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ABSTRACT OF THE DISSERTATION

Nanoparticle Matter: Synthesis, Characterization, Control,
and Application of YSZ, CZTS, and ZrN

by

Stephen Exarhos

Doctor of Philosophy, Graduate Program in Mechanical Engineering
University of California, Riverside, September, 2018
Dr. Lorenzo Mangolini, Chairperson

As a material is reduced down to sub-100 nm dimensions, its interaction with light, with
heat, and with other matter changes due in part to increased confinement of free charges
and to an increased surface area relative to volume. In practice, different materials and
their characteristics can be tuned to control bulk-system properties like optical
transparency, free charge generation, electric field enhancement, and localized thermal
enhancement. In this dissertation, I will discuss the controlled synthesis and
characterization of three different nanoparticle material systems: yttria-stabilized zirconia
(YSZ), copper-zinc-tin-sulfide (CZTS), and zirconium nitride (ZrN). I will additionally
discuss the viability of using the produced materials in proposed applications, namely:
YSZ as the basis material for transparent sintered ceramic disks for use as cranial
implants; CZTS as the basis material for earth-abundant, inexpensive, polycrystalline thin
film photovoltaics; and ZrN as a visible spectrum plasmonic absorbing material for use in

light-induced localized field enhancement applications.
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Chapter 1: Introduction
1.1: Importance of Nanotechnology

Why is important to make things small? In the most basic sense, making things
small makes them more practical. Take, for example, the evolution of the computer in the
last 70 years. We now have more computing power in our pockets than could then be
crammed into large buildings. This is due in part to engineering complex and ingenious
data management and storage schemes, but in equally significant part to the
miniaturization of solid state electronics. For decades, scientists and engineers reduced
the size of silicon-based transistors from 10s of um to 10s of nm,! with the Intel
Corporation now producing 14-nm transistors, while even smaller devices are already in
advanced-stage development. Scientific research has facilitated this development in
accordance with “Moore’s Law” — which predicts that every year the number of
transistors produced on a chip would double > — by introducing new processing
techniques allowing the shrinking of material features, by implementing new transistor
geometries, and by introducing new materials to replace or enhance silicon.!

In the same time, scientists have developed a strong understanding of how
physical characteristics of materials change with a reduction to the nanoscale through the
application of complex characterization techniques and computationally demanding
theoretical models. Mankind, however, has leveraged nanoscale science for much longer
than we have been able to comprehend it. One of the most alluring examples — to nano-
scale scientists, at least — of humans leveraging nanotechnology is the Lycurgus Cup, a

goblet dated to the fourth century A.D. from the Roman Empire.? Not only is the artistic



detail in this goblet fascinatingly detailed, the glass used in the cup is dichroic, i.e. its
color appears different depending on the direction of illumination. The goblet appears an
opaque green under standard lighting conditions, but if illuminated from the inside, it
appears translucent red (Fig. 1). The dichroic character of the glass is attributed to
inclusions of metal alloy nanoparticles consisting of ~30% gold, ~70% silver, and minute
inclusions of copper and antimony.? Though the inclusion of these meals was intentional,
the process appears to have been very difficult to control, indicating a limited
understanding of the physics of the system.?

In the mid-19th century, Michael Faraday called for intense studies on the
interactions of gold and other metal nanomaterials with light.* Faraday, a self-professed
staunch experimentalist, had developed a repeatable chemical synthesis technique for the

production of colloidal gold nanoparticles.* Faraday also observed that upon thinning

Figure 1: Image of Lycurgus Cup using (a) direct
illumination and (b) transmission illumination. Image
from Freestone et al.,> © British Museum.



gold foil to ~1 um by his estimation (in reality it was likely around an order of magnitude
thinner), the material no longer appeared like the foil he started with; it transmitted green
light, reflected yellow light, and absorbed some light.* Faraday also observed that
changing the composition of the foil by introducing some silver as an alloy in turn
changed the colors of light he observed through the thinned foil.* Over the course of the
next century through the application of Maxwell’s new theories on electromagnetism to
confined nanoscale systems with a given concentration of bound free charges, physicists
developed models to describe why interactions with light are different for nanomaterials
than for their bulk counterparts.

In 1959, Richard Feynman gave his seminal lecture calling for yet more
investigations on nanoscale materials, noting that the technology did already exist to both
produce and characterize nanoscale materials, but there had not yet been a concerted
effort aimed at developing the science.® Since then, experimental and theoretical
techniques both of contributed to our understanding of a very simple but powerful
principle: materials with sizes less than ~100 nm exhibit different properties than their
larger counterparts. This is primarily due to the particles being smaller than the
wavelengths associated with visible light (~400-700 nm), and to the increase in
significance of surface science effects as the surface area (~r?) to volume (~r*) ratio
increases with a reduction in size (~r). This, in turn, leads to changes in optical,
mechanical, chemical, electronic, and thermodynamic properties in different

nanomaterials.



1.2: Nanoparticle Synthesis Techniques

Nanoparticles can be produced using a variety of techniques, including chemical,
electrodynamic, mechanical, and radiative processes. In general, these techniques fall into
two categories: “bottom-up” production or “top-down” production. In a top-down
process, nanoparticles are produced by breaking apart large pieces of a material into
smaller pieces. This can be done by mechanical milling, ablation, explosion, or
lithographic techniques, to name a few. Material produced using these techniques is
rarely useful for practical nanoparticle science. Particles are often produced with either a
very large size inhomogeneity — sometimes spanning three orders of magnitude, or a
very small rate of production. Mechanical milling is an attractive technique because it is
efficient in these regards; however it is difficult to process very fine particles because the
mechanical process depends on the milling media — commonly cubic zirconia or
stainless steel balls. Further, the milling is a thermal attrition process; it is difficult to
balance crystal grain-refining dynamics with crystal grain-growth dynamics in this kind
of process. Lithography or lithographic etching are also attractive, though it is limited in
size resolution and in the breadth of materials that may be processed.

Bottom up approaches are desirable for controllably producing sub-100 nm
particles with desired properties. In these processes, particles are synthesized chemically
at the atomic scale and grown to reach the desired nanoparticle state. Solution-based
processes are the most common methods for nanoparticle synthesis in this manner, in
which a reaction is controlled based on molecular structure and intermolecular chemistry

and thermodynamic energy. Michael Faraday’s gold particle sols (Fig. 2) are a prime



Figure 2: Image of gold colloid solution produced by Michael Faraday in 1857. Credit:
Paul Wilkinson via The Royal Institution, 2014.

example of material produced via this kind of technique.* These processes are generally
limited by temperature — reaction temperatures cannot exceed those that would
volatilize the solvent medium. This limits the utility of these processes for high-energy
materials like ceramics.

To alleviate limiting factors like those in solution-based processes, vapor-phase
techniques are commonly applied in nanoparticle synthesis. Of these techniques, spray
pyrolysis is the best known, having been used to commercially produce ceramic oxide
nanoparticles for the last several decades. In spray pyrolysis, a solution consisting
generally of metal-salt precursors dissolved in a solvent is aerosolized into fine droplets.
This aerosol is flowed through a thermal region, in which the solvent in each droplet
evaporates, the precursor molecules decompose, and the desired material nucleates
thermodynamically. This is an extremely practical process, as it can be operated in air at
atmospheric pressure.

Additional vapor-phase techniques include plasma processes. The electronic

energy accessible in a plasma, a state of matter in which electrons have been stripped



from atoms to generate a sustained slurry of charged species, allows for an additional
mechanism of energy delivery that can be used to process precursor molecules. The most
widely recognizable mechanism of material processing by plasma exists in stars, in which
there is substantial thermal energy generated from the chemical and electronic
interactions associated with fusion. In this kind of thermal plasma, electrons and ions
exist in thermodynamic equilibrium, meaning there is a comparable amount of energy in
both the electrons and ions constituting the plasma. Plasmas can also be generated in non-
equilibrium conditions, in which the electrons are highly energetic and the ions are not.
These are termed non-thermal or non-equilibrium plasmas. This kind of plasma is applied
in fluorescent lamps, in which a non-thermal plasma is excited to generate light from
atomic ionization and recombination and electron energy transitions, while the fixture
remains at or only slightly above room temperature.

Non-thermal plasmas have been used to produce high-thermal stability materials
like silicon, silicon carbide, graphitic carbon, germanium, zinc oxide, titanium nitride,
and more using an effectively room-temperature process. The electrostatic charge that
builds up on the surface of particles produced by non-thermal plasmas limits crystal
growth above a critical value (contingent on the chemical reaction and ambient
parameters), and electrostatically repels particles from each other, preserving their

structure after production.



1.3: Nanoparticle Characterization

Nanoparticle characterization techniques are equally as crucial as synthesis
techniques. With effective characterization techniques, ancient Romans may have been
able to refine the production of dichroic glasses like that used in the Lycurgus Cup.
Experimental nanoparticle scientists now must characterize material structure,
morphology, optical properties, mechanical properties, etc. in order to validate the
synthesis and viability of different material systems in proposed applications, or to
demonstrate new fundamental nanoscale properties.

Nanoparticle characterization is a significant challenge, because visible light-
based techniques are often insufficient in resolving physical features smaller than the
wavelength of the light. For this reason, high-energy electromagnetic waves like X-Rays
and electron beams with sub-nanometer wavelengths are used to characterize
nanomaterials morphologically, compositionally, chemically, and structurally. Visible
and near-infrared light can be used to probe different material properties, like atomic
bond frequencies in crystals, optical absorption and scattering, and electrical transition
energies. Not only are there a broad variety of nanoparticle characterization techniques,
each technique can be applied in different ways to yield different information about
different properties of nanoscale material. For example, the electron beam utilized in
transmission electron microscopy can be use not only to characterize the morphology of
features down to sub-nm dimensions, it can be used to generate a diffraction pattern to

provide structural information, and it can be used to quantify atomic composition as well.



1.4: Dissertation Direction

In this dissertation, I will discuss the synthesis, characterization, control, and
proposed applications for three different nanoparticle material systems: yttria-stabilized
zirconia (YSZ), copper-zinc-tin-sulfide (CZTS), and zirconium nitride (ZrN).

I developed an atmospheric pressure process for the synthesis of YSZ and CZTS
nanoparticles based on the scalable and well-studied technique aerosol spray pyrolysis.
This process allows for the production of nanoparticles without the need for organic
ligands that are used in many solution-based processes, which is important for these two
material systems in their proposed applications. In my system a precursor solution
composed generally of some metal-salts dissolved in a solvent is aerosolized and passed
through a furnace at high temperature. Within the furnace, the solvent is evaporated, and
the precursor molecules in each droplet thermally decompose and coalesce into the
desired nanoparticle material. This system is not especially novel in any regard, but it
allows me to synthesize a broad variety of nanoparticle materials with relative ease —
with this system I have made CZTS, YSZ, SnSz, CuzS, ZnS, MoS2, WS2, ZnO, NiO, and
ALO3 nanoparticles as well as different heterostructured-nanoparticle materials
(core/shell, yolk/shell, and highly-porous scaffold particles) simply by varying the
precursor solution used and optimizing the processing temperature and carrier gas flow
rate.

In Ch. 2, I introduce my optimized spray pyrolysis technique for the mass-
production of YSZ nanoparticles with sub-10 nm crystallite size at a rate of ~100 mg/hr.

The technique provides straightforward control of the yttria-dopant content in the



zirconia material system, which in turn allows the tuning of structural, mechanical, and
optical properties. In this project, the nanoparticles are intended to be the basis material
for transparent sintered YSZ disks for use in biomedical applications. Optical
transparency in this material is dependent primarily on the crystal grain size, with smaller
crystal grains leading to increased transparency in the bulk sintered disk. Control of
crystal size, morphology, yttria-dopant concentration, and organic contamination in the
synthesis and post-processing of this material have been extensively characterized to
demonstrate the viability of this material in the proposed application.

I have also applied the spray pyrolysis system to produce CZTS nanostructures
with controllable composition, morphology, and structure, as discussed in Ch. 3 and Ch.
4. This material is of interest to the photo-energy conversion community due to its high
absorption coefficient and band gap that aligns well with the energy spectrum of the sun.
The constituent materials are also inexpensive, earth-abundant, and non-toxic. CZTS in
nanoparticle form is of interest primarily for use in scaled-up photovoltaic device
processing. The nanoparticles may be incorporated into a printable ink, which guarantees
the compatibility of the material with a roll-to-roll printing platform enabling large-area,
low-cost fabrication of photovoltaic panels. My work demonstrates a scalable technique
for the processing of CZTS nanoparticles into uniform large-grain CZTS thin films for
eventual use as absorber layers in thin film photovoltaic devices.

Starting from coatings of organic-ligand-free CZTS nanoparticles produced by the
spray pyrolysis process, I demonstrate control over defect and morphology characteristics

during thermal annealing in a low-pressure sulfur atmosphere via the incorporation of



sodium or oxygen at the nanoscale-level. The omission of organic ligands in the
nanoparticle synthesis process eliminates the formation of graphitic-carbon aggregates in
the film during thermal annealing that are commonly observed in the field.

I additionally showcase in Ch. 5 a novel apparatus for the in situ characterization
of this material during thermal processing via in situ Raman spectroscopy, which allows
an understanding of how the material structure and disorder evolves during the annealing
process contingent on processing parameters. This technique is unique and provides a
viable facsimile of the sulfur annealing process, which is unattainable using standard in
situ characterization stages. My technique, in conjugation with other work describing
theoretical and ex situ characterization of the material during the sulfur annealing process
allows for the refinement of the processing parameters to optimize the material properties
for use in photovoltaic devices.

In Ch. 6, I introduce the scientifically-exciting but as yet under-explored material,
plasmonic ZrN nanoparticles. This material is difficult to synthesize using thermal
techniques, requiring temperatures above 1,200 °C, but I have developed a non-thermal
plasma process to synthesize the material effectively at room temperature, making
experimental studies of the material’s plasmonic properties attainable. ZrN not only is a
refractory ceramic material that has been used in aerospace applications for highly-
mechanically stable coatings, but it also possesses a high free-electron density, making it
behave electronically similar to conductive metals. When reduced to the nanometer-scale,
this metal-like character translates to a localized surface plasmon resonance (LSPR) in

the visible spectrum, similar to the phenomenon that has been long observed in gold and

10



silver nanoparticles. I confirm that the material produced exhibits LSPR in the visible
spectrum, though the resonance exists at a lower energy than predicted by Mie Theory
modeling. I attribute this discrepancy to partial oxidation of the material and have
developed a method to reduce the oxidation and push the LSPR closer to that which has
been theoretically predicted. I additionally show preliminary data demonstrating the
viability of this material system in plasmonics applications including thermo-
photovoltaics, localized cellular thermolysis, and surface enhanced Raman scattering to a

lesser extent.
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Chapter 2: Synthesis and Characterization of YSZ Nanoparticles
2.1: Introduction to the “Window to the Brain”

Yttria stabilized zirconia ((ZrO2)1-x(Y203)x; YSZ) 1s a ceramic material with high
mechanical strength, high thermal stability, good biocompatibility properties, and can be
made optically translucent or transparent.! YSZ has been studied extensively for dental
applications, as the material can be used for dental implants or dental restoration with
only subtly different color and appearance from teeth.? The same properties that make
YSZ desirable for dental applications also make it desirable for use in other biological
implants in place of bone. In addition, the ability to control optical transparency in the
material offers unique capabilities. The work described in this chapter is part of a broad
interdisciplinary research effort to design transparent YSZ disks made from sintered YSZ
nanoparticles. These disks are studied for potential use as cranial implants, effectively
providing non-invasive optical access to the brain, hence, the device is called the
“Window to the Brain.”

Neurological and trauma-related injuries are common — it is estimated that
approximately 1.7 million people sustain a traumatic brain injury (TBI) each year,? while
much of the brain’s function and utility as an organ remains poorly understood.* In
current medical practice, titanium is the material of choice for synthetic bone implants,
including craniotomy,>”” however these devices are purely structural; they impede efforts
at characterization and diagnosis of TBIs. A transparent cranial implant would allow

physicians and neurologic-researchers to monitor, diagnose, and potentially treat different
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brain-related maladies like TBI without invasive cranial excisions required beyond an
initial surgery to install the implant.

My collaborators have successfully fabricated translucent YSZ disks using a
technique called current-activated pressure-assisted densification (CAPAD).® This
technique applies a very high pressure and temperature to a compacted puck of
nanoparticles in order to sinter the particles into a solid, bulk-nanostructured disk. For
these disks, a commercial 8-YSZ (meaning x = 8 in (ZrO2)1x(Y203)x) powder was used
(TOSOH-ZIRCONIA TZ-8Y; Tosoh Corporation). The sintered disks exhibit some
optical translucency in the desired range — the “biological transparency window” in
which most human soft tissue is transparent, ~700-1,000 nm in wavelength — but further
improvement of optical properties is impossible with these commercially acquired
nanoparticles.

In bulk-nanostructured YSZ, optical transparency is directly correlated with
crystal grain size.” The basis powder material used in previous studies has a pre-sintered
crystal grain size of ~50 nm, nearing the upper bound size limit for transparency, and
even an optimized sintering procedure results in a small degree of grain growth.®
Reducing the crystal grain size of the basis YSZ nanoparticles, then, is a solution to
improving the optical properties of bulk-sintered disks.!® As well as crystal grain size,
controlling the yttria-dopant composition in YSZ allows for control of mechanical
properties in the bulk phase.'? For the proposed cranial implant application, a high degree
of mechanical strength is ideal. In effect, higher compositions of yttria lead to reduced

mechanical hardness.
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Figure 1: Schematic representation of the three stable crystal structure
configurations of YSZ. The temperature bar is intended to show that monoclinic
phase has the lowest energy equilibrium stability, followed by tetragonal phase,
followed by cubic phase with the highest energy equilibrium stability.

A final characteristic of YSZ that must be carefully controlled is the crystalline
phase. ZrO2 may exist in any of three stable phases: monoclinic, tetragonal, or cubic
(diagrammed in Fig. 1). The monoclinic phase possesses the lowest configuration energy,
meaning it is the most likely phase to exist at temperatures up to ~950 °C. The tetragonal
phase possesses the median configuration energy, having equilibrium stability between
950 °C and 1,150 °C. The cubic phase possesses the highest configuration energy, having
equilibrium stability above 1,150 °C.'! Mechanical and optical properties correlate with
crystal structure as well, with the cubic phase possessing the highest mechanical strength
and the best potential for achieving optical transparency.’ Yttria is a common dopant used
to synthetically stabilize these high-energy configuration phases with lower thermal
equilibria, though with the caveat that increased stabilization leads to a reduction in
mechanical hardness.!! Ultimately, it is necessary to control the yttrium dopant

composition, the crystal grain size, and the crystal structure of YSZ nanoparticles in order
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to fabricate bulk-nanostructured YSZ disks for use as cranial implants with optimal
transparency and mechanical hardness.

I have developed a scalable protocol for the controllable synthesis of YSZ
nanoparticles using aerosol spray pyrolysis. This technique allows for straightforward
control of dopant-composition, crystal structure, and crystal grain size by tuning different
parameters during material production (namely relative precursor dilution, carrier gas
flow rate, and processing temperature). In the work below, I demonstrate the controlled
synthesis of ZrO2 nanoparticles and three different target dopant compositions of YSZ
nanoparticles: 3-YSZ, 6-YSZ, and 8-YSZ . I conclude with a short discussion on the

prospect of using this material as the basis for the proposed cranial implant application.

2.2: YSZ Nanoparticle Synthesis

Y SZ nanoparticles are synthesized controllably and scalably using aerosol spray
pyrolysis. The technique is well known to industry and is commonly used for the mass
production of oxide nanoparticles such as zinc oxide, titania, or alumina.'*!> Spray
pyrolysis is a continuous flow process, and this system is operated at atmospheric
pressure with a tube furnace as a radiative heat source instead of the commonly used
direct flame.'? In spray pyrolysis, a precursor solution, typically consisting of metal salts
dissolved in a solvent, is aerosolized and passed through a heat source. Inside the thermal
region, the solvent droplets evaporate, and the precursor molecules thermally decompose

to form the desired nanoparticulate material.'> By varying precursor molecular structure,
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precursor dilution, precursor solvent, aerosol flow rate, aerosol droplet size, and heat, the
composition, structure, morphology, and size of the product material can be controlled.'?

A schematic of the aerosol spray pyrolysis apparatus used to synthesize the YSZ
nanoparticles used in this work is shown in Fig. 2. The proposed application of this work
guided my selection of precursor materials and processing conditions. For example, using
organic precursor molecules like zirconium acetylacetonate (Zr(CsH70z2)4) and yttrium
acetate (Y(CH3COQ)3) yield uniform, small, and highly crystalline YSZ nanoparticles,
however the product is contaminated with amorphous carbon, which is a byproduct of the
decomposition of the organic molecules. This organic contamination would be
detrimental to the processing of transparent bulk-YSZ disks, so an inorganic alternative
to these precursors was found.

The YSZ nanoparticles used in this work were synthesized from a precursor

solution of anhydrous ZrCls (AlfaAesar) and YCl3*6H20 (Sigma Aldrich) dissolved in

Aerosolizer* Mesh Filter*
(adapted airbrush

)
Ar supply ‘ Cohd
: ondenser,
- . . Exhaust
Precursor
solution ‘

reservoir

IEumace

Figure 2: Schematic representation of the aerosol spray pyrolysis apparatus used to
synthesis YSZ nanoparticles. Prepared precursor solution is poured into the reservoir, and
an argon carrier gas is used to generate an aerosol of the solution. This aerosol is pushed
through the furnace at high temperature, within which the solvent evaporates, the
precursor molecules decompose, and the desired product is formed. The product is
collected on a stainless steel mesh filter.
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deionized (DI) water. The product composition is tuned by varying the relative
ZrCla:YClIs ratio in the precursor solution. The precursor solution is aerosolized using an
argon carrier gas flow of 18 SCFH (7,000 SCCM) through a six-jet Collison-type
nebulizer (BGI/Mesa Labs), which generates uniform aerosol droplets of ~5 um. The
droplets are then carried through the 2” diameter tube furnace (MTI OTF-1200X) held at
a temperature between 600 and 1,000 °C, with the given flow rate and atmospheric
pressure yielding a residence time inside the furnace on the order of 10! s. The product is
then collected on a stainless steel mesh directly downstream of the furnace, which is
cooled to quench the product.

After production, the mesh filter is ultra-sonicated in 50 mL of DI water to collect
the powder in suspension. Then, to clean undesired byproducts from the precursor
decomposition reaction, the powder is centrifuged at 3,400 RPM for 10 minutes. The
supernatant is removed, the powder is re-suspended in DI water, ultra-sonicated for 10
minutes, and centrifuged again. This process is repeated five times. The powder is then
suspended once more, transferred to a vial for storage, and dried under air on a hot plate
at 120 °C.

I have developed two post-processing steps to optimize the powder for the
eventual sintering of transparent disks. For replication in this work, these processes were
included prior to cell culture experiments. First, to reduce any potential carbon
contamination or oxygen vacancy defects, the dried powder is annealed in air at 650 °C
for three hours. Second, to reduce agglomeration of the powder resulting from the

synthesis process and subsequent thermal treatments, Y SZ ball-milling media is added to
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the powder, and the material is ball milled for 24 hours with a revolution rate of 60 RPM.
Following these steps, the powder is characterized and ready for use in further studies.
The YSZ nanoparticle product is characterized with X-Ray diffraction (XRD),
transmission electron microscopy (TEM), Raman spectroscopy, and scanning electron
microscopy (SEM) with energy dispersive X-Ray spectroscopy (EDS). XRD was
performed on a PANalytical Empyrean X-Ray system using Cu Ka radiation with a
wavelength of 1.54 A. TEM was performed using a Tecnail2 instrument with a standard
accelerating voltage of 120 kV. Raman measurements were performed with a 532 nm
probe laser and a Horiba LabRam HR Raman spectrometer. The power used was 60 mW,
the objective used was 100x, the grating was 1,800 lines/mm, and the spectra were
acquired for 30 seconds with five averages. SEM was performed on an FEI Nova
NanoSEM450 Scanning Electron Microscope equipped with Oxford Instruments Aztec
Synergy software and an Oxford Instruments Energy Dispersive X-Ray Spectrometer.
Samples were prepared by drop-casting a dense suspension of nanoparticles on copper

foil and evaporating the solvent.

2.3: Control of YSZ Nanoparticle Composition, Structure, and Morphology

Being that the intended application of the YSZ nanoparticles discussed in this
work is to serve as the basis for sintered polycrystalline disks with optical transparency,
there are certain characteristics the powder must possess. To achieve optical transparency
in polycrystalline YSZ, the samples must be fully dense, phase pure in either the cubic or

tetragonal structure, and maintain uniformly small grain size.!>-!° Zirconia can exist
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stably in three separate crystal structures: monoclinic, tetragonal, and cubic. Cubic
zirconia is the highest energy configuration, though it is the most desirable as an optical
material — single crystal cubic zirconia is often used as an inexpensive alternative for
diamonds in jewelry. To easily produce stable cubic or tetragonal zirconia, the crystal can
be doped with other ceramic phases like yttria, ceria, or alumina. These dopants
effectively lower the energy configuration of the cubic and tetragonal phases, making
them easier to produce.!! With increasing dopant, the material is more likely to be “fully
stabilized” in the pure cubic phase.

Some of the characteristics needed for a polycrystalline YSZ disk to be optically
transparent or translucent, like bulk density, are dependent on the nanoparticle sintering
process and subsequent post-processing, and so are not considered in detail in this
chapter. Instead the nanoparticle material discussed in this work is optimized to have
controlled composition with minimal phase inhomogeneity and crystal grain size. This is
the fundamental material with which transparent disks can be produced. This section
details our control over the production of YSZ nanoparticles.

The composition of the YSZ nanoparticle samples is determined by EDS analysis.
I have shown the ability to control the composition — meaning the amount of yttria dopant
relative to zirconia — of the samples by changing the relative amount of yttria precursor
(YCI3*6H20) relative to zirconia precursor (ZrCls) in the precursor solution. With the
spray pyrolysis system being a thermal process, there is not perfect throughput of
precursor into the powder. The precursor molecules inherently require different amounts

of energy to decompose, so they will be processed at different rates in the isothermal
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Figure 3: Demonstration of control over yttria-dopant composition in YSZ
powder produced using aerosol spray pyrolysis. The vertical axis is the
relative atomic ratio of Zr to Y in the product as measured by EDS, and the
horizontal axis is the relative atomic ratio of Zr to Y according to the mass
of each precursor used. Values are represented at three different
temperatures showing the reproducibility of this trend.

reactor. This is indicated in Fig. 3, which shows the atomic ratio of Zr:Y in the produced
material (as determined by EDS) against the ratio of Zr:Y in the precursor solution (as
determined by precursor masses used). There is a linear trend showing that the addition
of more yttria precursor leads to more yttria in the product, but the slope is less than 1.
This implies that the processing of YCI3*6H20 is less efficient than of ZrCls. Using a

calibration plot like that which is shown in Fig. 3, I am able to extrapolate the precursor

composition needed to produce a desired product composition, and I reproducibly

produce material with controlled composition.

Fig. 4 shows representative TEM characterization of the YSZ nanoparticle

product. Figure 4a shows the material as-produced from the spray pyrolysis system. The
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Figure 4: TEM images of YSZ powder. a) Image showing the extent of agglomeration
in YSZ powder as-produced from the spray pyrolysis system, prior to any post-
production processing. b) High magnification image of dis-agglomerated particles after
post-production processing steps, and c¢) low magnification image of the same.

nanoparticles are agglomerated into large spherical bodies of nonuniform size. This
morphology is undesirable for the eventual sintering of fully dense bulk materials. Shown
in Figs. 4b and 4c are the nanoparticles as they appear after both air annealing and ball
milling. The large spherical agglomerates in Fig. 4a are broken up into loosely packed
bodies of distinct monocrystalline nanoparticles, which are clearly distinguishable in the
high magnification image in Fig. 4b. This demonstrates the morphology of the material
used in the studies in this work.

In XRD, it is difficult to distinguish between the cubic and tetragonal phases of
YSZ, particularly when the material has sub-20 nm grain size, as diffraction peaks
broaden with decreasing crystallite size. Using the Bragg equation (Eq. 1) to calculate
diffraction angles based on standard lattice parameters for cubic phase (a=b =c=5.090
A) and tetragonal phase (a =b =3.595 A; ¢ = 5.182 A), cubic and tetragonal planes
overlap at the angles indicated in Table 1.

2dsin8 = ni (Eq. 1)
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Table 1: Comparison of crystal lattice spacing (d) and diffraction angle (20) for cubic
and tetragonal-phase YSZ.

. J—___ 9 Diffraction . 1 _#r+& 1 Diffraction

Cubic YSZ: VR + k2 4 12) Angle: Tet. YSZ: 2 & ¢ Angle:
(1) 2.94 A 30.38° (101) 2.95 A 30.27°
(002) 2.59 A 34.60°

(o]
(200) 2.55A 35.16 (110) 554 A 35.30°
(112) 1.81A 50.37°

o
(220) 1.80 A 50.67 (200) 1.80 A 50.67°
(103) 1.56 A 59.18°

(o]
311) 1.53 A 60.46 211) 154 A 60.03°

Here, n is the integer number of planes (1 for all planes in the diffraction pattern in Fig.
5a), 4 is the X-Ray wavelength (Cu Ka is used, /=1.54 A), d is the interplanar spacing,
calculated geometrically for different crystal structures (cubic and tetragonal equations
for d are shown in Table 1), and @ is the diffraction angle. In the powder diffraction
patterns for all the samples used in this work, the cubic and tetragonal phases are
indistinguishable in XRD due to the small size of the crystallites, but all samples are
determined to be either cubic or tetragonal phase according to the diffraction pattern, an
example of which is shown in Fig. 5a.

From this diffraction pattern, one may also approximate the crystallite size of the
sample using the Scherrer approximation derived from the width of the first peak. For the
diffraction pattern in Fig. 5a, the crystallite size estimated from the Scherrer equation is
~7.2 nm, which correlates well with the apparent size of the individual particles shown in
Fig. 4b, indicating that each nanoparticle is an independent crystal. By changing the
composition of the product or changing the temperature used to synthesize the product, I

exhibit reasonable control over the crystallite size (Fig. 5b). For all temperatures used, the
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Figure 5: a) Representative XRD pattern of YSZ nanoparticles. This sample appears to be
pure cubic-phase YSZ, but it is not a trivial conclusion using solely XRD with particles
this small. Scherrer first peak analysis estimates these particles to have an average
crystallite size of 7.2 nm. b) Trend in crystallite size as calculated from Scherrer first
peak estimation from XRD patterns produced at the four target compositions (ZrO2, 3-
YSZ, 6-YSZ, and 8-YSZ) and at four different temperatures (1,000, 900, 800, and 700
°C). Crystallite size is controlled from ~3 nm to ~12 nm in these samples.

crystallite size of the product decreases with increasing yttria content, and the crystallite
size also decreases with reduced temperatures. However, at reduced temperatures, the
precursor processing efficiency is also reduced, meaning less YSZ product is made.

In contrast to XRD, with Raman spectroscopy it is straightforward to distinguish
contributions to the scattering spectrum from monoclinic, tetragonal, and cubic-phase
zirconia simultaneously. It is more difficult, however, to quantify the phase content and
grain size of the material based on a Raman spectrum, though a few statistically valid
models have been proposed for deconvolving the relative monoclinic, tetragonal, and

cubic-phase contributions to Raman spectra.'®!’
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Fig. 6 shows my ability to control the structure of the produced nanoparticles
from approximately fully tetragonal to fully cubic — the two desirable phases for
producing bulk transparent/translucent YSZ disks. The nanoparticle samples represented
in Fig. 6 were produced under the same conditions except for the precursor solution
composition. With increasing yttria content in the powder, I observe a more significant
contribution to the Raman spectrum from cubic phase than from tetragonal phase. This
trend allows us to make a qualitative estimate of the phase composition of the material
based on the peak position between 615 and 640 cm-!. Similar to Kontoyannis and

Orkoula !¢ and Tabares and Anglada,!” we can approximate the phase as 100% cubic if
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Figure 6: Raman spectra from YSZ nanoparticle samples produced at 800 °C with
varied yttria-composition. With increasing yttria-content, the cubic structure
dominates, and with less, the tetragonal structure dominates.

25



the peak is at 615 cm™!, and 100% tetragonal if the peak is at 640 cm!, then we can
extrapolate the phase composition with the apparent peak position between those two
extremes. Ultimately, for optimal optical properties in the implant device it is more
important to have phase purity in either fully tetragonal or fully cubic phase to reduce
optical scattering,’ so it is not crucial to quantify the precise phase composition of the
material, it will be crucial to identify whether or not the material is phase pure or

consisting of mixed phases.

2.4: Conclusions and Prospective Applications of YSZ Nanoparticles

In this chapter, I have demonstrated a high degree of control over the synthesis of
Y SZ nanoparticles using aerosol spray pyrolysis. EDS indicates control over yttria dopant
composition; XRD and Raman demonstrate control over the structure with fine control
between tetragonal and cubic phase YSZ; XRD and TEM indicate some control over the
particle size between 5 and 20 nm; and TEM indicates that I can produce loosely
agglomerated mono-crystalline particles. This degree of control indicates the I can
produce material that should be conducive to sintering high-quality bulk-nanostructured
YSZ disks with good mechanical and optical properties for the proposed cranial implant
application. With the nanoparticle synthesis protocol established, our group and our
collaborators will seek to demonstrate the viability of this material in biological systems,
and in modestly scaled-up production of high-quality YSZ disks. Below are brief
descriptions of preliminary studies by our group and by our collaborators (D. Rutherford

and Dr. H. Liu; Bioengineering Department, UCR) working to these goals.
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C. Rudnicki (L. Mangolini group; Mechanical Engineering Department, UCR)
has made some preliminary attempts at sintering 8-Y SZ powder produced using the
method described above using spark-plasma sintering. This technique is similar to
CAPAD, in that high pressures and high temperatures are applied to a packed puck of
powder in order to sinter the particles into a bulk-nanostructured disk. Fig. 7 shows the
result from one of these first attempts in which the compacted powder sample was
sintered at 1,200 °C for five minutes with 100 MPa of pressure applied. Fig. 7a and 7b are
bright-field microscopy images at 10x magnification of the sample surface after sintering

(Fig. 7a) and after polishing the sintered sample (Fig. 7b). The smooth appearance of the
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Figure 7: Preliminary data from spark-plasma sintered sample made from 8-YSZ
powder produced using the methods described in this work. a) Morphology of
the sample after sintering. b) Morphology of the sample after polishing (a). c)
XRD pattern of sintered sample showing tetragonal structure and an average
crystallite size of 62 nm. d) Image of the sintered sample showing opacity.
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sample after polishing suggests the sample is fully dense; a sample with suboptimal
density would appear pockmarked and full of voids, similar to the sample as it appears in
Fig. 7a. XRD of the sample shows that the particles appear to be phase-pure tetragonal

Y SZ with an average crystallite size of approximately 62 nm according to the Scherrer
first peak estimation (Fig. 7c¢).

Fig. 7d shows that the sample has negligible optical transparency. There are a few
possible explanations for this. The most common factors that are detrimental to optical
properties in bulk nanocrystalline YSZ are low density, phase inhomogeneities, defect
densities, organic contamination, or birefringence in the crystal structure or crystal
orientation.” Crystal structure birefringence occurs when a crystal structure has different
dimensions along different axes in the unit cell, leading the crystal to have different
refractive index values depending on the direction of light propagating through it.
Birefringence is commonly observed in tetragonal YSZ, but for crystal grain domains
that are sufficiently smaller than the wavelength of the interfering light, this property is
negligible, meaning this is not a significant issue in our sample.’

The most likely factors contributing to the opacity of our sample are the density,
phase purity, and organic contamination.” I take precautions to remove organic
contamination from both the powder sample and the sintered sample by annealing in air
at high temperatures, so I do not anticipate this to be a significant issue, though the
sample must be intensively characterized to be certain of this. The sample appears to be
highly dense both from visual characterization and from water displacement

measurements, though again, further characterization is necessary. The most likely issue
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is phase impurity in the sample, this sample is likely a combination of cubic and
tetragonal phase YSZ. The solid solution of these phases would create a high level of
effective optical defects at the boundaries where these phases interact, which would
greatly enhance optical scattering and reduce transparency. To solve these issues requires
optimization of the sintering process, as the high temperature and pressure conditions
applied to the material yield control over the development of the material’s crystal
structure during processing.

To understand if the material described here can be viable in vivo in biological
systems, our collaborators have developed a biocompatibility assay to assess the
cytotoxicity of the nanoparticles produced. Following extraction and cultivation of the
cell culture, the cells are stained with fluorescent proteins, and mixed with varying
concentrations of nanoparticles in solution. Cell growth/death is then monitored over the
course of 48 hours, and comparison with an appropriate control will allow us to

determine if the particles have a toxic effect on the cell culture.

29



2.5: References

(1)  Alaniz, J. E.; Perez-Gutierrez, F. G.; Aguilar, G.; Garay, J. E. Optical Properties of
Transparent Nanocrystalline Yttrium Stabilized Zirconia. Optical Materials, 2009,
32(1), 62-68.

(2)  Kim, H.-K.; Kim, S.-H. Optical Properties of Pre-Colored Dental Monolithic
Zirconia Ceramics. Journal of Dentistry, 2016, 55, 75-81.

(3) Langlois, J. A.; Rutland-Brown, W.; Thomas, K. E. Traumatic Brain Injury in the
United States; Emergency Department Visits, Hospitalizations, and Deaths. 2006.

(4)  Wilson, N. M.; Gurney, M. E.; Dietrich, W. D.; Atkins, C. M. Therapeutic
Benefits of Phosphodiesterase 4B Inhibition after Traumatic Brain Injury. PloS One,
2017, 12(5), e0178013.

(5) Cabraja, M.; Klein, M.; Lehmann, T.-N. Long-Term Results Following Titanium
Cranioplasty of Large Skull Defects. Neurosurgical Focus, 2009, 26(6), E10.

(6)  Winder, J.; Cooke, R.; Gray, J.; Fannin, T.; Fegan T. Medical Rapid Prototyping
and 3D CT in the Manufacture of Custom Made Cranial Titanium Plates. Journal of
Medical Engineering & Technology, 1999, 23(1), 26-28.

(7)  Luo, J.; Morrison, D. A.; Hayes, A. J.; Bala, A.; Watts, G. Single-Piece Titanium
Plate Cranioplasty Reconstruction of Complex Defects. Journal of Craniofacial
Surgery, 2018, 29(4), 839.

(8)  Kodera, Y.; Hardin, C. L.; Garay, J. E. Transmitting, Emitting and Controlling
Light: Processing of Transparent Ceramics Using Current-Activated Pressure-
Assisted Densification. Scripta Materialia, 2013, 69(2), 149-154.

(9)  Klimke, J.; Trunec, M.; Krell, A. Transparent Tetragonal Yttria-Stabilized
Zirconia Ceramics: Influence of Scattering Caused by Birefringence. Journal of the
American Ceramic Society, 2011, 94(6), 1850-1858.

(10)  Anselmi-Tamburini, U.; Woolman, J. N.; Munir, Z. A. Transparent Nanometric
Cubic and Tetragonal Zirconia Obtained by High-Pressure Pulsed Electric Current
Sintering. Advanced Functional Materials, 2007, 17(16), 3267-3273.

(11)  Hannink, R. H. J.; Kelly, P. M.; Muddle, B. C. Transformation Toughening in
Zirconia-Containing Ceramics. Journal of the American Ceramic Society, 2000,

83(3), 461-487.

(12)  Messing, G. L.; Zhang, S.-C.; Jayanthi, G. V. Ceramic Powder Synthesis by
Spray Pyrolysis. Journal of the American Ceramic Society, 1993, 76(11), 2707-2726.

30



(13)  Studenikin, S. A.; Golego, N.; Cocivera, M. Fabrication of Green and Orange
Photoluminescent, Undoped ZnO Films Using Spray Pyrolysis. Journal of Applied
Physics, 1998, 84(4), 2287-2294.

(14) Maédler, L.; Kammler, H. K.; Mueller, R.; Pratsinis, S. E. Controlled Synthesis of
Nanostructured Particles by Flame Spray Pyrolysis. Journal of Aerosol Science, 2002,
33(2), 369-389.

(15) Patil, P. S. Versatility of Chemical Spray Pyrolysis Technique. Materials
Chemistry and Physics, 1999, 59(3), 185-198.

(16) Kontoyannis, C. G.; Orkoula, M. Quantitative Determination of the Cubic,
Tetragonal and Monoclinic Phases in Partially Stabilized Zirconias by Raman
Spectroscopy. Journal of Materials Science, 1994, 29(20), 5316-5320.

(17)  Tabares, J. A. M.; Anglada, M. J. Quantitative Analysis of Monoclinic Phase in
3Y-TZP by Raman Spectroscopy. Journal of the American Ceramic Society, 2010,
93(6), 1790-1795.

31



Chapter 3: Review of CZTS and Photovoltaic Literature
3.1: A Background on Photovoltaics

The ability to harness the sun’s energy incident on Earth’s surface has long been
touted as a large-scale electricity source of the future. The drawback thus far, though, has
been cost-effectiveness relative to fossil-fuel consuming processes. As limitations and
harmful effects on burning nonrenewable resources as fuel have become more and more
well-documented in the past half-century, photovoltaic (PV) research has garnered
significant interest in the international community, among other renewable technologies.
The technology currently exists to harness solar energy and to do so efficiently, but it is
not economically or politically tenable to implement large-scale solar power
infrastructure. Hence, much work is currently focused on decreasing the cost of PV
module fabrication, installation, and maintenance. On the cell fabrication side, a large
focus is placed on optimizing alternative and inexpensive light-absorbing materials that
can be produced via inexpensive and scalable processes.

French physicist Edward Becquerel is credited with the discovery of the PV effect
in the mid-19th century, which is observed when a material absorbs a photon with
enough energy to create a pair of excitons, or positively (holes) and negatively (electrons)
oriented charge carriers. The crucial material-related component of this effect regards that
threshold energy above which excitons will be generated, and below which absorbed
light will be transferred to heat. In semi-conductors, this energy is referred to the band
gap of the material, or the amount of energy required to boost a valence shell electron —

spatially bound — into the conduction band, where it can propagate freely. It took nearly
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a century for Becquerel’s PV effect to be applied as an effective PV cell due to the
difficulty of collecting the excitons generated by photo-absorption.

Bell Labs made the major breakthrough in 1954, when Chapin, Fuller, and
Pearson demonstrated the first practical solar cell, based on single-crystal silicon as the
photo-absorber.! This cell demonstrated a photo-conversion efficiency of 6%. A similar
iteration of this cell was fabricated and sold at $1,785 per Watt of power generated by
Western Electric in 1955.

Chapin observed that a p-n semiconductor junction will create an electric field to
push the exciton pair in opposite directions via Coulombic force.! By doping different
elements into a semiconductor like silicon, in effect one is implanting either an excess of
positive charge carriers in a semiconductor (making it a “p-type semiconductor”) or an
excess of negative charge carriers (making it an “n-type semiconductor’). Putting the p-
type and n-type semiconductors in junction with each other, the excess and opposing
charges in each side generate an intrinsic electric field. Chapin noted that this electric
field could be used to guide positively and negatively charged excitons in opposite
directions — positive charges would follow the direction of the electric field, and
negative charges would follow the direction opposite to the electric field. Without the
electric field, positively and negatively charged excitons will be attracted to each other
and will undergo radiative exciton recombination. The simplified schematic of the p-n
junction driven PV is seen in Fig. 1. Chapin’s work on silicon-based p-n junction PVs has
been steadily optimized since 1954, and today the latest iterations of this type of PV are

nearing maximum theoretical efficiency.
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Transparent Front Conductor

E— Conducting Substrate
Figure 1: General schematic for a p-n junction PV similar to that made by Chapin in
[1]. (Note: Chapin used a thick n-doped Si layer as the photo-absorber and a thin p-
doped Si layer to complete the p-n junction; modern PVs use the layout above.)

Alternative material systems have also been studied and gradually optimized to
account for the high material and processing costs associated with generating the single-
crystal silicon layer in the cell schematic in Fig. 1. Yet the cost-per-Watt of power
generated still makes solar energy impractical as part of a large-scale infrastructure.

Today, the effort to improve PV technology continues, with the notion of “grid
parity” limiting the wide-spread use of PVs in the United States.? In essence, the
consensus is that PVs will not be wide-spread until they are less expensive to fabricate,
implement, and maintain such devices than to purchase mass-produced power generated
from nonrenewable sources, like natural gas, coal, oil, or others.

Based on recent trends and public policy, the Department of Energy’s annual
energy outlook for the year 2018 3 projects that domestic energy generated by renewable

fuels will continue to expand to take the place of domestic nonrenewable-based fuels like

petroleum and coal (Fig. 2a). Energy generation from renewable sources is projected to
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Figure 2: (From [3]) a) Shows past and projected percentages of energy consumption by
fuel type from 1990-2050 in quadrillion BTU. b) Shows past and projected renewable
electricity generation by fuel type from 2010-2050 in billion kilowatt hours.

grow at 1.5% annually, more than any other fuel source.? Further, domestic solar
electricity generation is projected to grow more quickly than any other renewable source
at 5% annually, and is expected to provide about 40% of all domestic electricity
generated by renewable sources in 2050 (Fig. 2b).?

In the past few decades, there has been an ongoing search within the PV-research
field for new materials and cell architectures that might circumvent the drawbacks to
using silicon-based cells — namely that the most efficient single-crystal silicon-based
PVs require relatively high production and high materials cost. Thin film PVs — cells
based on thin film semiconductors as opposed to bulk, which is necessary with single-
crystal silicon cells — have been well studied utilizing different photo-absorbing
materials.

Copper-indium-gallium-selenide (CIGS) and cadmium telluride (CdTe) have both

been extensively researched and have been improved to be efficient enough to sell
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publicly via startup companies like FirstSolar (CdTe) # or Solar Frontier (CIGS).> These
materials, however, have significant drawbacks pertaining to mass market sustainability
and environmental impact. Indium, in particular, is undesirable to use in a mass market
product due to its scarcity and its subsequent high cost (Fig. 3), making this technology
unsustainable for a large market.® Cadmium is a known human carcinogen, making its
widespread commercial use undesirable due to possible negative health and
environmental effects.

Relatively recently, in the past 20 years, copper-zinc-tin-sulfide — Cu2ZnSnS4
(CZTS) — has been investigated as a thin film photo-absorber for use in PV devices.
This material is desirable due to the component elements’ low-cost and Earth-abundance
(Fig. 3). CZTS typically has a kesterite crystal structure which resembles the chalcopyrite

structure of CIGS, though it can also be found as stannite (which only differs from
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Figure 3: (From [6]) Shows content and price of
elements commonly used in different thin film PV
absorber layers.
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kesterite in placement of copper and zinc atoms) or as wurtzite. Chen ef al. calculate the
kesterite structure to be the most thermodynamically stable of the three crystal
structures.” Fig. 4 shows the orientations of the three CZTS crystal structures with the
chalcopyrite CIGS crystal structure.

The band gap of CZTS is between 1-1.5 eV, and the material has an absorption
coefficient on the order of 10* cm™!, both desirable characteristics for use as a photo-
absorber in a PV.? In simpler terms, it absorbs a significant amount of light corresponding

to the solar spectrum, and the band gap energy corresponds to the photon energy

.* —® Cue® ——
DO iniGa Tr ‘n'
(o » Sise lg v
¢ \\R/\ A |
W P
N8 WCuZniSniys

(a) (b)
chalcopyrite CIGS wurtzite CZTS

¢ %559 0200% 5 9%

e X
g
/:‘\’ ssngd g

(c) (d)
kesterite CZTS stannite CZTS

Figure 4: (From [8]) Shows chalcopyrite
CIGS crystal structure (a) with different
CZTS crystal structures (b, c, d).
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provided by the solar spectrum meaning sun-light is capable of generating exciton pairs
in this material. The primary advantage of using CZTS is that it offsets the drawbacks of
silicon, CIGS, and CdTe technologies. Copper, zinc, tin, and sulfur are all relatively
inexpensive, earth abundant, and environmentally friendly, and can be used in thin film
polycrystalline photovoltaics.

CZTS is also a desirable material system because of its tunability. It is relatively
straightforward both theoretically and experimentally to alloy or dope CZTS with
different cations (like Fe, Ge, Ag, Ti, Cr, Mn, Sb etc.) or anions (like Se, Te). Through
this process, the band gap and the band gap alignment can be tuned across a wide range
of parameters. Using selenium in place of some sulfur is the most common technique,
because it reduces the band gap to ~1.1 eV and provides better alignment with the
corresponding n-type semiconductor junction facilitating charge transport.’

Presented here is our work investigating the viability of forming CZTS
nanostructures and thin films by aerosol spray pyrolysis from different precursor sources.
This work is intended to prove this to be an alternative method of synthesizing high-
quality CZTS thin films for use in highly efficient PV cells, while also being easily
implemented into commercial-scale production. There is herein much discussion of the
application of CZTS as a photo-absorber layer in PVs, though our work is intended to
investigate the control of CZTS material properties. In order to optimize the performance
of CZTS-based PVs, we must first understand how to control phase and defect evolution
in the material during processing, then the optimized PV structure can be constructed

around the optimized absorber layer.
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3.2: Notable Terms and Quantities

There are several terms and quantities that are used to describe the efficacy of
PVs, the most notable of which are open circuit voltage (Voc), short circuit current (Jsc),
fill factor (FF), and photo-conversion efficiency (1). Voc is defined as the potential
difference generated by a PV across an effectively infinite load between the positive and
negative charge collection terminals. Jsc is the electrical current flowing through the
circuit when the load is effectively zero. There is an absolute extreme at which the PV
will supply the most power, given by Pm or equivalently Im*Vm. This allows the

definition of FF as:

Ly XV,
FF = 2™ Eq. 1
IscXVoc ( d )
and n as:
P
n=5 (Eq. 2)

where Pv is the power of the light incident on the PV. Py is generally simulated in vitro.®
For discussion in literature, it is globally accepted that PVs be characterized under
the Standard Test Conditions: 25 °C under Air Mass 1.5 spectrum illumination with an

incident power density of 100 mW/cm?.8

3.3: Current CZTS Benchmarks
In 1961, Shockley and Queisser presented a theoretical model detailing a limit to
p-n junction PV cell performance that is still used for reference in literature today.” The

model takes into account the total power supplied to a PV cell by the sun, taken to be an

ideal black body at 6,000 °C with the cell taken to be an ideal black body at 300 °C. The
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limiting factors on photo-conversion efficiency are the band gap of the photo-absorber
material and the exciton recombination frequency. For a perfectly optimized PV cell, the
radiative recombination rate of excitons is governed by thermodynamic probability, and
the number of generated excitons is governed by the absorber material’s band gap. For a
perfectly optimized CZTS-based PV cell with a band gap of 1.5 eV, the maximum
theoretical efficiency is ~29%, while the maximum possible efficiency is ~31% for a
material with a band gap of 1.1 eV.°

The current champion CZTS cell was published by Fukano et al.'° The record
efficiency is 8.5% + 0.2% for a cell 0f 0.2382 cm?. The Voc is listed as 708 mV and the
Jsc is listed as 16.83 mA/cm?, while the FF is 70.9%.!%!! To give perspective, the current
champion CIGS cell has an efficiency of 21.7% =+ 0.7%.'! The Voc is comparable, as the
CIGS cell has Voc of 796.3 mV, but the Jsc of the CIGS cell is vastly superior at 36.59
mA/cm? and the FF is improved to 79.3%.!1!2

There has been extensive work done optimizing CZTS PVs by introducing
selenium replacement defects in place of sulfur atoms in the kesterite lattice, with the
new material called CZTSSe (Cu2ZnSn(SxSei-x)4). With this material system, a cell has
been produced by Wang et al. with an efficiency of 12.6% + 0.3%, with improved Jsc of
35.21 mA/cm? but diminished Voc of 513.4 mV [13, 15]."3 Further, by alloying in silver
to the kesterite CZTSSe lattice in place of copper (making AgCZTSSe), there are
indications that the efficiency could be improved to >16%, though this has not been

demonstrated experimentally.'* While this is an encouraging improvement in photo-
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conversion efficiency, the material system will be disregarded in this work due to the
inclusion of the rare and expensive element selenium (see Fig. 3).
In order for CZTS to be commercialized viably, it is generally accepted that the in

vitro photo-conversion efficiency needs to be boosted to ~20%.

3.4: Ways to Improve CZTS-Based PV Efficiency

Due to the similarities between the CIGS and the CZTS material systems, it is
logical to attempt to improve CZTS-based PVs in similar manners as have already proven
effective in the improvement of CIGS-based PVs to beyond 20% efficient.

In 2013, a meeting of experts in the field was convened to identify critical steps
toward improving CZTS as a thin film PV material.'> The V¢ deficit (given by the
difference between the band gap voltage — E,/q — and the Voc) in well-performing
CIGS-based PVs is ~500 mV, while in the best CZTSSe devices the deficit is higher than
650 mV. From section 2.2, the benchmark CZTS device has a Voc of 708 mV, which still
yields a Voc deficit of greater than 750 mV.1°

Quoting from Polizzotti et al.:"

“Three key areas were identified to address this problem, as listed here in rough

order of priority: (1) defect characterization and passivation, (2) phase stability

and processing control, and (3) interface optimization.”
Further from Polizzotti et al., defects in the CZTS layer cause the semiconducting
properties of the material — primarily the band gap — to be nonuniform through the bulk

material, leading to additional impedance affecting the generated excitons.!'> The high
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Voc loss is attributed to charge recombination centers, focused at bulk defect sites as well
as grain boundaries and interfaces. The formation and control of these defects is not well
understood at this point. With further understanding will come the ability to promote
beneficial defects and to diminish detrimental ones in the synthesis of the CZTS absorber
layer. The pn-junction also must be optimized in order to reduce interfacial exciton
recombination.

Current work on improving the CZTS absorber layer focuses generally on

16-21 22-26

improving the material stoichiometry and crystallinity within existing synthesis
processes. Further efforts are focused on improving the pn-junction consisting of the
CZTS and a thin n-type layer.?’-?° In short, it has been concluded that the ideal
stoichiometry is slightly copper-poor and zinc-rich, that the presence of alkali metal
defects in CZTS greatly aid crystal growth during annealing, and that ZnS is likely the
ideal n-type material to pair with CZTS. Further work must be done to support these

conclusions more solidly, though this is generally consensus in the field.

3.5: Material Synthesis Techniques

There are many different methods that have been used to generate CZTS or
CZTSSe. The previously-mentioned CZTSSe benchmark was set in 2013 for a cell based
on a CZTSSe layer grown using a hydrazine pure-solution approach.!? The benchmark
CZTS cell was made by sputtering ZnS/Sn/Cu/ZnS layers then annealing in a sulfur-rich

atmosphere.'? Further methods that have been used to synthesize CZTS layers for PVs

are evaporation,’*! sputtering,*>>* electrodeposition,>>* sol-gel based deposition,®-7!
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pulsed laser deposition,’>’” screen printing,’®’° chemical bath deposition,3-84

85-98 99-107

nanoparticle based sintering, and aerosol spray pyrolysis.
Of these synthesis methods, evaporation, sputtering, and electrodeposition have
generally yielded the highest efficiency devices. Other methods are primarily intended as
more cost-effective or scalable alternatives. Aerosol spray pyrolysis will be discussed
further in section 3.6. Nanoparticle synthesis and sintering will be discussed further in
sections 3.7 and 3.8.
Evaporation:
Evaporation is a commonly used process to synthesize metallic or semiconducting

thin films. The target material, in liquid or more typically solid phase, is evaporated by a

concentrated electron beam, directed by Coulombic force, and directed onto a substrate

(Fig. 5).1%8 Typically, evaporation of the target will be incited by an electron beam, but it
can also be achieved thermally. This process can be done with an individual target, or

multiple targets can be used simultaneously. For example, a cuprous sulfide thin film can
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Figure 5: General schematic for a multi-target electron beam evaporator.
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be formed by co-evaporating copper and sulfur targets.

There are two common methods by which evaporation is used to synthesize
CZTS. Katagiri et al. pioneered the method by evaporating separate copper, zinc, and tin
layers onto a heated molybdenum-coated soda lime glass substrate, then thermally
annealing in an N2 + H2S environment.3*3! The material was characterized to be stannite
CZTS. The stoichiometry of the material was governed by the relative thickness of the
three metallic layers.

Other groups have added sulfur in the evaporation process, either via the
replacement of the zinc target with a zinc sulfide target,*?-334° or the addition of a sulfur
target to the three elemental targets.’® Some of the most efficient CZTS-based PVs to
have been reported have all been fabricated with a co-evaporated CZTS layer with an
added thermal annealing process.

Sputtering:

Sputtering is another commonly known process. It is similar to e- beam
evaporation, but the target material is eroded away by a gaseous ion plasma, typically
made from an inert carrier gas like argon, instead of an electron beam. Neutral particles
of the target material ejected from the target then nucleate and form a thin film on the
substrate surface (Fig. 6).!% Similar to evaporation, this process can use multiple targets
to form alloy thin films.

Sputtered synthesis of polycrystalline stannite CZTS was first reported by Ito and
Nakazawa in 1988.%? They reported an improved quality film with decreasing resistivity

as substrate temperature during film growth was increased. The conclusion drawn was
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Figure 6: General schematic for a multi-target sputterer.

that CZTS is a suitable absorber layer for a PV due to its high absorption coefficient and
its direct band gap. Again similar to evaporation, there has been work reported as having
synthesized CZTS via thermal annealing of a sputtered stack of copper, zinc, and tin
metals,*4>4%-33 as well as work reporting the sputtering of binary sulfide targets — most
commonly in the form of tin sulfide and zinc sulfide with elemental copper.#6-48:31,52,54
Sputtering deposition creates films of a similar quality to evaporation, so it is not
surprising that sputtering-deposited CZTS-based PVs have similarly impressive
efficiencies to those synthesized via evaporation, including the current benchmark in
[10].
Electrodeposition:

Electrodeposition uses precursor materials dissolved in an electrolyte to complete

a circuit across two electrodes, with the current flowing between the electrodes through
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the electrolyte causing the dissociation of the precursors and deposition onto the working
electrode (Fig. 7).!'° Electrodeposition is more dependent on precursor materials than
processing conditions, as opposed to the previously discussed vapor deposition processes.
The process is presented as more inexpensive and scalable than vacuum-based vapor
deposition processes.

To make CZTS, there are a variety of precursors that can be used. Scragg et al.
demonstrated the synthesis of a copper-tin-zinc metal stack via electrodeposition,
followed by a sulfur-vapor annealing step to make CZTS. The work used three separate
deposition steps, the each using a singular copper, tin, or zinc chloride as the precursor
dissolved in the electrolyte.>® There has been further work via the same precursor

chemistry in.>>3%60 There has also been some study of single-step electrodeposition of
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Figure 7: General schematic for an electrodeposition setup.
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CZTS by combining copper, zinc, and tin sulfates with sodium thiosulfate in the

62 56,57,59,61

electrolytic solution in,°~ as well as further single-step depositions in.

Ahmed et al. reported a 7.3% efficient CZTS-based PV, the highest value yet
reported for this sort of process, based on a thermally annealed electrodeposited three-
metal stack of copper, zinc, and tin.

Sol-Gel Deposition:

The sol-gel deposition is fairly straightforward in concept. Precursor metal salts
are dissolved in a mixture of solvent and binder, then coated onto a substrate. Thermal
treatment of the coating allows for evaporation of the solvent and decomposition of the
precursors. A further annealing step allows for the full conversion to a CZTS thin film.%
This process is advantageous due to its cost-effectiveness and ability to be run at
atmospheric pressure.

The biggest source of variety for CZTS synthesis from the sol-gel deposition
method is the use of different precursors and solvents. The highest efficiency cell based
on a CZTS layer fabricated in this fashion is outlined in [65].%° Su et al. used a non-
aqueous thiourea-metal-oxygen molecule as the precursor solute, which underwent
thermal decomposition at a relatively low temperature to leave a more favorable material
behind. Their best cell achieved an efficiency of 5.1%. More commonly used as precursor
solutes are copper, zinc, and tin acetates or chlorides with or without a sulfur source

added as precursor via thiourea 63-6466-68.71 ([68] used tin sulfide as the tin source).
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Pulsed Laser Deposition:

Pulsed laser deposition (PLD) is a vacuum process similar to evaporation and
sputtering. Energy is supplied to a target, typically in the form of a pellet, via a high-
energy laser pulse. Material is ablated from the target in the form of ionic plasma, which
then settles on a substrate within the chamber (Fig. 8).!!! Targets can be elementary or
alloy, allowing for deposition of either simple or complex thin films. These films still
require a further annealing step after deposition.

The best device fabricated using this method has an efficiency of 3.14%.7* The
PLD deposition was achieved by ablating a target formed by mixing copper, tin, and zinc
binary sulfides in adequate ratios into a solid CZTS pellet. Further work studying the
PLD deposition of CZTS from a CZTS pellet has been shown in.”>7¢ Moriya pioneered
this method of CZTS deposition by depositing a mixture of copper, zinc, and tin, then

annealing in a sulfur atmosphere.’>’* Further work has been done using zinc sulfide and
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Figure 8: (From [102]) General schematic for a PLD setup.
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copper-tin-sulfide multicomponent targets.”’
Screen Printing:

Screen printing deposition is very similar to sol-gel deposition. It is a solution-
phase process by which CZTS particles are dispersed into a solvent at high concentration
to make a thick paste. The solution is then coated by dragging the paste across a screen
placed atop the substrate. The coating is then thermally treated to evaporate solvent and
remove organic ligands.”

Screen printing is well known in the PV field. It has been used in fabricating
crystalline silicon PVs, which proved to be a fiscally advantageous innovation.® The best
cell efficiency discussed in [78] was 0.49%, but the advantages — being cost- effective,
scalable, well-known to industry, and relatively simplistic — of using such a process as
screen printing have proven effective in PV fabrication in the past, and could prove to be
so for the CZTS material system as well in the future.

Chemical Bath Deposition:

Chemical bath deposition (CBD) is a similar process to electrodeposition. It is
another non-vacuum, conceptually simple method of thin film deposition. The process
depends simply on the either chemical and/or thermal dissolution and deposition of
precursors based on the solution bath chemistry and the surface of the substrate (Fig.
9).112 CBD has been used to synthesize CZTS thin films in various ways. Wangperawong
et al. deposited copper, zinc, tin, and sulfur layers and annealed the samples to form
CZTS.? Similar results have also been achieved by depositing layers of copper, zinc,

and/or tin binary sulfides.??-%4 This method has not been shown to be viable relative to
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Figure 9: General schematic for a CBD setup.

other low-cost non-vacuum based methods, with the highest efficiency reported for a

CBD-deposited CZTS-based PV as 0.16%.%°

3.6: Spray Pyrolysis of CZTS Thin Films

Aerosol spray pyrolysis is a non-vacuum solution/gas phase process. In theory, it
is similar to the previously discussed solution- based processes in section 3.5. Spray
pyrolysis relies on the thermal decomposition of precursors in order to form a desired
material. It differs, though, in the notion that the precursor solution is aerosolized via a

nebulizer into micro-scale droplets before deposition to decrease the deposition speed,
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which theoretically allows more complete thermal equilibration to form the desired
material (Fig. 10).!13

There have been several reports of using spray pyrolysis to synthesize CZTS thin
films. Generally, a precursor solution containing copper, zinc, and tin chlorides or
acetates plus thiourea is used, with an operating substrate temperature between 400-450
°C.%9-197 The common conclusion is that the resulting film is not phase-pure, with
primarily copper sulfide impurities, and further the crystallinity of the sprayed films post-
annealing is poor for PV applications. A further disadvantage of this work is the use of
metal chlorides or acetates as precursors. The chlorine or oxygen present in the
precursors leads to a high concentration of undesirable impurities in the sprayed film.

Aerosol spray pyrolysis is regarded as a readily scalable method for CZTS
synthesis, as it is a process well known to be successful in synthesizing nanoparticles. For
example, the method is used to form titania nanoparticles,''* which are commonly used in
pigments and cosmetics, as well as other more technological applications. In our work,
we have studied the growth of CZTS thin films by spray pyrolysis, though we use copper,

zinc, and tin diethyldithiocarbamate (CsH;(NS,) precursors.!!> The advantage of using
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Figure 10: General schematic for a thin film aerosol spray
pyrolysis setup.
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these precursors is the lack of chlorine or oxygen in the ligand, which lead to impurities

in the film.

3.7: CZTS Nanoparticle Synthesis

A method of creating CZTS that has been steadily growing in interest in recent
years is nanoparticle sintering. It is thought to be among the most cost-effective and
scalable methods outlined in this chapter and marked recent improvements in reported
efficiencies for nanoparticle CZTS-based PV's suggest there is still room for improvement
in material processing. CZTS nanoparticle-based PVs have been reported to have 3.6%
efficiency under conventional construction,” and up to 5.02% efficiency with a novel
three-dimensional architecture,” which puts it close to the range of PV fabricated with
vacuum-processed CZTS.

There are different methods of CZTS nanoparticle synthesis that have been
employed, which yield nanoparticles with different material properties. The most

common method is solution-phase thermolysis.33-38.90-98

In this method, precursor solutes
are dissolved with the help of an acidic solvent. Typically precursor solutes are basic
copper, tin, and zinc chlorides or acetates plus thiourea as the sulfur source, as are used in
other solution-phase processes outlined above.3>:8620-93.97.98 Qther work has used the
single-source metal and sulfur precursors copper, tin, and zinc diethyldithiocarbamates
(CsH,(SN,).87:88.96 The advantage to the single-source metal and sulfur precursors lies in

the reduction of undesirable impurity atoms in the reactor, which are present with the use

of chlorides or acetates. The solution is then combined with a hot amine solvent and

52



thermally treated under an inert atmosphere to decompose the solutes and form CZTS
nanoparticles. The resultant particles are invariably capped by organic ligands leftover
from the amine solvent.

The nanoparticles synthesized in the method above are highly controllable in
composition and size, both ideal for adjusting the synthesis for optimal PV performance.
Once the nanoparticles are isolated, they can be dispersed into a colloidal ink, then coated
on a substrate. The porous nanocrystal film must then be sintered to form large crystal
grains, on the order of the thickness of the film, for the best PV characteristics.?

The work described here in Chapters 4-5, outlines a novel method of controllably
forming ligand-free CZTS nanoparticles via aerosol spray pyrolysis. The method is very
similar to that outlined in Section 3.6 (and Fig. 10), but the substrate is removed from the
thermal region and a particle collection apparatus is added beyond the thermal region to

collect the synthesized nanoparticles.

3.8: CZTS Sintering/Annealing

Most of the methods of forming CZTS absorber layers for PVs listed in Sections
3.5-7 require an extra annealing/sintering step in a sulfur environment. Generally, the
reason is to allow thermal equilibrium of phases and crystallinity for the film to possess
the optimal PV characteristics. As discussed in Section 3.4, the two most important steps
to improving CZTS as a PV absorber material is passivating and decreasing undesirable

defects and improving phase stability.!>
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When a metal stack or metal-alloy is deposited on a substrate, the sulfur annealing
process is required to diffuse sulfur into the metal layer(s) and form crystalline CZTS.
The annealing time is understandably lengthy in this case, on the scale of 8-10 hours,® in
order to allow the sulfur to fully diffuse through the film and to reach chemical steady
state. With sulfur already included in the pre-annealed film, the annealing step requires
much less time, now on the order of 1 hour or less.? In this case, the annealing step is
geared towards increasing crystal grain size, phase purity, and cation ordering. With a
nanoparticle CZTS film, the annealing step is also short and aimed at increasing crystal
grain size, as the nanoparticles are already assumed to be phase pure.

The conditions of the annealing process must be optimized with the CZTS film. It
has been observed that under different annealing conditions, primarily with annealing
temperature and sulfur pressure varied, different material phases tend to out-diffuse from
the CZTS film, primarily the binary copper sulfide and tin sulfide phases.!!® The same
has been observed in annealing tin-rich and copper-rich samples in our work. Typically,
the stoichiometry of the film must be compensated slightly to account for the loss of
some tin and copper during annealing.®

There are two methods of sulfur-annealing used in literature. The first requires an
evacuated quartz ampoule or graphite vessel with solid sulfur placed inside with the
sample ([87], for example). Upon thermal treatment, the sulfur is vaporized to provide an
easily variable sulfur pressure during the anneal. The other method uses a thermal flow

reactor, with the sample placed inside a thermal region feeling a flow of 1-5% H2S + 95-
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99% inert gas (in [30], for example). Both methods have been demonstrated as effective

in annealing and sintering CZTS films for use in PV cells.

3.9: CZTS Thin Film and Nanoparticle Characterization

As complex as fabricating the quaternary CZTS is, characterizing the presence of
phase-pure CZTS is equally challenging. X-ray diffraction (XRD), is the most common
and straightforward method of characterizing crystalline phases in bulk or nanostructured
material, but XRD alone is not enough to adequately characterize CZTS. The diffraction
peaks associated with kesterite CZTS are also common to other binary or ternary sulfide
phases that can segregate from CZTS. In particular, zinc sulfide and copper-tin-sulfide
give identical or effectively identical diffraction spectra, making it impossible to tell
which phases might be present. Raman spectroscopy (Raman) in combination with XRD
provides sufficient data to characterize each of these binary or ternary sulfide phases as
separate from the quaternary kesterite CZTS phase.'!’

Further material characterization can be performed via X-ray photoelectron
spectroscopy (XPS) and energy dispersive x ray spectroscopy (EDS). These techniques
make it possible to identify relative atomic proportions within a sample, as well as the
presence and abundance of impurity elements relative to the CZTS material.>®

Optical characterization techniques also allow the identification of the
semiconducting properties of a CZTS thin film or nanoparticles. Conducting UV/Vis/NIR

spectrophotometry allows the measurement of the material’s absorbance across a broad

spectrum. Typically, PV absorbers such as CZTS are optimized to have broad absorbance
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across the UV and visible spectrum, correlating to the spectrum of light given off by our
sun. From this data, a Tauc plot can be created, by plotting the square of the product of
the material’s absorbance and the photon energy (4v).® Extrapolation of the Tauc plot

allows for a reasonable estimation of the materials optical band gap.

3.10: Phase Evolution and Segregation in CZTS During Processing

At the 600 °C annealing temperature used in this and prior works from our group,
kesterite CZTS should be unstable if even slightly-off stoichiometric according to quasi-
ternary-phase diagrams.''®!® Additionally, the presence of any secondary phases —
noted as prevalent by Alvarez et al. '2* — will influence the composition of the regions of
kesterite-CZTS.?!122 Valle Rios et al., however, note experimentally that kesterite CZTS
is stable at room temperature at off-stoichiometric values due to the formation of intrinsic
point defects.!?3 Specifically for the Cu-poor, Zn-rich condition mentioned above as
optimal for PV performance, the key defects are Vcu and Zncu antisites, which are
beneficial to charge transport in the bulk material system.!'?* Comprehensive studies by
Lund et al. '» and Du et al. '8 further indicate the importance of tin content as well. An
excess of tin will result in a high degree of disorder in the kesterite lattice '2>!2° while
also contributing to a quenching effect of the PL signal.!'® Just ef al. report empirically
for a copper-poor, zinc-rich, tin-poor CZTS-based PV a minority carrier diffusion length
of 270 nm and a total collection length of ~500 nm, both of which indicate that charge

collection should not hinder performance of CZTS-based PVs.!?’
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Tobbens ef al. report on the ordering of copper and zinc cations in CZTSe at

different temperatures using an anomalous XRD technique.'?®

By analyzing a shift in
lattice parameters, they were able to derive a shift in copper and zinc lattice sites and
correlated the shift to a transition to a disordered CZTSe phase above 203 + 6 °C.
Rudisch et al. confirm this order-disorder transition in CZTS using Raman spectroscopy
in correlation with simulations based on Vineyard's theory of order.!?® Both of these
studies rely on ex situ characterization after quenching or varying cooling rate on
annealing CZTS/CZTSe material.

At higher temperatures still, off-stoichiometric CZTS will undergo phase
segregation beyond cation disorder. In correlation with the knowledge that films should
undergo phase transitions from disordered and segregated phases to primarily bulk-CZTS
when cooling from high temperature. Sayed et al. report the recrystallization temperature
to be 383 + 6 °C according to in situ XRD monitoring.'*° Wang e al. report a similar
(though imprecise) recrystallization temperature on cooling using an in sitfu Raman
experiment.'3! Further, Wang et al. are able to monitor phase segregation and evolution
during high temperature annealing, noting that high annealing temperatures (>500 °C) are
required to fully crystallize kesterite CZTS and inhibit the formation of copper sulfide.
Their annealing procedure is not optimal as understood in much of the literature in the
field, though. To anneal, the films are placed inside a heating stage with constant inert
gas flow and a constant heating/cooling rate of 30 °C/min. is applied. With no external

sulfur pressure, the film composition will be unstable and volatile phases will not be

retained. Further, the fast cooling rate has been shown extensively in literature to promote
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segregated phase retention.!'” Additionally, the group used a solution-based thin film
synthesis method (SILAR), and gave no consideration to grain growth mechanics.

Both phase evolution and grain growth mechanics can be understood in the CZTS
system by in situ monitoring of the annealing process. Due to it being such a complex
material system with inherent antisite and vacancy defects, computational approaches
have been largely inconclusive, making in situ experiments more valuable to
understanding the physics underpinning the material behavior. Raman spectroscopy
allows for more intensive monitoring of phase evolution in the material system, as it

allows identification of phases indiscernible in diffraction spectra.!!’
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Chapter 4: CZTS Synthesis
4.1: Precursor Solution Chemistry

CZTS nanoparticles and thin films have been produced using aerosol spray
pyrolysis with two different precursor chemistries. The general necessity is to generate a
miscible solution consisting of a combination of copper, zinc, and tin salts. The first
precursor solution consisted of metal-diethyldithiocarbamates (dedc, (C2Hs)2NCS>) salts.
These precursor molecules are advantageous because the metal and sulfur source is
contained within the same molecule, improving the thermodynamic probability that the
desired metal sulfide bond would be formed upon precursor decomposition. The
Cu(dedc)2, Zn(dedc)2, and Sn(dedc)4 precursors were all synthesized in-house according
to the process described in Section 4.2. The solvent for this configuration is toluene.

The solutes for the second type of precursor solution are much simpler
chemically, though they require separate metal and sulfur sources. This precursor
solution consisted of dissolved metal-chloride salts plus a large excess of thiourea as
sulfur source. NazS was also added to the solution in order to attract chlorine radicals into
forming NaCl to reduce the chlorine contamination to the produced CZTS nanoparticles.
An excess of thiourea (~8x) was used to saturate the sulfur content of the particles so that
sulfur would not be the limiting reactant in the production process. The solvent for this
configuration is deionized (DI) water, and for full solubility, the thiourea must be added
last.

The amounts of the precursors must be calibrated with the apparatus in order to

achieve the desired CZTS stoichiometry, as the system is not 100% efficient in
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converting the precursors into CZTS, and the precursors decompose at different
temperatures. The higher the decomposition temperature relative to the other precursors,
the higher concentration of the solute is required.

A typical synthesis run using the dedc-precursors will use precursor
concentrations of 14 mg/mL (2.9x10~ mol/L) Cu(dedc)2, 2.5 mg/mL (0.4x10> mol/L)
Sn(dedc)s, and 1.6 mg/mL (0.5x102 mol/L) Zn(dedc)2. The precursors are dissolved in 60
mL of toluene and sonicated for >20 minutes. The Cu(dedc):2 is not highly soluble in pure
toluene, so a 4x excess is used to compensate for the poor solubility and the solution is
kept under constant stirring during aerosolization. For the chloride-precursors, a run will
use precursor concentrations of 4.0 mg/mL (2.3x102 mol/L) CuCl2*2H20, 5.3 mg/mL
(1.5x102 mol/L) SnCls4*5H>0, and 2.1 mg/mL (1.5x102 mol/L) ZnClz, 38.3 mg/mL
(50x102 mol/L) CHaN:S, and 3.3 mg/mL (4.2x10 mol/L) Na2S. The precursors are
dissolved in 60 mL of DI water in strictly the order they are listed here and sonicated for
>20 minutes.

The composition of the CZTS product can be controlled by varying the relative
precursor ratios. By increasing the amount of Cu(dedc):2 relative to Zn(dedc)2 and
Sn(dedc)4, the resulting powder stoichiometry increases in copper relative to zinc plus tin
(this will be shown in Section 4.4). Doping of CZTS using the synthesis method
described below can also be achieved by including various additives to the precursor

solution.
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4.2: Precursor Synthesis

In the case of the dedc-precursors, they are synthesized in-house according to the
recipe outlined by Khare ef al.! In essence, sodium diethyldithiocarbamate is mixed drop-
wise with zinc, tin, and copper chlorides respectively to induce an ion-replacement
reaction to form sodium chloride and metal-diethyldithiocarbamate products, which are
then cleaned and purified to isolate the desired material.

To form Zn(dedc)2 (white), 9.0 g of Na(dedc) is dissolved in 150 mL of ethanol.
Concurrently, 3.38 g of ZnCl: is dissolved in 50 mL of ethanol. The Na(dedc) solution is
added drop-wise to the zinc chloride solution under constant stirring via a burette. Upon
completion of the titration, the product is stirred for a further ten minutes, followed by ten
minutes of sonication, to ensure the reaction has progressed to completion. The product is
then washed in ethanol and DI water, separated via centrifuge, and washed again until the
product has been washed five times. The product is then dissolved in chloroform and
dried under argon flow. The synthesized Zn(dedc): is fully decomposed above 334 °C
(Fig. 1).

To form Sn(dedc)4 (orange), 12.85 g of Na(dedc) is dissolved in 200 mL of
ethanol. Concurrently, 3.0 mL of SnCly is dissolved in 50 mL of ethanol. The Na(dedc)
solution is added drop-wise to the tin chloride solution under constant stirring via a
burette. Upon completion of the titration, the product is stirred for a further ten minutes,
followed by ten minutes of sonication, to ensure the reaction has progressed to
completion. The product is then washed in ethanol and DI water, separated via centrifuge,

and washed again until the product has been washed five times. The product is then
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Figure 1: Shows thermogravimetric analysis and decomposition
of Zn(dedc): (light blue), Sn(dedc)4 (mid-blue), and Cu(dedc)2
(dark blue) with temperature.

dissolved in chloroform and dried under argon flow. The synthesized Sn(dedc)s is fully
decomposed above 318 °C (Fig. 1).

To form Cu(dedc): (dark green/black), 9.0 g of Na(dedc) is dissolved in 150 mL
of ethanol. Concurrently, 4.23 g of CuCl: is dissolved in 50 mL of ethanol. The Na(dedc)
solution is added drop-wise to the copper chloride solution under constant stirring via a
burette. Upon completion of the titration, the product is stirred for a further ten minutes,
followed by ten minutes of sonication, to ensure the reaction has progressed to
completion. The product is then washed in ethanol and DI water, separated via centrifuge,
and washed again until the product has been washed five times. The product is then
dissolved in chloroform and dried under argon flow. The synthesized Cu(dedc): is fully

decomposed above 302 °C (Fig. 1).
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4.3: CZTS Thin Film Synthesis

To synthesize CZTS thin films, the spray pyrolysis apparatus is assembled as
shown in Fig. 2 and the dedc precursor solution described above is used. The location of
the substrate within the furnace allows for crystal nucleation and growth in one step,
theoretically removing the need for an annealing step in a sulfur-rich atmosphere.

The precursor solution is aerosolized by the pressure differential caused by the
flow of the carrier gas through the nebulizer head. In this apparatus, a one-jet nebulizer
head is used, so the carrier gas (Ar) flow rate is limited to ~0.5 SCFH (~200 SCCM). The
aerosol is then pulled through an aperture (diameter of 1/8”) and directed onto a
substrate, fastened onto a stainless steel mount. The excess non-decomposed precursor,
carrier gas, and decomposed dedc complexes are then pulled through the furnace by a
rotary vane vacuum pump and filtered by a liquid nitrogen trap, before proceeding to an
exhaust tube.

The system is kept at an ambient pressure of ~225 torr during runs, measured on

Pressure Gauges
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Ar-gas flow x Y & '.".'.\!" ; (ISubstraJ.e)p ]
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_ Mechanical
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Figure 2: Schematic of aerosol spray pyrolysis system used to synthesize CZTS thin
films.
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both sides of the furnace. Molybdenum-coated soda lime glass is the substrate of choice,
as it makes an effective base for a PV cell. Further, the sodium in the glass is diffusively
active and has been shown to enhance CZTS grain growth when present in high dopant
concentrations.? The furnace is set within a range of 350-500 °C. Temperatures lower
than this run the risk of not fully decomposing the precursors, while temperatures higher
than this run the risk of damaging the molybdenum coating on the substrate. The location
of the substrate within the furnace is variable. The system is typically run with the
substrate a distance of ~45 cm away from the nebulizer port. The substrate temperature is
measured approximately by a thermocouple that is threaded through to touch the back
side of the substrate mount. The substrate temperature is measured to be consistently 20
°C below the ambient temperature of the furnace, which is attributed to the cooling effect
of the aerosol and carrier gas colliding with the substrate. The system is allowed to run
until the nebulizer jar is empty, or as long as the user desires, depending on the desired
thickness of the film. At the completion of a run, the carrier gas is stopped, the nebulizer
is shut off from the furnace tube by a quarter-turn valve, and the furnace tube is pumped
constantly until the furnace drops to a temperature below 300 °C. The system is then
opened, the substrate is removed, and the resulting film is characterized.

We have demonstrated that spray pyrolysis is not an effective method to
synthesize CZTS thin films, and disseminated our results in.*> Effectively, at low
temperatures (~350-400 °C), there is minimal film deposition, likely due to the
incomplete deposition of the precursors. At higher temperatures, the deposited material

nucleates non-uniformly, particularly above ~440 °C, at which point quasi-two-
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dimensional platelet structures nucleate above the substrate (Fig. 3). This result has been
observed using multiple different spray pyrolysis and precursor configurations since our
initial discovery.*®

The dominant variable associated with the structure and morphology of these
films is temperature. Within a small temperature range (~350-500 °C), there is an
immense morphological development, ranging from a film of negligible thickness grown
at 350 °C, to a very complex morphological structure that is made up of quasi-two-
dimensional platelet structures in a disordered arrangement that increases the effective

film thickness to 5-10 um seen in films grown above 440 °C.

The same apparatus and procedure have also been used to synthesize binary

Figure 3: SEM micrographs of samples grown on molybdenum-coated soda lime glass
at various temperatures.
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copper sulfide, tin sulfide, and zinc sulfide films. From these films, we attribute the
platelet formation and nucleation to the presence of a copper sulfide phase. For tin sulfide
and zinc sulfide films, nanostructured isotropic growth is observed. It is only in copper
sulfide films where anisotropic growth is observed (Fig. 4).

Films synthesized at various temperatures within this growth range have been
characterized extensively. XRD scans of a sample with a prevalence of the platelet
structures indicates the presence of kesterite-phase CZTS, while absorption spectroscopy
measurements allow the estimation of the material’s band gap via a Tauc plot, found to
be ~1.5 eV (Fig. 5), consistent with literature for CZTS.! While the characteristic
kesterite CZTS peaks in XRD align well with those in Fig. 5a, this by itself is not
conclusive proof of phase-pure CZTS.? The diffraction pattern for kesterite CZTS
matches well with peaks for other binary and ternary sulfides, like ZnS and Cu2SnSs3,
making differentiation between the phases difficult. In combination with Raman

spectroscopy, though, it is easier to be conclusive about the phase of the material.®

Raman spectroscopy of samples grown across the 350-500 °C temperature range

Figure 4: SEM micrographs of a) zinc sulfide, b) tin sulfide, and c) copper sulfide
samples grown on molybdenum-coated soda lime glass each at 450 °C.
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Figure 5: a) XRD of the sample grown at 460 °C (see fig. 4.1.1). b) UV-vis absorbance
for the sample grown at 460 °C. The Tauc plot generated using the spectrum is shown in
the inset.

shows in interesting development as temperature is increased. At the lower temperatures
(360, 400 °C, the spectra show the presence of crystalline CZTS, but also molybdenum
sulfide (MoS2), suggesting that some of the precursors have decomposed, but the most
thermodynamically favorable reaction is with the molybdenum substrate instead of with
the other metal cations present. At the higher temperatures (440, 460 °C), the MoS2 peak
disappears, and the CZTS peaks at 288, 338, and 380 cm™! are sharper and more well-
defined (Fig. 6).

Elemental analysis of large areas on these films provides further support to the
hypothesis that at lower temperatures, the failure of film growth is due to the lack of
precursor decomposition. Noting that the highest precursor decomposition temperature is
334 °C for Zn(dedc)2 (Fig. 1), at the lower processing temperatures, there is an excess of
copper — the precursor with the lowest decomposition temperature at 302 °C (Fig. 1). At
higher temperatures, the [Cu]/([Zn]+[Sn]) ratio levels out to ~1, which is ideal for
stoichiometric CZTS (Table 1). The elemental analysis was performed on areas of ~100
um?, meaning that any phase instability on individual platelets leading to local

compositional inhomogeneity is inconsequential.
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Table 1: Summary of the results from the elemental analysis performed by EDS on
samples grown at different temperatures. The values correspond to atomic percentages
and to their ratios.

[Cul [Zn]

T(°C) At. % Cu At. % Zn At. % Sn AL %S _
[Zn]+[Sn] [Sn]
360 38.1(£1.6) 15.5(10.6) 6.8(+0.5) 39.5(2.0) 1.70 22
400 34.8(+0.8) 21.9(=0.5) 8.7(+0.3) 35.4(+1.6) 1.13 23
440 25.7(#0.8) 25.040.7) 9.5(%0.5) 39.7(+1.9) 0.75 2.6
460 29.8(+1.0) 21.0(20.6) 10.5(0.4) IR.T*1.6) 0.94 2.0

Elemental analysis has also been performed on individual platelets in TEM (Fig.
7). The platelets are clearly crystalline, though the selected area electron diffraction
pattern suggests that multiple phases are present within a single platelet. Elemental

mapping suggests that the bulk of the platelets could be kesterite CZTS, while the phase
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Figure 7: (a) TEM of a nanoplatelet grown at 460 °C. EDS scans and selected area
diffraction pattern for two spots are also shown. (b) Elemental mapping for the platelet in
(a) showing the variation in the local composition.

impurity is focused on the edges, where an excess of copper relative to zinc and tin is
seen.

It is hypothesized that the copper sulfide initially nucleates as a binary sulfide
because the corresponding precursor has the lowest decomposition temperature. Once the
copper sulfide has nucleated, it is thermodynamically stable, and will not change phase,
though it appears to catalyze the formation of anisotropic platelet growth and the
formation of kesterite CZTS.

While interesting, these findings suggest that aerosol spray pyrolysis is an
ineffective method for synthesizing CZTS thin films for PV applications. In order to
make an effective PV, it is necessary for the interface between each layer to have
exceptional contact, so that little charge is lost between the different materials. Since the
inherent problem with the application of the CZTS material system to PVs lies in charge
loss and bulk defects within the material, an alternative method of CZTS synthesis —

nanoparticle formation and sintering — has been explored.
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4.4: CZTS Nanoparticle Synthesis

Using aerosol spray pyrolysis to synthesize CZTS nanoparticles appears to be
more advantageous than using the process to synthesize CZTS films, mainly due to its
economic and scalable application to the technology’s marketability. The process can be
separated into a few distinct steps to go from precursor material through to uniform,
crystalline CZTS thin films. Discussed here are results found when attempting to
synthesize and control the composition of CZTS nanoparticles.

To synthesize CZTS nanoparticles, the spray pyrolysis apparatus is assembled as
shown in Fig. 8. The powder can be collected either on a stainless steel mesh filter or in
solvent-filled bubblers. The mesh filter is easier to use and collects more powder, but the
bubblers quench the powder and eliminate contamination from interaction with hot
stainless steel parts. Using either collection technique, the system is operated at
atmospheric pressure under an inert argon atmosphere.

The precursor solution is aerosolized by the pressure differential caused by the

Bubblers

/
—

[ Ar-gas flow P :

1sneyxy

T

Collison-Type Y
Nebulizer

4
Figure 8: Schematic of spray pyrolysis system used to synthesize CZTS nanoparticles.
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flow of the carrier gas through the nebulizer head. In this apparatus, a six-jet nebulizer
head is used, the carrier gas (Ar) flow rate is set to ~15 SCFH (~5,700 SCCM) for each
run, which gives the aerosol droplets a residence time on the order of 100 ms within the
furnace. The aerosol is pushed into the tube furnace via the carrier gas, where the thermal
conditions are such that precursors decompose and form CZTS particles. The particles,
along with the excess non-decomposed precursor, carrier gas, and decomposed precursor
molecules are then collected by either technique mentioned above.

The solid material collected is washed five times and centrifuged with toluene and
methanol (in the case of the dedc precursor recipe from Section 4.2) or with DI water and
ethanol (in the case of the chloride precursor recipe from Section 4.2) to dissolve any
remaining precursor or precursor residue that may have formed. The remaining particles
are then dispersed in methanol and dried under argon flow. The material can then be
characterized accordingly.

The optimal temperature at which to synthesize CZTS nanoparticles using this
system is 800 °C. At lower temperatures, the mass of particles recovered diminishes
significantly, while at higher temperatures, the particles are found to be embedded in an
amorphous carbon matrix.

We have shown the ability to consistently create crystalline kesterite-CZTS
nanoparticles with a narrow size distribution centered around ~23 nm in diameter using
the dedc-precursor configuration (Fig. 9). Further characterization of these particles via

XRD and Raman confirms the presence of kesterite-phase CZTS (Fig. 10).
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Figure 9: (a) TEM of a nanoparticle grown at 800 °C. Inset provided to better
observe uniform crystal fringes. (b) Diffraction pattern of particle shown in (a),
three primary fringes align well with major kesterite-CZTS peaks. (c) Shows
histogram of nanoparticle sizes constructed from the inset image. The average
particle size is 23.1 £ 10.5 nm.

With the ability to synthesize nanocrystalline CZTS confirmed, the controllability
of the system needed to be assessed. To do this, the system was run with one parameter
varied at a time. Running at different furnace temperatures and using altered precursor
ratios in the precursor solution (i.e. the amount of Cu(dedc): relative to Zn(dedc)2 and
Sn(dedc)4) are the most significant variables in tuning the composition, size, and

morphology of the particles. By running the system at temperatures between 400 °C and
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Figure 10: (a) Shows a Raman spectrum of nanoparticles grown at 800 °C and (b) XRD
pattern of the same nanoparticles.

2 3

1,000 °C, the optimal operating temperature was determined to be 800 °C. All further
samples discussed in this section were produced at this temperature.

Below this optimal temperature, there is a marked decline in the amount of
powder produced and collected, implying that the precursor doesn’t fully decompose at
lower temperatures. While the furnace is set above the decomposition temperature for all
three precursors even at 400 °C, the residence time of the aerosol droplets within the
furnace is too short (~0.12 s) to allow an adequate amount of thermal energy to be
radiated into the droplets to cause decomposition of the precursors, hence the higher
temperature is necessary. The crystalline powder collected at lower temperatures is still
evidently kesterite-CZTS as confirmed by Raman spectroscopy (Fig. 11).

Above the optimal 800 °C temperature, the powder is still formed as crystalline
CZTS, but TEM indicates that the powder is embedded in an amorphous matrix (Fig. 12).

Cursory analysis via Fourier Transform Infrared Spectroscopy indicates that the
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Figure 12: Shows Raman spectra of CZTS nanopowders grown at various temperatures.

LA .o AN ¢
Figure 11: TEM micrograph of sample grown at
900 °C showing crystalline CZTS powder
embedded in amorphous matrix.

amorphous material is likely organic in composition, making it an undesirable
contaminant for the proposed application of this material system (Fig. 13).

Then, by running the spray pyrolysis system with variable relative precursor
ratios, the controllability of the material composition has been examined. The
nanoparticle stoichiometry has been shown to be highly controllable, though it is clear

that the system is incapable of converting all of the precursor into CZTS effectively, as
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Figure 13: FTIR spectra of CZTS nanopowder samples produced at 700,
750, and 900 °C. The 700 °C sample shows a significant presence of
unreacted dedc precursor complexes, and the 900 °C sample shows a
strong presence of CHx bonds correlated with the amorphous matrix seen
in Fig. 11. The 750 °C sample shows neither of these features.

observed in Table 2 — a summary of EDS analysis performed on powder formed with
varied precursor concentrations.
Perfect precursor conversion would yield the ideal relative copper : zinc : tin ratio

with a relative Cu(dedc)2 : Zn(dedc)2 : Sn(dedc)s4 mass ratio of approximately 2:2:1 (used

Table 2: Summary of the results from the EDS performed on samples grown from
different precursor ratios.

an
Cu(dedc): Sn(dedc): Zn(dedch At % Cu At % Zn AL % Sn

[Zn]+[Sn]
Sample 1 500 mg 500 mg 250 mg 25.59 34.62 39.79 0.34
Sample2 500 mg 340 mg 180 mg 35.96 35.16 28.88 0.56
Sample 3 500 mg 180 mg 90 mg 42.87 31.60 3553 0.63
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in Sample 1 of Table 2). However, ideal CZTS stoichiometry was approached as both tin
and zinc precursors were decreased relative to copper precursor, implying the copper
precursor is more difficult to convert than the others. This is likely due to the fact that
Cu(dedc): has been observed to be imperfectly soluble in toluene at the concentrations
we are using, so there is a depletion of this precursor in the aerosol droplets unless its
relative concentration is increased.

This data provides evidence that the aerosol spray pyrolysis system described here

is capable of controllably producing phase-pure kesterite-CZTS.

4.5: CZTS Nanoparticle Sintering

To create thin films from CZTS nanoparticles, it is necessary to coat the particles
uniformly on a substrate. In this work, CZTS nanoparticle dispersions in methanol are
sprayed onto substrate using a Master® airbrush.

The dry CZTS nanoparticles are well-dispersed in methanol by ultrasonicating for
>15 minutes. The solution is then added to the airbrush reservoir and is turned into an
aerosol and sprayed onto a substrate. Compressed argon is used to generate the aerosol.
To achieve a uniform coating, it is necessary to run the carrier gas at a low flow rate; here
~1 SCFH (~380 SCCM) is used. The spray is directed onto a masked substrate in a
uniform pattern until the desired thickness is achieved. An exemplary coating is shown in
Fig. 14, both at the macro- and the micro-scale.

Coatings have been deposited on both soda lime glass and quartz substrates. The

substrate is masked over a rectangular area using masking tape, which also served to hold
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Figure 14: Macroscopic, SEM top down, and SEM cross section images of a coating
of CZTS nanoparticles created using the process outlined in Section 4.4.

the substrate immobile and level. The substrate is also made twice as large as the desired
film area and is pre-scored. This is to allow easy splitting of the substrate and coating to
give a control sample, as well as one that will be annealed.

Once the CZTS nanoparticles have been coated onto a substrate, the sample must
be baked in a sulfur-rich atmosphere to promote crystal grain formation and growth, as
discussed in Section 3.8. To do this, the samples are sealed in an evacuated ampoule with
some solid sulfur and placed inside a tube furnace for an hour.

The samples are placed in a 1/4” diameter quartz tube with one end that has been

sealed shut. Approximately 1 mg of sulfur is added to the tube, which when heated to 600
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°C will yield roughly 50 torr of sulfur pressure within the sealed and evacuated ampoule
(the boiling point of sulfur is 445 °C).°

The quartz tube is then joined to an airtight apparatus via a Swagelok Ultra-Tour
fitting to be pumped down to ~107 torr by a Leybold turbo-molecular pump (Fig. 15a).
The ampoule is then closed off from the system by a quarter-turn valve. The ampoule
plus valve assembly is then removed from the apparatus and the ampoule is sealed off
using an oxygen-acetylene torch so that the ampoule is 8 long (Fig. 15b).

The sealed ampoule is then inserted into a tube furnace ramped to 600 °C at a rate
of 5 °C/min. and then baked for 60 minutes. At the end of the time, the furnace is allowed
to cool slowly (~5 °C/min.). This slow cooling rate is necessary to preserve order and
crystal phase integrity in the material, as discussed in Section 3.10.

Once the furnace has cooled below the “order/disorder transition temperature” at
~206 °C, the ampoule is extracted from the furnace and quenched. Once cooled, the
ampoule is cracked open and the sample is removed and characterized.

Attempts at making uniform, large-grain CZTS films based on the powder as-

Figure 15: a) Shows an ampoule loaded with sample and elemental sulfur after pumping
down to 107 torr. b) Shows an ampoule that has been sealed off to be eight inches long
from image a.
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produced from the aerosol spray pyrolysis system with no post-treatment other than
solvent rinsing and centrifuging have proven unsuccessful. A typical result is shown in
Fig. 16. There is some grain growth in the bulk of the film, the uniform-looking grains in
the background have an average size of 230 + 50 nm. Further, the background layer is
porous and thin. From a cross-section SEM image, the thickness of this layer is
approximated at less than 1 pm, while the initial coating before annealing had a thickness
of approximately 3.5 um. The annealed film is also non-uniform. There are sparse
occurrences of very large grains segregated above the bulk of the film. Volume
conservation suggests that the massive reduction in the thickness of the bulk of the film
can be explained by material loss to these large grains that extend as high as 5 pm above
the surface of the bulk film. A similar result is noted by Chernomordik et al. in the

sintering of ligand-capped pure sulfide CZTS nanoparticle films.!°

4.6: Oxide-Induced Grain Growth

In order to investigate the role of surface chemistry on the sintering kinetics of

Figure 16: Top-down SEM micrograph of
sulfur-annealed CZTS nanoparticles with
no post-synthesis treatment.
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CZTS nanoparticles, we have tested a very simple air-annealing process. This was
originally motivated by the idea that such a process would remove any residual trace
amount of carbon contamination, due to either solvent residue or unreacted precursor not
removed by the cleaning procedure. The annealing temperature range is between 200 and
300 °C. Fig. 17 shows the effect of the air annealing process on particle morphology for
two different temperatures (225 °C and 300 °C) relative to the as-produced particles.

At 225 °C (Fig. 17b), there is a clear modification to the particle surface, and at
300 °C (Fig. 17¢), the formation of a thin amorphous layer is thicker (~1.5 nm) and
clearly distinguishable. It should be stressed that the bulk of the material retains the
apparent phase-pure CZTS character, as confirmed by XRD and Raman spectroscopy
(Fig. 18).

XPS characterization confirms that the amorphous layer on the surface of the
particles is an oxide primarily comprised of tin and zinc cations (Fig. 19). From Fig. 19, it

is also interesting to note that the surface of air-annealed particles tends to be more rich in

m— )

As Produced 225 °C 300 °C

Figure 17: TEM micrographs of CZTS nanoparticles as-produced from the spray
pyrolysis reactor (a), after annealing in air at 225 °C (b), and after annealing in air at 300
°C (c). Arrows indicate presence of amorphous oxide layer after air annealing. Scale bar
is 10 nm.
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Relative Atomic %

Figure 19: Shows relative atomic composition of different elements as calculate from
XPS spectra of samples before air annealing, then after air annealing at 225 and 300 °C.
a) Compares relative sulfur, oxygen, and carbon content at the particle surface. b)
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Figure 19: Shows XRD (a) and Raman (b) characterization
of nanoparticle samples as-produced (BA), then after
annealing at 225 °C and 300 °C.
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tin and zinc, and consequently more copper-poor, compared to the surface of particles
that have not been air-annealed. SEM/EDS measurements indicate that the loss of copper
is restricted to the particle surface; the composition of the bulk powder remains the same
within uncertainty of the measurement.

Other groups have observed similar behavior in the CZTS layer after annealing
CZTS-based PV devices in air.!!"!* Using Auger Nanoprobe Spectroscopy, Sardashti ef
al. characterized the formation of these copper-depleted, SnOx-enriched surfaces in the
absorber layer after air-annealing a CZTSSe-based PV.!! The absence of copper at the
particle surfaces may be attributed to the formation of CuSO4, which is volatile at
temperatures much lower than the air annealing temperature.'> Copper sulfate has a
relatively low heat of formation,'¢ and the corresponding zinc and tin sulfates are much
less likely to form — the respective heats of formation are roughly 5 and 10 times greater
in magnitude than that for copper sulfate.!%!7

These air-annealed CZTS particle samples are then coated, pressed, and annealed
according to the exact same procedure used for the non-air-annealed particles as
described in Section 4.5. The as-produced powder-derived samples appear to be
morphologically similar to that seen in Fig. 16 — large CZTS grains are formed sparsely
and on the surface of a uniform-but-porous smaller grain layer. The resulting films
derived from the air-annealed powder are starkly contrasting, however.

The film, as determined from SEM, consists of uniform, large-grain CZTS (Fig.
20e-g). The average grain size for the sample derived from powder annealed in air at 225

°C1s 1.8 £ 0.5 um. The powder annealed at 225 °C consistently gives the most uniform
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Figure 20: Top-down and cross-section SEM images of
films derived from as-produced CZTS nanoparticles (a-c)
and nanoparticles annealed in air at 225 °C (e-g). (d) and
(f) are EDS maps of oxygen content in images (c¢) and (g)
respectively.

and least porous film, though similarly uniform grain growth is observed for all films
derived from powder annealed in air between 200 and 300 °C. The air-annealed sample
exhibits uniform large grain morphology on a large scale (Fig. 20¢) relative to the non-air
annealed counterpart (Fig. 20a).

A further notable result is observed in Fig. 20g — the large grains of CZTS span

the thickness of the film (~2 pm) with no carbon-rich fine-grain layer between the film
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and the substrate. Typically in related work, CZTS nanoparticles are synthesized via a
hot-injection method, and consequently are covered at the surface with organic ligands.
These ligands result in the aforementioned carbon-rich fine-grain layer sandwiched
between the bulk of the film and the substrate.!%!8-22 Huang ef al. have demonstrated a
method to eliminate this fine-grain layer by using ligand-free CZTS nanoparticles
synthesized by hot-injection in a formamide solvent system and maximizing the packing
density of the nanoparticle coating before annealing.?* The samples shown in Fig. 20
imply that a similar result can be achieved by an alternative mean — by starting with
ligand-free CZTS nanoparticles and performing a 30-minute anneal in atmosphere at
moderate temperature.

Intuitively thinking, the introduction of oxygen into the material may adversely
affect charge transport in the film by introducing poorly conducting phases into the
structure. In Fig. 20h, the oxygen in the system appears to aggregate at the surfaces of the
grains and not in the bulk. Further characterization is necessary to investigate the role of
such oxide segregations on the electronic properties of the films. Such a study goes
beyond the scope of our work. Nevertheless, the conclusion from a recent study by
Sardashti et al. is that the presence of tin-oxide phases and copper depletion at the surface
of the grains in a CZTS thin film act as a passivating layer, inhibiting charge
recombination at grain boundaries.!! Air-annealing CZTS/CZTSSe-based PVs after
production is now commonly applied to enhance device efficiency by this passivation

mechanism.!2
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Figure 21: XRD patterns (a) and Raman spectra (b) comparing air-
annealed powder-derived CZTS thin films to as-produced powder-
derived films. Each spectrum is normalized to itself.

Structurally, both of the annealed films in Fig. 20 appear to be phase-pure CZTS
(Fig. 21). Comparisons in diffraction and Raman spectra between the air-annealed
powder-derived sample and the as-produced powder-derived sample show minimal bulk-
phase variability. In Fig. 21a, the diffraction peaks between the two samples align, with
the 112 peak strongest at 28.4 °C aligning well with CZTS standards.® The difference is
that the air-annealed sample exhibits sharper peaks, to be expected after observing the
morphology in SEM. Scherrer peak analysis of the respective 112 peaks in Fig. 21a
yields an approximate average crystallite size of 130 nm for the “AirA (225 °C)” sample

and 77 nm for the “As Produced” sample. In Raman (Fig. 21b), the spectra are effectively
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identical, with both samples exhibiting CZTS peaks at ~336 and 286 cm™.® It is crucial to
apply both Raman and XRD to determine the phase of a CZTS film. Diffraction alone is
insufficient due to the near perfect overlap of kesterite CZTS with its potential segregate-
phases ZnS and Cu2SnS3.2 We have observed signatures of these segregating phases
independent of the primary CZTS resonance at 336 cm’! in different samples not shown
here.

It must also be noted that the apparent bulk-phase purity is not necessarily
indicative of an entirely phase-pure sample. A recent study by Alvarez et al. used Raman
microprobe spectroscopy to identify structural and compositional inhomogeneity that
exists from grain-to-grain in a CZTS film that appears structurally phase pure and
compositionally near-stoichiometric using the conventional characterization strategy.?*
The samples examined in this study were synthesized by sulfurizing a stack of sputtered
Cu, Zn, and Sn metal-layers using the same technique detailed in Section 4.5, but for an
eight-hour duration rather than the one-hour used here for nanoparticle sintering.

In the present study, after quantifying the composition of different spots in the
two films obtained without and with the nanoparticle air-annealing step (Fig. 22a and 22b
respectively), it is apparent that the same localized compositional variability found by
Alvarez et al. exists in the films analyzed in this study.?* The table beneath Fig. 22a
clearly shows a variability in the metal content between the small grains and the
segregated large grains. The large grains each have a relatively higher tin and copper
content, as evidenced by the decrease in the Zn/Sn ratio from spots 1 and 2 to spots 3, 4,

and 5. The copper content is highly variable, with a large increase between the spots 1, 2,
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(Fig. a) Zn/Sn Cu/(Zn+Sn) (Fig. b) Zn/Sn Cu/(Zn+Sn)
Spot 1 0.92 1.41 Spot 1 0.72 1.51
Spot 2 0.93 1.37 Spot 2 0.76 1.16
Spot 3 0.84 1.80 Spot 3 0.68 1.74
Spot 4 0.86 1.62 Spot 4 0.67 1.43
Spot 5 0.85 1.67 Whole Field 0.72 1.39

Figure 22: Top-down SEM images of as-produced CZTS powder-derived
film (a) and air-annealed CZTS powder-derived film (b) with different
spots showing locations of EDS elemental quantification (in atomic %).
Each number corresponds to the underlying grain and the respective spot
in the table below, where Cu, Zn, and Sn are quantified with respect to
each other. In the table under (b), “Whole Field” refers to elemental
quantification of the entire image.

and 3, 4, and 5. In the air-annealed nanoparticle-derived film (Fig. 22b), there is still
variability from grain-to-grain as well. The small grain in spot 2 appears to be more tin-
and copper-poor than the others surveyed, matching the trend between the large and small
grains in Fig. 22a. However, the sample in Fig. 22b shows a consistently higher tin
content relative to zinc.

In addition to these observations, we have compared the average (measured at low
magnification to include a large number of grains) amount of tin in several sulfurized
CZTS thin films (Fig. 23). We have found consistently higher tin content in films

produced using the air-annealed powder.
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Figure 23: Comparison of tin content relative to all metals in
annealed CZTS thin films. The bars represent as-produced (A-
P), and the different temperature air-annealed CZTS
nanoparticle-derived films.

To summarize, the elemental analysis data shown in Figs. 22 and 23 give some
insight into the grain growth mechanics for the CZTS material system and suggest that tin
plays a crucial role in the kinetics of grain growth in CZTS thin films. This information,
after comparing the morphologies and compositions between large and small grains (Fig.
22) and after comparing the composition of films realized from particles with and without
an oxide shell, supports the conclusion that the amorphous oxide layer formed during the
air-annealing process (Fig. 17) acts as a diffusion barrier that helps in retaining volatile

phases during the high-temperature sulfurization step.

4.7: NazS-Induced Phase Activity

Current efforts to improve the efficiency of CZTS-based devices are mirroring the
development of the CIGS system, which is structurally similar to CZTS. sodium doping
has been shown to enhance device performance and thin film properties in both the CIGS

and CZTS systems.>*? By comparing the growth of CZTS crystal grains on substrates
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with and without sodium, enhanced grain growth was concluded to be an effect of
sodium and other alkali diffusion from the substrate into the film material.> These
devices, in turn, also exhibited better performance than the devices without alkali in-
diffusion due to enhanced minority carrier mobility.

Organic ligands have also been proposed as being beneficial in promoting grain
growth in CZTS/CZTSSe nanoparticle systems. Martin et al. compared the effect that
two different nanoparticle-capping-ligands, derived from oleylamine (OLA) and
dodecylamine respectively in a hot-injection process, had on the crystallinity of the
annealed CZTSSe film.'® The conclusion was that the longer ligands from the OLA
yielded vastly superior crystallinity and uniformity after annealing. Huang et al. have
produced a similar study in pure CZTS, comparing the crystallinity of films derived from
OLA-synthesized CZTS nanoparticles and formamide-synthesized CZTS nanoparticles.?
However, with carbon introduced to the system, these same groups report highly
crystalline thin films in the case of the higher-carbon content ligands, but with a carbon-
rich fine-grain layer sandwiched between the substrate and the CZTS or CZTSSe film.

There is little precedent for the synthesis of surface-ligand-free CZTS particles
that can be sintered successfully into uniform large-grain thin films. Huang et al. have
reported a ligand-free application of the hot-injection synthesis method by substituting a
formamide solvent system as the reaction media.?* Huang et al. report further the
successful sintering of these ligand-free films into a highly crystalline and highly uniform
thin film by mechanically compacting with a “reasonably soft metal and silicone”,?3

maximizing the packing density of the nanoparticle coatings. Alternatively, in our
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previous work we have shown that a thin amorphous oxide layer grown on the surface of
surface-ligand-free CZTS particles facilitates the formation of uniform large-grain CZTS
films.3° Our recent focus has concerned identifying a facile method by which to facilitate
grain growth in these coatings, and we take inspiration from the work from Tiong et al.,
in which the authors demonstrated controllable grain growth in surface-ligand-free CZTS
nanoparticle coatings by dipping the coatings in a sodium halide solution prior to
annealing.’!

In this section, I present a novel method of controlling sodium incorporation into
CZTS thin films by a facile sodium disulfide (Na2S) dipping technique. After production,
CZTS nanoparticles are coated onto an inert quartz glass substrate. The coating is then
submerged in a Na2S:MeOH solution for five minutes and then dried overnight at 60 °C
to evaporate the solvent and leave a NazS residue coating the film. During annealing, the
film exhibits grain growth that is indicative of sodium incorporation. Further, by varying
the concentration of the dipping solution, different film morphologies, structural
homogeneity, and cation ordering are obtained after annealing, indicating that varied
amounts of sodium are incorporated.

For the sodium disulfide-dipping process, varied amounts of Na>S are dissolved in
methanol. In this manuscript, solution concentrations of 0, 0.01, 0.05, 0.1, and 0.5 M
were used. The drop-cast nanoparticle coatings are then submerged in the solution for 5
minutes, then placed in a convection oven held at 60 °C to dry overnight. The dipped
coatings are then sealed inside quartz glass ampoules with some elemental sulfur and

annealed according to the procedure outlined in Section 4.5.
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Figure 24: SEM images from samples annealed after dipping in Na2S solutions of 0
(a), 0.05 (b), 0.1 (c), and 0.5 M (d). Scale bars in a-c are 10 um, ind it is 30 pm.

With the four different NaxS dipping concentrations — 0.0 M, 0.05 M, 0.1 M, and

0.5 M — we demonstrate a wide range of quality in the annealed CZTS films. In Fig. 24,

each SEM image corresponds with a different dipping concentration. With no NazS (Fig.

24a), we see very little change in the morphology of the film from pre- to post-annealing.

The grains remain small and the film is quite porous. With 0.05 M NaxS (Fig. 24b), the

film is still quite porous, but there is some crystal grain growth. The grain growth appears

somewhat uneven, with some larger grains and some smaller grains, and there are some

areas where material accumulates while in other areas there are large voids. With 0.1 M

Na:zS (Fig. 24c), the film has what we consider to be near-optimal morphology (similar to

the morphology exhibited in Figs. 20f and 22b). The crystal grains are uniformly large in
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size, and there are few pores or voids in the film. There are small particulates on the
surface, which may be attributable to segregated phases like copper sulfide or tin sulfide
or to residue from the Na>S dopant. With 0.5 M NaxS (Fig. 24d), the crystal grains have
grown excessively (note the different scale bar from the other images). Further, the shape
and texture of the grains suggests significant structural inhomogeneity within this film.

Raman spectroscopy demonstrates the structural changes in each of these samples
(Fig. 25). These spectra were collected at low magnification (10x) to ensure the resulting
spectra represents a large area survey of the film, although we know in smaller areas
there will be significant phase inhomogeneity.?**° Fig. 25a shows spectra collected using
a 532 nm Raman probe laser, and Fig. 25b shows spectra from the same samples
collected using a 785 nm Raman probe laser. In each of the first three dipping conditions
(0, 0.05, and 0.1 M Naz2S), CZTS appears to be the dominant phase present after

annealing. With increasing Na>S-dip concentration, though, the CZTS phase develops
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Figure 25: Raman spectra from samples annealed after dipping in NaxS solutions of 0,
0.05, 0.1, and 0.5 M. a) Shows Raman spectra collected using 532 nm probe laser, b)
shows spectra collected using 785 nm probe.
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longer-range order, indicated by the slight blue-shift and increase in sharpness of the
peaks in the spectra. The spectra collected using the 785 nm Raman probe contrast with
those collected using the 532 nm Raman probe, in that there is less signal from more
disordered CZTS (0 M Na:S sample) — the spectra are normalized to themselves, but the
increased noise and reduced distinction from the background are show this. The features
to the right of the dominant CZTS peak in the 0.1 M NaxS sample in the 785 nm probe
spectrum are indicative of cation-ordering within the CZTS phase and can only be
adequately characterized using a 785 nm Raman probe. There will be extensive
discussion of these features in the next chapter.

Similar to that which was suggested by the morphology of the 0.5 M NaxS-dipped
sample (Fig. 24), the structural composition of the sample is segregated phases from
CZTS, like SnS2, Cu2SnS3, and CuzS. ZnS is difficult to characterize using Raman
spectroscopy under the same acquisition parameters needed to characterize these other
sulfide phases without thermal damage. That Cu2S (~474 cm™") can be seen in the 532 nm
Raman probe spectrum and not in the 785 nm Raman probe spectrum (spectra acquired
from different spots on the same sample) suggests the massive degree of inhomogeneity
in this film, since the spectrum is acquired over a large area.

Indeed, EDS maps collected from this 0.5 M NazS-dipped sample show clear
segregation of the different cation elements in the film (Fig. 26). In these maps, it appears
that copper and tin tend to segregate to similar areas, and zinc tends to segregate
separately. Given that ZnS is known to be immiscible with CuzS and SnSa, while the

latter two are miscible with each other,*? this observation is not unexpected. This clear
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Figure 26: a) SEM image of sample annealed after dipping in 0.5 M
NazS solution and corresponding EDS maps indicating the presence of
Zn (b), Cu (¢), and Sn (d) atoms.

segregation at a large scale indicates that the excess presence of sodium catalyzes a high
level of solid-state cation diffusion during the annealing process. This has been
hypothesized to be the reason that the presence of sodium enhances grain growth in
CZTS films during annealing.>*3 In contrast, EDS maps collected from the 0.1 M NaxS-
dipped sample shows no obvious elemental cation segregation (Fig. 27), suggesting that
there is an upper limit to the concentration of sodium that can be incorporated as a dopant
in CZTS before its presence induces material degradation and phase segregation, a
conclusion shared by Gershon et al.*?

In sum, we have demonstrated two methods — partial particle oxidation and Na>S

incorporation — of generating what we may call “optimal” CZTS thin films by annealing
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Figure 27: a) SEM image of sample annealed after dipping in 0.1 M Na:zS solution
and corresponding EDS maps indicating the presence of Zn (b), Cu (c), and Sn (d)
atoms.

coatings of CZTS nanoparticles. While we can argue for different explanations of why
these techniques yield positive results, questions regarding material dynamics during the
ever-crucial annealing process remain. /n sifu characterization of samples during this

process is essential to gaining a better understanding of this material.
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Chapter 5: In Situ Raman Characterization of CZTS Nanoparticle Sintering
5.1: In Situ CZTS Characterization

In this chapter, I present a system with which to conduct in situ Raman
characterization of a CZTS nanoparticle coating during high temperature annealing in a
closed sulfur atmosphere. This system allows for studying the material dynamics of the
material in an effective facsimile of what I have determined to be the optimal annealing
conditions for these films. I highlight two experiment designs demonstrating the
usefulness of this system. First, I monitor the shift in Raman frequencies with increasing
temperature in SnSz, CuzS, and CZTS nanoparticle coatings. Raman frequencies red-shift
in linear proportionality with temperature, so by comparing peak shifts with this
proportionality I ascertain information about the development of material structure in
situ. Second, I monitor the development of cation-site ordering in CZTS films as they are
cooled past a critical order/disorder transition temperature at different rates. Ordering
parameters are calculated and compared to ex sifu values to demonstrate the power of my
in situ technique. Data collected from these and similar experiments can be used to
identify transition points in inter- and intra-structural dynamics during thermal
processing, providing a basis for more finely-targeted future studies.

An extensive body of literature exists that details the gradual optimization of the
sulfur-annealing process for high-quality CZTS thin films. It is known that for a high
temperature of >500 °C must be used,!- that the inclusion of a diffusive alkali source is
needed,*”’ that a low-pressure sulfur atmosphere is needed,®!° and that the sample must

be cooled very slowly.!'"!5> Most of these details have been developed through a
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combination of theoretical predictions and experimental observations. However,
applications of in situ characterization techniques have yielded data that allows not only
for more expedient optimization of annealing parameters, but also for a deeper
understanding of the material dynamics at high temperature. 1

At the 600 °C annealing temperature used in this and other works, kesterite-CZTS
should be unstable in off-stoichiometric compositions and should decompose into binary
and ternary sulfide phases.!? Additionally, the presence of any secondary phases — noted
as prevalent by Alvarez et al.'” — will influence the composition of kesterite-CZTS in
single-grain domains.'®!” Huang and Persson, however, note that theoretically the
formation of certain stoichiometry-dependent intrinsic point defects stabilizes the crystal
structure,?’ a result confirmed experimentally by Valle Rios et al.'® The copper-poor and
zinc-rich stoichiometry is used to promote the formation of (Zncu + Vcu) and (Zncu +
Cuzn) defect complexes relative to other defect structures.'®2° Further, these complexes
form in conjugation with each other to maintain the electron structure in kesterite, which
helps explain why the band gap of this off-stoichiometric kesterite-CZTS is close to that
for stoichiometric CZTS.?° These defect complexes also promote charge transport in the
bulk material, explaining why this off-stoichiometric condition is desirable for producing
efficient PV devices.?%-23

Comprehensive studies by Lund et al.'* and Du et al.! indicate the importance of
tin content as well. An excess of tin will result in a high degree of disorder in the kesterite

lattice '*!° while also contributing to a quenching effect of the PL signal.! Just et al.

report empirically that the minority charge-carrier transport dynamics for an off-
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stoichiometric copper-poor, zinc-rich, tin-poor material should not hinder performance of
CZTS-based PVs.?

Here, we show results from three series of in situ Raman experiments in order to
characterize evolution in CZTS films during sulfur-annealing. First, by monitoring the
CZTS Raman peak position during heating and comparing the behavior to that for
simpler binary sulfide phases, we qualitatively observe the onset and development of
large crystal domains at high temperatures. Second, we quantitatively characterize the
development and reversibility of cation order/disorder via a low-temperature secondary
sulfur-annealing process. Third, we study the effect of varying sodium content on the

characteristics observed from the first two experiments.

5.2: A Novel System for In Situ Raman Characterization of Volatile Materials

In this work, a specialized furnace was constructed to facilitate Raman
spectroscopy measurements of samples in sealed environments at high temperature, a
schematic of which is shown in Fig. 1. The heating element in the furnace was designed
to provide stable temperatures up to ~700 °C and to accommodate the glass ampoules
with outer diameter 0.64 cm (0.25 in.) and length 20 cm (8.0 in.) already used to anneal
CZTS films in prior work,>> and is thermally insulated via high-temperature cement
bricks. A thermocouple is placed underneath the ampoule beneath the optical aperture to
provide feedback to allow temperature control. The optical aperture is a 1.9 cm-diameter
(0.75 in.) hole bored through the thermal insulation, and the sample can be manipulated

inside the ampoule to sit directly beneath the aperture. The diameter of the aperture was
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Figure 1: Schematic of in situ Raman system used to characterize CZTS films.

chosen such that an objective could be lowered to a distance sufficiently close to the
sample in accordance with the focal length of the objective. For these experiments, a 10x
Mitutoyo ML ultra-long working distance finite bright-field objective with a working
distance of 51 mm was used. This allowed for Raman characterization at high
temperatures while maintaining some separation between the objective and the heating
element. Throughout the course of these experiments, no damage or variation in quality
was observed in the objective. The objective was affixed to the confocal Raman
spectroscopy system described in Section 4.4, in which 532 nm and 785 nm laser probes
can be used.

Spectra were collected and analyzed with the LabSpec6 software package. With

the 532 nm probe, a single spectrum was acquired and saved every 300 s using 60 mW
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laser power, 25% volume filter, 1,800 lines/mm grating, and a focused “spot” measuring
~5 um wide by ~50 pm long — the curved ampoule glass acts like a cylindrical lens and
distorts the laser beam into a line. With the 785 nm probe, a single spectrum was acquired
and saved every 300 s using 120 mW laser power, 25% volume filter, 600 lines/mm
grating, and a focused “spot” measuring ~5 um wide by ~50 pm long. Due to the long
acquisition time, spikes attributed to cosmic rays were prevalent in the spectra, and were
computationally removed using the single spectrum de-spike method in LabSpec6. These
parameters correspond with the standard annealing temperature profile used in this study:
20 °C-600 °C in 30 minutes, 600 °C-600 °C in 60 minutes, and 600 °C-20 °C in 193 min.
(at a rate of 3 °C/min.). There were different temperature profiles used for different
experiments, and spectrum acquisition times were adjusted to accord with the desired
temperature resolution for each experiment, which will be described in more detail
further on. A representation of the data acquired from one iz sitzu Raman experiment and

the corresponding temperature profile for this experiment is shown in Fig. 2.

5.3: High Temperature Characterization

Sayed et al. (XRD), Wang et al. (Raman), and van Duren ef al. (Raman) have
studied the crystallization and decomposition of kesterite-CZTS at high temperature
using in situ characterization on samples undergoing sulfur-free annealing.>316 In all
three of these works, characterization of CZTS films at high temperature was performed

2,3,16

in inert nitrogen at or near atmospheric pressure, while under standard processing

parameters, films are annealed in either a low pressure closed or flow system with some
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Figure 2: Sample data collected from in situ Raman system. Shows series of spectra
collected during the course of one experiment with temperature ramp applied to the
sample in.

elemental sulfur or H2S gas. Nevertheless, these works help illuminate the importance of
the established annealing parameters. Namely, CZTS crystallizes just below 400 °C 2316
and a tetragonal (kesterite/stannite) phase is thermodynamically favorable relative to
hexagonal (wurtzite) phase above 526 °C.3

In their in situ XRD characterization, Sayed et al. observe grain growth in CZTS
nanoparticles only during the initial heating ramp, though there was no diffusive alkali
source to promote large-scale grain growth, so their crystal grains grew only a small
amount.® Similarly, both van Duren ef al. and Wang et al. observe minimal grain growth
beyond crystallization into kesterite-CZTS in their in situ monitoring of the
crystallization of CZTS precursors.>!
In Raman spectroscopy, crystal grain domain growth at the nanoscale can be

characterized to some extent by comparing different vibrational modes in a material’s

characteristic spectrum.? This is often imprecise, though, because the extinction of
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phononic vibrations by grain boundaries cannot be differentiated from that by defects,
stacking faults, or twinned crystals, not to mention by phase inhomogeneities.? In in situ
Raman characterization of CZTS, though, temperatures at which crystal growth occurs
(>350 °C) 23 differs from that at which cation ordering in the kesterite phase occurs
(<300 °C),'? suggesting that both crystal grain growth and cation ordering can be
characterized.

In this section, we utilize in situ Raman spectroscopy to document the shift in
Raman peak positions of SnSz, CuzS, and CZTS nanoparticle coatings after dipping in 0.1
M NazS solution and during annealing in sulfur at high temperatures. We expect a linear
red-shift in peak position with temperature similar to that observed van Duren et al. in the
dominant Raman modes for each material.'® Any deviations from this linear trend are
indicative of phase transformation, large scale defect formation, or crystal grain growth.?>
Additionally, the comparison of CZTS to the simpler binary sulfide phases allows for the
deconvolution of variables regarding the complex cation defect structures inherent to
CZTS.

Each of the SnS2, CuzS, and CZTS nanoparticle samples were prepared using the
same aerosol spray pyrolysis apparatus described in Chapter 4, but with the requisite
precursors and optimized furnace temperatures. The particles were coated, dipped, and
annealed under the same parameters used to generate the CZTS film shown in Fig. 24c¢
(Ch. 4) with Raman spectra acquired using the procedure in Section 4.4 and with the 532

nm laser probe. Peak positions are assigned to the dominant Raman modes for each phase
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(315 cm™! for SnS2, 474 cm™! for CuzS, 339 cm™! for CZTS) and are accurate within a
measurement uncertainty of 1.5 cm™!.

In Fig. 3a-c, the peak positions for each of the three phases are plotted as a
function of temperature during the initial heating ramp of the annealing process. In Fig.
6a, corresponding with the SnS2 sample, the peak position red-shifts following the linear
trend we expect with a slope of -0.016 cm™!/°C, similar to that observed by van Duren et
al.'® In Fig. 3b and c, corresponding with Cu2S and CZTS respectively, the peak position
follows the linear trend with the same slope, but the peak position deviates above some
critical temperature — ~400 °C for CuzS and ~500 °C for CZTS. These values are not
quantitatively valid due to the temperature resolution of these scans, but qualitatively
effect is clear.

It must be noted that in both the CuzS and CZTS samples prior to any thermal
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Figure 3: Shows trends in Raman peak position vs. temperature for SnS2 (a), Cu2S (b),
and CZTS (c) films. Also shown are ex sifu SEM images of annealed SnS: (d), CuzS (e),
and CZTS (f) films after dipping in 0.1 M NazS.
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treatment, the peak positions are red-shifted from standard values. We attribute this to the
small crystal domain size in the initial nanoparticle coatings.?® Fig. 3¢ also includes the
CZTS peak position as a function of temperature during the cooling ramp. The peak
position follows the same linear trend observed for all three samples during the heating
ramp, but it is offset, and upon reaching room temperature, the position is in accordance
with standards for long-range ordered CZTS crystals.

Comparing the post-anneal morphology of these films (Fig. 3d-e) provides further
insight to the trends in peak positions for each sample. While all three samples exhibit
large-scale grain growth (~500x in CZTS to ~5,000x in Cu2S), SnS2 grows in a quasi-
two-dimensional morphology (Fig. 3d), while CuzS and CZTS grow three-dimensionally
(Fig. 3e, f). These SnS: structures grow similarly to other two-dimensional
dichalcogenide materials like MoS2 and WS2.26 Crucially for this experiment, the SnS:
Raman mode tracked during the anneal is associated with phonon vibrations normal to
the two-dimensional plane,?® meaning there is less significant growth in the direction of
phonon resonance, and there are negligible contributions to the peak position from crystal
grain growth.

Being that the behavior of CZTS and CuzS peak positions resemble each other
and that the majority of order/disorder and defect development dynamics occur at low
temperatures (<300 °C) in CZTS, we infer that we are observing the same phenomenon
occurs in both phases. In CuzS, the most likely explanation for the discrepancy from this
linear trend is a significant increase in crystal grain domain size, as there are no complex

cation-substitution defect structures that can form to hinder phonon transport.?> Applying
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the same logic to CZTS, we may identify a temperature regime in which significant
crystal grain growth occurs. With the present experiment, we can only say this
temperature exists somewhere between 500 and 600 °C, but the result stresses the

importance of the relatively high annealing temperature used in this and other works.

5.4: Low Temperature Characterization

At low temperatures, it has been demonstrated that defect structures in kesterite
CZTS can be characterized using Raman spectroscopy, and an estimate for the degree of
cation ordering in the material can be produced. In kesterite CZTS, the most likely
defects occur at copper and zinc sites in the z = 1/4 and 3/4 planes due to the atoms’
shared valence charge and similar atomic size and mass.?” Scragg et al. identified an
second order order/disorder transition (ODT) at a critical temperature near 260 °C, where
cation ordering in a CZTS film is established depending on the rate of cooling in
accordance with Vineyard’s theory of order in a solid.!>?® The model is a thermodynamic
rate equation, where there is some finite probability of copper atoms residing in copper

u

lattice sites (P&Y Zn

) and zinc atoms residing in zinc lattice sites (Pzy'), yielding an order

parameter S:

1

s=2(P&-2)=2(PZr-3) (Eq.1)
where S = 1 denotes a fully ordered sample.?® The atoms have some likelihood of
interchanging with their nearest neighbors dependent on the thermodynamic conditions
(ksT), indicating that the rate of ordering can be controlled in conjunction with the rate of

change in kaT.%
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Rudisch et al. have demonstrated that the order parameter S is linearly

proportional to values (Q, Q') that can be deduced from the ratios of different CZTS

peaks in Raman spectra using a near-resonance probe (785 nm is near-resonant with the

CZTS conduction band gap),'* where:

Q — 1288 Eq 2
I30s
— _ I339 Ea. 3
I3ggt+1377

An example fit of a Raman spectrum collected from a reasonably well-ordered CZTS
sample is shown in Fig. 4a, and Q is calculated to be 2.11 while Q' is calculated to be
~1.94. Paris et al. argue that physically Q and Q' are representative of different defect
complexes, and can be used to characterize the CZTS as “A-type” (containing

predominantly [VcutZncu] complexes) or “B-type” (containing predominantly

[2ZncutZnsn] complexes).?’ B-type CZTS has been used in efficient PV devices, and is

more commonly reported than A-type. B-type character is indicated by Q ~ Q" and Q <

2.8.142% In the work by Rudisch et al., however, an ex situ Raman characterization
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Figure 4: a) Sample Raman spectrum collected using 785 nm probe laser with peaks
needed to calculate Q and Q’ shown fit in green and blue, respectively. Also shows

evolution in Q parameters over time for sample cooled at 0.4 °C/min. (b) and 5 °C/min.

(©).
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method was used,'# and so the processing of multiple samples at increasingly slow
cooling rates will have been lengthy and arduous. The ability to observe cation-order
evolution in situ yields similar results from a single sample, as we demonstrate in this
section.

We present experiments observing in situ the development of cation-ordering in
CZTS films in a low temperature anneal using near-resonance Raman spectroscopy. In
these experiments, two CZTS samples that have already been annealed using standard
parameters after a 0.1 M NazS dip are used. These samples already exhibit a relatively
high degree of cation ordering, with Q values of 2.11 and 1.96 and Q' values of 1.94 and
2.01, respectively.

It should be noted that these three samples were processed in the same manner
and all were cooled during the initial sulfur anneal at a rate of 3 °C/min. For these
experiments, the samples were re-sealed in ampoules with elemental sulfur, heated to
steady state at 250 °C, and then cooled at different rates in an attempt to change the
cation-ordering in the kesterite CZTS. Using the 785 nm Raman probe to monitor the
material structure, Q and Q' are calculated for spectra acquired at continuous points
during the cooling process. The sample in Fig. 4b was cooled at a rate of 0.4 °C/min. and
the sample in Fig. 4c was cooled at a rate of 5 °C/min..

The values for both Q and Q' are shown only in Fig. 4b, where they are
approximately equivalent for all spectra measured. This indicates the material is B-type
CZTS, matching the material used by Rudisch et al.'* Q' is not shown in Fig. 4c¢ for

clarity of the data, but the same character is assigned to each material.
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The first observation is that the cation ordering in these samples is reversible
according to the rate of cooling via a low-temperature annealing process, a result
observed ex situ.'*?3-30 In Fig. 4b, the value of Q is 1.96 £ 0.14 after the initial anneal in
which the sample was cooled at a rate of 3 °C/min. After the secondary anneal with a
cooling rate of 0.4 °C/min., the value of Q is increased to 2.47 + 0.15. Conversely, in Fig.
4c, the value of Q is 2.11 + 0.15 after cooling at 3 °C/min., and is reduced to 1.68 £ 0.13
after cooling at 5 °C/min. This result is expected from Vineyard’s theory of order, as the
rate of order development (dS/dt ~ dQ/dt) is dependent on the rate of cooling (dT/dt).

Additionally, the development of cation order is different in the two samples.
While other groups have asserted that cation-ordering begins upon cooling past a critical
ODT temperature at ~260 °C,!>141531 we observe the onset at different temperatures for
each sample: ~210 °C for the sample cooled at 0.4 °C and ~165 °C for the sample cooled
at 5 °C/min.

In considering the kinetics of a second order phase transformation, this variability
in the temperature of the onset of ordering is not unexpected.?? Additionally, noting that
the rate of ordering as the samples are cooled (the slopes of the apparently linear increase
in order with temperature) are the same, we may assert that the delayed onset of ordering
in the sample cooled at 5 °C/min. is physically analogous to the effect of quenching to
suppress a first order phase transformation according to Ehrenfest’s standard

classification scheme.
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5.5: Effect of Sodium Content on Material Evolution

In the experiments discussed in Sections 5.3 and 5.4, the films were all processed
after dipping ina 0.1 M NaxS solution. Given our ability to control the sodium content
and the structural evolution of the film by changing the sodium content (Figs. 24 and 25
in Ch. 4), the samples dipped in higher Na2S concentration solutions are interesting
candidates for these in situ studies.

In both CZTS and CIGS, the presence of sodium is known to benefit both
morphology development during thermal processing 7% and charge transport.*343
Gershon et al. studied the morphology and electrical performance in CZTS thin films
with different amounts of sodium by deposition of a controllably thin sputtered NaF layer
on the substrate prior to CZTS growth.* They note that sodium diffuses to internal and
external surfaces in the material, effectively passivating large non-radiative defects.
Crucially, though, they observed that this surface passivation effect was likely a separate
phenomenon from the large-scale grain growth attributable to sodium, as the two effects
were observed with different critical amounts of sodium in the film.* While the
observation of sodium diffusion to surfaces is an important clue, there still has not been a
clear and conclusive explanation for why sodium promotes grain growth in CZTS films.
This is a question that can potentially be answered using a well-designed series of in situ
experiments. While this work is not devoted to answering this question, we provide some
preliminary data to suggest that our system could be applied effectively to give some

insight into sodium-enhanced grain growth.
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Similar to the experiments discussed in Sections 5.3 and 5.4 in which samples that
had been dipped in 0.1 M NaxS were studies, the same experiments were conducted on
samples that were dipped in 0.5 M NazS. From Figs. 24 and 25 (in Ch. 4), this condition
yields samples consisting of large crystal grains with a combination of CZTS and other
phases resultant from CZTS decomposition. In the initial high-temperature sulfur anneal,
the CZTS peak position was monitored as a function of temperature (like in Fig. 3). After
the initial annealing process, the sample was annealed again at low temperature, and the
development of cation order was observed (like in Fig. 4). Noting that there is significant
phase-inhomogeneity in the film after the first anneal, in the second anneal, the sample
was manipulated to find a spot with a significant contribution from CZTS to the Raman
spectrum. The results of these studies may be compared with those from Sections 5.3 and
5.4 to draw conclusions from the differences observed.

In Fig. 5a, we may compare the critical temperature at which the peak position
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Figure 5: a) Shows measured CZTS peak position vs. temperature for 0.5 M dipped
sample. b) Shows development of cation ordering (Q) and phase homogeneity (R)
during cooling ramp of secondary low temperature anneal process.
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deviates from the linear trend shown by the dashed line with that for the sample dipped at
lower NazS concentration. While in Fig. 3c, the critical temperature we assign to be an
indication of crystal domain growth is near 500 °C, in the higher dip concentration
sample, this critical temperature appears to have been reduced to near 300 °C. Also, it is
necessary to note that above 500 °C, all discernible features in the Raman spectrum
disappeared, and upon cooling the sample, very little contribution to the spectrum from
CZTS was seen (like in the 0.5 M dipped sample in Fig. 25 in Ch. 4). From these and
other ex situ observations of this sample, it is likely there is more contributing to the
deviation in peak position from what we expect with increasing temperature, like phase
decomposition or large-scale defect complex formation.

There is, however, previous work that indicates the increased presence of sodium
may be significantly altering the surface energy of the CZTS crystal grains, thereby
changing the thermodynamic activation energy for grain growth in different phases or
along different crystal plane orientations. All conclusions are predicated on sodium
diffusing to and aggregating at surfaces and grain boundaries during thermal processing.
Hlaing Oo et al. observed the preferential growth of CZTS crystal grains normal to the
(112) direction with the presence of sodium, while there was no preferential growth with
no sodium.** The reduction of nucleation and growth activation energy in this orientation
is inferred, which may be attributed to a reduction in surface energy associated with
sodium bonding to sulfur or contaminant oxygen in the system.33-3

Additionally, Rockett notes that in the CIGS system, where sodium has a similar

effect on grain morphology and electrical properties to CZTS, sodium acts to enhance or

128



suppress nucleation processes or atomic diffusivity.?> Though much experimental work is
conflicting due to the nature of the experimental setup, Rockett claims that sodium acts to
increase activation energies to suppress grain growth kinetics in CIGS,* which is the
converse of what we observe here in CZTS. Additionally, the presence of sodium may
have a similar effect on the nucleation kinetics of defects in bulk crystal grains, where the
high sodium diffusivity in the material leads to the formation of defect clusters.3** These
clusters are passivated in a similar manner to grain boundaries in the presence of sodium,
and thus have minimal effect on device performance.

In sum, using the in situ Raman technique described here, it appears we can
characterize the effect of sodium on grain growth kinetics, and our preliminary data
suggests that sodium causes a reduction in surface energies that enhance grain growth
kinetics in CZTS. However, to characterize the nucleation and growth of defects and
defect clusters, the experiment must be optimized to yield enhanced signal at high
temperatures to allow for the comparison of different CZTS modes, rather than the
detection of only the dominant mode at 339 cm!, similar to the low-temperature
observation of defect evolution we described in Section 5.4.

We observe the evolution of defects and cation ordering in the 0.5 M Na2S-dipped
sample in Fig. 5b as well. While we acknowledge the structure is highly inhomogeneous
both structurally and morphologically prior to the secondary anneal (Figs. 24 and 25 in
Ch. 4), the observation of a specific location containing a relatively high CZTS phase-
composition gives us insight into the effect of excess sodium on both the intra- and inter-

phase dynamics of the material. Shown in Fig. 5b are values for Q at different
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temperatures during the slow-cooling process (cooled at the same 0.4 °C as the sample in
Fig. 4b). We also introduce a new term, R, which we use to represent the ratio of the
intensity of the CuzS peak at 474 cm! to the intensity of the CZTS peak at 339 cm'. This
allows a qualitative observation of the relative phase composition of the sample during
the cooling ramp.

The initial values for Q and R prior to the secondary anneal are 1.51 and 1.04,
respectively. In this sample, all features in the Raman spectra disappeared during the 90-
minute hold at 250 °C. This may be attributable to a number of causes including laser-
induced effects, so will not be considered in detail here. During the cooling ramp,
spectral features reappeared at 205 °C, with the Q value of 0.92 indicating fully cation-
disordered CZTS. The R value of 2.12 at this temperature point likely indicates
substantial phase decomposition even from this low temperature thermal process, which
was not observed in samples dipped at lower NazS concentrations. However, during the
remainder of the cooling ramp, the R value decreases continuously until it reaches a
minimum asymptote at T ~ 135 °C, indicating the sample is approximately phase-pure
CZTS.

The cation ordering within the CZTS phase is increased to be fairly high at the
conclusion of the process as well with Q at 2.14, though the progression of the ordering is
less statistically clear than it was for the sample in Fig. 4b. This result has a very
important implication: that not only is the cation ordering within kesterite CZTS

reversible via a low temperature annealing process, but structural homogeneity may be
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reversible at low temperatures as well by controlling sodium content in the sample and
the cooling rate.

To show the significance of this implication, we have included SEM images and
EDS maps indicating the distribution of Zn, Cu, and Sn in the 0.5 M dipped sample after
the initial anneal (Fig. 6a-d) and after the second low temperature anneal (Fig. 6e-h).
These are not the same spots, but they are representative of the samples at each point.
After the initial anneal, the sample is compositionally inhomogeneous, as expected from
the Raman spectrum (Fig. 25 in Ch. 4). Highlighted in Fig. 6a-d are spots in which each
of Zn, Cu, and Sn can be observed independently from the other two cation elements,
though there is some mixing of the elements as well. This implies the sample consists of
a mixture of ZnS, CuxS, SnSx, CuxSnyS, and CZTS. In Fig. 6e, however, the film is re-
homogenized morphologically, and Fig. 6f-h show the atomic distribution is more
homogenous as well, corroborating the phase-pure CZTS structure apparent from the

Raman spectrum.

Figure 6: Shows SEM images of 0.5 M dipped sample after initial anneal (a) and after
secondary anneal (e). Also shows EDS maps indicating composition distribution of Zn,
Cu, and Sn in each sample.
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5.6: Conclusions

In this work, we have demonstrated the application of in sifu Raman spectroscopy
conducted on CZTS thin film samples as they are processed at high temperatures in
volatile sulfur atmospheres. A technique was developed to controllably process CZTS
nanoparticle coatings into uniform large grain films for potential use as the absorber layer
in thin film PVs by means of a facile NaxS solution-dip followed by thermal annealing in
a closed system of low-pressure sulfur vapor. Varying the concentration of the Na>S
solution allows a straightforward means of controlling morphology and structural-phase
evolution during the annealing process, as characterized by standard ex sifu methods.

Using the in situ Raman characterization process described here, we have
demonstrated the ability to monitor the development of long-range crystal domains in
CZTS. We have also demonstrated an application of Vineyard’s theory of order to
quantify the degree of order with respect to copper and zinc lattice-site distribution in the
kesterite CZTS crystal lattice. Observing the development of order in situ allows us to
characterize the kinetics of the second-order phase transition more accurately than is
possible using ex situ techniques, in particular how the kinetics are controlled by
changing the cooling rate of the sample. Finally, we demonstrated how our in situ
technique may provide experimental evidence to develop more complete theories on the
effect of sodium on structural and morphological development during thermal processing

of CZTS. We have additionally confirmed that both cation disorder in kesterite CZTS and
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structural homogeneity in a CZTS film are reversible via a low temperature thermal

Process.
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Chapter 6: Zirconium Nitride Nanoparticle Synthesis and Characterization
6.1: Introduction

Localized surface plasmon resonance (LSPR) has garnered interest in a variety of
fields recently, such as photocatalysis,! photovoltaics,? solar thermophotovoltaics,?
biophotonics,* spectroscopy,’ sensing,® and wave-guiding.” LSPR is correlated with the
density of free charge carriers,® so metals tend to have the highest LSPR frequency within
the visible spectrum. Gold and silver nanostructures have been applied in all of the fields
mentioned above because of the ease with which they can be produced at the lab scale.’~
"' However, concerns related to cost, material abundance, and thermal stability motivate
the search for alternative plasmonic materials. Among such alternatives, group IVB
transition-metal nitrides show particular promise. >4

Group IVB transition-metal nitrides have been well studied in hard-coating
applications due to their high thermal stability and ceramic-like mechanical properties.!?
These materials exhibit metal-like electronic properties — they have high charge carrier
concentrations that contribute to high-frequency LSPR behavior.®!> Further, these
materials can be stably produced with a variety of metal-to-nitride stoichiometric ratios,
which in turn allows a degree of tunability of the resonant plasmonic frequency.'? In
comparison, tuning the resonant plasmonic frequency in precious metal nanoparticles
requires tuning the size, shape, or morphology of the structures.!''18 Among Group

IVB nitrides, titanium nitride (TiN) thin films and nanoparticles have recently attracted

significant attention.
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While several theoretical and experimental studies have demonstrated plasmonic
extinction in transition-metal nitrides, particularly for TiN in the near-infrared region of
the spectrum, the absorption component of the extinction is significantly larger than the
scattering component, particularly for small nanoparticles.!*!°-2! This has implications
for the intended application of the material. Scattering mechanisms are more well suited
for near-field enhancement applications like surface enhanced Raman scattering (SERS)
or plasmon-driven catalysis.?>?? In contrast, absorption mechanisms lend well to
localized thermal applications like solar thermophotovoltaics,?* photo-thermal cellular
therapy,? or heat-assisted magnetic recording.?® The refractory nature of these transition-
metal nitride materials in combination with their high absorption efficiency indicate their
suitability for new absorption-mediated applications where standard nanostructured metal
devices are only suitable for use at low temperatures. '3

For high energy transition-metal nitride plasmonics applications, a blue-shifted
plasmonic resonance relative to that exhibited by TiN nanoparticles would be preferred.
This blue shift can be accomplished by replacing the transition-metal cation with larger
Group IVB atoms like zirconium or hathium.?’ Lalisse et al., Guler et al., and others offer
theoretical validation for the near-field enhancement properties of small (5-10 nm)
spherical ZrN nanoparticles at resonant wavelengths around 500 nm, with
thermoplasmonic properties equivalent to or exceeding those of gold.!>14.28

There has been little work experimentally studying LSPR in zirconium nitride
(ZrN) thin films, and only one previous work experimentally studying LSPR in ZrN

nanoparticles by Reinholdt et al.,”® though the nanoparticles were not free-standing but
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deposited onto a silica substrate. Reinholdt er a/. used laser ablation of a compacted ZrN
powder target in an N2 atmosphere to produce monodisperse ZrN nanoparticles with sizes
less than 10 nm.?° These particles were characterized in situ by optical transmission
spectroscopy and exhibited a plasmonic extinction within the visible spectrum.?® ZrN
nanoparticles have also been made by zirconium wire explosion in a nitrogen
atmosphere,*° by pulsed wire discharge,’! and by microwave-mediated synthesis.?> None
of these latter three processes succeeded in creating uniform small ZrN nanoparticles, and
none of these particles were characterized optically.3-32

In the course of our group’s experimentation with synthesizing both TiN and ZrN
nanoparticles, we have identified that oxidation plays a significant role in the materials’
LSPR behavior, a conclusion shared by other experimental works.?%22° With small
nanoparticles in particular, controlling oxidation may be more significant than controlling
stoichiometry in determining the material’s plasmonic behavior, because the native
surface oxidation that occurs upon exposure to air is takes up an increasingly large
fraction of particles as the bulk volume of the particles decreases. The stability of ZrN
against oxidation is contingent on the relative compositions of zirconium and nitrogen in
the material, as off-stoichiometric compositions are less stable than ZrN with a near-unity
molar ratio.

Oxidation in bulk transition-metal nitride coatings intended for use as hard
protective coatings in mechanical applications has been well-studied,*® and various
solutions have been proposed.3*3# One solution of particular interest is to incorporate

non-metallic elements such as silicon into the material.>® In these ZrN thin films and
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coatings, silicon tends to form a SiNx phase, which surrounds the transition-metal nitride
crystal grains in an amorphous matrix, as the silicon is more likely to form covalent Si-N
bonds than metallic alloy bonds.>*° This work has inspired the incorporation of a
silicon-derived oxidation barrier to reduce detrimental oxidation of the produced ZrN
nanoparticles. Further elaboration on the mixed effects the coating lends to the LSPR in
the ZrN nanoparticles described in this work is discussed later on.

In this chapter, I demonstrate the synthesis of plasmonic ZrN nanoparticles using
a scalable non-thermal plasma process. I produce surface-ligand-free spherical
nanoparticles with uniform size distributions between 5-10 nm. The material is
characterized structurally, compositionally, and optically to compare the material I
produce to theoretically predicted behavior for ZrN nanoparticles. Through intensive
material characterization and finite-difference time-domain (FDTD) simulations of the
LSPR behavior for pure ZrN and oxidized ZrN nanoparticles, | identify oxidation as the
dominant factor differentiating the material I produce from the ideal material. Though
oxidation plays a more significant role in the performance of the particles than
anticipated, the modularity of the non-thermal plasma system allows us to easily
introduce a conformal thin amorphous SiNx coating to the particles to mitigate this effect.
The coating significantly improves not only the optical response of the particles as-
produced, but also significantly improves oxidation resistance at high temperatures. |
then compare the stability of the LSPR behavior of both the coated and un-coated

nanoparticles at high temperatures in oxidative environments. I conclude with a
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discussion on potential applications of this material and on implications for this field

moving forward.

6.2: Non-Thermal Plasma Synthesis of Transition Metal Nitrides

Zirconium nitride, with a melting temperature of 2952 °C,*’ is difficult to produce
using thermal processes. Temperatures above 1,100 °C are required for the reaction
between ZrCls and NH3 to proceed to completion.*! However, the highly reactive
environment provided by a non-thermal plasma can effectively initiate reactions at room
temperature that would otherwise require high temperature environments. 4?44

Using a non-thermal plasma reactor design similar to that used to produce silicon
quantum dots,* I ionize a mixture of vaporized anhydrous ZrCls (Alpha Aesar), NH3
(AirGas) and Ar to produce ZrN nanoparticles. A schematic of the reactor is shown in
Fig. 1. The delivery of the zirconium precursor requires special attention, since ZrCls has
a relatively low vapor pressure and is solid at room temperature.*’ To precisely control
the vapor pressure and the effective flow rate of ZrCls in the system, the precursor is

placed in an alumina boat inside a tube furnace upstream of the plasma reactor.

Controlling the temperature of the furnace and the pressure inside the system allows
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Figure 1: Schematic of non-thermal plasma system used to produce ZrN nanoparticles.
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control of the effective ZrCls flow rate (Fig. 2). For all samples discussed in this chapter,
the furnace was held at 180 °C and the pressure was 5 torr. For an argon carrier gas flow
of 90 sccm, the estimated flow of ZrCls introduced to the gas flow is 18 sccm.
Correspondingly, the residence time in the plasma reactor, calculated based on the total
gas flow velocity, is 230 ms (Fig. 3). 10 sccm of NH3 is injected into the system
downstream of the heated ZrCls chamber and allowed to mix with the precursor vapors
prior to entering the plasma. The gas mixture is flowed through a 2.5 cm-diameter quartz
tube with a 5 cm-wide thin copper plate wrapped around as the electrode. The vacuum
flange downstream of the electrode serves as electrical ground, with a distance of ~12.5
cm separating the downstream-edge of the electrode and the ground. The gas is ionized in

a 180 W capacitively-coupled plasma driven by a 13.56 MHz (RF) power supply. Any

Trurnace = 180 2C

50
—90 sccm Ar
< E 40 2.5 torr —70 sccm Ar
Q O 50 sccm Ar
wv
N <2 30
U o 30 sccm Ar
2 &
g e 20
5 3 10t
R _ orr
0 |
1 3 5 7 9 11

Ambient Pressure (torr)

Figure 2: Estimated ZrCls flow rate calculated from system pressure and Ar carrier gas
flow rate.
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time (s):
2.5 torr 0.099 0.127 0.178 0.296
5 torr 0.232 0.299 0.418 0.696
10 torr 0.509 0.654 0.915 1.524

Figure 3: Estimated plasma residence time calculated based on Ar carrier gas flow rate
and system pressure. Numeric values are listed in the table below.

product is collected downstream on a stainless-steel mesh filter.

The product as-collected from this system is contaminated by ammonium salts,

which are a by-product of the ZrCla,v)-NH3 reaction.*! To isolate the produced ZrN

nanoparticles, the mesh filter is annealed at 250 °C and 0.30 torr in 90 SCCM of argon

flow for one hour. X-Ray diffraction (XRD) of a produced sample shows a presence of

NH4Cl + ZrN before this annealing process, and pure cubic-ZrN afterwards (Fig. 4). With

optimized or near-optimized operating conditions, the powder production rate is ~20
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Figure 4: XRD patterns from ZrN product both before and
after removal of NH4Cl contaminant.

mg/hr (this value accounts for the mass of powder produced by the plasma process and
does not account for the annealing treatment, in which several samples can be processed
simultaneously).

The ZrN product is characterized with XRD, transmission electron microscopy
(TEM), and UV/Vis/NIR spectrophotometry. XRD is performed on a PANalytical
Empyrean X-Ray system using Cu Ko radiation with a wavelength of 1.54 A. Standard
TEM is performed using a Tecnail2 instrument with a standard accelerating voltage of
120 kV. High-resolution STEM imaging is performed with a FEI Titan Themis 300
instrument with energy dispersive X-ray spectroscopy (EDS) capability. EDS spectra
were processed using Bruker Instruments Esprit 1.9 software. Quantification is based on
the Cliff-Lorimer approach using calculated k-factors and correcting for thickness by
estimating the size of the aggregated particles. Spectrophotometry was performed on

dispersions of powder in polar solvents (deionized — DI — water, ethanol, and ethylene
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glycol were used in this work) with a Varian Cary 500 UV-Vis-NIR spectrophotometer.

Samples were prepared by diluting 1 mg of powder in 5 mL of solvent and sonicating for
30 minutes, forming a stable dispersion. Stable dispersions (dispersions in which particle
sedimentation occurs no sooner than three days after initial sonication) are possible in all

polar solvents that I have tested.

6.3: Theoretical Methods

Simulations of the optical response from ZrN nanoparticles were conducted
following the process described by Li ef al.*¢ Optical spectra were generated using an
FDTD-solver for Maxwell’s equations in the package: FDTD Solutions, v8.20 from
Lumerical, Inc. The nanoparticles were modeled as a single sphere with 10 nm diameter,
though I simulated various oxidized ZrN geometries and ZrN-Si3N4 core-shell particles
as well. For the core-shell oxidized ZrN geometries used in the text below, I subtracted a
conformal shell of a given thickness from the surface of a 10 nm diameter sphere and
calculated the volume change that occurs in transforming ZrN to ZrO2, under the
assumption that the number of Zr atoms remained constant. For the ZrN-Si3N4 core-shell
geometries, I modeled a conformal shell of a given thickness on the surface of a 10 nm
diameter ZrN particle. To calculate optical properties of a material, these simulations
require the material’s real and imaginary dielectric constant as a function of wavelength.
For Si3N4, I used the data provided in the software package from Philip.*” For ZrN and
Zr02, I calculated values spanning the wavelength range 300-1500 nm from the material

database of Palik.*® For homogeneous mixtures of ZrN and ZrO2, I calculated the real
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and imaginary parts of the dielectric function based on the Maxwell-Garnet model.#*->°
Total-field/scattered-field light source conditions were used in all simulations. The light
was set to span 350 nm to 1500 nm in wavelength and was injected and polarized along

the y-axis. A uniform mesh step of 0.25 nm was used in all simulations.

6.4: Characterization of ZrN Nanoparticles

Structural and morphological characterization of a ZrN sample produced under
optimized conditions (furnace temperature 180 °C, system pressure 5 torr, Ar carrier gas
flow rate 90 sccm, NH3 flow rate 10 sccm) is presented in Fig. 5. The TEM micrograph
(Fig. 5a) shows the crystalline ZrN particles have a generally spherical shape and are
fairly monodisperse in size. A particle size-distribution was generated from a series of
low-magnification TEM images, showing an average particle size of 8.4 nm with a
standard deviation of 2.3 nm (Fig. 6), which is comparable to that of other nanoparticles
produced with a reactor of this type.?%*? In Fig. 2b, the XRD pattern indicates the
presence of cubic-phase ZrN. The high-resolution STEM image in Fig. 5c¢ and the
corresponding Fast-Fourier Transform (FFT) pattern (Fig. 5d) generated from the
superimposed-line indicated in the image align with standards for the lattice spacing of
the ZrN (111) plane.”!

The diffraction pattern in Fig. 5b also indicates some oxidation evidenced by the
broad shoulders of the (111) and (220) peaks. I have observed that exposing ZrN
nanoparticles to air at elevated temperatures enhances the presence of this shoulder

relative to the cubic ZrN diffraction pattern (Fig. 7). Additionally, in Fig. Se, a high-
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Figure 5: a) TEM image of ZrN particles, b) XRD pattern of produced particles, c¢)
HRTEM image showing crystal plane fringes, d) FFT image showing repeat-spacing
from lattice fringes in (c), ¢) TEM/EDS map showing distribution of elemental oxygen
and zirconium in ZrN particles.

resolution EDS map of ZrN particles as-produced from the system shows the distribution
of oxygen and zirconium in each particle. Oxygen aggregates at the surface of the

particles in a conformal shell around a nitrogen- and zirconium-rich core, which explains
the apparent amorphous coating on the surface of the particles seen in Fig. 5a. Additional
maps showing elemental distributions of nitrogen, zirconium, and oxygen relative to each

other for this sample can be found in Fig. 8. The surface-oxidation evident in Fig. 5 is a
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Figure 6: ZrN particle size distribution histogram measured
from inset TEM image.

result of exposure to air and cannot be avoided without air-free processing, which is often
impractical.

Fig. 9a shows the optical extinction spectrum for the same sample shown in Fig.
5, and the inset shows the deep blue color of the powder and the clear dispersion in DI

water. There is a clear peak at 585 nm which I attribute to LSPR in the ZrN
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Figure 7: a) XRD patterns of ZrN sample annealed at incrementally increasing

temperatures in air, b) Position of (111) peak vs. air annealing temperature, and c)
intensity of (111) peak vs. air annealing temperature.
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Figure 8: Additional TEM/EDS maps showing atomic distributions of (a) oxygen and
zirconium, (b) nitrogen and Zirconium, and (c) nitrogen and oxygen in ZrN nanoparticles

nanoparticles, aligning well with the prior experimental data from Reinholdt et al.?
Repeated spectroscopic measurements on the same sample yield a deviation in the peak
position of 3 nm, and the spectrum is repeatable for different samples produced under the
same conditions within a deviation of ~20 nm and moderate deviation in the peak
intensity and width using the same operating conditions. I consider this to be the optimal
material I have produced because it exhibits the highest energy LSPR and most intense
peak relative to the UV-absorbance tail. By tuning processing parameters, I can produce
material with an apparent LSPR with wavelengths as high as 650 nm, though the peak
intensity generally decreases with this red-shift.

Classical Mie theory models of spherical 5 nm ZrN nanoparticles predict a
plasmonic extinction peak at 2.60 eV (477 nm) with a half-width of 0.42 e¢V.?° In their
synthesis of plasmonic ZrN nanoparticles, Reinholdt ef al. observed similar optical
properties to what I observe: an extinction peak at 1.9 eV (653 nm) with a half-width of
~0.8 eV.? By extending their model to core-shell Mie theory,>? Reinholdt et al.
qualitatively replicated the observed extinction spectra using a system comprised of a

ZrN core with a 1 nm thick ZrNo.sOo.5 shell.? They also showed that with increasing
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Figure 9: Experimental (a) and simulated (b) optical properties of ZrN nanoparticles. The
black curve in (b) corresponds to 5 nm ZrN particles, the dashed red to 5 nm Au particles,
and the blue to particles with the oxidation geometry demonstrated in the inset figure. c)
Experimental (blue) and simulated (black) measurements of the shift in peak position
with an increasing refractive index of the surrounding medium.

oxygen content the high-energy absorption tail in the absorption spectrum increases
significantly.?

Furthermore, the diffraction pattern observed for all ZrN samples produced in this
work exhibit the shoulder adjacent to the ZrN (111) peak as seen in Fig. 5b. I attribute

this to the presence of some ZrO2, though it is difficult to analyze the phase composition
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quantitatively due to the apparent disordered quality of the oxide phase. In Fig. 7, 1
demonstrate that after annealing ZrN nanoparticles in air at increasing temperatures, this
shoulder grows in intensity relative to the ZrN (111) peak until it becomes fully
crystalline ZrO2 with no signature of the cubic nitride phase remaining. I hypothesize,
then, that some degree of oxidation in the ZrN nanoparticles contribute to the red-shifting
of the LSPR, following the same conclusion from Reinholdt ef al.?’

In Fig. 9b, I provide a comparison of FDTD-simulated optical properties of ideal
ZrN nanoparticles (black), oxidized ZrN nanoparticles (blue), and gold nanoparticles
(red) for reference (all with radii of 5 nm) against the experimental data from Fig. 9a.
While the experimental data does not conform well with that predicted for pure ZrN
nanoparticles, I am able to reproduce the observed experimental behavior by modeling a
particle with an oxide-structure informed by the data in Fig 5. The experimental data is
well-modeled using a core-shell particle structure, in which the core consists of a
homogeneous mixture of 90% ZrN and 10% ZrO2 (making (ZrN)o.9o(ZrOz2)o.1), and the
shell consists of pure ZrOz. The thickness of the shell is adjusted to account for the
volume change of a 1 nm-thick (ZrN)o.9(ZrO2)o.1 shell transforming into pure ZrO2
assuming no loss of zirconium atoms, yielding a new shell-thickness of 1.24 nm — a
schematic of this geometry is shown in the inset to Fig. 9b.

In Fig. 10, I show the elemental composition for five different spots

overlapping five particles from the EDS map seen in Fig. 5e. Though the quantification is
very imprecise, due to the resolution of the measurement and the overlapping of particles

on top of each other in the image, the measured Zr/N atomic ratio ranges from 1.16 to
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At. % N | At. % O |At. % Zr| Zr/N

28.86 | 25.99 45.15 1.56

20.15 4413 35.72 174

1743 37.53 45.34 2.65

30.85 26.05 43.10 1.40

29.83 | 35.59 | 34.58 1.16

Figure 10: TEM/EDS map showing five spots from which elemental composition has
been quantified (table on right).

2.65. This composition range also informs the geometry chosen for simulating oxidized
ZrN particles. In the geometry indicated by the schematic in Fig. 9b, the Zr/N atomic
ratio is 2.02 (at. % Zr = 39.90, at. % N = 19.71, at. % O = 40.39), which sits in the middle
of the measured range of compositions.

In order to confirm the plasmonic nature of the extinction peaks shown in Figs.
9a, I have monitored the variation in peak position in solvents with varying refractive
index. Mie theory predicts that the surface plasmon energy is sensitive to the refractive
index of the surrounding medium.® I compare the extinction of particles from one ZrN
sample dispersed in graded mixtures of DI water (n = 1.333) and ethylene glycol
(n=1.474). The two solvents are miscible, and the refractive index of mixtures of the two
solvents trends linearly with the weight fraction of the mixture between that of each pure
solvent.’® Simulations were run using the particle oxidation geometry shown in Fig. 9b
with varied medium refractive index surrounding the particle. The experimental samples

were all derived from a stock dispersion of ZrN in DI water. For each sample, some of
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this dispersion was diluted in increasing amounts of ethylene glycol, and the particle
mass concentration was adjusted to be constant for each solvent mixture.

A plot showing both the experimental and simulated extinction peak position as a
function of refractive index for 0, 25, 50, and 75 wt. % dilutions of ethylene glycol in DI
water is shown in Fig. 9c. As expected for a plasmonic material, the extinction peak red-
shifts with increasing refractive index. Using precious-metal nanostructures, a shift in
peak position down to 1 nm has been correlated with a shift of 6x10-3 in refractive
index.>* I observe a weaker dependence for our material — both simulated and
experimentally, which I attribute to the dielectric ZrOz layer at the surface of the
particles.? In simulations of ZrN particles with some bulk oxidation but no oxide shell,
the peak shift is approximately doubled in magnitude.

In sum, while I do observe LSPR in the ZrN nanoparticles shown here, the
behavior is deficient relative to ideal ZrN nanoparticles of the same size. I attribute this
discrepancy to oxidation, which I believe is primarily confined in a shell around a
plasmonic ZrN core. To improve the plasmonic performance of this material, then, it is
necessary to reduce =oxidation. This can be done by conducting completely air-free
processing of the material, but I now demonstrate a more practical solution: coating the

ZrN nanoparticles with a protective layer.

6.5: Synthesis and Characterization of SiOxNy-Coated ZrN Nanoparticles
Following from the extensive work studying oxidation and oxidation-mitigation

in ZrN coatings and films,?® I introduce a protective SiOxNy coating on the surface of the
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ZrN particles. This is a straightforward addition to the non-thermal plasma system shown
in Fig. 1, and the adapted system is shown in Fig. 11. The system remains predominantly
the same, but downstream of the plasma reactor and upstream of the filter, I inject a flow
of silane (SiH4) gas at 2% dilution in argon and append an additional 2.5 cm quartz tube
with a 2.5 cm-wide copper electrode set 1.3 cm downstream of the vacuum flange. The
SiHa:Ar mixture is injected at 25 scem (0.5 scem SiH4) and second plasma is run at very
low power (<10 W) and maintained in a very small volume, to avoid the nucleation of
independent silicon nanoparticles.*> The material is then collected and annealed to
remove NH4Cl contamination in the same manner as is done for un-coated ZrN
nanoparticles. For distinction, the silicon-coated particles will henceforth be referred to as
ZrN-Si.

Structural and morphological characterization of a representative ZrN-Si sample
is shown in Fig. 12. The TEM image in Fig. 12a shows the coating is amorphous and is
fairly conformal, with a uniform thickness of 1-2 nm coating all the crystalline ZrN
nanoparticles. There is likely some particle agglomeration caused by the introduction of
this amorphous matrix around the particles, which will be considered later on in the

discussion of the material’s optical properties. Fig. 12b shows a high-resolution EDS map
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Figure 11: Schematic of non-thermal plasma system used to produce ZrN-Si
nanoparticles.
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Figure 12: a) TEM micrograph of ZrN-Si nanoparticles. ¢) STEM-
EDS map showing atomic oxygen (green), zirconium (red), and
silicon (blue) distribution in a selected group of nanoparticles. c)
XRD pattern of ZrN-Si sample (purple) confirming a cubic ZrN
structure with no presence of silicon. Data overlaid on pattern for
ZrN sample for comparison.

of ZrN-Si particles as-produced from the system shows the distribution of oxygen,
zirconium, and in each particle. The map indicates a high concentration of silicon and
oxygen surrounding a zirconium core with minimal oxygen and silicon. From prior work
studying the interaction of silicon with zirconium nitride thin films, I anticipate no
mixing of silicon into the ZrN lattice, and I also anticipate preferential bonding of oxygen

with silicon and silicon nitride rather than with zirconium and zirconium nitride.?®
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Additional maps showing distributions of zirconium, nitrogen, oxygen, and silicon on the
same spot are included in Fig. 13.

XRD of a ZrN-Si sample (Fig. 12c) confirms that the material is still crystalline
ZrN, and there is no contribution from crystalline silicon or silicon nitride. In Fig. 12c,
the diffraction pattern from ZrN-Si (solid purple line) is overlaid on a diffraction pattern
from a ZrN sample (dashed blue line) for the sake of articulating two things: 1) the
crystallite size and lattice parameter is effectively unchanged from the un-coated ZrN
sample as indicated by the peak widths and diffraction angles, and 2) the shoulder
adjacent to the ZrN (111) peak that I attribute to ZrO: is eliminated in the ZrN-Si sample.

In Fig. 14a, the optical extinction spectrum shows the effect this coating has on

the plasmonic behavior, and the inset shows the now deep purple color of the powder and

Figure 13: TEM/EDS maps indicating atomic distribution
of (a) Zr, O, Si, (b) N, Zr, (¢c) N, O, and (d) Zr, Si.
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Figure 14: Experimental (a) and simulated (b) optical properties of ZrN-Si nanoparticles
(purple lines). In (a), the extinction curve for ZrN is shown (dashed blue line) for
comparison. The black curve in (b) corresponds to 5 nm ZrN particles, the dashed red to
5 nm Au particles, blue to particles with the oxidation geometry used in Fig. 9, and
purple to ZrN-Si particles with structure demonstrated in the inset figure. c) Experimental
(purple) and simulated (black) measurements of the shift in peak position with an
increasing refractive index of the surrounding medium.

the clear dispersion in DI water. While I expect the peak to red-shift with the introduction
of a high-refractive index medium on the surface of the plasmonic material (n ~2.01 for
Si3Na4), the peak is blue-shifted repeatably by 40-60 nm, the intensity is significantly
increased, and the peak width is reduced. Again, the ZrN-Si extinction spectrum (solid
purple line) is overlaid on the ZrN extinction spectrum (dashed blue line) for comparison,
showing the LSPR is evidently improved to be closer to the theoretically predicted
behavior with the addition of the coating.

In Fig. 14b, I show FDTD-simulated extinction behavior for ideal ZrN (black),

oxidized ZrN with the same geometry used in Fig. 9b (blue), ZrN with a 1 nm Si3N4
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shell (purple, schematic inset), and gold (red) for reference. All simulated particles are 5
nm in radius with the exception of the ZrN-Si, in which the ZrN core is 5 nm in radius.
The geometry for the simulated ZrN-Si particle is likely not a good facsimile for the
experimental reality, because from Figs. 12 and 13 I identify that the shell is amorphous
SiOxNy, while I are simulating crystalline Si3Na4. In lieu of precise characterization of the
shell composition and corresponding optical constants for said material, I cannot model
the system accurately.

A plot showing both the experimental and simulated extinction peak position as a
function of refractive index for 0, 25, 50, and 75 wt. % dilutions of ethylene glycol in DI
water is shown in Fig. 14c. The extinction peak does red-shift with increasing refractive
index, though with a low degree of statistical significance. I observe a much weaker
LSPR dependence on the surrounding refractive index for ZrN-Si relative to un-coated
ZrN. This may have different causes: 1) the dielectric SiOxNy layer reduces the
interaction between the plasmonic material and the solvent, and 2) the particles are likely
somewhat agglomerated in a network of amorphous SiOxNy as is apparent in Fig. 12a.
Hence while the LSPR character of ZrN-Si appears more significant than of un-coated
ZrN, there remain questions about the effect this coating may have on the “usability” of

the plasmonic behavior in real applications.

6.6: Comparison of Oxidation-Effect on LSPR in ZrN and ZrN-Si
Thus far, [ have demonstrated the important role oxidation plays in determining

the quality of the plasmonic ZrN nanoparticles I produce. Compositionally, I have argued
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that native oxidation occurs primarily at the surface of ZrN nanoparticles as evidenced by
TEM/EDS mapping (Figs. 5e and 8) and FDTD simulations of particles with
corresponding core-shell ZrN-ZrO2 geometries (Fig. 9b). I have also demonstrated that it
is possible to inhibit oxidation and improve the LSPR response of ZrN by means of a
protective SiOxNy coating on the ZrN particles. Being that the ultimate function of the
silicon-coating is to reduce oxidation in the plasmonic particles, I now compare the extent
to which oxidation detrimentally affects LSRP in coated and un-coated ZrN particles.
Fig. 15a shows Zr 3d peaks from XPS spectra of ZrN and ZrN-Si nanoparticles,
and Fig. 15b shows the Si 2p peak from the ZrN-Si sample. The Zr 3d feature is fit with
four peaks, accounting for the 3d 5/2 and 3/2 doublets for Zr-O and Zr-N bond energies.
The doublet peaks were fit in Origin with a Gaussian profile maintaining a standard 2.43

eV energy difference and a 0.66 peak area ratio between the 5/2 and 3/2 peaks, following
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Figure 15: XPS spectra of ZrN and ZrN-Si samples. a) Shows Zr 3d peaks for both ZrN
and ZrN-Si samples, with doublet peaks attributed to Zr-N and Zr-O bond energies fit. b)
Shows Si 2p peaks for ZrN-Si sample, with peaks attributed to Si-Si, Si-O, and Si-N fit.

160



the standard procedure as described in prior work.?* There is significantly less
contribution from Zr-O bonds in the ZrN-Si sample relative to the ZrN sample, as
indicated by the intensities of the Zr-O peaks (blue curve profiles) relative to the Zr-N
peaks (pink curve profiles). The Zr-N peaks in the ZrN sample are also blue-shifted to
higher energies than expected from standard values, indicating the bonding structure is
likely closer to N-Zr-O rather than N-Zr-N.3

The silicon-bonding in the ZrN-Si sample inferred from the fitting of the Si 2p
peak supports the conclusions from prior experiments studying silicon incorporation in
ZrN coatings and films, namely that silicon preferentially forms covalent Si-N and Si-O
bonds**=* (pink and orange lines in Fig. 15b, respectively) instead of alloying with the
ZrN crystal structure.’® This, along with diffraction and TEM/EDS studies of ZrN-Si
indicates that the coating does not affect the underlying plasmonic ZrN nanocrystal, and
is an effective oxidation-passivation technique. With the physical character of the ZrN
and ZrN-Si nanoparticles produced by our non-thermal plasma technique well
established, the remainder of the paper is a discussion on the plasmonic properties of
these materials and a prospectus on the implementation of this material in plasmonics
applications.

I conducted a study on the optical properties of coated and un-coated
nanoparticles with increasing degrees of oxidation. For this experiment, I started with a
large sample of both ZrN and ZrN-Si powder, split the sample into seven parts, and
annealed each part at different temperatures in air for one hour. The material was then

dispersed in DI water and characterized optically, with the results shown in Fig. 16. For
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Figure 16: Extinction spectra for ZrN (a)
and ZrN-Si (b) particles annealed in air for
one hour at increasing temperatures. Spectra
are normalized to have a value of “1” at 350
nm. The axes are the same for both (a) and
(b) for ease of comparison.

ease of comparison, the spectra were normalized to be “0” at 1350 nm and “1” at 350 nm,
and Fig. 16a and 16b are both plotted on the same vertical scales.

Fig. 16a shows the effect of oxidation on optical extinction in un-coated ZrN
nanoparticles. The LSPR is relatively stable even after annealing in air at 150 °C for one
hour, but after annealing at higher temperatures the peak is significantly quenched, until
it is completely eliminated after annealing at 400 °C. This sample appears light
blue/white and from XRD it appears to be crystalline ZrO> (Fig. 7). Fig. 16b shows the
same experiment conducted with ZrN-Si nanoparticles. While the initial LSPR for the
ZrN-Si particles is already improved from that for ZrN, the LSPR is retained under
harsher oxidative conditions as well. In fact, the LSPR in ZrN-Si after annealing in air at
300 °C for one hour approximates the same response from un-coated ZrN as-produced

from the non-thermal plasma system.
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Similar results have been observed for the case of TiN nanoparticles, with an
increase in the degree of oxidation leading not only to a decrease in the plasmon peak
intensity but also to a substantial red-shift in its position.?’ This suggests that there are
fine but important differences in the way oxidation affects the optical response of ZrN
and TiN nanoparticles, since no major red-shift in peak position is observed for ZrN nor
for ZrN-Si. Nevertheless, these nitride nanoparticles are sensitive to oxidation in spite of

their being refractory ceramics with very high melting temperatures.

6.7: Conclusions & Implications:

This work is intended to demonstrate the synthesis of ZrN and the
characterization of plasmonic activity in the material. I conclude with a summary of our
work followed by a short discussion on prospective applications in which this material
could be used.

Using a modular and scalable non-thermal plasma system, I have synthesized ZrN
nanoparticles. The particles as-produced under what I have determined to be optimal
conditions are approximately 8.4 nm in size with a fairly narrow distribution, and they
exhibit a cubic-ZrN crystal structure. Upon exposure to air, a thin native-oxide shell
develops on the surface of the particles, though the bulk of the particle remains relatively
free of oxygen. These particles exhibit LSPR within the visible spectrum at 585-600 nm.
Simulations of pure ZrN nanoparticles of approximately the same size exhibit a much
higher-energy LSPR, but by simulating a partially oxidized (ZrN)o.9(ZrOz2)o.1 core with a

ZrOz2 shell, I am able to replicate the performance observed experimentally. The LSPR
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red-shifts for particles dispersed in incrementally increasing refractive index solvents
commensurate with simulations of the partially oxidized particle geometry described
above.

Having identified oxidation as a limiting factor to the plasmonic performance of
the ZrN nanoparticles, I adapted the non-thermal plasma system to coat the particles in-
flight with a conformal amorphous SiOxNy shell as an oxidation barrier making ZrN-Si.
Structurally, the material produced is still ZrN; no nucleation of independent silicon or
silicon nitride particles has been identified. In this material, oxidation is still primarily
confined to the surface of the particles, but in the SiOxNy coating instead of in the ZrN
itself. This material exhibits a substantially improved LSPR that falls much closer to that
which is simulated for pure ZrN nanoparticles of the same size. The LSPR feature in this
material still red-shifts when dispersed in solvents with increasing refractive index, but to
a lesser extent than the uncoated particles. I attribute this in part to the dielectric layer
separating the plasmonic material from the surrounding material, and in part to particle
agglomeration caused by the coating.

From XPS, I show that the SiOxNy coating significantly reduces the relative
composition of Zr-O bonds compared to Zr-N bonds at the particle surface. Further,
examination of the Si 2p feature in the ZrN-Si sample indicates that silicon does not
infiltrate the ZrN crystal lattice as there is no apparent Si-Zr bonding, which is consistent
with prior studies on the interaction of silicon with ZrN thin films.

I have also demonstrated the effect increasing oxidation has on the LSPR in ZrN

and ZrN-Si by annealing material at increasing temperatures in air for one hour. The
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uncoated particles show good oxidation resistance up to 200 °C, but the LSPR is
quenched at increased temperatures, and the material is fully oxidized to ZrO:> after
annealing at 400 °C. The ZrN-Si demonstrates improved oxidation resistance relative to
the ZrN, with a plasmonic feature still apparent after annealing at 400 °C. This indicates
the material is a good candidate for plasmonics applications at high temperatures in
oxidative environments.

In the introduction, I mentioned various potential applications of transition metal-
nitride materials in plasmonics devices. The nanoparticle material I discuss in this work is
most suited to thermo-plasmonics applications, because for small particles such as these,
the fraction of the extinction spectrum attributable to particle scattering is small relative
to that attributable to absorption,'* which is the case for gold and silver nanoparticles of
this size as well. For this particle size, the absorption in ZrN nanoparticles has been
predicted to be comparable or even improved to that in gold nanoparticles.'?!* To
understand the viability of this material, it will be necessary in future work to
characterize thermal and/or scattering effects of excited plasmonic ZrN and ZrN-Si. |
describe a preliminary experiment aimed at characterizing the effect of particle scattering
below.

I have attempted to demonstrate the plasmonic enhancement of Raman scattering
in Rhodamine 6G (R6G) dye (SigmaAldrich) using ZrN nanoparticles. The excitation of
LSPR induces an evanescent electric field which enhances the Raman scattering of
surrounding media within its decay length.>® The enhancement is wavelength dependent

and maximized when the laser excitation is in resonance with the plasmon oscillation. In
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my experiment, [ use R6G adsorbed onto the surface of ZrN nanoparticles and excite its
response with different laser wavelengths. I then monitor the excitation wavelength
dependence in the Raman signal.

SERS measurements were performed using a Horiba LabRam HR Raman
spectrometer with a 532 nm and a 785 nm probe wavelength. Additional measurements
were performed by E. Aytan (Balandin group, Materials Science & Engineering Program,
UCR) on a Renishaw inVia Raman spectrometer in the backscattering configuration with
a 633 nm probe wavelength. With the 532 nm and the 785 nm probe lasers, the power
used was 5 mW, the spot size was 3 um, the grating was 600 lines/mm, and the spectra
were acquired for 30 seconds with 2 averages. With the 633 nm probe laser, the
excitation power was kept below 2 mW. Low powers were maintained to avoid local
heating of the sample. Spectra were normalized to the laser power for each excitation
energy and vertically offset for comparison. To prepare samples, ZrN nanoparticles were
dispersed at a high concentration in methanol and drop-cast onto a cleaned quartz
substrate to generate an optically opaque coating. The sample was dried in vacuum for
>12 hours to ensure the full evaporation of the dispersing solvent. On the nanoparticle-
coated substrate, 50 uL of a 10 M R6G in methanol solution was drop-cast on the
surface and again dried.

The ZrN sample used for this study has peak extinction at 617 nm. Spectra were
collected using three different Raman probe wavelengths: 532 nm, 633 nm, and 785 nm.
In the inset in Fig. 17 these wavelengths are indicated in relation to the extinction of the

ZrN sample. Shown in Fig. 17 are the Raman spectra for the R6G-on-ZrN/Quartz sample
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Figure 17: Raman spectra acquired from the same sample (R6G dye drop-cast on
optically thick ZrN nanoparticle coating) using three different Raman probe wavelengths.
The inset indicates the position between the probe wavelengths and the extinction
spectrum for this ZrN sample. The 633 nm probe is near the peak extinction, while the
532 nm and 785 nm probe wavelengths fall on either side of the peak extinction. The
spectra are normalized to the laser power and offset for clarity. Comparison of the spectra
indicates SERS of the R6G peak at 1651 cm™! using the 633 nm probe, with no
enhancement in the spectra collected with the 532 nm or 785 nm probes.
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using each of the three Raman probes. The spectra are normalized with respect to laser
power to provide a direct comparison of the sensitivity of the measurement at different
laser excitation wavelengths. The spectra are also vertically offset for clarity. R6G SERS
has been successfully performed using a 532 nm probe laser in the past in spite of the dye
fluorescence,?® so the lack of signal observed here indicates that I am beneath the limit of
sensitivity for detection at this probe wavelength. The poor absorbance of R6G at 785 nm
leads to a lack of signal at this wavelength. On the other hand, a peak at 1651 cm™! is
observed using the 633 nm Raman probe. This peak associated with R6G as the most
intense feature at low concentrations in SERS.>’ This is consistent with on-resonance

LSPR excitation leading to an enhanced sensitivity of the Raman measurement.
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While it is encouraging that I appear to be observing Raman scattering
enhancement, which is associated with scattered light from the plasmonic substrate, the
enhancement is small. In many of the experiments I conducted, the laser probe would
“burn” the sample even with very short exposure time and very low laser power, which is
indicative of a strong absorption and photo-heating effect. In future works, I intend to
demonstrate the viability of this material as a narrow-band emitter in solar thermo-
photovoltaic devices and as a photo-catalyst, applications in which a thermo-plasmonic
effect is desirable. In any case, this work highlights a novel synthesis technique that

makes future experimental studies on plasmonic ZrN nanoparticles accessible.
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7: Conclusions & Prospectus

In this dissertation, I have demonstrated novel methods of synthesis, control, and
characterization of YSZ, CZTS, and ZrN nanoparticles. I have focused primarily, though,
on the fundamental chemistry and materials science associated with characterizing these
materials for proposed applications. In this chapter, I comment on the commercial
viability of each of these materials and their respective synthesis techniques.

In the project related to the synthesis of YSZ nanoparticles, the material was
chosen because it has already proven to be effective in the proposed application, the
“window to the brain.” The ultimate challenge in this project has been to take a technique
that already works — i.e. the sintering of commercially-supplied 8-YSZ nanoparticles
into semi-transparent disks — and improve it by improving the basis nanoparticle matter.
In Ch. 2, I demonstrated my spray pyrolysis technique used to produce YSZ
nanoparticles. The technique not only makes it possible to produce material with
controlled size and crystalline phase, but also to produce material at a large scale to
facilitate expedient development of an optimized sintering process and, eventually, the
commercial production of transparent YSZ disks sintered from these nanoparticles.

In Ch. 3-5, I discuss the processing of CZTS into uniform large crystal grain thin
films for use as absorber layers in thin film photovoltaics. In this project, the material was
chosen because it demonstrated theoretical promise as an alternative material that, if
optimized, could lead to the eventual large-scale, low-cost implementation of
photovoltaics in the United States electrical grid. In the past few years, though, other

technologies and material systems have developed quickly while CZTS has stagnated,

174



and a majority of CZTS research has now transitioned elsewhere. The main reason for
this is that CZTS is an highly complex material system, and its structural, morphological,
and electrical properties are difficult to control. In Ch. 3 and 4, I demonstrated that of the
many thin film processing techniques we and other groups have experimented with, there
is inevitably structural and compositional inhomogeneity in the product. Further, the
techniques I have developed to produce uniform large grain films from nanoparticle
coatings involve the addition of further complexity by means of dopants or a diffusion-
passivating layer. While I contend that my techniques are readily scalable, any PV
product would be inefficient and uncompetitive in the market.

Instead, I see this and other work with CZTS as a fundamental materials science
exploration that will inform the development of complex electronic materials in the
future. Up to now, as referenced in Ch. 1, much of the research and development in
electronics and miniaturization has entailed optimization of device geometries and
synthesis techniques. But with silicon-based transistors reaching a minimum possible size
and new three-dimensional geometries maximizing space utilization on transistor chips,
there are two paths forward for continued development. The first is in the development of
entirely new paradigms of data storage and management. Some examples of these are
quantum computers, in which data is stored at the sub-atomic scale in electron/quark spin
state as opposed to the standard binary “ON” and “OFF” voltage cutoffs, and neural
networks, which are inspired by the complexity and relative efficiency of the human
brain. In the second path, new material systems can be developed that are more efficient

than the commonly-used silicon- or gallium arsenide-based devices. These are very
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simple materials from a chemical standpoint, which makes them easy to work with and to
mass-produce. Over time, however, it may become fiscally efficient to optimize these
materials electronically by the incorporation of alloyed, multi-phase, or heaviliy doped
materials. In this regard, CZTS may serve as an early case-study in the development and
optimization of highly complex material systems. Techniques like the in sifu Raman |
demonstrated in Ch. 5 will be necessary in the early stage development of these material
systems.

In Ch. 6, I discuss the synthesis of plasmonic ZrN nanoparticles. This project is
centered on a material in early stage research, and is only the second successful
demonstration of the production of plasmonic ZrN nanoparticles. The plasmonic
properties in this material system have been discussed somewhat extensively on a
theoretical basis, but experimental research on the system has been scant. With the advent
of the non-thermal process outlined here, more extensive work studying the behavior and
properties of plasmonic ZrN nanoparticles is attainable. As a prime example, our work
demonstrates that oxidation is among the most significant factors to control
experimentally in order to produce material with a significant plasmonic response, though
this has been discussed little in prior theoretical works. In our group, we now seek to
develop an extensive body of work demonstrating the viability of this material in various
applications in which gold or silver nanoparticles are used now, as well as developing

further understanding of how to control and optimize the material chemistry.
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