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ABSTRACT

This dissertation prompts on the research and development of a new real-time, reusable,
and reversible optical sensor for integrated temperature monitoring in harsh environ-
ments. This is achieved through integrating the photonic properties of optical waveg-
uides/optical fiber and the phase change properties of chalcogenide glasses (ChGs).
ChG materials have very specific crystallization temperatures beyond which these ma-
terials transform from being a dielectric material to a metallic material. When such
ChG material is coated over a dielectric optical waveguide, in the crystalline phase,
highly localized surface plasmon polariton (SPP) modes are generated at the waveg-
uide:metallic ChG interface. In this case, the modes are characterized by very large
propagation losses compared to that when the ChG is in its amorphous phase. By
monitoring the output power in the two different phases of ChG, ambient temperature
can be determined. In ChG materials, the crystalline state of ChGs can be reverted
back to its initial amorphous condition through the application of a short intense
voltage pulse that melts the material, facilitating multiple time use of the sensors.
Based on the phase change property of ChG glasses, and light confinement offered
by optical waveguides, we proposed to construct two types of sensor architectures for

sensing temperature:

e Architecture 1: An optical fiber based reflection mode sensor.

o Architecture 2: An integrated silicon waveguide:ChG based compact plasmonic
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temperature sensor.

These sensors are typically suitable for the real-time monitoring of component tem-
peratures up to 500 °C, although with specific adjustment of the composition of the
ChG material, these sensors can become useful for metallic or ceramic SFR reactors
where the cladding temperature can reach 650 °C. This will provide a temperature
monitoring method for multiple components in the reactor design domain of multi-
ple reactors. It can be further employed as in a number of hybrid electron/photonic
tandem ChG/Si solutions (for example, when non-volatile memory is necessary to be
introduced based also on the phase changes in the ChG) in the nuclear facilities since

the chalcogenide glasses are radiation hard materials.
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CHAPTER 1:
INTRODUCTION

1.1 Traditional Electronic Sensors Used in Extreme

Environments

One of the most frequently measured physical parameters is temperature. Often,
temperature change can be an indicator of physical changes occurring in other pa-
rameters of interest. It is a fundamental parameter in many processes ranging from
industrial manufacturing to life sciences. The operating environments inside nuclear
reactors create extreme conditions for fuel and structural components, involving high
temperature, neutron irradiation, and corrosive conditions. To observe material per-
formance (microstructure, chemistry, mechanical, and other property changes with
the changing conditions) while exposed to the reactor environment and to prevent
disasters caused by structural failure due to high temperature, real-time and accu-
rate sensing devices are required. Generation IV nuclear power plants operate at high
temperatures up to about 1000 °C to achieve higher efficiency [1-3]. Precise temper-
ature monitoring within this nuclear reactor is critical for its safety, stability, proper
functionality, and efficient operation over the long term operational lifetime [4-6].

During the research, development, and qualification stages of new reactor mate-

rials, structural components, and fuel, it is imperative to study their performance



under specific test conditions before commissioning these materials or components.
Such testing procedures require real-time temperature monitoring with high precision.
The temperature range of interest for the fuel and structural component community
varies quite significantly depending on the reactor technology evaluated. Typically,
reactor fuel design teams strive to decrease fuel cladding temperatures, although
the designs need to be robust enough to withstand higher temperatures during ac-
cident conditions. Realizing a sensor for such hazardous environments remains to
be a tremendous engineering challenge. Usually, in any high radiation environment
(e.g., reactor cladding, spent fuel pool), the temperature is continuously monitored
using conventional resistance thermometry metal-based temperature measurement
instruments like thermocouples, Resistance Temperature Detectors (RTD) or melt-
wire sensors [6,7]. The working mechanism of these non-optical sensors are based on
variances in metal’s resistance with temperature.

In nuclear power plants, mostly RTDs are used to measure the primary coolant
temperature [8]. RTDs are thermal devices which contain an electrical resistance
element referred to as the sensing element. Changes in its resistance value with tem-
perature can be used to indirectly determine the temperature [9]. These sensors are
considered as the most accurate resistance-based temperature sensors [10]. The cur-
rent RTDs can accurately show the temperature up to about 400 °C. The sensing
element of industrial RTDs are mostly made of platinum [10]. Although RTDs give
real-time data about temperature, RTDs need external current to measure the resis-
tance change. Thus, with measuring current I, IR heating inside the RTD device
presents itself as a problem known as “self-heating” [6]. Moreover, gamma heating

due to radiation absorption gives erroneous reading. RTDs are also the most expen-



sive temperature sensors [11]. RTDs suffer from signal drift at high temperature,
response-time degradation, reduced insulation resistance, and erratic output, which
leads to frequent calibration requirements [8]. Estimating the coolant temperature
profile requires many RTDs, which increases cabling and maintenance requirements.

Another commonly used metal-based temperature sensor is a melt-wire. In these
sensors, known metal compositions with specific melting temperatures are placed in
an irradiation test environment. A post-test examination on which wires melted
and which did not can be used to determine the ambient temperature. One issue
with this method is that the metal bars should have 99% purity [12] to achieve
accurate results. Melt-wire sensors are inexpensive but do not allow for real-time
monitoring of temperature, can only be checked post factum, and have low resolution
on temperature.

For decades, high temperature resistant thermocouples have been used to mon-
itor the temperature during the irradiation. However, these thermocouples need to
be calibrated when exposed to temperatures above 1100 °C [13]. A thermocouple
is an assembly of two wires of different metals. These metals are joined at one end
which is called a hot end, for temperature measuring, and the other end is considered
as the cold junction which works as a reference at 0 °C. Compared to melt-wires,
thermocouples provide real-time reading of temperature. However, the output signal
from a thermocouple is weak. Thermocouples are large in size, provide low resolution,
are single point detectors and highly sensitive to common mode noises, which com-
promises their accuracy. Additionally, the performance of thermocouples and RTDs
are affected by oxidation and attack from corrosive chemicals and the temperature

readings drift significantly under long-duration exposure to high-temperature [2| and



radiation [3|, simultaneously during long-term operation [2,14,15|. These limit their
operational life time. This often necessitates sensor recalibration due to transmuta-
tion from absorption of neutrons [7]. Thermometers are often required to operate in
the presence of strong electromagnetic fields, while in contact with human patients,
or to be interrogated over long distances. Sensors with metallic leads will experience
eddy currents in such environments, which will create both noise and the potential
for heating of the sensor, which in turn causes inaccuracy in the temperature mea-
surement.

The desire to reduce sensor ownership cost and overcome the limitation of tradi-
tional (electrical) temperature sensors have attracted considerable interest in photonic
temperature sensors within nuclear power plants as well as high energy physics accel-
erators and experiments [16-20]. Optical temperature sensors are instruments that
convert external temperature stimuli into a detectable optical signal changes. These
sensors provide several advantages compared to their electrical counterparts. Aging
of electrical cables is a major concern in nuclear reactors. Electrical cables are de-
graded by temperature and ionizing radiation, which could cause mechanical property
changes or cracking of insulators which could then end up with an electrical failure
or even with ignition in the worst case. Radiation-hard optical fiber based sensors
(OFSs) that possess low degradation and stability under harsh environments are best
candidates for temperature monitoring in spaces where conventional sensors such as
melt-wires and thermocouples are not well suited [21-25]. These sensors, which do
not use metallic transducers to perform their conversion, allow for minimized heat
dissipation by conduction and provide quick response. Since they are less perturbing

to the environment, they have the potential for extreme accuracy [26].



Optical sensing advantages include low drift, high bandwidth, standoff sensing,
and distributed sensing. These sensors offer more advantages over conventional elec-

tronic sensors as listed below [27-29].

e Easy incorporation into a wide variety of structures, including composite ma-

terials, with little interference due to their small size and cylindrical geometry
e Inability to conduct electric current.

e Immunity to electromagnetic interference (EMI) and radio frequency interfer-

ence (RFI)
e Lightweight and high sensitivity.

e Multi-functional sensing capabilities such as strain, pressure, corrosion, temper-

ature, and acoustic signals
e Resistant to high temperatures and chemically reactive environments

e High sensitivity for temperature monitoring and low attenuation signal trans-

mission from within the nuclear reactor to an external control center

1.2 Summary of Contributions
In this research, innovative techniques to design and fabricate real-time and long-term
direct measurement high temperature optical waveguide sensors (silicon and silica
based) capable of operating at temperatures up to 600 °C are presented. Integrating
these devices with the phase change properties of chalcogenide glasses (ChGs) facili-
tates precise determination of temperature profile, multiple-time use, and reversibility

and radiation harden of the sensors for nuclear reactors. We show for the first time



that unlike conventional optical fiber based high temperature sensors, our sensor,
by simple capping fiber tips with temperature sensitive materials can measure high
temperature in harsh environments. Also, we show that planar Si waveguides can
perform as a temperature sensor if we cover the waveguide with chalcogenide glasses.
The reversible characteristic of the chalcogenide glasses can transform single-time
temperature sensors into multi-time use devices. Our sensors are low power consum-
ing and cost effective devices. Fabrication of these compact size optical waveguide
based temperature sensors is easy for integration in different structures of a nuclear
facility. We can locate these sensors directly over the desired surface to measure
temperature. Extending one single sensor to an array structure can be used to track
the temperature inside harsh environments. The efforts devoted to innovative sensing

techniques focus mainly on the following issues.
e The study of sensing mechanism
e Cost-effective design and implementation
e Material selection to fabricate the sensors
e Measure real-time temperature response of the sensors
e Packaging structure design of the sensing probe
e Sensor characterization set up

e Optimization of the sensor prototype and performance evaluation
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1.5 Dissertation Outline

The outline of the dissertation is presented below.

In Chapter 1, the introduction of traditional electronic sensors used in extreme
environments and the need for research devices are presented.

In Chapter 2, background related to my research is presented. The first section
includes a brief introduction of the theory on optical fibers and waveguides that will
be relevant to understanding the results presented in later chapters. Next, optical
fiber and planar optical waveguide working mechanisms and light coupling methods
are introduced. Then, an introduction to surface plasmon polariton and plasmonic
waveguide structures are presented. Also, the chalcogenide glass characteristics are
explained.

Chapter 3 follows the work performed on Architecture 1. The proposed optical
fiber-based high temperature sensor design is explained. The design is simulated
in PhotonDesign software to demonstrate the performance of the sensor. The opti-
mum dimension of the design is obtained. The performance of the sensing device in
amorphous and crystalline phases of the synthesized ChGs is studied.

In Chapter 4, the fabrication process of a fiber-based temperature sensor is de-

scribed. The process to prepare the fiber tip to deposit the ChG along with the
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depositing process is described in detail. Also, the characterization set-up built to
characterize devices is presented. The temperature response of the sensor and data
analysis are discussed in this chapter.

Chapter 5 focuses on the simulation of the silicon waveguide based temperature
sensors with different in-house synthesized ChGs covering. The simulation results
are used to optimize the design feature sizes to have a single-mode performance of
the waveguides. The plasmonic effect of ChG in the crystalline phase is confirmed.
Also, a proper waveguide length is selected to achieve a high extinction ratio in the
temperature responses of the sensor.

In Chapter 6, the fabrication process of the Si:ChG waveguide-based temperature
sensor is described in detail. Two different testing set-ups, grating coupling and
another for edge coupling bases devices are described. The temperature response of
the proposed sensor is measured and results are discussed.

In Chapter, 7 discussion of the future research directions and proposed improve-
ments on the temperature sensors are presented. We have shown proper packaging
methods to be useful in industrial. The sensitivity study can be studied to confirm
high sensitivity of the sensors.

In Chapter 8, we summarize the contents presented in the dissertation and provide
an outlook of the future perspective in this integration approach. In the Appendix A,
limitations of our EBL tool and modifications performed to improve performance is

discussed. In Appendix B, the waveguide fabrication in details is introduced.
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CHAPTER 2:
BACKGROUND

2.1 Optical Waveguides
Optical waveguides are the fundamental components for transmitting light over dis-
tances ranging from tens or hundreds of micrometers (e.g. in integrated optical cir-
cuits and semiconductors lasers) to thousands of kilometers (e.g. optical fibers). The
basic structure of a dielectric optical waveguide consists of a high refractive-index (RI)
optical medium, called the core surrounded by low-index media, called the cladding.
A variety of different integrated optical waveguide structures are used to confine light
and transport energy at wavelength ranging from visible to mid-IR regions of the
electromagnetic spectrum on a chip [30-32]. A guided wave propagates in the waveg-
uide along its longitudinal direction. There are two different waveguide structures,
a) nonplanar, and b) planar. In a nonplanar waveguide, the core is surrounded by
cladding in all transverse directions. In a planar waveguide, the core is sandwiched
between cladding layers. We will discuss these structures in detail in the following

sections.

2.1.1 Optical Fiber

An optical fiber is basically a cylindrical dielectric waveguide with a circular cross

section where a high-index waveguiding core is surrounded by a low-index cladding,
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Figure 2.1: Schematic of optical fiber, showing typical diameter [33].

as shown in Figure. 2.1.

Optical fibers are usually made of silica (SiOz). The RI profile is controlled
through tuning the concentration and distribution of dopants. Alternatively, to take
advantage of low-loss pure silica, the cladding can be doped with fluorine for a slightly
lower index while the core contains undoped pure silica. Silica fibers are ideal for light
transmission in the visible and near-infrared regions because of their low loss and low
dispersion in these spectral regions. They are therefore suitable for optical communi-
cations and most laser applications in this range of the spectrum. Optical fibers have
a wide range of applications. Owing to their low losses and large bandwidths, their
most important applications are fiber-optic communications and interconnections [34].
Other important applications include fiber sensors, guided optical imaging, remote
monitoring, and medical applications [35-37|. In addition, because optical fibers pro-
vide low loss (~0.1-0.2 dB/km) optical confinement over long distances, they also
present unique conditions for many interesting nonlinear optical processes, which
lead to such applications as optical soliton formation and propagation, optical pulse
compression, and optical frequency conversion [38,39].

The refractive index of the core is greater than the refractive of the cladding i.e
(neo > me), thus light can propagate inside the high refractive index medium based

on total internal reflection (TIR) as shown in Figure. 2.2. The TIR occurs when a



13

ray of light strikes a boundary at an angle larger than the critical angle defined by

1 el
Neco

sin~ with respect to the normal of the surface [40].

1 ~125 pm
A

~8um - v i

Nej
T
Figure 2.2: Propagation of light inside the fiber based on total internal reflection.

This criterion of TIR limits the required angle of incidence of a light beam which
hits the fiber core from outside. Guidance is obtained only if the angle between the
beam and the fiber axis is below a certain maximum which is defined as the numerical

aperture (NA) of the fiber as shown in Equation 2.1.

NA=/n}—n3 (2.1)

Any beam with an incidence angle larger than sin™'(NA) is not guided by the
core, and thus experiences high losses at the outer interface of the cladding.

The waveguide modes are electromagnetic field configurations (tangential between
electrical (E) and magnetic (H) field, denoted by linearly polarized LP;,,, which main-
tain their intensity profile during propagation in the fiber core, where 2[ and m are
the number of maxima around a circumference and the number of maxima along the
radius of the optical fiber, respectively. The normalized frequency or V-number de-
termines the fraction of the optical power in a certain mode which is confined to the

fiber core, which also determines the number of modes that a fiber can guide. It is
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defined as [41]:

V= %TGNA (2.2)

where A is the wavelength of light in vacuum, «a is the fiber core radius, and N A is the
numerical aperture. A fiber with a large V-number can support multiple modes. A
single-mode condition at which the TEq; and TMg; reach cut-off is achieved when the
V-number value is less than 2.405. Such fibers support only the fundamental mode
and are called single-mode fiber. The lowest order mode HE4; is denoted LPgy; which
is known as the fundamental mode of the fiber. Therefore, by changing the core size
and the RI of the core/cladding, designing an optical fiber with a specific number of

modes is possible.

2.1.2 Planar Silicon Optical Waveguide

Consider a straight optical waveguide propagating light along z direction as the lon-
gitudinal direction. In a planar waveguide that has optical confinement in only one
transverse direction, the core is sandwiched between cladding layers in only one di-

rection, say the x direction, with an index profile n(x), as shown in Figure. 2.3 [34].

_—

y

Figure 2.3: Planar waveguide of one-dimensional transverse optical confine-
ment [34].
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The core of a planar waveguide is also called the film, while the upper and lower
cladding layers are called the cover and the substrate, respectively. This type of
waveguide is called a slab waveguide. According to the refractive index distribution
in the planar waveguide structure, these waveguides can be further classified as step-
index waveguides or graded index waveguides. A waveguide in which the refractive
index profile has an abrupt change between the core and the cladding is called a step-
index waveguide [42], while the one in which its refractive index is depth-dependent
along the z-axis, where the index profile varies gradually, is called a graded-index
waveguide [43]. Figure. 2.4 shows examples of step-index and graded-index planar

waveguides [44].

n(x) n(x)

(a) (b)

Figure 2.4: Index profiles of (a) a step-index planar waveguide and (b) a graded-
index planar waveguide [34].

Here, we describe the formation of modes with the ray picture in the slab waveg-
uide [45]|, as shown in Figure. 2.5. Assume a plane wave propagating along the
z-direction with inclination angle. The phase fronts of the plane waves are perpen-
dicular to the light rays. The wavelength and the wavenumber of light in the core

21y

A
are — and k; = kn; = 5 where k and )\ are free-space propagation constants
n1
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Figure 2.5: Light rays and their phase fronts in the waveguide [46].

and the wavelength, respectively. The direction of k; is at an angle #, normal to
the core—cladding interface as shown in Figure. 2.5. Consider the phase difference
between the two light rays belonging to the same plane wave. The phase difference
between A and C corresponds to an optical path length AB + BC. In addition,
light ray BC, propagating from point B to C', have two total internal reflections at
B and C' (at the upper and lower core—cladding interfaces) which introduces further
phase difference of ¢. The phase difference between A and C' (A¢4c) for constructive

interference should be a multiple of 2.

AB + BC = BCcos(20) + BC = BCO((2c0s%0 — 1) + 1) = 2dcos(6) (2.4)

where m = 0, 1,2, ... is an integer. Thus, the condition for wave propagation is

k12dcos(0) — 2¢ = m(2m) (2.5)

It is apparent that only certain 6 and ¢ values can satisfy this equation for a given
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integer m. But the phase change ¢ depends on # and also on the polarization state
of the wave (direction of the electric field, that is, £, here). For each m, there is one

allowed angle 6,, and one corresponding ¢,,. Then, the waveguide condition is

271 (2a)

3 co$(0) — G = mm (2.6)

which ¢, indicates that ¢ is a function of the incidence angle 6#,,. This equation is
called a phase-matching condition of the waveguide. The optical field distribution
that satisfies this equation is called the mode. The integer m identifies these modes
and is called the mode number. For the lowest mode, m = 0, the wave travels axially
and is called the fundamental mode; the other modes, having larger angles, are higher-
order modes m > 1. We can have up to a certain number of modes allowed in the
waveguide. According to phase matching condition and total internal reflection, the

mode number must satisfy [47]

(2.7)

which V| called the V-number, defined by

v _ 21ay/n? —nj (2.8)

A

Suppose that for the lowest mode, the propagation is due to a glazing incidence at
mm + ¢

Qp — /2, then ¢ — 7, and V = or /2. Thus, when V < 7/2, m = 0 is
the only fundamental mode propagating along the dielectric slab waveguide, which

is then termed as a single-mode planar waveguide. The free-space wavelength A,
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that leads to V = 7/2 is the cutoff wavelength, and above this wavelength, only one
fundamental mode will propagate.

Figure. 2.6 shows two of the possibilities for the electric field direction of a waveg-
uide traveling along the core-cladding boundary. The electric field is perpendicular
to the plane of incidence (plane of paper) in Figure. 2.6a as indicated by F |, is along
y, so that &y = E,. The modes are associated with I/, are termed transverse electric
field modes, denoted by TE, and actually perpendicular to the direction of propaga-
tion, z. In other words, TE means that there is no electric field component in the
direction of propagation. The magnetic field is perpendicular to the plane of incidence
as indicated by B, as shown in Figure. 2.6b. In this case, the electric field is parallel
to the plane of incidence and is denoted by E|. The modes associated with the E|
field have a magnetic field B, that is perpendicular to the direction of propagation

and are termed transverse magnetic field modes, denoted by TM.

(a)

(b)

Figure 2.6: Possible modes can be classified in terms of (a) transverse electric
field (TE), and (b) transverse magnetic field (TM).

2.1.2.1 Channel Waveguides

Channel waveguides known as 2D waveguides are those which have a higher refrac-

tive index in the core compared to substrate. A channel waveguide includes buried
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channel waveguides, strip-loaded waveguides, ridge waveguides, rib waveguides, and

the diffused waveguides, shown in Figure. 2.7.

v
(@ (b) (©

i N2
(d) (e)

Figure 2.7: Channel waveguides, a) Buried channel waveguide, b) Strip-loaded
waveguide, c) Ridge waveguide, d) Diffused waveguide, e) Rib waveguide.

A buried channel waveguide is formed with a high-index waveguiding core buried
in a low index surrounding medium. The waveguiding core can have any cross-
sectional geometry, though it is often intended to have a rectangular shape, as shown
in Figure. 2.7a. A strip-loaded waveguide is formed by loading a planar waveguide,
which already provides optical confinement in the x direction, with a dielectric strip
of index nz<n; or a metal strip to facilitate optical confinement in the y direction,
as shown in Figure. 2.7b. The waveguiding core of a strip waveguide is the n; region
under the loading strip. A ridge waveguide has a structure that looks like a strip
waveguide, but the strip, or the ridge, on top of its planar structure has a high

index and is actually the waveguiding core. A ridge waveguide has strong optical
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confinement because it is surrounded on three sides by low-index air (or cladding
material) as shown in Figure. 2.7c. A diffused waveguide, shown in Figure. 2.7d, is
formed by creating a high-index region in a substrate through diffusion of dopants,
such as Lithium Niobate (LiNbO3) waveguide with a core formed by Titanium (T1)
diffusion. Because of the diffusion process, the core boundaries in the substrate are
not sharply defined. However, a diffused waveguide also has a thickness d defined by
the diffusion depth of the dopant in the x direction and a width w defined by the
distribution of the dopant in the y direction.A rib waveguide has a structure similar
to that of a strip or ridge waveguide, but the strip has the same index as the high
index planar layer beneath it and is part of the waveguiding core. A rib waveguide is

shown in Figure. 2.7e.

2.1.3 Surface Plasmon Waveguiding

Integrated photonic sensors can easily be designed with pure dielectric materials,
noble metals, and a combination of both. Dielectric optical sensors are low loss and
can easily be developed by the well-known CMOS fabrication technology. However,
dielectric materials in combination with metals forms a novel type of waveguide where
the guided light mode is a combination of dielectric guided wave and excited surface
plasmon polaritons (SPPs). It can be termed as a hybrid or composite plasmonic
waveguide. This allows for sub-wavelength light confinement which can be used for
enhanced light-matter interactions [48,49|. This characteristic makes realizing nano
photonic circuits at subwavelength sizes possible which can overcome the diffraction
limit [49]. Although, compared to dielectric waveguides, plasmonic devices can confine
the light into smaller volumes, and has greater sensitivity which enable fabricating

small footprint devices, but the presence of lossy material (metal) introduces modal
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losses [48-50]. In order to realize plasmonic or the subwavelength optical waveguides,
we first need to understand SPPs.

The first observation of the phenomenon of surface plasmon resonance (SPR) dates
back to 1902, when Wood [51] reported the “uneven distribution of light in a diffraction
grating spectrum” while he observed patterns of unusual dark and bright bands in the
light reflected from a metal backed diffraction grating. Around the same time, in 1907,
Zenneck theoretically formulated a special surface wave solution to the Maxwell’s
equation and demonstrated that the radio frequency surface electromagnetic waves
occur at the boundary of two media when one medium is either lossy dielectric or
a metal and the other is loss free [52]. He also suggested that the lossy part of the
dielectric constant is responsible for the binding of the electromagnetic waves to the
interface.

Polaritons are considered as quasi-particles resulting from the strong exchange
of energy between electromagnetic wave and excitation in a material e.g. photon-
electron coupling at optical frequencies. When electromagnetic fields are coupled
to the oscillation of electron plasma of a conductor in a dielectric-conductor inter-
face, electromagnetic surface waves are excited and propagate along the interface [53].
These surface waves are evanescently confined in the perpendicular direction and are
known as SPP waves [54]. The quantum of these oscillations is referred to as surface
plasmon (SP) (also a SP wave or a SP mode). The optical properties of metals and
noble metals in particular have been discussed by numerous authors [55-57|. The
optical properties of metals can be described by a complex dielectric constant that
depends on the frequency of the light. Nobel metals possess a dense assembly of neg-

atively charged free electrons (free electron charge density ~ 10%3cm™2) in an equally
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charged positive ion background. Since positive ions possess an infinitely large mass
compared to that of free electrons, therefore, according to the Jellium model, these
ions can be termed as a perpetually constant positive background in which free elec-
trons can easily move from one point to the other in such a fashion that the condition
for quasi-neutrality is always fulfilled. The total charge density inside the metal al-
ways remains zero. SPP waves in metallic waveguides and metal nanostructures open
the possibility to confine and guide optical waves on the nanometer scale [54].

The SPs are accompanied by a longitudinal (TM-polarized) electric field, which
decays exponentially in metal as well as in dielectric medium. Due to this exponential
decay of field intensity, the field has its maximum at the metal-dielectric interface
itself. Both crucial properties of SPs being TM-polarized and exponential decay of
electric field are found by solving the Maxwell’s equations. The Maxwell’s equations

are given as:

V.D = Peaxt (29)
V.B=0 (2.10)
0B
VB =—— (2.11)
D
VX H=Juy+ %—t (2.12)

where D, B, E and H represent the four macroscopic fields; namely dielectric dis-
placement, magnetic induction, electric field, and magnetic field respectively; while

Pext and Jouy represent the external charge and current densities, respectively. Two
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Dielectric

xy

Figure 2.8: A schematic of the electromagnetic wave and surface charges at a
metal-dielectric interface with semi-infinitely extended media on either side [58].
constructive relations relates £ and H to B and D through D = epF and B = puuoH
equations where € is relative dielectric permittivity and p is magnetic permeability
of the medium. The ¢ = 8.85 x 1072 F/m and pp = 47 x 1077 H/m in a vacuum,
respectively. For the kind of geometry shown in Figure. 2.8, the set of solutions F,,
H,, and E, correspond to TM modes and H,, E,, and H, correspond to TE modes.

The corresponding TM and TE wave equations are given by

d’H

dzj + (kgn* — B*)H, = 0 (2.13)
dQEy 2,2 2

—=+ (kin® — BHE, =0 (2.14)

where ky = 27/ is the propagation constant of the incident electromagnetic wave
in free space and f is that of the propagating wave in the medium. The propagating
wave solutions confined to the interface, for the modes with exponential decay in
z-direction be given as:

For 2>0:

H, = Be Ve (2.15)
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E, = Ae” V& ke (2.16)

For z<0:

H, = De™ V7~ kemz (2.17)

E, = CeV#*kiemz (2.18)

Where ¢,, = €,,1 +i€,,2 is dielectric constant of the metal and ¢, is dielectric constant

of dielectric medium. By applying two boundary conditions for TE waves:
(i) E, (boundary (2=0))=continuous
(ii) H, (boundary (z=0))=continuous

We have A = C. Then substitute in the equations

\/62 — kjem = \/52 — kiea (2.19)

A%k (eq — €m) =0 (2.20)

Since €,, and €; are of opposite signs, the term in brackets cannot be zero. This
implies that A = 0. Thus no surface modes exist for TE polarization. Then by

applying boundary conditions for TM waves
(i) E, (boundary (z=0))=continuous

(ii) H, (boundary (z=0))=continuous
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By applying these conditions, the obtain dispersion relation for an SPP at the interface

18:

_ 2 _ .2 _ 2 _ 2
A e VAt e (2.21)

€d €m

€d€m
=k 2.22
B 0 €1+ €m ( )

The charge distributions and field profiles, also shown in Figure. 2.8, point towards

the following two important properties of SPs:

1. The SP mode is coupled to both the dielectric and the metal as the field of the

SPs is in both the media.

2. The field in the metal decays more rapidly exponentially than in the dielec-
tric medium with distance being subject to ohmic and radiation losses [59],
as is symbolically shown by a number of electric fields. A more accurate and

quantitative variation of the field profile is presented later in Figure. 2.9.

Figure 2.9: Field profile at a metal-dielectric interface [58].

The distance in the material from the interface over which the field amplitude falls to

1
— of its value at the interface is called the penetration depth (J) of the SP wave [53].
e
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Real metals have a complex permittivity (€, = €,,1 + i€,,2) and the imaginary part of
the permittivity is not negligible. For noble metals like gold and silver at higher optical
frequency regime, however, |€,,2] < |€,1]. The penetration depths into dielectric (d4)

and into metal (J,,) can be written as:

/\0 €4t €m1 1
by = 22 (-4l mlyi/2 2.2
1= (™) (2:23)
and
)\0 6d+6m1 1
5, = 20 (4T Tmlyiy2 2.24
0 (S o (224)

ml

The field associated with the SP wave can be written as:

E = Eyexpl+i(k,x + k.2 — wt)] (2.25)

where + and — signs are for z > 0 and z < 0, respectively, and the propagation
constant k. is imaginary which signifies that the field decays exponentially. The
wave-vector k, lies parallel to the z-axis and is given by k, = 3. The field amplitude
decays exponentially in both the metal and the dielectric medium. The field amplitude
decay in metal is faster than that in the dielectric medium. This can be attributed
to the imaginary part of the metal dielectric function which introduces losses. The
penetration depth termed as the skin depth in the dielectric medium is much larger
than that in the metal. The penetration depth in the dielectric gives us a measure
of the length over which SP is sensitive to the changes in the refractive index of the
dielectric medium, while that into the metal tells us about the thickness of the metal

film required for the coupling of light incident from the other interface of the metal
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film.

The length over which the intensity of the SP wave decreases to é of its maximum
value in the dielectric region is called the propagation length of the SP (L) [53].
Since the dielectric constant of the metal, €,,, is a complex number, the propagation

constant of the SP wave, k, supported by the metal-dielectric interface will also be

a complex number with real and imaginary parts k’; and k:; ie.

]{?sp =k, = k;: + Zk; (2'26)
where:
K= Y Cdm 12 (2.27)
C €4+ €m1
K= Yy Em2 (2.28)

C €1+ €m1 26%1
Therefore, the intensity of the SP wave propagating along the interface decreases as

e(=2%:%)  Thus the propagation length is given by:

Loy = (2k,)7} (2.29)

The metals having a large (negative) value of the real part of the dielectric constant
and a small value of the imaginary part possess larger propagation lengths. The
propagation length suggests the limiting size of the photonic/plasmonic structure one

can have.
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2.1.4 Coupling to Waveguide

Coupler devices have been developed to overcome challenges in power injection from
off-chip sources through single mode optical fibers to waveguides in silicon photon-
ics. Whilst the reduction in waveguide dimensions enhances the performance of the
photonic circuit and the packing density, it makes coupling of light to/from the Si
single mode waveguide with 220 x 500 nm? core cross section circuit very difficult,
particularly to/from standard optical fibers with fundamental Gaussian shape modes
that typically have mode field diameter (MFD) of 10-11 pum. Direct coupling of the
fiber and such a small silicon waveguide results in high coupling losses (~20 dB) due
to very different thicknesses (Figure. 2.10) and refractive indices. Thus, the major
challenge in achieving an efficient fiber-to-chip coupling is the mismatch between the
fiber mode-size and mode-index to those of the Si-waveguide modes on a photonic

chip [60].

. . ~ Fibercore
Single mode Si |
waveguide

Figure 2.10: Mode mismatch between Si waveguide and optical fiber.

An efficient coupler device has to overcome several limiting processes to achieve
maximal coupling. These processes inhibit transfer of power between the source and
the waveguide. Coupling losses can arise from, for example, reflections in dielectric
boundaries, different sizes and shapes of the fields, waveguide scattering, or back

coupling. Some of these phenomena can be combined into single processes, which
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enables writing the following equation:

Pepi(dB) = pin(dB) — T(dB) — 10log(1 — |R*) (2.30)

where T' denotes losses due to electric field mismatch and 1 — |R|?* term takes into
account the losses due to reflections [61]. Mismatch term I' contains both the loss
due to mismatch in field dimensions and in the shapes of the fields.

A variety of techniques exist for performing the coupling task, the most common
being edge coupling (end-fire coupling and butt coupling), prism coupling, and grat-
ing coupling [44,45,47|. The principles of these four coupling techniques are shown

schematically in Figure. 2.11.

Fibercore  — [ Fiber core - b | O
‘ Si waveguide "’ Si waveguide
(@) (b)
//ﬂ
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OO/‘ ) ) Oo/- p
(S // ) 0} e
Si waveguide Si waveguide
(c) (d)

Figure 2.11: Schematic of a) butt coupling, b) end-fire coupling, c) prism cou-
pling, d) grating coupling.

End-fire [62] and butt coupling are very similar, involving coupling light from an

external source to an on-chip SOI waveguide by simply aligning and focusing a free
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space beam on-to the cleaved facet of the chip (where the waveguide edge is). The
distinction that is usually made between these two methods is that butt coupling
involves simply ‘butting’ the two devices or waveguides up to one another, such that
the mode field of the ‘transmitting’ device falls onto the end face of the second device;
whereas end-fire coupling incorporates a lens to focus the input beam onto the end face
of the ‘receiving’ device. Therefore light is introduced into the end of the waveguide,

and can potentially excite all modes of the waveguide [63].

2.1.4.1 Prism coupling

Free-space to waveguide coupling can also be achieved by total internal reflection of
the beam from a facet of a high refractive index prism. This scheme is also known as
evanescent coupling because it makes use of the evanescent wave penetrating through
the small gap between the prism and the waveguide. A prism can focus and reshape
the incident light and couple it to a waveguide at a specific angle. The high index
prism, in the direction of the waveguide propagation has sufficient momentum to
match the waveguide mode index, thus coupling to the corresponding propagating
mode inside the waveguide can be achieved. The prism lies near the top surface of
a waveguide separated by a small gap. The gap is essential because the technique is
based on refractive index differences between four materials. Prism, gap, waveguide
and cladding indices have the nyrism > Nuwaveguide > Meladding > Mgap |61]. The con-
ditions of coupling are such that the material from which the prism is made should
have a higher refractive index than the waveguide; this seriously restricts the possi-
bilities, particularly for silicon which has a high refractive index of 3.5. There are

materials available, however, such as germanium which could be used, although other
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limitations mean that the technique is still inferior to alternative techniques. The
limitations are that prism coupling can damage the surface of the waveguide. Using
prism to couple the light is not suitable if a surface cladding is to be used. Prisms
are best suited to couple the light to planar waveguides, but not proper to material
systems that utilize rib waveguides such as silicon technology. For the purposes of
semiconductor waveguide evaluation, prism coupling is not particularly useful.

To overcome significant mismatch of the size and effective index of the modes
between the fiber and SOI waveguides, a tapered mode converter is attached to the
end of the SOI waveguide. Tapers utilize the gradual change of the effective refrac-
tive index experienced by the input beam. The gradual change guarantees that no
considerable reflection occurs and that the incident beam is slowly adapted to the
waveguide [64]. Change in the refractive index is tolerant to changes in the wave-
length, which results in high coupling efficiency over broad bandwidth [61,64]. Inverse
tapers offer benefits over those achievable by conventional taper structures [65]. The
schematic of an inverse taper is shown in Figure. 2.12. These tapers can also become
narrower towards the input to increase the mode size which results in a better overlap
with the incoming fiber mode. The end point of an inverse taper can be several tens of
nanometers thin [66]. An inverse taper coupler is the most popular scheme for such
mode converting in Si photonics to achieve enhanced fiber-to-chip coupling due to
their compactness and broadband properties. Inverse tapers have been demonstrated
to achieve losses below 1 dB [61]. Inverse technique can also reduce the length of the
taper to 200 pm. The short length of the taper a significant improvement in inverse
taper technology because one limiting factor of the tapers in miniaturized circuits is

their length [65].



32

Lensed fiber (3 um MFD)
Overlay

Si waveguide

BOX

Si substrate

(b)

Figure 2.12: Schematic of a) an inverse taper [67], b) edge coupler using inverse-
tapers.

2.1.4.2 Grating coupler

Grating couplers can solve the problems of coupler length and restrictions in position.
They serve as a typical realization of a coupler device besides lateral tapers. In
such couplers, the diffraction gratings are designed to provide additional momentum
to the incoming beam of light (released from fiber) to match to the momentum of
the waveguide mode. Often, to ensure unidirectional coupling, the grating teeth are
designed to achieve maximum coupling for an angled incidence using the phase match
condition. In general, gratings are used to find the spectra of light sources; however,
they can also be used for the excitation of SP [53|. The use of a grating as a coupler
is possible due to the interaction with a periodic lattice and the incoming light. They
are compact, generally 12 um x 12 um sized devices, which can be located in any
part of a circuit [61,68]. Coupling in these devices is achieved through diffraction,
which arises from light interacting with periodic alterations of the waveguide surface
(diffraction grating). Diffraction can change propagation direction of incident light.

Therefore, light in a grating coupler can turn in an angle that corresponds to one of
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the waveguide modes to be excited. Formally, this change of propagation is described
by matching the phases of the incident radiation and the waveguide mode as shown

in Figure. 2.13.

Si substrate

Figure 2.13: Coupling light through grating coupler to an SOI waveguide [69].

The requirement for the phase matching sets a condition for the grating dimen-
sions. This condition turns into the strong frequency dependence [61] of grating
couplers, because light diffracted from all grating elements have to be matched to the
waveguide mode [70]. Narrow bandwidth, back coupling and reflections are limiting
factors of the grating couplers. Particularly, a grating acts as surface roughness in the
waveguide. Therefore, light can leave the grating in many directions. In SOI struc-
ture, down scattered light can interfere with the waveguide light, which leads to a
dependency of the coupling efficiency from the bottom oxide thickness [71]. Coupled
light can also reflect from the grating and be scattered back out of the waveguide [61].
Furthermore, grating operation is limited by strong polarization dependence, complex
fabrication and requirements for precise alignment for coupling. However, these lim-
itations can be avoided by optimizing the grating structure. Grating couplers have

achieved coupling efficiencies of over 50 % of the incident power. Efficiencies as high
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as 80 % can be achieved by alteration of the cover medium, bottom oxide thickness,
and the element shapes, and utilizing a bottom reflector beneath the grating.

As the proposed novel real-time, reusable and reversible sensor for harsh environ-
ments is achieved through integrating the photonic properties of optical waveguides
and the phase change properties of chalcogenide glasses (ChG), the following section

provides a brief introduction to ChGs.

2.1.5 Chalcogenide Glasses

Chalcogenide glasses (ChGs) are inorganic amorphous compounds containing one or
more of the chalcogen elements (group 6a of the periodic table), such as Sulphur,
Selenium, and Tellurium but excluding Oxygen, covalently bonded to other elements
such as As, Ge, Sb, Ga, Si, or P. The chalcogen elements with other metal or non-
metal elements exhibit unique optical nonlinear and mid-infrared properties such as
wide infrared transparency windows. The optical band gap of ChGs lies in the visible
or near-IR regions as the inter-atomic bonds are typically weaker than in oxide glasses.
ChGs are composed of heavier atoms when compared to oxide glasses and exhibit low
bond vibration energies and low phonon energies. This enables excellent transparency
in the infrared wavelength regime 0.8-16 pum that covers the characteristic absorption
peaks of several chemical and biological species. This characteristic makes them
attractive for use in infrared-transmitting optical fibers, and as waveguides for optical
sensors and telecommunications. They are easy to synthesize in bulk and thin film
forms and their compositional flexibility allows tuning of optical properties, such as
refractive index, making them ideal for infrared photonics. These glasses are widely
used as phase change materials for microphotonic applications. One of the most

striking properties of ChGs is their photosensitivity — a propensity for the chemical
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bonds to change when exposed to light with a wavelength near the band edge. Similar
changes can also be produced by exposure to heat, X-rays or electron/ion beams. Two
important parameters that we focus on to design the temperature sensor are:

A) Phase change phenomenon (amorphous to crystalline): These glasses with
compositional flexibility also demonstrate ultra-fast crystallization rate and large
optical properties contrast between their amorphous (disordered) and crystalline
(ordered) phase, making them ideal for infrared phase change photonic applica-
tions [27-29,72-74]. These glasses are easy to synthesize in bulk and in thin-film
form. ChGs undergo a reversible solid-solid phase transition and becomes crystalline
at a certain well-documented temperature which is called crystallization temperature
(T.).

When ChGs are heated, there are three temperatures of significant consideration
which are related to change in material’s property: (1) glass transition temperature
(T,), (2) crystallization onset temperature (7,), and (3) glass peak crystallization
temperature (7;). The glass transition temperature (7}) is the main characteristic of
a glass. It is related to the onset of fluidity. At this temperature, the compositional
network is broken and the building blocks are macroscopically mobile. Crystalliza-
tion onset temperature (7,) or critical transition temperature is the temperature at
which ChG begins phase transition from a glassy to a crystalline phase. At higher
temperature, melting occurs at the melting point of the glass (7,,). This transition
from amorphous to crystalline drastically changes the material’s conductivity, refrac-
tive index, absorption coefficient and extinction coefficient, which can be utilized as
a reference to measure the temperature. Assuming ideal behavior from ChG glasses,

below the crystallization temperature, in their amorphous state, ChG glasses demon-
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strate good dielectric behavior. When the temperature of the ambient is above the
crystallization transition temperature of ChG, the material crystallizes and exhibits
excellent conductive characteristics. At the onset of crystallization, the nucleation
process is fast and switching occurs within 80-100 nanoseconds [73-76]. In that as-
pect, Ge-Se and Ge-S binary ChGs are promising candidates because of their high
crystallization temperature (7), stable glass forming ability in a wide compositional
region, the high difference in optical parameters and resistance between amorphous
and crystalline phase. Our interest is driven by the need to resolve high temperature
monitoring up to 600 K. The required target temperature response is achieved through
fine tuning of the composition of the active ChG using multicomponent systems since
the crystallization temperature is a very accurate materials characteristic [77,78|.
Ovshinsky [79] found that phase change ChGs can be reversibility cycled between
a highly resistive and a conductive state. The ChG can be re-converted to its ini-
tial amorphous condition through thermodynamic conditions by applying short opti-
cal [80] or electrical pulses with relatively low energies as low as femtojoules [81,82].
These materials play an important roles in evolution of plasmonic [83| and dielec-
tric waveguides delivering a variety of switchable, tunable, and reconfigurable optical
applications [81,84|. In a representative demonstration, Michel et al. used GST
chalcogenide to reversibly tune the resonant frequency of the nanoantenna array in
IR spectrum by applying a femtosecond Ti:sapphire laser pulse [85]. Also, Feldmann
et al. applied pJ pulses to reset (re-amorphized) rectangular waveguide arrays with
GST chalcogenide crossing points which perform arithmetic operations to level 0 [86].
We have demonstrated one working device which we could revert the ChG to its

initial amorphous state by applying high voltage [87]. Reverting ChG to its initial
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amorphous condition, allows multiple time use of the device [74,88]. The total num-
ber of covalent bonds do not change during crystallization, as a result of which the
total energy of the system does not essentially change and all initial properties of
ChG can be restored. This indicates the comparable stability of the two phases and
the possibility for their interchange. This is a warranty for the performance stability
of the devices subject of this study and their reversibility.

B- Chalcogenide glasses are radiation hardened: The lack of order in the chalco-
genide glasses and the presence of lone pair p-shell electrons are the reasons behind
the radiation hardness and the unique electrical and optical properties of these ma-
terials. They have band tail states and localized states which pin the Fermi level
independently of surrounding radiation in the middle of the bandgap. ChGs contain
a high number of defects [89,90]. These defects combined with the defects occurring
as a result of irradiation [91] become populated in very close proximity due to which
their recombination occurs fast and the properties of the material remain quite stable

and radiation hardened.
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CHAPTER 3:
OPTICAL FIBER BASED TEMPERATURE

SENSOR MODELING

This chapter provides details on the modeling of optical fiber based temperature
sensors. Six different in-house ChGs-capped optical fibers were simulated and the re-
flected power from interface of optical fiber and ChG in two amorphous and crystalline
phases of ChG were obtained. By covering the tip of the optical fiber with ChG, we
constructed a novel and reversible fiber-optic temperature sensor that measures the
Fresnel reflection. The intensity of the Fresnel reflection is proportional to the ab-
sorption coefficient of ChG. The simulation results demonstrate the performance of
the sensors in two different phases of ChG and verifies the concept. Before simulation,
we need to study optical properties of each of the synthesized ChG. Then, we insert

these values to the simulation and study their responses in two phases separately.
3.1 Determination of the Optical Constants of

In-house Synthesized ChGs

The optical properties of each of the in-house synthesized ChGs were measured using
the following method. First, on a silicon substrate, a thin film of the composition un-

der study was thermally deposited. Next, ellipsometry (J. A. Woollam’s M-2000) with
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in-situ heating using an enclosed ellipsometer-compatible hot stage (THMSELG00 by
Linkam Scientific) was performed to obtain the refractive indices (n) and extinction
coefficients (k) from the film by applying the Cauchy dispersion model using the
system’s software (CompleteEASE). The index was measured at several wavelengths
from 630.7-1560 nm to obtain a dispersion curve. An ellipsometer consisting of a
light source, a polarizer, optical compensators, an analyzer, and a detector, as seen

in Figure. 3.1 was used. The angle of incidence is equal to the angle of reflection.

DETECTOR

SAMPLE ROTATING

ANALYZER

POLARIZER

Figure 3.1: Illustration of the setup of an ellipsometry measurement [92].

The working mechanism of ellipsometer is based on changes in light polarization
after it is reflected off the material surface. This polarized light can be defined by its
p (parallel) and s (perpendicular) components. The detector measures the amplitude
of reflected light, and then normalizes to the initial values. These values are the
complex reflection coefficients and can be denoted as 7, and r;. The ratio of the
complex reflection coefficients, p, is calculated using equation 3.1 shown below:

p= » tan(W)e'® (3.1)

T's

where A and tan(V¥) are the phase shift and the ratio of amplitude change, respec-

tively, of the p and s components after reflection. An optical model, such as the
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Cauchy dispersion law (Equation. 3.2), can be applied to determine the dispersion
curves and the thickness of the film after these measurements have been made at
multiple wavelengths. Knowing the thickness of the film helps in accuracy of the
optical contact measurement. The reason is that the refractive index determines the
light wave velocity and refracted angle and the film thickness which has an effect on
path length of light traveling through the film. These two parameters contribute to
the delay between surface reflection and light traveling through the film [92]. For

transparent materials, the index is described using Cauchy equation given as:

n=A+—=++ (3.2)

Where n is the refractive index, A is the wavelength and A, B, C' are coefficients
that can be determined for a material by fitting the equation to measured refractive
indices at known wavelengths. The measured complex refractive indices of in-house
synthesized Ge-Se and Ge-S compositions in amorphous and crystalline phases (Ta-
ble 3.1) from [93] are imported into the simulation models. Table 3.1 summarizes the
Ty, T, and T for all synthesized and studied compositions. Among the big ChG fam-
ily, Ge-Se and Ge-S systems were chosen in the proposed device because — (1) these
compositions are thermally stable within the range 400 °C - 650 °C and (2) the glass
forming regions of these systems are quite extensive, assuring a significant number
of compositions to work with. An example of the measured refractive index (n) and
extinction coefficient (k) for a GegSegy composition as a function of temperature at
1550 nm wavelength is shown in Table 3.2.

It can be seen that the refractive index (n) and extinction coefficient (k) are very

different in the crystalline and the amorphous phases. Among them, three types of
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Table 3.1: Summary of the measured complex refractive indices of synthe-

sized glasses in amorphous and crystalline phases at 1550 nm wavelength.

Composition Refractive index Temperature (°C)
P Amorphous Crystalline Ty T, T,
GespS7o 2.17406+i0 1.77269+i0.11865 402 D72 605

. . 408 413

Geq0S60 2.6768+i0 2.72309+i0.17664 355 480 489

GegsSe7 2.31779+i8.28e-6  1.92455+10.02458 435 644 694

GegoSero 2.37646-+14.06e-5  3.12455-+10.25837 334.8 440.9 4704
GegpSeso 2.63104-+10.00575 3.1099-+10.211 343.7 446.6 472.3
GessSegr 2.38753-+10.00402  2.30756-+10.02011 396.3 485.4 527.7

compositions have been chosen for detailed characterization — chalcogen rich glasses
containing 30 at.% Ge, stoichiometric compositions (GeSe(S)s) with 33 at.% Ge and
Ge rich compositions containing 40 at.% Ge. These are the most characteristic repre-
sentatives of these two systems, whose structure, based on the valence requirements of
the participating atoms, is characterized with Ge-Chalcogen tetrahedra in which the
Ge atom is in the center of the tetrahedron surrounded by 4 chalcogen atoms [94].
These tetrahedra can be connected to each other at their corners, forming corner-
sharing structural units, or along their edges, forming edge-sharing units [95]. The
other member of this structure are chalcogenide chains in which the chalcogen ele-
ments are two-fold coordinated. The Se-Se chains in the Ge-Se system are usually
situated within the tetrahedral structure and connect the tetrahedral structural units,
while in the Ge-S system the S-S units they usually form 8-member rings. Ge-S
systems are phase separated from the main tetrahedral structure. Chalcogen chain
structures are characteristic for the chalcogen rich compositions and they are not sup-
posed to occur in the stoichiometric compositions. However, due to the disordered

character of the glass structure, they are available in some cases and are usually
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Table 3.2: Measured complex refractive index of Ge,Seq, at different tem-

peratures at 1550 nm wavelength.

Temperature (°C)  Refractive index =~ Temperature (°C)  Refractive index

25 2.717+10.00547 400 2.70088+10.01636
100 2.171516+-10.00575 450 3.35909-+10.25735
150 2.695050+-10.00547 472 3.29764+10.09341
200 2.66978+10.00513 479 3.1099+10.2211
250 2.63104-+10.00575 484 3.14107+10.22572
300 2.59792+10.00563 500 3.2688+10.21606
350 2.70057+10.00938

considered as “wrong Se(S) — Se(S) bonds”. This respectively leads through lack of
chalcogens to formation of “wrong” - Ge-Ge bonds [96]. Indeed, the number of the
chalcogen-chalcogen and Ge-Ge wrong bonds are the same, which corresponds to the
broken chemical order in the glasses. In the Ge rich compositions the Ge-chalcogen
tetrahedra forms the structure, similar to that of ethane, which is just called ethane-
like. In this structure, two Ge atoms are connected to each other and each has three

more chalcogen neighbors for satisfying the Ge atoms valence requirements [97].

3.1.1 Fiber Sensor Modeling

A schematic of the model we used for simulating the sensor characteristics is shown
in Figure. 3.2 [98]. The chalcogenide thin film can be deposited directly over the tip
of the fiber covering the fiber core. Either ink-jet printing and thermally evaporated
methods can be used to print the two electrodes on the ChG film, as shown in Fig-
ure. 3.3. Wire bonding can be utilized to make contacts to the ChG film. The outer
gold capillary sections serve as electrodes, as well as to provide operability in high
temperature and radiation environments. Once the entire sensor is at room temper-
ature, Joule heating achieved by application of electrical field, will reverse the ChG

material’s crystalline phase into amorphous phase again, through melting the crystal-
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Dcladading =15 pm;

Cladding
ChG Core D core=10 pm
Cladding core =0 H
Lche =10 pm !

Figure 3.2: Schematic cross-section of proposed ChG-capped optical fiber tip-
based temperature sensor.

Wire Bond

Electrode

ChG

Figure 3.3: Schematic cross-section of proposed ChG-capped optical fiber tip-
based temperature sensor.

lized ChG and the device can be reused. To this end, we have simulated the proposed
design. The design is modeled using PhotonDesign software modules (FIMMWAVE
and FIMMPROP), which utilize a fully vectorial finite-difference method. The opti-
cal properties of single mode pure silica Rad Hard optical fiber (Nufern: S1550-HTA)
with core refractive index of 1.45735 and cladding refractive index of 1.44715 at 1550
nm wavelength are used to represent the fiber. In the amorphous phase, ChG behaves
like a dielectric material with a lower absorption coefficient compared to that in the
crystalline phase. From Table 3.1, it is evident that compared to the amorphous
phase, the complex refractive index of ChG in the crystalline phase is vastly different.
Thus, the intensity of the reflected light back into the fiber from the ChG-fiber tip
interface is also expected to be different. This forms the basis of our sensor’s oper-

ating mechanism. This fiber optic sensor based on Fresnel reflection measures the
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reflected intensities from the fiber end facet. Figure. 3.4 shows the Fresnel reflection

phenomenon occurring at the fiber end-ChG interface.

Optical fiber — Incident light

X (A /\/\/\ ——  Fresnel
! “ - “ - “« . -

reflected light

Figure 3.4: fiber-optic sensor based on Fresnel reflection.

The reflection coefficients of parallel and perpendicular polarization are respec-

tively given by
NeoreCOSOT — Nonccossy

(3.3)

I
NeoreCOSH + Nengcoshsy

NohGgCOSH1T — NeoreCOSHy

(3.4)

nChGCOSQI + ncoreCOSQZ

where nopg and neore are the refractive indices of the optical fiber and the material
surrounding the fiber end surface, respectively, and #; and 6, are the angles of the
incidence and reflection, respectively. In single mode fibers, the reflection coefficient

can be simplified by the paraxial assumption (0; ~ 6, = 0):

R— |Tp|2 _ |Tn|2 _ |ncore — NCcha 9

(3.5)
Necore + nNcna

In this sensor, the Fresnel reflection intensity is a function of the refractive indices
of the optical fiber and covering ChG. Owing to the different refractive index in two
different ChG phases, the reflection intensity varies with temperature. We have sim-

ulated the transmitted and reflected powers in 6 in-house synthesized ChG (GeszoSyo,
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Geq0Se0, GessSer, GegoSero, GegoSegn, GessSegr) capped fiber devices in both amor-
phous phase and crystalline phases. The simulated results are shown in Figure. 3.5
through Figure. 3.10.

For example, the simulated result in Figure. 3.5(a,c) shows the transmitted power
as a function of ChG material cap thickness in GegoSegy capped fiber device in the
amorphous phase. It can be seen that due to a low absorption coefficient and a modest
difference in the refractive index between ChG and fiber mode, most of the light
transmits through the ChG. When the temperature is higher than the crystallization
temperature of ChG (T > T.), the ChG material crystallizes. In this phase, the
GeygoSego has higher refractive index, as well as a higher extinction ratio coefficient
(behaves like a metal). Thus, a higher fraction of light is reflected back into the fiber,
and the transmitted power inside the ChG decays rapidly into the material, as shown
in Figure. 3.5(b,d). This change in the reflected power level occurs at very well-
defined temperatures (~ T=T,), monitoring of which provides information regarding

the node temperature.
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Figure 3.5: GeyySegy capped fiber device: Power distribution at the fiber ChG
interface for: a) transmitted power in amorphous phase, b) transmitted power
in crystalline phase, c) transmitted power as a function of the length of ChG,
d) reflected power as a function of the length of ChG. Solid curve indicates
crystalline phase and the dashed-dotted curve indicates amorphous phase.
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Figure 3.6: Gesz)Se7y capped fiber device: Power distribution at the fiber ChG
interface for: a) transmitted power in amorphous phase, b) transmitted power
in crystalline phase, c) transmitted power as a function of the length of ChG,
d) reflected power as a function of the length of ChG. Solid curve indicates
crystalline phase and the dashed-dotted curve indicates amorphous phase.
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Figure 3.7: Ges3Segr capped fiber device: Power distribution at the fiber ChG
interface for: a) transmitted power in amorphous phase, b) transmitted power
in crystalline phase, c¢) transmitted power as a function of the length of ChG,
d) reflected power as a function of the length of ChG. Solid curve indicates
crystalline phase and the dashed-dotted curve indicates amorphous phase.
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Figure 3.8: GeySgy capped fiber device: Power distribution at the fiber ChG
interface for: a) transmitted power in amorphous phase, b) transmitted power
in crystalline phase, c) transmitted power as a function of the length of ChG,
d) reflected power as a function of the length of ChG. Solid curve indicates
crystalline phase and the dashed-dotted curve indicates amorphous phase.

In Figure. 3.5d the reflected power into the fiber shows different power levels in the
crystalline phase and amorphous phases due to the different extinction coefficient of
the material. Similarly, the effect of all the other ChG composition’s refractive index
profiles in their amorphous and crystalline phases on the reflected power level can be
explained. For most of the studied compositions, selecting an end cap thickness less
than 10 pm provided a relative high extinction ratio that can be easily detected. From

the simulation results, it is observed that all compositions except Gess3Sgr,GeszSegr,
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Figure 3.9: Gej3S7y capped fiber device: Power distribution at the fiber ChG
interface for: a) transmitted power in amorphous phase, b) transmitted power
in crystalline phase, c) transmitted power as a function of the length of ChG,
d) reflected power as a function of the length of ChG. Solid curve indicates
crystalline phase and the dashed-dotted curve indicates amorphous phase.

and GespS7g show a considerable difference in extinction coefficient; examples are
Geq0S60, GegoSego and GeggSerg. All compositions (except GessSgr,GessSegr) crystal-
lize by a heterogeneous process by which several different crystalline phases appear
and the structure becomes much denser, which leads to an increase in the refractive
index [93]. The stoichiometric compositions, Ges3Sg; and GeszSegr have similar total

reflected power in both phases, which indicates that small changes occur in the mate-

rial structure and band gap during the crystallization process, which is homogeneous
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in its nature [93].
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Figure 3.10: Ge33Sg7 capped fiber device: Power distribution at the fiber ChG
interface for: a) transmitted power in amorphous phase, b) transmitted power
in crystalline phase, c) transmitted power as a function of the length of ChG,
d) reflected power as a function of the length of ChG. Solid curve indicates
crystalline phase and the dashed-dotted curve indicates amorphous phase.

We have summarized the simulated reflected power as a function of ChG length
by increasing Ge atom in Figure. 3.11. Figure. 3.11a shows the normalized reflected
power back into the fiber for Ge-S (left) and Ge-Se (right) capped fiber devices,
respectively, as a function of ChG cap thickness. The reflected power into the fiber
shows different power levels in the crystalline phase and amorphous phases due to the

different extinction coefficient of the material, as shown in Figure. 3.11b.
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Figure 3.11: a) Normalized reflected power of the fibers capped with in-house
synthesized Ge-S (top row) and Ge-Se (bottom row) compositions. Solid curve
indicates crystalline phase and the dashed-dotted curve indicates amorphous
phase, b) Normalized reflected power of Ge-Se and Ge-S coated fiber tips in

amorphous and crystalline phases.

3.2 Summary

In this chapter, we looked at different in-house ChGs covering the top surface of the

waveguide simulation. The measured optical properties of the synthesized Ge-S and
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Ge-Se ChGs at Boise State University is reported. Using these values, we modeled the
optical fiber based temperature sensors. The designed fiber optic sensors with ChG
capped end facets show higher reflectivity in crystalline phase compared to amorphous
phase of the ChG. In the next chapter, we discuss the fabrication procedure of optical

fiber based temperature sensor.
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CHAPTER 4:
FABRICATION AND CHARACTERIZATION OF
OPTICAL FIBER BASED TEMPERATURE

SENSORS

This chapter demonstrates the optical fiber based temperature sensor fabrication
process. First, the preparation of the optical fiber tip is discussed. Next, we describe
two methods to cover the fiber tip with in-house synthesized ChGs. Then, the testing
set up to measure the temperature response of the proposed sensor is presented.
Finally, we derive a method to analyze the obtained measurement results to confirm

the functionality of the proposed sensor.

4.1 Optical Fiber Tip Coating

Rad Hard fibers are a crucial component in the design of the temperature sensing
system since they determine how light is fed to the sensing element, and how data is
transmitted back to the control facility. Traditional glass fibers are highly sensitive to
radiation, and radiation exposure causes darkening and induces additional loss over
prolonged use [99]. Therefore, to fabricate proposed optical fiber based temperature
sensors, we used Rad Hard fibers from a local fiber manufacturer, Fiberguide Indus-

tries. Fiberguide specializes in Rad Hard gold coated fibers that provides fiber pro-
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tection up to 700 °C. A schematic of the gold-coated Rad Hard fiber from Fiberguide
Industries is shown in Figure. 4.1. The high temperature performance, combined
with excellent corrosion resistance, makes it an ideal fiber for many high temperature
applications, such as in-pile, turbine flame detection, oil and gas down-hole sensing,
and high vacuum or pressure applications.

Our proposed sensor is fabricated using radiation hardened single-mode pure fused
silica core gold-coated fiber (FiberGuide AFS50/125/155G). The length of the em-
ployed fiber is about 50 ¢m. This length allows us to handle the fiber carefully. The
fabrication process involves two steps. In the first step, to deposit ChG on the tip of
optical fiber, we need to cleave the tip before starting the process. As the cleaving
tools we have cannot cleave the gold coated fiber, we stripped about 3-4 ¢m of the
gold coat first by immersing the tip in Aqua Regia solution, which is a combination of
hydrochloric acid and Nitric acid as shown in Figure. 4.2. The optical fiber is dipped
in the solution for 5-10 minutes. Figure. 4.3 shows a microscope image of the gold

stripped portion of the fiber.

Gold Coating
Doped Silica Clad

Pure Silica Core

\

Figure 4.1: Gold coated fiber [100].

In the second step, the exposed fiber tip was cleaved using a standard fiber cleaver
and the cleaved tip was coated with ChG. The effects of two coating methods to
fabricate the sensors were studied - a) dip coating, and b) thermal evaporation. While

dip coating relies on forming a ChG solution, the thermal evaporation method is a



56

(b)

(a)

Figure 4.3: a) Gold coated fiber under microscope, b) etching after 600 seconds,
¢) Transition part between etch and gold.
standard process and provides a baseline for comparison. The fabrication process is

as follows:

4.1.1 Dip Coating

Dip coating consists: (a) of immersing a substrate (exposed fiber tip) into a bath
containing coating material at a constant speed, preferably judder free, leaving the
substrate fully immersed and motionless to allow for coating material to apply it-
self to the substrate, (b) then withdrawal of the substrate from fluid solution bath

at a constant speed to avoid any judders, gravitational draining and solvent evap-
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Figure 4.4: Fiber coating method by immersion of the fiber into ink or melt of
ChG.
oration resulting in deposition of a solid film [101]. The coated piece can then be
dried by force-drying or baking. This method, compared to other techniques, such
as chemical vapor deposition and, sputtering is straightforward, less expensive, and
requires minimal setup costs. There are several parameters that can affect the film
thickness, such as coating viscosity, withdrawal under variable angle of inclination,
angle between substrate and the liquid surface, and rate of withdrawal from the bath.
Particle size, reactivity, relative rate of condensation and evaporation, liquid surface
tension, and dipping speed varies the resulting structure of depositing film [102,103].
A non-uniform film thickness deposited on the substrate is expected in this method.

One technique to fabricate the proposed sensor devices is by briefly immersing the
cleaved fiber tip in a ChG nanoparticle ink bath, as shown in Figure 4.4 [104, 105].
ChGs rapidly concentrate on the fiber surface by gravitational draining and evap-
oration often accompanied by continued condensation reactions [101]. The solvent
from the solution on the fiber evaporates as the fiber is drawn. Once the fiber was

extracted, the coatings were left to dry for 24 hours at room temperature. Then, the
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Figure 4.5: Dip-coating fabrication method. a) experiment setup to coat fiber
tip with chalcogenide glass, b) an ink coated fiber tip (dark) and a blank fiber
tip (transparent).

coatings were further cured using a hot chuck in a two-step process: (1) the coated
fiber was heated at 100 °C for 2 hours to slowly dry the solvent, cyclohexanone,
without creating cracks in the film, and (2) the fiber tip was placed on a hot plate
and heated at 350 °C for 15 minutes to decompose the surfactants in the ink, Ethyl
Cellulose. Once cooled, the fiber tip was dip-coated with protective spin-on-glass
layer for isolation of the sensor from an oxygen containing ambient. After drying at
room temperature for 24 hours, the coated fiber was heated at 300 °C for 3 hours to
cure the spin-on-glass. Figure. 4.5 shows experiment set up and a fiber sensor sample

obtained using dip coating method.

4.1.2 Thermal Evaporation

Thermal evaporation is one of the most popular deposition methods. Thermal evap-
oration is one of the Physical Vapor Deposition (PVD) methods and typically uses a
resistive heat source to evaporate a solid material in a vacuum environment to form

a thin film on the substrate during a physical deposition process. The coating/target
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material is often located inside the evaporation source (boat, basket or coil). The
target material is heated in a high vacuum environment to the evaporation point by
joule heating of the resistive boat. The produced vapor pressure allows the molecules
of the target material to move to the substrate and coat the surface of the substrate
with a thin film. The reason to process thermal evaporation in high vacuum and low
pressure environment inside the chamber is that collisions of vapor molecules with
gas molecules in the chamber are undesirable during evaporation because they change
the material vapor’s direction of travel, adversely affecting the quality of thin film
coverage. Also, a high vacuum improves the purity of the evaporated film. This can
be explained by effect of the background gasses emerging in the contamination in
the growing film. Several materials, such as Chromium, Silver, Nickel, etc. can be
deposited on the surface of substrate using this method. This technique, due to its
maturity, reproducibility, and large area is still attractive for glass forming chalco-
genide glasses like as S(Se), Ge-S(Se) [106].

We used thermal evaporation to coat the tip of the fibers with ChGs in a Cress-
ington 308R coating system at 107% mbar vacuum with an evaporation rate of 0.35
A /s. The fiber was not heated during the film preparation. The thickness of the de-
posited film was estimated using the output from a quartz crystal microbalance. To
check the composition of the deposited coating, ChG was also deposited on a single
crystalline silicon substrate along with the fiber. Compared to the composition of the
source material, the thin film had +1.5% compositional deviation as measured by an
Energy Dispersive Spectroscopy (EDS) study. Once the deposition was completed,
the fiber tip was dip-coated with spin-on-glass. After drying in room temperature

for 24 hours, the coated fibers were heated at 300 °C for 3 hours to completely cure
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(b)

Figure 4.6: Thermal Evaporation fabrication method, a) Experiment setup to
coat fiber tip with chalcogenide glass, b) chalcogenide glass covered fiber-tip.

the spin-on-glass. Figure. 4.6 shows experiment set up and a fiber sensor sample ob-
tained using dip coating method. This vapor phase deposition process to form a ChG
layer on a fiber tip is a standard process that leads to highly conformal and uniform
in thickness coating. The thermally deposited sensors were used to benchmark the

performance of the dip-coated devices.

4.2 Experimental Setup
The performance of the fabricated sensor devices was characterized using the experi-
mental setup shown in Figure. 4.7.

Light from a 1550 nm wavelength selectable laser laser source (Santec, WSL-100)
was injected into the fiber sensor through an optical circulator (THORLABS, Model:
6015-3-FC). The light power reflected from the fiber sensor was analyzed using an
optical spectrum analyzer (Anritsu. MS9740A). The ChG-capped fiber tip itself was
placed inside a high temperature-controlled tube furnace (Eurotherm 2116 controller).
The furnace temperature was increased from room temperature (~25 °C) up to 650

°C in 10 °C/min steps. For evaluation of the real-time response of the sensor, the
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Figure 4.7: (a) Schematic of setup for testing the temperature performance of
the fabricated sensors, (b) a picture of the actual device characterization setup.
temperature inside the furnace as a function of the time was tracked as well using a

thermocouple.

4.3 Results and Discussion
The normalized measured reflected power (dotted black curve) as a function of time
for two compositions- GezpS7g and GeyoSegg are shown in Figure. 4.8 and Figure. 4.10,
respectively. The normalized simulated reflected power with extracted refractive in-
dex profile from studying the particular ChGs as a function of time is also plotted
(solid red curve). It can be seen from the figures that the measured and the simulated
results agree very well. Since the proposed sensor works on the principle of the phase

change of ChG material, which is highly temperature dependent, abrupt changes in
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Figure 4.8: Simulated and measured normalized reflected power as a function
of time with GeggS7¢ capped fiber tip.
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Figure 4.9: Temperature response of evaporated Gey9Segg capped fiber-tip based

temperature sensor.

the reflected power are observed, as expected. This Fresnel reflected power variation

is due to temperature sensitivity of the ChG. These sudden changes and associated

temperatures can be efficiently extracted from the sensor data by plotting the slope as

a function of time. The slope method was used to measure the rate at which changes

are taking place. It shows how reflected power changes in response to a change in

temperature. It can be calcuted as the ratio of two values of reflected power versus
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corresponding temperatures as:

changes in reflected power  Pr, — Pp,
slope = , = (4.1)
changes in temperature T — 1T

As we tracked the temperature as a function of time in the tube furnace, we can find
the corresponding time for each temperature. Then, we can plot slope of reflected
power as a function of time. Upward sloping shows that reflected power increases as
temperature increases. Also downward sloping demonstrates that reflected power de-
creases as temperature increases. We used absolute slope to easily follow the changes
in reflected power. A slope with a greater absolute value indicates big changes in
reflected power as temperatures increase. For example, from the data regarding the
GeypSego composition shown in Figure. 4.10, a plot of the slope of measured reflected
power as a function of time is shown in Figure. 4.9. This figure manifests a big
growth in the absolute slope of the reflected power between the T, and T, due to the
big structural reorganization occurring in a solid state from the onset of crystalliza-
tion at T}, up to the full crystallization of the material at T,. Two peaks stand out at
2462 seconds and 2627 seconds, corresponding to the onset and peak crystallization
temperatures of 447 °C and 472 °C obtained from monitoring the temperature inside
the furnace, which is close to the predicted temperatures of 446.6 °C and 472.3 °C.
The data related to the onset and peak crystallization temperatures calculated using
the slope method for all studied compositions are shown in Table 4.1.

According to the measured refractive index data presented in Table 3.1, two crys-
tallization temperatures for GeynSgp are expected. The experimental data, however,
only provides one of the crystallization temperatures (485 °C), as shown in Table 4.1.

This is due to the fact that at the lower crystallization temperature, the structure of
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Figure 4.10: Simulated and measured normalized reflected power as a function
of time with Ge4gSego capped fiber tip.

the material is not strongly organized and thus no strong optical changes are observ-
able. Table 4.1 also provides the expected temperatures error in the measured and
the expected T,. It can be seen that except from the evaporated GessSeqr and dip-
coated GegpSerg samples, all other samples are in good agreement within +0.4-2 °C.
The absolute slope of the reflected power decays because of crack formation during
the crystallization process and increase in the interface roughness. These effects can
be overcome by encapsulating the devices and/or melting the films and solidifying
them in amorphous condition during the reversing process for re-usage of the devices.
Based on our preliminary detailed studies of these materials and the collected Raman
spectroscopy data, we suggest that this is a result of the fact that the stoichiomet-
ric composition has very homogeneous structure in the amorphous condition with
low number of wrong bonds and this structure is maintained upon crystallization as
well [93].

Similarly, the glasses with composition GespSezy, which have very close struc-

ture to the stoichiometric composition GesszSegr, perform with small differences in
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Table 4.1: Temperature response of Ge-S and Ge-Se tip coated optical

fiber based temperature sensor.

Expected Measured Time Expected Measured Time Error

Composition  Fabrication T To To(sec) Te Te Te(sec) Te
GesoSeso Dip-coated 446.6 460 2589 472.3 472 2627 0.3
Evaporated 446.6 447 2462 472.3 472 2627 0.3
GessSeqr Dip-coated 485.4 485 2646 527.7 528 2950 0.3
Evaporated 485.4 450 2527 527.7 485 2646 42.7
GesoSero Dip-coated 440.9 400 2241 470.4 450 2527 20.5
Evaporated 440.9 447 2462 470.4 460 2589 10.4
Ges0560 Dip-coated 480 450 2527 489 485 2646 4
Ges0S70 Dip-coated 572 574 2830 605 600 3399 5

the optical properties after crystallization due to the lack of strong reorganization
of their structure. This is not the case for the GesnS7y compositions, because the
non-stoichiometric members of the Ge-S system the 8-member S rings open up at
higher temperatures to become a part of the tetrahedral backbone of the crystalline
material, thus leading to observable change in the refractive index of this material.
The crystallization kinetics and the formation of different structural units in these
glasses are discussed in detail in [93,107,108].

Moreover, it has been argued [96] that the optical and electrical property con-
trast due to phase change originates mostly from transformation in the structural
medium-range order after crystallization. The crystalline GeSe(S)s which appear af-
ter the phase change have predominantly corner-shared structure and are pseudo two-
dimensional when the low temperature forms of these materials crystallize [109,110].
In the high temperature dichalcogenides, the corner-sharing units are connected with
edge-sharing building blocks [111]. Although, the kinetics and materials are studied
extensively, the change in optical properties due to crystallization is not well under-
stood in these compositions. For example, except for x=40, Ge-S compositions show

a decrease in refractive index after crystallization. We suggest that this is due to
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one more detail related to the GeyoSe(S)go studied compositions — accordingly to the
X-Ray Diffraction (XRD) studies besides GeSe(S)s, the crystalline form occurring af-
ter the phase change contains also GeSe [93| which has orthorhombic structure [112].
In this structure, both atoms are threefold coordinated due to occurrence of dative
bonds. It is for this reason that the Ge rich compositions react with bigger changes in
optical properties after crystallization. In Ges3Segr, the change in optical properties
due to crystallization is not distinct due to lack of medium range structural changes.
For GespSerg, some previous studies [113] reported a reduction in refractive index after
which is also the case for the examined thin films until their temperature reaches the
crystallization temperature. These data are from ellipsometric studies of thin films
on flat substrates, but the fiber devices showed an increase in reflected power after
crystallization, which is direct evidence of the fact that the refractive index increases
after crystallization of GezgSerg. We assume that in the case of fiber there are ad-
ditional interference effects occurring which influence the results measured from the

fiber devices.
4.4 Temperature Profile Estimation Using Array

Sensor
Arranging the single ChG tip coated fibers (each fiber coated with a different compo-
sition) in an array structure as the schematic is shown in Figure. 4.11 and monitoring
the reflected power from each fiber will help with the real-time detection of several

temperatures inside extreme environments, thus mapping out the temperature profile.

Each of the synthesized ChG compositions has a specific crystallization temper-

ature which allows for accurate monitoring and recording of real-time temperature
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Figure 4.11: a) Optical fiber array with different ChG-capped fiber optics, b)
Reflected output power in array structure, c) Temperature versus time.

profiles within a desired environment. As an example, the slope of the reflected power
data from the array structure comprising of four optical fibers capped with four dif-
ferent ChGs (GegoSego, GezoS7o, GegSeo and GesszSegr) within a temperature range
of 472 °C to 600 °C is shown in Figure. 4.12a. The proposed array sensor is arranged
from ChG dip coated devices which show lower error in temperature response. Cor-
relating the peak slope and times provides a temperature evolution chart as shown
in Figure. 4.12b, while four distinct temperatures, 472 °C, 485 °C, 528 °C and 600
°C are recorded with this array structure. Increasing the array size to accommodate
several other compositions of ChGs will enable real-time and precise monitoring of
temperature with a higher temperature resolution. Since the fiber diameter is 125
pm, an array of 15-20 sensors, leading to a temperature resolution less than 10 °C

within 440-600 °C will result in the sensor node area size smaller than 2.125 mm?,
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which makes this array easily deployable within structures. To realize these array
sensors, the individual fibers can be packed using a fiber groove array structure. A
1:N power splitter coupled with N circulators can be used to couple the light indi-
vidually into each of the N fibers and collect the N reflected powers for analysis.
Table 4.2 shows the comparison between performance of proposed optical fiber based

temperature sensor with other studies.

4.5 Summary
In this chapter, we described the fabrication process of the fiber based temperature
sensor. Sensor devices with 6 different in-house synthesized ChGs are fabricated. The
temperature response from each of the devices showed the same results as we expected
from simulations. Sensors arranged in an array structure was used to follow the trend
of the temperature changes in a tube furnace. A slope-based data analysis method
was developed to analyze the reflected power level difference in amorphous and crys-
tallization phases of each of the Ge-S Ge-Se capped devices. The measured results
confirm the functionality of the proposed structure. In the next chapter, we propose

the second temperature sensor architecture based on planar optical waveguides.
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CHAPTER 5:
MODELING AN INTEGRATED SILICON
WAVEGUIDE:CHG BASED COMPACT

PLASMONIC TEMPERATURE SENSOR

In this chapter, modeling details on the silicon waveguide:ChG based temperature
sensor are provided. The waveguide is covered with six different in-house synthesized
ChG inks. The effect of the each of the compositions on the transmitted power of the
waveguide is studied. Different complex refractive index values in the amorphous and
crystalline phases of the ChGs affect the transmitted power. The simulation results
confirm that in the crystalline phase of Ge-S and Ge-Se, the metallic behavior of
these compositions leads to creation of plasmonic modes which are highly lossy. The
extinction ratio indicates that within a small length of the waveguide, abrupt changes
in transmitted power occur around the crystalline temperature of ChGs. Changes in

output power can be used to determine the ambient temperature.

5.1 Optical Waveguide Structure
Here, the designs of the plasmonic waveguide based temperature sensors on silicon-
on-insulator (SOI) substrate are presented. The proposed sensor’s operation is based

on the phase change of ChG from amorphous to crystalline condition due to an in-
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crease in the ambient temperature beyond ChG’s crystallization temperature. The
proposed design and simulation of several structures of plasmonic based temperature
sensor are addressed in this section. A SOI wafer is used for all devices. A commercial
SOI with a buried oxide thickness of 3 um and silicon device layer thickness of 0.22
pum is selected for simulation and fabrication. The thick buried oxide (BOX) ensures
negligible light leakage toward the Si handle substrate at a wavelength of 1.55 um.
The thin upper silicon device layer is used to define an optical waveguide structure.
Silicon has a much higher refractive index than our ChGs, leading to light confine-
ment within the silicon waveguide. We designed our waveguides for a single-mode
operation at 1.55 pum to prevent losses from higher order modes. Specific design
parameters of each device are determined using the simulation and iterative opti-
mization performed using PhotonDesign’s FIMMWAVE and FIMMprop simulation
software packages which uses EigenMode Expansion (EME) method capable of giv-
ing solutions to wave equations which are fully vectorial and fully bi-directional.The
software allows us to define a cross-section and top view of the design and then use
mode solver to find the fundamental modes. We can obtain mode parameters, such as
mode intensity, effective index, loss and propagation through this modeling software.
The operating principle of the devices are described below.

Assuming ideal behavior from ChG glasses, below the crystallization temperature,
in their amorphous state, ChG glasses demonstrate good dielectric behavior. In this
configuration, the fundamental mode is confined in the silicon waveguide, and the
mode propagates along the waveguide with nominal loss of ~ 2.5-3.0 dB/cm. When
the temperature of the ambient is above the crystallization transition temperature

of ChG, the material crystallizes and exhibits excellent conductive characteristics.
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The metallic behavior of ChG glasses in their crystalline phase generate surface plas-
mon polarition (SPP) modes in the plasmonic waveguide. These SPPs are highly
localized at the metal:dielectric interface due to their sensitivity to dielectric proper-
ties near the metal surface. The plasmonic modes provide confinement beyond the
diffraction limit, and are characterized by very large and abrupt propagation losses
( 1-10 dB/pm) [113]. The large change in the propagation loss from ~2.5 dB/cm to
>1dB/um, leads to the determination of the crystallization temperature 7, accurately.
This remarkable property, together with CMOS-compatible fabrication of the silicon
device, promises a very reliable, low-cost, and reusable sensor network. Since the
complex refractive index of ChG glasses, and the change in their values transitioning
from amorphous to crystalline states vary significantly based on the glass composi-
tion, we investigated different device designs that will provide best performance for
each of those categories of refractive indices. Since the complex refractive index of
GST glass (GeaShoTes) is widely characterized, to begin, we used this glass in our
designs. The refractive indices of SiO2 and Si at 1550 nm wavelength are ng;o,= 1.45
and ng;= 3.47 respectively. The refractive index and extinction coefficient of ChG
(which is GesShyTes) in amorphous and crystalline phases are ngme = 2.14+10.17 and
Nerys = 2.62+12.11 [120]. The imaginary part of the refractive index estimates the
loss of the waveguide. Note that this ChG characteristic deviates from an ideal case
wherein the imaginary part for the amorphous state is assumed to be 0 or negligible.
Thus, lossy behavior is expected for the waveguides in both states. Still, as will be
shown in the simulation results in this section, an extinction ratio > 10dB is achieved
within an ultra-short length of the waveguide (~<5 pm), compared to the several

mm long lengths that would be required with conventional waveguides. This makes
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the sensor array extremely compact and easier to embed or deploy. The waveguide
device is designed to operate in single mode region. Single mode structure provides
many advantages in the behavior of the guided light as well as being compatible with
existing telecommunication systems. The fundamental mode of a waveguide, carries
the majority of optical power and is the most well confined field distribution. The
high confinement of the fundamental mode corresponds to a small portion of the field
existing outside of the core (evanescent tails), minimizing losses from sidewall inter-
ference scattering. In the following subsections, the work performed in the designing

of a waveguide based sensor is presented.

5.1.1 Design 1 (ChG covering silicon waveguide)

This design is a general design that is applicable to either a small or a large change
in complex refractive index values, as long as the real part of the ChG refractive
index always remains below silicon’s refractive index, at least in one of the two glass
phases. In this structure, Si waveguide is surrounded by ChG. The ChG is cov-
ered by a passivation layer, which is SiOy in our case. A schematic cross section
https://www.overleaf.com/projectand dimension of single mode design is illustrated

in Figure. 5.1 with optimized design parameters shown in Table 5.1.

hOx
ChG [ ha
Sl . hSl
S N
Wee W 1,
SiO, | .
Si0,
(a) (b)

Figure 5.1: a) Cross section of Design 1, b) 3D view of Design 1.
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Table 5.1: Optimum design parameters obtained for Design 1.

Parameters  Value(um)

w 0.45

Wena 0.1

hg; 0.22

hena 0.3

ho. 0.5
hbow 2
L 5

We studied the behavior of the two fundamental modes - transverse electric (TE)
and transverse magnetic (TM) modes propagating along the single mode silicon
waveguide in amorphous phase of chalcogenide. Figure. 5.2 and Figure. 5.3 show
the intensity distribution and output power in amorphous phase for TE and TM
modes in amorphous phase of GST, respectively. Figure. 5.2a shows the cross sec-
tional intensity distribution (mode profile) of the TE mode in the waveguide. The
result shows that the TE mode is confined within the silicon waveguide. Figure. 5.2b
and Figure. 5.2c, respectively, show the propagation and the associated propagation
loss along the waveguide. Parametric study confirms that by increasing the length
of the waveguide, the output power decreases which reduces the output power. The
TM mode in the amorphous phase is confined near the interface of Si and ChG, but
majorly within the silicon waveguide, as shown in Figure. 5.3a. Figure. 5.3b and
Figure. 5.3c, respectively, show the propagation and the associated propagation loss
along the waveguide. Table 5.3 shows designed waveguide loss in amorphous phases

of ChG in TM mode.
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Figure 5.2: Amorphous Phase, a) Intensity profile of TE mode, b) Intensity
distribution along the waveguide, and c) Output power of TE mode as a function
of the length of the waveguide.
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Figure 5.3: Amorphous phase, a) Intensity profile of TM mode, b) Intensity
distribution along the waveguide, and c) Output power of TM mode as a function
of the length of the waveguide.

Table 5.2: Amorphous phase waveguide loss of Design 1.

Length  Transmission loss Propagation loss

(um) (dB) (dB/um)
Fundamental TE mode 3 -5.46 -1.82
Fundamental TM mode 3 -11.34 -3.78
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When the temperature of the ChG increases beyond the crystallization transition
temperature, the material crystallizes and exhibits metallic characteristics. In this
configuration, the fundamental TE and TM modes disappear, and plasmonic modes
appear at the interface between silicon and the metallic ChG material, as shown in
Figure. 5.4a and Figure. 5.5a, respectively. Thus, the output power for TE and TM
modes drop rapidly at the output, as shown in Figure. 5.4 (b-c) and Figure. 5.5(b-
c), respectively. By increasing the length of the waveguide beyond 3 pm, no light
power is observed at the output. This remarkable property, together with CMOS-
compatible fabrication of the silicon device, promises a very reliable, low-cost, and
reusable compact sensor network. In Table 5.3 waveguide losses in two fundamental
modes in crystalline phase of ChG is presented. Table 5.4 shows the summary of
waveguide loss at a length of 3 pum in two different phases of ChG in the proposed
structure. This table reflects more than an order of magnitude increase in the loss for
the crystalline phase compared to the amorphous phase. This high loss in crystalline
phase compared to the amorphous phase is due to the difference in the extinction co-
efficients. Extinction coefficient in crystalline phase is greater than in the amorphous
phase, which means that higher loss is expected in the crystalline phase. Figure. 5.6
shows the calculated extinction ratio (TM mode results shown as an example), which
is the ratio of the output power in the amorphous phase to the output power in the
crystalline phase, for the TM mode. Our devices demonstrates a high extinction ratio

in a 3 um long waveguide, thus demonstrating the compactness of our designs.
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Figure 5.4: Crystalline Phase, a) Intensity profile of TE mode, b) Intensity
distribution along the waveguide, and c) Output power of TE mode as a function
of the length of the waveguide.
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Figure 5.5: Crystalline Phase, a) Intensity profile of TM mode, b) Intensity
distribution along the waveguide, and c) Output power of TM mode as a function
of the length of the waveguide.

Table 5.3: Crystalline phase waveguide loss of Design 1.

Length  Transmission loss Propagation loss

() (dB) (dB/um)
Fundamental TE mode 3 -95.05 -31.68
Fundamental TM mode 3 -207.73 -69.24
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Table 5.4: Summary of losses for Design 1.

TE ™
Amorphous Phase Propagation Loss -1.82 dB/um  -3.78 dB/um
Crystalline Phase Propagation Loss -31.68 dB/um -69.24 dB/um

400
o
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Waveguide length (um)

Figure 5.6: Extinction ratio of Design 1 in TM mode.

5.1.2 Design 2 (A thin ChG layer sandwiched between Si waveg-

uide and metal)
In this structure, a thin ChG layer is sandwiched between Si and another metal, say
gold (any metal choice will work for this design). Gold is chosen as a representative
metal in the simulations since its material properties are readily available in the
software library. The refractive index of the gold is n4,=0.58+19.86 at 1550 nm
wavelength. As long as the real part of the refractive index is much smaller than silicon
refractive index, this design has shown promise in our simulations. A schematic cross
section of this design is illustrated in Figure. 5.7. The optimized device dimensions

are shown in Table 5.5.



Table 5.5: Optimum design parameters obtained for Design 2.

Parameters  Value(um)
W 0.45
haw 0.1
hg; 0.22
heona 0.3
ho. 0.5
hbow 2
L 5
hOx
Au hay
ChG et
Si hs;
¢ > Au
W oo s ’
Si0, Si0,
(a) (b)

Figure 5.7: a) Cross section of Design 2, b) 3D view of Design 2.
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Figure. 5.8a shows the cross sectional intensity distribution in the waveguide. The

simulation result shows that the TE mode is confined within the silicon waveguide.

This is due to high refractive index of Si compared to ChG and Au. Figure. 5.8b

and Figure. 5.8c show the propagation and propagation loss along the waveguide. In

the amorphous phase, TM mode is confined in the thin dielectric (ChG), as shown in

Figure. 5.9a and relatively higher loss propagation occurs compared to the TE mode,

as illustrated in Figure. 5.9b due to the interaction of the TM mode with the gold

metal on top. Increasing the length of the waveguide decreases the output power

exponentially, as shown Figure. 5.9c. The propagation loss in amorphous phase of

ChG is shown in Table 5.6.
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Figure 5.8: Amorphous phase a) Intensity profile of TE mode, b) Intensity
distribution along the waveguide, and c) Output power of TE mode as a function
of the length of the waveguide.

k.\o 05 10 15 20 25 30 35 40 45 ‘zluml‘ . TM mode, GST
§ N — Anaphous
: . < s
£ Waveguide top view |8
b g -10
(6] o
b= o
0 &-15
> 5
£
5 -20
Z
: 25
0 1 2 3 4 55N 0 1 2 3 4 5
horizontal/um B Waveguide length (zm)
(a) (b) (c)

Figure 5.9: Amorphous phase a) Intensity profile of TM mode, b) Intensity
distribution along the waveguide, and c) Output power of TM mode as a function
of the length of the waveguide.

Table 5.6: Amorphous phase waveguide loss of Design 2.

Length  Transmission loss Propagation loss
) (dB) (dB/pum)
Fundamental TE mode 3 -2.15 -0.71
Fundamental TM mode 3 -9.75 -3.25
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At the crystallization transition temperature, ChG changes its phase and exhibits
metallic characteristics. So, due to the interaction of TE mode with a highly metallic
material, the loss increases from 0.71 dB/um in the amorphous case to 8.45 dB/um
in crystalline phase of ChG (Figure. 5.10). For the TM mode, the plasmonic mode
shifts to the interface between silicon and the metallic ChG. For plasmonic modes,
the loss is directly proportional to the refractive index of the dielectric material the
plasmonic modes interact with. Therefore, compared to the amorphous case, wherein
the plasmonic mode interacted with ChG, the loss for the plasmonic mode for the
crystalline phase will be higher. Thus, the output power for TM mode drops rapidly
at the output from 3.25 dB/um to 66.94 dB/um, as shown in Figure. 5.11. Table 5.7
shows losses of waveguide when ChG is as metal. The summary of propagation loss
of design 2 is presented in Table 5.8. This device demonstrate a high extinction ratio

greater than 10 dB within a compact 3 um long waveguide.

3.0 )0 05 10 15 20 25 30 35 40 zm| . TE mode, GST
2.5 o
o
€ i i g
520 Waveguide top view g
T 15 C
£ 3
g 10 )
0.5 £
2
0.0 w0
0 1 2 3 4 558 0 1 2 3 4 5
horizontal/um Waveguide length (zm)
(a) (b) (c)

Figure 5.10: Crystalline phase a) Intensity profile of TE mode, b) Intensity
distribution along the waveguide, and c) Output power of TE mode as a function
of the length of the waveguide.
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Table 5.7: Crystalline phase waveguide loss of Design 2.

Length Transmission loss Propagation loss

() (dB) (dB/um)
Fundamental TE mode 3 -25.36 -8.45
Fundamental TM mode 3 -200.84 -66.94

Table 5.8: Summary of losses for Design 2.

TE ™
Amorphous Phase Propagation Loss -0.71 dB/um  -3.25dB/pmum
Crystalline Phase Propagation Loss -8.45 dB/um  -66.94 dB/um
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Figure 5.11: Crystalline phase a) Intensity profile of TM mode, b) Intensity
distribution along the waveguide, and c) Output power of TM mode as a function
of the length of the waveguide.

5.1.3 Design 3 (ChG glass patterned on the top surface of

silicon waveguide)
This design is similar to Design 1, except that it is expected to work for polarized
light and where dense integration of waveguides is required. A schematic cross section

of this design is shown in Figure. 5.12.
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Table 5.9: Optimum design parameters obtained for Design 3.

Parameters  Value(um)

w 0.45
h; 0.22
hene 0.3
how 0.5
hboz 2
L 5
hOx
ChG heng
Si hs;
—
w hbox ChG L
. Si
SIOZ Si0
1V,
(a) (b)

Figure 5.12: a) Cross section of Design 3, b) 3D view of Design 3.

The optimized design parameters are shown in Table 5.9. The TM mode interacts
with ChG much more than the TE mode since the sidewalls of the silicon waveguide
are not covered by the ChG material. Figure. 5.13 shows the intensity distribution,
propagation and output power in amorphous phase for TM mode. The result shows
that the TE mode is confined within the silicon waveguide. Figure. 5.13b and Fig-
ure. 5.13c show the propagation loss along the waveguide, as a function of the length
of the waveguide. Parametric study confirms that by increasing the length of the
waveguide, the output power decreases which reduces the output power. The funda-
mental mode propagates along the waveguide with minimum loss. The value of losses

in design 3 for an amorphous phase of ChG is shown in Table 5.10.
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Table 5.10: Amorphous phase waveguide loss of Design 3.

Length Transmission loss Propagation loss

(jim) (dB) (dB/pm)
Fundamental TE mode 3 -2.33 -0.77
Fundamental TM mode 3 -9.75 -3.25
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Figure 5.13: Amorphous phase a) Intensity profile of TM mode, b) Intensity
distribution along the waveguide, and c) Output power of TM mode as a function
of the length of the waveguide.

In the crystalline phase, ChG acts like metal, so we expect the SPPs at the
interface of Si and ChG. TM mode is tightly confined at the interface between silicon
and the metallic ChG, as shown in Figure. 5.14a. Thus, higher loss appears and the
output power drops dramatically [Figure. 5.14b]. Table 5.11 shows the propagation
losses in the crystalline phase of ChG. The summary of losses for design 3 in TM mode
is shown in Table 5.12. A comparision between the propagation losses in different
structures of plasmonic waveguides in two fundamentals modes (TE and TM) is

provided in Table 5.12.
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Table 5.11: Waveguide loss of Design 3.

Length Transmission loss Propagation loss

(um) (dB) (dB/pm)
Fundamental TM mode (amorphous) 3 -9.75 -3.25
Fundamental TM mode (Crystalline) 3 -155.91 -51.97

Table 5.12: Summary of losses for Design 3.

™
Amorphous Phase Propagation Loss  -3.25
Crystalline Phase Propagation Loss -51.97
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Figure 5.14: Crystalline phase a) Intensity profile of TM mode, b) Intensity
distribution along the waveguide, and c) Output power of TM mode as a function
of the length of the waveguide.

In addition, calculation of extinction ratio shows that a high ratio of 125 dB is

achieved within a 3 pum long waveguide.
5.1.4 Design 4 (ChG misaligned and covering surface and one

side of silicon waveguide)
Since we are also interested in developing printed structures using ChG inks, some

misalignment can lead to partial coverage of inks on the top surface and on one
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Table 5.13: Optimum design parameters obtained for Design 4.

Parameters  Value(um)

W 0.45
Wena 0.3

hg; 0.22
hena 0.3
hoy 0.5
hbow 2
L 5

sidewall. We also simulated such a scenario. The cross section view of the design
considered is shown in Figure. 5.15. The simulated dimensions of the structure is

depicted in Table 5.13.

hOx
ChG [ ha
Si ] hs
R e N
W W L
hbox ’_&S?_
Si0; Si0,
(@) (b)

Figure 5.15: a) Cross section of design 4, b) 3D view of design 4.

When ChG is below crystallization temperature, it acts like a dielectric. So, in TE
fundamental mode, light is still concentrated in the Si waveguide, as shown in Fig-
ure. 5.16a. At the output, we will observe low loss, as is evident from Figure. 5.16b
and Figure. 5.16¢c. Similarly, the TM mode propagates with little loss as well, as
shown in Figure. 5.17. Waveguide loss in TM mode is summarized at Table 5.14.
When ChG reaches its crystallization temperature, its behavior changes to metal. So,
the waveguide changes to a plasmonic waveguide. Since surface plasmons can work

well below the diffraction limit, the TE mode interacts strongly with the sidewall
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Figure 5.16: Amorphous phase a) Intensity profile of TE mode, b) Intensity
distribution along the waveguide, and c) Output power of TE mode as a function
of the length of the waveguide.
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Figure 5.17: Amorphous phase a) Intensity profile of TM mode, b) Intensity
distribution along the waveguide, and c) Output power of TM mode as a function
of the length of the waveguide.

Table 5.14: Amorphous phase waveguide loss of Design 4.

Length Transmission loss Propagation loss
() (dB) (dB/um)
Fundamental TE mode 3 -3.67 -1.22
Fundamental TM mode 3 -10.74 -3.58
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Figure 5.18: Crystalline phase a) Intensity profile of TE mode, b) Intensity
distribution along the waveguide, and c) Output power of TE mode as a function
of the length of the waveguide.

Table 5.15: Waveguide loss of Design 4.

Length Transmission loss Propagation loss

(um) (dB) (dB/pum)
Fundamental TM mode (amorphous) 3 -32.3 -10.76
Fundamental TM mode (crystallization) 3 -198.28 -66.09

metal and is squeezed into the interface between silicon and metal, and its power
diminishes rapidly (Figure. 5.18). TM mode also experiences a plasmonic effect, and
its power decreases as well (Figure. 5.19). Depending on the degree to which the
ChG covers the top surface, a plasmonic mode will still be generated, again owing
to the ability of plasmonic modes to be confined well below the diffraction limit, and
a very high loss can be expected due to the subwavelength confinement property of
plasmonic modes. Thus, even if the silicon waveguide is partially covered with ChG,
the device can still perform efficiently. Waveguide loss in TM mode is summarized at
Table 5.15. Compared to Design #1, wherein the ChG fully covers the silicon waveg-

uide, the misaligned case represented by Design #4 produces lower loss, however, an
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Figure 5.19: Crystalline phase a) Intensity profile of TM mode, b) Intensity
distribution along the waveguide, and c) Output power of TM mode as a function
of the length of the waveguide.

Table 5.16: Performance comparison between the 4 design architectures.

Amorphous Crystalline

Loss in TE mode Loss in TM mode  Loss in TE mode Loss in TM mode

(dB/pm) (dB/pm) (dB/pm) (dB/pm)
Design 1 -5.46 -11.34 -95.05 -207.73
Design 2 -2.15 -4.63 -25.36 -200.84
Design 3 -2.33 -9.75 -28.69 -155.91
Design 4 -3.67 -10.74 -32.3 -198.28

extinction ratio >10dB is still available for successful device operation. Comparison
of all waveguide design losses in fundamental TE and TM mode in amorphous and

crystalline phases of ChG is shown in Table 5.16.
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5.2 Design of Plasmonic based Temperature Sensor
Using Characterization Data from In-House

Synthesized Inks

The same designs are simulated with six Ge-S and Ge-Se chalcogenide glasses synthe-
sized at Boise State University. The complex refractive index is measured using an
ellipsometer [93|. The refractive indices and extinction coefficients of all compositions
in two amorphous and crystalline phases are shown in Table 3.1. We have simulated
Designs 1, 3 and, 4 with the measured refractive index of synthesized inks using the

same dimensions in both phases of chalcogenide glass.
5.2.1 Design 1 (in-house synthesized inks covering Silicon Waveg-

uide)
In this structure, Si waveguide is surrounded by six different in-house synthesized
inks. The ChG is covered by a passivation layer, which is SiO, in our case. The
simulation results for fundamental TM mode for Design 1 are shown in Figure. 5.20
through Figure. 5.31 for all six Ge-S and Ge-Se compositions in amorphous and
crystalline phases. As expected, in the amorphous phase of ink, fundamental TM
mode is confined within the Si core. It is clearly shown that the incident wave can
easily pass through the Si core without significant attenuation, when the ChG cap
is in the amorphous phase. At crystallization temperature of ChG, the phase of the
glass is changed to metal phase. In this case, plasmonic waveguide is created. The
device has higher loss in crystalline phase compared to amorphous phase of Ge-S and

Ge-Se. The attenuation of the SPP significantly increases, so that SPP mode cannot
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be transmitted to the output. Various transmitted output power is due to changes in
refractive index of the ChG by the phase transition from amorphous to crystalline.

Waveguide loss in TM mode is summarized at Table 5.17.
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Figure 5.20: Amorphous Ges;S7g patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.21: Crystalline Ge3S7y patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.22: Amorphous Ge Sgp patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of

the length of the waveguide.
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Figure 5.23: Crystalline GeyySgg patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of

the length of the waveguide.
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Figure 5.24: Amorphous Ges3Sg; patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.25: Crystalline Ges3Sg; patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.26: Amorphous GejzySe;; patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.27: Crystalline GesySe7y patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.28: Amorphous Ge,ySegy patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.29: Crystalline GeyySegy patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.30: Amorphous Ges3Seg; patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.31: Crystalline Gej3Seg; patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Table 5.17: Fundamental TM mode loss in Waveguide design 1 with in-

house synthesized in-house inks

Length Propagation loss Propagation loss

in amorphous phase in crystalline phase

(um) (dB/m) (dB/pm)
Ge30870 3 0 -2.42
Ge40860 3 0 -3.95
G633867 3 -0.08 -0.44
Geg()Seﬂ) 3 0 -6.08
Ge4OSe6o 3 -0.12 -5.19
Ge338667 3 -0.08 -0.44

5.2.2 Design 3 (in-house synthesized inks on the top surface

of Silicon Waveguide)
In this structure, Si waveguide top surface is covered with six different in-house syn-
thesized inks. The simulation results for fundamental TM mode for Design 3 are
shown in Figure. 5.32 through Figure. 5.43 for all six Ge-S and Ge-Se compositions
in amorphous and crystalline phases. Waveguide loss in TM mode is summarized in

Table 5.18.
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Figure 5.32: Amorphous Ges;S7g patterned on the top surface of silicon waveg-
uide in amorphous phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.33: Crystalline Ge3S7y patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.34: Amorphous Ge nSgp patterned on the top surface of silicon waveg-
uide in amorphous phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.35: Crystalline Ge,Sgy patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.36: Amorphous Ges3Sg; patterned on the top surface of silicon waveg-
uide in amorphous phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.37: Crystalline Ge33Sg7 patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.38: Amorphous GejzySe;y patterned on the top surface of silicon waveg-
uide in amorphous phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.39: Crystalline GesySe7y patterned on the top surface of silicon waveg-
uide in crystalline phase . a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.40: Amorphous Ge,ySegy patterned on the top surface of silicon waveg-
uide in amorphous phase . a) Intensity profile of TM mode, b) Intensity distri-

bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.

TM mode, Ge4USesn

0 05 10 15 20 25 30 35 40 zum 0
o
ke
S 5
g
o -10
o
°
R-15
g
5-20
z

0 1 2 3 4 5 25

0 1 2 3 4 5
Waveguide length (um)

(b) (c)

Figure 5.41: Crystalline GeyzSegy patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.42: Amorphous Ges3Seg; patterned on the top surface of silicon waveg-
uide in amorphous phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.43: Crystalline Ges3Seg; patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.

5.2.3 Design 4 (in-house synthesized inks misaligned and cov-

ering surface and one side of silicon waveguide)
We also simulated such a structure in which the ink covered only the top surface and
one side of the Si waveguide. We assumed that ink is misaligned during printing it

on the Si waveguide section The simulation results for fundamental TM mode for



105

Table 5.18: Fundamental TM mode loss in Waveguide design 3 with in-
house synthesized inks.

Length Propagation loss Propagation loss
in amorphous phase in crystalline phase
(um) (dB/m) (dB/um)
Ge3os70 3 0 -2.05
Ge40860 3 -0 -3.66
G€33867 3 0 -0.45
Ge3()Se7() 3 0 -5.64
Ge4OSe6o 3 -0.11 -4.81
G6338667 3 -0.08 -0.44

Design 4 are shown in Figure. 5.44 through Figure. 5.55 for all six Ge-S and Ge-Se
compositions in amorphous and crystalline phases. Waveguide loss in TM mode is

summarized at Table 5.19.
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Figure 5.44: Amorphous Gej3;S7y patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.45: Crystalline Ge3S7y patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.46: Amorphous GeySgy patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.47: Crystalline Ge,Sgy patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.48: Amorphous Gej3Sg7; patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.49: Crystalline Ge33Sg7 patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.

<1073 TM mode, Ge308e70

3.0 0 05 10 15 20 25 30 35 40 45 zwm| _ O
N 00 s bO0s vy bos WOV W WY DOV MR wiver | I — Amorphous

2.5 r T4
9]

E 20 82
3 ;
g 15 o

2 LR
o 1.0 N
> ©

05 €4
Z

0.0 5

0 1 2 3 4 5
horizontal/pm Waveguide length (xm)

(2) (b) ©)

0 1 2 3 4 5

Figure 5.50: Amorphous GespSery patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.51: Crystalline Ge3ySeyy patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.52: Amorphous GeyySegy patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.53: Crystalline Gey zSegy patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Figure 5.54: Amorphous Ges3Seg; patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.
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Table 5.19: Fundamental TM mode loss in Waveguide design 4 with in-

house synthesized inks.

Length Propagation loss Propagation loss

Amorphous Crystalline
() (dB/um) (dB/pum)

Ge30S70 3 0 2.3

GB4QS(,0 3 -0 -4.09

Ge33S67 3 0 -0.51

GesoSero 3 0 -6.52

G€4QSGGO 3 -0.11 -5.63

G8335667 3 -0.08 -0.44
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Figure 5.55: Crystalline Ges3Seg; patterned on the top surface of silicon waveg-
uide in crystalline phase. a) Intensity profile of TM mode, b) Intensity distri-
bution along the waveguide, and c) Output power of TM mode as a function of
the length of the waveguide.

Comparison of all waveguide design losses in fundamental TM mode in amorphous
and crystalline phases of six in-house synthesized inks are reported in Table 5.20.
From the propagation loss calculations from simulations, it is observed that all com-
positions except (GeszSegr and GessSgr) show a considerable propagation loss in crys-

talline phase. The reason is that Ges3Segr and Ges3Sgr in both phases have small
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Table 5.20: Comparison of TM mode losses in all waveguide design with

in-house synthesized inks.

Design 1 Design 3 Design 4 ‘
Composition | Amorphous Crystalline | Amorphous Crystalline | Amorphous Crystalline
(dB/pm)  (dB/pm) | (dB/pm)  (dB/pm) | (dB/pm)  (dB/pm)
Ge3os70 0 -2.42 0 -2.05 0 -2.34
Ge40S60 0 -3.95 0 -3.66 0 -4.09
Ge33867 -0.08 -0.44 0 -0.45 0 -0.51
GespSero 0 -6.08 0 -5.64 0 -6.52
GeygoSego -0.12 -5.19 -0.11 -4.81 -0.13 -5.63
GessSegr -0.08 -0.440 -0.08 -0.4 -0.08 -0.44

changes in the material structure and band gap during the crystallization process

which are homogeneous in their nature [93]. GezgSery shows the highest propagation

loss difference between amorphous and crystalline phases. In Table 3.1 the extinc-

tion coefficient of GeggSerg in crystalline phase is bigger than extinction coefficient in

amorphous phase which indicated higher loss in crystalline phase compare to amor-

phous phase. We expect to observe abrupt change in transmitted output power by

increasing the temperature beyond the crystalline temperature in Si:ChG waveguide

based temperature sensor with covering by this composition.

5.3 Summary

In this chapter, the Silicon waveguide:ChG based temperature sensor is simulated.

The optical properties of each of synthesized Ge-S and Ge-Se ChGs is used in the

modeling. The simulation results shows light confinement in Si core in amorphous

phase of the ChG. In the crystalline phase of ChG, the waveguide generates SPP

modes at the interface between silicon and ChG, confining light at the interface of Si

and ChG. Abrupt changes is transmitted power occur in the crystalline phase. This

forms the basis of the working principle of the integrated waveguide based temperature
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sensor. The next chapter goes over the fabrication and characterization of waveguide

based temperature sensor.
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CHAPTER 6:
FABRICATION OF SILICON:CHG WAVEGUIDE

BASED PLASMONIC TEMPERATURE SENSORS

Here, we discuss the fabrication of integrated waveguide based temperature sensors
utilizing silicon waveguide and chalcogenide glasses. The process work described
herein was performed at the Idaho Microfabrication Laboratory (IML) and Lurie

Nanofabrication Facility (LNF) at University of Michigan.

6.1 Fabrication Procedure
Before we get to the technical details, the first section is a brief introduction of the
entire process flow. The process flow for fabricating hybrid silicon:ChG waveguide
based plasmonic temperature sensors is shown in Figure. 6.1. The process starts
with a SOI substrate with device layer 0.22 pm and an oxide layer of 3 pum. After
cleaning the substrate, we apply the e-beam resist using a spin coater. Electron-Beam
Lithography (EBL) is used to define the waveguide structure on the e-beam resist.
Next, the defined pattern is transferred to the top Si layer by reactive ion etching
(RIE). Finally, the remaining resist is removed using stripper and oxygen plasma.
The waveguide section is covered by ChG using thermal evaporation and ink printing
methods. Finally, an SiO, layer is deposited on the wafer as the upper-cladding. The

details of the wafer preparation are provided in appendix B.
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Figure 6.1: Process flow for fabricating Silicon:ChG waveguide based plasmonic
temperature sensors

For the fabrication of silicon waveguides terminated with grating couplers, we
used EBL. This method is one of the key fabrication techniques that allows us to
create patterns at the nanoscale level and test prototypes in the lab. EBL is a
direct-write method and does not need a prefabricated mask. The EBL working
principle is relatively simple and very similar to photolithography. In this method,
a focused beam of electrons is scanned across a substrate covered by an electron-
sensitive resin (or e-beam resist). According to electron beam energy the photo-

resist solubility properties change. This process provides two significant benefits over
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conventional photolithography: (i) smaller features are possible due to the narrow
width of the electron beam writing the pattern and (ii) greater freedom to evaluate
new device designs as it only requires patterns created by CAD without the need for
creating photomasks. However, EBL is a slower process compared to conventional
photolithography as the exposure window is much smaller (~600 pmx ~600 pm)
and can only write on one sample at a time. After the wafer is patterned with
the instructions coming from the pattern generator, areas exposed, or not exposed
according to the tone of the resin, are removed by developing the exposed e-beam
resist pattern. The column and chamber are in high vacuum. The column in contains
all elements to create, accelerate, focus/defocus, and turn the beam on/off. Chamber
contains a stage to place the sample. The dimension of the chamber determines the
size and accessibility of the sample that can be patterned. A computer-controlled
high-accuracy five-axis stage is used precisely move and rotate and tilt the stage. In
addition, the chamber is equipped with a charged coupled device (CCD) camera to
visualize inside the chamber and assess the control of the sample positioning. The
chamber is isolated from mechanical vibration, which is very critical for high resolution
EBL. Since the discovery of polymethylmethacrylate (PMMA) as an electron resist by
Hatzakis [121] in 1969, EBL has been used to fabricate a wide variety devices, ranging
from integrated circuits, [122,123], to photonic crystals, [124-127] experiments. The
following figure will describe the steps used to fabricate this waveguide device.

In the proposed waveguide based temperature sensor, two design of waveguides:
a) Waveguide grating coupler, and b) S-bend waveguides are considered to confirm
the functionality of the device. First, we introduce the waveguide grating coupler

fabrication and testing results, then the S-bend device will be discussed.
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6.2 Waveguide Grating Coupler Fabrication
The selection of proper writing dose in EBL is important to correct the point expo-
sure time. Several parameters such as beam energy, substrate compositions, pattern
line width and pattern density have effect on selection of the dose. We started the

fabrication by studying the effect of dose on each section of the design.

6.2.1 Dose test on grating coupler section
Due to the different feature sizes in the proposed design structure, the design was
divided into three different sections: 1) grating coupler, 2) taper, and 3) waveguide.

The schematic of the desired structure on SOI wafer is shown in Figure. 6.2.

(a) ()

Figure 6.2: Proposed waveguide grating coupler design, a) Top view, b) 3D
view. A waveguide is connected to input/output grating coupler using two
taper waveguides. Waveguide width = 0.45 ym, waveguide length—= 150 um,
taper length = 250 ym, grating coupler length = 17.125 ym, and grating coupler
width= 14.6 um.

The schematic of the grating coupler is shown in Figure. 6.3. Table 6.1 shows the

designed parameters of grating couplers.
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Table 6.1: Sweep grating coupler parameters

Design Ppy (pm) w (um) Py (um) L (pm)

D1 0.388 0.115 0.685 0.39
D2 0.388 0.120 0.685 0.39
D3 0.388 0.122 0.685 0.39
D4 0.388 0.124 0.685 0.39
D5 0.388 0.125 0.685 0.39
D6 0.388 0.130 0.685 0.39

Period Si length
(PorPy) (Lorw
A— t—

(a) (b)
Figure 6.3: Grating coupler, a) top view, b) side view. P, is vertical grating

period, Pj is horizontal grating period, L is length of grating pitch, and W is
width of grating pitch. Device layer (Si) thickness is 220 nm.

For each section, different dose tests were studied during EBL patterning to figure
out optimum dose which could allow for complete penetration of the electron beams
into the entire thickness of the PMMA resist. Fully etched grating coupler (schematic
in Figure. 6.4, taper lines, and waveguides were patterned using appropriate calibrated

dose rates and energy.
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Figure 6.4: Grating couple design in DesignCAD with different dose. Each color
shows exposure beam dose in Run File Editor in NPGs software.

First, we used low line dose (0.9, 1.20, 1.40 nC/cm) with 25 pA beam current
and 30 keV energy to pattern the grating coupler. Figure. 6.4 shows the design used
to conduct this part of the test. In DesignCAD software, each color indicates a
different dose. Once the pattern was designed in DesignCAD, the Run Filed Editor
in Nanometer Pattern Generation System (NPGS) software was used to record the
exposure conditions for the different drawing elements in the pattern. Also, Magscale
parameter in DesignCAD showed ideal magnification depending on writing field and
microscope which can be used in Run File Editor.

After patterning, the samples were imaged using AFM to check the effect of each
line dose value on the pattern quality. The measurement results are illustrated in
Figure. 6.5. In these samples, the PMMA thickness was ~250 nm. According to line
dose setting in NPGS software shown in Figure. 6.4, grating couplers numbered 0-1

was patterned with line dose of 0.9 nC/cm. The ripples in the curves show pitches
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in grating coupler depth inside the PMMA. The depth of these ripples should be the
same as PMMA thickness. 2D AFM results shows that the beam could not penetrate
through the PMMA thickness.

Also, the 3D image shown in Figure. 6.4 confirms that the grating coupler was
underexposed. Then, we increased the line dose to 1.2, and 1.4 nC/cm to pattern the
grating coupler which are shown in Figure. 6.5(b,c) respectively. In these samples,
the PMMA thickness was ~250 nm. The ripples in the curves show pitches in grating
coupler depth inside the PMMA. By comparing the results in Figure. 6.5, it can be
seen that a low dose cannot penetrate through the entire thickness of the photoresist
and a higher line dose is required to pattern this section of the device. Then, we
studied high line doses for a grating coupler section. A higher beam energy causes
deeper penetration into photoresist thickness and consequently fewer secondary elec-
trons reach the surface. So, to pattern the grating coupler line dose of 1.5 nC/cm is
selected. The AFM measurement curve and 3D images are shown in Figure. 6.6. It
can be seen that the depth of pitches after developing the sample is similar to PMMA
thickness. These results indicate that in order to pattern smaller dimension features,
a high line dose is required. Thus, a high line dose of 1.5 nC/cm was selected for
patterning grating couplers. The same procedure is followed for the taper part of the
design. Among different line doses, 1.3 nC/cm provided the best results. Thus, this
line dose was selected for patterning taper section. AFM images in Figure. 6.7 show
that beam with 1.3 nm/cm can reach the thickness of photoresist. In the waveguide
section, as shown in Figure. 6.8, a line dose of 0.9 nC/cm was selected as a proper

dose.
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Figure 6.6: High line dose effect test for grating coupler section of the design.
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Figure 6.7: Line dose study on taper part of the design.
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Figure 6.8: Line dose study on waveguide part of the design.

6.2.2 Stitching

Once we determined the optimum line dosages for the different parts of the design,
we proceeded with the fabrication of the device structure. In modern EBL systems,
large-area patterns are formed by stitching together a mosaic of small fields or stripes.
The EBL system has a limited area of exposure (writing field). Then, the large
pattern is divided into multiple exposure fields side by side with stage movement
between each field exposure so that the edge of each field accurately overlaps that of
its nearest neighbor. The deviation from perfect alignment between writing fields is
called a stitching error. This error causes small unintended discontinuities between
the borders between adjacent fields. The performance of the photonic circuits can be
affected by stitching errors due to an increase in the loss from radiative mode and back
reflection of guided modes. Within NPGS, good stitching is a result of the correct
combination of pattern writing size and accurate stage motion or accurate alignment.

To produce writing fields that stitch together, the placement of each pattern must



124

accurately correspond to the size of the pattern. In addition, the writing axes must

be aligned to the stage axes to achieve good stitching.

6.2.2.1 Blind stitching

We first used a recommended fracture method to pattern the entire design aslarge
writing areas, wherein each writing field being stitched together must have unique
pattern features, NPGS fracture mode was used. NPGS can write a single CAD file
that covers a very large area by breaking the large file into smaller pieces, wherein each
piece defines a sub-field for writing. When this mode is used, NPGS will determine
the correct stage coordinates so that the sample will be moved and the pieces will
be written at the correct position, within the limitation of stage accuracy. The
precision of the stage in our system is 4 digits. The written files are all offset so
that each file is appropriately centered in the writing field that will be offset by the
stage movement. The viewable files are not offset, so that when they are loaded into
DesignCAD, they will match up to recreate the original unfractured pattern. First, we
use blind stitching to pattern whole structure. In this method, stitching the sub-field
are done without dedicating alignment marks at each field and blindly addressing the
EBL exposure. The outcome depends on the accuracy of the stage and needs better
calibration for the writing field.

To find the stage error in x and y direction, we fractured the entire design into
80 pm sub-fields with 20 pm borders. According to sub-field size and border, the
magnification is calculated by NPGS, which is about 1000X. Based on our dose test,
we selected a line dose of 1.7 nC/cm for grating, 1.3 nC/cm for taper and 0.9 nC/cm

for waveguide sections. The relative stage movement with 4 digits precision is about
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r= £0.079 mm and y= £0.0003 mm. An optical microscope image of patterned

design is shown in Figure. 6.9.
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Figure 6.9: Fracture with 80 ym sub-fields.

To decrease the misalignment in x and y directions, we aligned the chip’s x axis
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to the stage x axis. After patterning, x offset value was measured with microscope
and this value was subtracted from sub-field value which indicates the relative x
stage movement. Also, for y misalignment, a global stage correction is applied. To
determine this, the sample was carbon coated and imaged using scanning electron
microscope (SEM). The value of the gap between two subfields was measured. Then,
by applying these values, NPGS can calculate the stage rotation offset during move-
ment. Also, if there is still some misalignment in y direction, the value can be
measured with microscope and subtracted from relative y stage movement. We frac-
tured the structure with the same subfield sizes of 80 pum with 20 um border and
with 1000X magnification. Based on the misalignment values in x and y directions
from prior sample, the relative z stage movement was selected as 0.0788 mm and y
relative movement was selected as 0.0003 mm. The images of the patterned samples
are shown in Figure. 6.10.

As shown in Figure. 6.10, in stitching taper line with waveguide, proximity effect
occurs which is due to using different dose in each sub-field. The gap in waveguide

section is very small. Changing dose in this section causes a missing waveguide.
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Figure 6.10: Fracture after fixing stage, sub-field= 80 um.

We decided to increase the sub-field to 95 pm with 5 pm border, which covers an
entire waveguide and a portion of the taper. In this case, waveguide can be patterned
in one sub-field which reduces the emergence of misalignment in this part. In this case,
Mag is equal to 1000X, x relative movement is 0.0938 mm and y relative movement is
0.0003 mm. The image of waveguide section is shown in Figure. 6.11. As can be seen
in this figure, we could not fix the misalignment in y direction due to stage precision

limitations. Values that provided best results were selected.
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Figure 6.11: Fracture with sub-field= 95 um.

The issue regarding blind stitching is that the writing axes must be carefully
aligned to the stage movement. In order to pattern a device using blind stitching, the
microscope should be equipped with an accurate stage. Also the writing field needs to
be accurately calibrated to the both correct size and the orientation of the stage axes.
The drift in the stage during the movement does not show consistent misalignment
offset values and causes stitching errors as shown in Figure. 6.12. So, using this
method to fabricate the device is not repeatable as the relative offset is manually
entered to the yield the desire spacing in order to stitch the pattern together. Also,
edges of the pattern mismatches as large as several microns due to irregularities in the

stage movement. Since the stage on the microscope in our EBL tool is not accurate
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enough to produce good stitching results, using registration marks in each writing

field will be helpful.

(a) (b)

Figure 6.12: Blind stitching error, a) discontinuous, b) misalignment

6.2.2.2 Stitching using registration marks

As, we mentioned before to achieve high resolution grating coupler in the fabrication,
the writing field should be divided into subfields. In order to avoid the stitching
error, using the alignment corrections to stitch the subfields properly is suggested.
To this end, we decided to pattern registration marks on the SOI wafer prior to
patterning waveguide structure. The NPGS alignment features can be used to align
the marks using the exact conditions for each write. The alignment correction is to
stitch the subfields properly. In order to have registration markers on the wafer, we
have designed a photomask with marker’s designs on it. The details of this photo-

mask is discussed in the following section.
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6.2.2.2.1 Photo-mask fabrication The photomask pattern is generated using
computer aided design (CAD) software and then sent to specialized manufacturers
who transfer the pattern to a photomask. In each writing field, four registration
marks are used to compensate the slow beam or stage drift. Each writing field should
be aligned before it is written. The AutoCAD design of the photo-mask is shown in

Figure. 6.13.
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Figure 6.13: CAD image of photo mask with registration marks, a) photo-mask
layout, b) Registration marks on one chip, c) global mark, d) chip mark, e) inset
of marks in one array waveguides.

In this design, four global registration marks are placed on the outer edges of
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the sample along the = and y axis as shown in Figure. 6.13c. Also for each sub-
field (200 pm x 200 pm) shown in Figure. 6.14a, four chip marks are dedicated as
shown in Figure. 6.13(d,e). The system usually detects four global marks to calculate
the expansion, contraction, rotation, and shift amount of the substrate and correct
the system with the obtained values. After global-mark detection, the system also
detects the four chip mark positions near the writing region to correct the deflection
gain and rotation of the main and sub-deflectors near the writing region, and writes
the pattern according to the shape. The pattern can be aligned to the existing marks
without exposing the writing area by using the alignment program in NPGS. There
are two windows, large coarse alignment and fine alignment windows in this program

as shown in Figure. 6.14.



132

EI Coarse registration mark
[ Fine registration mark

[ & & 2
] ] B |
i Bl E | C ‘
" | | m

& u:h L 1‘:J o T|
(b) ()

Figure 6.14: a) Fracture writing field to 200 um x 200 pm sub-fields, b) CAD
design of array waveguides, c) Coarse and fine registration chip marks

After alignment, the program calculates a general transformation matrix to correct
the z and y magnification error of the microscope, sample rotation and offset. This
will enhance the alignment accuracy. The photo-mask was used in patterning the
waveguide with grating coupler. In the next few sections, we discuss the patterning

of individual parts forming the integrated waveguide system.
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6.2.3 Grating coupler terminated silicon waveguide fabrica-

tion using registration marks
To achieve high resolution grating couplers in the fabrication, the waveguide grating
coupler designs can be patterned in each writing field using the stitching method.
In order to write the markers on the SOI wafer, a 220 nm top silicon layer and a 3
um buried oxide layer, is spin coated with ZEP520A photoresist. In order to have
high resolution, high sensitivity, and durability in process, a positive beam resist
ZEP520A was chosen for the process. It provides a high resolution, high sensitivity
and is durable during the etching process which will be used to define silicon waveg-
uide. Then, the photolithography was performed used to pattern the registration
markers. The exposed wafer is developed and the design is transferred to Si layer
using Reactive-Ton Etching (RIE). The next step in the process is to remove the top
layer of photoresist with use of ZEP-N50 stripper and an asher, a low powered O, RIE.
The registration marks are thus created on the SOI wafer. The wafer with markers
on it can be used in further fabrication steps. Next step is preparing the wafers with
markers patterned can be used in further fabrication steps. Next step is preparing
the wafers with markers on it for EBL to pattern the waveguide designs. The wafer
was spin coated with ZEP520A with dilution rate of 1.7 (see the Appendix. B. In
NPGS software the field is fractured to the 200 um x 200 pm subfields. The ex-
posure conditions are: Beam area dose=75 uC'/cm?, volatge=30kV, beam current—
55 pA. The wafer is aligned to the stage using alignment marks and AL alignment
program in NPGS software. The length of waveguide section was chosen as 150 um
in order to have enough space to deposit the ChG. The pattern was transferred to the

SOI through EBL system, followed by the RIE. The microscope images of fabricated
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devices are shown in Figure. 6.15. Three waveguides are placed about 127 pum apart
from each other. This distance is selected based on the pitch to pitch distance of the

1D fiber array purchased from Fiberguide Industries.

(b) (c)

Figure 6.15: Microscope image of fabricated array of subwavelength grating
coupler ended waveguide, a) array of waveguide structure, b) waveguide, c)
grating coupler.

6.3 S-bend Waveguide Fabrication

Bend waveguides are a key element in miniaturization of photonic integrated circuits
(PIC) and optical interconnections. When a number of optical components inte-

grated in one system, bending waveguides offers best solutions for developing high
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density PIC [128]. S-bend waveguides are used to connect two straight integrated
optics waveguides that are offset with respect to each other or to connect integrated
optical devices such as directional couplers, optical switches and array waveguide grat-
ings [129]. We have fabricated S-bend waveguide based temperature sensor for three
reasons: a) ensure a working device, b) eliminate risks by grating coupler fabrication
errors, c) integrated the proposed sensor in a PIC.

We fabricated fabricated S-bend waveguide based temperature sensor on SOI wafer
with 220 nm device layer and 3 um Box oxide layer. This waveguide can be easily
fabricated and tested using edge coupling set up. The AutoCAD design of the S-bend

waveguide is shown in Figure. 6.16.
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Figure 6.16: CAD design of array S-bend waveguides

The waveguide width is selected 500 nm and 2.3 pm border with 500 pm curvature
radius which shows single mode characteristic. The fabrication process for the waveg-
uides is similar to that described in Section 6.2 for the grating coupler based devices.

Hence for clarity, only the SEM image of fabricated an array of S-bend waveguides is
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shown in Figure. 6.17.

2.0kV 9.9mm L-x900

Figure 6.17: SEM image of fabricated an array of S-bend waveguides.

6.4 In-house Synthesized Ink Covering of the

Silicon Waveguide
We fabricated a photo-mask with a tiny hole with the size equal to waveguide length
on a thick semi-transparent Kapton substrate. Instead of using a laser engraver to
form a pinhole, a pin was used to create a pinhole on the shadow mask. Then, we
manually aligned the hole with waveguide section under a microscope. To cover the
waveguide with a in-house synthesized ink thermal evaporation method was selected.
We followed the same thermal evaporation condition ( 1076 mbar vacuum and evap-
oration rate of 0.35 A /s that we mentioned in Section 4.1.2. Figure. 6.18 shows the

process of covering waveguide sections with fabricated shadow masks. A microscope
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image of a waveguide covered with GeyoSeg is shown in Figure. 6.19.

Shadow mask Shadow mask covers Waveguide image Séple afterthermal
the sample under a microscope deposition of ChG

through shadow mask

Figure 6.18: A shadow mask fabricated at Boise State University on Kapton
substrate for direct chalcogenide glass evaporation over the waveguides.

o8
' |

ol

L]

ChG on one of the
waveguides

od oo

ol Do

LR
8 de

Figure 6.19: Chalcogenide glass covered Si waveguide.

6.5 Experimental Setup
The schematic and actual pictures of the waveguide testing setups (grating coupler
and edge coupling) we built at Boise State University are shown in Figure. 6.20. In

the grating coupling set-up as shown in Figure. 6.20(b,c).
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Figure 6.20: a) Waveguide characterization set up at Boise State University, b)
grating coupler testing setup schematic, c) close view of grating coupler testing
setup, c) edge coupling testing set up schematic, d) close view of grating coupling
testing set up.
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The device is characterized by measuring the fiber-waveguide-fiber insertion loss
coupled via a pair of grating couplers connected by waveguide. Single mode fiber
(SMF) are stripped of its coating and cleaved to form fiber probe. Cleaved input
and output fibers mounted on two wedges which are mounted on precision 3-axis
translation stages. These fibers are tilted at 10° from the grating couplers. The tilt
angle can be adjusted from 0° to 90°. For our grating coupler design, a tilt angle
of 10° provided the highest coupling efficiency. The fiber positions are controlled
by precision XYZ micrometer stage for maximum transmission. To center the fiber
to the grating coupler area with small distance above the surface, two cameras-one
providing a side view and another providing an image at 45° angle are used to visually
aid alignment. We used red light source to align the fibers to the grating couplers as

shown in Figure. 6.21.

() (b) (c)

Figure 6.21: a) Aligning the fiber with the input grating coupler using red
light, b) aligning the fiber with the output grating coupler using red light, c)
temperature sensor device under temperature test.

The input fiber is connected to a broadband laser source that covers C+L bands
(Amonics, ALS-CL-20-B). The light from the input optical fiber is coupled to the
chip via the input subwavelength grating coupler, injecting the light into a silicon
wire interconnecting waveguide, after which it is coupled out of the chip to the out-

put optical fiber through another identical subwavelength grating coupler structure.
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A length of 250 pm is utilized to connect 10 pm wide grating couplers to the 450 nm
width waveguide. The output fiber is connected to a power detector and optical spec-
trum analyzer (OSA). We used a programmable heat stage (INSTEC, HCS621G) in
the grating coupling set-up to test the real-time temperature response of the Si waveg-

uide grating based temperature sensor as shown in Figure. 6.22. The temperature

was increased from room temperature (~25 °C) to 600 °C in 10 °C/min increments.

Sy

Figure 6.22: Testing set-up for characterizing the temperature response of grat-
ing terminated silicon waveguide based temperature sensor.

Also, an edge coupling set-up was prepared to couple light through S-bend waveg-
uide as shown in Figure. 6.20(d,e). In this method, the sample is cleaved and waveg-
uide cross-sections are exposed on the both ends. Lensed optical fiber focuses the
incoming light into the waveguide end-facet. The lensed fiber reduces the beam spot
size to 2-3 um to improve the coupling efficiency. Another lensed fiber is used at
output stage to collect the transmitted power. The output power can be measured
using power meter or OSA. By checking the fiber tip and waveguide edge under mi-
croscope, the alignment of the waveguide and fiber is optimized. The optimized fiber
tip position should be able to collect the transmitted power from Si waveguide not

from the substrate on silicon handling layer. There are some limitations in coupling
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the light with an edge coupling method- a) the sample should be precisely cleaved,
b) the waveguide should be sufficiently long enough to ensure a good cleaving, c) the
loss is high and can be reduced by use of focused beam spot and tapered waveguide,
d) high power input light source is required to have output power above the noise
level, e) alignment of fiber tip with input/output power is time consuming, and f)
the lensed fiber tip should be adjusted within proper distance from cleaved end of

waveguide in order to have high transmitted power.

6.6 Results and Discussion
Before covering the waveguide with one of the in-house scythed inks, we characterized
a reference waveguide to confirm that the fabricated device works properly. The

measured fiber-to fiber coupling efficiency normalized to the light source is shown in

Figure. 6.23.
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Figure 6.23: Measured transmission spectrum from the fabricated device with-
out ChG cover layer on the waveguide.

The maximum normalized transmitted power measured was -18.53 dB. By con-

sidering negligible loss in taper and waveguide loss, each grating coupler has ~8 dB
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loss. The Fabry-Perot ripples near the peak indicates very low reflection. The 1 dB
and 3 dB bandwidths are 24 nm and 51 nm, respectively. The designed peak wave-
length is shifted from 1550 nm wavelength to 1557 nm due to fabrication error during
patterning with EBL. This error varies the size of features in grating couplers. It also
slightly changes the filling factor. Increasing the filling factor, increases the grating
propagation constant, weakening the grating and consequently shifting the peak to
longer wavelengths. Also, fabrication error causes extra loss in grating coupler.

To measure the real-time temperature response of the sensors, we have tracked

the heat stage temperature as a function of the time as shown in 6.24.
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Figure 6.24: Temperature of heat stage as a function of time.

The normalized measured transmitted power (dotted black curve) as a function of
time for a composition GeySgg is shown in Figure. 6.25. The normalized simulated
transmitted power with extracted refractive index profile from the particular ChG as
a function of time is also plotted (solid red curve). It can be seen from the figure
that the measured and simulated results match very well. Measurement result this
figure shows that at higher temperature (> 500 °C) the transmitted power increases.

One reason is that ChG was evaporated i.e the ChG layer from top surface of the Si
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waveguide deteriorates at high temperature. Then, the plasmonic waveguide changed
to dielectric waveguide which confine the light in Si core. Protecting ChG with spin-

on-glass can avoid the evaporation.

Ge, S

€40°60

207 T=420(C) - T=415(C)

10+

Transmitted power (dB)

| | ==='Measurement

= Simulation

0 500 1000 1500 2000 2500 3000 3500
Time (sec)

Figure 6.25: Simulated and measured normalized transmitted power as a func-
tion of time with Ge4)Sgy covered silicon waveguide based temperature sensor.

As the proposed temperature sensor works on principle of phase change of ChG
material, which is highly temperature dependent, sudden changes in the transmitted
power is observed, as expected. We plotted slope as a function of time to extract the

sudden change in the transmitted power as shown in Figure. 6.26.
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Figure 6.26: Temperature response of GeynSgy covered silicon waveguide based
temperature sensor, a) absolute slope of transmitted power as a function of time,
b) absolute slope of transmitted power as a function of temperature.

The big growth of absolute slope of the transmitted power between T, and T. due
to large changes in structural reorganization occurs from the amorphous phase to the
crystalline phase where the first crystallization is at T, and the full crystallization
occurs at T.. Two peaks corresponds to the onset and crystallization temperatures
of 400 °C and 415 °C obtained from monitoring the temperature from the heat stage,
which is close to the expected temperatures 360 °C and 420 °C. The second high-
est peak is expected to be the second crystallization temperature of the Gey oS¢y as
shown in Table. 3.1. Thus, this experiment confirms the functionality of our proposed
compact Si waveguide:ChG based temperature sensor which help us with detection

of real-time temperature inside a high temperature environment.

6.7 Summary
Over the course of this chapter, we have established the EBL process flow that enables

the fabrication of the Si waveguides. Also, the method to cover the waveguide with
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ChG using shadow mask is described. In order to characterize the performance of
the proposed sensor, the testing setup is built. The real-time temperature response
of the sensor is measured and the result is compared with the simulation result. The

temperature response of the sensor is in good agreement with the simulation.
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CHAPTER T7:
FUTURE RESEARCH

There are some immediate paths for extending the research presented in this disser-

tation.
7.1 Packaging Details for Waveguide based

Temperature Sensors
In order to realize practical application of silicon waveguide based temperature sen-
sors, the circuit must be packaged with optical single-mode fibers coupling. In order
to minimize coupling loss caused by the second-order reflection, a grating coupler was
designed to couple the light in/out with an angle () off vertical direction. In general,
in packaging of fiber to waveguide grating coupler, the fiber must be polished with an
angle (6fipe,) that launches the light with totally reflected light into the grating cou-
pler follows Equation. 7.1. The total internal reflection(TIR) relation in Equation. 7.2
shows the angle which TIR occurs [130]. This equation also shows the limit of angles
that can be used. This TIR equation is true only when the fiber facet is surrounded
by air. It is desirable to maintain a planar profile so as to decrease the overall size
of the package. Angled polished fiber should be placed into a silicon V-groove car-
rier. A red-light laser source can be used to align the fiber to a grating coupler. The

alignment tolerances can be performed using a 3-axis flexure. After completing the
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alignment, the fiber should be cured in the V-groove with UV-cured index matching
epoxy. Two fibers in V-grooves should be align over the input and output grating
couplers. Also, matching epoxy can be used to bond the fiber to the chip, as shown
in Figure. 7.1. The distance between the fiber and the grating couplers should be
studied to have highest transmitted power. In array of sensors the pitch between
adjacent grating couplers must be a multiple of 127 ym or 250 pum throughout the
whole chip, when choosing an array fiber to couple the light to an array sensor. To
complete the packaging the chip should be mounted on a submount and attach the

V-grooves to the same.
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Figure 7.1: Using refractive index matching UV-cured epoxy to bond fiber to
the Si waveguide device.
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Proper packaging of optical fiber can extend their application in harsh environ-

ments including high temperature and high radiation. The fibers may survive in these
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environments but their fragility requires them to be properly protected. There are
several possible solutions. One potential solution is embedding optical fibers in a
metal matrix and bond the fibers to a metal substrate using epoxy [131-133]. How-
ever, de-bonding becomes an issue at higher temperatures in epoxy-based bonding
techniques. To overcome this issue, a low-temperature ultrasonic additive manufac-
turing (UAM) process can perform to bond fibers embed fibers directly within the
metal matrix (aluminum and nickel) [134-137].

Recently, ceramic materials such as silicon carbide (SiC) due to their high-temperature
strength retention approaching or exceeding 1000 °C, stability under neutron irradi-
ation, and low neutron absorption are attractive for packaging optical sensors for
nuclear applications [138]. A binder jet printing process (3D printer) can be used to
fabricate SiC components with complex geometries. The cavity in which the fiber
sensor should be inserted can be printed using a 3D printer and then fix the fibers’
location using chemical vapor infiltration process [139].

Another solution to package optical fibers is using a printer to embed the fibers in
ceramic components. An aqueous paste of ceramic particles can be extruded through
a moving nozzle to build the substrate layer-by-layer. Then, place the array of fibers
in their predetermined locations. Finally, continue the printing process and cover
the fibers with the remaining layers of ceramic. To ensure the fabrication process is

flawless, scanning electron microscopy can be used [140].
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7.2 Integration of Arrays Si waveguide:ChG based

Temperature Sensor
Arranging the single ChG top coated waveguides in an array structure, as shown in
Figure. 7.2, and monitoring the transmitted power from each waveguide will help
with the real-time detection of several temperatures inside extreme environments,
thus allowing the user to map out the temperature profile. As mentioned before, each
of the synthesized ChG compositions has a specific crystallization temperature which
allows for accurate monitoring and recording of real-time temperature profile within

a desired environment.
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Figure 7.2: a) Waveguide array with different ChG topping , b) output power
versus temperature from the ChG covered Si waveguide, ¢) Temperature trend
as a function of time using array structure.



150

A schematic of a multi-point temperature sensors through incorporation of differ-

ent ChG glasses with varying T, on different silicon waveguides is shown in Figure. 7.3.
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Figure 7.3: A multi-point temperature sensor chip incorporating inverse taper
fiber couplers, 1-to-N power splitters, waveguides coated with different ChG
glasses with varying 7., and input and output radiation hardened optical fibers.

The sensor chip architecture consists of (1) a silicon waveguide array, with a dif-
ferent chalcogenide top cladding (with a slightly different T.) on each waveguide, (2)
a 1-to-N power splitter to distribute input light power to N sensor waveguide chan-
nels, and (3) inverse taper couplers for coupling light from optical fiber into the input
waveguide and coupling light out of the output waveguide array into radiation hard-
ened optical fibers. Inverse taper enable efficient light coupling (<1dB per facet loss)
from optical fiber into the silicon waveguide, and the input light is then distributed to
the different sensor channels using a 1-to-N power splitter. The radiation hardened
optical fibers guide light to (from) the external environment from (to) the sensor chip.

A gold coating on the fiber commercially available in Fiberguide Industries (Caldwell,
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ID) will enable operation > 700 °C and improve the Rad Hard characteristics of these
fibers.

7.3 Sensitivity Analysis of Si waveguide:ChG based

Temperature Sensor
The sensor is designed to detect the temperature up to 600 °C. A Gaussian light
beam emitted from a laser light source is applied at the input of the waveguide and
is detected using a detector with the monitor placed at the output of the waveguide.
The sensing principle is based on the changes in refractive index of ChG coating
the waveguide when the temperature varies. In other words, ncyg is a function of
the temperature. We can calculate the the sensitivity (Sr), which is a fundamental
parameter in evaluating the performance of the temperature sensor. In order to study
the sensitivity of the proposed sensor, the wavelength shift over a temperature change

during the thermal test should be tracked. The sensitivity can be expressed as:

AN

5T = AT

(7.3)

where A) is changes in the resonant wavelength, and AT is the changes in the tem-
perature. Sr is calculated in term of pm/°C, and should be as high as possible.
Figure. 7.4 shows schematic of the transmission spectra as a function of the wave-
length with varying the temperature. Then, by using FDTD method or interpolation
methods, the resonant wavelength peak with respect to the temperature can be in-
dicated, as shown in Figure. 7.4. By calculating Equation. 7.3, the sensitivity of the

device can be obtained.
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CHAPTER 8:
CONCLUSION

In this dissertation, two optical waveguide based high temperature sensors are demon-
strated.

Firstly, an optical waveguide based temperature sensor is demonstrated to enable
measuring real-time temperature within extreme environments. The optical fiber
with coated end facet with ChG glass is modeled using PhotonDesign software. The
working principle of the sensor depends on the phase transition of the ChG deposited
on optical fiber tip from amorphous to crystalline phase at well-defined temperatures,
thereby causing rapid changes in the complex refractive index of the material. These
changes in the optical properties lead to sudden changes in the reflected intensity that
can be used to detect the ambient temperature inside nuclear reactors. According to
the high temperature sensitivity of the ChG, the proposed sensors can record accurate
temperatures within the proposed environment. The idea of these proposed sensors is
to utilize the big difference in optical performance such as transmission or absorption
power as the ChG glass reaches a particular transition temperature. Besides, the
ability to revert the crystalline state to an amorphous state by application of an
electric field facilitates multiple-time use of the sensors. To fabricate the proposed
temperature sensor, gold from the tip of the optical fiber was stripped using Aqua regia

and then the tip was cleaved using a standard cleaving tool. The cleaved optical fiber
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tip was capped with one of six different compositions of in-house synthesized ChGs
using thermal evaporation and dip coating methods. The temperature response of
fabricated sensors was characterized using a testing setup at Boise State University.
The reflected power from the capped tip of fiber was monitored by increasing the
temperature from RT to 600 °C. To track the temperature, we fabricated an array of
sensors that can effectively track temperature from 440-600 °C. The measured results
were matched well with simulation results. Thus, the experimental results reveal
that these sensors are promising candidates due to reliability, small size, light weight
sensor network for use within high temperature and high-radiation environments.
The material’s studies reveal that the occurrence of big compositional and structural
changes in Ge-rich compositions after crystallization leads to better-expressed device
effects, which is important when considering material choices for building devices.
These compositions offer phase change temperatures close to those of chalcogen-rich
materials.

Secondly, a Si:ChG integrated waveguide sensor is demonstrated applicable for a
wide range of temperature sensing in extreme environments. The working principle
of the sensor depends on the transformation of the glass from amorphous to crys-
talline phase at a specific crystallization temperature. According to the high loss of
plasmonic waveguide in fundamental modes of propagation due to the creation of
plasmonic modes at the interface between silicon waveguide and ChG glass cladding,
a high extinction coefficient can be obtained with a very short length of the waveg-
uide. Therefore, by monitoring the output power from the waveguide as a function
of temperature, the exact determination of the instant at which the reactor crosses

the phase transition temperature can be achieved. The proposed silicon waveguide
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based plasmonic sensors for sensing temperature inside the nuclear reactor are simu-
lated using PhotonDesign software. The simulation data gave us the optimum device
dimension on the SOI wafer. The Si waveguide design was patterned on an SOI
wafer using EBL. To achieve high-resolution patterning in EBL, I used the stitching
method. After patterning the waveguide grating structure, the design was transferred
to the Si device layer using RIE. We fabricated a shadow mask with a tiny hole with
the size equal to a waveguide and manually aligned the hole with a waveguide section
under a microscope. We used the thermal evaporation method to cover the waveguide
with an in-house synthesized ink. The temperature response of the fabricated sensor
was tested using a testing setup built in Dr. Subbaraman’s lab. The measurement
result was in good agreement with the simulation results. We obtained rapid changes
in transmitted power beyond crystallization temperature of in use chalcogenide glass
which confirms the transformation of a dielectric waveguide to plasmonic waveguide
by changing the ChG phase from amorphous to crystalline with increasing the tem-
perature. The measured onset and crystalline temperatures are close to the values
that we expected from studying thin film. The simulation and measurement results
match very well.

This remarkable property, together with CMOS-compatible fabrication of the sil-
icon device and optical fibers promises a very reliable, low-cost, and reusable sensor

network.
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APPENDIX A:
LIMITATIONS OF OUR EBL
TOOL-MODIFICATIONS PERFORMED TO

IMPROVE PERFORMANCE
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Before starting the fabrication process, we need to calibrate the EBL instrument
in order to set the absolute scaling of Nanometer Pattern Generation System (NPGS)
to £1% of the absolute scaling of the microscope. In the next step, it is normally
sufficient to check for typical problems of the beam blanker. With our tool, We faced
three problems: 1) beam blanker leakage, 2) astigmatism problem, and 3) low beam

current.

A.1 Beam blanker leakage

The beam blanker deflects the beam off axis and protects the specimen from unneces-
sary exposure. Selecting the item again releases the blanker and returns the beam to
scan the specimen. When the beam is blanked, the beam should not hit the sample.
A simple test is put the beam into a Faraday cup on the sampler holder and check
the beam current. Since our SEM did not have a fast blanker, the idle time during
exposures caused extra exposure dots at the endpoints of every pattern. Also, during
patterning, unwanted beam spots occurred on the pattern as shown in AFM images

of Figure. A.1.
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Figure A.1: Beam blanker causes extra beam spots during idle time of the
exposure.

Per conversation with Boise State cleanroom staff and the e-beam tool manu-
facturer, we tried several options, including changing different settings to solve this

problem. Figure. A.2 shows the settings we chose in NPGS software system files
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Blanker=1
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Figure A.2: Different beam blanker setting in system file.

SOI chips were patterned with these settings, and the images resulting from each

of these settings is shown in Figure. A.3.

Blanker=1

Blanker= 0, SP=0.5, ST=0.01 @ lowest value

Blanker=1, SP=0.5, ST=0.01 @ lowest value

e A ——

Move x= 0.0794 mm, y=0.0003 mm, blanker-0, SP-1, $T-0.5

Figure A.3: Different beam blanker setting in system file.

It is shown that when the blanker is off (blanker= 0), or blanker is on (blanker=1),

there are beam spots on the pattern. The solution is to have a fixed dump location at
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the edge of the field of view to which the beam is moved whenever it normally would
be blanked. We turned off the blanker (blanker=0). The settle point (SP) and settle
To (ST) are set to 1 and 0.5, respectively. In the case, the blanker is off and the beam
is positioned at a default dump location (x= 0.0794 mm, y= 0.0003 mm). At the
final point in the pattern, the beam will be positioned at the dump point for current
window. We selected this case for the rest of patterning. One issue is that even with
this choice in beam blanker setting, there was still beam leakage at random points of
the substrate or pattern. To solve this issue, support services completely changed the
beam blanker. The fast beam blanker was installed in TENEO FEI instrument. The
spots problem was fixed after this upgrade. Two designs were patterned to check the
leakage of the beam blanker with different beam doses | Figure. A.4(a)| and stitching
method [Figure. A.4 (b)]. A microscope image of the patterned design confirms that

there were no unwanted beam spots on the chip during the patterning.
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() (b)

Figure A.4: Image of patterned designs after fixing beam blanker issue, a) pat-
tern with different beam dose, b) stitching.

A.2 Astigmatism problem
There was an issue with correcting astigmatism due to some heavy contamination /corrosion
of the T'1 and T2 detectors in the pole piece in FEI TENEO, as shown in Figure. A.5.
We tried to clean the detectors and lower pole piece to no avail. It is required us
to replace the entire lower column to correct the astigmatism. Existence of these
contaminations will shift the beam and affect the fields in pole pieces. To solve these

issues the brand new detector was installed and the contaminated one was cleaned.
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Figure A.5: Heavy contamination in T1 and T2 detectors.

A.3 Low beam current
We patterned the design with different line doses, and the atomic-force microscope
(AFM) images are shown in Figure. A.6. After several tries, we observed that the
beam current was different from the setting value in the SEM. To make sure that
the problem was with the beam current and not with the Run file, we patterned one
sample with area dose of 400 uC/cm? and magnification of 500 from NPGS library,
as shown in Figure. A.7. This pattern contained a 3x2 array of a variety of complex
polygons. Each element was designed with a different color so that different dosages
may be assigned. From these tests, we confirmed that problem was with the beam
current. To test the beam current during patterning, we connected external beam
current measurement to the SEM. Also, we made a Faraday cup to put into the
chamber to catch the charged particles in vacuum and check the beam current. The
beam current in external current measurement device should be equal to the value in
the SEM. Rebooting the device solved the problem. To avoid such issues, we started

using a Faraday cup during patterning to ensure proper beam current.
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Figure A.6: Beam current issue during patterning.

Figure A.T:

Testing beam issue on design in NPGS library.
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APPENDIX B:
FABRICATION PROCESS DETAILS
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Step 1. Substrate preparation: Substrate preparation is important for nano-
lithography in that a clean substrate is necessary for high-resolution patterning. Sub-
strate contaminants can include some dirt particles or some organic or inorganic films.
Disregarding this step could lead to a rough surface, poor reproduction of waveguide
pattern, or decreased adhesion between resist and substrate, which would cause de-
lamination of resist during the process. To carry out this step, we dip SOI samples in
HF (1:10 diluted) for 10 sec to remove native oxide. Next, we used acetone and iso-
propyl alcohol TPA to clean, blow dry under nitrogen gas, and store in clean and dry
containers. The e-beam resist is coated immediately after this step to avoid creation
of native oxide on the silicon surface. We have established through ellipsometer that
application of resist immediately after wafer cleaning results in a surface roughness
of 0.05 nm, while the roughness prepared with normal process is about 0.5 nm. In
order to increase the adhesion of the photo-resist on the substrate and to remove the
organic contamination, the SOI wafer is plasma ashing (O, CF4) with 300 W for
10 minutes. To eliminate any contaminant on the substrate, the wafer is placed on
spin coater, and acetone and IPA are used to clean the substrate. Then, the wafer is
placed on a hotplate for 75s at 180 °C to remove any remaining water and solvents.

Step 2. Photoresist coating: On the cleaned substrate, a thin layer of e-
beam is coated using spin coater. The thickness of the film can be controlled by
controlling the spin speed, the time of coating, and e-beam concentration. We used
PMMA photoresist in our fabrication process. Specifications of this resist are shown
in Table B.1. The recipe for spin coating with 950 A5 PMMA is selected based on

the curve in Figure. B.1 to achieve the required PMMA thickness.
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Table B.1: PMMA detail information

Resist Tone Resolution  Sensitivity = Contrast Film Sensitivity Etch
to EB life  to white light Resistance
PMMA  Positive <5 nm Low, Low Long No Poor
170 pC/cm?
@ 40 keV

950PMMA A Resists
Solids: 2% - 7% in Anisole

14000 \
12000
< 10000
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Figure B.1: The spin speed versus film thickness curves [http: //microchem.com].

Our target thickness is about 250nm. The recipe is prepared in two steps for spin
coating. In step 1, Velocity= 500 RPM, Ramp= 500 RPM/s, Time= 8 sec and in
step 2, Velocity= 4000 RPM, Ramp= 500 RPM /s, Time= 90 sec. This recipe gives
about 200-250 nm photoresist thickness.

In order to write high resolution pattern, we used ZEP520A positive photoresist.
This EB resist shows high resolution, high sensitive and high dray etch resistance
behaviors. For micron size features such as grating coupler pitches, using this resist

is recommend. The ZEP520A with dilution rate of 1.7 is used to cover the wafer. We
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mixed 10 g of ZEP520A with 7 g of ZEP-A. The reason to dilute the photoresist is to
obtain thinner thickness as shown in Fig. B.2. By adjusting the recipe in spin coater
in two steps the thickness can reach about 280 nm. In step 1, Velocity= 500 RPM,
Ramp= 500 RPM/s, Time= 8 sec and in step 2, Velocity= 1500 RPM, Ramp= 500

RPM/s, Time= 60 sec. This recipe gives about 200-250 nm photoresist thickness.

ZEP520A Spin curve (2)

BOOD
—— ZEP520A
7000 (D.R=1.0)

R ~=—DR=12
S

5000 T\\ . ——[D.R=14
\T“-»__ i | —&D.R=17

Thickness (&)
=

3000
S0k ! — ——D.R=2.0
1000 ——[0.R=24
0
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Spin Speed (rpm)

Figure B.2: The spin speed versus film thickness curves for ZEP 520A [ZEON
corporation]|.

Step 3. Pre-exposure bake: After coating the photoresist layer on the wafer,
the solvent needs to be removed. A pre-exposure bake or soft bake is used for removing
extra solvent and for drying the photoresist after spin coating. The main purpose of
this step is to decrease the amount of solvent in the film for achieving a stable film
thickness. In our process, the sample is baked on a hot plate for 75 sec at 180 °C.

Step 4. Photoresist thickness measurement: Ellipsometer is used to check
the thickness of the photoresist after spin coating. To define the model in Ellip-
someter, substrate is added as a layer with define material which you can find in the

library of CompleteEase software. PMMA950 A5 is transparent layer. In ellipsometry
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Figure B.3: The spin speed versus film thickness curves for ZEP 520A [ZEON
corporation].

measurement Cauchy dispersion relation is used to model the index of refraction for
transparent films. Cauchy coefficient of PMMA950 A5 as a top layer on substrate is
selected from the curve from as shown in Fig. B.3. The thickness value is important
for dose test in EBL and Reactive-lon Etching (RIE). The same procedure is used to
measure the thickness of the ZEP520A. In the ellipsometer model of ZEP520A layer

on Si layer the Cauchy coefficient in the below equation is considered as:

sl Mo

Where ng—=1.541093, n;=4.113002x10°, and n,—4.070357x10'%. Step 5- Post-
Exposure Bake (PEB): This step is used for smoothening the photoresist. Expos-
ing the sample to temperatures around 100-130 °C induces diffusion of the photoactive

compound which smooths the standing wave ridges.
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Step 6. Exposure with EBL: After the completion of steps 1-5, the sample
is now ready for e-beam lithography pattering. A TENEO FEI 2000 system within
the Boise State Center for Material Characterization (BSCMC) is used for e-beam
lithography. Grating coupler, taper lines, and waveguides were patterned using ap-
propriate calibrated dose rates and energy. To pattern whole structure as the design
length was larger than writing field of EBL, stitching method is decided to applied.
Stitching involved writing multiple exposure field. The edge of each field accurately
aligns with the nearest neighbor. The writing field axis must be aligned to the stage
axis, otherwise, even with perfectly sized patterns written the correct distance apart,
the field will be rotated and poor stitching will result. The EBL software can normally
take care of fracturing the pattern in different writing field.

Step 7. Development: The development process has key role in controlling the
fine features.Developers and development condition can strongly affect resolution and
pattern quality due to the fact that contrast is a function of the developer. Developers
are usually solvents that can selectively dissolve the exposed or unexposed resist
materials. After exposure by EBL, the resist was developed. During development,
10 ml of developer was maintained at room temperature. The samples were initially
at room temperature (around 23 °C). Development time was varied from 60 s to
90 s depending on the resist thickness, developer temperature and exposure dose.
Isopropyl alcohol (IPA):methyl isobutyl ketone (MIBK) (3:1) for was chosen as a
developer for PMMA photoresist because of its high contrast. The samples were then
rinsed in IPA and DI water and carefully blow dried under nitrogen. This step is one
of the most important steps of lithography. As PMMA is a positive photoresist, the

exposed part is developed and removed by the developer, leaving the unexposed area
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as a mask for sequential pattern transfer, such as metal liftoff or reactive ion etching
(RIE). The storage time between EBL exposure and development has never been
considered to affect resolution in PMMA. Also, to develop ZEP520A the ZEP-N50 is
used. Development without delay after lithography shows sub-10 nm feature sizes and
high image contrast. Two weeks delay after lithography resulted in the disappearance
of patterns less than 20 nm. Such delay also resulted in poor image contrast and poor
cross-sectional profile.

Step 8. Post Bake (Hard Bake): This step is used to harden the final resist
to be stable in the harsh environments of etching. The temperature for this step is
around 150 °C - 200 °C. This causes cross-linking within the polymer, which makes
it more chemically stable.

Step 9. Initial characterization after exposure with EBL: To determine
the variations in critical dimensions, we used Atomic Force Microscopy (AFM), op-
tical profiler and a Zeiss microscope to examine the patterns. AFM analysis help
us determine the optimal dosage for each section of the design. At these optimized
dosages, all the channels are completely developed, sidewalls are vertical and smooth,
and there are no resist residues at the bottom of the channel.

Step 10. Pattern Transfer: Reactive ion etching is a commonly used method
to transfer patterns in the EBL resist into underlying layers, as illustrated in Fig. B.4.
EBL is done on a resist-coated sample, and exposed resist is developed and removed by
the developer. Using the remaining resist as a mask, the exposed substrate regions are
etched. Finally, remaining resist is removed. Compared with wet etching, reactive
ion etching offers less undercut and vertical sidewalls. Oxygen plasma is used to

remove the remaining resist. We used Si Cryo-etch recipe (ICP 700W, RF 3W, -110
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°C chunk temperature and 6 mTorr process pressure). Time in this recipe depends

on photo-resist thickness. SFg with 40 sccm flow, Helium is used as etchant gases.

Figure B.4: Schematic of Reactive Ion Etching (RIE) after EBL. a) EBL is
performed on the resist, b) exposed resist is developed, c¢) the substrate without
resist covering is etched down by plasma, and d) resist is removed.
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