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ABSTRACT

Chalcogenide glasses (ChGs) are well-known for their optical properties, making
them ideal candidates for emerging applications of mid-infrared microphotonic devices,
such as lab-on-a-chip chemical sensing devices, which currently demand additional
flexibility in processing and materials available to realize new device designs.

Solution-derived processing of ChG films, initially developed in the 1980s by
Chern and Lauks, has consisted mainly of spin-coating and offers unique advantages over
the more traditional physical vapor deposition techniques. In the present effort, the
nanoparticles of interest are luminescent quantum dots (QDs), which can be used as an on-
chip source of light for a planar chemical sensing device. Prior efforts of QD incorporation
have exposed limitations of spin-coating of ChG solutions, namely QD aggregation and
material waste, along with incompatibility with larger scale manufacturing methods such
roll-to-roll processing.

This dissertation has evaluated electrospray (ES) as an alternative method of
solution-derived chalcogenide glass film deposition. While employed in other materials
systems, deposition of optical quality ChG films via electrospray has not been previously
attempted, nor have parameters until now, been defined. This study has defined pre-cursor
solution chemistry, electrospray jet process parameters required for formation of stable
films, annealing protocols and resulting film attributes, yielding important correlations
needed to realize high optical quality films. Electrosprayed films attributes were compared
to those seen for spin coating and trade-offs in processing route and resulting quality, were

identified. Optical properties of importance to device applications were defined, including
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surface roughness, refractive index, and infrared transmission. The use of a serpentine path
of the spray over the substrate was demonstrated to obtain uniform thickness, blanket films,
and demonstrates process compatibility with roll-to-roll processing whereby (theoretically)
100% of starting solution can be utilized in a continuous process.

The present effort has shown that electrospray offers the advantage of spatially
defined, localized deposition, which enables direct 2-D and 3-D printing, though with
limited (unoptimized) spatial resolution on the order of millimeters. Knowledge of
processing protocols were exploited to fabricate multi-layer films from two different glass
compositions to yield an effective refractive index gradient (GRIN). GRIN coatings were
fabricated and refractive index variations were predicted.

The advantages of electrospray deposition were also explored for the enhancement
of quantum dot doping in ChG films. A hypothesis whereby electrospray would enable
deposition of films based on consolidation of many, single QD doped aerosol droplets was
developed and evaluated. Experimental validation of this premise in CdSe and PbS doped
ChG films was shown, indicating that electrospray offers a kinetic barrier to QD movement
preventing aggregation from occurring, not seen in spin-coating. Two types of organic
ligands were found to enhance dispersion of QDs in amine solvents, octadecylamine and
mercaptopropionic acid. Utilizing TEM characterization, evidence that electrospray may
be more suitable than spin-coating for the dispersion of QDs in solution-derived ChG films
was confirmed. However, the ultimate effectiveness of this approach was limited due to

the ability to quantify direct loading levels of the QD and surrounding glass matrix.
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This work demonstrates that electrospray offers additional flexibility over spin-
coating and other evaporation methods for the deposition of ChG coatings. Electrospray
processing of doped and undoped ChG solutions for microphotonic applications has been
shown as a viable alternative in the processing and material toolbox where spatially defined

index and dopant control is required.
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L INTRODUCTION

This chapter will discuss the motivation and goals of this dissertation, as well as
background information of the subjects studied, including optics, photonics, chemical
sensing devices, chalcogenide glasses, quantum dots, and film deposition techniques. This
chapter will describe the state-of-the-art in each area, and how this dissertation builds on
those previous studies in order to make contributions to the field of ChG planar optics and
photonics, with the primary goal being the development mid-IR microphotonic chemical

sensing devices.

1.1.  Motivation and research objectives

Chip-based, integrated photonics is a promising technology with potential high-
impact applications such as chemical and biological sensing [1]. For these applications, the
mid-infrared (mid-IR) regime from 2.5 to 10 um is especially important because this is the
location of the optical fingerprint of most chemical species of interest. Therefore, materials
which are transmissive to mid-IR light and amenable to fabrication in film form and
subsequent lithography are required for the creation of the optical components in such a

device.

Chalcogenide glasses (ChGs), which can be formed into films using solution-based
and evaporation-based methods, are particularly interesting because of their large
transmission window in the infrared, and widely tunable properties, which can be tailored

by choosing compositions from the various families of ChGs. Each type of deposition



technique has advantages and disadvantages, but a key advantage of film formation from
solution is that nanoparticles can be incorporated by simple mixing of solutions prior to
deposition. Thus, a hybrid material can be formed with properties unattainable by any
single material by utilizing the extraordinary optical properties of nanoparticles.
Specifically, the motivation of this dissertation is to effect luminescent properties in ChG
films through the incorporation of infrared-emitting semiconductor quantum dots (QDs).

Such a material could serve as a light source in an integrated, microphotonic device.

The main subject of this author’s Master’s thesis was a study on the incorporation
of PbS and CdSe QDs into spin-coated Ge23Sb7S7o films. While photoluminescence from
the films was observed, it was found that the QDs did not disperse homogeneously in the
deposited film, but instead were grouped in large aggregates. In order to maximize the
efficiency of the emission, and to minimize scattering losses in the material, it is necessary
to disperse the QDs homogeneously. Based on the need for better dispersion of QDs in
ChG films, and the potential applications in microphotonic devices, the goal of this
dissertation has been to improve the dispersion of QDs in solution-derived ChG films.
Previously, a common QD synthesis recipe was used, with QD surface chemistry that was
not optimized for the ChG solution. The QDs were dispersed in a typical organic carrier
solvent (chloroform), and mixed with the ChG/amine solution prior to deposition by spin-
coating. This was done because the QDs did not disperse in amines, and the film was
deposited as quickly as possible in order to minimize the amount of time during which the
QDs could aggregate. For the work done in this dissertation, we have collaborated with Dr.

Manashi Nath at Missouri S&T in order to design a QD that disperses well in amine



solvents, eliminating the need for a QD carrier solvent. More importantly, reducing the
thermodynamic driving force for aggregation through an optimization of the surface
chemistry is the much needed, first step toward homogeneous dispersion of QDs in a
solution-derived film.

In addition to studying the effect of surface chemistry on QD dispersion in ChG
solutions, electrospray, a new method of solution-based ChG film deposition, was
explored. To our knowledge, electrospray has never been used with ChG solutions, though
it has been studied for the deposition of other types of films. One of the main objectives of
this dissertation was to develop ChG film deposition by electrospray, and investigate its

potential for better dispersion of QDs.

This dissertation aims to:

e Explore the fabrication of gradient refractive index (GRIN) coatings through
the flexibility of the electrospray process

e Understand how the degree of dispersion varies with film deposition method
(spin-coating vs. electrospray) and with the processing parameters used in each
method

e Characterize the resulting luminescent properties of QD-doped ChG solutions

and films



1.2. Background

1.2.1. Optics and photonics

The idea of manipulating light to perform some function originated at least as long
ago as ~3200 B.C., which is evidenced by an Egyptian knife handle containing microscopic
carvings that could have only been done under significant magnification [2]. In 300 B.C.,
optics was born as a science when Euclid, a Greek mathematician, wrote a work containing
postulates that explained the fundamentals of vision [3]. Meanwhile, the use of light as a
means of communication, such as a signal fire, is also an idea that probably dates back
several thousand years. The photophone, invented in 1880 by Alexander Graham Bell, is
particularly noteworthy because it is the first electrical device to transmit information using

light.

Today, light is used for many purposes, including imaging, information displays,
information storage, minimally invasive medical procedures, laser cutting and welding in
manufacturing processes, telecommunications, generation of energy with solar cells,
chemical sensing, and many different laboratory instruments such as spectrometers [4].
Many of these applications would not be possible without the laser, invented in the 1950s,
which has the primary advantages of good spatial coherence (light is minimally divergent)

and temporal coherence (narrow range of emission wavelengths).

These applications are also enabled by electronics, which began in the early 1800s
with Alessandro Volta’s battery and then furthered by the invention of the vacuum tube in

1910. Modern electronics originated in 1948 with the creation of the semiconductor



transistor by John Bardeen and Walter Brattain at Bell Labs, and took another leap forward
with the development of the electronic integrated circuit (EIC) by Jack Kilby in the late
1950s, allowing smaller, cheaper, and more complex electronic circuits. Today, EICs with
components on the micron size scale (microelectronics) can be found nearly anywhere as

essential components of computers, cellular phones, and vehicles, to name just a few.

Photonic integrated circuits (PICs) are analogous to EICs, with the primary
difference being that PICs operate at visible, near-infrared, and mid-infrared wavelengths
of light, as opposed to the conduction of electrons. Since optical signals travel much faster
than electronic signals, PICs offer potentially quicker operation and higher bandwidth. This
is evidenced by the replacement of copper telecommunication wires with optical fiber
beginning the late 1970s, enabling a three order of magnitude jump in bandwidth from 10°
bit/s to 10® bit/s [4]. However, there are challenges that impede the replacement of
microelectronic systems with microphotonics. It is unknown whether or not PICs can be
made with similar density of components as a microelectronic circuit. Additionally, while
an EIC is made of'silicon and silica, a PIC consists of crystalline semiconductors, polymers,
oxides, plastics, and glasses, making integration in a PIC difficult due to the wide range of
physics and technology involved [4]. Recently, a new initiative by the US government has
been awarded to expand the manufacturability of photonic chip-based systems to realize
high performance, low cost components and devices. The five year, $660+ million
consortium will be housed at the State University of New York (SUNY), and called the

Integrated Photonics Institute for Manufacturing Innovation (IP-IMI) [5].



As part of a longstanding collaboration of team members [1,6-10] supported by
diverse funding organizations interested in deploying small footprint, low cost on-chip
sensor components and devices which leverage know-how from semiconductor fabrication
via lithographic techniques, our team has been focusing on developing small, integrated,
“lab-on-a-chip” chemical sensing technology. The goal of the effort, for example, would
result in devices which could be left unattended for treaty verification to ensure that there
is no production of nuclear weapons. This can be done with sensors operating in the mid-
IR (3-5 pm), as this is where most chemicals of interest have their optical signature. An

overview of sensing devices is presented in the following section.



1.2.2. Sensing devices
Identifying and quantifying the presence of chemical species provides invaluable
information for investigative or decision-making processes. Just a few examples include
medical diagnosis and treatment, analysis of the environment for water quality, presence
of chemical weapons, and monitoring the manufacturing of some product, such as food, or
chemicals. Given the wide variety of analytes, there exists many chemical sensing devices
based on different physical principles. There are four main categories of sensing principles,

including thermal, mass, electrochemical, and optical [11].

e Thermal chemical sensors utilize the amount of heat generated by a steady-state
chemical reaction

e Mass chemical sensors typically absorb the chemical of interest onto a surface and
detect the change in mass

e FElectro-chemical sensors are (broadly) based on the interaction of chemicals with
electricity

e Optical chemical sensors are based on the interaction of chemicals with

electromagnetic waves

In an optical sensor, the light, which can contain many wavelengths or selected
wavelengths, must interact with the analyte before being detected in its new form and
subjected to further processing. The following table shows the type of interaction and
information that can be obtained by different wavelength ranges of light [11].

Table 1.1: Types of interactions between an analyte and different regions of the
optical spectrum, taken from reference [11]



Many different sensor designs are utilized to probe these various types of material
information, and are classified in the following chart, taken from reference [12].
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Figure 1.1: Classification of optical sensors, taken from reference [12].

Direct spectroscopic sensors measure an intrinsic optical property of the analyte,
such as absorption, fluorescence or Raman scattering. Such a measurement, like an
absorption spectra from an FTIR spectrometer, for example, can give very detailed
information about the analyte. However, the large size and complex, sensitive optics
required usually make such a device impractical and cost-prohibitive for transportation
between locations or unattended sensing. Therefore, it is the aim of many researchers to
develop small, inexpensive, highly-sensitive chemical sensors. There are two main sensor
platforms utilized to achieve these goals, fiber optic chemical sensors (FOCS) and planar

waveguide-based chemical sensors (PWCS). Planar sensors are compatible with existing



microfabrication technology and have a robust nature, allowing deployment in a wider
variety of environments [12].

Fiber sensors and planar sensors both utilize three principle transduction
mechanisms: fluorescence, absorption, and refractometry. As shown in Figure 1.1, fiber
sensors can be passive, where the role of the fiber is simply to transport light to the analyte
and then to the detector, or active, where the sensing is linked to an intrinsic change in the
optical properties of the fiber. A reflection geometry is commonly used, in which one fiber
(or bundle of fibers) guides light to the analyte, and another collects the reflected light to
the detector.

Usually, the creation of an active fiber consists of cladding the fiber in an analyte-
sensitive material. Here, the goal is to utilize the evanescent wave that “leaks” from the
core of a fiber to interact with the active environment containing the analyte of interest,
yielding a measurable emission of fluorescent light which can be captured as evidence of
a species of interest. It is also possible to incorporate the fluorescent species into the fiber
itself. The light passing through the fiber excites the fluorescent molecule, and de-
excitation occurs through either radiative decay back to the ground state, or non-radiative
pathways. The fluorescence will therefore have a characteristic efficiency and rate-of-
decay, which can change as a function of the surrounding environment. One example is
reference [13], where a fluorescent fiber sensor was demonstrated to quantify cellular
dissolved oxygen by its ability to quench the fluorescence in the fiber coating. Active,
absorption-based fiber sensors are analogous in design to fluorescent-based fiber sensors.

Absorption-based sensors can be either colorimetric, where the detection arises from



changes in the absorption at specific wavelengths in the analyte-sensitive material, or
spectroscopic, in which the intrinsic molecular absorptions of the analyte are probed.
PWCS are similar in design to FOCS, but all components must be integrated on a
chip. The materials utilized in the design of a PWCS are a result of the three main
components of such a device, which must allow the creation, propagation, and detection of
photons [14]. The types of light sources that can potentially be used for a mid-IR PIC
include various types of light emitting diodes (LEDs) [15], microring lasers [16], quantum
cascade lasers (QCLs) [17], and quantum dot (QD) sources [18]. Figure 1.2 shows the

envisioned design of such a sensing device:

Fig. 1.2: Generic design of proposed chip-based microphotonic chemical sensing
device

There are a few basic components of this device, including the light source, waveguides,
resonators, detectors, and functionalization layer. The device senses chemicals by
characteristic absorptions and/or shifts in the resonant wavelength of the resonator caused

by a change in the effective refractive index due to adsorbed species on the resonator. In
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the resonator, the light undergoes total internal reflection, and assuming that the loss is low,
the light makes many trips around the resonator. This allows the device to be highly
sensitive while maintaining a small footprint, and is analogous to a FOCS utilizing many
coils of fiber to obtain a long interaction distance between the light and the analyte.
Propagation of photons takes place inside of waveguides, and several materials systems
have been investigated, including silicon-on-insulator (SOI), suspended silicon, silicon-on-
sapphire (SOS), silicon-on-porous silicon (SiPSi), III-V semiconductors, silver halides,

and chalcogenide glasses [1].

Several designs of silicon waveguides have been developed. SOI consists of
crystalline Si waveguides on top of SiO;. Si is transparent from 1.1 pm to 8 um, but device
operation is limited to ~4.5 um due to absorption in the SiO2 causing loss. Therefore, this
platform is ideal for devices operating in the near-IR, because it utilizes mature
complementary metal oxide semiconductor manufacturing technology [19,20]. Figure 1.3

shows a sample SOI waveguide structure. The cladding material can be air or SiO».

Fig. 1.3: Air-clad SOI waveguide structure, taken from reference [21]
To combat the issue of SiO; loss, suspended Si can be fabricated. A layer of Si is grown

on an SOI type wafer, and the buried oxide (BOX) is removed below the Si structure,
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typically by etching with hydrofluoric acid. The result is a structure made of Si that can

transmit light without interaction with SiO. A schematic is shown in Figure 1.4:

Fig. 1.4: Suspended Si device, taken from reference [22]

Another design that allows longer wavelength operation is SOS, which is similar in design
to SOI, except that the SiO- substrate material is replaced with sapphire, which transmits
to 6 um. Like SOI, there is a high refractive index contrast between the waveguide and
substrate, allowing good confinement of the signal [23,24]. Finally, SiPSi utilizes a silicon
waveguide on a porous silicon substrate. This eliminates the lossy SiO, material, while
maintaining good refractive index contrast due to the porosity of the substrate [25].

Waveguides can be made from other materials, such as III-V semiconductors. I11-
V semiconductors, such as GaAs, can be integrated simply on the same chip as existing
QCL light sources using molecular beam epitaxy. Two such studies have demonstrated this
[26,27]. Silver halides are another class of waveguiding materials, which have low Fresnel
loss due to relatively low refractive indices (n~2), transparency between 3-30 um, and are
biocompatible [28]. The properties of silver halides can also be tuned, for example, by

altering the amount of chlorine in the system AgClBr.x.
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Finally, non-oxide, amorphous materials, such as amorphous silicon (a-Si), Si3N4
and chalcogenide glasses offer compelling advantages to crystalline materials for
waveguides. For example, a-Si has wider integration capability into devices than crystalline
Si, and Si3Ny is also fully CMOS-compatible and known for its chemical stability and
mechanical robustness [6,29]. Chalcogenide glasses (ChGs) are not yet CMOS-compatible,
but they have properties that are tunable over a very wide range due to the large glass
forming regions of the various chalcogenide glass families. The transmission window of
ChGs ranges from visible to far-IR, and varies by composition. The following section will

focus on the properties and advantages of ChGs.
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1.2.3. Chalcogenide glasses
A glass is defined as an amorphous compound that exhibits a glass transformation

upon heating. Formation of a glass vs. crystal is shown in Figure 1.5.

[
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Fig. 1.5: Energy representation of glass transition and melting behaviors,
taken from reference [30].

The glass form of a certain atomic composition has higher energy than the corresponding
crystalline form. Formation of a glass is often done by rapid cooling of a liquid melt. In
this case, a liquid is cooled below the melting temperature, at which point there is a
thermodynamic driving force for the material to solidify through crystallization. However,
kinetics also play a role in dictating the resultant form of the material, as there is an increase
in viscosity as the material is cooled. If the viscosity is high enough, this poses a kinetic
barrier that prevents crystallization from occurring, despite the thermodynamic driving

force. As such, glasses are metastable materials, and their structures can change over time
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through relaxation processes, or controllably crystallized by re-heating near the glass

transformation range to form a glass-ceramic.

In Figure 1.5, the fictive temperature, Tt, is the intersection point when the enthalpy
lines of the supercooled liquid and glass are extended. Tt is also the point when the
structures of the supercooled liquid and glass are the same, and in general is used to
describe the difference in thermal history of the fast-cooled and slow-cooled glasses. Glass
transition temperature, Tg, 1S another important characteristic of a glass, which is generally
considered to be the point at which the solid glass begins to behave like a viscoelastic
material upon heating. T, can be defined in different ways, such as by characteristic
changes in thermal analysis curves measured using differential scanning calorimetry
(DSC). Figure 1.6 below shows a fictional DSC curve with relevant features noted, and

Figure 1.7 shows an actual DSC curve of Ge23Sb7S70 glass.
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Fig. 1.6: Sample DSC curve showing glass transition, crystallization, and melting
features

The glass transition temperature, Tg, is defined here as the inflection point of the glass
transition endotherm. Ty is the crystallization temperature onset, which is determined by
the intersection point of lines drawn along the baseline of the curve and along the first side

of the peak. The melting temperature of the crystal, Ty, is reported as the minimum of this

endotherm.
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Fig. 1.7: DSC curve of Gez3Sb7S70 glass

From the definition above, the Ty of Ge23Sb7S70 is determined by plotting the first

derivative of the heat flow curve, and finding the local minimum, which is at 305°C.

Oxide glasses, such as those based on SiO», have been known for thousands of

years. This is evidenced by the use of glass beads to decorate Egyptian tombs dated as old
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as 7000 B.C., as well as the fabrication of glass tools, containers, and the first optical lenses
throughout history. Today, production of glasses still consists primarily of oxide glasses,
including high-tech applications such as optical fiber. This comes as no surprise, given the
good thermal and mechanical properties and chemical resistance of these materials, as well
as the relative ease of fabrication under normal oxygen-containing atmospheres. However,
these SiO»-based materials have high phonon energies, and as a result generally cannot
transmit light with wavelength longer than 4 pm. As there is much interest in developing
optical systems that can operate in the mid- to far-IR (3-20 um), there is much research on

materials that can transmit light in these ranges, such as chalcogenide glasses.

Chalcogenide glasses are made up of elements from Group VI of the periodic table,
including sulfur, selenium and tellurium, with the exception of oxygen. Oxygen, when
present, forms M-O bonds which have fundamental absorption in the infrared, reducing
material transparency in this spectral window. Elemental starting materials can be purified
to remove trace levels of surface oxide, a common impurity that leads to long-wave infrared
(LWIR) absorption, or hydrides, which have mid-IR absorption, in order to achieve the
best transmission. To the chalcogen species, one or more network formers are added, such
as gallium, germanium, arsenic, indium, tin, antimony, and lead. Thus, many chalcogenide
glass systems exist due to the broad glass forming regions typically exhibited by such
mixtures, and the properties can be finely tuned across these compositions, enabling
physical and optical property tailoring. Interest in the optical properties of ChGs began to
arise in the 1950s [31], and they are now widely known for their mid-IR transparency and

high refractive index due to the heavy elements and high polarizability. As a result of the
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need to preclude oxygen from ChG, batching, melting, and annealing must be done in
environments that do not contain oxygen. Batching is typically done inside of a nitrogen-
purged glovebox into a fused silica ampoule, which is sealed under vacuum for melting
and annealing. In commercial applications, ChGs are mainly produced for optics such as
lenses, and rewritable phase change memory devices. Current research trends show many
promising applications of ChGs as passive components of photonic systems such as optical
fiber [32-34], active components for amplification by Raman gain [35-37] or rare earth

doping [38-40], and microphotonic waveguides and resonators [41,42].

In order to fabricate microphotonic structures from ChG in film form on a Si wafer
or other substrate, the material must first be deposited in film form, and then patterned into
the desired structure. There are a few ChG compositions that are particularly promising for
microphotonic applications: Ge23Sb7S70, As2Se; and As2S3. All compositions have been
formed into films using both solution-derived and PVD methods [8,43-45]. The film

deposition techniques will be discussed in detail in section 1.2.5.

Ge23Sb7S70 has relatively (for ChGs) strong mechanical properties (Vicker’s
hardness of 178), high glass transition temperature (T = 311°C), and a transmission
window spanning 0.55 um to 10 um [46]. One of its chief advantages over other ChG
compositions is its oxidation resistance, which allows use as an oxidation-resistant
overcladding layer in planar photonic devices [10]. Hu et al first studied waveguides made
from thermally evaporated Ge»3Sb7S7 films in 2007, using plasma etching and lift-off

techniques. The high loss observed (3-5 dB/cm) was attributed to the sidewall roughness
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of the waveguides [7]. More recently, Chiles et al developed Cl, plasma etching of
Ge23Sb7S70 from electron-beam deposition, leading to record loss of 0.42 dB/cm [47]. As-
S and As-Se are very well-studied ChG systems, which offer generally higher refractive
indices (2.80 vs. 2.15 for As40Seso and Ge23Sb7S70, respectively, at 1.55 um), and high

crystallization stability [8,48].

1.2.4. Nanomaterials and Quantum dots

Nanomaterials are usually defined as having dimension less than 100 nm and that
exhibit a variation of optical and electronic properties with size [49], making them
promising for optical and electronic applications. A notable milestone occurred in 1974,
when Norio Taniguchi coined the term “nano-technology” to describe semiconductor
fabrication techniques with control on the order of a nanometer.

However, synthetic nanoparticles have existed since the discovery of soluble gold
around 1200 BC in Egypt and China [50]. For many centuries, these gold sols were
prescribed for the treatment and diagnosis of various diseases. Additionally, the vibrant
colors of gold and silver nanoparticles in glass were utilized to make stained glass art,
primarily for cathedrals built between the years 500 and 1500. Various colors of glasses
could be obtained by precipitating different sizes of gold and silver, which was likely done
by subjecting the glasses to different heat treatments. However, despite the realization of
these techniques, it was not until the mid-1800s that a scientific understanding of these
nano-sized particles started to form, when the work of Jeremias Richters and later, Michael

Faraday, showed that the color of aqueous suspensions of gold depends on the size of the
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particles [51]. In 1908, Gustav Mie published a theory derived from Maxwell’s theory of
electromagnetic interaction to explain scattering by particles that have size comparable to
the wavelength of the interacting light. Metallic nanoparticles also exhibit a size-dependent
surface plasmon resonance absorption, which is the collective oscillation of conduction
electrons. Other types of nanoparticles, such as semiconductors, exhibit different size-
dependent properties than metallic nanoparticles, which will be discussed in more detail.

The phenomenon of size-dependent properties is often understood as the result of
under-coordinated surface atoms, which play an increasing role in determining the
properties of the material as it becomes smaller [52]. For example, in the case of spherical
PbS nanoparticles, the number of surface atoms varies from about 70% to less than 10%
for diameters ranging from 2-20 nm [53]. As a result, the nanomaterials offer the
remarkable “bridge” between the properties of bulk materials and the properties of an
individual atom. It is therefore possible to create a doped material with extraordinary
properties through the incorporation of nanomaterials into a bulk matrix.

Quantum confinement is another size-dependent phenomenon exhibited by certain
nanomaterials. Such a nanomaterial is named based on its dimensionality: 0-D quantum
dots (QDs), 1-D quantum wires, and 2-D quantum wells. Quantum confinement is observed
when the dimension of a material is similar in magnitude to the de Broglie wavelength of
the electron wavefunction. As a result, an exciton, which is an electron-hole pair bound by
electrostatic force, is confined. The energy spectrum becomes discrete, resembling the
structure of a single atom, and the band-gap increases in size as the material becomes

smaller. An exciton is formed when a material absorbs a photon or some other form of
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energy, exciting an electron from the valence band to conduction band. The electron can
then relax through a radiative process (the emission of a photon), which is the mechanism
of luminescence. It can also relax through non-radiative processes, such as through
phonons, which are atomic vibrations in the lattice of the material. In order to maximize
the efficiency of luminescence, which is known as quantum yield and defined in Equation

1.1, it is crucial to minimize the probability of non-radiative de-excitation.

photons emitted/second
photons absorbed/second

Quantum yield = (Eq. 1.1)

In the case of QDs, maximum efficiency is achieved primarily through passivation
of the surface. For example, a bare QD has defect states due to dangling surface bonds that
can lie inside the band-gap and provide a path of non-radiative de-excitation. Figure 1.8

shows schematic representations of different types of QD passivation.

Fig. 1.8: QD passivation types (a) organic and (b) inorganic, with (c) the
relative size of band-gaps for the core and shell materials. Taken from reference
[49]

QDs can be passivated on the surface by either grafting organic molecules or

growing a crystalline layer. In the case of organic passivation, the number of molecules
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attached to the surface is limited by steric hindrance, and many dangling bonds remain
unsatisfied. Forming a core/shell QD with inorganic passivation can therefore lead to
higher quantum yields, because essentially zero QD surface atoms remain unpassivated.
For the most efficient and photostable QDs, the band-gap of the shell must be larger than
that of the core in order to confine charge-carriers to the core, and also have a lattice
parameter within ~12% of the core material to minimize strain [49].

QDs were discovered by the precipitation of semiconductor nanocrystals in a glassy
matrix by Alexey Ekimov in 1980 while working at Vavilov State Optical Institute [54,55].
Shortly after, colloidal solutions of QDs were synthesized by Louis Brus at Bell Labs in
1982 [56,57]. Today, QD-doped materials have promising applications in a variety of
optical systems, and can be incorporated into glass by both precipitation methods in bulk
and film forms of glass and the utilization of colloidal solutions in liquid-based deposition
of glass films. Table 1.2 below shows some common Cd- and Pb-chalcogenide QD
compositions and their approximate range of attainable emission wavelengths.

Table 1.2: Approximate emission ranges for various compositions of QDs

Minimum emission Approximate Bulk
QD composition wavelength maximum emission | band-gap | References
demonstrated (um) | wavelength (um) (eV)
CdS 0.250 0.512 242 [58]
CdSe 0.320 0.713 1.74 [58]
CdTe 0.570 0.832 1.49 [58]
PbS 0.528 3.024 0.41 [59]
PbSe 1.100 4.593 0.27 [60]
PbTe 1.020 3.875 0.32 [61]

The minimum emission wavelength reported is that which has been demonstrated in

previous literature studies. Therefore, it does not represent a physical limit, but rather the
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smallest QDs of that composition which have been synthesized thus far. It is possible that
any of the listed QD compositions can be synthesized to emit shorter wavelengths than
listed in Table 1.2. The maximum emission wavelength in Table 1.2 is equal to the band-
gap of the bulk material. Theoretically, this can be approached with large sized QDs, whose
band-gap approaches that of the bulk material. For example, in reference [62], 16.9 nm
PbSe QDs were synthesized, which had an emission wavelength of 3.54 pm. However, in
the same study, the quantum yield also decreased consistently with increasing size of the
QDs, from 25% for 7.5 nm QDs emitting at 2.06 pm, to 0.5% for the 16.9 nm QDs.

Most of the work thus far on QD-doped glasses has been in silicate-based
compositions. For example, to form Pb-chalcogenide QDs, small amounts of PbO; and
elemental S, Se or Te are added to a common glass forming melt consisting of SiO», and
common modifiers such as Na,COs, Al,O3; and B>Os. The glass is formed by traditional
melt-quench techniques, and then heat treated at temperatures where diffusion-controlled
precipitation and growth of QDs takes place. Figure 1.9 shows absorption spectra of PbS

grown in a silicate glass.
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Fig. 1.9: Absorption spectra of PbS-doped glass heat treated for varying
lengths of time (in hours), taken from reference [63]
This demonstrates the quantum confinement effect, as the smaller crystals have larger (in
energy) band-gaps. Several other studies have demonstrated similar QD growth in bulk
silicate glasses [64], as well as bulk germanate glass [65,66], and characterized the
luminescent properties of the QDs. Such materials are attractive for utilization as fiber

amplifiers [67,68], saturable absorbers for lasers [69], and ultra-short pulse generation [70].

In film form, applications of QD-doped glasses include photovoltaics and sensing
devices. There are a few different methods that can be used to fabricate QD-doped glass

films, briefly summarized below.

e (Ds can be precipitated in glass films in a similar manner as utilized in bulk glass
[71]. For example, Pb and S precursors, such as lead acetate trihydrate and

ammonium thiocyanate, respectively, can be added to sol-gel derived amorphous
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zirconia films [72]. After deposition, the films are heat treated to precipitate
nanocrystalline PbS.

e A previously-prepared QD solution can also be mixed with a sol-gel solution [73].
In this case, there is greater control over QD size, shape, passivation, and
concentration, because more flexibility is allowed by colloidal QD synthesis
methods in solution than QD precipitation from a glass matrix.

e Additionally, reaction of a precursor-containing film with a precursor gas can allow
the precipitation of semiconductor nanocrystals. For example, this was done by
reaction of H>S gas with silica xerogels containing Pb*" ions to produce PbS QDs

[74].

As is often the case, principles and process techniques are first learned in silicate-based
glasses before application to ChGs. The approach whereby previously synthesized QDs are
mixed with a glass solution is the only method explored in this dissertation. This is because
crystallization in bulk ChGs is a young field, without much information on the precipitation
of nanocrystals. Theoretically, this could be done in a thermally evaporated ChG film
doped with Pb, and then subjected to further heat treatment to precipitate nanocrystals.
Additionally, in reference [74], it was found that temperatures of 250°C were required for
reaction of Pb** and H,S, which would deteriorate the properties of most ChGs, including
Ge23Sb7S70.

Thus far, there are only a few publications that report the incorporation of
nanoparticles into ChG films. Kovalenko et al utilized inorganically functionalized core-

shell PbS/CdS QDs to observe strong near-IR luminescence, but did not comment on the
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dispersion of the QDs in the film matrix [75]. Novak et al studied the incorporation of
organically capped PbS and core-shell CdSe/ZnS QDs in spin-coated Ge23SbsS7o films,
observing visible and near-IR luminescence, as well as aggregation of the QDs in the
deposited film [76]. Finally, Lu et al developed a method of laser ablation of a silver target
inside of an As,S3/propylamine solution to achieve uniform dispersion of Ag-nanoparticles

in spin-coated As>S3 films [77].
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1.2.5. Film deposition techniques

Several methods of ChG film deposition have been demonstrated, including
thermal evaporation (TE) [8,78], pulsed laser deposition (PLD) [8], and radio frequency
magnetron sputtering from bulk glass targets [79], as well as solution-based approaches
like spin-coating (SC) [80] and sol-gel [81]. Film deposition techniques are grouped into
two categories: physical vapor deposition (PVD), and solution-derived approaches. The
most common PVD methods are thermal evaporation (TE) [8,78] and pulsed laser
deposition (PLD) [8]. TE consists of heating a boat containing pieces of bulk ChG under
low pressure (~10 torr) until a suitable vapor pressure of the ChG is reached. A cold
substrate is then exposed, upon which a film condenses from the ChG vapor. PLD is similar
to TE, except that the vapor is formed by ablating the material with short, high power
pulses. The advantage of PVD methods is that the films are dense, non-porous, and have a
refractive index very close to that of bulk glass, but they suffer from inhomogeneity due to

varying volatilization rates of the components [8,43]

In solution-derived methods, an appropriate solvent is used to dissolve bulk glass
(usually powdered), and a thin layer of this solution is formed on the substrate by spin-
coating [80] or dip-coating before heat treating to drive off the solvent. The solvents usually
used for ChG dissolution are various types of amines. Solution-derived approaches
generally require less expensive equipment than needed for PVD methods, can coat large
areas quickly, and do not suffer from inhomogeneity issues [43,82]. The main disadvantage

of solution-based ChG film processing is that the residual solvent cannot be removed
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totally, and as a result, the infrared transmission and refractive index are both reduced due
to the organic material bonded into the film matrix. In fact, the structure of a spin-coated
Ge23Sb7S7¢ film is more similar to the propylamine-based solution than that of the bulk
glass. This was demonstrated by Waldmann et al, where it was found that the building
blocks of the bulk glass, GeSa tetrahedra, rearrange to form GesSio* clusters during
dissolution in propylamine, with the negative charge of these clusters compensated by n-
propylammonium ions, CsH7NH3" [83]. Raman spectra from this study of the bulk glass,

film, and solution are shown in Figure 1.10.
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Fig. 1.10: Raman spectra of Ge23Sb7S70 in the form of bulk, spin-coated film,
and propylamine-based solution, taken from reference [83]
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In another study, it was shown that annealing solution-derived Ge23Sb7S70 enables the
structure of the film to move closer the structure of the bulk, but is still different despite

annealing at 270°C, which is just 40°C below T, of the bulk glass, shown in Figure 1.11.

Fig. 1.11: Far-IR transmission spectra of Ge23Sb7S7 films made by spin-
coating, taken from reference [43]

This simulation is done using the properties of the bulk glass, and the peak at 370 cm™ is
due to GeS4 tetrahedra with four bridging sulfurs. As the spin-coated film is annealed, the
370 cm! peak increases, and the structure gets closer to that of the bulk glass, but it is still
not fully consolidated. Furthermore, in reference [84], it was found that the refractive index
of GexSbsS70 films heat treated at temperatures up to 210°C reached 2.02 at long

wavelength, whereas the refractive index of bulk glass is 2.21.

Despite some of the inherent disadvantages of solution-derived ChG film
deposition, a unique advantage of solution-based ChG film deposition is simple

incorporation of nanoparticles, which can enhance properties or create new functionalities
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in a material. A ChG film can be doped with nanoparticles by mixing the two solutions
together prior to deposition. This has been demonstrated in two publications, both studying
the incorporation of quantum dots for their luminescent properties [75,76]. In comparison,
there are no publications on nanoparticle doped ChG films made by thermal evaporation

or similar methods utilizing a bulk glass target.

Electrohydrodynamic spraying, which is more commonly called electrospray, is a
method of droplet generation and charging by means of an electric field. This method was
first discovered by Zeleny in 1915 [85]. In general, the process consists of applying a
potential difference, on the order of several thousand volts, between a liquid-filled capillary
and a target. Due to the electric field, a shear stress is applied to the liquid, which elongates
into a jet. The jet disintegrates into droplets due to Rayleigh instability. The droplets are
highly charged, and as a result are self-dispersing in space due to Coulombic repulsion.
Different modes are possible, such as dripping, microdripping, cone-jet and multi-jet,

amongst others. Figure 1.12 shows schematics of the most common electrospray modes.

Fig: 1.12: Variations of cone-jet mode: a) pulsed cone-jet b) and ¢) multi-jet.
2. Variations in meniscus forms for cone-jet mode a) through e). 3. Sequence of
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stages during dripping mode. 4. Sequence of stages during microdripping mode.
Taken from reference [86]
In general, the cone-jet mode with single jet (Fig 1.12_2) tends to be the most useful and
widely studied. This is because it allows a narrow size distribution of droplets, which can
be tuned over a wide range, including submicron diameters. It is often called the “Taylor
cone” due to the first demonstration of electrostatic pressure and capillary pressure
balanced at any point on the surface of a liquid cone [87]. Several applications of this
electrospray technique have been studied, such as film deposition and nanoparticle
synthesis [88,89], but currently the only widespread application is electrospray ionization
mass spectrometry [90], for which John B. Fenn was awarded the Nobel Prize in Chemistry
in 2002. Electrospray has been used to deposit films of various materials, such as nuclear
materials [91], organic [92], inorganic [93], but never ChGs. Electrospray can add
additional flexibility in the deposition of films compared to spin-coating and PVD methods,
which poses some interesting advantages for ChG microphotonics. These potential
advantages include localized deposition, similar to a printing method, the ability to
fabricate non-uniform thickness films, and possibly better nanoparticle dispersion.
Directly fabricating complex geometries of ChG is not easily possible with spin-
coating or PVD methods of film deposition, as they are blanket film techniques. Current
methods of integrating ChG structures into planar devices all begin with deposition of a
blanket film, and then various lithography techniques are utilized to form the ChG
structure, such as a waveguide or resonator. During deposition of the blanket film by PVD,

some material is wasted by “missing” the substrate, and in the case of spin-coating, as much
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as 95% of the solution is wasted by spin-off [92]. Furthermore, the blanket film is also used
inefficiently, as the vast majority of the film is etched away to fabricate the structures.
Therefore, the ability to deposit ChG selectively, at the location where the structures will
be fabricated on the substrate, provides large raw material cost savings. As a result, the
advantage of localized deposition using electrospray allows the possibility of much more
efficient use of material. In the case of blanket film deposition by electrospray, nearly
100% of the solution can be used because there is no run-off. Furthermore, if only part of
the substrate needs to be coated, electrospray can be used to target this specific location,
whereas other techniques would coat the entire area. Electrospray is also more suitable than

spin-coating for scaled up, roll-to-roll manufacturing because it is a continuous process.
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1L EXPERIMENTAL
While Chapter I highlighted the prior art and background specific to this
dissertation, Chapter II will describe the experimental techniques utilized to fabricate and
characterize the properties of these samples. Based on the desired characteristics of a ChG
film proposed for use in a planar microphotonic chemical sensing device, the experimental
methods can be classified into several categories.
e How are the starting materials prepared?
o Preparation of bulk glass
o Preparation of a solution from the bulk glass and organic solvent
suitable for film deposition by spin-coating and electrospray
e Do the films have the required properties for use in a sensing device, and
how can they be achieved in an electrosprayed film?
o Low-loss: mid-IR transmission and surface roughness
o Composition and refractive index
o Target thickness and uniformity
e What are the unique and novel functionalities that can be created with multi-
layer electrosprayed films and QD-doped films?
o Multi-layer GRIN
= Refractive index across the film
» Interface between the two layers
» Surface quality of a multi-layer film

o QD-doped
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* Luminescence emission range
* Luminescence efficiency

* Arrangement of the QDs on the nanoscale

2.1.  Fabrication of bulk glass and dissolution

Fabrication of ChGs consists of a traditional batch, melt, quench, and anneal
process. These steps must all be done in an inert atmosphere in order to avoid
contamination by oxygen, which would degrade the optical properties, especially reduction
of the infrared transparency. Therefore, elemental starting materials are batched into a
fused silica ampoule inside of a nitrogen-purged glovebox, then vacuumed for four hours
at 90°C to drive off any residual moisture. While under vacuum, the ampoule is sealed with
a gas-oxygen torch, and the batch can then be melted in a rocking furnace, typically for 16
hours to allow complete homogenization. Three compositions were explored in this
dissertation, Ge23Sb7S70, which was melted at 850°C, As>S3, which was melted at 700°C,
and As>Ses, which was melted at 700°C. Glasses were quenched by removing from the
furnace and holding the ampoule upright in air until the sample pulled away from the sides
of the ampoule. Glasses were annealed for 16 hours at 40°C below the glass transition
temperature (Tg). Ty for Ge23sSb7S7 1s 311°C [46], 197°C for As2S3 [94], and 191°C for

As2Ses [95].

In order to make a solution of ChG, bulk material is crushed into a powder with a

mortar and pestle. The powder is then mixed with an amine solvent, and dissolution can be
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expedited with stirring and gentle heating on a hotplate with a surface temperature of about

40°C. These solutions were then used to deposit films by spin-coating and electrospray.

2.2.  Deposition of films by spin-coating

The spin-coating process of film deposition used in this dissertation was identical
to a prior optimization in our group [43]. Propylamine solvent was combined with 3
angstrom molecular sieve and let to sit overnight in order to remove residual water from
the solvent. Ge23Sb7S7o glass was dissolved in the propylamine at a concentration of 0.05
g/mL, with 3.4 pL of water added per mL of solution, which was found to improve
solubility and film surface quality in the same study [43]. Inside of a nitrogen-purged
glovebox, the solution was dripped on a borosilicate glass microscope slide or Si wafer
substrate, and spun for 10 s at 3000 rpm with a 5 s acceleration time using a Model G3
spin-coater by Specialty Coating Systems. Films were soft-cured at ~50°C on a hotplate
and then vacuum baked at a pressure of about 30 in Hg below atmospheric pressure

according to the following table.

Table 2.1: Annealing protocol of spin-coated Ge23Sb7S70 films

HTO 5 min on hotplate at 100°C
HT1 1 hat 100°C
HT2 1 hat125°C
HT3 1 hat 150°C
HT4 1 hat175°C
HTS 1 hat 200°C

35



2.3.  Deposition of films by electrospray

Figure 2.1 shows a schematic and photograph of the electrospray system.

Fig. 2.1: Schematic (top) and photograph (bottom) of electrospray system

Electrosprayed films were fabricated using Ge23Sb7S70 of AszS;3 glass dissolved in
ethanolamine at a concentration of 0.05 g/mL. The solution was loaded into a 50 pL syringe

by using a syringe pump in extraction mode at 150 pL/hr. This low extraction rate was
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used in order to prevent the formation of bubbles. The syringe is a removable needle style,

with a 26s gauge cone-tip needle shown in Figure 2.2.

Fig. 2.2: Cone-tipped needle used for electrospray experiments

No special advantages were observed from using a cone-tip needle. Initial experiments
were done with a 30 gauge (300 pm) outer diameter straight, blunt needle on a Luer type
syringe. This setup tended to trap bubbles in the corners where the syringe meets the needle,
which is worsened by the relatively large “dead space” volume between the plunger and
the solution. A comparison between the removable needle type and Luer type syringes are

shown in Figure 2.3.
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Fig. 2.3: Comparison between removable needle type syringe and Luer lock type
syringe

In order to solve the bubble issue, a removable needle type syringe was used in order to
reduce the places where bubbles can become trapped in the dead space when drawing
solution into the syringe. The cone-tip needle was the only off-the-shelf option for a
removable needle type syringe, with a similar outer diameter to the 30 gauge Luer needle

used in the proof-of-concept electrospray experiments.

To evaluate the basic processing protocol of the method, electrospray deposition
took place in a fume hood with ambient atmosphere, despite the possibility of introducing
oxygen to the system. The electrospray deposition was set up vertically with a working
distance of 4-15 mm between the needle and a Si wafer. Hotplate surface temperature was
varied depending on the flow rate, glass composition and working distance, and was
typically in the range of 50-80°C. Flow rate was set in the range of 10-25 pL/hr, and a DC

high voltage power supply was tuned until a stable Taylor cone was formed [87]. The
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needle and spray is viewed live using a 20x, 1 cm working distance microscope objective

attached to a Nikon J3 camera.

Current flow of the electrospray was measured with a multimeter. One lead was
attached directly to the target substrate, which was placed on a non-conducting surface,
and the other lead was attached to the power supply return (ground). Assuming that all
charge flows through the multimeter, the current flow during electrospray, Igs, can be
determined using Ohm’s law, where vmeas 1s the measured voltage of the multimeter, and

Rint 1s the internal resistance of the multimeter.
V,
Igg = —= (Eq. 2.1)
t

Conductivity of the solutions were also measured with a multimeter. A small piece of non-
conducting material was constructed to hold the leads a constant distance apart, and placed
into a vial of the solution to record resistance. The resistance of deionized water was also
measured using a calibrated conductivity probe (which could not be used to test the
ChG/amine solutions because they would damage the probe). The conductivity of the ChG
solutions was estimated by the following relationship, where o is the conductivity of the
sample, Rs is the measured resistance of the sample, Rrer is the measured resistance of the
reference, and prer is the absolute resistivity of the reference.

Rre
o5 = ﬁ (Eq. 2.2)
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2.4. QD doping

The stock QD solution was 0.6 mg/mL CdTe QDs with mercaptopropionic acid
capping agent, dispersed in ethanolamine solvent. This solution was prepared by Dr.
Manashi Nath’s group at Missouri S&T. In addition, commercial CdSe/ZnS core-shell QDs
capped with octadecylamine were tested, which were purchased from Ocean NanoTech in
powder form. These QDs were dispersed in ethanolamine at a maximum concentration of
0.3 mg/mL.

In order to make QD-doped films by spin-coating and electrospray, these QD
suspensions were mixed with a 0.05 g/mL Ge23Sb7S7o/ethanolamine solution in a 1:10
volume ratio, or by dissolving the Ge23Sb7S7¢ glass directly in the QD suspension. For the
CdTe QDs, the solution used for film deposition by both electrospray and spin-coating
containes 0.06 mg/mL QD concentration, and 0.045 g/mL Ge23Sb7S70. For the CdSe/ZnS
core-shell QDs, Ge23SbsS70 was dissolved at a concentration of 0.05 g/mL, in QD

suspensions ranging from 0.01 to 0.3 mg/mL.

2.5.  Characterization of properties

Several metrics were used to analyze the properties of the films in this dissertation.

Optical properties:

Refractive index was measured using both ellipsometry (Woollam and Associates
ESM-300) and by taking reflectance spectra with a Filmetrics F20 instrument. Ellipsometry
determines the optical constants of a material by analyzing the polarization change of light

due to interaction with the sample. The Filmetrics instrument determines refractive index
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by fitting the interference fringes of the reflection spectrum with thickness and refractive
index. Both parameters can be fixed to a range or specific value to more accurately
determine the other parameter.

Fourier transform infrared spectroscopy (FTIR), is a method of analyzing the
response of a material to mid- and far-infrared light. This response can be tested in
transmission, reflection, or attenuated total reflectance (ATR). In ATR mode, the light is
traveling inside of a high refractive index crystal, often diamond, and thus undergoes total
internal reflection (TIR) when in contact with a lower refractive index sample. When TIR
occurs in the instruments ATR crystal, there is an evanescent component of the light that
“leaks” into the sample, interacting with the sample to a depth on the order of microns.

FTIR spectroscopy uses a broadband light source, often a SiC filament that acts like
the filament of an incandescent light bulb. This broadband spectrum is modified using a

Michelson interferometer, shown in Figure 2.4.
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Fig. 2.4: FTIR spectrometer set-up with Michelson interferometer, taken from
reference
A mirror is moved using a motor such that certain wavelengths from the broadband source
are eliminated due to destructive interference depending on the position of the beam
splitter. As a result, the spectrum of light that reaches the sample is modified differently at
each moment. The detector records the intensity of light at each beam splitter position, and
the full transmission spectrum of the sample is reconstructed using a Fourier transform.

In this dissertation, FTIR spectra were taken with a Thermo Scientific Nicolet IS5
spectrometer in both transmission mode and ATR mode. As films were deposited on
undoped Si substrates, which have good transparency in the mid- and far-IR, they were
analyzed in transmission mode. Liquid samples, such as amine solvents and ChG solutions

were analyzed in ATR mode. The Nicolet IS5 has a usable range of approximately 7000
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cm™! to 500 cm™ (1.43 pm to 20 um). Typical instrument settings for the transmission

measurements were 128 accumulations and resolution of 4 cm™.

Surface analysis:

Film surfaces were characterized using a few different metrics. Film thickness and
surface profile was measured using a Dektak XT contact profilometer. This contact
profilometer works by moving the sample stage beneath a tip in contact with the sample
surface. The texture of the surface is determined by changes in the tip height, which are
determined by a linear variable differential transformer. The tip size was 2 um in diameter,
stylus force was 3 mg, and scan rate was typically 100 um/s. To measure thickness, the
film was scratched down to the substrate, and step-height was determined. The contact
profilometer was also used to determine film profiles. This was done by doing a scan with
length 5-10 mm over a film, starting on uncoated substrate on one side of the film, scanning
over the film, and ending on the uncoated substrate on the other side. In order to account
for variations in the substrate thickness, averages of a few surface profiles (typically three)
were used.

Surface roughness was measured with a Zygo NewView 8300 white-light
interferometer. The following information is a general explanation on white-light
interferometery, and is not a specific description of the Zygo 8300. A schematic of a white-

light interferometer is shown in Figure 2.5.

43



Fig. 2.5: Schematic of a white-light interferometer surface analysis system,
taken from reference [96]

The light travels through a beam splitter, which directs some light toward the sample, and
some light toward the camera as a reference beam. After reflecting off the sample, different
points can have different phases due to the texture of the sample surface. As a result, the
camera sees an interference pattern when the reference beam recombines with the light that
has interacted with the sample. This interference pattern is then analyzed by the software

to determine the topography of the sample.

Electron microscopy:

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
were utilized to image the samples. In the case of SEM, an electron beam is scanned over

the surface of the sample, and secondary electrons emitted by atoms excited by the electron
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beam are collected. Contrast is created by the topography of the sample, as well as by
differences in density and atomic number. Two different SEMs were utilized, including a
Zeiss Ultra-55 FEG and a JEOL JSM 6480. The Zeiss was used primarily for imaging,
while all energy-dispersive x-ray spectroscopy (EDX) compositional analysis was done
using the JEOL.

TEM was done with a FEI Tecnai F30. Samples were prepared by electrospraying
for a short period of time, usually five seconds, on ultra-thin carbon TEM grids, or by using
an FEI 200 focused ion beam instrument to lift-out a slice of a blanket film and attach it to
the post of a half-grid for TEM analysis. The FEI 200 utilizes a 30 kV gallium ion beam to

mill the sample.

Photoluminescence (PL):

Luminescence is cold-body radiation of light. In general, luminescence describes
the process by which an electron is excited into a higher energy state, and then relaxes to a
lower energy state through the emission of a photon. This is in contrast to thermal radiation,
which is the electromagnetic radiation emitted by all objects with temperature greater than
absolute zero. Thermal radiation is a result of interatomic collisions that cause the kinetic
energy of the atoms to change, and is the method of light generation in an incandescent
light bulb, for example. In the case of cold-body radiation, there are many ways by which
excitation can be provided to a luminescent material, such as the absorption of a photon
(photoluminescence), the passing of an electric current (electroluminescence), or a

mechanical action (mechanoluminescence), to name a few.
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In the experiments in this dissertation, photoluminescence was utilized to study the
luminescent behavior of quantum dots. Figure 2.6 below shows a schematic of the system

belonging to Dr. Mercedeh Khajavikhan’s group.

Fig. 2.6: Schematic of home-built photoluminescence system in Dr. Mercedeh
Khajavikahn’s group

The excitation source in this system can be changed between 1064, 633, or 532 nm.
Photoluminescence was also tested using an Ocean Optics QE Pro FL for detection, in
conjunction with a 532 nm laser pointer with power of approximately 1.5 mW as an
excitation source. This system utilizes a fiber and collimating lens positioned near the
sample to collect the signal, with no other optics used. In addition, a 27 lumen blue LED
with emission centered at approximately 449 nm and having full width at half maximum

of 20 nm, was also used as an excitation source for the QE Pro FL.
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I1I. CHALCOGENIDE GLASS FILM DEPOSITION BY ELECTROSPRAY

Based on the experimental procedures described in Chapter II, this chapter will
discuss optimization of undoped ChG film deposition by electrospray. This includes
selection of an optimal solution from the several glass compositions and solvents that have
been previously studied for spin-coated films, as well as investigations of ideal electrospray
process parameters. In addition, a method of obtaining uniform thickness films by
electrospray was developed, and a detailed investigation of the evolution of film properties
during solvent removal by heating under vacuum was carried out. Two glass compositions
were studied, Ge23Sb7S70 and As,S3, and this allowed the fabrication and characterization
of multi-layer GRIN films using a non-uniform thickness coating of each composition.

A general comparison overview between films deposition by electrospray and spin-
coating is shown in Table 3.1 below.

Table 3.1: General advantages of each deposition process

Advantages of electrospray Advantages of spin-coating
Localized deposition using CNC control Can use non-conductive substrate
Simple method of GRIN fabrication with Quick and simple to get uniform

multilayer films or simultaneous deposition thickness films over large areas
Continuous, roll-to-roll processing with little Minimal investment in equipment
wasted material

Each process has key advantages and disadvantages. Spin-coating is generally preferred
for the deposition of uniform thickness films up to 1 um thick (for Ge-Sb-S) or a few um
thick (for As-S and As-Se). Electrospray is generally more complex for the deposition of

uniform thickness films due to the need for computerized numerical control (CNC), but
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theoretically there is no upper limit to film thickness. Electrospray also can allow localized
deposition (2-D and 3-D printing), and a simple approach to the deposition of GRIN films,
but does suffer from the requirement that the target substrate must be electrically

conducting.

3.1.  Selection of appropriate solution
To our knowledge, no previous work has been done on the electrospraying of ChGs.
Initially, our aim was to explore electrospray as a method of “printing” select geometries
of ChG films, for the advantages of localized depositions, efficient use of material, roll-to-
roll processing and simple GRIN fabrication. ChG electrospray proof-of-concept was done
in a fume hood under ambient atmosphere. Definitions of electrospray processing

parameters are shown in the schematic and table below.

Fig. 3.1: Schematic representation of basic electrospray process parameters
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Table 3.2: Definitions of basic electrospray process parameters

Process parameter Definition
The volumetric flow rate of the solution, which is
Q controlled by a syringe pump.

The applied voltage, which is positive and DC in our
\Y system, between the nozzle and target substrate. V is
set by an AC-DC power supply.

The working distance between the end of the nozzle
and the top of the substrate.

The substrate temperature during deposition, which is
controlled with a hotplate.

WD

First attempts to electrospray ChG were made using 0.05 g/mL Ge23Sb7S70
dissolved in propylamine. It was found that the solution could be electrosprayed and films
were formed. However, stability of the spray was poor, and tended to cycle through

different spraying modes, shown in Figure 3.2.

Fig. 3.2: Cycle of different spraying modes observed for Ge23Sb7S7/propylamine
solution
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This was due to a strong tendency of the solution to wet up the nozzle. The depicted cycle
begins with Fig 3.2(a), where a Taylor cone is observed. The solution will subsequently
begin to wet the nozzle, shown in (b). When an appreciable volume of liquid is wetting the
needle, the formation of two cone-jets occurs, shown in (c¢) and (d). This “double-cone”
mode is not stable, and the solution drips after a few seconds, with very large droplets
falling toward the substrate. These droplets are believed to be on the order of 100 pm in
size, based on the resulting features on the film surface, shown in Figure 3.3. After the
drop, there is minimal liquid at the bottom of the needle, and a pulsed cone is temporarily
present before the new Taylor cone forms. The entire cycle can occur within as little as 20
s, but is often longer, and does not necessarily step through every mode in sequential order.
For example, there might be oscillation between (b) and (c) for some time without the
formation of (d). In these experiments, flow rates between 5 and 100 puL/hr were tested,
with similar results obtained. Figure 3.3 shows a photograph and surface profile of an
electrosprayed 0.05 g/mL  GexSb;Syo/propylamine measured with  white-light

interferometry.

Fig. 3.3: Photograph (left) and white light interferometer image (right) of
propylamine-derived Ge23Sb7S7o film made by electrospray
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The film is poor quality, with many large, round features on the film surface due to the
large drops falling to the film from the nozzle during cone-jet instabilities. RMS surface
roughness of the region characterized with white light interferometry is 198 nm.

Other solvents were explored as an alternative to propylamine, such as 0.2 g/mL
As>Ses dissolved in ethylenediamine, which was studied previously for the deposition of
spin-coated films in [44]. In this case, stability of the cone-jet was better than with
propylamine, but still not good enough to obtain smooth films. Generally, the As>Ses cone-
jet was somewhat stable, but periodically, a large amount of solution would discharge

rapidly, instead of a spray of small droplets, shown in Figure 3.4.

Fig. 3.4: Electrospray of As2Ses/EDA solution illuminated with a green laser
sheet. (a) is a Taylor cone and spray, and (b) is a forceful drip of the solution.

The phenomenon in Fig. 3.4(b) is an expulsion of large droplets which disturb the surface
of an otherwise smooth film that was formed by the spray in Fig. 3.4(a). This expulsion
takes place over a short period of time, and occurred with a frequency of once every two
seconds. Using normal backlighting, such as with a flashlight or ambient light, the cone-

jet appears to simply “flicker,” similar to the flickering of a candle flame. It was only upon
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imaging the spray with a green laser sheet, and recording video of the spray that the
expulsion could be observed. The photographs in Figure 3.4 are both single frames from a
video taken at 30 frames per second. The expulsion was generally visible for one frame, or
on the order of 30 ms.

While electrospray of As>Ses/EDA solutions were not stable in Taylor cone mode,
they could be sprayed using a pulsed cone-jet mode. This mode is inherently unstable, as
it is an oscillation between dripping and Taylor cone modes. The liquid still drips, but in
this case these large droplets remained within a small area below the needle, instead of
spreading throughout the area of the film like the unstable Taylor cones of
Ge23SbrSyo/propylamine and As>Ses/ethylenediamine. As a result, the small droplets
formed from the Taylor cone were the only material to spread outwards, leading to smooth

films in this region. This is shown in Figure 3.5.

Fig. 3.5: Photograph of As2Ses film made with pulsed cone-jet mode
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These experiments demonstrated the possibility of making a ChG film from electrospray
that has the potential to be useful in an optical application, due to the smooth surface with
~5 nm RMS roughness. However, the large “pile-up” of glass due to the dripping portion
of the pulsed cone-jet mode poses issues, namely the problem of ensuring that the pile of
glass does not affect the performance of the device, and also that a large portion of the
material would be wasted in this unusable pile of glass. Therefore, achieving a stable
Taylor cone is essential to the fabrication of optical ChG films using electrospray.
Through observing the electrospray of propylamine and ethylenediamine based
solutions, it was determined that Taylor cone instabilities were a result of wetting of the
solution on the nozzle. This causes oscillations in the size of the cone-jet, and variations in
the effective flow rate. For example, when the solution is wetting up the needle, the
effective flow rate of solution toward the substrate is low. Instead of reaching a steady-
state amount of solution wet on the nozzle, the solution was observed to flow back down
to the nozzle, causing an effective high flow rate of solution toward the substrate. The
solution oscillates between wetting up and flowing down the needle, causing oscillations
in the flow rate of the solution. There is an optimal range of applied voltage to obtain a
stable cone-jet for a given solution, working distance, and flow rate, and the oscillations in
flow rate are too great to be remain optimized for any given single value of applied voltage,
leading to cone-jet instabilities. Wetting-induced cone-jet instability seems to be further
complicated by the deposition of glass on the outer surface of the needle. This film could
be re-dissolved, making the flow rate even less predictable as well as leading to variations

in the glass concentration of the solution. In addition to the Ge23Sb7S70/propylamine and
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As>Ses/ethylenediamine solutions described above, other solutions tested included
Ge23Sb7S70 dissolved in butylamine, pentylamine, hexylamine, and ethanolamine. The
most stable cone-jets were observed for Ge23SbsS7o/ethanolamine solutions. It is believed
that this is because of the relatively high viscosity of the solution, making it less prone to
wetting up the nozzle. It is proposed that applying a hydrophobic coating, such as
polytetrafluoroethylene (PTFE), a non-polar material with strong chemical resistance,
would prevent the tendency of the polar amine-based solutions to wet the outer nozzle
surface. In fact, better stability of ethanolamine-based solutions was observed by
deliberately allowing the deposition of a glass film on the nozzle, which does not redissolve
during electrospray. This film was deposited by pumping about 0.5 pL of the solution out
of the syringe, allowing it to wet the nozzle in a thin layer, and then waiting for 1-2 hrs
with the nozzle over the hotplate at 50-80°C while the solvent evaporated. While this
worked well for the ethanolamine-based solutions, it could not be repeated for the
propylamine- or ethylenediamine-based solutions, which quickly redissolved the coating.
Therefore, it is suggested to explore the possibility of some insoluble, hydrophobic layer
as an ideal remedy to prevent wetting of the nozzle.

In addition to a stable cone-jet, a critical degree of droplet drying is necessary to
achieve high quality, smooth films. It is essential for the droplets to be wet upon arrival at
the substrate, allowing the droplets to flow and become part of a film without optical
interfaces, compared to dry deposition if the droplets dry too much on the way to the
substrate. Solvent evaporates from the droplets as they travel toward the substrate,

increasing the glass concentration and viscosity of the droplets. The degree of drying is
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determined by the time of flight, initial droplet size, and the solvent properties, such as

vapor pressure. Droplet drying times are estimated by Equation 3.1:

=0 (Eq. 3.1)

where te is the evaporation time, do is the initial droplet diameter, and K is the solvent
evaporation rate, a solution property approximately proportional to the vapor pressure.
Figure 3.6 below shows RMS roughness of films made with varying working distance.
Substrate temperature was maintained at 55°C, flow rate at 10 uL/hr, and the duration of
deposition was four minutes. This data is a demonstration of how the in-flight droplet
drying affects surface roughness of the film, and shows a small dependence of surface
roughness on working distance. The increase in roughness at longer working distances is
explained by the longer flight duration of the droplets, allowing more time to dry. These
samples were prepared by using a serpentine path of the spray over the substrate to achieve
thickness uniformity, which is discussed in detail in Section 3.3. The thickness of a film

deposited using this method is independent of the working distance.
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Fig. 3.6: RMS roughness of Ge23Sb7S7 films made with varying working distance.
Measurements taken in uniform thickness region of serpentine path. Films are all
approximately 425 nm thick.

It was also observed that substrate temperature plays an important role in surface quality.
Visual examples of the importance of optimal droplet drying are shown in the Figure 3.7,

and RMS roughness is shown in Figure 3.8. The effect of substrate temperature will be

discussed in more detail in Chapter IV.
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Fig. 3.7: 2 minute stationary depositions of Ge23Sb7S70 films using 10 pL/hr flow
rate, 5 mm working distance, and varying hotplate set-point temperatures. The dark
line for the 41°C deposition is from a break in the substrate.
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Fig. 3.8: RMS roughness of 2 min stationary depositions made with varying hotplate
surface temperatures
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By increasing the hotplate temperature, the rate at which solvent is driven off the film
during deposition is increased. At temperatures below ~50°C, poor, non-uniform surface
quality is observed, especially at the center of the films. This is evidenced by the low
apparent reflectivity, which improves as temperature is increased. Substrate temperatures
in the range of about 55-76°C are seen to result in generally smooth films, and temperatures
above 83°C result in films with an increasingly matte surface appearance.
In summary, there are three key components to achieving optical quality films with
electrospray:
o Stability of spray: the best stability observed was ChG/ethanolamine
solutions, likely due to the higher viscosity
o Degree of droplet drying during flight: for smooth films with no optical
interfaces, droplets must not be too dry upon arrival at the substrate, so
that droplets flow and become part of the existing film.
e Curing rate of the film: good surface quality is observed for an optimal
range of substrate temperatures, preventing the solution from puddling

on the substrate as well as too-rapid removal of solvent.

3.2.  Proof-of-concept: ethanolamine-based solutions
Based on these results, electrospray proof-of-concept was carried out in a fume
hood (air atmosphere) using 0.05 g/mL Ge23Sb7S7¢ dissolved in ethanolamine, recognizing
that ChG materials are susceptible to oxidation, which can reduce infrared transparency.

Because these materials are intended for use in planar photonic applications, there are
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several important characteristics to meet: controlled, uniform thickness so that waveguides
or other structures can be fabricated, and minimal optical loss, which is enabled by smooth
surface and no absorptions in the operating range of the device. Typical thickness for most
envisioned applications ranges from a few hundred nanometers to a few microns.
Previously optimized Ge23Sb7S7o films made by spin-coating were nominally 300 nm in
thickness [43], so this was the target thickness of the electrosprayed films. It should first
be noted that the tendency of electrosprayed ChG films to be circular in shape, and thicker

at the center than the edges, as shown in the following photograph.

Fig. 3.9: Electrosprayed Ge23Sb7S70/ethanolamine film made with a working
distance of 15 mm on a Si substrate. Film is ~300 nm at the center. Scale is in cm.
Once it became possible to deposit films using electrospray, it was unknown how
they compare to spin-coated films in terms of surface roughness, infrared transparency,
and refractive index. These properties were measured and compared to spin-coated films
made in parallel with the electrosprayed films. As described in the experimental section,

electrosprayed films were deposited from a 0.05 g/mL Ge»3Sb7S7¢/ethanolamine solution
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at a working distance of 15 mm, flow rate of 25 pL/hr, and duration of 8.5 min, while
heating the substrate on a hotplate with surface temperature of 40°C. Spin-coated films
were made from a 0.05 g/mL Ge23Sb7S70/propylamine solution using a spin-speed of 3000
rpm for a duration of 10 s. Because ethanolamine has a lower vapor pressure than
propylamine, it was unknown whether or not the solvent could be removed to a similar
degree as propylamine. Films were subjected to the heat treatments described in Table 3.3,
which were done under vacuum based on reference [43].

Table 3.3: Description of heat treatments used for electrosprayed and spin-
coated Ge23Sb7S70/ethanolamine films

Heat treatment number Description
HTO SC: 50°C for 5 min, ES: as-deposited
HTI1 100°C for 1 hr
HT2 125°C for 1 hr
HT3 150°C for 1 hr
HT4 180°C for 1 hr
HTS 200°C for 1 hr

In Figure 3.10, film thickness is compared between electrosprayed films and spin-coated
films throughout the heat treatments, with measurements taken at various distances from
the electrosprayed film center point to illustrate the thickness profile that results from film
deposition with no substrate translation. Theoretically, virtually any film thickness can be
built up with electrospray by increasing the duration of deposition, like PVD methods. In
contrast, the thickness of an individual spin-coated layer is ultimately limited by glass
solubility, though multi-layer structures have been demonstrated to achieve greater than 10

um thickness [97].
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Fig. 3.10: Thickness comparison between spin-coated (dashed lines) and
electrosprayed films (solid lines)

In addition to thickness, low optical loss is another important characteristic of optical thin
films. Prior work by our team has shown a direct correlation between film roughness and
scatter loss, whether in planar surfaces and on the side-walls of rib waveguides [7]. For the
proposed QD-doped or GRIN film applications, good film surface quality is necessary to
minimize scattering loss of the light, whether it is excitation and emission in the case of
QD photoluminescence, or to maximize the sensitivity of a chemical sensing device by
reducing the loss of a resonator. Removal of residual solvent from the film matrix is
necessary to minimize absorption loss and quenching of luminescence [98]. RMS
roughness and FTIR spectroscopy were used to demonstrate that electrospray is capable of
producing films with comparable optical loss to spin-coating. RMS roughness values were
taken after all heat treatments were completed. The average roughness of the
electrosprayed films was found to be 6.8 nm with a standard deviation of 5.2 nm, and the

spin-coated film was 7.8 nm with a standard deviation of 2.3 nm. While these RMS

61



roughness values are higher than TE films in other publications [99], they are similar to the
initial studies on Ge23Sb7S70 waveguides fabricated by TE and lift-off techniques [7]. FTIR
spectra taken throughout the heat treatments were used to investigate solvent removal from

the films, shown in Figure 3.11.

Fig. 3.11: FTIR spectra and solvent peak area evolution for spin-coated and
electrosprayed films throughout annealing

From the FTIR spectra, both spin-coated and electrosprayed films demonstrate similar
transparency in the mid-IR range, as the films were nominally the same thickness where
the spectra were taken. The as-deposited (50°C) electrosprayed film has a lower solvent
absorption peak size at 3175 cm™! than the as-deposited spin-coated film at 2960 cm™,
implying that there is less solvent initially present in the film matrix, which is likely a result
of the fast drying kinetics of electrospray droplets compared to the continuous liquid used
for spin-coating. In both types of films, the solvent peak initially decreases rapidly at the
lower heat treatment temperatures (50-150°C). At this point, the remaining solvent is
bonded more strongly into the film matrix, and it is driven off slower despite higher heat
treatment temperatures. It should be noted that the shape of the FTIR transmission curve is
partially determined by optical interference from the two layer, film plus substrate system.

As the thickness decreases and refractive index increases when solvent is removed, an
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increase in the period of the interference fringes is observed. As the heat treatments
progress, propylamine is removed more quickly than ethanolamine, which is the result of
the higher vapor pressure of PA. Despite the low vapor pressure of ethanolamine (0.054
kPa) relative to propylamine (33 kPa), the ethanolamine solvent can be removed to a
similar degree as propylamine, as the spin-coated film had a slightly smaller absorption
peak than the electrosprayed film after all heat treatments were completed, as shown in
Figure 3.9. This residual solvent is the main disadvantage of solution-derived ChG film
deposition, and it is possible that the intrinsic loss of microphotonic components made
from solution-derived films is higher than with PVD methods.

Film refractive index is another important material property to the design of planar
optical devices that employ doped or undoped films. A comparison of the refractive indices
of spin-coated and electrosprayed films is shown in Figure 3.12, measured at 632.8 nm by

taking reflection spectra with a Filmetrics F20 instrument.
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Fig. 3.12: Refractive index comparison between spin-coated and electrosprayed
films throughout annealing
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Throughout the heat treatments, refractive index was found to be in good agreement
between the two types of films. Shown for reference is the refractive index of the bulk
glass, which is the optimal, solvent-free target that we would like to realize. However, as
1s often the case with solution-derived films, the refractive index does not reach that of the
corresponding bulk glass. This is consistent with the FTIR data, which shows the presence
of residual solvent (n = 1.39 for propylamine and 1.45 for ethanolamine) that serves to
lower the overall refractive index of the material. An estimation of the volume percent of
residual solvent in the films after 4 h annealing is made by using the Lever Rule, where x

is the volume percent of glass and the remaining volume is assumed to be solvent.

Nmeasurea = () (Mpuik giass) + (1 = %) Msorent) (Eq. 3.2)
From Equation 3.2, the estimated volume of solvent remaining is approximately 15% for
both the spin-coated and electrosprayed films. However, there are other factors which
may contribute to the reduction in index of the films, such as the structure of the glass
network, and porosity. It is proposed that the pure solvents and ChG solutions, having
known pathlengths and amine solvent concentrations, could be tested with transmission
measurements to estimate an attenuation coefficient of light at various wavelengths due
to solvent. Transmission measurements of the films at the same wavelengths could then
be utilized as an additional estimation of the amount of residual solvent. Although it is
possible to fabricate thin ChG films with near complete removal of solvent, the remaining
difference in refractive index between the solution-derived films and corresponding bulk
glass is attributed to pores remaining in the film as solvent is removed and small amounts

of residual solvent bonded into the film matrix [43]. The fact that the refractive index of
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the electrosprayed film matches that of the spin-coated film implies that additional pores
are not being formed between droplets during the electrosprayed film deposition. This
further supports that the droplets have sufficiently low viscosity to flow upon arrival at
the substrate.

Finally, it was also found that the films are adhered well to the substrate, and could

not be removed with cellophane tape.

3.3.  Optimization of thickness uniformity and solvent removal

As described in Section 3.2, initial explorations of film deposition by electrospray
of Ge23Sb7S79 were done using a flow rate of 25 pL/hr and 15 mm working distance. After
these initial experiments, the typical flow rate was lowered to 10 puL/hr, as this allowed a
more stable cone-jet, as well as leading to a smaller initial droplet size, which is an
advantage for QD doping. Working distance was also decreased to 5 mm, as this allows
thicker films to be deposited in a given amount of time compared to 15 mm working
distance. With these process parameters, current of the Gex3Sb;S70 electrospray was
determined to be 0.3 pA. Table 3.4 below summarizes the conductivities of the solutions
utilized for deposition in this chapter.

Table 3.4: Properties of electrosprayed liquids

0.05 g/mL 0.05 g/mL
Property Ge23Sb7S7o dissolved | AsS; dissolved | Ethanolamine
in ethanolamine in ethanolamine
Electrical
conductivity 2x 107 3x10? 5.5x 107
(S/m)
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The results in Section 3.2 demonstrate that ChG films made with electrospray
deposition have similar properties to spin-coated films. Therefore, it was deemed
appropriate to continue studying this deposition method due to its potential advantages,
namely near-100% material usage, the direct creation of geometries with 2-D or 3-D
printing techniques, simple approach to graded refractive index films, and the potential for
better nanoparticle dispersion. As As»S3 glass is also soluble in ethanolamine, this
composition was studied for the initial demonstrations of GRIN coatings. The main reasons
for this choice was because the refractive index of bulk As>S; and Gez3Sb7S70 are
significantly different (2.40 and 2.25 at 633 nm, respectively), and compositional
differences can be more easily mapped across the film due to unique elements in each glass.

The first step in these experiments was to obtain uniform thickness films using CNC
control of the spray. Regions of uniform film thickness can be achieved by constant,
relative velocity between the substrate and the spray. A demonstration of 1-D motion is

shown in Figure 3.13.
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Fig. 3.13: Electrosprayed Ge23Sb7S7 film deposited with one-dimensional movement
of substrate. Scale is in cm.

The 1-D motion allows deposition of larger regions having similar thicknesses, which are

generally indicated by similar color, due to optical interference, assuming that the

refractive index is approximately constant over the film. The result of one-dimensional

motion can be extended in two dimensions using a serpentine path with a small offset

between passes. This method of obtaining uniform thickness films is shown in Figure 3.14.

Fig. 3.14: Schematic of serpentine path motion of electrospray nozzle relative to
substrate

By moving the spray over the substrate with small offsets (in the y-direction) between
passes, the spray is moving approximately continuously in both directions. Initially, yoffset
of 2 mm was tested, but this lead to films with a wavy surface profile, which is shown in

the figure below.
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Fig. 3.15: White-light interferometer map of a film made with a serpentine
path having yoftset = 2 mm, with a surface profile shown below taken from the
location marked in the image

The period of the surface waves is approximately 1 mm. This discrepancy is
unlikely to be a result of inaccuracy in the distance travelled by CNC, as it was calibrated
and accuracy verified during set-up of the equipment. Rather, it is possible that there is an
additional peak in the film thickness that forms between each pass. In order to reduce the
waviness of the film surface and obtain better thickness uniformity, films were deposited
using a Yofset of 0.5 mm. An annealing protocol was then established for solvent removal
and densification of the film. The goals of these studies were to investigate the kinetics of
solvent removal and the evolution of properties of both Ge23Sb7S70 and As>S3 films made
from ethanolamine-derived solutions in much more detail than the proof-of-concept studies
in the previous section. Several considerations must be made when designing the steps of

a heat treatment. Ideally, the properties and structure of the film would be identical to the

68



corresponding bulk glass, for easy prediction of the film properties. This means that no
glass constituents are lost at high temperature, and that the film is fully densified, ensuring
that the refractive index of the film is close to that of the bulk glass. Most importantly
though, all residual organic solvent should be removed so that there are no infrared
absorptions. For this heat treatment optimization, FTIR transmission spectra and thickness
measurements were taken periodically throughout annealing at various temperatures. The
area of the infrared absorption of ethanolamine was measured using the OMNIC FTIR
software peak area function, and thickness measurements were compared to an estimation
of theoretical film thickness, with the derivation based on conservation of mass.

It is assumed that the film is fully cured with the same density and composition as
the corresponding bulk glass. In general, the thickness of the film is given by Equation 3.2,
where T is the thickness, V/t is the rate of volume deposited per unit time, and A/t is the

coverage area of the film deposited per unit time:

(Eq. 3.3)

The volume of glass deposited per unit time is given by the following relationship, where
C is the concentration of dissolved glass in the solution, Q is the flow rate of the solution,

and p is the density of the bulk glass:

== (Eq. 3.4)

To determine deposition area per unit time, consider an area from the uniform thickness

region, with the path of the spray depicted in Figure 3.15 below. An arbitrary number of
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passes are made at velocity, V, to cover a distance Ycov and Xcov in the y and x direction,

respectively, and yofrset 1S the distance between passes.

Fig. 3.16: Serpentine path schematic used in derivation of theoretical film
thickness

The coverage area per unit time is then given by Equation 3.4, where tcov 1s the length of

time needed to coat a rectangular area with dimensions Xcov and Y cov.

é — XCOUYCOV (Eq 3 5)

t tCO‘U
The time, tcov, is determined from the velocity of the pass and total distance covered, where

Nj is the number of passes.

X N XCOU Ycov
__ “Acov*Np Yoffset
teov = v v (Eq. 3.6)

The expression for teov can be substituted into Equation 3.4, giving an expression for the

coverage area per unit time in terms of relevant deposition parameters.
A —

Finally, substituting Equations 3.4 and 3.7 into Equation 3.3 results in the theoretical film

thickness:
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PYorfV

(Eq. 3.8)

This estimation of film thickness was used in the following optimization of the annealing
conditions and to obtain desired film thicknesses.

In order to optimize the annealing conditions, thickness and residual solvent were
tracked throughout a set of heat treatments. The degree of solvent removal is characterized
by the change in area of the absorption peaks seen in FTIR transmission measurements,

which is demonstrated in Figure 3.17.
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Fig. 3.17: Comparison of FTIR spectra of pure ethanolamine solvent and
ethanolamine-derived As2S3 film made by electrospray (sample is Fig. 3.17 — 8 hrs —
N2 atmosphere), showing how residual solvent peak area is determined by drawing a

baseline and measuring the area.

In the OMNIC FTIR software, a baseline was drawn by eye, and the peak area fitting

function was used to compare the relative amounts of solvent remaining in the films. This
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was plotted for a series of anneals, shown in Figures 3.18 and 3.19. By adjusting the
baseline, the maximum variation for measured peak sizes was found to be about 10% for
spectra taken throughout the heat treatments. Therefore, the error was taken to be +/- 5%
on the peak size. In a similar way to [43], the goal was to use a stepwise annealing
procedure, as this tends to result in films with better surface quality. At a given annealing
temperature, it is observed that the solvent removal rate is initially high, then slows down.
Once the removal rate slows, a higher temperature heat treatment is used, until no more
solvent can be removed. The processing parameters of both films were 10 pL/hr flow rate,
10 mm working distance, and serpentine paths with 0.5 mm offset and 20 mm/min velocity

of the nozzle over the substrate.
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Fig. 3.18: Annealing optimization of electrosprayed Ge23Sb7S70. The left vertical axis

represents either the thickness of the film (red and black square data points), or the

temperature profile of the heat treatments (red and black dashed lines). Theoretical
thickness for this film is 284 nm.
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Fig. 3.19: Annealing optimization of electrosprayed As2Ss. The left vertical axis
represents either the thickness of the film (red and black square data points), or the
temperature profile of the heat treatments (red and black dashed lines). Theoretical

thickness for this film is 260 nm.

In Figures 3.18 and 3.19, film thickness is also tracked, as characterized by a
contact profilometer. The temperature profiles of the anneals are indicated by the dotted
lines. There are a few notable conclusions from this study. First, as indicated by the error
bars on the thickness measurements, which were taken over an area of 1 cm?, it is found
that the serpentine method with yome=0.5 mm results in films with good thickness
uniformity.

Next, solvent removal from the Ge23Sb7S7¢ film 1s slower than from the As;S;3 film,

and requires higher temperatures in the case of annealing under nitrogen indicating that

solvent is bound stronger to the Ge23Sb7S70. This is consistent with literature on the
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dissolution of ChG in amines, which has shown that Ge»3Sb7S70 forms molecular units in
solution, compared to As>S3, which tends to form relatively large particles on the order of
1 nm [82]. It is also interesting to note that As>S3 tends to approach theoretical thickness
under vacuum annealing, while Ge23Sb7S70 is significantly thicker than theoretical.
However, prolonged annealing of As>S3 results in a film which is thinner than theoretical.
It is likely that there are issues with volatilization of the As>S3 film at 200°C annealing
under vacuum, but as indicated in Table 3.5, the composition of the As>S3 film remains
stoichiometric throughout all anneals, as characterized by EDX.

Table 3.5: Composition of vacuum annealed As2S3 film measured with EDX

Vacuum anneal | at% As (+/-2%) |at% S (+/-2%)
Bulk glass 40 60
1 hr @ 100°C 39 61
1 hr @ 125°C 38 62
1 hr @ 150°C 38 62
1 hr @ 175°C 40 60
1 hr @ 200°C 40 60
2 hrs @ 200°C 39 61
13 hrs @ 200°C 40 60

Table 3.6: Composition of vacuum annealed Ge23Sb7S70 film measured with EDX

Vacuum anneal |at% Ge (+/-2%)|at %Sb (+/- 2%) | at% S (+/-2%)
Bulk glass 21 8 72
1 hr @ 150°C 32 11 57
2 hrs @ 200°C 28 9 63
13 hrs @ 200°C 28 9 63

There is some loss of sulfur when comparing the composition of an electrosprayed

Ge23Sb7S70 film to the corresponding bulk glass. The most likely explanation is that there
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are some sulfur rich precipitates that form when dissolving the bulk glass in ethanolamine,
which are either filtered out or do not make it into the film during the deposition. It seems
that there is also some loss of germanium and antimony between the 1 hr @ 150°C anneal,
and the 2 hrs @ 200°C anneal, which brings the composition closer to the original
stoichiometry of the bulk glass.

Solvent removal, thickness, surface roughness and composition are also extremely
important when designing a GRIN coating. Surface roughness was characterized
throughout vacuum annealing of the films of each composition, shown in Figure 3.20.
Predictable composition is important in order to obtain the desired optical properties, such

as refractive index.
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Fig. 3.20: Surface roughness of electrosprayed As:S3 and Ge23Sb7S70 throughout
series of vacuum anneals. The temperature profile of the anneals is the same as
shown in the solvent removal and thickness graph
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These roughness data points are taken from averages of five measurements taken randomly
across an area of 1 cm?. The size of the error bars are +/- one standard deviation. From this
data, it is demonstrated that electrosprayed ChG films have low roughness across an area
that is similar in size to proposed microphotonic devices. The surface roughness remains
fairly constant throughout the annealing conditions, and is below 10 nm, which is
acceptable for proof-of-concept films intended for devices. However, it should be noted
that the overall purpose of these experiments was to optimize the annealing conditions of
ethanolamine-derived, electrosprayed films, and roughness was not optimized for this
study. It is interesting to note that Ge>3Sb7S70 has consistently lower roughness than As>Ss.
This is believed to be an effect of the quicker removal of solvent from As>S; than
Ge23Sb7S70, leading to dryer deposition of As>S3 droplets. As demonstrated previously,
there is an optimal amount of drying of the droplets before arriving at the substrate in order
to achieve smooth films, which is dictated by the working distance and initial droplet size.
It is likely that the deposition conditions used for As>S; were further from optimal than
Ge23Sb7S70, due to the difference in solvent removal kinetics for the two solutions.
Refractive index was characterized throughout the vacuum anneals at 633 nm,

shown in Figure 3.21.
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Fig. 3.21: Refractive index of electrosprayed films measured with Filmetrics F20 at
633 nm

In this figure, comparison is shown between both electrosprayed film compositions, as well
as the corresponding bulk glasses. Electrosprayed As»S3 approaches the index of the bulk
glass after 3 hours of annealing and a maximum temperature of 150°C, and Ge23Sb7S7¢ is
significantly below the index of the corresponding bulk glass, until prolonged annealing at
200°C. These results are consistent with previous literatures studies on spin-coated films
of both compositions [43,84,100]. One possible reason for the reduced refractive index and
higher than theoretical thickness of Ge23Sb7S7¢ is the structure of the films. It has been
shown in previous studies that the structure of solution-derived Ge23Sb7S70 films is
different from the bulk glass [83]. Porosity can also cause reduced refractive index and
lower density/increased thickness, but no porosity was observed. The micrograph below is

cross-sectional TEM of a three layer, QD-doped sample, where the intention was to

77



investigate the dispersion of three different concentrations of QDs in the film. However,
this micrograph is presented here to illustrate a lack of porosity in the films, and the

assumption is made that the presence of QDs does not affect the porosity.

Fig. 3.22: Cross-section STEM of three layer, QD-doped Ge23Sb7S70
This sample was fabricated by electrospraying three films of Ge23Sb7S70 using a serpentine
path to obtain uniform thickness. Between the layers of glass, Au-Pd layers were sputter-
coated to prevent interaction during deposition of the next glass layer. A cross-section of
this sample was then lifted out using a focused ion beam (FIB) instrument, during which a
layer of Pt was deposited on the top surface of the sample. The top of the sample shows
the presence of pores, which is believed to be caused by interaction of the Pt-layer with the
top layer of ChG. Since this is the only location that shows any porosity, it is concluded
that the electrosprayed Ge23Sb7S70 films generally do not exhibit porosity, and that the
reduced refractive index of the films is not from pores. However, if pores were present, a
lever rule could be utilized to estimate the percentage of pores based on the following

equation, where P is the volume fraction of pores, niwtal 1s the refractive index of the total
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film, ngass s the refractive index of the glass phase, and n.ir is the refractive index of the

pores (assumed to be air-filled).

P = Ntotal~MNglass (Eq. 3.9)

Nair—MNglass

3.4.  Gradient refractive index films

Gradient refractive index (GRIN) coatings have potential applications in planar
sensing devices. One purpose of such a coating would be to vary the effective refractive
index of an array of resonators through the interaction of the evanescent portion of the
wave with the e-GRIN layer. In varying the effective index, the resonant wavelength of
each resonator would be slightly different. The current approach to attaining a range of
resonators with varying resonant wavelengths is to vary their pathlength, according to
Equation 3.9, where r is the radius, nesr is the effective index of the waveguiding material,
m is the mode number, and A is the resonant wavelength

2MMNer = MAL, (Eq. 3.10)

As described in Equation 3.9, A, can be varied by changing nefr. Therefore, a GRIN coating
shown in Figure 3.23 is a method that could allow a range of resonant wavelengths without

the spatial constraints or processing complexity of many different sized resonators.
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Fig. 3.23: Schematic representation composition of a true-GRIN resonator array
coating (not to scale)

However, it is not necessary to have a true GRIN film for this application, as an
effective GRIN (e-GRIN) coating can be fabricated by multiple layers of material with
different compositions. Figure 3.24 shows a simple, two layer e-GRIN film design utilizing

two linearly sloped films of different composition.

Fig. 3.24: Cross-section of two layer e-GRIN film (not to scale)
Such a film can be created using simple processing by electrospray and CNC patterning

with three different methods, described in Figure 3.25.
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Fig. 3.25: Different methods of obtaining sloped films for the fabrication of effective-
GRIN coatings

Method 1 consists of making 1-D passes of the spray over the substrate. Method 2 uses the
first portion of the serpentine path described in section 1.3, where the film thickness is
increasing. It should be noted that both Method 1 and 2 inherently have “overspray”
material which is not used. Method 3 uses a constantly changing velocity of the spray over
the substrate to obtain a variation in thickness. This is coupled with a serpentine path
moving with offsets in the Y direction to allow coverage over the XY plane. Method 3 is
regarded as the most flexible, as the coverage area or film slope using Method 1 and
Method 2 is dictated by the working distance between the spray and substrate. With

Methods 1 and 2, the working distance needed for a certain coverage area may not be
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optimal for the other film properties, such as surface roughness. In contrast, Method 3
allows much more control over the thickness profile and coverage area of the film, with
the use of an optimal working distance. However, it is not currently possible to use Method
3 with our system, as velocity cannot be changed continuously, so we have focused on
Methods 1 and 2.

Method 1 was found to result in films which are very linear in thickness profile,

whereas Method 2 films are nonlinear. A sample Method 2 film profile is shown in Figure

3.26.
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Fig. 3.26: Method 2 film profile of electrosprayed ChG solution determined by
making scratches in the film and measuring with a contact profilometer

Therefore, initial e-GRIN demonstration consists of using Method 1 films. With this

technique, coverage area can be tuned by varying the working distance between the nozzle
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and substrate, and film thickness can be tuned by varying the velocity of the nozzle relative

to the substrate. Data from this optimization is shown in Figures 3.27 and 3.28.
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Fig. 3.27: 1-D passes of Ge23Sb7S70 at a flow rate of 10 pL/hr and velocity of 2
mm/min
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Fig. 3.28: 1-D passes of Ge23Sb7S70 at a flow rate of 10 pL/hr and working distance
of 5 mm

When using Method 1, only half of each film is usable as a component of the e-GRIN. The
expected profile of such a film is depicted schematically in Figure 3.29, including the

wasted “overspray” regions.

Fig. 3.29: Expected profile of e-GRIN from Method 1. Yellow and red represent
different compositions of ChG

For the e-GRIN demonstration, the target “d” was 3 mm, and the target “t” was less
than 500 nm. First, a single pass of As>S3 was deposited at a velocity of 5 mm/min and

working distance of 4.5 mm. This resulted in poor film quality, evidenced by Figure 3.30.

Fig. 3.30: Photograph (left) and optical micrograph (right) of single pass As2S3 film
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This poor film quality is a result of too much material being deposited per unit time per
unit area of the substrate. Film quality is vastly improved by making multiple passes at 20
mm/min to deposit a film of similar thickness, which in this case is 400 nm at the center.

The improved surface quality of the multi-pass film is shown in Figure 3.31.

Fig. 3.31: Multi-pass As2S3 film made with 8 passes at 20 mm/min
During the depositions, the substrate is heated, which serves to begin curing the film as it
is deposited. By using several passes to stack up thin layers, each layer has some time to
cure before the next layer is deposited. This results in the as-deposited film having a lower
concentration of residual solvent than a single-pass film of similar thickness, which in this
case 1s ~400 nm for both the single pass and multi-pass films. Upon driving off the greater
amounts of residual solvent in the single-pass film, greater dimensional changes occur, and
more solvent escapes through the surface of the film, leading to the rough surface in Figure
3.26. There is a distinct difference in the surface morphology at the center of the single-

pass film (center of image) compared to the edge of the film (top of image). As the edges
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of the film are thinner, and formed from smaller, dryer droplets, the surface quality appears
smoother than the center. Figure 3.32 below shows the surface profiles for As>S3 films

made with multiple 1-D passes at a 5 mm working distance.
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Fig. 3.32: Thickness profiles of As2S3 films made with varying numbers of 1-D
passes

Very similar coverage area is observed for both As2S; and Ge23Sb7S70 films made with
passes at a 5 mm working distance. It is interesting that the As>S3 film profiles in Figure
are “wavy” and not linear like observed for Ge23Sb7S7. It is possible that the wavy profile
1s more representative of the spatial flow rate of the spray, and that the linear film profiles
form due to a post-deposition smoothing effect, although this was not investigated further.
It is also possible that the surface of the substrate exhibits waviness on the surface,

contributing to the thickness variations recorded by the profilometer. In data presented later
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in this section, As>S3 films are shown with a smooth, linear change in thickness profile, so
the waviness observed in Figure 3.32 is not always present.

White-light interferometry was utilized to analyze and optimize the surface quality
of the films made with 1-D motion of the spray. A grid of surface analyses was made with
500 um spacing between each measurement. Each measurement analyzed an area of 415
pum x 415 um, and scans were made across the entire film (i.e. perpendicular to the direction
of the spray motion) for a distance of about 5 mm along the film (i.e. parallel to the direction
of the spray motion). A three-dimensional plot of the RMS surface roughness of an

electrosprayed Ge23Sb7S7o film is shown below.

Fig. 3.33: RMS roughness mapping across surface of Ge23Sb7S70 film made with 8
passes at 24 mm/min, S mm working distance, and 10 pL/hr flow rate.
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There is a roughness spike in the center region of the film at the position: 1 mm along, 5
mm across. This center located roughness is generally uncharacteristic for such films made
with 1-D motion, which is supported by the small error bars on roughness mapping of
similar films in the center region that are shown in the following figures. It is believed that
this localized roughness is due to random instabilities in the spray that cause large droplets
to be expelled at the substrate. It is also possible that dust particles or other contamination
that were present on the substrate before deposition, or were introduced to the film surface

during or after processing. SEM was also utilized to investigate the surface of the

Gezs Sb7S70 films.

Fig. 3.34: SEM of Ge23Sb7S7 film, at varying distances from the center, which was
made with 8 passes at 24 mm/min, 5 mm working distance, and 10 pL/hr flow rate.
These images were taken with the stage tilted at 30 degrees.

The purpose of these SEM images was to investigate the reason that the films tend to be
rougher at the edges. In the SEM images, the surface morphology changes across the film.
There are larger features at the center, which decrease in size toward the edge of the film.

Finally, at approximately 3.75 mm from the center, there is incomplete coverage of the

film on the substrate, as evidenced by micrographs (f) and (g). In addition to the incomplete
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coverage that is observed, it is known that too-dry deposition and non-optimal substrate
temperatures can both lead to increased surface roughness. For the case of too-dry
deposition, this could be caused by a distribution in the droplet sizes. The smaller, lighter,
and more mobile droplets likely travel further from the center of the spray than the larger
and heavier droplets. From Equation 3.10, where t. is the evaporation time, do is the initial
droplet size, and K is the solvent evaporation rate, smaller droplets have shorter

evaporation times.

d
t, =% (Eq. 3.11)

It is therefore possible that the edge roughness can come from dry deposition of small,
mobile droplets present in the expanding spray. As a further investigation, imaging of a

short deposition on a Si wafer was done using SEM, shown below.

Fig. 3.35 (a) center and (b) edge of five second electrospray of
Ge23Sb7S70/ethanolamine on Si wafer

In Figure 3.35, similar feature sizes are present at both the edge and the center of the spray,

indicating that there is minimal difference in the droplet sizes. At the edge, a fairly abrupt
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cut-off is seen about halfway in the vertical direction of the micrograph. In addition, the
appearance of necking between multiple droplets on the substrate indicates that wet
deposition is occurring even at the far edge of the film. Therefore, it is concluded that
incomplete coverage plays the largest role in the observed increase in roughness at the
edges of the one-dimension multi-pass films of Ge23Sb7S7o.

As mentioned previously, substrate temperature also plays a significant role in
determining the roughness of an electrosprayed film. It is possible that the substrate
temperature is not optimized for the lower rate of material deposition at the film edges.
This was investigated by depositing films with varying substrate temperature, shown in

Figure 3.36 below.
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Fig. 3.36: RMS roughness across Ge23Sb7S7o films made with eight passes at 24
mm/min, 5 mm working distance, and flow rate of 10 pL/hr, while varying substrate
temperature
There is not a strong effect of substrate temperature on edge roughness, which is

summarized in the following table.

Table 3.7: Edge roughness of the samples in Figure 3.33

Temperature (°C) RMS roughness at edges of film (nm)
60 15 23
80 26 25
90 17 27
120 51 36
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This further supports that incomplete coverage plays the biggest role in the edge roughness
of electrosprayed films. Edge roughness is seemingly unavoidable for thinner films, but
this region is also likely to be quite small, depending on the amount of material which is
deposited.

Effective GRIN (e-GRIN) films were then fabricated based on the previous results
with sloped films. The Ge23Sb7S70 films were made using 8 passes at 24 mm/min, and the
As>S3 films were made using 8 passes at 20 mm/min, both at a working distance of 5 mm
and flow rate of 10 puL/hr. The expected film center thickness was 400 nm, with a 3 mm
offset between the films. In the first attempt, the Ge23Sb7S7o film was deposited, then fully
cured according to the annealing optimization study in Section 3.3, with annealing at 200°C
under vacuum for 16 hours. The As>S3 film was then deposited, and fully cured under
vacuum for 1 h each at 100°C and 125°C, and 3 h at 150°C. It was found that the As>S;3
film lost material at the edges when annealing at 175°C under vacuum, so the annealing
protocol was restricted to lower temperatures. The surface profile and optical microscopy

of this sample are shown in the following figures.
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Fig. 3.37: Surface profiles of single layer films and e-GRIN film made with full cure
of Ge23Sb7S70 layer before deposition of As2S3 layer

From this film profile, it is seen that a lot of roughness was induced in the center region of
the multi-layer e-GRIN film. Figure 3.38 below shows a photograph and optical

micrograph of the e-GRIN film.

Fig. 3.38: Photograph (left) and optical micrograph (right) e-GRIN film made with
full cure of Ge23Sb7S70 layer before deposition of As2S3 layer
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The roughness is induced by re-dissolution of the fully cured Ge23Sb7S7o film by the As>S3
layer. In order to obtain better film quality, the As2S3 film was deposited on the un-cured
Ge23Sb7S70 film, and the entire multi-layer film was then heat treated with optimized
annealing conditions for As;S3. These annealing conditions are not optimal for the
Ge23Sb7S70 film, which requires higher temperatures and longer annealing times to
minimize the amount of residual solvent. The surface profile and photograph of this film

are shown in the following figures.

Fig. 3.39: Photograph of multi-layer GRIN film made with As2S3 layer deposited on
un-cured Ge23Sb7S70 film

94



0.6 ——Ge,.Sh.S,_fim

23 770
— As,S, film
—— e-GRIN film
0.5+ —— Mathematical addition
. of Ge,,Sb.S, and As,S,
g
< 0.44
)]
%
2
~ i
S 0.3
c
—
S
= 0.24
LL
0.1-
OO 1 T T T T T T T T T T T T

Distance (mm)

Fig. 3.40: Surface profile of single layer and multi-layer GRIN film made with As2S3
layer deposited on un-cured Ge23Sbh7S7 film

From the thickness profiles shown in Figure 3.38, a prediction of the refractive index across
the film can be plotted, which is shown in Figure 3.40. This prediction is based on the
volume percent of each glass composition, estimated by the thickness of the individual film
profiles, and shown in Equation 3.11 below, where tc and ta are the thicknesses of the
Ge23Sb7S70 and As>S3 films, respectively, and ng and na are the refractive indices of the
Ge23Sb7S70 and As»S; films, respectively, which were measured in Section 3.3.

n _ (tc)(ng)+(ta)(na)
eff (tg+ta)

(Eq. 3.12)
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Fig. 3.41: Predicted refractive index of multilayer e-GRIN film

Based on the linear change in the thicknesses of the films, a linear change in the volume
percent of each material is expected, leading to a potentially linear change in the refractive
index of the film. However, this is not necessarily representative of the gradient that would
be seen by the evanescent component of light traveling through a resonator, as there is also
a change in film composition throughout the thickness of the film, and the intensity of the
evanescent component would decrease as well in the same direction into the coating.
Therefore, the predicted refractive index is more applicable to a true GRIN coating made
with simultaneous spray of the two solutions. Efforts are currently underway to measure
the refractive index across the multilayer e-GRIN film utilizing ellipsometry.

Just like most other components of a planar photonic device, low RMS roughness
is desirable in a GRIN film to minimize optical loss. This was mapped over the e-GRIN

film, which is shown in Figure 3.42.
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Fig. 3.42: RMS roughness mapping across e-GRIN film, with the left side being the
Ge23Sb7S7¢ side, and the right side being the As2Ss side

First attempts at GRIN films were seen to crack upon annealing. In these experiments, the
deposition of Ge23Sb7S70 was done at 80°C, and the As>S3 was deposited at 60°C. It was
believed that the cracking was because the as-deposited Ge23Sb7S70 films are known to
contain more residual solvent than the As>S; films, and shrink more during annealing as a
result. In order to prevent cracking, the deposition temperature of Ge23Sb7S70 was simply
increased to 90°C to obtain a dryer as-deposited film. In Figure 3.38, the expected edge
roughness is observed on the Ge23Sb7S7¢ side of the film. In the center, overlapping region
of the film, there is increased roughness compared to the individual Ge23Sb7S70 and As»S3
films, which is probably a similar redissolution effect that was observed when coating a

fully-cured Ge23Sb7S70 with As>Ss3, but smaller in magnitude.
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SIMS shows no distinct transition between the two layers. The film is milled from
the top down using a Cs-ion beam, and the resulting secondary ejected particles are
identified by a mass spectrometer. Therefore, the top of the film, is analyzed first, at t=0
seconds. At some point ranging from t=250 seconds to t=650 seconds, the counts/second
for Si increase sharply, meaning that the surface of the substrate has been reached. The
figures below show SIMS data for three different spots on the film, with the distances noted
according to the previous figures showing the thickness profile of an e-GRIN film. Figure
3.42 is the Ge23Sb7S70-rich side of the film (distance of ~4 mm), Figure 3.43 is the center
of the film (distance of ~6 mm), and Figure 3.44 is the As>S3-rich side of the film (distance
of ~8 mm). In these experiments, the presence of organics was ignored, and only the

response from the glass elements (Ge, Sb, As, S) and the substrate (Si), were considered.
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Fig. 3.43: SIMS at the Ge23Sb7S7o-rich region of an e-GRIN multilayer film
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Fig. 3.44: SIMS at the center region of an e-GRIN multilayer film
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Fig. 3.45: SIMS of an As2S3-rich region of an e-GRIN multilayer film
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First, it is noted that the center region of the film appears to be thicker than the other regions
analyzed, based on the time to mill through the film to the Si substrate. In the Ge23Sb7S70-
rich region, Ge has more counts/second throughout the experiment, while As has more
counts/second throughout the experiment in the As>S3-rich region. In the center region, As
has more counts/second. One main source of error for this data is that As and Ge have very
similar atomic masses (75 and 74, respectively). This makes it difficult to discern between
the two elements. Furthermore, it is possible to detect As from Ge plus hydrogen, which
possibly leads to the significantly higher counts recorded for As. The SIMS data confirms
the gradient in chemistry across the film.

A slice from the center of the GRIN film was lifted out and the cross-section
analyzed with TEM and EDS. Figure 3.46 shows a micrograph of the cross-section of this
film. The Au-Pd sputtered layer was deposited before the Pt layer in order to minimize

interaction between the ChG and Pt.

Fig. 3.46: Cross-sectional TEM at center of GRIN film
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No distinct interface is seen between the Ge23SbsS70 and As>S3 layers. This was
investigated further with EDS mapping, shown in Figure 3.46 below. With the ~100 nm
thick slice in this case, there is a very small interaction area between the beam and the
material, allowing high spatial resolution of the EDS, and in some cases atomic resolution
can be achieved [101,102]. Thus, EDS line scan in TEM is suitable to investigate the
composition of this film along the thickness of ~400 nm. Further supporting this is the very

sharp interface identified between the ChG film and the Si wafer below.

Fig. 3.47: EDS map of GRIN film, where red represents the presence of Ge, green is
As, and blue is Si.

In Figure 3.47, the EDS map was made by taking an array of point scans, 10 columns and
40 rows (within the red box). Each point on the film cross-section appears as a damaged

area in the micrograph, which was taken after the EDS map was complete. The colors in
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this composition map were generated by the relative EDS peak heights between arsenic
and germanium. As such, the data is purely qualitative, and indicates a gradual change in
the composition of the film throughout the film thickness. Despite that the films were
deposited in separate layers, they two compositions mix to some degree and there is no
sharp interface between the films, which is likely a result of partial redissolution of the
existing Ge23Sb7S7o layer by the arrival of still-wet As>S3 droplets, as well as perhaps
diffusion of the two layers during annealing. This is an important result because the lack
of a sharp interface between the layers means that little to no Fresnel loss would occur to
light transmitted through this film. Furthermore, it opens up the possibility to design a
GRIN through the thickness of multi-layer electrosprayed films (z-direction), in addition
to the GRIN across a substrate (x-y plane). Such a coating, made from multiple blanket
films, could conceivably be used as an anti-reflective coating for a bulk optic, or may have
interesting applications in planar photonics. This result illustrates how electrospray is an
additional tool in ChG photonics, allowing a simple method of fabricating gradients in all
three dimensions and giving optical designers additional degrees of flexibility when
designing a device.

Finally, while multi-layer films provide great potential for a method of fabricating
a GRIN coating, GRIN coatings by simultaneous spray is also proposed. This could be
done by using positive voltage for both solutions, or one positive and one negative, as

depicted in Figure 3.48 below.
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Fig. 3.48: Simultaneous spray of two solutions to generate true GRIN coating
Due to one solution being sprayed with a positive bias, and one with a negative bias, this
would create droplets of solution 1 being charged oppositely than that of solution 2. This
would promote mixing of the two solutions to some degree, as the oppositely charged
droplets would be attracted to each other. Currently, electrospraying a ChG solution using
a negative voltage has not been attempted. It is proposed to utilize glass solutions from the
same family for a true GRIN, such as As20Sgo (n ~ 2.2) and As40Seo (n ~ 2.4), which could
allow a similar An as the As40Se60/Ge23Sb7S70 studied in this dissertation. These
compositions would be more likely to have similar optimal annealing parameters, unlike
As40S60/Ge23Sb7S70, and may also be less likely to crack in a multilayer or true GRIN

coating.
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Data summary:

The data in Chapter III demonstrate that it is possible to create Ge23Sb7S70 and
As>S3 films from ethanolamine derived solutions using electrospray which are suitable for
use in an optical device. This includes optimization of the annealing conditions for minimal
residual solvent remaining, low roughness film surface, and the ability to fabricate blanket
films with tunable thickness utilizing a serpentine path of the spray over the substrate. An
initial demonstration of a multilayer e-GRIN coating was done by exploiting the nature of
electrospray to result in non-uniform thickness films with 1-D passes of the spray. For the
processing parameters used, the composition of the film is varied approximately linearly
over ~3 mm, with a predicted linear change in refractive index from 2.13 to 2.40 over this
distance. The composition of this film also changes gradually from top to bottom, with no
sharp interface between the two layers, which is believed to be due primarily to re-
dissolution of the first layer by the second layer. The roughness of the e-GRIN film was
characterized, as well as the roughness of the individual films used. It was found that the
films are generally smooth, with less than 10 nm RMS roughness, except for an increase
in roughness at the film edges, which is due to incomplete coverage of the film on the

substrate.
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IV.  QUANTUM DOT DOPING IN CHALCOGENIDE GLASS FILMS

While Chapter III discussed the optimization of deposition conditions for undoped
blanket films of As>S; and Ge23Sb7S70, as well as demonstrated an approach to obtaining
mid-IR GRIN coatings, Chapter IV will build on those results and explore nanoparticle
doping, another potential advantage of electrospray. In this chapter, the incorporation of
luminescent QDs into ChG films was done by both spin-coating and electrospray. Initial
studies, done during the author’s MS thesis and shortly after the completion, were on CdSe
and PbS QDs in only spin-coated Ge3Sb7S70. This consisted of proof-of-concept
experiments in which steady-state photoluminescence was measured, along with
luminescent lifetimes to compare the performance of the QDs in different environments,
and TEM to characterize dispersion.

Electrospray of ChG was subsequently developed in an effort to reduce the
aggregation of the QDs in the deposited film. In parallel, optimization of QD surface
chemistry for the ChG solutions was carried out to enable integration onto photonic
platforms where active structures are required. Ultimately, it is sought to improve
dispersion by the quicker electrospray drying kinetics, and isolation of individual QDs in
each aerosol droplet. Experimental determination of initial droplet size during electrospray
was done to understand the optimal loading levels of the QDs in the film. Dispersion of
QDs in spin-coated and electrosprayed films was then compared, as well as
photoluminescence of the QDs in solution and in films deposited with different methods.

The QDs in this study emit in the range of about 600 to 1400 nm. While this is not in the
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desired operation range for proposed use in mid-IR chemical sensing devices, it is
convenient to use these well-studied QDs with more easily measurable luminescence in the
visible and near-infrared range. Once the principles of QD dispersion and luminescence in
ChG films are understood, they can be applied to QDs which emit in the desired range, as

described in Section 1.2.4.

4.1. Previous work and initial studies

The main subject of this author’s MS thesis was the incorporation of PbS and CdSe
QDs into spin-coated Ge23Sb7S70 films. Since the conclusion of the MS thesis, experiments
continued on these samples to better understand the properties of the films. In this section,
data which originally appeared in the MS thesis is described as so.

In these initial doping experiments, QDs dispersed in chloroform solvent were
mixed with the Ge23Sb7S70/propylamine solution prior to spin-coating. Despite that the QD
surface chemistry was not optimized for amine solvent, photoluminescence from the doped
films was observed, which are shown in the Figures 4.1 and 4.2 below. Both PbS QDs
capped with thioctic acid, and CdSe/ZnS core-shell QDs capped with tri-octyl phosphine
oxide (TOPO) were incorporated into Ge23Sb7S70 films made by spin-coating. In retrospect,
the photoluminescence spectra of pure chloroform and the undoped Ge23Sb7S7o film should
have been included, but it is believed that they would not show any significant

luminescence response in this range.
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Fig. 4.1: Comparison of the steady-state photoluminescence spectra of PbS QDs
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from reference [53]
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Fig. 4.2: Comparison of the steady-state photoluminescence spectra of CdSe/ZnS
core-shell QDs dispersed in pure chloroform, on Ge23Sb7S7 film surface, and in the
spin-coated Ge23Sb7S70 film matrix. Taken from reference [S3].

One of the main goals was to understand how the emission efficiency trended throughout
processing from QDs in pure chloroform to incorporation into the film matrix throughout
a series of anneals. These anneals were optimized to remove the residual amine solvent
from the film [43], as amines are known to quench luminescence due to their easily

oxidized lone pair of electrons [103]. This is evidenced by the Stern-Volmer plot in Figure

4.3.
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Fig. 4.3: Stern-Volmer plot of CdSe and PbS QDs dispersed in chloroform, and
diluted with propylamine

The Stern-Volmer relationship for collisional quenching is given by Equation 4.1, where

Io and I are the PL intensities of QDs (dispersed in pure chloroform) with propylamine
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concentration of 0 and [Q], respectively, and ksy is the Stern-Volmer constant equal to the

product of kg, the quenching rate constant, and o, the unquenched lifetime.

170 =1+ ksy[Q] = 1+ kq70[Q] (Eq. 4.1)

For the CdSe QDs, ksy was found to be 0.29, and for the PbS QDs, ksy was found to be
0.52. In this plot, Ip and I are normalized to the QD concentration. Therefore, the observed
increase in lo/I with the concentration of propylamine is evidence of quenching behavior.
Due to this quenching, complete or near-complete removal of residual amine solvent from
the film is very important. In order to quantify this, the integrated area beneath the steady-
state emission spectra of the QD-doped films was plotted throughout the series of anneals,

which is shown in Figure 4.4.
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Fig. 4.4: Integrated steady-state photoluminescence intensity for varying
concentration of PbS QDs in spin-coated Ge23Sb7S70 films, and RMS surface
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roughness of those films throughout a series of sequential heat treatments. Taken
from reference [53]

It should be noted that steady-state luminescence measurements are not truly quantitative,
because the intensity recorded by the detector can vary because of reasons such as
variations in the orientation of the sample, and intensity of the excitation. For this reason,
luminescence lifetime measurements were also taken, presented in Table 4.1 The steady-
state data implies that emission intensity generally increases as the film is annealed. As
expected, the intensity increases most rapidly for the first few heat treatments, as this is
when solvent is most rapidly removed from the film. After that, solvent is removed
progressively slower, so emission intensity should increase at a progressively slower rate
and then level off. This is what is observed, with the exception of two anomalies, HT3 and
HTS. It is seen that the reduction in emission intensity is correlated with an increase in
surface roughness. Therefore, it is believed that the increased roughness led to more
scattering of both the excitation light and the luminescent light, reducing the apparent
intensity recorded by the detector. In order to verify this, luminescent lifetimes of the
samples were also taken throughout the series of anneals, shown in Table 4.1. It should be
noted that previous studies have observed that the lifetime of a luminescent, rare-earth
doped nanocrystal varies depending on the refractive index of the surrounding medium
[104,105]. Specifically in those studies, the lifetime decreases when the refractive index of
the medium increases. Thus, environmental effects must be taken into consideration when

analyzing the following lifetime data.
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Table: 4.1: comparison of luminescent lifetimes for PbS QDs in pure chloroform, to
PbS QDs in spin-coated Ge23Sb7S7 film

Lfeine )| iom o o 10%
In pure chloroform 78 i
HTO - 662
HT1 - 439
HT2 29 387
HT3 42 168
HT4 53 107
HTS o1 %
HTS repeat 30 3

The increasing lifetime values correlate with the removal of solvent as characterized by the
solvent peak absorption area determined from the transmission FTIR spectra of these films.
Additionally, the lifetime increases progressively from HT2 to HTS5, supporting the theory
that the apparent reduction in intensity is due to the increased surface roughness, as
opposed to a reduction in the efficiency of the QDs. This occurs despite the increasing
refractive index of the matrix throughout heat treatment, which was measured in another
study [106]. Additionally, upon repeating HTS5, lifetime decreased significantly. This
implies that the QDs were “overheated” and provides an explanation for the reduction in
apparent emission intensity for HTS. Finally, the lifetime of the QDs in the film matrix
never reaches that of the QDs in pure chloroform, meaning that the QDs in the film have a
reduced efficiency. This is explained by small amounts of residual solvent still present in
the film, as well as aggregation of the QDs during the film deposition process. There is
also possibly an effect from the higher refractive index of the film matrix vs. that of pure

chloroform (~1.97 for the film and ~1.44 for chloroform at 650 nm) [106,107], though
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quantifying this effect would require further experimentation. However, Figure 4.4 shows
the photoluminescence intensity for three concentrations of PbS QDs in the ChG film
matrix spanning one order of magnitude concentration are very similar throughout the
entire series of anneals. As a result, it is believed that aggregation of the QDs is playing a
significant role in determining the efficiency of luminescence, and that dispersion gets
worse as the film is doped with higher QD concentrations. This is partially supported by

TEM of the 17 um (highest concentration) QD doped film, shown in Figure 4.5.

Fig. 4.5: Transmission electron microscopy of a PbS QD doped Ge23Sb7S7¢ film. (a)
is a region containing an aggregation of QDs, with four individual QDs circled in
red as a guide to the eye and (b) is a region of the same film with no QDs present.

The QDs are identified by the visible order in the crystal lattice, compared to the amorphous
matrix, and approximate size in the range of ~3-5 nm, which is expected based on the peak
emission wavelength [53]. For this sample, pieces of the film were “chipped” off and
placed on a TEM grid, and the lower concentration QD-doped samples were not analyzed

with TEM, due to the difficulty of finding and identifying the QDs and general unreliability

of the method. However, better experimental protocol for analyzing QD-doped ChG films
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with TEM were established, which are shown later in this chapter. The conclusion from
the initial doping experiments is that QDs can be used to realize luminescent behavior in
solution-derived ChG films, but at a reduced efficiency. It is believed that aggregation is
primarily responsible for this, and the focus of the experiments that followed was to

improve the dispersion of the QDs in order to enhance the efficiency of the luminescence.

4.2.  Electrospraying of QD-doped films

Two approaches toward improving nanoparticle dispersion were explored: the
surface chemistry of the QDs (i.e. thermodynamic) and the processing method (studying
the effect of drying kinetics). For improvements of the surface chemistry, we have
collaborated with Dr. Manashi Nath’s group at Missouri University of Science and
Technology. This group has provided CdTe QDs capped with mercaptopropionic acid,
which disperse in ethanolamine, the solvent used for the electrospray process.

The hypothesis behind the use of electrospray as a method of improving
nanoparticle dispersion is that a single QD could be isolated inside of a droplet in order to
prevent aggregation. As the droplets fall to the substrate, a certain degree of solvent
evaporates from the drop, depending on the deposition parameters such as working distance
between the nozzle and substrate and the flow rate, which affects the initial droplet size.
This leads to an increase in droplet viscosity, providing a kinetic barrier to aggregation.

The droplets are also charged, so they should not interact until they reach the substrate.
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4.2.1. Initial droplet size during electrospray

In order to test this hypothesis, it is first necessary to understand the initial droplet
size during electrospray. First, a literature model was used, shown in Equation 4.2, where
do is the initial droplet diameter, p is the liquid density, g is the vacuum permittivity, Q is
the liquid flow rate, y is the liquid-air interfacial tension, and k is the liquid electrical

conductivity.

1

16p£90Q3\6
dy = ("y;k“)ﬁ (Eq. 4.2)

Based on this equation, the expected initial droplet diameter at 10 pL/hr is 261 nm, using
v = 0.049 N/m (value of pure ETA) and a measured conductivity of the glass solution, k =
2x1072 S/m.

In order to investigate droplet size experimentally, the glass solution was
electrosprayed on a TEM grid for ~5 seconds at a working distance of 10 mm. It is proposed
that atomic force microscopy (AFM) could also be used to analyze the surface profile of
droplets and check the results of TEM, but this was technique was not available. Figure 4.6

shows a sample TEM image from such a sample.
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Fig. 4.6: TEM micrograph of short electrospray on a TEM grid. The dark regions
are cured ChG and the light gray region is the amorphous carbon substrate.

As a first order approximation, the droplets were assumed to be hemispherical, and fully
cured with the same density and composition as the corresponding bulk glass. This gives a
volume of glass that can be correlated back to initial droplet size. Looking at over 60 drops
across the grid, the following initial droplet size distribution was estimated and shown in

Figure 4.7.
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Fig. 4.7: Initial droplet size histogram of 0.05 g/mL Ge23Sb7S70/ETA during
electrospray determined from TEM micrographs, under the assumptions listed
above.

The average initial droplet size in this estimation is 173 nm, lower than the prediction of
261 nm by Equation 3. There are several sources of error. First, the droplets undoubtedly
have some solvent remaining, and are likely to be less dense as the bulk glass. It is also
possible that there is some volatilization of material. Also, the profile of the droplets is

actually believed to be parabolic, based on initial characterization with electron energy loss

spectroscopy (EELS), shown in Figure 4.8.
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Fig. 4.8: EELS thickness profile of an electrosprayed droplet on a TEM grid

Figure 4.8 shows a parabolic surface profile, with center thickness of about 1.15 times the
radius of the droplet. In order to obtain an accurate estimate of cured droplet volume, it
will be necessary take EELS data on more droplets to further investigate the typical cured
droplet shape, and to extract the relationship between droplet diameter (as seen in the TEM
images) and droplet volume. This will allow a more accurate estimation of initial droplet

size, combined with further investigation of how much material is lost during annealing.

4.2.2. Doping with CdTe QDs

These initial results were extended to QD-doped samples. First, pure CdTe with

mercaptopropionic acid surface ligand provided by Dr. Nath’s group, was dispersed in
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ETA at a concentration of 0.1 mg/mL, and electrosprayed on a TEM grid, shown in Figure

4.9.

2041aT-508 Quantum Dots

1 um NanoSpective

Fig. 4.9: TEM micrographs of pure CdTe QDs/ETA electrosprayed at 10 pL/hr

Clusters of QDs are seen where the droplets arrived at the substrate. From high
magnification images, the QD diameter is estimated as 4.8 nm with a standard deviation of
1.2 nm.

TEM was also used to investigate electrosprayed QD-doped ChG solution, which
is shown in Figure 4.10. As mentioned in Section 1.3, the QD concentration in this solution
was 0.06 mg/mL, and the glass concentration was 0.045 g/mL. From the initial droplet size
estimation using the hemispherical cured droplet assumption, it is expected that this

solution would contain 0.4 QDs/droplet on average.
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Fig. 4.10: TEM images of Ge23Sb7S70 made by electrospray. A, B and C are CdTe
QD-doped. D and E are undoped, and F is a fast Fourier transform (FFT) of image
E.

From Figure 4.10, images A and D show a similar distribution of droplet sizes, with some
regions of darkness and lightness in both doped and undoped samples. B and E are high
magnification images, which show the regions of lightness and darkness in more detail.

There are crystalline regions in both samples which are about 5 nm in dimension, which
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was evident in the images from visible, ordered atomic planes, as well as polycrystalline
diffraction rings in the Fast Fourier Transform (FFT) image. It is possible that the
crystallinity is due to the volatilization of sulfur that is suspected during the annealing of
these samples, leaving behind a composition that does not remain amorphous. Image C is
a relatively small droplet from the doped sample, and in such droplets, there are very
distinct dark regions that are believed to be the CdTe QDs. However, EDS data does not
show evidence of CdTe in these samples, likely due to the very low volume percent of the
QDs. There is more contrast between the QDs and glass matrix in the smaller droplets
because they are thinner, but in general contrast is difficult due to the crystalline regions
which are approximately the same size as the QDs.

In order to investigate the dispersion of QDs in the blanket film, which is more
relevant to a device than the individual droplets, focused ion beam (FIB) milling was
utilized to lift out a cross-sectional slice of a film. This sample was then analyzed with
STEM, shown in Figure 4.11 below. STEM was used to allow more contrast between the
features in the samples. Three layers of QD-doped Ge»3SbsS70 were deposited, with

sputtered Au-Pd layers between the ChG layers.
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Fig. 4.11: STEM of three-layer, CdTe doped Ge23Sb7S70 coatings made by
electrospray

Note that the Pt layer is applied to the sample as protection during the FIB process, and
interacts with the ChG film. In the future, an additional Au-Pd layer should be applied to
the top film as well in order to prevent this interaction. Three concentrations of QDs were
tested, 0.06 mg/mL, 0.12 mg/mL, and 0.17 mg/mL, which have expected average
separation distances in the fully-cured Ge23Sb7S7o film of 47, 37, and 33 nm, respectively.
This calculation was based on the mass ratio of QDs to ChG, assuming that the film is fully
cured with the same density of the bulk glass, and taking into account the approximate QD

size of 5 nm diameter. Figure 4.12 below shows a higher magnification of the sample.

Fig. 4.12: STEM image of 5 nm CdTe QD-doped Ge23Sb7S70 in the concentration of
0.06 mg/mL (bottom), 0.12 mg/mL (middle) and 0.17 mg/mL (top).

The dark circles in the top layer are pores which were induced by interaction between the

Pt layer and the ChG, as these features are only seen near the top surface of the top film,
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and EDX showed no difference in composition between the dark circles and the
surrounding film. In the middle film, there are some darker and lighter regions. This could
be a result from some spray instability causing localized variation in the density of the film.

A slice from a spin-coated film doped with CdTe QDs was also lifted-out for
imaging with TEM. The concentration of QDs in this sample was 0.17 mg/mL, the same

as the highest loaded electrosprayed film from Figure 4.13.

Fig. 4.13: TEM of cross-section of spin-coated film made from solution containing
0.05 g/mL Ge23Sb7S70 and 0.17 mg/mL CdTe in ethanolamine
There appear to be regions of crystallinity in this sample, shown in the blown-up portion
of the image. Although these regions of dark spots, which made up a large portion of the
50 nm thick film, appear to be large aggregates of QDs, EDS did detect the presence of
CdTe in such a region. Most of the dark spots also appear to be 2-4 nm in size, which is
less than the expected 4.8 nm diameter of the QDs. Therefore, absolute confirmation that

the QDs are incorporated into the film could not be made.
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In these samples, it is difficult to comment definitively on where the QDs are
located, and their degree of dispersion. The thickness of the lifted-out slices is
approximately 100 nm, which may simply be too thick to have good contrast between CdTe
and Ge23Sb7S70. Bulk CdTe has a density of 6.2 g/cm?, while bulk Ge23Sb7S70 has a density
of 2.94 g/cm?, so there may not be large differences in attenuation of electrons through a
region where there is a single QD, and a region where there are no QDs. This would suggest
insufficient contrast for visual identification of the QD either by its contrast or its
crystallinity (diffraction) from the background glass matrix. As the QDs are only 5 nm in
size, one can estimate that they only make up 5% of the thickness of the lifted-out slice;
additionally, the image can be further convoluted by multiple QDs residing along the same
path of the electron beam. In the case of the highest concentration of QDs in the
electrosprayed film, the expected average separation distance between QDs is 47 nm,
meaning that it is likely to have more than one QD on the same path in a 100 nm thick

cross-section.

4.2.3. Experiments with commercial CdSe/ZnS core-shell QDs

In addition to the CdTe QDs provided by Dr. Nath’s group, commercial CdSe/ZnS
core-shell QDs capped with octadecylamine were tested, which were purchased from
Ocean NanoTech. These QDs were found to disperse in ethanolamine at concentrations as
high as 0.3 mg/mL. The absorption and PL spectra shown in Figure 4.14 below are from

the manufacturer’s product literature.
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Fig. 4.14: Absorption and PL spectra of CdSe/ZnS core-shell QDs from Ocean
Nanotech product literature

Based on the position of the expected emission, centered at 624 nm, the core CdSe is
expected to have an average diameter of 5.85 nm, based on Equation 4.2 below, where A is

the peak emission wavelength [58]

D = (1.6122x1072)A* — (2.6575x107%)A% + (1.6242x1073)2% — (0.4277)A + 41.57

(Eq. 4.3)
The total QD size, considering that the diameter is the sum of the core diameter plus shell

thickness, was investigated by spraying pure QDs/ethanolamine on a TEM grid, with

sample TEM micrographs shown in the following figure.
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Fig. 4.15: TEM micrographs of CdSe/ZnS core-shell QDs electrosprayed on a TEM
grid for ~1 s. The concentration of the QDs was 0.2 mg/mL, corresponding to a
nominal 645 nm separation distance in the solution, assuming ideal dispersion.

Using the TEM micrographs, a total of eleven QDs were identified and measured in an
effort to estimate the size of the QDs and calculate their dispersion. This resulted in an
average QD diameter of 5.5 nm with a standard deviation of 0.95 nm. This total diameter
(core + shell) is lower than the predicted core diameter of 5.85 nm from Equation 4.2. This
is likely due to strain imposed on the core due to the shell, causing a red-shift of the band-
gap [49]. It is also likely that the shell is very thin and does not add much to the total QD
diameter, likely on the order of two monolayers, as this has been demonstrated to result in
maximum quantum yield [49]. Based on the size of the QDs, the average separation
distance between the QDs (used to estimate QD dispersion or distribution within the film)
can be calculated from the loading level (mg/mL) of the QDs in the solution. These initial
experiments were done using a 0.2 mg/mL dispersion of QDs in ethanolamine, which has

a 645 nm separation distance between QDs. In this dispersion, Ge23Sb7S70 was dissolved
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to a concentration of 0.05 mg/mL. This solution was electrosprayed on a TEM grid by
moving the spray at a velocity of 48 mm/min over the grid, with the intention of depositing
a very thin film for analysis. This solution was also electrosprayed on Si substrates for
luminescence studies. In these cured samples, the expected average separation distance is

70 nm, based on the ratio of QDs to glass.

Fig. 4.16: TEM of CdSe QD-doped Ge23Sb7S70 sprayed on grid with pass of 48
mm/min

This micrograph is an overview of the sample. The holey carbon webbing and ultra-thin
carbon film appears light gray with very dark outlines of the holes in the carbon webbing.

The ChG sample is a medium gray, and appears as irregularly shaped due to several
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droplets coming together. Figure 4.17 below shows part of a QD-doped glass droplet under

higher magnification, with a QD-containing area blown-up.

Fig. 4.17: CdSe QDs in electrosprayed droplets of Ge23Sb7S70, concentration of 0.2
mg/mL, or 70 nm expected separation distance in the cured material
The appearance of dispersed QDs gives support to the idea that electrospray has potential
as a method of enabling better dispersion of nanoparticles, especially given that these QDs
are separated by as little as ~15 nm in this vicinity. However, the QDs in this sample do
not appear as frequently as expected, based on the cured-film separation distance of 70 nm.
One possibility is of course that the QDs are present, but there are still the issues with
contrast discussed previously in this section. Another possibility is that the QDs do not
make it into the film, but are instead expelled from the spray. This seems unlikely though
because there was no difficulty finding the pure QDs sprayed on a TEM grid (Figure 4.15),

and the concentration of the QDs was identical in both samples. Finally, it is perhaps
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possible that the QDs dissolve in the glass matrix during annealing at high temperature.

Future work will include investigation of these possibilities.

4.3.  Luminescence studies of QD-doped films

Photoluminescence experiments were utilized to investigate the incorporation of
both CdTe and CdSe QDs into Ge23Sb7S7¢ films. The table below is an overview of the
results obtained on the various systems utilized.

Table 4.2: Photoluminescence systems utilized to characterize QDs

System Results
. Excitation sources
Description tested CdTe QDs CdSe QDs
Dr. Gaume’s Ocean 53.2 nm laser PL observed
. pointer (~1.5 No PL
Optics QE Pro-FL at (very weak from
CREOL mW), 470 nm observed films)
LED
Dr. thJaV1khan S 532 nm laser No PL PL observed
homebuilt system at (~500 mW) observed (very weak from
CREOL films)
Dr. McClenaghan’s Weak PL
time-resolved system No PL
) .7, 532 nm laser observed from
at Université observed
films
Bordeaux
Dr. McClenaghan’s Xenon lamp
Jobin Yvon w/monochromator No PL Not tested
fluorometer at in 500-600 nm observed otteste
Université Bordeaux range

For the CdTe QDs, various sample forms were tested, including the QD powder, 0.6
mg/mL QDs dispersed in ethanolamine, pure QDs drop-cast on a glass substrate, and spin-
coated and electrosprayed films deposited from solutions having initial QD concentrations

ranging from 0.06 to 0.17 mg/mL. Despite testing on the various systems listed, no PL
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response was recorded. It is believed that this is due to insufficient passivation of the QDs.
The degree of passivation dictates the number of defects on the QD surface that can lead
to non-radiative de-excitation of the excited electron. As such, core-shell QDs tend to
exhibit much higher quantum yields than QDs passivated with an organic ligand. In this
case, the QDs are passivated with only an organic ligand, giving an inherently reduced
quantum yield, and perhaps making them more susceptible to environmental effects like
quenching due to the presence of amine solvent, either when dispersed in ethanolamine, or
residual solvent in the deposited film. In the case of the core-shell CdSe/ZnS QDs tested
in parallel, strong PL was observed from the QDs dispersed in ethanolamine-based
solutions, shown in the following paragraph.

Figure 4.18 shows UV-vis-NIR absorption spectra of the QDs dispersed in

ethanolamine, and in the Ge23Sb7S7¢ solution.
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Fig. 4.18: UV-vis-NIR absorption spectra of QDs in solution and in spin-
coated films

The absorption spectrum of the CdSe QDs dispersed in pure ethanolamine is very similar
to that in Figure 4.14, from the manufacturer. This indicates that the QDs are likely to be
well-dispersed. The shape of the spectrum is maintained for the QDs in the
Ge23Sb7S70/ethanolamine solution. This is again evidence that the dispersion of the QDs is
not affected by the presence of the dissolved glass at a concentration of 0.05 g/mL.
However, it is noted that the absorbance of the glass solution doped with QDs is less than
the absorbance of the pure glass solution. It is believed that this is a result of oxygen
exposure to the ChG solution, which has been observed to make the solutions change from
a dark green to a light green color.

Figure 4.19 shows PL spectra of CdSe QDs in various forms obtained using the

Ocean Optics QE Pro-FL instrument.
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Fig. 4.19: Normalized PL spectra of CdSe QDs in various environments tested with
Ocean Optics QE Pro-FL instrument using two different excitation sources

The PL spectra of these samples is very similar to the data provided by the manufacturer.
In these experiments, the signal from the solutions was very strong, such that orange
luminescence could be easily seen visibly when either excitation source was directed at the
samples. However, in the case of the QDs in the electrosprayed film, the signal was very
weak. This apparent response from the electrosprayed film looks very similar to the
response of the pure QDs dropcast on a substrate. The observed blue-shift is also consistent
with the previous results discussed in Section 4.1. As such, this is believed to be emission
from the QDs in the film. For reference, the recorded tail of the green laser excitation at

541 nm is the same intensity as the maximum of the response from the QDs. Of course, the
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recorded intensity is only indicative of how much light reaches the detector, which depends
on many factors, such as the optics and geometry of the system. In the case of the QE Pro-
FL system, there was a simple collimating lens to collect the light from the sample and
couple it into an optical fiber which lead to the detector. This system was very useful to
obtain preliminary data.

In efforts to verify the data recorded on the QE Pro-FL system, measurements were
also done on a home-built system belonging to Dr. Mercedeh Khajavikhan at CREOL. This
system has a few chief advantages, namely the ability to use more intense excitation,
focusing optics for the luminescence, and the use of a beam splitter to filter out the
excitation source. This optical component reflects wavelengths shorter than 567 nm (such
as the 532 nm excitation), and transmits the PL above 567 nm. Figure 4.20 below shows

the spectra recorded from this system.

—— QDs in pure ETA

(homebuilt system - 8 mW laser)
—— QDs in electrosprayed film

(homebuilt system - 8 mW laser)
—— QDs in electrosprayed film

(QE Pro-FL - 1.5 mW laser)
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Fig. 4.20: PL spectra recorded of CdSe QDs in pure ethanolamine and in a
Ge23Sb7S70 electrosprayed film.
In Figure 4.20, the PL spectra are shown from the homebuilt system at CREOL, along with
an overlay of the emission recorded from the same QD-doped electrosprayed on the QE
Pro-FL. It is clear that there are some differences in the shape of the spectra, primarily that
the measurement on the QE Pro-FL is centered at a shorter wavelength. This may be due
partially to the tail of the excitation source adding some contribution to the intensity
recorded by the QE Pro-FL. Additionally, the QE Pro-FL system shows more emission at
longer wavelengths (650 to 775 nm). One difficulty with the homebuilt system is that the
sample is far away from the detector (~2 m), and passes through several optical
components, such as a lenses to focus the emission and a beam splitter to cut the excitation
from the recorded spectrum. So, despite the high excitation power, there is also more loss
of the emission on the way to the detector due to reflection losses from the multiple optical
components. This is in comparison to the collimating lens and optical fiber of the QE Pro-
FL system that could be placed very close to the sample. Sample alignment was also
difficult on the homebuilt system in order to maximize the signal, and the result could not
be repeated to obtain additional spectra for averaging and improving the signal-to-noise
ratio. Based on these photoluminescence studies, strong emission from QDs dispersed in
ChG/amine solution is demonstrated, but there was much difficulty recording emission
from the films. The biggest contribution is likely the small interaction volume of the thin

films with the excitation source.
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These samples were shipped to Dr. Nathan McClenaghan in Bordeaux to further
confirm the steady-state emission spectra (shown in Figure 4.21) as well as to take
luminescence lifetimes (shown in Figure 4.21 and Table 4.3). Samples were prepared using
both electrospraying and drop-casting, in order to test the effect of different drying kinetics
on the luminescent behavior of the QDs. Two working distance were also tested in order

to investigate the effect of the amount of drying prior to arrival at the substrate.

= Drop-cast on Si
—— Sprayed (5 mm WD)

PL intensity (AU)

450 500 550 600 650 700 750 800

Wavelength (nm)

Fig. 4.21: Steady-state photoluminescence spectra with 532 nm excitation of
drop-cast and electrosprayed ChG films made from solutions containing 0.2 mg/mL
CdSe/ZnS QDs and 0.05 g/mL Ge23Sb7S70.
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Fig. 4.22: Sample decay of QD-doped electrosprayed film (black) with two
exponential fit (red)

Table 4.3: Photoluminescence decay (532 nm excitation) and fitting parameters of
QD-doped sample. It is believed that there is a significant difference between the
dropcast and electrosprayed samples, but not between the two electrosprayed
samples due to error in the measurement

Dropest | Eestotrasd | Herogra
T 0.3 0.2 0.2
Weight 1 30% 40% 40%
o 1.5 0.9 1
Weight 2 70% 60% 60%
1i£;$:%ﬁs) 1.14 0.62 0.68
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The steady-state spectra are centered at ~600 nm, consistent with the measurements from
the other two systems. The lifetime data implies that the efficiency of the luminescence is
higher in the dropcast film than the electrosprayed film. This contradicts the hypothesis
that electrospray allows a more viable on-chip light source than other methods due to the
quicker drying kinetics. However, it is not known what is the effect of the electric field on
the QDs. It is perhaps possible that electrospray could lead to better dispersion of
nanostructures due to quicker drying kinetics, and that the high electric field causes a
reduction in the efficiency of the emission by producing defects in the QDs.

Based on the generally weak luminescence, and scarce observation of QDs in the
electrosprayed ChG material, it is possible that the QDs rarely make it into the film. For
example, they could be collecting at the tip of the nozzle. Thus, it is proposed to utilize a
wire inserted through the nozzle, with some distance extending past the end of the nozzle,
in order to minimize the collection of QDs at the nozzle tip. Comparison of TEM and PL
of samples made with this method would indicate whether or not this enables higher QD

loading in the deposited material.

Data summary:

In Chapter 4, it is demonstrated that luminescence from QDs in solution-derived
ChG films is possible. However, there are some general issues with efficiency of the
luminescence. This is evidenced by the reduced luminescence lifetime of the QDs when in
the spin-coated film, as compared to the QDs in the pure chloroform solvent. Aggregation

of QDs was observed in this sample under TEM. Thus, two methods of improving
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dispersion were studied: optimizing the surface chemistry of the QDs, and exploring the
use of electrospray as an alternative deposition process. Two organic capping agents were
found to allow the dispersion of QDs in a Ge23Sb7S7o/ethanolamine solution, including
mercaptopropionic acid, and octadecylamine. Both QDs were incorporated into spin-
coated and electrosprayed films, where indication was found that electrospray may be more
suitable for nanoparticle incorporation. QD incorporation into electrosprayed films was
based on an initial droplet size analysis from TEM combined with EELS, and found to be
around 174 nm. With this small droplet size, there is potential to incorporate a high
concentration of dispersed QDs. The luminescence data demonstrates the ability to
fabricate a luminescent, QD-doped ChG film. Contrary to the expected result, the
electrosprayed films exhibit less-efficient luminescence than the slow-drying dropcast

film.
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V. CONCLUSIONS

Upon completion of this author’s MS degree, the original, primary goal of this
dissertation was defined, as to how nanoparticle dispersion could be improved in solution-
derived chalcogenide glass (ChG) films. It was believed that the aggregation mechanism
limiting good dispersion in the spin-coating processes occurred primarily due to the
thermodynamic driving force of aggregation and the kinetics of solvent evaporation.
Strategies to examine the role of these two processes in the creation of optical quality

infrared transparent glass films formed the basis of this PhD dissertation.

A key component needed to improve dispersion and study these effects was QDs
with surface chemistry optimized for solutions of chalcogenide glass dissolved in amine
solvents was established. Two different surface chemistries were found to allow
sufficiently high dispersion, mercaptopropionic acid and octadecylamine. In addition,
electrospray was investigated due to suspected advantages with regards to QD dispersion.
In parallel to the dispersion studies, the other unique advantages of electrospray were
explored, namely the possibility of GRIN coatings. Based on these ideas, the goals of this

dissertation was further refined to:

e Explore the fabrication of gradient refractive index (GRIN) coatings through
the flexibility of the electrospray process

e Understand how the degree of QD dispersion varies with film deposition
method (spin-coating vs. electrospray) and with the processing parameters used

in each method
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e (Characterize the resulting luminescent properties of QD-doped ChG films

The first step was to develop blanket ChG film deposition by electrospray. In these
experiments, it was found that low vapor pressure, higher viscosity solutions, namely
Ge23Sb7S70 and As»S; dissolved in ethanolamine, result in a more stable spray. As this
solvent has not been studied in much detail previously for ChG film deposition,
optimization of solvent removal was necessary. A method of obtaining uniform thickness
films over large areas was also demonstrated by utilizing a serpentine path of the spray
over the substrate. These results are significant because they represent a simple approach
to optical quality, uniform thickness ChG films using a solution-based approach

compatible with roll-to-roll processing.

Effective GRIN films were also demonstrated by depositing non-uniform thickness
layers of Ge23Sb7S70. These samples were demonstrated to have a gradient in composition
and uniform thickness over a range of about 3 mm. Based on the expected volume of each
layer, and the measured refractive index of the individual films, a linear change in refractive
index from 2.15 to 2.4 was predicted over the 3 mm range. The interface between the two
layers was found to be very smooth. Through compositional mapping, a gradual change in
the composition from Ge23Sb7S7¢ at the bottom, to As»S3 at the top, was observed. This is
likely due to redissolution of the first layer by the wet deposition of droplets from the
second layer. Because this film lacks a sharp interface, Fresnel loss is not expected, it is
conceivable to use such a film in a device as either a GRIN coating to tune the resonant

wavelength of an array of resonators, or even to fabricate an array of resonators with
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different refractive indices from the GRIN film itself. Finally, it may be possible to
generate an anti-reflective layer based on this multilayer approach, due to the gradual
change in composition from the bottom to the top of the film. Based on these results, the

first goal of this dissertation was accomplished.

The next two goals were to compare the dispersion of QDs in solution-derived ChG
films, and the resulting photoluminescence behavior. The first step in this process was to
understand the initial droplet size during electrospray. This was done for one solution at
one flow rate (0.05 g/mL Ge23SbsS7o/ethanolamine at 10 pL/hr). A method of analyzing
the cured volume of sprayed droplets on a TEM grid was developed, by spraying for a short
duration and then imaging the diameter of the droplets, as well as estimating their thickness
using EELS. This approach can be utilized to optimize ChG droplet size for any
application. It was difficult to image and characterize the dispersion of QDs in a ChG film
matrix, which is suspected to be due mainly to the small size of the QDs, and lack of
contrast between the two phases. However, individual QDs were found with a short
distance between them in an electrosprayed ChG sample, demonstrating that this approach
does have some potential for nanoparticle dispersion. Therefore, the second goal of this
dissertation was partially successful. The third goal was also partially successful, as
luminescence was observed from the QD doped solutions and films made by spin-coating
and electrospray. Thus far, the preliminary luminescence lifetime data suggests that
electrospray results in a less-efficient light source, though it is unknown if this is an effect
of QD dispersion or something else, such as the high applied electric field causing a

reduction in emission efficiency.
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The findings of this thesis have contributed to the know-how required to continue
the evolution of novel materials for infrared optical applications. Specifically, these
findings will enable further work to exploit the use of infrared glass films in a wide range
of microphotonic applications where small scale (2- or 3-D printing) or larger scale (roll-
to-roll) fabrication strategies are required. This work has shown that electrospray (ES) is a
robust processing route amenable to fabrication of active or passive glass films with
tailorable properties and refractive index profiles. An explanation of the ES process
parameters and their correlation to resulting film quality has been made which will extend

the use of compositionally tailorable properties of glass films in planar photonic systems.
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VI.  FUTURE WORK

Future work is suggested in all areas in this dissertation. One remaining issue is
stability of the spray, which seems to be caused by wetting of the solution up the nozzle
and leads to isolated roughness of the films. It is proposed that a nozzle coated with a
chemically resistant, hydrophobic layer, such as polytetrafluorethylene, would minimize
wetting of the nozzle, perhaps even allowing solvents such as propylamine and
ethylenediamine to be used. These solvents have been studied in more detail, and it is
possible that they can be removed to a further degree from the film during annealing due
to their lower boiling point. In addition, a multiplexed nozzle array could be used to
increase throughput and make the process more suitable for scale-up. This has been
demonstrated with other solutions. A linear array could be tested first, with spacing of a
few mm between each nozzle. The angle between the linear array and the direction of the
spray nozzle could be varied in order to possibly find a spacing that would result in direct
deposition of uniform thickness films without a serpentine path.

In the case of GRIN films, it would be very interesting to attempt simultaneous
spray of two compositions in order to fabricate a true GRIN coating. This could be done
by spraying both solutions with a positive voltage, or spraying one solution with a positive
voltage, and the other with a negative voltage. Using one positive and one negative voltage
would be particularly interesting because the droplets of each solution would be oppositely
charged, and they would therefore be attracted together due to electrostatic attraction. Both
situations would require the purchase of some additional equipment, primarily another DC

power supply and syringe pump.
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For QD-doped films, it is suggested to do a more comprehensive study of the
luminescent lifetimes of various concentrations of QDs in electrosprayed and spin-coated
films to investigate the observation of shorter lifetimes for the electrosprayed films than
dropcast films. This also should help to extract conclusions about the microscopic
dispersion of the QDs from their macroscopic properties. In addition, experiments are
suggested to deconvolve the effects of dispersion and matrix (surrounding refractive index)
on the lifetime of the QDs. However, the first step is to be able to characterize the
dispersion of the QDs, which is difficult due to minimal contrast difficult between the QDs
and the surrounding matrix. Therefore, it is proposed to study the incorporation of metallic
nanoparticles, such as Au, with something like octadecylamine or mercaptopropionic acid
surface chemistry, allowing them to disperse in an amine solvent. Using a metal such as
Au, with a density of 19.3 g/cm?, would allow better contrast between the nanoparticles
and the surrounding matrix. It would also be beneficial to use larger nanoparticles than the
~5 nm QDs in this dissertation. Finally, the issue of the very low quantity of QDs in the
deposited electrosprayed films is suggested to be addressed by utilizing a wire extending

through the nozzle center, as discussed in Chapter 4.
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APPENDIX A: EXAMPLE G-CODES TO CONTROL CNC MOVEMENT

Description: Serpentine path with yofse: = 0.5 mm, vx = 20 mm/min, distance in x-
direction of 30 mm, for a total distance in the y-direction of 5 mm.

G21 G90 G64 G40
G0 X0 YO0 Z0
G1 X-30 F20
G1Y0.5

G1 X0

Gl Yl

G1 X-30
Gl1YLS

G1 X0
G1Y2

G1 X-30
G1Y25

G1 X0
G1Y3

G1 X-30

G1 Y35

G1 X0

Gl Y4

G1 X-30

Gl Y45

G1 X0
GlYS

M2
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