2 at He-Ne wavelength

(,10 =632.8nm). The normalized phase constant,ﬁ , and normalized attenuation
0

(24

constant,—, is plotted as a function of metal film thickness in Figure 5.2. An asymmetric

0

and symmetric mode were found denoted “a” and “s” respectively on the graph. The curves
correspond to results generated by this work while the markers are points taken from [14].
The markers were obtained by measuring specific points on the graph with a ruler. The
measurement errors may explain the small discrepancy in the figure. In general, however

there is a good agreement with the literature.
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Figure 5.2: Normalized phase constant and normalized attenuation constant of the modes propagating
along the waveguide as a function of metal film thickness. The letter “a” and “s” indicates the symmetric
and asymmetric bound modes respectively. The curves correspond to results generated by this work

while the markers are points taken from reference [14]. £, =-19-0.53i, n;=2, n=2, 4y=0.6328um.

In order to further the validation process, the asymmetric structure considered by

Burke [14] has also been simulated. In particular, a silver metal film is bounded by two
dielectrics with refractive index\/z =1.9 and \/—5 =2 respectively at He-Ne wavelength.

The results are presented in Figure 5.3 and 5.4.
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Figure 5.3: Normalized phasen constant of the propagating modes as a function of metal film thickness.
The letters “a” and “s” symbolizes the asymmetric and symmetric mode respectively, while “L” and “b”
symbolizes a leaky and bound mode respectively. The curves correspond to results generated by this

work while the markers are points taken from reference [14]. £, =-19-0.53i, n,=1.9, n.=2, 4,=0.6328um
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Figure 5.4: Normalized attenuation constant of the propagating modes as a function of metal film
thickness. (b) is a zoom in the region that is not clear in (a). The letters “a” and “s” symbolizes the
asymmetric and symmetric mode respectively, while “L” and “b” symbolizes a leaky and bound mode
respectively. The curves correspond to results generated by this work while the markers are points

taken from reference [14]. £, =-19-0.53i, n,=1.9, n.=2, 2,=0.6328um

As is shown by these figures the results are in good agreement with the literature.
Furthermore, Burke plotted the normalized attenuation constant down to 1 or 2 nanometers
for the s;, mode. In this work, by doing the same down to 0.1 nm for the s. mode, we notice
that the normalized attenuation constant does not continue increasing but in fact starts

decreasing as shown in Figure 5.4 (b).

5.3 Results and discussion for s, mode

The structure that was investigated in the laboratory was modeled. The finite width
metal waveguide was approximated as a thin film slab for the purpose of the optical model.
The results generated by the optical model implemented in section 5.1 are presented in this

section. The results for the s, mode will be presented.
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The structure contains a gold metal film bound by silica and polymer materials. The
silica and polymer are 15um and 124.985um thick respectively. The metal film thickness is
15nm, There is also a 10pum layer of silicon on top of a semi-infinite layer of silicon
(n=3.475) for the purpose of the model. On top of the polymer lies a semi-infinite layer of
air (n=1). The thickness of the total structure is 150pm in this model. Upon heating, a
temperature gradient occurs in the structure as was shown in chapter 4, which was converted
to its corresponding refractive index gradient in the structure given the existence of TOCs
describing the materials. In the optical model, it was assumed that the polymer and silica
were matched at n=1.4469 without the presence of heating. Results were generated at
communications wavelength: A,=1.55pm.

Because we are dealing with waveguides of various widths in the laboratory, it is
more meaningful to express the results as a function of current density [A/m*] rather than
current [A]. For the same reason, the results will be presented as a function of power density
. [W/m?®] rather than power [W]. To obtain current or power it suffices to multiply them by
the dimensions of the waveguide.

The nomenclature for the modes as expressed by Burke and other authors cannot be
strictly applied for our structure given the complex spatial dispersion of the refractive index.
However, we may trace the evolution of the mode from the simple case towards the desired
structure and state that it is the evolution of the mode instead of the mode per say. Therefore,
whenever, a particular mode is mentioned for this structure, it in fact refers to the evolution
of that mode.

Figure 5.5 presents the normalized phase constant as a function of metal film
thickness for a variety of injected current density into the metal optical waveguide. Each
curve is related to a particular current density and is identified by the letters “a” through “i”,
where the successive letters are attributed to the decreasing curves. As shown in the figure,
the normalized propagation suffers dispersion with thin metal film thickness. In particular,
the normalized phase constant decreases with reduction of thin film thickness. It tends to
that of the TEM mode supported by the background material as the thin film vanishes. On
the other hand, as the thin film thickness increases, the normalized attenuation constant
tends to that supported by a single interface. The power densities associated to the current

densities expressed in the caption of Figure 5.5 to 5.7 and Figure 5.11 to 5.18 are: a)
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0.177uW/pm’ b) 160 pW/um® ¢) 284.4 pW/um® d) 360 pW/pm’ ¢) 444.4 pW/pm® ) 537.7
pW/um?® g) 640 pW/pm?> h) 751.1 pW/um? i) 921.6 pW/um®, respectively. As the
waveguide is heated for a given metal film thickness, the normalized phase constant is
reduced. This can be explained by the fact that the sign of the TOC for the polymer is
negative and its amplitude is much greater than that of silica. Upon heating, the refractive
index of the polymer will be reduced much more than the corresponding increase of the
refractive index of silica. The average refractive index near the waveguide is therefore

reduced.
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Figure 5.5: Normalized phase constant of the s, mode as a function of metal film thickness for a variety
of injected current densities into the metal optical waveguide. Each curve is related to a particular
current density and is identified by the letters “a” through “i”, where the successive letters are
attributed to the decreasing curves. a) 1.33 GA/m? b) 40 GA/m? ¢) 53.33 GA/m? d) 60 GA/m” ¢) 66.66
GA/m’f) 73.33 GA/m’ g) 80 GA/m’ h) 86.66 GA/m” i) 96 GA/m*

Figure 5.6 (a) represents the normalized attenuation constant as a function of metal
film thickness for a variety of injected current densities into the metal optical waveguide.

Figure 5.6 (b) and (c¢) zoom into areas that are not clear in Figure (a). Each curve is related
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to a particular current density and is identified by the letters “a” through “i” as in Figure 5.5.
The letters in Figure 5.6 (b) are successive from bottom to top and from left to right in
Figure (c). There are three important effects portrayed by this figure. For films around
35nm-80nm thick, the normalized attenuation constant increases upon heating as shown in
(b). For thinner films and for enough heating, the opposite situation occurs as shown in (c).
Finally, we see that the mode cutoff thickness increases with heating as shown in (c). For
increasing film thickness, the normalized attenuation and phase constant tend towards that of

the modes supported by a single interface.
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Figure 5.6: Normalized attenuation constant of the s, mode as a function of metal film thickness for a
variety of injected current densities into the metal optical waveguide. (b) and (c) are zooms in areas that
are not clear in (a). Each curve is related to a particular current density and is identified by the letters
“a” through “i”. The letters in (b) are successive from bottom to top and from left to right in (¢). a) 1.33
GA/m? b) 40 GA/m* c) 53.33 GA/m* d)60GA/m’ e) 66.66 GA/m” f) 73.33 GA/m’ g) 80 GA/m’ h) 86.66
GA/m? i) 96 GA/m*
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Figure 5.7 illustrates the mode power attenuation as a function of metal film
thickness for a variety of injected current densities into the metal optical waveguide. Each
curve is related to a particular current density and is labeled “a” through “i”. The successive
letters are attributed to the increasing curves as in Figure 5.5. Figure 5.7 contains the same
information as Figure 5.6 but expressed in dB/cm. It is clear from Figure 5.7 that, for a metal
film to have useful waveguiding characteristics, it must be very thin, otherwise, its

propagation loss will be very high and power will be wasted.
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Figure 5.7: Mode power attenuation of the s, mode as a function of metal film thickness for a variety of
injected current density into the metal optical waveguide. Each curve is related to a particular current
density and is identified by the letters “a” through “i”. The successive letters are attributed to the
increasing curves. a) 1.33 GA/m’ b) 40 GA/m? ¢) 53.33 GA/m® d) 60 GA/m’ e) 66.66 GA/m? f) 73.33
GA/m? g) 80 GA/m’ h) 86.66 GA/m’ i) 96 GA/m*

Figure 5.8 (a), (b), (c), and (d) represent the normalized attenuation constant,
normalized phase constant, mode power attenuation (MPA) and coupling loss (L)

respectively as a function of injected current density for a 15nm thick metal film. For small
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applied heating powers, the normalized attenuation constant is rather invariant as depicted
by the flat region in Figure 5.8 (a) and (c). For current densities in the region of 60 GA/m?,
there is an increase in the normalized attenuation constant, while for further heating powers,
it decreases until mode cutoff. The normalized phase constant is reduced as heat is applied
as illustrated in Figure 5.8 (b), because the average refractive index of the claddings

surrounding the metal waveguide is reduced.

Pd (uW/pm?3) Pd (uW/pm3)
40 160 360 640 40 160 360 640
_g fossescessmssseseasansoces
10 @ 4 1.448 ) |
o o 1475
5 10° @
1.447
20 40 60 80 20 40 60 80
J (GA/m?) J (GA/m2)
Pd (gW/pms) Pd (uW/um3)
40 160 = 360 640 40 160 " 360 640
3.5 : -
© (d)
5 1 3
E 4 2.5
L —
= m 2
g 3 =z
< 515 4
2
= 1
1 0.5
20 40 80 80 20 40 60 80
J(GA/m?) J (GA/m2)

Figure 5.8: Normalized phase constant, attenuation constants, mode power attenuation and coupling
loss of the s, mode as a function of injected current density (or power density). The scale on top of each
figure is nonlinear and represented by Pd=J*/o.

The coupling loss is determined from the coupling coefficient, which is calculated as [46]:

[2-(B) xH, +E,xH})z  [(ELH,, +E_H,)d

CC== =
V¥, VYV

(5.44)

where
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W, = [2(E; < H, +E, x Hy)dz = j’(E H,+E,H,)z,

jx (E xH, +E,x H )z = j(E H,+E. H, )z
and the subscript “1” and “2” denotes the fields of the unheated and heated section of the
waveguide respectively. Given that only the E,, Hy and E; fields exist, these equations were
simplified as shown on the right hand side of each equation.

The coupling loss is defined as:
Lc =-10 loglccf) (5.45)
As heat is applied, the field distribution changes such that an increasing mismatch in the the
mode field-overlap occurs, as shown in Figure 5.8 (d). Coupling loss may also be
determined approximately between the fiber and mode supported by the waveguide from the
following:
[E.E;dz
CC= (5.46)

VWi,

where y, = ﬂEllzdz, W, = 'ﬂE2|2dz,

—00 —e0

_22

E,=E,e" (5.47)
where 0. =0.65+ L. 63/129 + Eg and J = zmi NA . E is the field of the fiber and E; is the
a 14 v 0

most significant field of the mode supported by the waveguide namely Ez. “a” and NA are
the radius of the core of the fiber and numerical aperture of the fiber, respectively.

In order to compare the simulations to the IL found in the laboratory, we must
develop a model to determine the IL of the waveguide as shown in Figure 5.9. Keep in mind
that heating a fraction of the total length of the plasmon-polariton waveguide introduces a
transversal and longitudinal refractive index gradient, which opposes one of the initial
assumptions in the first paragraph of chapter 5. In the longitudinal direction, the amplitude
of the refractive index gradient is large only near the region separating the heated and |

unheated section of the waveguide [22], whereas it is small in other regions. To consider this
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effect into the 1D model, we can approximate the 3D domain as three 3D domains of
longitudinally homogeneous regions (longitudinal gradient is 0). The three domains
comprise one heated domain separating two unheated domains. Each homogeneous region is
separated by an infinitely small region with a longitudinal gradient that resembles a Dirac-
Delta function. The Dirac gradient is considered into the 1D model by introducing a
coupling loss as shown by LC1 in Figure 5.9. Each domain has its own MPA as represented
in the figure. All these considerations and approximations were added to the 1D model via
Equation (5.48) to obtain the total loss of the light propagating along the plasmon-polariton
waveguide:

TL=MPA1*L1+MPA2*L.2+2*LC1+LC2 (5.48)
where TL, MPA, L, LC denotes the total loss expressed in dB, mode} power attenuation
expressed in dB/cm, length expressed in cm and coupling loss expressed in dB, respectively.

In the laboratory, an 8um wide and 7.28mm length waveguide had a 4.44mm heated
section. There are distinct MPAs and lengths for the heated and unheated sections denoted
MPA1, MPA2, L1 and L2 respectively. Coupling losses between the PMF and the
waveguide is denoted by LC2, while coupling losses between the MMF and the waveguide
is denoted LC3. Coupling losses also occur at each end of the heated section between the
heated and unheated waveguide and it is denoted LC1. However, as can be seen by Equation
(5.48), there is only one coupling loss attributed to the fibers. This is so because, in the
experiments, the input fiber was a PMF while the output fiber was a MMF. The core of the
MMF is much larger than the waveguide and the coupling loss is assumed negligible
compared to that of the PMF. The total loss is calculated for the various current densities
and results are presented in Figure 5.10 (a). The coupling loss found between the PM fiber
and unheated waveguide is 0.147 dB.
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Figure 5.9: Illustration of the coupling losses and propagation losses of the heated waveguide. The
waveguide is heated by injecting current into the waveguides through the pads and arms perpendicular
to it. The waveguide is excited through end-fire coupling with a PMF at the input. A multimode fiber is
located at the output.

Figure 5.10 (a) and (b) represent the IL and mode field diameter of the s, mode as a
function of injected current density. The IL increases as a function of current density. The
same applies to the MFD except that at the highest current density, the MFD is reduced. It is
important to note that the terminology “mode field diameter” is not quite appropriate, since
there are no diameters to be considered in a slab structure. In this context, when we refer to
mode field diameter, we actually mean the distance separating the two 1/e points of the

maximum power. The MFD is determined from the following equations:

«©

[2%(S. (2)dz
c=m (5.49)
v

where “c” is the center of the power distribution. y = |R(S (2))dz is a normalization
p 4 x

factor used in Equation (5.49). From the center of the power distribution, we search outward
for the two 1/e? points of the maximum optical power and the distance separating them is

obtained. In this work, this distance is defined as the mode field diameter.
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Figure 5.10: Insertion loss and mode field diameter of the s, mode as a function of injected current
density (or power density). The scale on top of each figure is nonlinear and represented by Pd=J/c.

It is clear by comparing Figure 5.8 (b) and (d) to Figure 5.10 (a) that at low heating
power most of the loss contribution is from the MPA, while at high heating power, it mostly
comes from the coupling loss. An example of the power density distribution of the finite
width waveguide is shown in Figure 8 of ref [15]. As the finite width waveguide is heated, it
is expected that the field distribution evolve in both directions transversal to the mode
propagation. A mode mismatch will therefore occur over the whole cross-section and
coupling loss should be higher than expected by the 1D model. For Gaussian beams, it is
common practice to calculate the 1D coupling losses and double these results to obtain an
approximation of the 2D situation. Figure 8 in [15] shows a beam that somewhat resembles
a Gaussian beam. For this reason, the coupling loss found in Figure 5.8 (d) can be doubled
to approximate the 2D case. The total loss at high heating power should also be increased

substantially given twice the coupling loss.
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Next, the fields associated with the s, mode are plotted for a few injected current
densities. Evolution of the mode as a function of applied heat is analyzed. For comparison

purposes, all fields ( E_E_, Hy) for the various injected current densities were normalized

by ./ following the equation:

dz (5.50)

w= wjfc-lm(ExH‘)dF 0}]91(52 H))

Figure 5.11 represents the real part of the E, field for the s, mode as a function of
the “z” position for a variety of injected current densities. Each curve is related to a
particular current density and is identified by the letters “a” through “i”. In (a), the general
trend of the fields as a function of applied heat is to move towards the left side of the figure
(closer to the silicon). In (b) the amplitude of the oscillation as a function of position
increases with heat. The amplitude of the real Ez field in (c) is reduced as a function of
applied heat. The behavior in (b) also occurs for the other fields; therefore, it will not be
presented in the other figures to prevent redundancy. The interpretation of these results will

be presented later.
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Figure 5.11: Real part of the Ez field for the s, mode as a function of the vertical position for a variety of
injected current densities. Each curve is related to a particular current density and is identified by the
letters “a” through “i”. a) 1.33 GA/m* b) 40 GA/m? ¢) 53.33 GA/m* d) 60 GA/m’ e) 66.66 GA/m* f)
73.33 GA/m” g) 80 GA/m’ h) 86.66 GA/m® i) 96 GA/m’. The silicon, silica, metal slab, polymer and air
are located at z<10pm, 10um<z<25um, 25pm<z<25.015pm, 25.015um<z<150pm, z>150 respectively.

Figure 5.12 (a) represents the imaginary part of Ez for the s, mode as a function of
“z” position for a variety of injected current densities. Each curve is related to a particular
current density and is identified by the letters “a” through “i”. In Figure 5.12 (a), the general
trend of the imaginary Ez amplitude is to be displaced towards the left of the figure. In (b)

the imaginary Ez field amplitude decreases as a function of applied heat.
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Figure 5.12: Imaginary part of Ez field for the s, mode as a function of the vertical position for a variety
of injected current densities. Each curve is related to a particular current density and is identified by the
letters “a” through “i”. a) 1.33 GA/m* b) 40 GA/m® c¢) 53.33 GA/m* d) 60 GA/m’ e) 66.66 GA/m” f)
73.33 GA/m® g) 80 GA/m’ h) 86.66 GA/m® i) 96 GA/m’.

Silicon, silica, metal slab, polymer and air are located at z<10pm, 10pm<z<25um, 25um<z<25.015um,
25.015pm<z<150pm, z>150 respectively.

Figure 5.13 represents the real part of the H, field for the s, mode as a function of
“z” position for a variety of injected current density. Each curve is related to a particular
current density and is identified by the letters “a” through “i”. The general trend of the fields
in the figure is a displacement towards the left of the figure as a function of injected current

density (towards the silicon).
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Figure 5.13: Real part of the H, field for the s, mode as a function of the vertical position for a variety of
injected current densities. Each curve is related to a particular current density and is identified by the
letters “a” through “i”. a) 1.33 GA/m® b) 40 GA/m* c¢) 53.33 GA/m* d) 60 GA/m’ e) 66.66 GA/m’ f)
73.33 GA/m’ g) 80 GA/m* h) 86.66 GA/m* i) 96 GA/m’. Silicon, silica, metal slab, polymer and air are
located at z<10pm, 10pm<z<25um, 25pum<z<25.015pm, 25.015pum<z<150pm, z>150 respectively.

Figure 5.14 represents the imaginary part of the Hy field for the s, mode as a function
of the “z” position for a variety of injected current density. Each curve is related to a
particular current density and is identified by the letters “a” through “i”. The fields in the

figure are displaced towards the left of the figure as a function of injected current density.
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Figure 5.14: Imaginary part of the H, field for the s, mode as a function of the vertical position for a
variety of injected current densities. Each curve is related to a particular current density and is
identified by the letters “a” through “i”. a) 1.33 GA/m* b) 40 GA/m* ¢) 53.33 GA/m’ d) 60 GA/m® ¢)
66.66 GA/m’ f) 73.33 GA/m® g) 80 GA/m* h) 86.66 GA/m* i) 96 GA/m’. Silicon, silica, metal slab,
polymer and air are located at z<10pm, 10um<z<25pm, 25pm<z<25.015um, 25.015um<z<150um, z>150
respectively.

Figure 5.15 represents the real part of the Ex field for the s, mode as a function of
“z” position for a variety of injected current density. Each curve is related to a particular
current density and is identified by the letters “a” through “i”. By looking at Equation (5.6),
it is clear that the Figure 5.15 is essentially the derivative of Figure 5.13.
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Figure 5.15: Real part of the Ex field for the s, mode as a function of the vertical position for a variety of
injected current densities. Each curve is related to a particular current density and is identified by the
letters “a” through “i”. a) 1.33 GA/m> b) 40 GA/m’ ¢) 53.33 GA/m’ d) 60 GA/m’ e) 66.66 GA/m’ f)
73.33 GA/m’ g) 80 GA/m’ h) 86.66 GA/m* i) 96 GA/m’. Silicon, silica, metal slab, polymer and air are
located at z<10pm, 10pm<z<2Sum, 25um<z<25.015um, 25.015um<z<150pm, z>150 respectively.

Figure 5.16 represents the imaginary part of the Ex field for the s, mode as a function
of “z” position for a variety of injected current densities. Each curve is related to a particular

32
1

current density and is identified by the letters “a” through “i”. This figure is essentially the

derivative of Figure 5.14 as is apparent from Equation (5.6).
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Figure 5.16: Imaginary part of the Ex field for the s, mode as a function of the vertical position for a
variety of injected current densities. Each curve is related to a particular current density and is
identified by the letters “a” through “i”. a) 1.33 GA/m* b) 40 GA/m’ ¢) 53.33 GA/m’ d) 60 GA/m’ e)
66.66 GA/m’ f) 73.33 GA/m? g) 80 GA/m” h) 86.66 GA/m* i) 96 GA/m". Silicon, silica, metal slab,
polymer and air are located at z<10pm, 10pum<z<25pm, 25um<z<25.015um, 25.015pum<z<150pum, z>150
respectively.

Figure 5.17 represents the real part of the x component of the poynting vector of the
sy mode as a function of the “z” position for a variety of injected current density. Each curve
is related to a particular current density and is identified by the letters “a” through “i”. This
is the optical power that is expected to come out at the end of the sample and can be detected
by a CCD camera. The mode power distribution changes characteristics as the waveguide is
heated. It starts with a mode that has sharp edges at its center decaying exponentially with
distance from the waveguide and evolves to a TM mode as would be supported by a

dielectric slab waveguide as shown in Figure 5.17.
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Figure 5.17: Real part of the x component of the Poynting vector of the s, mode as a function of the
vertical position for a variety of injected current densities. Each curve is related to a particular current
density and is identified by the letters “a” through “i”. a) 1.33 GA/m’ b) 40 GA/m? c¢) 53.33 GA/m’ d) 60
GA/m’ e) 66.66 GA/m” f) 73.33 GA/m® g) 80 GA/m’ h) 86.66 GA/m® i) 96 GA/m>. Silicon, silica, metal
slab, polymer and air are located at z<10pm, 10pm<z<25pm, 25pm<z<25.015pum, 25.015pm<z<150pum,
7>150 respectively.

The phase velocity and group velocity are classically defined by:

(4]
-2 (5.51)
Vp ’B
dw
= 5.52
vg dﬂ ( )

Under general assumptions, the group velocity is also given by the ratio of the net
power flow of the Poynting vector to the electromagnetic energy density [47]. It is
interesting to see in Figure 5.17 that the real part of the power density is positive everywhere
except inside the metal. This indicates that the power inside the metal propagates in the —x

direction or contrapropagates with the phase. Equivalently, the phase velocity and group
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velocity will have a different polarity. This could potentially have interesting applications;
however, it is not the objective of this thesis to investigate this phenomenon further.
Figure 5.18 represents the real part of the z component of the poynting vector from
the s, mode as a function of the “z” position for a variety of injected current density. Each
curve is related to a particular current density and is identified by the letters “a” through “i.

This figure shows the real power density propagating in the “z” direction.
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Figure 5.18: Real part of the z component of the Poynting vector of the s, mode as a function of the
vertical position for a variety of injected current densities. Each curve is related to a particular current
density and is identified by the letters “a” through “i”. a) 1.33 GA/m’ b) 40 GA/m? c¢) 53.33 GA/m’ d) 60
GA/m* e) 66.66 GA/m® f) 73.33 GA/m” g) 80 GA/m’ h) 86.66 GA/m’ i) 96 GA/m> Silicon, silica, metal
slab, polymer and air are located at z<10pm, 10pm<z<25pm, 25pm<z<25.015um, 25.015um<z<150pum,
z>150 respectively.

The combined results of Figures 5.16 and 5.17, show that the optical power flows at
an angle towards the metal film, as required in order to remove energy from the dielectric

media (for dissipation in the metal) as the wave attenuates with propagation distance [14].
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Since the metal is the only lossy material in the system, it is to be expected that the
propagating loss is proportional to the ratio of the optical power contained within the metal

relative to the power contained through space. This is represented by the confinement factor:

ajsx (2)dz
of =

p (5.53)
[$.(2)dz

where §_ = _% E_H" for our waveguide. The core of the waveguide is assumed to be

between “a” and “b”. The confinement factor as a function of injected current density is
shown in Figure 5.19. This is consistent with the propagation loss or mode power
attenuation shown in Figure 5.8 (a) or (c) respectively.
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Figure 5.19: Confinement factor as a function of injected current density. The applied heating power
density as shown by the scale on top of each figure is nonlinear and represented by Pd=JF/o.
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In summary, the results of chapter 5 for this particular structure reveal that, when the
slab is heated, the refractive index of the polymer is reduced displacing the optical power of
the s, mode supported by the waveguide towards the silica. The lower refractive index of
polymer and much higher refractive index of silicon in comparison to silica confine the
optical power within the silica. This confinement occurs because light propagates essentially
parallel to the material interfaces. Eventually, when the waveguide is sufficiently heated
near its cutoff, most of the optical power is displaced in the silica and a mode similar to the
TM mode supported by the polymer-silica-silicon structure (without considering the thin
metal film) becomes supported.

As the optical power is transferred to the silica, the confinement factor increases at
first, but then reduces as the waveguide is further heated. Hence, the same occurs for the
normalized attenuation constant. In addition, the normalized phase constant evolves from
that of the metal optical waveguide to that of the TM mode supported by the dielectric
structure; the normalized phase constant is reduced.. As the power is transferred to silica, the
mode field diameter evolves from that supported by the metal optical waveguide to that of
the TM mode supported by the dielectric structure as shown in Figures 5.17 and 5.10 (b); the
mode field diameter increases.

Because the optical power is displaced into the silica, it is expected that the coupling
loss between this mode and that of a PMF centered at the metal waveguide will increase. As
heat is applied, the propagation loss contribution to the IL decreases while that of the
coupling loss increases. As a result, the IL increases from the dominating effect of the
coupling loss at high heating power.

It was shown that when the slab waveguide is heated, the mode of the metal optical
waveguide evolves into that of a TM mode supported by the dielectric structure. This would
not occur if silicon were replaced by another heat sink whose refractive index is matched to
silica. In such a situation, the optical power would most likely radiate, since the mode
supported by the metal optical waveguide is almost cutoff. As a result, the metal slab
structure should have a much better ER than obtained from the optical simulations. For the
same reason, the performance of the finite width waveguide should be improved by doing
the same to its structure. Partial evidence of this behavior was observed in the laboratory

[38].
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By comparing the experimental results with the optical model, we observe that they
are different. More experimentation could be conducted to strengthen measurements of the
propagation loss, coupling loss, IL and mode field diameter measured in the laboratory. It is
known from simulations that the confinement of a metal slab waveguide is higher than that
of a finite width waveguide [24]. For this reason, it is expected that the ER and coupling loss
obtained from a 2D optical model be higher than that obtained from our 1D model. Also, the
mode field diameter should be larger and the propagation loss lower.

Assuming a 8 um x 15nm x 7.28mm waveguide where a 4.44 mm section is heated,
the power consumption at cutoff of the mode (96 GA/m?) is 491mW at which point an ER of
about 5.25dB (or around 11.89dB by considering the 2D coupling loss explained earlier) is
predicted by the model. In the laboratory, the maximum current density considered was
66.66GA/m” where any more current density injected could destroy the waveguide. With
this in mind, with a power consumption of 236 mW (or 66.66 GA/m?), an ER of only
2.50dB (or around 2.9 dB by considering the 2D coupling loss) is predicted by the model.
For the 8um wide waveguide, an ER of about 19dB was achieved with 222 mW in the
laboratory. We see that there are large discrepancies between the s, mode model and
experimental results.

The 1D simulations showing that the mode of the metal waveguide evolves to the
TM mode supported by the dielectric structure did predict the behavior of the finite width
waveguide when its structure is uniformly heated with a TEC.

On the other hand, the optical model did not predict the behavior of the optical mode
supported by the finite width waveguide when current is injected through. As the heating
was applied, it appeared as if the optical output dimmed instead. This assumes that the effect
of thermal expansion was negligible in the experiments; otherwise, because the fibers were
not bonded onto the sample, the misalignment would be the main contribution to the
discrepency. After reflection, the main difference between the results is because the optical
model is 1D while the real structure is 3D (or its cross-section is 2D). In the optical model,
the slab is heated and the polymer’s refractive index is decreased while that of the silica is
increased uniformly along the whole width of the slab. The optical power has no choice but
to be displaced towards the silica (insignificant radiative modes supported by the structure).

On the other hand, in the real structure, when the waveguide is heated, the polymer’s
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refractive index is only reduced near the waveguide, as does the increase of refractive index
in silica. Further from the waveguide, the refractive index of the polymer and silica are
matched. In this particular refractive index distribution, the optical mode may leak laterally
and from the top. For this reason, the optical power need not be displaced into the silica as
predicted the 1D model.

This discrepancy suggests that the 1D modal analysis is not sufficient to predict the
behavior of finite width waveguides. It is possible that the model predicts the behavior of
much larger waveguides, but their propagating losses are expected to be so high that they
would not be useful devices. A more sophisticated model should be used to predict the
waveguide’s behavior such as a 2D modal analysis or 3D beam propagation method.

In addition, we wanted to verify if the second most significant mode, the s; mode,
supported by the waveguide could explain the discrepancy. The results of the s;, mode is
presented in Appendix D and the results did not explain the discrepancy.

Other sources of errors are attributed to obtaining materials properties from the
literature. In order to obtain accurate material properties, it is important to get them in
experimental conditions that are most representative of ours. Furthermore, unless material
deposition conditions are not exactly the same, it is expected that the material property will
differ. Unfortunately, it is almost impossible to reproduce exactly the same deposition
conditions. This is why it is most appropriate to measure the material properties of your
particular sample if the instrument and resources are available. Unfortunately, most of the
time, the resources and instruments were not available to do so. We had to rely on the
literature or make estimates based on the literature. Often bulk values were given, but not for
the thin film situation, which can be significantly different.

As the waveguide is heated, it was proven in the laboratory that the thin metal film’s
electrical resistivity increases. The resistivity increase was not accounted for in the thermal

and optical model.

115



Conclusion
Summary

The TO effect within the plasmon-polariton waveguide was shown to work for the
first time. The metal optical waveguide was heated due to ohmic losses when a high current
density was injected through. The maximum temperature of the waveguide is at its core and
reduces with distance from it. As a result, the refractive index near the waveguide increased
or reduced according to the temperature increase and TOCs. In effect, a refractive index
asymmetry was introduced in the structure, which could cutoff the optical mode supported
by the waveguide.

Given that the optical power has a similar distribution to that of the heat, it was
expected that the device wbuld consume less electrical power to achieve the same ER as
other TO VOA devices. In fact, the prototype achieved an ER of 19dB with 222 mW of
electrical power, a performance slightly worse than competing TO VOAs. However, it is
expected that a few modification to the current design could improve the performance of the
device and achieve the initial expectation.

The response time of the device was shown to be as quick as 50us, which is faster
than most other competing technologies. The IL of the device is shown to be quite high
given the lossy nature of the metal. It is expected however, that the propagation losses of the
finite width waveguide be lower than 11.83dB/cm from comparisons with other
measurements [40]. The mode field diameter was also determined.

The change in resistivity of metals as a function of temperature was used to calibrate
the waveguide as a temperature sensor, which was subsequently used to determine non-
invasively, directly and accurately the temperature of the waveguide when heat is applied.

Given the high current densities injected into the waveguide, we investigated its
degradation due to electromigration. Short-term experiments showed that degradation could
occur at around 110 GA/m2. Long-term experiments could show that the threshold
electromigration current density is in fact lower, which is consistent with values reported
from other authors. It was determined that the optical output dimmed as the metal film
degraded due to electromigration. For this reason, we propose a new method of investigating

the degradation of metals due to electromigration. The waveguide was shown to be very
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sensitive to the destructive nature of ESD. Precautions had to be taken to prevent the
waveguide from being destroyed from this phenomenon.

In this work, we attempted to predict the behavior of the metal optical waveguide

“used as a TO VOA with a thermal and optical model. The waveguide was heated due to

ohmic losses when a higher current density was injected through. It changed the refractive
index of the polymer and silica surrounding it in such a way that the metal waveguide was
cutoff and optical power was transferred into the silica; the new refractive index distribution
of the dielectric slab structure supports a TM mode because of the presence of the silicon
having a high refractive index. However, these results obtained from the 1D optical model
failed to predict the behavior of the real heated waveguide. A more elaborate 2D or 3D
model should be used. On the other hand, the model did predict the behavior of the A
waveguide when a refractive index asymmetry was introduced by heating the TEC given the

uniformity of the temperature distribution along the horizontal axis.

Contributions

This thesis makes a number of contributions to the advancement of science and
engineering. For the first time, an active capability is introduced to a new metal optical
waveguide technology, in particular, the TO effect. The TO effect is used to affect the
electromagnetic field propagating through a waveguide; hence, it can be used to modulate or
attenuate an optical signal. A VOA based on mode cutoff is a relatively new concept within
TO applications and the present thesis suggests a novel way of achieving this. The metal
optical waveguide technology simplifies fabrication of active devices since the electrical and
optical function is agglomerated into a single waveguide layer. The metal optical waveguide
used as a heater influences light more efficiently than that of conventional thin film heating
technologies. The heat source is already in the optical path such that little heat diffusion is
needed to affect the optical mode substantially; however, heat diffusion is necessary for
cooling. It follows that the device size, power consumption and switching time of the device
may be reduced in comparison to other conventional PLC TO VOA technologies. Some
inherent properties of the metal optical waveguide enable accurate, direct and non-invasive
temperature monitoring of the device, which may be useful for TO devices. Electromigation

tests are conducted on the metal waveguide and a new qualitative optical method to monitor
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the degradation of thin films due to electromigration is suggested and experimented as this
method is an alternative to the resistance measurements and scanning electron microscopy.
The failure of the 1D modal analysis to predict the waveguide’s behavior suggests that a

more elaborate optical model be used such as a 2D or 3D model.

Suggestion for future work

Resulting from this thesis, we have a few suggestions for future work. It was shown
that the presence of silicon a heat sink having a refractive index unmatched to silica would
prevent some optical power to escape the TO VOA when heated. As a result, the ER and
electrical power consumption could be improved if we would replace silicon with another
heat sink having a refractive index matched to the lower cladding.

A major disadvantage of our design is that we are using multiple materials with
different TOCs. This is a problem because, although the device works at ambient
temperature, it would not achieve the desired performance throughout the range of operating
temperature. For this reason, the device must be temperature stabilized in some sort of way.
This increases the complexity and cost of building the device. Furthermore, the temperature
stabilization process consumes electrical power. Therefore, the total power consumption of
the device is seen to increase significantly and cannot compete with other TO VOA devices
not requiring temperature stabilization.

Our suggestion is to build a TO VOA, in which the metal optical waveguide is
embedded into a single material having a large negative TOC (such as a polymer). The VOA
function would not be implemented on the principle of refractive index asymmetry. Instead,
when the waveguide is heated, it introduces a large refractive index gradient all around the
waveguide. Assuming a negative TOC of the material, the refractive index near the
waveguide would be much lower than that further from the waveguide. Consequently, the
optical power would tend to propagate away from the waveguide where the refractive index
is higher causing the waveguide to cutoff. Independent of the ambient temperature, the
refractive index near the metal is uniform; only the refractive index gradient from heating
the waveguide can cause its mode to be cutoff.

Another major disadvantage of the waveguide is its polarization sensitivity. The

device is limited to applications where the input optical power is TM polarized. A
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waveguide having a square geometry is known not having this problem [21]. In order, for
this square metal optical waveguide not to have significant losses, its size must be around
200 nm x 200 nm. However, we would need to investigate if such small metal cross-section
can support enough current to heat the waveguide sufficiently to achieve useful attenuation.
In order to model the behavior of the waveguide properly, I suggest to use at least a
2D optical model. However, in particular, I suggest using the 3D beam propagation method.
Since BPM for metal optical waveguides has never been developed before, we will have to
do so before using it for our metal optical waveguide. This method can model the transients
and the effect of the multiple modes that are supported by the waveguide in addition to
considering its multiple dimensionalities. The disadvantage of this method is that it would
require long periods of simulations, but it is probably one of the only ways to model the

waveguide adequately.
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Appendix A: Proof

The goal of this section is to prove that the temperature measured by the thermistor
lying on top of the TEC is approximately the same as that located at the waveguide level.
The TEC’s temperature is relatively uniform along its whole surface because the material on
which the sample lies is very thermally conductive. However, near its edges, the temperature
is not uniform. The TEC is surrounded by air, which is a very good thermal insulator as long
as convection is negligible. As mentioned in chapter 3, the thermistor was bonded to the
TEC via a thermal conductive epoxy. The thermistor was placed near the center of the TEC
away from its edges. In addition, the sample was placed near the thermistor. As stated in
section 3.2.1, a silver based thermally conductive compound was spread on the TEC such
that, when a sample is positioned firmly on its surface, the compound will fill the voids at
the sample-TEC interface and reduce the interface’s thermal contact resistance. The
temperature of the sample is therefore assumed uniform on a given plane. The thermal
disturbance due to the metal waveguide is assumed negligible given its small cross-section
relative to that of the other layers constituting the sample’s structure. Because the thickness
of the structure is small compared to its width and length in addition to the small metal
cross-section, an analytical 1D model should closely approximate the temperature at the

waveguide level. The heat flux flowing through the structure is governed by the following

equation:
”" Tec —T“O
A A A .1
B BT
ki, k, ky h

where ¢", Tiec and Tw are the heat flux flowing through the layers of the structure, the

temperature at the surface of the TEC and the ambient temperature respectively. The worst
case scenario is considered. In our experiments, the maximum temperature of the TEC is

60°C and the room temperature is 20.3°C most of the time. k; , k> , k3 have been estimated as

145 lV_, 1.1 e and 0.14 A respectively. 1; and |, are known to be 600um and 15pum

mK mK mK

respectively. The gel is thick and has low thermal conductivity such that its non-uniform
thickness should have negligible impact on the waveguide layer’s temperature. The gel

thickness varied from sample to sample. The average thickness of the gel was 800um thick.
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Therefore, 15 is set to 800um. The free convection coefficient hy ranges between 2 and 25 for

[T

gases such as air. hy has been set to 25 for the worst case evaluation. The flux “4"” was
determined from the previous equation and used in the following equation to determine the
temperature at the waveguide layer.
" ll l 2
];ec_]g:q —+—= (A2)
k 1 k2
where T, is the waveguide layer’s temperature. As a result, only a maximum temperature

difference of 0.0156°C could occur between the thermistor and the waveguide layer. It is
acceptable to assume both temperatures equal.

A simple experiment was conducted to confirm this result. The sample described in
section 3.1.2 was placed on the TEC via a thermally conductive compound. The sample was
heated at a temperature usually used during the experiments, which was near 28°C. As
explained above, the temperature of the sample should be uniform on a given plane; a
thermo-couple placed at the waveguide layer (through the gel) is not believed to perturb the
measurement significantly. A thermo-couple was used to measure the ambient temperature,
the TEC’s temperature, the waveguide layer’s temperature and the temperature on top of the
polymer. The measured temperatures with the thermo-couple were 22.8°C, 28.6°C, 28.5°C
and 27.5°C, respectively. The ambient and TEC temperatures measured by the thermistor
were 22.25°C and 28.35°C respectively. The temperature measurements provided by the
thermo-couple are not as accurate as the thermistor. Typically, the temperature varied as a
function of time by as much as £0.3°C, while for the thermistor, it varied by only +0.01°C.
This proves that the temperature measurements between the TEC and waveguide layer is
believed to be less or equal to the precision of the measuring device. Hence, this is sufficient
to show that the temperatures of the TEC and waveguide layer are close enough to justify

assuming them equal.
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Appendix B:Accelerating numerical computation

The purpose of this section is to present numerical methods that will significantly
reduce the computation time required to generate results. In order to accelerate computation
time, Gauss-Siedel method, Successive Overrelaxation (SOR) method, non-uniform meshes
and multigrids are presented. In addition, because the computational domain has half-
symmetry along the vertical center of the metal waveguide, only half of the domain needs to
be computed.

The Gauss-Siedel method is an iterative method by which the equation used to
generate results on a grid is done in a particular order. Computation is done such that newly-
found results on the grid are used as soon as there are available for subsequent calculations;
it consists of raster-scanning calculations through the nodes of the rectangular grid. We can
apply Gauss-Siedel method to Equation (4.36) by raster-scanning calculations through the
nodes of the rectangular grid in any order shown in Figure (B.1). Equation (B.1) is

represented by Figure (B.1A).

(i.j)

(1,n) (m,n)
o O O O O 9 O O O O O© 9 O |0 |]O |O |O |O
O O O O o 9 9 0 O O O © O |O |O |[O |O |O
O O O O © 9 o O O O o 9 O |O |O |O (O |O
O 0O 0O O o 9 9 O O O O o© O |O |O O |O |O
o 0O O O o O 0O O O O O 9 YO YO YO YO YO VYO
(1,1) (m,1)
(A) (B) (C)
Figure B.1: Illustration of Gauss-Siedel method.
k+l g . kos o koo . K+l s koo o
— + —_
oy = D=L DARTHGj 4 DB+ T 41 NC+ TG j=DD + Q" (o) (g )

A+B+C+D

“k” corresponds to the iteration number. For a thermal diffusion problem, which
incorporates a single thermal source such as in this thesis, calculations converge more
rapidly if raster-scanning starts at the source towards a direction that is most compatible

with the power flux density’s direction and the grid’s mesh.
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A node’s temperature variation between successive iterations should vanish as “k”

tends towards infinity and it is expressed by:
TG, j)-T* G, ) = £* (@, )) [K] (B.2)
where lgm(i, j)l < ‘g"(i’ j)’ for m>n.

Equation (B.1) is substituted into (B.2) and we obtain:

k+lgr 1 kyss ke . ktlp: » koo .
T i1, DA+T G, j+ DB+ T+ 1, )C+T*' (G, j-1)D + Q, (z,J)_Tk(i,j) (B.3)

kys o
e (i, )=
@) A+B+C+D

Alternatively, Equation (B.2) may be expressed differently to give it another interpretation:
TG, ) =T, j)+&" G J) (B4)
where a correction, £*(j, ;), is added to T to get T, However, we know that g**! G, Jj) is
non-zero Iexcept for “k” tending towards infinity. Therefore, the SOR method adds an
overrelaxation factor, I', into the equation to apply an overcorrection and to accelerates the
convergence. This is shown by:
TG, ) =T*G, ) +Te G, j) - B3)
where ¢* (i, j) comes from Equation (B.3)
A better choice of I leads to a faster convergence, but I usually lies between 1 and 2 for a
thermal diffusion equation. There are many issues regarding the SOR method such as
stability just to name one, but this is out of the scope of this thesis.

Generally, a coarse uniform mesh will generate results converging rapidly but its
accuracy will be poor if data values vary quickly within that region. Conversely, a dense
uniform mesh will generate results accurately but its convergence will be slow. A solution to
this problem is to make the mesh dense only in regions where data values vary rapidly;
hence, a non-uniform mesh. In FDM such as presented in section 4.2, it is important that the
mesh density does not vary too rapidly, otherwise, it may produce numerical errors. For this
reason, a 2D geometric progression separating each points of the mesh is selected.

A 1D geometric progression takes the form:
h o= (B.6)
where h;, h, and nare the first and nth spacing between nodes and the geometric factor,

respectively. The total distance of the whole geometric progression is defined by:
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o=31, ®.7)
=1

where “N” is the total number of spacings. h;, hy and @ are usually given while “N” and n
are determined numerically. 1 is typically kept between 1 and 1.1, otherwise, the mesh
density variation occurs too rapidly. The case of n=1 is a uniform grid. Usually, it is

impossible to obtain h;, hy and @ exactly for given values “N” and 1. Consequently,
numerical computation determines a value };N , which is close to hy within a given tolerance.

This equation can be applied individually in each dimension to obtain the 2D case. Once
each h;, is determined via Equations (B.6) and (B.7), it can be introduced to the mesh defined
by the FDM derivation through:

h (8,46,)=h, (B.8)
where “h” is an arbitrarily chosen parameter constant throughout the domain. 8, and 6, may
be any of the 8s shown in Figure 4.2. It is the 6s that vary such that the result is equal to hy,.

As a starting condition, if all the points of the grid are set at a temperature near the
real solution, the result will converge more rapidly than if they are all set to 0 or any
arbitrary value. Hence, in order to accelerate convergence a coarse mesh is used to compute
quickly an approximate result. The result from the coarse mesh is transferred to a denser
mesh via interpolation and it is used as the starting condition for the calculations of the
denser mesh; it is called a multigrid method. This is done iteratively until the desired
accuracy is obtained.

If the structure has half-symmetry, there is no thermal power flux crossing the plane
of symmetry. Consequently, the plane of symmetry can be considered adiabatic. An
adiabatic boundary condition is set at the plane of symmetry and only half of the domain
needs to be computed. When half of the domain is computed, the result can be mirror-
reflected to the other side of the plane of symmetry to obtain that of the full domain. All of
these techniques are programmed in the computer to save substantial amount of computation

time.
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Appendix C: Muller’s complex root finding method

Muller’s root finding method is a method by which the root of a given function is
approximately determined by finding the root of a curve passing by three points on that
function. The new approximate root has a corresponding value of abscissa. The function is
evaluated at that abscissa value. Only the three values of abscissa nearest the true root are
kept for the next iteration of the method. The approximate root becomes more accurate as
the number of iterations increases. When the approximate root lies within a given tolerance
of the true root, the method is said to have found a solution. Equation (C.1) describes the

curve passing through three points of the function. Given three points x, x, and x, , the

parameters of Equation (C.1) may be determined.

a(x—x,)" +b(x—x,)+c= f(x) (C.1)
c=f(x) (C2)
a(x, —x,)> +b(x, —x,) +c= f(x,) . (C.3)
a(x, —x,)* +b(x, —x) +c = f(x,) (C4)
Solving for “a”, “b” and “c” yields:

_ 1S =@+ p]+ f(x,) s
kel “
b= f(xl)_fh(xo)—ahlz (C.6)
c=f(xp) (C.7

Equation (C.1) is quadratic and its roots may be determined easily. There are two solutions

to the equation and the one closest to X, is chosen. Given the finite nature of computers, care

must be taken to make sure that there is not any subtractive cancellation leading to

numerical errors in the calculation of the solution. Therefore, the solution to (C.1) is written

in a particular form to eliminate this potential problem.
2

c
X, =X, —
’ b+ sign(b)Vb* —4ac

Muller’s method can find complex roots, because the argument under the root in the

(C.8)

denominator of (C.8) may be negative.
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Appendix D: s; mode

The objective of this section is to analyze the behavior of the s mode as a function
of injected current (or power density) through the metal waveguide such as was done for the
sy mode. The same structure that was explained in section 3.1.1 and 3.1.2 and used to
analyze the s, mode will also be used to analyze the s;, mode for comparison purposes.

The motivation for analyzing the s;, mode is as follows. When a waveguide is
excited, the optical power that propagates along the waveguide will distribute itself amongst
all its supported modes. The ratio of power distributed to each mode depends on many
factors including the method by which the waveguide is excited. A modal analysis along
with mode overlap calculations is not an effective way to determine the proportion of power
distributed to each mode, but experimental evidence shows that most of the optical power
remains in the sp and s;, modes. All modes except the s, and s;, modes have very high
propagation loss; therefore, low IL of a 7 mm sample as obtained in the laboratory (section
3.4.1) can only be achieved if most of the optical power remains within these two modes.
Furthermore, the asymmetric modes have field distributions that are incompatible with those
of a PM fiber reinforcing the argument that most of the optical power remains in the
symmetric modes.

Because the fields distribution of the s;, mode closely resemble those of the s, mode,
only those significantly different from that of the s, mode will be presented. Furthermore,
most of the comments applied to the s, mode in section 5.3 will, in most part, be applicable
to the s, mode.

The fields R(Ex), 3(Ez), 3(Hy), R(Sz) found for the s mode are a 180° rotation
of those of the s, mode where the axis of rotation is the 0 absissa of these figures (refer to
section 5.3). The other fields are similar than what is shown for the s, mode. Another
difference is that the oscillation amplitude of the fields in the silicon increase with
decreasing z. In the polymer and silica there are only small differences in field amplitudes
because the s, mode evolves slightly differently than the s, mode as more heat is applied.

An issue for the s;, mode is that normalization of the mode is ambiguous because the
fields increase to infinity on the radiating side of the waveguide. Therefore, the coupling

loss, MFD and IL model in chapter 5 cannot be appropriately determined. There is another

129



way of deriving Maxwell’s equations such that the leaky modes can be determined
unambiguously [48], but this is out of the scope of this thesis since it will not generate
significant results. The interpretation of the increasing fields with distance to the waveguide
comes from spatial transients expressed in the steady-state results. The reader is referred to
[14] for more details. In any case, this interpretation reveals that, in fact, the fields do not
really increase to infinity. Since most of the fields distributions are similar than that of the sy
mode, it is expected that the coupling loss and MFD of the s;, mode be close to that of the sy

mode.

Figure D.1 presents the normalized phase constant of the s; mode as a function of
metal film thickness for a variety of injected current density into the plasmon-polariton
waveguide. Each curve is related to a particular current density and is identified by the

letters “a” through “L”, where the successive letters are attributed to the decreasing curves.
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Figure D.1: Normalized phase constant of the s; mode as a function of metal film thickness for a variety
of injected current densities into the metal optical waveguide. Each curve is related to a particular
current density and is identified by the letters “a” through “L”, where the successive letters are
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attributed to the decreasing curves. a) 1.33 GA/m’ b) 20 GA/m’ ¢) 40 GA/m’ d) 53.33 GA/m’ ¢) 60
GA/m’ f) 66.66 GA/m? g) 73.33 GA/m’ h) 80 GA/m’ i) 86.66 GA/m* j) 96 GA/m® k) 102.6GA/m* 1) 110.6
GA/m®

Figure D.2 represents the normalized attenuation constant of the s;, mode as a
function of metal film thickness for a variety of injected current densities into the plasmon-
polariton waveguide. As can be observed, the s; mode does not have a cutoff thickness like
that of the s, mode (although some curves are not complete because I had trouble with the
numerical solver). As heating of the waveguide is increased, the normalized attenuation

constant changes dramatically for thinner metal films.
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Figure D.2: Normalized attenuation constant of the s;, mode as a function of metal film thickness for a
variety of injected current densities into the metal optical waveguide. . Each curve is related to a
particular current density and is identified by the letters “a” through “L”. The letters in Figure (b) are
successive from bottom to top. a) 1.33 GA/m? b) 20 GA/m’ ¢) 40 GA/m’ d) 53.33 GA/m’ ¢) 60 GA/m’ f)
66.66 GA/m” g) 73.33 GA/m* h) 80 GA/m” i) 86.66 GA/m’ j) 96 GA/m* k) 102.6GA/m? L) 110.6 GA/m?

Figure D.3 shows the real part of the z component of the Poynting vector of the si,
mode as a function of the vertical position of the waveguide structure for a variety of

injected current densities. In opposition to the s, mode, some of the power in the s, mode
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propagates away from the waveguide (radiates) as shown by the poynting vector in Figure
D.3. By comparing Figure D.2 with Figure D.3, we quickly realize that the attenuation
constant is comprised of two important loss mechanisms for the s;, mode: material loss and
radiation loss. As was explained earlier, confinement is reduced for decreasing metal film,
which leaves the mode more susceptible to radiation loss. This explains why heating
influences the attenuation constant more dramatically for thinner metal films. The IL of the
sL mode in Figure D.4 is higher than that of the s, mode attributable to radiation loss. For
current density beyond 96GA/m?, the s, mode is cutoff and optical power must be
transferred into the other existing modes. Due to the good mode overlap between the s, and
s. mode, most of the optical power should be transferred to the s;, mode.

In a similar way than the s, mode, when the waveguide is heated, the s; mode
evolves to that which resembles a TM mode supported by a dielectric structure. Even if
power is transferred amongst both symmetric modes, it is not able to account for the fact

that, in the experiments, we did not observe this dielectric mode.
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Figure D.3: Real part of the z component of the Poynting vector of the s, mode as a function of the
vertical position for a variety of injected current densities. Each curve is related to a particular current
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density and is identified by the letters “a” through “i”. a) 1.33 GA/m* b) 40 GA/m® ¢) 53.33 GA/m” d) 60
GA/m’ e) 66.66 GA/m* f) 73.33 GA/m® g) 80 GA/m’ h) 86.66 GA/m® i) 96 GA/m’. Silicon, silica, metal
slab, polymer and air are located at z<10pum, 10pm<z<25pm, 25um<z<25.015um, 25.015um<z<150pm,
2>150 respectively.

Figure D.4 (a), (b) and (c) represent the normalized attenuation constant, normalized
phase constant and MPA of the s, mode as a function of injected current density (or power
density) for a 15nm thick metal film. Figure D.4 (¢) illustrates the MPA as a function of
applied current density through the plasmon-polariton waveguide. The figure shows that
because the waveguide is radiating, its MPA can be much higher than that of the s, mode for

any applied heat.
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Figure D.4: Normalized attenuation constant, normalized phase constant and mode power attenuation of

the s, mode as a function of injected current density (or power density) for a 15nm thick metal film. The
scale on top of each figure is nonlinear and represented by Pd=J%/c.

To address the design problem introduced in chapter 5, if the refractive index of the
heat sink is matched to that of silica and the waveguide is heated, the mode would not be
confined by the structure anymore and radiation would increase. This observation is made
by comparing the Poynting vector of the least heated case in Figure D.4 with that of the
matched structure in Figure D.6. Figure D.5 represent the normalized phase and attenuation
constants as a function of film thickness for the s; mode. The structure is an unheated
waveguide with the following refractive indices: 1.4484, 1.4469, 0.55-11.51, 1.4469 and 1
for the heat sink, silica, metal, polymer and air respectively. The refractive index of the heat
sink was purposely set very close to that of the silica instead of matching it (given how the
optical simulator was implemented, matching the refractive indices exactly would have

generated erroneous results). The silica, metal and polymer are 15um, 15nm and 124.985
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pm thick respectively. The attenuation constant for a metal thickness of 15nm is shown to be

higher than the least heated case of Figure D.2.
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Figure D.5: Normalized phase constant and normalized attenuation constant when the heat sink’s
refractive index is matched to that of silica when the waveguide is not heated. The refractive indices are:
1.4484, 1.4469, 0.55-11.5i, 1.4469 and 1 for the substrate, silica, metal, polymer and air respectively.
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Figure D.6: Real part of the “z” component of the Poynting vector of a structure comprising a heat sink
whose refractive index is matched to that of silica when the waveguide is not heated. The structure
simulated comprises the following refractive indices: 1.4484, 1.4469, 0.55-11.5i, 1.4469 and 1 for the
substrate, silica, metal, polymer and air respectively.
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