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DISSERTATION ABSTRACT
Hannah R. Hazel
Doctor of Philosophy in Chemistry

Title: Investigating Solid-State Reactions via Kinetic Control of Designed Precursors

The discovery and synthesis of novel materials with tunable properties is central to
advancing modern technology. There has been a recent increase in the power of computational
chemistry to predict new stable phases, but there is a large gap between the number of predicted
compounds and those that have been synthesized. Bridging this gap will require affectively
designed syntheses to target the growth of these predicted phases. Successful synthetic design
relies on an atomic level understanding of the fundamental mechanisms of solid-state reactions —
diffusion and nucleation. A complete understanding of these steps remains elusive, in part due to
the inherent experimental challenges associated with investigating them. Consequently, there is a
critical need to develop novel approaches for using experimentally controllable parameters to
isolate and investigate these fundamental mechanisms.

This dissertation investigates the use of the modulated elemental reactant (MER) method
to create designed precursors that function as a platform to isolate and probe how individually
tunable experimental parameters — especially local compositions, and deposited layer thicknesses
and sequences — influence fundamental reaction mechanisms. Insights gained from these studies
can be leveraged to synthesize new materials with controllable structure and, consequently,
tunable properties. The first section (Chapters I-I11) frames this work within the larger body of
solid-state research, and describes the experimental methods used to synthesize and characterize
all of the samples discussed herein — including the description of the development of a novel

method to measure the cross-plane electronic transport properties of thin film materials. The
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second section (Chapters IV-VI) focuses on using experimentally tunable parameters to study
solid state growth mechanisms and how control over these mechanisms can be achieved through
manipulation of designed precursors. Particular emphasis is placed on the Mo-Se and Pb-Se
systems, which, due to their relatively simple phase diagrams, provide useful model frameworks
for elucidating the fine details of solid-state reaction mechanisms. Through the knowledge
gained in these studies, a new general method was developed to create high-energy amorphous
precursors, and a series of new non-equilibrium Mo-MoSe; superlattices were grown. The third
section (Chapters VII and VIII) describe the synthesis of novel heterostructures that were
enabled through the understanding of reaction mechanisms gained in the proceeding chapters. A
novel (PbSe)1(VSe2)1(PbSe).(VSe2)1 homologous series was synthesized using the precise layer-
sequence control afforded by the MER method. Additionally, a previously unreported ZnSe
phase was stabilized within (MoSe2)1(ZnSe), heterostructures, enabled by interfacial
confinement between van der Waals planes of MoSe> monolayers. This work advances the
already well-established capabilities of the MER method to access novel phases by leveraging its
precise experimental parameter control to probe fundamental solid-state reaction mechanisms at
an unprecedented atomic level. This mechanistic insight further enhances the method’s potential
to rationally design and synthesize previously inaccessible materials.

This dissertation includes previously published and unpublished co-authored material.
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CHAPTER I
INTRODUCTION

1.0. Authorship Statement
This chapter was written for this work alone with no intention of publishing elsewhere. I

am the primary author, and I received editing assistance from my advisor, David C. Johnson.

1.1. Motivation and Background

The discovery and development of new materials is an essential driving force of
technological advancement, enabling constant improvements in the efficiency, size, and cost-
effectiveness of the devices on which our society has grown to depend. The Silicon Age and the
advent of transistors has harbored an explosion of new technologies, with a constant march
toward continued miniaturization, as predicted by Moore’s Law.! With this rapid expansion of
silicon-based technology has come an increased reliance of our society on these technologies and
the materials that comprise them. Forward progress in the pursuit of new and better technologies
will rely on the ability of scientists to discover and develop materials with new properties that
will support new and improved technologies. In just the last twenty years, the development of
numerous ground-breaking new technologies has already been made possible through the

discovery of new materials. A few notable examples include quantum computing,”* solid-state

8-10 13-16

batteries,” solar cells,®1* energy storage,'!"!? thermoelectrics for waste heat recovery,'*~'¢ and
wearable electronics.!”

In recent years, computational chemistry has become the most significant driving force
for materials discovery due to the power of density functional theory (DFT) to theoretically
predict thermodynamically stable new materials.!® Many of these predicted new materials have
complex unit cells or are metastable, which has created a discrepancy between the number of
predicted theoretically stable materials and those that have been successfully synthesized.!*-** A
significant barrier in the synthesis of new materials is the facile formation of undesirable reaction
intermediates (especially binary compounds) that prevent the formation of more complex

phases.?!"23 A vital component to narrowing the gap between the number of predicted and
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synthesized new materials will be increasing our understanding of what is happening atomically
during the two fundamental steps of a solid-state reaction: diffusion and nucleation.

Diffusion is one of the two fundamental mechanisms of solid-state reactions. It is well-
understood that because diffusion is slow, it is the rate-limiting step in most solid state
reactions.?*?*> Even when energy (heat) is added to a system, atoms do not move very far. This is
because the reactants usually have high melting points, and the atoms are trapped in their original
crystal lattices. As a result, diffusion rates remain low. The temperature dependance of diffusion
is typically understood to have Arrhenius type behavior, with higher temperatures exponentially
increasing atomic mobility. As a result, in traditional direct reaction between elements, the most
common tactic to overcome rate-limiting diffusion is to employ very high temperatures that
make it hard to avoid growing only thermodynamic products. Multiple heating/grinding steps are
often used to reduce particle sizes and shorten diffusion distances, commonly known as the
traditional “heat and beat” method.?® Fick’s laws of diffusion describe how atoms move in a
homogenous environment in response to a concentration gradient and how those concentration
gradients change with time as diffusion progresses.?’?® However, the heterogeneous reaction
environments more commonly found during solid-state synthesis are more complex because
different crystal orientations interdiffuse at different rates. While these laws are useful to
understand local components of the reaction environment, they are too simple to fully describe
every piece of a solid-state reaction. In a “heat and beat” synthesis, the lowest melting point
species will become mobile first and “wet” the surface of any other reactants. Concentration
gradients will form between reacting species, and local compositions at interfaces will determine
what phases form at the interfaces. As an intermediate phase grows at an interface, it creates a
diffusion barrier that further impedes the diffusion of reacting species. This leads to a sequence
of phase formation over which there is very little experimental control. As a result of these
factors, the overall composition of a system does not necessarily control what intermediate
phase(s) will form, and phase-pure products can be challenging to achieve under these diffusion-
limited constraints. In polycrystalline materials, diffusion may preferentially occur along defects
like grain boundaries and dislocations. These “short-circuit” diffusion paths enhance the
diffusion rates compared to bulk diffusion but further complicate solid-state systems and our

ability to study them.
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Nucleation is the second fundamental mechanism of a solid-state reaction. Nucleation
limitations control which phases can form and when they can appear during a reaction. Classical
nucleation theory (CNT) describes the critical size of an atomic cluster within a parent phase that
must be exceeded to form and grow a stable nucleus of a new phase.?®-3! These nuclei undergo
dynamic fluctuations in size, dissolving back into the parent phase until a nucleus exceeds a
critical radius, and it becomes thermodynamically favorable for the nucleus to grow into a stable
crystallite.’>*3 CNT considers two competing contributions to the total Gibbs free energy change
of forming a nucleus. The volume free energy change (AGv < 0) is negative and provides the
thermodynamic driving force for the formation of a crystalline grain. The surface energy (y > 0)
term is positive, which accounts for the energetic “cost” of generating a new interface between
the nucleus and the surrounding matrix. These terms determine the free energy barrier to

nucleation and define the critical nucleus size that must be exceeded for growth to become

thermodynamically favorable. The critical radius (r* = — z—g) is defined as the size at which the

change in total free energy (AG(r) = gm‘3AGV + 4mr?y) is maximized, and the corresponding

167ty3
3(AGy)?

AG* (AG™ = ) is the activation energy barrier for nucleation to proceed. Nucleation is

often initiated at defects, interfaces, or grain boundaries because these sites reduce the surface
energy term, lowering the thermodynamic barrier to nucleation.?** CNT works well to describe
nucleation in systems with relatively simple thermodynamics where the assumptions of the
model hold — like homogenous nucleation in supersaturated vapors and liquids. Some of the
assumptions of CNT include but are not limited to: abrupt interfaces between the nucleus and
parent phase without any interfacial width or diffuse transitions, spherical nuclei, bulk
thermodynamics, constant surface tension, homogenous composition, no external fields or
stresses, constant temperature and pressure, and a single-step nucleation pathway. These
assumptions are often invalid in real-world chemical reaction environments.**=38 CNT cannot
capture atomic-level details which are critical to understand the heterogenous nucleation favored
in solid-state reactions. Non-classical models are needed to describe nucleation in the solid state.

Both diffusion and nucleation have been studied extensively, but significant gaps still
exist in our understanding of what is happening at an atomic level during both of these

fundamental reaction steps, especially in the solid-state.**! Researchers have developed several
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theoretical and computational approaches that improve upon CNT for describing nucleation in
the solid state. Modern DFT theories model nucleation as a continuous pathway through free
energy space, not just via a critical radius, accounting better for inhomogeneous composition,
fluctuating interfaces, and non-equilibrium clusters. These theories are able to predict preferred
nucleation trajectories, even for solid-solid transitions.*> CNT assumes nucleation proceeds via a
single-step formation of a bulk-like nucleus, but recent two-step nucleation models better
account for intermediates that often form and rearrange into the stable phase during solid-state
reactions.**™*® One study by Peng et al. uses single-particle-resolution video microscopy of
colloidal films to show a two-step nucleation mechanism with an intermediate liquid nucleus.*’
They conclude that a liquid intermediate is favorable because the necessary symmetry relations
between parent and product lattices are contained within a liquid intermediate, minimizing the
energy cost of solid-liquid interfaces over solid-solid interfaces. These non-classical pathways
help explain why crystals sometimes form even when classical theory does not predict it. To
understand how to control solid state reactions well enough to synthesize new, complex
materials, experimental chemists must establish new techniques that can be used to study the
fundamental reactions of diffusion and nucleation that occur in a solid-state reaction
environment. Unfortunately, there are very few established experimental probes that can be used
to investigate these mechanisms in a solid-state reaction environment, and a complete atomic-
scale understanding of nucleation is still elusive.*® However, over the past several decades, a
gradual expansion of knowledge has led to the development of several alternative synthetic
techniques that avoid the challenges presented by bulk diffusion in solid-state reactions.
Fluid-assisted synthetic techniques are one avenue to remove the constraints of diffusion,
making nucleation the rate limiting step.*’ The use of a fluid reaction medium significantly
increases diffusion rates, allowing for faster mixing of reactants at lower reaction temperatures
than in traditional direct reaction between elements. Because the reaction is kinetically
controlled, the phase with the lowest nucleation barrier forms first, potentially avoiding the
thermodynamic products.’®! Although there are multiple examples of metastable phases being
grown from fluid-mediated systems and many empirical synthetic schemes exist for specific
systems, because they have not been linked to specific thermochemical principles, it is difficult

to extend them to other systems.>> Growing evidence indicates that transient metastable
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intermediates form before equilibrium products, making it extremely challenging to design
synthesis to target specific phases.’*->*

Other techniques utilize gas-phase precursors deposited onto heated substrates, enabling
growth to be governed primarily by surface kinetics. These techniques include chemical vapor
deposition (CVD), atomic layer deposition (ALD), and pulsed laser deposition (PLD). In all of
these methods, precursors are volatilized and transported in a carrier gas toward a heated
substrate where reactions occur. When an atom hits the substrate, the kinetic and chemical
potential energy it carries are dissipated as vibrations into the substrate and surrounding
amorphous matrix, enhancing atom mobility and increasing surface diffusion.>>-® An atom
sitting in a lattice site is in a lower energy state than when it’s sitting in an amorphous matrix, so
atoms can further dissipate this energy by forming bonds with other atoms as part of a growing
crystallite. However, for a crystallite to nucleate and grow, the nucleation energy barrier must be
overcome.>’%° To overcome this energy barrier, these techniques utilize heated substrates to
provide the necessary energy. Unfortunately, while this addition of energy facilitates nucleation,
it creates a reaction environment with enough energy to explore a broader portion of the 3D
energy landscape, making it more difficult for the system to become kinetically trapped in local
energy minima corresponding to metastable phases.

These synthetic techniques do still provide the ability to affect the identities and structure
of resultant films through control of some tunable experimental variables. The substrate
temperature, partial pressures of precursors, and carrier gas type and flow rate can be adjusted to

64.65 and the rate of crystal

manipulate the deposition rate,%! "6 the rate of surface diffusion,
nucleation.®-%8 The adsorption/desorption rates of precursor/source atoms or molecules onto the
substrate is critical for controlling film growth rate, composition, and phase formation. When an
atom hits the substrate, it must adsorb either chemically or physically in order to be available for
incorporation into the growing crystal. Because of the Arrhenius-type temperature dependance of
desorption,® achieving sufficiently high incorporation rates can be challenging. For example,
indium has rapid desorption at elevated temperatures that hinders the growth of technologically
relevant narrow-bandgap In-rich films of InGaAs.”®7® Adsorption/desorption rates also control
the local composition at the surface which will affect the film stoichiometry and subsequently

what phases can nucleate.”*”> The rate of adsorption/desorption can be controlled by the

substrate temperature, carrier gas flow rate and composition, and precursor partial pressures.”®
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Slower carrier gas flow rates allow for a longer residence time for precursors near the substrate
where reactions can occur, increasing the chance for precursor atoms/molecules to adsorb.””’8
However, slow carrier gas flow rates can lead to a thicker boundary layer of stagnant gas at the
substrate surface, which can slow mass transport and decrease the efficiency with which
precursors are transported to the surface.”-#! Therefore, high enough flow rates must be used to
overcome this challenge and efficiently remove desorbed byproducts and unreacted precursors,
maintaining clean surface sites for new potential adsorption events.

The chosen substrate material can have a powerful effect on the nucleation energy
barrier,®? adhesion, and the growth mechanics of products. The chemical affinity, binding sites,
defect density, crystallinity, and orientation of the substrate can also affect how products form.
Substrates can be functionalized with chemically active regions so that a film grows in specific
regions while passivated regions remain uncoated, known as selective area growth (SAG).3 The
formation energy for specific phases can be decreased by selection of a substrate with an optimal
chemical environment, as in the polymorph selective growth of MoTe> using specific seed
layers.®* The use of Cu substrates to catalyze the decomposition of methane in CVD graphene
growth is an example of the substrate chemically participating in the reaction.®> These techniques
have become valuable in the study of thin-films for technological applications. For example, in
2014 the Nobel prize in physics was awarded to Akasaki, Amano, and Nakamura for their
development of a metal-organic CVD process to grow GaN films on (0001) sapphire using an
AIN buffer that was foundational in the development of blue LEDs.?¢-*8 However these
techniques are not easily scalable and the complex, multi-component gas-phase chemistries
employed in these methods create challenges in controlling the growth of phase pure products
with known stoichiometries, the defect density, surface smoothness, and the thickness uniformity
of resultant thin-films.%

Molecular beam epitaxy (MBE) is another commonly employed synthetic method that
avoids the thermodynamic constraints of bulk diffusion and is instead controlled by the surface
kinetics of adsorption/desorption and surface diffusion.”®! Additionally, MBE utilizes epitaxial
substrates to reduce or eliminate nucleation barriers. By avoiding the thermodynamic constraints
inherent to high-temperature synthetic methods, MBE enables the stabilization and growth of
metastable phases that are inaccessible through equilibrium-based methods. Diffusion constraints

typical of solid-state growth are avoided in MBE using a ballistic growth method with line-of-
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9293 The growth rate is slower in MBE,”* but because it is performed under

sight atomic beams.
ultra-high vacuum instead of at high pressures, there is an unparalleled chemical purity that
provides atomic scale surface control and much higher precision over the composition, thickness,
and impurity level of products.” In-situ monitoring techniques like reflection high-energy
electron diffraction (RHEED) provide monolayer by monolayer monitoring of growth that
allows for atomic-level control over the composition and thickness of products.’®*” However,
like any technique, MBE has certain limitations. This method is limited by the differing
volatilities of materials at the substrate surface, as it only works reliably when all components
remain stable and do not desorb under the same reaction conditions.”®-1% Source materials
cannot have any reactivity with crucibles, chamber surfaces, and other experimental
components.'! Unfavorable surface kinetics and limited atomic mobility can also lead to the
undesirable growth of “islands” of material instead of smooth films of uniform thickness. This
phenomenon, known as Volmer-Weber growth, is a result of high interfacial energy between the
substrate and deposited material.!?!9 Deposited atoms will preferentially bond to each other to
more efficiently lower their total free energy instead of “wetting” the surface of the substrate.
Even if the interfacial energy between deposited material and the substrate is not too high, high
Ehrlich-Schwoebel barriers at step edges can lead to 3D island formation rather than smooth 2D
layers.!%*195 While epitaxy is the defining strength of MBE, enabling precise nanoarchitecture
tuning, crystalline alignment, and defect minimization, true epitaxy requires the use of single-
crystal substrates and introduces the significant limitation of strict lattice matching.!%¢-19%% Ag
such, MBE cannot be readily applied to amorphous, polycrystalline, or flexible substrates which
limits its industrially relevant application.!%%-10°

Understanding how designed interfaces react has significant commercial significance. In
solid state battery technology, interfacial reactions can lead to resistive interphases like Li
dendrites or decomposition products which can degrade battery performance.!'-!3 In
semiconductors, reactions between semiconductors and dielectrics or metal contacts can affect
carrier mobility, leakage currents, and overall device speed and lifetime. Modern complementary
metal-oxide-semiconductor (CMOS) devices have replaced SiO2 grown on Si with HfO, grown
on Si as a high-x gate dielectric to enable the continued scaling of transistors in advanced
integrated circuits. HfO; has a much higher dielectric constant (~20-25) than SiO» (~3.9) which

enables a thinner equivalent oxide thickness (EOT) without increasing gate leakage.!!*!15
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Understanding how to control the reaction environment — through approaches such as surface
nitridation, low-temperature ALD, and non-oxidizing annealing — to suppress the formation of an
unwanted interfacial SiO; layer between HfO> and Si has been critical to enabling it’s successful
adoption in commercial devices.!!®!17 This is just one example among many technologically
relevant materials and processes that would benefit from a more fundamental understanding of
the underlying mechanisms.

A major unresolved challenge in the solid-state reaction literature is the lack of atomic-
scale insight into the initial stages of nucleation. Substantial research efforts have been devoted
to addressing this knowledge gap, as a deeper understanding of early-stage nucleation will be a
fundamental piece to the rational design of syntheses to target computationally predicted stable
phases. Unfortunately, because the solid-state reaction environment contains a myriad of
dynamically evolving intermediates and interfaces, they are inherently complex and challenging
to study. A synthetic approach with tunable variables that imposes a constrained, kinetically
controlled reaction environment — designed to isolate and interrogate individual components of a
solid-state reaction at the atomic scale — would offer a promising pathway to overcome these
challenges.

The method of modulated elemental reactants (MER) is a non-epitaxial thin-film growth
technique that enables atomic-level precision without requiring a lattice match between the
substrate and the target phase and provides access to tunable experimental variables (layer
thicknesses, ratio of layer thicknesses, deposition sequence of layers) that can be used to control
both diffusion and nucleation processes.!!® In MER, atomically precise elemental layers are
deposited onto unheated substrates to create non-crystalline precursors that mimic the
nanoarchitecture of the targeted films. These precursors are deposited at room temperature under
ultra-high vacuum from pure elemental sources, creating a reaction environment that enables the
highest possible precision and experimental control. The resulting precursors can be engineered
— by appropriate design of the deposited elemental layering sequence — such that the most
accessible pathways for free energy minimization lead them to local energy minima that
correspond to metastable phases.!!” In these precursors, diffusion limitations can be overcome by
depositing atomically thin elemental layers that spatially position desired reaction partners in
close proximity. The 2D layers in heterostructures made with MER possess high surface area to

volume ratios and consequently behave as “all-surface” systems.!?° This geometry amplifies the
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influence of surface and interfacial energies, allowing nucleation behavior to be directed through
topological constraints and interfacial interactions.!?! In the past, MER synthesis has relied upon
tuning the ratio of deposited elemental layer thicknesses to control the compositions of
amorphous precursors that ultimately control what phase(s) can nucleate.!?> While this technique
effectively eliminates long-range diffusion, making nucleation the rate-limiting step,
composition has been the only monitored variable and there has not been a systematic
investigation of the underlying factors governing nucleation energetics. As a result, key variables
influencing nucleation remain poorly understood, limiting the ability to establish predictive

design rules.

1.2. Dissertation Overview

This dissertation discusses an investigation of how experimental variables can be tuned to
more precisely control nucleation energies, enabling enhanced kinetic control over the growth of
2D materials. This dissertation is divided into three sections. The first section containing
Chapters I-11I presents the historical research background that has motivated this work, and
details the experimental techniques used to synthesize and characterize the films discussed
herein. Chapter I is an overview of the motivations for using MER to expand our understanding
of how experimentally controllable variables can be used to affect nucleation energies during the
growth of thin-films. Chapter II outlines the various x-ray techniques used to compositionally
and structurally characterize the thin-film samples presented in the subsequent chapters. Chapter
IIT describes a new method to simultaneously measure the in-plane and cross-plane electronic
transport properties in 2D materials. This chapter was published in ACS Nano in 2024.

The second section which includes Chapters IV-VI focuses on using designed precursors
synthesized with the MER method to better understand how to use experimentally controllable
variables to control nucleation and expand the solid-state synthetic toolkit. Chapter IV
investigates the effects of substrate crystallinity on the nucleation and growth mechanism of
PbSe films. Chapter IV was published in Zeitschrift fiir anorganische und allgemeine Chemie in
2022. Chapter V discusses the development of a new general method to synthesize amorphous
precursors using MER in systems that had previously been shown to always nucleate and grow
during the room temperature deposition (MoSe> and PbSe). This chapter also introduces a new

graphical method for visualizing deposited layer thickness and metal:chalcogen ratio together,
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providing clearer insight into the effect of precursor design on reaction pathway. Chapter V was
published in Chemistry of Materials in 2024. This section concludes with Chapter VI, which
discusses an in-depth study of the Mo-Se system. Chapter VI uses the tools developed in Chapter
V to create amorphous precursors to study nucleation energies in the Mo-Se system and how
precursor design can be used to grow non-equilibrium materials.

The third and final section contains Chapters VII and VIII that describe the synthesis of
novel heterostructures using the knowledge gained about nucleation control using designed
precursors in the proceeding chapters. Chapter VII describes the synthesis and characterization
of a novel (PbSe)1(VSe2)1(PbSe)n(VSe2):1 heterostructure with n =1, 2, and 3. Chapter VIII
describes the synthesis and characterization of a (MoSe»)1(ZnSe), heterostructure. In this
heterostructure, interfacial confinement is used to affect nucleation energies by controlling the
interfacial surface energies, resulting in the growth of a previously unreported polymorph of

ZnSe.

1.3. Bridge

This chapter provides a broad overview of the previous research that frames and
motivates this work, followed by a summary of the research contained herein. The following
chapter describes the experimental methods used to synthesize and characterize all of the

samples discussed in this work.
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CHAPTER 11
EXPERIMENTAL PROCEDURES

2.0. Authorship Statement
This chapter was written for this work alone with no intention of publishing it elsewhere.

I am the primary author of this chapter. I received assistance from my advisor David C. Johnson.

2.1. Synthesizing Samples Using the Modulated Elemental Reactant Method

The samples discussed in this dissertation were all synthesized with the method of
modulated elemental reactants (MER). As discussed in Chapter I, the core principle behind MER
is in the design of the precursors. In MER, individual elemental layers are deposited one at a
time in a layering sequence that is then identically repeated as many times as necessary to reach
the desired total sample thickness (usually ~300 A). The layering sequence is designed to mimic
the nanoarchitecture of the desired material. This method decreases diffusion lengths to the order
of angstroms, which is orders of magnitude less than what can be achieved with other methods.
The precursor design and deposition sequence are intended to produce precursors with energies
higher than those of local non-equilibrium product minima, with similar enough local
compositions that long range diffusion is not required. For these precursors, heterogenous
nucleation is the rate-limiting step. As long as the precursors have the correct local compositions,
the desired structure should be the easiest to nucleate and form first upon low temperature
annealing (typically below 600 °C). However, it is also possible in some systems that nucleation
and growth of certain phases may occur during the deposition process due to high surface
diffusion rates. This is discussed in detail in Chapter V.

MER precursors in this thesis were prepared via physical vapor deposition using a
custom-built high-vacuum vapor deposition chamber. The deposition chamber contains electron-
beam guns (to deposit metals) and a Knudsen effusion cell (to deposit chalcogens). Pure
elemental sources are vaporized from each source and their deposition rates are measured by
quartz crystal microbalances (QCMs) positioned above each source. Metal sources are pre-

melted in an arc melter before being placed into the electron-beam hearths to ensure a smooth
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deposition surface and to degas the metal. The surface topology of sources affects the shape of
the depositing vapor plume. Uniform and reproducible vapor plume shapes are vitally important
to achieve atomic-scale precision of repeat unit thicknesses and reproducibility between
deposition cycles. Magnetic raster boxes in each electron-beam gun are used to control the
positions and amplitude of the beam-sweep of each electron beam. The beam-sweep and position
are optimized for each individual metal, depending on the properties and deposition behavior of
that metal. Generally, for metals that remain solid throughout deposition, the beam is swept over
~70% of the sample surface during deposition. Between depositions the electron beam position is
manually controlled to smooth out the surface of solid metal sources in order to maintain
consistent vapor plume shapes. Sources that melt completely do not require this smoothing
process, as the melted surface remains smooth. A viewport is positioned above each elemental
source for visual monitoring of the sources during deposition. Computer controlled pneumatic
shutters are positioned above each vapor plume. A custom LabView software is used to interface
with the QCMs to control how long the shutters stay open to deposit a specific thickness of each
element at a time (determination of these target thicknesses is discussed in detail in section 2.2).
MER uses very low deposition rates (typically between 0.1-0.9 A/s) to further increase precision.
Precursors are deposited at room temperature onto unheated substrates (usually 6” Si wafers with
a native layer of SiO») positioned above the elemental vapor plumes. The substrate holder is
continuously rotated throughout the deposition to ensure uniform deposition of each element

across the substrate.

2.2. Compositional Characterization with X-ray Fluorescence

Successful precursor design is rooted in the thickness and sequence of deposited
elemental layers. The target number of atoms in each elemental layer is determined by
calculating the atomic areal density for each individual constituent using the unit cell geometry,
lattice parameters, and number of atoms of each element in the unit cell for each individual
targeted constituent. The atomic areal density is then converted to a target XRF intensity using
previously established proportionality constants and a method that has been described in detail
elsewhere.! Finally, the target XRF intensities for each element in each individual constituent are
converted into a target thickness (units of fA) using a proportionality constant that is

continuously updated after each deposition cycle to monitor the relationship between the target
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and actual amounts of deposited material. Iterative application of this method produces
precursors that progressively approach the ideal targeted nanoarchitecture.

XRF technology can be used to determine the elemental composition of a sample, and in
the David Johnson group a unique method is used to find the absolute number of atoms/A? in
each sample. The XRF measurements in this study were all performed on a Rigaku Primus-II
wavelength dispersive x-ray fluorescence spectrometer with a rhodium x-ray source. In XRF,
samples are bombarded with high-energy x-rays that can eject inner-shell electrons. When an
electron is ejected from an atom, a higher-energy electron will decay to fill the vacancy and
lower the energy of the atom, and a fluorescent x-ray emission will occur. The wavelength of the
emitted x-ray is characteristic to the orbital transitions of that specific element. The total
thickness of MER samples is below the critical thickness at which absorption effects can be
ignored, meaning that there is a linear relationship between the integrated XRF signal intensity

and the absolute number of atoms per area in the sample. Figure 2.1 shows that the raw XRF
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Figure 2.1. Raw XRF signal intensity data for Re in three different binary samples with either 35 (green
pattern), 40 (orange pattern), or 45 (blue pattern) Re|Se repeating units, showing a linear relationship between
signal intensity and the amount of deposited material. The XRF signal intensity data collected on the blank

silicon substrate wafer before deposition is shown in black.
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signal intensity for Re, collected on a series of binary Re|Se samples, increases systematically
with sample thickness. XRF data for every element is collected on every blank silicon substrate
wafer before deposition, so that the background intensity can be subtracted from the total
integrated intensity. As described by Hamann et al,! separate characterization techniques can be
used to determine the number of atoms/A? in certain samples. These known amounts are used to
build the XRF calibration curves that define the proportionality constant between the XRF signal
intensity and the absolute number of atoms/A? in any sample. These proportionality constants
can then be used to find the number of atoms/A? in any sample that is below the critical thickness
for absorption effects.

My research has required working with several elements lacking existing XRF
calibrations, prompting the development of multiple new calibration curves. New calibration
curves can be built for metals (M) using the known proportionality constant for Se and the
stoichiometric Se:M relationship, as long as there is a binary line phase on the equilibrium phase
diagram for the appropriate M-Se system. A series of binary samples with increasing thicknesses
are deposited in a repeating M|Se sequence where the Se layers are made thick enough that Se
will be in excess relative to the amount of metal. After deposition the raw XRF signal intensity
data for each element is collected. The sample is sequentially annealed at gradually increasing
temperatures, and raw XRF signal intensity data is collected after each step. XRR and XRD
techniques are used to structurally characterize the sample after each annealing step (the use of
these techniques is discussed in detail in section 2.3). A decrease in the XRF signal intensity for
Se as a function of annealing is monitored as excess Se sublimes from the sample. A plateau in
the decreasing Se intensity signals the formation of a stable compound throughout the sample
(Figure 2.2A). X-ray structural characterization is used to confirm that the sample is phase-pure.
The known stoichiometric Se:M ratio for that phase can be used in conjunction with the number
of Se atoms/A? in that sample after annealing at that temperature calculated using the known
XRF signal proportionality constant for Se to determine a new proportionality constant for the
metal. For example, in a binary Zn|Se sample after the Se decrease had plateaued and structural
characterization showed that the sample consisted entirely of cubic ZnSe, the sample was
calculated to have 5.28(8) Se atoms/A2, and the following calculation shown in eq. (1) was used

to calculate the Zn atoms/A2.
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Seatoms 1Znatom Zn atoms

5.28(8 > X = 5.28(8) ——— 1
(8) A2 1Se atom (8) A? )

This process is repeated for the entire series of samples of increasing thicknesses. The measured
XRF signal intensity is plotted vs. the calculated atoms/A? for each sample and the slope of a

linear regression of these points is the new proportionality constant for the given metal. Figure

kcps X A?

2.2B shows the new calibration curve for Zn with a proportionality constant of 0.112(3) pP—

as an example. It is important to note that the intercept for this linear regression is set to 0

because when there are zero atoms/A? the XRF signal intensity must be zero.
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Figure 2.2. An example of the XRF data used to build an XRF calibration curve, collected on two binary Zn-Se
samples. (A) The points show the raw XRF signal intensity value for Se collected on each sample after annealing
at each temperature for 30 minutes. The Se loss plateau indicates the temperature at which a stable phase has
grown throughout the sample. (B) The new calibration curve for Zn. The linear regression is set to go through
zero, and the resulting equation for the line is shown at the top of the graph. The slope of this line is the

proportionality constant for Zn.

2.3. Structural Characterization

A suite of x-ray and microscopy techniques were used to structurally characterize the
samples discussed herein. All XRR and XRD data were collected on a Rigaku SmartLab
diffractometer with a Cu-Ka radiation source. Cross-sectional lamellae were prepared by me on
a FEI Helious 600i focused-ion beam/scanning electron microscope (FIB-SEM). A FEI Titan™
G2 80-200 scanning transmission electron microscope (STEM) with a Cs probe corrector and

ChemiSTEM™ technology (X-FEG™ and SuperX™ energy-dispersive x-ray spectroscopy
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(EDS) with four windowless silicon drift detectors) operated at 200 kV was used for structural
and chemical analysis of the prepared cross-sectional lamellae. For STEM imaging, a high-angle

annular dark-field (HAADF) detector with a collection range of 60-160 mrad was utilized.

2.3.1. X-ray Reflectivity
X-ray reflectivity (XRR) is used to determine the total sample thickness and surface
roughness, and to detect changes in the electron density at the surface of the samples. XRR data
is collected with a locked 0-20 scan performed from 0-11° 20. In an XRR scan, incident x-rays
reflect off the surface of the sample below a certain critical angle that is determined by the
electron density at the surface of the sample. Above this critical angle x-rays begin to penetrate
into the sample and the collected intensity is a result of incident x-rays reflecting off of the
substrate/sample interface and the sample/air interface. XRR patterns contain Kiessig oscillations
that arise from the constructive and destructive interference of the x-rays reflected off of these
two interfaces. The periodicity of Kiessig fringes is inversely related to film thickness. Total film
thickness can be calculated from the 26 positions of Kiessig fringe maxima and a version of
Braggs law modified to include refraction (eq. 2).
2, (n; + An)?2?
4t2

Where 6; is the angle of the Kiessig fringe maximum, O is the position of the critical angle, n; is

sin?0; = 6,

(2)

the index of the Kiessig fringe, A is the wavelength of the source radiation, and t is the total film
thickness. Roughness or interdiffusion between deposited layers or on the surface of the sample
reduces the amplitude of Kiessig fringes and damps the reflectivity at higher angles. The surface
roughness of the sample can be estimated using the method established by Parratt.> Bragg

reflections are also sometimes observed in low angle XRR patterns if the repeat unit thickness is

large enough.

2.3.2. X-ray Diffraction

X-ray diffraction (XRD) techniques (specular, grazing incidence, and grazing incidence
in-plane) are used to monitor structural changes as a function of annealing temperature and to
determine the lattice parameters of resulting crystalline phases. Resulting XRD data are used to

determine the optimal processing conditions for each system or specific heterostructure. XRD is
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fundamentally based on the diffraction of incident x-rays from a sample, as defined by Braggs
law (eq. 3).

2dsinf = nl 3)
Where d is the distance between atomic planes, 0 is the angle between the incident x-ray and the
atomic plane, n is the integer order of the reflection, and A is the wavelength of the source
radiation. Braggs law is satisfied and a Bragg reflection is observed only at specific angles 0,
when the path-length difference between x-rays reflected off the electron density of atomic
planes equals an integer multiple of the wavelength and constructive interference occurs.
Specular XRD patterns are collected in a 6-20 locked-coupled mode from 5-65° 26. In this
scanning mode the source and detector both move in a locked-coupled manner with equal 6
values. Specular XRD patterns provide information about the atomic planes growing parallel to
the substrate. In a sample growing with preferential 00/ orientation — as many MER samples do —
specular XRD patterns will contain only 00/ reflections and their 26 positions can be used to
calculate the c-axis lattice parameter of the crystalline structure. Grazing incidence XRD
(GIXRD) scans are performed in a 20 scanning mode, where the source x-ray incident angle is
kept nearly parallel to the surface, and the detector is scanned from 5-65° 20. This scanning
mode allows probing of a larger volume of the sample. GIXRD patterns will contain Bragg
reflections from atomic planes that are aligned on angles 6 with respect to the substrate. Grazing
incidence in-plane XRD scans are collected in a 20-y mode, with the detector scanning along the
axis parallel to the sample. For samples growing with crystallographic 00/ alignment, in-plane
patterns will contain only 440 reflections. Because MER samples have rotational disorder
between the layers, the 20 positions of in-plane reflections can be used to calculate the a- and b-
axis lattice parameters of each individual constituent growing in the film and determine the unit

cell type (cubic, hexagonal, etc.) of each individual phase that makes up the heterostructure.

2.3.3. High-Angle Annular Dark Field Scanning Transmission Electron Microscopy and
Energy Dispersive X-ray Spectroscopy

HAADF-STEM and EDS data were used to further structurally and chemically
characterize certain samples at the atomic scale. The standard FIB method was used to lift-out
and thin electron transparent cross-sectional lamellae of select samples. In HAADF-STEM, a
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focused electron beam is scanned across the electron transparent portion of the sample. An
annular detector collects only electrons scattered to high angles. Because these high-angle
electrons arise from Rutherford-like elastic scattering, the intensity of each atom in a HAADF
image is approximately proportional to the atomic number, Z.> HAADF-STEM imaging offers
superior atomic resolution while eliminating the phase contrast artifacts common in bright-field
TEM, enabling a more straightforward and reliable interpretation of data.* EDS chemical maps
were obtained during STEM imaging to further chemically characterize samples with atomic
resolution. Elemental maps were generated from spectral images that were compiled from a
series of scans over the same region to correct for spatial drift. EDS maps are used to add
additional composition information — although EDS data is not quantitative — and to provide

more detailed information about the specific atomic positions in the unit cell.

2.4. Electrical Characterization

Temperature- and field-dependent electronic transport and Hall measurements were
carried out using a Quantum Design PPMS-16 system at the Leibniz Institute for Solid State and
Materials Research (IFW Dresden). The instrument is equipped with a 16 T superconducting
magnet and enables measurements over a temperature range of 1.9 to 400 K. During the
deposition of samples, a 1 cm x 3 cm piece of quartz covered with a van der Pauw cross®
shadow-mask was co-deposited alongside the silicon substrates. This parallel deposition allows
the silicon sample to be annealed and used for XRF and XRD characterization, with the
assumption that identical growth will occur on both substrates when subjected to the same
processing conditions. After appropriate processing, samples on quartz substrates were mounted
on Quantum Design transport pucks and contacted in a standard four-probe van der Pauw
geometry with indium wires. Measurements were performed under high vacuum to reduce
thermal exchange and protect the films from environmental effects. We collected resistivity data
during both temperature and magnetic field sweeps. Temperature-dependent measurements were
taken at several fixed fields, and field sweeps were carried out at constant temperatures to probe
magnetoresistance. To check for hysteresis or thermal lag, data were collected during both

warming and cooling cycles.
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2.5. Bridge

Chapter II describes the experimental methods used to synthesize and characterize the
samples discussed in all of the following chapters. The following chapter describes in detail the
development and implementation of a novel method to simultaneously measure the in-plane and
cross-plane electronic transport properties of thin film materials that adds another powerful tool
to the characterization toolbox of solid-state chemists. This method was developed in

collaboration between the David C. Johnson group and the Stephen B. Cronin group at USC.
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CHAPTER II1
Simultaneous Characterization of In-plane and Cross-plane
Resistivities

in Highly Anisotropic 2D Layered Heterostructures

3.0. Authorship Statement

This chapter was previously published in ACS Nano in 2024. Sizhe Weng, Yu Wang,
David C. Johnson, and Stephen B. Cronin conceived and planned the experiments. Celsey Price,
Marisa Choffel, Aaron Miller, and I carried out the material synthesis and characterization. Sizhe
Weng carried out the experiment and analyzed the data, Yu Wang derived the models and helped
carry out the COMSOL simulations. Ruoxi Li, and Mingrui Chen assisted with device
characterization and electron-beam lithography. Ping Lu collected high-angle annular dark-field
transmission microscopy images. Sizhe Weng, Yu Wang, David C. Johnson, and Stephen B.
Cronin wrote the majority of the manuscript and all authors discussed the results and contributed

to the final manuscript.

3.1. Introduction

Semiconducting heterostructures and superlattices have attracted considerable interest in
the scientific and industrial communities due to their exotic properties and wide range of
applications in modern electronics, thermoelectrics, and optoelectronics.!** Early studies focused
on III-V semiconducting heterostructures and oxide superlattices, which were mainly fabricated
through epitaxial growth, such as molecular beam epitaxy (MBE)> ¢ or metal organic chemical
vapor deposition (MOCVD).”-# Although many state-of-the-art electronic devices (i.e.,
photodetectors and light-emitting diodes) have been demonstrated, such growth methods are
constrained by crystallographic symmetry similarities and lattice constant matching. More
recently, van der Waals (vdW) heterostructures with vertical integration of layered materials
offer an alternative approach to integrate two-dimensional materials that do not rely on strong

chemical bonding between adjacent layers.!: Such hetero-integration provides a more versatile
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selection of materials with disparate lattice structures, such as graphene, hexagonal boron nitride
(hBN), and transition metal dichalcogenides (TMDs).!° The optical and electrical properties of
vdW heterostructures and devices have been under intensive study, and many interesting
phenomena have been discovered, including ultrafast charge transfer (within 50 fs) in
photoexcited MoS>/WS» heterostructures, 55% external quantum efficiency of photocurrent

1112 all-electrical single photon light

generation in graphene/MoSz/graphene vertical junctions,
emitting diodes realized in graphene/hBN/WS; heterostructures,'? and graphene/hBN/graphene
field effect tunneling transistors.'* Recently, there has been a new emerging trend in vertically
integrating 2D materials with traditional semiconductors and oxide superlattices, resulting in the
creation of even more exotic artificial heterostructures or superlattices with atomically clean and
electronically distinct interfaces.!>!® Since the functionalities of most of the above-mentioned
heterostructures and superlattices rely heavily on the carrier transport across the interfaces,
studying the fundamental electrical transport properties in the cross-plane direction of vdW
heterostructures is of great importance to the future development of nanoelectronics and
nanophotonics.

There are few reports probing the intrinsic properties of charge carrier transport across
the interfaces in vdW heterostructures due to the difficulty of separating large contact resistances
from the relatively small cross-plane resistance of thin films (1-100 nm thick) in 2-probe
measurements. The most common method of measuring resistivity tensors in anisotropic
materials is based on the method developed by Montgomery.!” However, their approach requires
the contact width of the contacts to be less than 10% of the film thickness to measure the cross-
plane resistivity accurately.!® For 50 nm thick vdW heterostructures, it is very difficult to
fabricate Ohmic metal contacts with contact widths smaller than 5 nm. Another approach used to
extract the resistivity in the cross-plane direction include measuring properties in samples where
regions between contact pads have been etched to varying depths to form a mesa structure,
followed by applying the modified transfer line method (M-TLM).> 12! These methods require
the variation of contact resistance between different devices to be much smaller than the cross-
plane resistance of the material, which is challenging to achieve experimentally for a variety of
reasons including surface damage from contact metal deposition, Fermi level pinning, and non-
uniformity at the material/contact interface.?? 2> Another reported approach is to sandwich the

material of interest between a large bottom electrode and a small top electrode in a two-probe
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measurement configuration.?* However, the measured resistance includes the lead and contact
resistance from the metal/material interface, which usually dominates in the measured total
resistance in the cross-plane direction.

The approach to measure cross plane resistivity presented in this paper is based on the
phenomena of current crowding, which was first extensively explored in the 1960’s and 70°s.25-%’
The phenomenon of current crowding has been shown to be very important in diverse areas,
ranging from being an important loss mechanism in LED’s?® to increasing electromigration
leading to the formation of interfacial voids.?’ Figure 3.1 illustrates the basis of current crowding
using a transition line model where magenta resistors represent the interface resistance. Current

flowing from the yellow to the green wires will not be the same in each of the intervening

A
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Af\f\ﬂ Contact Resistance ~ =

Figure 3.1. Schematic diagram of an equivalent circuit illustrating the concept of current crowding. More current
flowing from the yellow to the black wires will pass through the initial intervening blue resistors than later ones,

with the amount dependent on the resistivities of both the material of interest and the interface.

magenta resistors. More current will pass through the initial resistor than later ones, with the
amount dependent on the resistivities of both the wires and the interface. To measure cross plane
resistivity, we need to add contacts on the bottom of the sample, which adds a second interface
and potential current pathway through the contact and across to the opposite contact. The
transmission line model derived herein includes the bottom contact, which modifies the top
current distribution if the in-plane conductivity is low.

Here, we present a new approach to characterize both the in-plane and cross-plane
resistivities of ultra-thin samples. We use in-plane measurements to determine the resistances of
the lithographically defined gold leads connecting the sample to the bonding pads (typically 20-
100W) and the contact resistivities of the top and bottom contacts. These contributions are then

subtracted from the measured two-probe total cross-plane resistance to obtain the cross-plane
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resistance of the heterostructure material. The cross-plane resistivity is calculated from the
cross-plane resistance using the measured sample thickness and contact areas. This approach
uses a simple device geometry without needing multiple devices and/or etch steps. We
demonstrate the utility of our approach by characterizing several (PbSe)1(VSe2):
heterostructures, all yielding 4 order of magnitude anisotropies between the in- and out-of-plane
resistivities over the 6 — 300 K temperature range. This is the first time that electrical properties
of nm thick van der Waals heterostructures have been characterized in both directions on the
same device with contact resistances fully accounted for, and we believe this technique can be
generalized and applied to characterize a wide range of thin film materials if the deposition or

growth of the target material does not require epitaxial substrates.

3.2. Results and Discussion

The optical image and schematic diagram of as-fabricated device are shown in Figure
3.2a and 3.2b. In the present study, 50 unit cells of the (PbSe)i1(VSe»): heterostructure (~30 nm
thick) are sandwiched between arrays of top and bottom electrodes with 5 contact widths ranging
from 1 to 16 pm, detailed fabrication processes are demonstrated in the Method section. Figures
3.3a, 3.3b, and 3.3c show the characterization data obtained on an annealed (PbSe):(VSe2):
heterostructure using the conditions described above. These data show the formation of highly
crystalline materials with atomically sharp interfaces that grow with crystallographic alignment
to the substrate and interlayer rotational disorder.

The completed devices are used to measure the in-plane resistivity of the material of
interest using a 4-probe configuration to make sure the processing steps have not altered the
properties of deposited film. We used 4 top or bottom contacts to perform a 4-probe in-plane
transport measurement, in which the current is flowing between the two outer electrodes and the
voltage difference between the 1 pm and 2 pm leads was measured. At each temperature, the
conducting current increases from -0.2 to 0.2 mA in 50 pA incremental steps and Ohmic
behavior is observed. The temperature dependent corrected in-plane resistivity, plotted in Figure
A.6a. Figure A.6c shows a similar order of magnitude and temperature dependence to that

1.32

previously reported by Wang et al.,*® Hite et al.,>! and Cordova et al.*> The upturn in the

resistivity at low temperatures results from a charge density wave transition in the monolayer
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thick VSe; layers.?® The in-plane resistivity data indicates that the (PbSe)i1(VSe2): heterostructure

survived the processing steps.

277 ot
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Figure 3.2. (a) Optical microscope image and (b) schematic diagram of the as-fabricated device with various contact

widths from 1 to 16 um. (c) side view of the device, shows that the top and bottom electrodes extend across the
material of interest. The electrodes end at 3 um away from the edge of the material to avoid potential short circuit

between top and bottom contacts.

A sequence of 2-probe in-plane measurements using the top and bottom contacts are then
conducted to determine the lead and contact resistances, as illustrated in Figure 3.4a. Current is
injected through pairs of contacts, and the voltage of an adjacent contact is measured relative to
ground. Typical I-V curves for the 2-probe measurements are plotted in Figure A.1 showing
Ohmic behavior at the metal/heterostructure interface. The measured voltage is the sum of the
potential drop due to the current flowing through the lithographically defined electrode
connecting the heterostructure material to the bonding pads (i.e., leads) and the voltage drop at
the end of the contact due to the fraction of the total current (1 mA) flowing through the end of
the contact. This latter contribute is referred to as the contact end voltage. The amount of current
flowing through the far end of the grounded contact depends on the contact width of the contact

and the relative magnitude of the contact conductance with respect to the sample’s in-plane
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resistivity, resulting in the systematic trend in the measured voltage with contact width plotted in
Figure 3.5a. The fits to these contact width-dependent curves are described below.
Figure 3.4b presents a schematic illustration of the theoretical analysis of the in-plane

current flowing through a contact. Here, Vi, (%) and Vyotom (x) are the electrical potential
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Figure 3.3. (a) The specular diffraction pattern of a (PbSe)1(VSez): heterostructure. The indices are given above
each reflection. (b) Grazing incidence in plane X-ray diffraction patterns of the self-assembled (PbSe)1(VSe2):
heterostructure collected from a sample subjected to identical annealing conditions as the fabricated device. Indices
for both the PbSe and VSe: sublattices are given above each reflection. (¢) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of (PbSe)1(VSe2)1 heterostructure. Colored bars show the
positions of atomic planes of Pb (blue), V (green), and Se (purple). (d) A schematic of the structure of the
(PbSe)1(VSe2)1 heterostructure illustrating the off-axis rotational disorder of the constituent sublattices seen in the

HAADF -STEM image.

differences between the material and the top and bottom contacts as a function of position x,
measured from the inner edge of the contact. The contact resistances are modeled by adding
parallel resistors on both the top and bottom of the material, and Ggop and Gy oyron, represent the
conductances of the interface per unit length of the top and bottom contacts, respectively.** We

assume the contact is at an equal potential as a function of position, X, since the resistivity of the
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contact material (Au) is around 10 Q-m?%-*7, which is very small comparing with the in-plane
resistivity of the (PbSe)1(VSe2): heterostructure. I (x) represents the current flowing in the
material at location x along the contact and R’, the in-plane material resistance per unit length, is
taken as a constant at each measurement temperature (21.8 Q-um™ at room temperature)

calculated from the in plane 4-probe resistivity measurement. The top contact is grounded while

(a) = (b) T
Lead T T

o2 @
5 @ V
a9 . A\
S Resistance | | | Top Metal Contact
Top 2a
ol 2= Interface
Contacts Geop % é Viop(X) é
............................. : ol v 10 | A, Heterostructure
. R’ i Material
Material of Bt g I ol o T S e - - e
Interest  Ead BEE SN L O e R R R Ghottom % —botl*] g Interface
I - - SR ey S o | | | Bettom Metal Contact
Contacts

X-axis & >
Figure 3.4. (a) Schematic diagram of the three-terminal voltage measurement showing the non-uniform current

distribution in the grounded top contact and the floating bottom contact. The voltage measured is the sum of the
voltage drop at the end of the top contact due to the current density there and the voltage drop across the
lithographically defined gold lead connecting the material of interest to the bonding pad. The current distribution in
the floating bottom contact also indicates the significance of the impact from the bottom electrode, even if only the
top electrodes are being measured. (b) Equivalent circuit diagram of the in-plane and cross-plane current flow

analysis. The positive x direction and the origin of the axis are indicated at the bottom.

the bottom contact is floating. Then, Vi, (x), Vpottom (X), and I(x) can be analyzed by

constructing the following differential equations:

AViop (%) , (D)
—ax - RI®
dVbottom(x) _ ' (2)
Ix = —R'I(x)
di(x) , , G)
dx = _Gtothop(x) - Gbottomeottom(x)

The equations are solved by applying Dirichlet and integral form boundary conditions:

I(x=0)= I,,I(x=d) = 0,and fod GtopViop (%) = I;, where [; is the total current in the
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material before entering the region between the contacts, and d is the contact width. Based on the

above-mentioned constraints, the solutions are as follows:

. Gl’)ottom Ii (4)
Viop(x) = ZI; coth(ad) cosh(ax) — ZI; sinh(ax) + Grop (Gt'op + Gt’mttom)d
Vbottom (X) = ZI; coth(ad) cosh(ax) — ZI; sinh(ax) — L %)
(thop + th)ottom)d
I(x) = I; cosh(ax) — I; coth(ad) sinh(ax) (6)

!

where Z = ) and a = \/ (Gt’op + G} orrom )R- This result is similar to previous

/i !
(Gt0p+Gbott0m

analyses for a single top contact in which the potential difference between the material and
contact also follows hyperbolic decay along the contact periphery.’* 3% 3° However, for our top
and bottom contact configuration, the voltage drop across the material/contact interface contains
an additional term containing the contact width d and the conductance of both top and bottom

contacts. We define the contact end voltage drop as:??

Vena=V(x =d). (6.5)
During the experiment, top contacts are first grounded to measure Vetr?g followed by bottom
electrodes grounded to study V2o with the definitions given by:
Zl; Gy I; 7
(;crcl)g = _ i + bo,ttom , l, + Ricgfdli ( )
Slnh(ad) Gtop (Gtop + Gbottom)d
Zl; G I; 8
ebno(.it = : + = <P ; l, + lefs(;téomli ( )
Slnh(ad) Gbottom (Gtop + Gbottom)d

where R oF, and RR2S™ represent the contact lead resistances of the top and bottom electrodes,

respectively. Figure 3.5a shows the contact end voltage measurements plotted with respect to
contact width and the results of fitting this data to Equations 7 and 8 above. The theoretical
analysis fits the data well, indicating that the floating contact on the other side must be included

as it provides a parallel pathway for the current. The extracted contact lead resistivities per unit
length p,oF, and pRO%°™ are 2.42 + 0.16 and 0.85 £ 0.16 Q-um ™, respectively. The fitted
values of Gyop, and Gpoom are (7.91 £ 0.72) x 102 and (11.7 £ 1.6) x 10° @ '-um™, resulting in

contact resistivities of (5.1 & 0.6) x 103 and (3.4 + 0.6) x 103 Q-um? for the top and bottom
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contacts, respectively. These values are on the same order of magnitude as that of Au/WSe:
interface reported previously.*°

The cross-plane resistances were measured between top and bottom contact pairs with
different contact widths. The measured resistance is the sum of the two contact resistances
(determined from G{,p, and Gy epom ), the two contact leads resistances (th ob and RPO%°™), and
the cross-plane resistance of the material itself. Figure 3.5b presents the extracted cross-plane
resistances plotted with respect to the contact width. Since the width of the contacts in the other
dimension (perpendicular to the current flow) is kept constant (i.e., 40 pm), one would expect
the extracted material cross-plane resistance to vary as 1/d if the current is confined to the area of
the contact as it crosses the sample, which is shown as the fitted line in Figure 3.5b. While there
is considerable error, mainly due to taking the difference of two large numbers, the systematic
1/d trend in resistance with contact width indicates the uniformity of both the top and bottom
contacts across the sample. The fitted average cross-plane resistivity from this simple model is
160,000 x 50,000 Q-um, which is 4 orders of magnitude larger than the measured in-plane
resistivity.

A potential source of systematic error in converting the cross-plane resistance into a
resistivity lies in assuming that the cross-sectional area is equal to the contact dimensions.
Depending on the sample resistivity and thickness, there will be broadening of the flowing
pathway of the injected current in the sample after passing through the contacts. This effect
becomes especially important as the contact widths become smaller and/or the sample becomes
thicker. There is an inherent tradeoff in choosing the contact widths. The impact of lateral
current spreading is smaller as contact widths are increased. However, larger contact widths
result in smaller cross-plane resistances, which results in larger uncertainties after the large
contact and lead resistances are subtracted from the measured total cross-plane resistance.
Smaller contact widths give larger cross-plane resistances after the contact and lead resistances
are subtracted from the measured cross-plane resistance. However, current spreading needs to be
considered when converting the resistances to cross-plane resistivities. In the sample studied, the
impact of lateral current spreading is small as evidenced by the observed 1/d dependence of
contact resistance versus contact width in Figure 3.5b. The Figure A.2 contains simulations of
current spreading as functions of sample thicknesses and contact widths, which also shows small

current broadening effect when sample thickness is in tens of nanometers.
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Figure 3.5. (a) The measured voltage drop plotted as a function of the contact width. As the contact width becomes
larger, the current density at the end of the contact approaches zero, and the measured voltage approaches the
voltage drop due to the gold lead connecting the material of interest to the bonding pad. (b) The contact-subtracted
cross-plane resistance plotted as a function of contact width. Since the contact lengths (perpendicular to the direction

of current flow) are all equal, the resistance should vary as 1/d. The blue curve is the best fit through the data points.

We measured the temperature dependent of the cross-plane resistivity through the 1 um
and 2 um leads to probe possible mechanisms for the very large difference between the in plane
and cross plane resistivities. Considering the experimental trade-offs discussed above, the
relatively small contact areas of the 1 pm and 2 pm widths maximize the sample cross-plane
resistance, which is advantageous when subtracting the interface and lead resistances from the
total measured cross plane resistance. We measured the systematic change in the contact end
voltage with contact width at six different temperatures, which were used to determine the
contact conductances and lead resistances at each temperature (See Figure A.3 for the fits of the
contact end voltages). The change in the lead resistances with temperature (Figure 3.6b) are
consistent with the expected temperature dependence of the metallic gold leads.*> 4> Within the
experimental error, the measured contact conductances are temperature independent (Figure
3.6a).

Despite their importance in electromechanical devices, there are surprisingly few reports of large
area contact conductances because of the strong dependence of interface conductance on surface
roughness, contamination, and other non-uniformities. The difficulties in reproducibly preparing

interfaces make measurement of intrinsic interface resistances challenging. A recently reported
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island size dependent electrical contact resistance of nanoscale gold islands on graphite with
atomically flat interfaces using conductive atomic force microscopy showed that the total
measured resistance is the sum of the resistances between the tip and the gold and the gold and
the graphite, which were challenging to separate.* The temperature independent conductance
values we observed are reasonable, given the metallic nature of the gold contacts and VSe:
surface layers of our heterostructure. The temperature dependent measurement of both cross-
plane and in-plane material resistivities is plotted in Figure 3.6¢c. The resistivity in the cross-
plane direction with 2 um width shows a value of around 160,000 Q-um throughout the entire
temperature range, decreasing smoothly by about 5% to a minimum value at ~ 100 K before
increasing by the same amount as the temperature is decreased to 6 K (Figure A.6b). The
Temperature dependence is very similar to the measured in plane resistivity, which has a
minimum resistivity at a similar temperature that is 2% smaller than the room temperature value.
This indicates that the charge density wave transition is also observed in the cross-plane transport
of (PbSe)1(VSe»)1 heterostructure, which has not been reported before. The net result is that ratio
of the cross-plane resistivity divided by the in-plane resistivity is relatively constant as a function
of temperature, varying between 7400-7600.

Previous studies have shown similar high anisotropy between the resistivity along the c-
axis and a-axis in bulk highly oriented pyrolytic graphite (HOPG), and they attributed the
conducting mechanism in the cross-plane direction to thermal excitation of charge carriers across
stacking fault potential barriers as well as impurity-assisted interlayer hopping.** This leads to
non-linear I-V curves, which are also reported in cross-plane studies of NbSe; and HfS»
multilayer flakes.?* High resistivity anisotropy has also been observed in In»Se; nanowires, in
which semiconducting and metallic behaviors are observed along different crystal directions.*
However, all the findings mentioned above only involve single component materials. For vdW
heterostructures, the anisotropy is mostly attributed to the weekly interacting van der Waals gap
between two adjacent layers,?!: 447 Heungdong et al. has reported an anisotropy of 2000 from
SbyTes/GeTe superlattice films.?! These values are similar to our measured anisotropy.

The four-order-of-magnitude ratio of cross-plane to in-plane resistivity found for
(PbSe)1(VSe»):1 heterostructure in our study is of similar magnitude to previous reports for misfit
layer compounds. Misfit layer compounds are a family of materials containing transition metal

dichalcogenide layers interleaved with rock salt structured layers (MX)+4TX2 where M is Sn,
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Pb, Bi or a rare earth metal, X is S or Se, d is the misfit parameter determined for the ratio of unit
cell areas of the two constituents and T is Ti, V, Nb or Ta. The (PbSe)1(VSe2): investigated in
this work differs from a misfit layer compound by having turbostratic disorder between the PbSe
and VSe: planes. Prior reports of anisotropy of electrical resistivity of misfit layer compounds
ranged from factors of 50 to 10,000 depending on the compound investigated.*® Our measured
anisotropy falls within the range previously reported. The only report of the temperature
dependence of the anisotropy of a misfit layer compound, (SnS)1.17NbS,, was also temperature
independent.** Both (SnS)1.17NbS; and (PbSe)1(VSez): consists of a structural layer that is a
small bandgap semiconductor as a bulk phase (SnSe or PbSe) and alternating with a transition
metal dichalcogenide which is metallic as a bulk phase (NbS; or VSe). One would expect the
cross-plane transport to be dominated by the small band gap semiconductor while the in-plane
transport to be dominated by the metallic layer. For alternating thick layers of these materials,
one would expect a temperature dependent anisotropy due to the temperature dependent carrier
concentration of the semiconducting layer. The similar temperature dependences of the in-plane
and cross-plane resistivities of our data suggest both conductivities are related to the density of
states of the VSe; monolayers. Naively, one would expect the conduction band wave function to
exponentially decay outside of the metallic layer. The spatial extent of the wavefunction is
measured by scanning tunneling spectroscopy and is on the order of a nanometer. Since the PbSe
layer is only 0.6 nm thick, the conduction bands of adjacent VSe; layers overlap within the PbSe.
In this simple picture, the density of states of this overlapped region is 7500 times lower than the
density of states within a VSe; layer. While this hypothesis needs to be tested by synthesizing
heterostructures with thicker PbSe layers between VSe layers, the ability to measure and
subtract the lead and contact resistances from the total measured resistivity overcomes the
inherent limitations of two lead resistance measurements in the cross-plane direction.

There are several experimental limitations to the approach presented herein to measure
cross-plane resistivity, which depends on being able to extract top and bottom lead and contact
resistances from contact end voltage measurements. This requires observing the contact end
voltage increase as contacts are reduced in contact width, which depends on the ratio of the
conductance of the contact to that of the sample. As the ratio increases, current crowding
increases and lead contact width needs to be decreased to observe a voltage increase. Conversely,

a reduced ratio requires thicker lead widths to obtain a contact end voltage dominated by the lead
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resistance. Since the conductance of the sample increases with sample thickness and different
materials can be chosen to vary the contact conductance, there are some experimental parameters
that can be tuned to optimize the experiment. However, samples with high in-plane resistances
relative to the contact will be challenging to measure.

The second experimental factor to consider is sample thicknesses, which can often be
adjusted to optimize the experiment. Thicker samples will increase the cross-plane sample
resistance, increasing the percentage of the total cross-plane resistance caused by the sample.
Increasing sample thickness will also, however, increase the broadening of the current path
through the sample in the cross-plane measurement. To probe this factor, we simulated various
conditions using the COMSOL Multiphysics software package as shown in Figure A.2 (See
Appendix A). Current broadening increases dramatically as sample thickness increases, but as
sample thickness decreases, the electrical potential gradient change becomes limited to the near
contact region. The lateral current profiles near the edges of contacts are similar to each other,
which indicates that the current broadening effect is about the same across all the contacts with
different contact widths. In this thickness regime, the graph of the material’s cross-plane
resistance versus contact width will approach zero much quicker than a 1/d dependence as a
result of the current broadening. One can compensate for this factor by fitting the data to
1/(d+b), where b is the extent of the current broadening.

Based on the discussion in the previous two paragraphs, the approach presented herein to
measure cross-plane resistivity is best suited to anisotropic samples aligned such that the high
resistivity direction is perpendicular to the sample substrate. High cross-plane resistivity for the
material being examined allows film thickness to be kept small enough that current broadening is
minimized and also results in a smaller percentage of the total measured cross-plane resistance
due to the lead and contact resistances. Low in-plane resistivity enables current crowding to be
measured with contact widths that can be prepared with optical lithography. Isotropic materials
will be challenging to measure, as low resistivity materials will result in most of the total
measured cross-plane resistance due to the lead and contact resistances. Subtracting two large
numbers to obtain a small remainder leads to a large error in the remainder. High resistivity
isotropic materials will require ultrathin contact widths to measure a change in the contact end
voltage, as the current will concentrate at the beginning of the contact. Fortunately, there are

many heterostructures where anisotropic behavior is expected. Another concern that arises is the
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possibility that the conduction behavior might be dominated by other mechanisms, such as
tunneling and conductive filament (CF) formation through defects. In the future, we will verify
the cross-plane conduction behavior by varying the film thicknesses and layer composition, as
well as performing hysteresis measurements. Additionally, vdW monolayers and heterostructures
have shown promising results in photochemical and photoelectrochemical reactions due to their
high surface-to-volume ratio, strong photoabsorption, and intrinsically hosted catalytic sites.*->!
While the catalytic performances in various reactions have been intensively studied, their
conversion efficiencies also rely on charge carrier transport along both in-plane and cross-plane
directions.>? 3> We believe our developed measurement technique will provide additional
insights into future photocatalyst design.
3.3. Conclusions

In conclusion, we have fabricated and tested a facile method to measure the intrinsic
cross-plane and in-plane resistivities of van der Waals heterostructures. By flowing current along
the in-plane direction, the gold lead resistances and interface conductances of the top and bottom
electrodes are first quantified by measuring the variation in current crowding as a function of
contact width. The interface and lead resistances can then be subtracted from the total measured
cross-plane resistance to obtain the cross-plane resistivity of the sample. We find that the in-
plane and cross-plane contact resistances of the measured (PbSe)i(VSe»): heterostructure differ
by a factor of 7500. Within the temperature range from 6 to 300 K, the difference in the electric
resistivity between the cross-plane and in-plane directions is temperature independent,
suggesting that the cross-plane resistivity is due to overlap of the wavefunction of adjacent VSe;
layers in the (PbSe)1(VSe:): heterostructure. We also reported the first observation of charge
density wave transition in the cross-plane transport of (PbSe)(VSe2): heterostructure. We
believe the developed framework of accurate characterization of in-plane and cross-plane
resistivity, measured on the same sample, will be highly beneficial to the whole thin film

research community.

3.4. Materials and Method
3.4.1. Device Fabrication
The device is fabricated by first patterning an array of five contact widths from 1 to 16

pum using electron beam lithography (Raith EBPG 5200) on oxidized Si substrates. 30 nm thick
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Ti/Au is deposited on the pattern yielding a pattern of different width bottom contacts after lift-
off. A second lithography step is used to define a rectangular window (600 um x 40 um) on the
bottom electrodes. The material of interest is then deposited onto the patterned substrate. A
second array of electrodes is then patterned to serve as top contacts aligned directly above the
bottom contacts. To minimize sample heating during deposition of the top contacts, the

substrates are approximately 1 m from the metal sources and the deposition rate is round 1 A/s.

3.4.2. Heterostructure Synthesis and Characterization

Precursors were deposited on <100> Si wafers with native oxide using a custom-built
physical deposition chamber. Elemental V (99.995%, Alfa Aesar) and Pb (99.8%, Alfa Aesar)
were deposited using 6 keV electron beam guns while elemental Se (99.99%, Alfa Aesar) was
deposited using a Knudsen effusion cell. Elemental layers were deposited by exposing the
substrate to a plume of atoms from the heated sources. The time the substrate was exposed was
controlled by pneumatic shutters that close after the desired thickness has been deposited. The
desired thickness was measured using a quartz crystal microbalance and the sequence and
thickness of elemental layers can be controlled using custom LabView software. The number of
atoms of each element deposited was measured using X-ray fluorescence (XRF) using a Rigaku
Primus II ZSX spectrometer. The measured XRF intensities were converted into the number of
atoms per unit area for each constituent as described by Hamann and coworkers.* The period of
the deposited sequence of layers was measured using X-ray reflectivity (XRR).

The precursors were converted to the targeted heterostructure by ex situ annealing at
300°C for 30 minutes on a hot plate in an inert N2 atmosphere (O2 < 0.8 ppm). Specular X-ray
diffraction (XRD), X-ray reflectivity (XRR) and grazing incidence in-plane X-ray diffraction
(GIPXRD) patterns were collected using a Rigaku Smartlab diffractometer, also with Cu-Ka
radiation (A = 0.15418 nm). LeBail fitting of the GIPXRD data was performed on FullProf Suite
to obtain lattice parameters. An FEI Titan G2 80—200 STEM with a Cs probe corrector and
ChemiSTEM technology (X-FEG and Super-X EDS with four windowless silicon drift
detectors) operated at 200 kV were used to obtain high-angle annular dark-field (HAADF)

images and EDS scans over selected regions.
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3.5. Bridge

Chapter III concludes the detailed description of experimental methods with the
description of a novel method we developed to measure in-plane and cross-plane electronic
transport properties of thin film materials. The next chapter begins the second section of this
dissertation that focuses on using the manipulation of controllable experimental variables to
investigate nucleation and growth mechanisms. Chapter IV specifically describes an

investigation of how substrate crystallinity affects the nucleation and growth mechanism of

PbSe.
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CHAPTER 1V
Growth of Crystallographically Aligned PbSe of Controlled
Thickness on Mostly Amorphous Substrates

4.0. Authorship Statement

This chapter was previously published in Zeitschrift fiir anorganische und allgemeine
Chemie (ZAAC) in 2022. Renae N. Gannon is the primary author. Marisa M. Choffel and I
assisted with sample preparation and data collection and analysis. Niklas Wolff, Andriy Lotnyk,
and Lorenz Kienle helped collect and analyze high-angle annular dark-field scanning
transmission electron microscopy images and energy-dispersive x-ray spectroscopy data. David
C. Johnson acted as the advisor for this project. All authors helped to write and edit the

manuscript.

4.1. Introduction

Lead selenide (PbSe), a direct-bandgap semiconducting material with a cubic rock salt
structure, is of interest to many due to its thermoelectric and photoconductive properties.!® The
high thermoelectric performance of doped PbSe films has led to exploring its potential use in
efficient conversion of industrial waste heat into storable electrical energy.’~!! PbSe has been
investigated for photodetection applications because it absorbs a broad and uniform section of
the electromagnetic spectrum.®!13 Researchers have explored the changes in these properties as
a function of changes in impurities, alloying extent, strain, and surface treatments to optimize
performance.”!'%2? Several investigations have reported that these properties depend on the
thickness of PbSe.®20-232% Theoretical investigations have predicted that a monolayer of PbSe
would be a two-dimensional topological insulator.?

Researchers have attempted to prepare monolayers of PbSe and smooth films of PbSe of
controlled thickness using a variety of different synthetic approaches. Molecular beam epitaxy
(MBE) on a variety of different substrates has resulted in island growth of PbSe, leading to rough
films.26-2% A variety of single crystal substrates that are close to having a lattice match with PbSe
were tried, but island formation rather than smooth films were obtained. The substrates were
heated to different temperatures to vary the mobility of the deposited atoms, but growth
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preferentially occurs on the first PbSe that forms rather than the substrate at all of the
temperatures investigated. Another challenge that has impacted growth using MBE or atomic
layer deposition (ALD) is the large difference in the thermal expansion coefficients of PbSe and
most substrates that have been used, which results in the generation of dislocations upon cooling
due to large mechanical strains.!®2°! The density of dislocations can be reduced by annealing
after deposition or by using a patterned (111)-oriented silicon substrate, but the density remains
too high for most applications.?® Chemical bath deposition and solution based epitaxial methods,
which also enable the mobile Pb and Se ions to explore multiple growth sites, experience similar
problems despite reduced temperatures.®2*2432 This has led researchers to explore the use of
buffer layers between substrate and PbSe.!333-3° For example, BaF»/CaF» was used as a buffer
layer to grow epitaxial PbSe layers with MBE on Si, but the resulting films cracked, making
them unsuitable for device applications.?’ To obtain high quality crack-free PbSe on BaF»/CaF,,
the buffer layers had to be grown with MBE and the PbSe with liquid phase epitaxy in order to
overcome mismatch of thermal expansion coefficients.?” The growth of single crystals of PbSe
was accomplished using chemical solution deposition onto a buffer layer of PbS atop a GaAs
substrate. However, the quality of the films produced by this method varied with thickness.>? An
interesting recent reference reported the growth of nanoplatelets of PbSe on MoSe2 monolayers,
a non-lattice matched substrate.’® Single bilayer thick layers of PbSe were also reported in a
number of different misfit layer compounds, (PbSe)1(TSez2)n, where T = Ti, V, Nb, Mo and W.37~
42 These compounds are called misfit layer compounds as there is not an epitaxial relationship
between the two constituents.

The growth of PbSe via a Volmer-Weber mode*? where islands rather than smooth films
form, indicates that the interaction between the deposited Pb and Se atoms and the PbSe islands
is stronger than the interaction between them and the substrate. The ability to synthesize misfit
layer compounds with PbSe that are thermodynamically stable suggests that the interaction
between the PbSe layer and the dichalcogenide is stronger than the interaction of PbSe with
itself. This led us to explore the growth of PbSe on amorphous V-Se and mostly amorphous Mo-
Se coated silicon (with native oxide) substrates. We deposited these layers on substrates that
were nominally at room temperature. We found that PbSe formed during the deposition
regardless of substrate or the amount of Pb and Se deposited. Samples deposited on Si with

native SiO2 formed rough films with no crystallographic alignment to the substrate. Samples
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deposited on the amorphous V-Se and mostly amorphous Mo-Se coated substrates formed
crystallographically aligned and atomically smooth PbSe. If the amount of PbSe deposited was
close to an integral number of PbSe bilayers, Laue oscillations were clearly visible on the 002
reflection of PbSe indicating the quality of the deposited films. These results suggest that a
precise number of smooth and crystallographically aligned PbSe layers can be grown without
epitaxy on amorphous substrates if the interaction between the depositing Pb and Se atoms with

the substrate is stronger than with PbSe.

4.2. Experimental

Precursors were deposited on unheated, rotating (111) Si substrates with native SiO»
layers in a custom high vacuum (<10 torr) physical vapor deposition chamber from elemental
sources (Pb, Mo, V, Se). Electron beam guns were used to deposit Pb, Mo, and V. A Knudson
effusion cell was used to deposit Se. Shutters programmed to open and close based on the
desired input thickness were used to control the amount of each element deposited. Quartz
crystal microbalances were used to monitor the deposition rate and determine the amount of time
shutters remained open. Samples were transferred to a nitrogen glovebox (less than 0.2 ppm
oxygen) to be stored. They were also annealed on a hot plate in the glovebox. Samples were
exposed to air during the transfer from the deposition system and while being characterized.

Specular X-ray diffraction and X-ray reflectivity (XRR) patterns were collected on a
Bruker D8 diffractometer with Cu-Ka radiation in 6-26 locked-coupled scan mode. In-plane and
Grazing incidence XRD (GXRD) patterns were collected on a Rigaku Smartlab diffractometer
with Cu-Ka radiation and parallel beam (PB) and parallel-beam/parallel slit analyzer (PB/PSA)
optics, respectively. The total number of atoms/A? for each element was determined using X-ray
fluorescence (XRF).??

Cross sections of Pb|Se[Pb on SiO»/Si and as-deposited 16 bilayers of Pb|Se on Mo|Se
were prepared using the focused-ion-beam method (FIB). Scanning transmission electron
microscopy (STEM) images were acquired in high-angle annular dark field (HAADF) mode on a
probe CS-corrected Titan3 G2 60—300 microscope operating at an accelerating voltage of 300
kV using a probe-forming aperture of 25 mrad and annular ranges of 80-200 mrad on the

detector. Nanoscale chemical analysis via energy dispersive X-ray spectroscopy (EDS) was
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performed in STEM mode using a Super-X detector setup with 4 symmetrically aligned in-

column detectors.

4.3. Results and Discussion

Precursors were prepared where the thickness of deposited Pb and Se layers were varied
to explore the growth of PbSe at low temperatures on a variety of substrates with a goal of
preparing smooth ultrathin films a precise number of unit cells thick. Samples with thick (10-20
nm) elemental layers were deposited at nominally room temperature onto Si with native SiO». Pb
was deposited first followed by Se and the other sample was capped with a second Pb layer
(Pb|Se and Pb|Se|Pb). Elementally modulated precursors with 8 and 16 repeating Pb|Se layers
were deposited on Si with native SiO> where the amount of each element deposited in each Pb|Se
layer sequence targeted a single bilayer of crystalline PbSe. To probe the impact of surface
structure, elementally modulated precursors of Pb|Se were also prepared on top of Mo|Se or V|Se
layers, which were deposited on Si substrates with native SiO2 immediately before the Pb|Se
bilayers. The targeted amount of Mo or V and Se deposited per M|Se layer equaled that required
for single MoSe» or VSe; trilayers, respectively. The number of Pb|Se layers in the precursor
structure was varied to determine the effect of total thickness on the roughness of the PbSe that
formed. The X-ray reflectivity patterns of all samples did not contain Bragg maxima, indicating
that the Pb|Se layers intermixed completely during the deposition. The total experimental
atoms/A? of Pb and Se are reported in Table 4.1 for each precursor. The Pb|Se precursor was
found to have excess Se (50%) and the Pb|Se|Pb precursor was found to have excess of Pb (12%)
relative to stoichiometric PbSe. We calculated the number of possible PbSe bilayers based on the
amount of Pb in the precursors assuming that 0.1065 atoms/A? of Pb and Se are needed to form

one bilayer of 100 oriented PbSe.

Table 4.1. Total experimental atoms/A? were determined via X-ray fluorescence, where Se also includes the amount
used in M(Mo,V)|Se layers. The number of PbSe layers was calculated using the total Pb atoms/A? where 0.1065

atoms/A? are needed to form one bilayer of PbSe.

Precursor Total Atoms/A> # possible
Substrate
structure Pb Se PbSe
Native SiO; Pb|Se 1.57(2) 4.7(3) 15
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Pb|Se|Pb 3.58(2) 2.2(3) - 20
Native SiO; 8 Pb|Se 0.88(2) 1.1(3) - 8
4V|Se 16 Pb|Se 1.68(2) 2.8(3) 0.4(3) 15
128 Pb|Se 12.5(2) 14.6(3) 0.82(1) 117
64 Pb|Se 6.41(3) 9.0(5) 0.83(1) 60
8 Mo|Se 32 Pb|Se 3.17(7) 5.7(8) 0.83(1) 29
16 Pb|Se 1.9(1) 3(1) 0.83(1) 17
8 Pb|Se 0.93) 2(1) 0.82(1) 7

The Pb|Se and Pb|Se|Pb precursors were prepared on native SiO; coated Si substrates to
provide a baseline to understand the reaction of Pb and Se. X-ray reflectivity patterns of both
samples (Figure 4.1a) contained only the first few Kiessig fringes, indicating that the samples are
rough. Roughness was quantified from the XRR patterns using the formula derived by Parratt.*
The Pb|Se|Pb sample has a higher root mean square roughness (Rq = 30 A) than that calculated
for the Pb|Se sample (Rq = 20 A). Specular XRD of the as-deposited samples indicated that PbSe
formed during deposition with no preferred alignment to the Si substrate (S1). All reflections in
the grazing incidence X-ray diffraction (GXRD) patterns are consistent with the known rock-salt
PbSe structure (Figure 4.1b). The resulting a-axis lattice parameter of 6.11(1) A for the Pb|Se
and Pb|Se|Pb samples agrees with that reported previously for PbSe (a = 6.117 A).4

A cross section of the sample with the Pb|Se|Pb layering sequence was prepared and
HAADF-STEM was used to investigate the sample’s morphology. The HAADF-STEM/EDS
revealed the formation of PbSe islands coated with Pb(Se) oxides, presumably due to the
exposure of the sample to air both before and after preparing the cross sections when
transporting it to the instruments (Figure 4.2a). The images of the EDS maps (Figure 4.2b) of the
entire film revealed the presence of a thick surface oxide layer that contains mostly Pb and O,
which is consistent with the difference in STEM intensities. The size of the PbSe islands and the
resulting surface topology is consistent with the surface roughness calculated from the XRR data.
A higher magnification HAADF-STEM image contains crystalline regions with lattice fringes
(Figure 4.2c¢) that are consistent with PbSe. On occasion, the presence of lattice fringes which are
not consistent with the cubic PbSe phase have been observed, presumably a Pb-Se-O phase, but
identification was inconclusive.
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Figure 4.1. a) X-ray reflectivity patterns of as-deposited Pb|Se and Pb|Se|Pb precursors. b) Grazing incidence X-ray
diffraction where labeled indices apply to as-deposited Pb|Se and Pb|Se|Pb precursors and are consistent with PbSe

(Fm3m). Asterisks indicate substrate reflections or are an artifact of the diffractometer.

The XRD and STEM data both show that PbSe forms before annealing the sample,
presumably during the deposition. After the first Pb layer is deposited, Se reacts during
deposition with the Pb layer and significant interdiffusion of Pb and Se occurs to form islands of
PbSe, even though the substrate is not heated. Island growth suggests that the interaction of the
reacting Pb and Se atoms with the formed PbSe must be stronger than with the native SiO>
coated Si substrate. When all of the first deposited Pb layer has reacted to form PbSe, the rest of
the Se deposited forms an elemental layer. This then reacts with the 2nd layer of Pb deposited.
The excess Pb in the sample forms oxides from exposure to atmosphere as the sample is
transferred to a dry box for storage, as the sample is characterized using XRR and XRD or
during the STEM sample preparation and transport to the instrument. This presumed sequence of
reactions is consistent with prior reports of island growth of PbSe during MBE or during ALD

growth on a variety of substrates, including Si0,.%4
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Figure 4.2. a) HAADF-STEM image of a cross section of the as-deposited Pb|Se|Pb (62% Pb) sample which shows
PbSe islands. b) EDS elemental maps indicating an Pb-rich oxide layer and c¢) higher magnification HAADF-STEM

image with crystalline regions that have lattice fringes consistent with Pb oxides or rock-salt PbSe.

The elemental modulated precursors with thinner Pb|Se layers have much smaller
diffusion lengths (< 1 nm). A sample with 8 bilayers of PbSe deposited on Si with native SiO,
was prepared as a baseline for PbSe growth. Composition and diffraction data was collected
before and after the precursor was annealed to 300 °C for 30 minutes, which were the annealing
conditions used in a previous study of thicker PbSe layers.*! After annealing, the sample
contained 0.875 Pb atoms/A? and 0.839 Se atoms/A2, which suggests that 8 bilayers of 100
orientated PbSe could form. Similar to the bulk PbSe samples, the XRR pattern of this sample
(Figure 4.3a) before and after annealing indicates that the PbSe layer is rough (Rq = 13 A),
which suggests that Island growth occurs during the deposition of the film. Specular XRD
patterns of the as-deposited sample and after annealing to 300 °C both contain reflections that
can all be indexed as hkl reflections of PbSe, indicating that randomly oriented PbSe grains form
during deposition (Figure B.2). The reflections in the in-plane XRD pattern can also be indexed
as hkl reflections of PbSe (Figure 4.3b). The systematic absences are consistent with the PbSe
Fm3m space group, and the calculated a axis lattice parameter of 6.11(1) A agrees with that

reported previously for PbSe (6.117 A).** These results agree with prior work where 16, 32, and
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Figure 4.3. a) X-ray reflectivity pattern of the 8 Pb|Se precursor on Si with native SiO2 as-deposited (AD) and

annealed to 300 °C. b) In-plane diffraction where labeled indices correspond to PbSe (Fm3m).

82 repeating layers of PbSe were deposited on Si with native SiO» yielding rough PbSe films
where the grains are randomly oriented.*!

To form atomically smooth layers, we speculated that we needed to switch the substrate
to one with a stronger interaction with PbSe. (PbSe)1(VSe»): is a known, thermodynamically
stable compound and a recent investigation showed that Pb|Se layers deposited on VSe, form
atomically smooth layers of PbSe. To expand this previous study, we prepared a modulated
precursor containing 16 repeating layers of Pb|Se deposited on 4 RU of V|Se, which were
deposited onto Si with native SiO». This precursor was annealed under the same conditions as the
8 Pb|Se precursor (300 °C, 30 minutes). After annealing, the sample contained 1.65(1) Pb
atoms/AZ, 0.42(1) V atoms/A2, and 2.56(1) Se atoms/A? measured by XRF. This is enough
material to form 15 bilayers of PbSe and 4 trilayers of VSe,, assuming 0.1026 V atoms/A? and
0.2051 Se atoms/A? are needed to make one trilayer of VSe>. X-ray reflectivity patterns (Figure

4.4a) contain Kiessig fringes out to 5° 20, indicating that the as-deposited sample is significantly

65



smoother than those deposited onto native SiO2 on Si. The XRR pattern after annealing is more
complex as the VSe: crystallizes, leading to an interference pattern from the VSe; and PbSe
layers. The as-deposited specular XRD (Figure 4.4b) pattern contains only 00/ reflections from
PbSe, indicating that the PbSe is crystallographically aligned and that the V|Se layers are
amorphous. Laue oscillations are present on the 002 PbSe reflection of the as-deposited sample,
which indicates that the majority of the film is an integral number of unit cells thick. The number
of unit cells determines the spacing of the Laue oscillations, enabling us to calculate that 15 unit
cells are present in both the as-deposited and annealed sample. This agrees with the number of
PbSe layers possible calculated from the XRF data in Table 4.1. In-plane XRD (Figure B.3)
contains only 4k0 reflections from PbSe in the as-deposited sample, which confirms that PbSe
formed crystallographically aligned on amorphous V|Se upon deposition. After annealing the
sample at 300 °C, the specular and in-plane diffraction patterns indicate that VSe> crystallized.
The VSe: is crystallographically aligned to the Si/SiOz, as only 00/ reflections are observed in
the specular diffraction pattern and only /440 reflections are present in the in-plane diffraction
pattern. The PbSe remains crystallographically aligned, but the line widths decrease indicating
that Ostwald ripening occurs during the anneal. The spacing of the Laue oscillations remains the
same as in the as-deposited sample, indicating that 15 PbSe bilayers are still present after
annealing.

The formation of crystallographically aligned films of constant thickness on an
amorphous substrate during deposition surprised us. To confirm this result, we decided to
investigate the formation of PbSe from Pb|Se layers deposited on Mo|Se layers. (PbSe)m(MoSe2)n
heterostuctures are metastable, but form from precursors containing repeating sequences of m
Pb|Se and n Mo|Se layers containing the number of atoms of Pb and Se in each Pb|Se layer
required to form a bilayer of PbSe and the number of atoms of Mo and Se in each Mo|Se layer
required to form a trilayer of MoSe;. Binary MoSe: from modulated precursors does not begin to
crystallize until temperatures are above 300 °C, and annealing above 500 °C in a Se atmosphere
is required to form completely crystalized MoSe; layers.*’ The samples we prepared contain the
same number of Mo|Se layers and between 8 and 128 Pb|Se bilayers.

The specular XRD patterns for all of the as-deposited (Pb|Se), samples deposited on 8
Mo|Se layers are shown in Figure 4.5. The broad reflection at 20 =~ 13° a result of the repeating

Mo|Se layers in the precursors and contains intensity both from the repeating sequence of Mo
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rich and poor regions due to the deposition sequence and from any small crystalline MoSe:
domains. The linewidth of this reflection is consistent in each of the samples due to the identical
number of Mo|Se bilayers deposited. The intensity decreases as the number of Pb|Se bilayers
deposited increases because of the reduced X-ray intensity that transmits through the Pb-Se
layer. Precursors with 8, 16, and 32 Pb|Se layers also contain only 00/ reflections from PbSe,

which indicates that crystallographically aligned PbSe forms during deposition on the eight
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Figure 4.4. a) X-ray reflectivity pattern of the 16 RU Pb|Se precursor as-deposited (AD) and annealed on 4 RU

V|Se. b) Specular X-ray diffraction pattern where labeled indices are consistent with only 00/ reflections from a
PbSe (Fm3m) unit cell or a hexagonal VSe: (P3m1). Asterisks belong to substrate peaks or are an artifact of the

diffractometer.

Mol|Se layers initially deposited. Laue oscillations are present in the samples with 8 and 16 Pb|Se
layers, indicating that the PbSe layers are smooth and have a consistent, finite number of unit
cells present across most of the film. Based on the positions of the Laue oscillations, 7 and 15
PbSe unit cells (c = 6.13(5) A) are present in the 8 Pb|Se and 16 Pb|Se precursors, respectively,
which agrees with the amount of Pb deposited determined via XRF. Precursors with 64 and 128
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Pb|Se layers contain non-00/ reflections, indicating that randomly oriented PbSe crystallites form
during the deposition, similar to what was seen in bulk samples deposited on the native SiO:
layer on Si wafers. This suggests that the interaction with the substrate is important to prevent
nucleation of grains that are not crystallographically aligned.

A cross section of the as-deposited 16 Pb|Se on Mo|Se was prepared and investigated
with HAADF-STEM (Figure 4.6). Figure 4.6a contains a HAADF-STEM image of the entire
film, which revealed partially crystalline regions of MoSe: on the Si/SiO» substrate, followed by

a maximum of 7 unit cells of PbSe, and a thick amorphous layer on the surface. EDS maps

PbSe 002
128-8 004
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64-8 . 004 «
220 ~
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Figure 4.5. Specular X-ray diffraction patterns for Pb|Se on Mo|Se precursors after deposition. Numbers in italics
indicate the number of Pb|Se — Mo|Se layers deposited. All indexed reflections are consistent with a rocksalt-type
PbSe unit cell. The reflection at 28 = 13° is from the artificial layering of Mo|Se layers and any crystalline MoSe:

domains. The asterisks indicate substrate reflections.

(Figure 4.6b) show that the thick amorphous layer on the surface contains primarily Pb and O.
The discrepancy with the diffraction data suggests that the sample surface oxidized before or
after the preparation of the cross section. The FIB might also have altered the sample, increasing
the amount of crystallized MoSe> and the amount of Pb oxidized. In this sample, the Pb-oxide is

amorphous rather than crystalline like that seen in the bulk Pb|Se sample (Figure 4.2) where
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oxidation of excess Pb likely occurred prior to preparation of the cross section, creating a
protective cap over PbSe domains. Despite potential changes to the sample, Figure 4.6¢ and 4.6d
show that the crystalized PbSe layers are aligned with the partially crystallized MoSe; base layer.

The 32 Pb|Se precursor is the thickest precursor that remained crystallographically
aligned to the substrate and we followed the evolving structure as a function of annealing
temperature with specular XRR and XRD (Figure 4.7). The as-deposited XRR pattern is
complex for this sample, containing information on both the thickness of the Mo-Se layer and the
Pb-Se layer. The broader Kiessig fringes at higher angle yield a thickness of ~55 A, which is
consistent with the expected thickness of the 8 Mo|Se bilayers deposited. The smaller period
Kiessig fringes at lower angles yield a thickness of ~192 A, which is consistent with the 32 Pb|Se
bilayers deposited. The pattern evolves considerably as the sample is annealed at higher

temperatures. The regularity and intensity of the smaller period Kiessig fringes increases as
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®Pb eSe
Figure 4.6. STEM data obtained on a cross section of an as-deposited sample containing 16 deposited Pb|Se

bilayers on 8 Mo|Se bilayers. a) HAADF-STEM image showing relatively smooth crystalline grains of PbSe on top
of irregular small crystalline domains of MoSez. b) EDS elemental maps demonstrate oxidation of the Pb|Se
precursor. ¢ and d) Noise-filtered HRSTEM (HAADF) images depicting crystalline regions of cubic PbSe in [100]

and [110] orientations (see superimposed models).
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annealing temperature increases, which is concurrent with a growth in the intensity of the 002
reflection of PbSe in the specular scans. This suggests that the PbSe remains smooth as it
crystalizes. Conversely, the intensity of the broader Kiessig fringes from the initially deposited
Mo|Se bilayers decrease while the MoSe; reflection at 26 = 13° increases as annealing
temperature increases. This suggests that domains of MoSe: are not as smooth as the initially
deposited layers, consistent with the STEM images shown in Figure 4.6. The as-deposited
specular XRD contains only the 002 and 004 reflections from PbSe, which indicates that the
PbSe crystallized during the deposition, indicating that the PbSe is aligned to the Mo-Se layer
before MoSe; has crystallized. Laue oscillations appear on the 002 reflection after annealing at
300 °C and remain until annealing above 500 °C. Analysis of Laue oscillations indicate that 29
PbSe unit cells formed after annealing, which agrees with the number of PbSe layers expected to
form based on measurements of the amount of Pb present in the film from XRF data (Table B.1).
At 300 °C, the 001 reflection consistent with MoSe> has higher intensity, sharpens and shifts
from that seen in the lower temperature scans, coinciding with the loss of the Mo-Se Kiessig
fringes in the XRR. The 003 reflection is also present after annealing at 300 °C. The 004
reflection grows in, and intensities of all MoSe; reflections increase in intensity with further
annealing. The c-axis lattice parameter decreases slightly with annealing temperature to ¢ =
6.52(4) A, which is slightly larger than that reported for bulk MoSe: (6.46 A).*

All of the remaining samples were annealed at 400 °C to explore the impact of annealing
on the morphology of the films and the PbSe that formed on annealing. The number of layers
expected to form after annealing were determined from measurements of the amount of Mo, Pb
and Se present in the film from XRF for all samples, which can be found in the table in the
supporting information (Table B.1). The number of MoSe: layers was determined by assuming
Se was used to form the number of PbSe layers possible, and that 0.2135 Se atoms/A? are needed
to form one trilayer of MoSe. With Se loss after annealing, some excess elemental Mo may be
present in precursors. Figure 4.8 contains XRR and XRD data from the 64 and 128 Pb|Se bilayer
samples. The as-deposited scans contain broad Kiessig fringes from the Mo|Se layers and smaller
Kiessig fringes from PbSe in the precursor, which are also present in the samples with thinner
PbSe layers. After annealing, both samples become smoother and the non-00/ reflections are no
longer present in the specular XRD pattern. This indicates that the PbSe layer are mostly

crystallographically aligned to the partially crystalline MoSe> layers. Laue oscillations are not
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Figure 4.7. a) X-ray reflectivity patterns and b) specular X-ray diffraction as a function of annealing for the 32

Pb|Se — 8 Mo|Se precursor. Solid vertical blue lines represent the expected 00/ reflection positions for a PbSe unit

cell, and dashed vertical blue lines represent expected 00/ reflection positions for MoSe:.

observed, indicating that the crystalline domains are not consistently the same thickness across
the area probed by the X-ray beam. The diffraction scans collected on the samples with 8 and 16
Pb|Se layers after annealing at 400 °C are shown in Figure 4.9. The XRR patterns remain
complex after annealing, containing interference from both the PbSe and Mo|Se layers. The
Kiessig fringes from the interference with the layers persists to higher angles after annealing,
indicating that the samples become smoother. The high angle specular diffraction scans indicate
that the PbSe layers remain crystallographically aligned after annealing. Laue oscillations are
present in both samples after annealing. The number of unit cells calculated from the Laue

oscillations was determined to be 7 and 15 unit cells in both the as-deposited and annealed
71



5 64-8
pr AD 400°C
g\\/\/\(\'\’\“—
‘@
c
9
£
>
0

[ I T A I
5 e8|
© AD 400°C : : : :
‘@ : : 3 g
c . . . .
i) : : : :
= : : : :
= \ ; :
ke : : !

[ T T A | 111 1l 1 1

2 4 6 8 10 10 20 30 40 50 60

26 / degrees 26 / degrees
Figure 4.8. X-ray reflectivity patterns (left) and specular X-ray diffraction patterns (right) as a function of annealing

for the 64 Pb|Se — 8 Mo|Se precursor (top) and 128 Pb|Se — 8 Mo|Se precursor (bottom). Solid vertical blue lines
represent the expected 00/ reflection positions for a PbSe unit cell, and dashed vertical blue lines represent expected

00/ reflection positions for MoSe». The asterisks indicate substrate reflections.

samples corresponding to the 8 and 16 Pb|Se repeating bilayer thick precursors that were
deposited, respectively. The difference between the number of unit cells formed and the number
of Pb|Se layers deposited results from a deficiency of Pb in the deposited bilayers. The broad
reflection from the Mo-Se layers at 20 = 13° shifts to higher angle, sharpens, and increases in
intensity after the precursor is annealed at 400 °C. Weak higher angle 00/ reflections from
crystalline MoSe» also are present in the scans of the annealed precursors. This data suggests
that the morphology and structure of the PbSe layer does not change as the underlying MoSe»

layer crystallizes.

4.4. Conclusions

These results suggest that strong interactions between substrate and growing film are
necessary to form smooth, crystallographically aligned layers. The substrate does not need to be
crystalline, as crystallographically aligned PbSe forms on mostly amorphous Mo|Se and V|Se
coated Si substrates during nominally room temperature deposition. The thicker PbSe bilayers
can be annealed at low temperatures to increase the amount of crystallographic alignment. The
number of PbSe bilayers formed depends on the amount of Pb (or Se) deposited. If the amount of

Pb deposited is close to that required for an integral number of unit cells and there is sufficient
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for the 8 Pb|Se — 8 Mo|Se precursor (top) and 16 Pb|Se — 8 Mo|Se precursor (bottom). Solid vertical blue lines
represent the expected 00/ reflection positions for a PbSe unit cell, and dashed vertical blue lines represent expected

00/ reflection positions for MoSex.

Se, Laue oscillations are present in the as-deposited samples, and they remain present after
annealing. The Laue oscillations reflect the quality and uniformity of the crystalline PbSe
domains. While prior studies typically explored epitaxial growth, this study demonstrates that the
substrate does not need to be crystalline to form smooth PbSe with crystallographic alignment.
While a drawback of using an amorphous substrate is that the orientation of different regions of
the film can’t be controlled, the crystallographic alignment and atomically smooth thicknesses of
the PbSe formed in this study contrasts with prior reports, where island growth occurred on

substrates with near epitaxial relationships with PbSe.

4.5. Bridge

Chapter IV describes how substrate crystallinity affects the growth of PbSe thin films.
Chapter V continues the discussion of how experimentally controllable variables can be used to
isolate and investigate solid state growth mechanisms by investigating how deposited layer
thicknesses and local composition can be used to manipulate the growth of Mo-Se films. A new,
generally applicable method to suppress nucleation and achieve amorphous precursors is

presented.



CHAPTER V
Synthesizing Amorphous Precursors Through Control of Local

Composition

5.0. Authorship Statement
Chapter V was published in Chemistry of Materials in 2024. 1 am the primary author of
the manuscript. Annalise Walker aided in data collection and interpretation. David C. Johnson

acted as my advisor and contributed to writing and editing the manuscript.

5.1. Introduction

Understanding how to control reactions between elements is critical to advance
technology and to synthesize predicted new compounds. For example, the development of metal
silicides as contacts in silicon integrated circuits' was accelerated by the development of
empirical rules to predict what compound forms first at the reacting interface between metal and
silicon. Walser and Bene’s first phase rule provided insight to the species formed at reacting
interfaces.? It suggested that the deepest eutectic was the most stable amorphous composition
which likely formed at the reacting interface from the initial interdiffusion of the elements.? The
congruently melting compound with the highest melting point adjacent to the eutectic was
suggested to be the compound that formed first, as it was the compound closest in composition to
the amorphous phase with the largest driving force to nucleate. In the synthesis of predicted new
compounds, a key challenge is avoiding the formation of thermodynamically stable compounds
at the interface between reacting elements. For example, the compound FeSbs was predicted to
have interesting thermoelectric properties but could not be made by direct reaction of the
elements as it is thermodynamically unstable relative to a mixture of FeSb, and Sb. The synthesis
of FeSbs was only possible through using an Sb rich amorphous precursor as a reaction
intermediate to favor nucleation and growth of FeSbs.? More recently, Persson theoretically
showed that the amorphous phase sets an energetic upper bound for synthesizability of

metastable crystalline polymorphs,* highlighting how an amorphous phase of controlled
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composition is a very general and useful reaction intermediate in the synthesis of predicted
compounds.®

It can be very challenging, however, to experimentally prepare amorphous intermediates
with controlled composition, resulting in several experimental approaches being developed, each
with associated benefits and disadvantages. The “splat quenching” process allows amorphous
solid and metastable crystalline phases to be trapped through extremely rapid cooling of a melt.°
The goal is to cool fast enough through the glass transition temperature that the atomic
rearrangements necessary for nucleation cannot occur. It has been successful in the synthesis of
even some fairly complex metastable structures® and in improving the microstructure of resultant
films.” The lack of control over phase purity,®® variation of thicknesses of resultant films,” and
the rate and uniformity of cooling across the cooling surface, however, has limited widespread

use of this method to synthesize predicted metastable phases.!%!!

Another synthetic route to
amorphous phases is the destruction of crystallinity by bombardment with high-energy ionizing
particles.'?"!> The ability of this method to precisely control composition and location of
implanted ions makes it of widespread technologic relevance in semiconductor
manufacturing.'>!>-18 However, since ion beams are typically focused to a small area and the
deposited amount of ions is proportional to time, this approach is more suited for doping
applications than for synthesis. A variety of vacuum deposition techniques have also been used
to synthesize amorphous intermediates, based on the condensation of vapor phase species onto a
substrate.!>!” Amorphous solids with higher densities, lower enthalpies, and greater kinetic
stability?*->* than those synthesized with other techniques have been prepared, with the required
substrate temperature being directly linked to the stability of the resultant glasses.?>** Designed
amorphous composition modulations can be prepared by sequentially depositing different
elements. In the modulated elemental reactants (MER) approach, for example, atomically thin
layers are sequentially deposited onto an ambient temperature substrate to create precursors of
designed composition and layering sequence that mimics the nanoarchitecture of targeted
crystalline products.® 2°-° Low temperature annealing of the modulated precursors can result in a
homogeneous amorphous phase if mixing of the layers occurs before nucleation can occur.?!-34

None of these vacuum deposition approaches yield amorphous products, however, if nucleation

occurs during deposition. For example, Pb-Se* and Mo-Se*® precursors form PbSe and MoSe;
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respectively over a large composition range when these elements are sequentially deposited in
the MER approach.

Herein, we show that amorphous intermediates can be made in the Pb-Se and Mo-Se
systems by depositing precursors on a nominally room temperature substrate with ultrathin sub-
monolayer elemental layers and non-stoichiometric compositions. We hypothesize that the local
coordination sphere of the atoms is completed, and the resulting heat dissipated before additional
atoms arrive in the next layer deposited. The unheated substrate limits the extent of diffusion and
local rearrangements that can occur during deposition. We believe this approach is general
because longer range diffusion and local coordination changes are necessary for nucleation
embryos to form if local compositions are different from the stoichiometry of the compound
being nucleated. This approach to avoiding the nucleation of binary compounds should be even
more effective in ternary and quaternary systems, as the additional elements should suppress

nucleation of binary compounds.

5.2. Methods and Materials

Samples were deposited on unheated 7.5 by 2.5 cm <100> Si wafer rectangle substrates
with a native oxide layer in a custom vapor deposition chamber described in detail
previously.?®*7 Elemental Se (99.99%, Alfa Aesar) was deposited with a Knudsen effusion cell,
while elemental Mo (99.995%, Alfa Aesar) and Pb (99.8%, Alfa Aesar) were deposited using 6
keV electron beam guns. A custom LabView software program was used in conjunction with
quartz crystal microbalances to measure deposition rates and control the position of pneumatic
shutters above the vapor plume of each source. By closing each shutter based on the integrated
amount of material deposited after opening, the thickness of each element deposited in each
repeating unit of the layered samples was controlled. Elemental bilayers of Mo|Se or Pb|Se were
sequentially deposited with varying elemental layer thicknesses to probe the reactions occurring
during the deposition as a function of layer thicknesses and composition. The evolution of the
samples as a function of temperature and time was also investigated to determine if
homogeneous amorphous intermediates formed from elementally layered precursors. Samples
were stored and annealed in a drybox with a N> atmosphere with less than 2 ppm of O».

A variety of x-ray scans (reflectivity, specular, in-plane and grazing incidence) were

collected using a Rigaku SmartLab diffractometer with a copper Ka radiation source to
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structurally characterize the samples after deposition and each annealing step. Composition was
measured via x-ray fluorescence (XRF) on a Rigaku ZSX Primus II wavelength-dispersive X-ray
fluorescence spectrometer with a rhodium source using a previously published proportionality
constant relating background-corrected XRF signal intensity to the absolute number of atoms/A>

for each element.?®

5.3. Results

20 MoSe: precursors with varying repeat unit thicknesses and Se/Mo ratios were
prepared by depositing alternating Mo and Se layers onto a near room temperature substrate to
probe the impact of diffusion lengths and composition on reaction intermediates, reaction rates,
and the resultant microstructure of films. The data obtained on the as-deposited samples using
XRF, XRR and XRD are summarized in Figure 5.1 (numerical data is contained in Table C.1),
where the axes are the total number of MoSe: structured monolayers that could crystallize given
the number of Mo or Se atoms per area present in each deposited repeating Mo|Se sequence. The

as-deposited samples shown in blue have Bragg reflections consistent with MoSe; in their
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Figure 5.1. The composition of the 20 samples prepared in this study are presented in terms of how many single
MoSe: layers can be formed based on the amount of Mo and Se deposited in each repeat unit. The grey line is the
composition of stoichiometric MoSe:. Precursors that remain x-ray amorphous are represented in orange and
precursors that have crystallized during deposition are represented in blue. Precursors represented by stars do not
have discernible Bragg reflections resulting from the sequential deposition of Mo and Se elemental layers in their
XRR or XRD scans. Precursors represented by diamonds have Bragg reflections from the sequential layering of Mo

and Se.
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Specular and in-plane diffraction patterns. The orange symbols represent as-deposited samples
that are x-ray amorphous. Both composition and layer thicknesses influence whether MoSe:
nucleates and grows during the deposition, how the samples evolve with annealing, and the final
microstructure of the MoSe: formed. The samples can be divided into three groups based on their
structural differences. In the following paragraphs we describe their as-deposited structures and
how the structure of samples in each group evolves as a function of annealing temperature.

Group 1 contains the samples with the thickest elemental layers, the orange diamonds in
Figure 5.1, which were x-ray amorphous after deposition and have Bragg reflections at small 20
values from the deposited composition modulation. Figure 5.2 contains XRR scans for sample
20, which is representative of this group, as-deposited and after annealing at different
temperatures. The as-deposited XRR scan contains Kiessig oscillations from the interference of
the x-rays between the front and back of the film and 1st and 2nd order Bragg reflections from
the repeating composition gradients from the sequential deposition of the elements. The intensity
of the 1st order reflection and the presence of a 2nd order reflection indicate alternating regions
that are Mo and Se rich, with a composition gradient region between them. Annealing the sample
results in interdiffusion of the elements, resulting in the intensity of the 1st and 2nd order

reflections decreasing during each annealing step as the composition difference between the Mo

log(intensity) /a.u.

20 /degrees
Figure 5.2. X-ray reflectivity scans of a representative Group 1 sample, containing repeating elemental layers that

are thicker than required to form a monolayer of MoSe:. Patterns collected after each subsequent annealing
temperature are stacked vertically by artificially offsetting the intensity values, starting with the as-deposited (AD)
pattern in dark blue on the bottom. This stacking sequence and labeling is used for all subsequent diffraction

patterns.
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and Se rich layers is reduced. The Ist order Bragg reflection in the XRR also shifts to higher
angle as annealing temperature is increased, consistent with the loss of Se during each annealing
step measured with XRF.

Representative Group 1 specular diffraction scans are shown in Figure 5.3. The specular
pattern of the precursor only contains a very broad maxima near 12° 20 from diffuse scattering
of the still elementally modulated amorphous precursor. After annealing at 300°C, only 00/
reflections in the specular diffraction are observed that are consistent with the nucleation and
growth of MoSe; crystallites that are crystallographically aligned with the substrate. After
annealing at 500°C the reflections present in the diffraction data are consistent with the sample
containing more and larger grains of crystallographically aligned MoSe;, but the sample has a
Se/Mo ratio of 1.6 due to a competition between formation of MoSe and loss of Se when
annealed in an open system. Some remnants of initial layering remain as evidenced by the
continued presence of a weak first order Bragg reflection in the XRR pattern. This indicates that
Se is lost faster than MoSe> can be formed, presumably due to the strength of Mo-Mo bonds in
the Mo rich region of the sample.

The in-plane XRD patterns, shown in Figure 5.4, are consistent with the specular
diffraction data. The as-deposited scan contains a very broad maxima centered at ~35° 20

resulting from diffuse scattering, which is consistent with an amorphous as-deposited sample.
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Figure 5.3. Specular diffraction data showing the evolution of a representative Group 1 sample. Labeled indices are

consistent with MoSe». Asterisks mark substrate and stage reflections.
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After annealing at 300°C, 440 reflections are observed, consistent with the nucleation and growth
of MoSe: crystallites that are crystallographically aligned with the substrate. The in-plane
diffraction scan still contains a broad, low intensity maximum from the remaining amorphous
matrix, consistent with the continued presence of the Bragg reflection from layering in the XRR

scan. After annealing at 500°C, only /440 reflections from MoSe; are present.
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Figure 5.4. In-plane diffraction data showing the structural evolution of a representative Group 1 sample. Labeled

indices are consistent with MoSe:.

Figure 5.5 depicts a schematic representation of the evolution of the precursor structure
based on the diffraction data. A color gradient is used to represent the composition of the sample,
where orange is pure Se and blue is pure Mo. Alternating Mo and Se-rich layers are shown to
have an interdiffused region between them, consistent with the presence of Bragg reflections
from the elemental layering. Figure 5.5b presents a schematic representation of the sample after
annealing at 300°C, containing MoSe: crystallites surrounded by Se-rich regions embedded in
the still layered matrix. The in- plane and out-of-plane grain sizes in Figure 5.5b are consistent
with those calculated using the Scherrer equation, which indicates that growth parallel occurs
faster than growth perpendicular to the substrate. Figure 5.5¢ presents a schematic representation
of the sample after annealing at 500°C. These results are consistent with those reported by Fister
et. al.,’? showing that MoSe> nucleates and grows at the interface before the composition

gradient can be eliminated by diffusion.
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Group 2 contains the samples that crystallize during deposition (the blue symbols in
Figure 5.1). As-deposited and after annealing XRR scans from sample 13 in this group are
shown in Figure 5.6. The as-deposited sample has Kiessig oscillations that die out around 4° 26.
The Kiessig fringes extend to higher angles as the samples are annealed at higher temperatures,
indicating the roughness in the film decreases with annealing. The total sample thickness

calculated from the positions of Kiessig fringes decreases after annealing at higher temperatures,

100% Mo

1 300°C, 1 hr

Composition color key

1 500°C, 1 hr

100% Se

Figure 5.5. Schematic of the initial structure and subsequent evolution with annealing of Group 1 samples with
alternating thick Mo and Se layers, deduced by analysis of the XRR and XRD data. a. The as-deposited sample
containing alternating Mo and Se rich regions indicated by the color modulation that reflects the local compositions.
b. The sample after annealing at 300°C for 1 hour, showing crystallographically aligned MoSe: grains scaled to sizes
obtained from Scherrer analysis of the diffraction data. Growth of the MoSe: grains has decreased the concentration
of Mo in the surrounding matrix. Interdiffusion has reduced the composition The difference between Mo-rich and
Se-rich regions. c. After annealing at 500°C for 1 hour, the MoSe> grains are larger, with most growth occurring in
the in-plane direction. Interdiffusion has further reduced the composition difference between Mo and Se-rich

regions.

consistent with the loss of Se during annealing as measured by XRF. The XRF data shows that
the Se/Mo ratio is 2 after annealing at 500°C, consistent with the formation of MoSe.

The as-deposited specular diffraction data (Figure 5.7) contains 00/ reflections from
crystalline MoSe> and weak intensity from the initial layering of the elements between 12 and
12.5° 20. The position of the weak intensity from the initial layering is consistent with the Mo|Se
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Figure 5.6. X-ray reflectivity scans of a representative Group 2 sample, containing repeating elemental layers that

are slightly thicker than a monolayer.

repeat layer thickness calculated by dividing the total thickness obtained from the Kiessig
oscillations by the number of Mo|Se layers deposited. The intensity of the layering reflection is
much lower than in the samples in Group 1, indicating a smaller electron density difference
between the Mo-rich and Se-rich regions in these samples than in Group 1 samples.

The c-axis lattice parameter calculated from the 00/ reflections in the specular diffraction
scans is consistent with the formation of MoSe». The intensity of the 00/ reflections increases and
linewidth decreases much faster with annealing than observed in the Group 1 sample, reflecting a
much faster growth rate perpendicular to the substrate. Laue oscillations, resulting from the film
consisting of crystallographically aligned domains of nearly equal thickness, are observed around
the 001 reflection after annealing at 400 and 500°C, as shown in Figure 5.7b. The average size of
the coherently diffracting domains calculated from the spacing of the Laue oscillations after
annealing at 500°C is 43 MoSe: monolayers. The total thickness from the crystallographic
domains causing Laue oscillations can be calculated by multiplying the number of monolayers in
the domains (43) by the d-spacing calculated from the positions of 00/ reflections (6.522(5) A),
yielding a total thickness of 280.4(2) A. This is only slightly thinner than the total calculated
thickness from Kiessig oscillations, 289.4(2) A, indicating that almost the entire film thickness
has crystalized. The number of Laue oscillations observed on either side of the Bragg reflection
is related to the width of the distribution of domain sizes about the average. For this sample, the

width indicates that the domains range from approximately 40 to 44 monolayers thick.
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The in-plane diffraction pattern, Figure 5.8, contains reflections that can all be indexed as
k0 reflections from a hexagonal unit cell yielding an a-axis lattice parameter, 3.31(1) A, that is
slightly larger than previously reported values for bulk MoSe: (3.288(1) A*°) but consistent with
previously reported values for MoSe> thin films made with the MER method, which have
turbostratic disorder.*® The intensity of these reflections increases, and the line width decreases
as annealing temperature is increased, indicating that more of the sample is MoSe> with larger

average in-plane domain size.
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Figure 5.7. a. Specular diffraction data showing the evolution of a representative Group 2 sample. The Group 2
sample chosen had layer thicknesses greater than a monolayer, resulting in the broad maximum on the low angle
side of the 001 reflection in the as-deposited sample. b. An expansion of the 001 reflection to see the Laue
oscillations more easily at the higher annealing temperatures. Labeled indices are consistent with MoSea. Asterisks

mark substrate and stage reflections.
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Figure 5.8. In-plane diffraction data showing the structural evolution of a representative Group 2 sample. Labeled

indices are consistent with MoSe:.

Figure 5.9 schematically summarizes the analysis of the diffraction data collected from Group 2
samples. MoSe: forms crystallographically aligned during the deposition surrounded by a Mo
depleted shell within an elementally modulated matrix (Figure 5.9a). The amount of MoSe>
increases with annealing and the MoSe> grains become larger both perpendicular and parallel to
the substrate as illustrated schematically in Figure 5.9b. Almost the entire film is
crystallographically aligned MoSe; after annealing at 500°C (Figure 5.9¢). These results are

consistent with those discussed by Miller, et al.,*

confirming that if compositions close to a 2:1
ratio of Se:Mo are present as the film is deposited, MoSe: will nucleate and grow during
deposition.

Figure 5.10 contains as-deposited diffraction data for a representative sample of Group 3
as well as data collected after each annealing step. Group 3 contains samples from the previously
unexplored regime with ultrathin repeating Mo|Se layers containing significantly less than a
monolayer worth of Mo and Se in each repeat unit. The as-deposited XRR data is like that
obtained for Group 1 and 2 samples, containing Kiessig oscillations that terminate at nearly the
same angle. The change in the spacing of the oscillations after annealing indicates that total
sample thickness decreases with annealing. After annealing at 300°C, an 001 Bragg reflection

grows in the specular diffraction pattern near 13° 20 and /40 reflections appear in the in-plane

pattern, consistent with the presence of small grains of MoSe;. This is a lower nucleation and
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Figure 5.9. Schematic of the evolution of structure with annealing for Group 2 samples, which have alternating
layers of Mo and Se with the total bilayer thickness close to the c-axis lattice parameter of MoSez. a. The as-
deposited sample contains MoSe: grains that nucleated and grew during deposition. The average size of the
domains, shown in the schematic, was obtained from Scherrer analysis of specular and in-plane reflections as
discussed in the text. Since the total composition is Se rich relative to MoSez, growth of the MoSez grains results in
Se rich regions surrounding them. b. The crystallites grow significantly during annealing at 300°C for 1 hour,
depleting the concentration of Mo for larger distances around them. The rapid growth at this temperature relative to
samples in Group 1 and 3 is a consequence of the layer thicknesses of the artificial modulation resulting in shorter
diffusion lengths. c. After annealing at 500°C for 1 hour, the crystalline domains span almost the entire film
thickness. The roughness is estimated from the decay of the Laue oscillations around the 00/ reflections in the

specular diffraction pattern.

growth temperature than seen in Group 1 samples, due to the higher diffusion rate in the Se rich
amorphous phase compared with the more Mo rich gradient of composition at the interface
present in Group 1 samples. These reflections grow continuously as a function of annealing at
higher temperature, but even after annealing at 500°C, the intensities remain much lower than for
the samples in either Group 1 or 2. The lower intensities result from decreased crystallographic
alignment of the MoSe; grains as reflected in significantly broader rocking curve scans. The

Se/Mo ratio decreases from ~3 in the as-deposited sample to ~1.8 after annealing at 500°C,
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Figure 5.10. Diffraction data showing the evolution of a representative sample from Group 3. a. X-ray reflectivity b.
Specular x-ray diffraction c. Grazing incidence in-plane x-ray diffraction. Labeled indices are consistent with

MoSe:. Asterisks mark substrate reflections and diffractometer artifacts.
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indicating that Se evaporates faster in an open system than MoSe; forms. The diffraction data
shows that a homogenous x-ray amorphous phase can be prepared by depositing ultrathin layers
at non-stoichiometric compositions.

To probe if depositing non-stoichiometric ultra-thin layers results in amorphous as-
deposited films in other systems reported to nucleate and grow binary compounds during
deposition, we prepared several binary Pb|Se films as shown in Figure 5.11. The as-deposited
samples were characterized using XRF, XRR and XRD (data is in SI). To obtain higher
intensities of reflections from the randomly orientated PbSe grains, grazing incidence scans were
collected. The grazing incidence diffraction patterns for the thinnest repeat layer thicknesses
(Figure 5.12) clearly show that three samples with composition closest to the stoichiometry of
PbSe crystallize with random orientation during the deposition (blue patterns), which is
consistent with prior reports,41 and three samples that are more Se rich remain x-ray amorphous

(orange patterns). Above the pink arc (Figure 5.11), large enough areas of local compositions the
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Figure 5.11. A summary of Pb-Se samples graphed as the number of PbSe monolayers that could crystallize with
the amount of Pb versus the amount of Se deposited in each repeat Pb|Se sequence. Samples that are x-ray
amorphous after deposition are represented in orange and precursors that crystallized during deposition are
represented in blue. None of these samples have discernible Bragg reflections resulting from the sequential

deposition of elements.
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Figure 5.12. As-deposited grazing incidence x-ray diffraction patterns of the six thinnest Pb|Se samples in Figure
5.11. Samples 2A, 2B, and 2C remain x-ray amorphous during the deposition (orange patterns). Samples 4A, 4B,
and 4C all crystallize PbSe with random orientation with respect to the substrate (blue patterns). Labeled indices are

consistent with PbSe. Asterisks mark substrate reflections and diffractometer artifacts.

close to a 1:1 ratio of Pb:Se are present at the interface between the Pb and Se deposited layers to
permit the nucleation of PbSe during deposition (the blue points in Figure 5.11). Once nucleated,
surface diffusion rates are high enough for growth during the deposition and larger Pb layer
thicknesses result in larger grains due to the increased local supply of Pb. Excess Se reduces
grain sizes because Se accumulates at the crystal growth front, increasing the diffusion lengths of
Pb atoms moving to the growth front. Pb deposited on the Se rich regions can also result in
additional nucleation of PbSe grains. Below the pink arc, there are no regions with composition
close enough to the stoichiometry of PbSe that are large enough to permit PbSe to nucleate (the
orange points in Figure 5.11). The local concentration of Pb on the surface of the Se rich film is
too low for Pb to agglomerate to form regions close enough to the stoichiometry of PbSe for it to
nucleate. To our knowledge, this is the first report of successfully preparing amorphous Pb-Se

films by vacuum deposition.

5.4. Discussion
Prior literature on vapor phase deposition suggests that the as-deposited structure of
samples depends on the temperature of the surface, the relative diffusion rates of the atoms on

the surface and in the bulk, and the relative nucleation energy to potential crystalline compounds.
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The data presented herein indicates that the as-deposited structure of the samples also depends on
the evolving surface composition as the deposition is toggled between elements and the thickness
of the deposited layers is varied. During deposition, as M or X atoms hit the surface of the
growing film, the atoms lower their free energy by completing their coordination shells, forming
M-M, M-X, and/or X-X bonds. The energy released from these reactions creates local, short term
“hot spots” which enables the atoms to further optimize their local coordination. If the local
temperature is high enough and the local composition is close enough to the stoichiometry of a
compound in a large enough area, sufficient rearrangement can occur to result in nucleation. This
is the case for PbSe and MoSe> samples shown in blue in Figures 5.1 and 5.11. If local
movement of atoms is limited by bonds formed during the deposition and/or low substrate
temperatures, the sequential deposition of M and X can result in alternating amorphous Mrich| X
and M|Xiich layers with or without crystalline MxXy at the interfaces depending on the size and
energetics required to nucleate various compounds. This compositional modulation results in
Bragg reflections in the XRR patterns of these samples. If the repeat layer thicknesses are thin
enough or diffusion rates are high enough, the M and X atoms will completely interdiffuse
during deposition and no Bragg reflections from the layering will be observed in the XRR
patterns. Since nucleation requires the formation of a finite volume with composition close
enough to the stoichiometry of the forming compound to create an embryo, the key to obtaining
an amorphous film is to design precursors without these regions. If ultra-thin sub-monolayer M
and X layers are deposited on substrates at a low enough temperature with compositions far
enough from the stoichiometries of crystalline compounds, a homogenous amorphous phase is
formed as atoms optimize their local coordination with available adjacent atoms. This is the case
for the MoSe> and PbSe samples represented by orange stars in Figures 5.1 and 5.11.

Figure 5.13 presents a graphic representation of the evolution of Group 3 MoSe: samples
which have this precursor design. A homogenous x-ray amorphous film (Figure 5.13a) is formed
because limited surface mobility of deposited Mo atoms prevents the formation of regions with
compositions close enough to the stoichiometry of MoSe: for nucleation to occur. To nucleate
MoSe; from the amorphous as-deposited sample, M atoms need to diffuse, aggregating to form
regions with local compositions close enough to MoSe: for nucleation embryos to form within an

X rich matrix. This requires sufficient energy for diffusion, large enough composition
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Figure 5.13. Graphic representation of the evolution of Group 3 samples. a. XRR data from the as-deposited sample
indicates that the sequentially deposited layers of Mo and Se completely mix during the deposition forming a
homogenous precursor. The color is representative of a Se:Mo ratio of ~4:1 (scale on right). Specular and in-plane
diffraction data do not contain any reflections, suggesting that MoSe> does not nucleate during the deposition. b. The
diffraction data indicates that MoSez nucleates and grows during annealing at 300°C for 1 hour. The grains in the
schematic are scaled to sizes obtained from Scherrer analysis, showing that growth occurs faster within individual
MoSe: layers, presumably due to challenges in nucleating adjacent layers of MoSe:. c. The sample after annealing at
500°C for 1 hour, which results in significant grain growth and probably additional nucleation of MoSe: grains. The
grains are not crystallographically aligned to the substrate due to the smaller amounts of Mo deposited in each
Mo|Se bilayer. More grains (and less amorphous matrix) are present in the actual sample than shown, as the

overlapping of grains with different orientation through the cross section of the film is challenging to illustrate.

fluctuations to occur, and for breaking the bonds required for the local coordination to evolve.
Enough energy is provided by annealing the sample at 300°C (Figure 5.13b) for this to occur.
Since diffusion of M atoms occurs from multiple directions, nucleation occurs with random
orientation and subsequent growth results in a random crystallographic orientation. As the
nucleated grains grow, excess X is pushed in front of the crystal growth front creating a
composition gradient and continued growth requires that M atoms diffuse through this

increasingly thick X-rich region. Crystal growth competes with Se being lost due to evaporation
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when annealing is done in an open system. This results in a final Se:Mo ratio less than 2:1 due

to amorphous metal rich regions between MoSe; grains (Figure 5.13c).

5.5. Conclusions

Amorphous precursors are recognized as the highest possible energy reaction
intermediates, which makes them ideal reaction intermediates for the synthesis of predicted
compounds, especially those that are metastable relative to mixtures of thermodynamically stable
compounds. The results presented herein suggest that homogenous amorphous precursors can be
prepared by sequentially depositing sub-monolayer thick elemental layers on a cold enough
substrate with an average composition that differs from the stoichiometry of known compounds.
We hypothesize that this works because of the chemistry that occurs as atoms impinge the
sample surface. Atoms optimize their local coordination spheres within the limits imposed by the
local temperature and preexisting coordination environments of surface and near-surface atoms.
By controlling the absolute thicknesses and ratio of elements in each repeating Mo|Se sequence,
the local compositions and resulting coordination environments can be tuned. Sub-monolayer
thicknesses and compositions away from known compounds prevent the formation of large
enough regions with local compositions and bonding similar enough to a compound. This
inhibits nucleation of the compound. Consequently, these samples remain x-ray amorphous
during the deposition if surface diffusion rates are sufficiently small, which requires low
substrate temperatures. For nucleation to occur, a sufficient volume with local composition close
to the stoichiometry of a compound needs to self-assemble. Therefore, an as-deposited
amorphous film must be annealed at a high enough temperature for atoms to diffuse to create a
local fluctuation close to the composition of the nucleating compound with a large enough
volume and rearrange preexisting bonds for nucleation to occur. Depositing sub-monolayer thick
layers with compositions that differ from the stoichiometry of known compounds avoids the
nucleation of thermodynamic phases during deposition, providing a general route to
homogeneous amorphous solids with controlled local compositions to probe the nucleation and

growth of predicted compounds.
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5.6. Bridge

Chapter V presents an in-depth study of how layer thickness and local composition can
be tuned to manipulate the way that Mo and Se react during the deposition process, and how
these variables can be used to affect the final structure of the resulting film after annealing.
During this study a new method was developed to deposit amorphous precursors in systems that
were previously observed to always nucleate and grow thermodynamically stable binary
compounds during the deposition process. Chapter VI builds on the insights gained from this
study of the Mo-Se system to further investigate how high nucleation barriers suppress phase
formation and to deepen our understanding of how these elevated nucleation energies and the
deposition of designed layer thicknesses can be leveraged to stabilize non-equilibrium structures,

resulting in the synthesis of a series of non-equilibrium Mo-MoSe> superlattices.
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CHAPTER VI

Nucleation Controlled Synthesis of Designed Heterostructures

6.0. Authorship Statement

This chapter has been submitted for publication in Angewandte Chemie International
Edition. I am the primary author. Ping Lu collected high-angle annular dark-field transmission
electron microscopy images and energy dispersive x-ray spectroscopy data at Sandia National
Laboratories. Sven P. Rudin performed density functional theory calculations at Los Alamos
National Laboratory. David C. Johnson acted as my advisor and assisted in writing the

manuscript. All authors assisted in editing the manuscript.

6.1. Introduction

The synthesis of computationally predicted crystalline phases with exceptional properties
is an attractive challenge for solid-state chemists. However, only a small percentage of predicted
compounds have been experimentally prepared, even though many were calculated to be
thermodynamically stable, or nearly so, relative to known compounds. Our limited understanding
of how synthetic variables impact the energy barriers for both diffusion and nucleation in the
energy landscape results in the lack of control of reaction pathways, intermediates and resulting
products.! Traditional solid-state growth occurs in a diffusion-limited, heterogeneous
environment where a sequence of phase formation occurs at the interfaces between reacting
species.>”” Concentration gradients at interfaces, which depend on diffusion rates at specific
interfaces, and the relative magnitude of nucleation barriers within these concentration gradients
determine which compound forms.®” The easiest compound to nucleate forms first, which is not
necessarily the most thermodynamically stable compound, and growth of this compound creates
new concentration gradients,!? leading to a sequence of intermediate compounds before the
system attains equilibrium. Since interdiffusion of solids is slow and often the rate limiting step
in the synthesis of solids, fluid phases (fluxes, eutectics, melts, ...) are often used to increase
diffusion rates, especially at low temperatures. In the resulting solutions nucleation is typically
the rate limiting step, but there is little knowledge of the species in the fluid phase, how the

species and their concentrations change as the composition and/or temperature is varied, and the
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solubility constants of various potential compounds in the solution.!!!> Qur limited
understanding of how experimental variables impact both the topology of the free energy
landscape and the reaction path is a consequence of the lack of experimental probes for the
complex, potentially heterogenous solid state and solution based systems.!%!1:13

Nucleation, rather than diffusion, can be the rate-limiting step in the formation of a
compound as a system evolves through the complex energy landscape when diffusion rates are
high or diffusion distances are small. The classic picture of nucleation involves atom-by-atom
addition to an embryo whose volume energy must overcome the surface energy to form a
crystalline grain that can proceed to grow.”!%!> More recently, non-classical pathways have been
proposed that involve the collision and fusing of two embryos.!%1%!17 Unlike in solution-phase
nucleation, solid-state nucleation of inorganic materials is complicated by stresses caused by
density differences between reactants and products, by slow diffusion rates that result in
concentration gradients at interfaces, and also and by the need to nucleate voids to account for
volume changes. Heterogeneous nucleation at interfaces dominates solid state reaction
pathways.”>1617 Recent studies have provided a variety of new insights and new solid-state

nucleation models,®!6-18

including the suggestion that liquid intermediates reduce nucleation
energies because liquid-solid interfaces are lower energy than solid-solid interfaces. However,
investigating local early-stage solid-state reaction environments and the distribution of embryos
before nucleation occurs is experimentally very difficult to study.!” New methods to probe the
impact of experimental parameters on the rate limiting steps in potential synthetic pathways are
needed to successfully design the synthesis of predicted novel materials.

One approach to experimentally simplifying the solid-state reaction pathway is to prepare
homogenous amorphous solid-state reaction precursors. This eliminates the constraints imposed
by long range diffusion driven by concentration gradients. The barrier for nucleation involves
growing a large enough embryo with a local composition close to the stoichiometry of the
compound for nucleation to occur. Amorphous phases can be prepared using ultra-fast cooling
rates (~106 K/sec),?’ complex mixtures of elements that prefer different coordination
environments?! to kinetically inhibit nucleation or depositing ultra-thin elemental layers. Several
studies show that composition can control what nucleates from an amorphous intermediate, even

enabling the formation of metastable binary compounds.?>?* Two questions that have not been

addressed, however, are 1); the relationship between the complexity of the structure of a
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compound its ability to nucleate from a homogenous amorphous alloy that matches its
stoichiometry and 2); the influence of adjacent regions with different compositions on
nucleation.

To explore these questions, we examined the Mo-Se system because it only contains two
thermodynamically stable compounds, MoSe; and MoeSeg with very different unit cell
complexities (Figure 6.1). Precursors were prepared by sequentially depositing sub-monolayer
amounts of each element in both simple (Mo|Se) and complex (Ja x Mo| + b x |Se|Mo) sequences
(see Figure 6.2) to control local composition. MoSe; nucleates and grows during the deposition
of samples deposited in a Mo|Se sequence of ultrathin layers with Mo:Se ratios close to 1:2.
Films prepared with Mo:Se ratio close to 3:4 form amorphous films. The critical size of an
embryo required for growth to lower the total free energy depends on the difference between the

decrease in free energy due to the formation of the crystalline domain and the increase in free

A B)

Figure 6.1. The crystal structure of MoSez and M06S-68. Dotted lines outline the unit cell for each phase. A) MoSe2
is a layered compound with Mo in the center of trigonal prisms of Se atoms that share edges to form a Se-Mo-Se
trilayer. There is a van der Waals gap separating the trilayers of edge-sharing trigonal prisms. B) The MosSes
structure is built up of octahedra of Mo atoms with each of the 8 triangular faces capped by a Se atom. The resulting

“cubes" have a rhombohedral distortion.?*

Enough Se for 1 layer of MoSe,

xn

Figure 6.2. An idealized schematic of the |a x Mo| + b x [Mo|Se| layering sequence for group C precursors.
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energy due to the creation of the interface and strain induced due to volume changes during the
formation of the domain. We were surprised that MoSe; nucleated and grew from amorphous
Mo rich samples. In the more complex layer sequences designed to form [Moa|(Mo|Se)s]n
heterostructures, Mo metal nucleated and grew during the deposition process and small grains of
MoSe: nucleated and grew when more than two Mo|Se bilayers (b > 2) were deposited. If b <2,
Mo metal and an amorphous Mo-Se region formed rather than the thermodynamically more
stable MosSeg compound. We estimated the minimum size required for an MoSe> embryo to be
kinetically stable using an ‘island’ approach described in detail elsewhere.> We discovered that
MoSe, embryos between Mo layers needed to be more than two MoSe; trilayers thick to
maintain their structure when relaxed in a DFT calculation. The [Moa|(Mo|Se)s]a heterostructures
are kinetically stable to at least 550 °C. These findings suggest that heterostructures containing
designed intergrowths of simple crystal structures are synthetically accessible using designed

sequences of layers to control local compositions and are kinetically stable once formed.

6.2. Results and Discussion

In this investigation, 12 precursors were deposited with layers of Mo and Se with either
Mo|Se or Moa|(Mo|Se)b structured repeating sequences. Precursors in group A contained Mo|Se
bilayers where the amount of Mo and Se per bilayer contained a slight excess of Se relative to a
1:2 ratio of Mo:Se. The six group B precursors had ultrathin repeating Mo|Se bilayers designed
to form amorphous intermediates with homogeneous compositions close to a 3 to 4 ratio of Mo
to Se. Three of the group B samples contained a slight excess of Se and the other three had a
slight excess of Mo. The repeating layer sequences in group C were more complicated,
consisting of a several unit cell thick layer of Mo followed by Mo|Se bilayer(s) designed to form
a single MoSe> layer per bilayer (Figure 2). These samples were all capped with a layer of Mo
with the same number of unit cells as the Mo layers within the repeating sequence. The 4 group
C samples all had Mo:Se ratios larger than 3:4. The deposited layer sequences, the number of
repeating layers deposited, the compositions determined via X-ray fluorescence (XRF), the total
sample thicknesses, and the repeat layer thicknesses for all 12 samples are summarized in Table
6.1.

Diffraction data were collected on the group A precursors both before and after annealing

and data from a representative sample are shown in Figure 3. The diffraction data of the as-
96



deposited precursors in group A contains a broad reflection near 13.5° 26 from small MoSe>
crystallites. After annealing using previously reported conditions that optimized the formation of

MoSe; films,?*?” XRF data indicates that the slight excess of Se contained in the as-deposited

Table 6.1. A summary of the deposition information and measured compositions and thicknesses of the as-deposited
samples. The number of Mo atoms and Se atoms were determined from x-ray fluorescence data. The total sample

thickness was determined using the 28 position of Kiessig fringe maxima in the x-ray reflectivity pattern and Braggs
law modified to account for refraction. The average thickness of the deposited repeating sequence was calculated by

dividing the total sample thickness by the number of repeating sequences deposited. The error in each reported value

is given in parentheses after the last significant digit.

Average
Number of Thickness
. Repeating Mo per Se per Sample of
Sample Repeating Repeating Repeating Mo/Se . .
Name Sequence Sequer}ces Sequence Sequence ratio Thickness Depos1jced
4 Deposited d d A) Repeating
P (atoms/A?) | (atoms/A?)
(n) Sequence
(A)
Al (Mo|Se)n 46 0.107(1) 0.224(3) | 0.478(8) | 329.2(3) 7.157(7)
A2 (Mo|Se)n 54 0.103(1) 0.223(3) | 0.462(7) | 385.0(4) 7.130(7)
Bl (Mo|Se)n 268 0.0243(2) 0.0337(5) | 0.72(1) | 355.4(6) 1.326(2)
B2 (Mo|Se)n 268 0.0246(2) 0.0339(5) | 0.73(1) 353(2) 1.317(7)
B3 (Mo|Se)n 268 0.0249(2) 0.0331(5) | 0.75(1) | 358.8(6) 1.339(2)
B4 (Mo|Se)n 500 0.0122(1) 0.0151(2) | 0.81(1) | 307.3(7) 0.615(1)
BS (Mo|Se)n 500 0.0124(1) 0.0150(2) | 0.82(1) 310(1) 0.620(2)
B6 (Mo|Se)n 500 0.0126(1) 0.0148(2) | 0.85(1) | 311.9(7) 0.624(1)
Cl [Mos|(Mo|Se)i]a | 13 + Mos!® 14.3(1)f 0.238(4) 4.64(7) | 347.19) 254
C2 [Mos|(Mo|Se)2]n | 5+ Most! 8.57(9! 0.443(7) 3.87(6) | 202.1(4) 33.7(6)4
C3 [Moio|(Mo|Se)s]a | 4 + Moo 12.3(1)f 1.06(2) 2.88(5) | 376.4(7) 74.9(6)14
C4 [Mos|(Mo|Se)i0]a | 3 + Mos!® 6.47(6) 2.39(4) 0.90(1) 355(1) 88.5(1)l

[a] Samples C1, C2, and C4 were capped with 5 unit cells worth of Mo after deposition of the repeating sequences;

[b] Sample C3 was capped with 10 unit cells worth of Mo after deposition of the repeating sequences; [c] For

samples C1, C2, C3, and C4 the number in the “Mo per Repeating Sequence” column is the total number of Mo

atoms/A2 in the sample; [d] For samples C1, C2, C3, and C4 the average thickness of deposited repeating sequence
values are calculated using Braggs law modified for refraction and the 20 position of the first order Bragg reflection

in each samples x-ray reflectivity pattern.

samples sublimated, resulting in a final Se/Mo ratio of 2.0(1). Figure 6.3 contains a region of the
specular XRD for both samples after annealing, showing the well resolved Laue oscillations that
result from the integer number of MoSe; layers in the crystalline domains. Laue oscillations that

extend this far from the Bragg reflections will only be observed if there is a consistent number of
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Figure 6.3. Specular x-ray diffraction patterns of both samples from group A before and after annealing at 500 °C
for 1 hour. The bottom two, blue patterns are for sample Al. The top two, orange patterns are for sample A2. The
pattern is cropped to 5-17° 260 to highlight the Laue oscillations extending from the 001 reflection of the
crystallographically aligned planes of MoSe: trilayer growing in both samples.

unit cells in most of the diffracting domains. Using the analysis suggested by Miller,?® sample
Al contained 46(1) MoSe: trilayers per diffracting domain and sample A2 has 54(1) MoSe>
trilayers per diffracting domain. These domain thicknesses are consistent with the amount of Mo
in the films within the experimental error of the XRF measurement. The as-deposited and after
annealing data from group A samples demonstrate that nucleation and growth of the simple unit
cell of MoSez occurs during deposition from samples near the stoichiometry of MoSe:, and that
crystallographically aligned MoSe> domains of uniform size perpendicular to the substrate result
from annealing.

X-ray reflectivity (XRR) and specular, grazing incidence, and in-plane x-ray diffraction
(XRD) data were collected directly after deposition for group B samples. The precursors
contained only Kiessig fringes in their XRR patterns, which were used to extract the total sample
thickness using Braggs law modified to include refraction (Table 1). The as-deposited XRR scan
for sample BS5 is shown in Figure 6.4A and the XRR scans of all the samples are in Figure S6.1.
Roughness was calculated using the formula derived by Parratt.?’ All samples have a roughness
in the range of 10 A. Dividing the total thickness by the number of repeating layers deposited
yields the average thickness of the Mo-Se units in each sample, which are summarized in Table

6.1. Bragg reflections from modulation of the elements are not observed since the average

98



thicknesses of each elemental layer in the Mo|Se bilayers are much less than a monolayer and the
roughness of the samples are larger than the thicknesses of the bilayers. The as-deposited
specular XRD pattern for sample BS5 is shown in Figure 6.4B and the remaining as deposited
specular patterns for all the samples are shown in Figure S6.2. The specular and grazing
incidence patterns contain a broad low-intensity reflection around 12° 26, corresponding to a d-
spacing of approximately 7.5 A. To our knowledge, no known molybdenum selenide has
reflections at this angle. MoSe; has a c-axis lattice parameter of 12.927(4) A% for the 2H
polymorph unit cell (~6.5 A per MoSe; trilayer), and 6.85 A for the trilayer of the metastable 1T
polymorph.3! There is an additional broad maximum at around 40° 26 in the grazing diffraction
pattern which is also observed in the in-plane pattern (Figure 6.4D) which we attribute to diffuse
scattering. This data indicates that neither MoSe> nor MosSeg domains are present in group B as-
deposited samples.

Composition and diffraction data were collected after annealing group B samples at
increasing temperatures to induce nucleation, and a representative set of data are shown in Figure
6.4. The amounts of each element (calculated from XRF data) remain constant within error
throughout the annealing study (Figure S3). The Kiessig fringes in the XRR patterns decrease in
intensity at higher angles as annealing temperature increases, indicating that the surface
roughness increases (Figure 4A). The specular and grazing incidence patterns shown in Figure
4B and 4C change only slightly as the annealing temperature is increased. The reflection near
11° 20 initially decreases in intensity before increasing in intensity and shifting to higher angles
after annealing at 400 °C. The in-plane diffraction data (Figure 4D) has several very weak
reflections appearing as the annealing temperature increases above 450 °C. After annealing at
500 °C, these reflections can be indexed as 4k0 reflections from a hexagonal unit cell, yielding
an g-axis lattice parameter of 3.298(3) A. This is within the range of a-axis lattice parameters
reported for MoSe».>?* The diffraction data is consistent with the formation of small MoSe»
grains in an amorphous Mo-Se matrix. We see no evidence for the crystallization of Mo or the
formation of MosSes.

The formation of MoSe; rather than MosSes as this sample is annealed was surprising
given the homogenous composition of the sample with a Mo to Se ratio of approximately 3:4.
Nucleation of MoSe» requires diffusion of either Se or Mo to create a fluctuation in local

composition to form a region with a 1:2 ratio of Mo:Se in an amorphous matrix with an average
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composition of 43% Mo and 57% Se. The reorganized volume includes the critical nucleus of
MoSe; and a region that is Mo rich around it. Nucleation of MosSes would require only local
rearrangements of coordination to create the Mog octahedra capped by Se that are the basis of the
MosSes structure. MoSe2 and MogsSes have different dependences of the surface energy on the
size of the critical nuclei. The low surface energy of the van der Waals plane between MoSe:
layers results in the surface energy being dominated by the edges, so the surface energy
approximately scales with the radius of hexagonal MoSe; platelets. The three-dimensional

structure of MoeSes results in the surface energy scaling as a function of the radius squared of the

A () ’
500 °C
450 °C
; 400 °C
,{ % 350 °C
£ iz 300 °C.
2 5 by AT gt oy e T
§ 2 250 °C
c =
§ 8 * 200 °C|
= 150 °C
aed o
100 °C
AD
1 L 1 L Il L 1 L 1 L 1
10 20 30 40 50 60
20 /degrees 20 /degrees
©) D) . Mose,
Py 2
*._500°C
] - —_. 500°C
s ; 450°C
< 400°C 3
= 8 400°C
2 % . ak ”"*"é%ﬁe% ) M 350°C
9] meatat ) o~ N e
2 iy T 5 300°C
% N 250C £ \Mmk "
8 M 250°C
’ 200°C
. 150°C
100°C
1 ! | L 1 L 1 L 1 L 1 1 1 1 L 1 I 1 AD
10 20 30 40 50 60 20 40 60 80 100
20 /degrees 26 /degrees

Figure 6.4. X-ray reflectivity and x-ray diffraction data collected after each annealing step of an annealing study
performed on a representative group B sample, sample B5. (a) XRR data show that the surface roughness and total
sample thickness do not change significantly throughout the annealing study. (b, ¢) Specular and grazing-incidence
XRD patterns all contain one broad, low-intensity reflection that grows slightly with annealing. (d) In-plane XRD
patterns contain no reflections until after annealing at 500 °C, when low intensity reflections consistent with MoSe:

appear. Asterisks indicate substrate and stage reflections.
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critical nucleus. The observed nucleation of MoSe: suggests its lower surface energy
compensates for the larger volume rearrangement required to form a stoichiometric nucleus of
MoSe; in a matrix that is Mo-rich.

DFT calculations were performed to estimate the size dependence of the stability of
MoSe: nuclei in a Mo-rich environment. As shown in Figure 6.5, MoSe structured islands with
varying thicknesses of MoSe, were constructed between Mo layers, and the complete systems
were allowed to relax in DFT calculations. The empty space around the islands enables the atoms
to rearrange to lower the total energy. Our calculations show that a single Se-Mo-Se trilayer (far
left column of Figure 6.5) reacts with the adjacent Mo layer and the layers fully diffuse together
when relaxed. Two Se-Mo-Se trilayers also react with the adjacent Mo layers and sufficient

interdiffusion occurs to disrupt the initially well-ordered Se-Mo-Se structure. Increasing the
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Figure 6.5. The top set of figures contains the initial atomic structure of crystalline islands of Se-Mo-Se trilayers
placed next to thick layers of Mo. The bottom set of figures contains the structures after being relaxed during DFT

structural optimization. Mo atoms are shown in purple and Se atoms are shown in green.
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thickness by including >2 trilayers resulted in the islands maintaining the MoSe> crystal
structure, which indicates that crystallites of MoSe> will nucleate in these films.

The inability to nucleate MosSes in Mo rich films led us to design the group C samples,
which were prepared to probe the ability to kinetically trap Moa(MoSe:z), heterostructures from
precursors with designed nanoarchitectures. XRF data show that all four samples are Mo-rich
and should form mixtures of Mo and MosSes at equilibrium (Table 1). Figure 6.6 contains the as-
deposited XRR, specular, and in-plane diffraction scans of the four samples deposited following
the layer sequence shown in Figure 6.2. The XRR patterns all contain intensity from Kiessig
fringes, Bragg reflections from the elemental layers that result from the sequential deposition,
and intensity from domains of any heterostructure that has nucleated and grown during the
deposition. The black tick-marks in Figure 6.6A show the expected 20 positions of reflections
from the elementally modulated repeating layer sequence calculated from the position of the first
order reflection using Braggs law corrected for refraction. The positions of observed Bragg
reflections match these predicted positions at lower angles, with deviations at higher diffraction
angles in samples C3 and C4 resulting from intensity from both Bragg reflections from the
elementally modulated layers and Bragg reflections from heterostructure domains that formed
during the deposition. The specular diffraction patterns (Figure 6.6B) of samples C3 and C4,
which have b =5 and 10 respectively, have broad, low intensity reflections at angles consistent
with the expected 20 positions for the 00/ reflections of small, crystallographically aligned grains
of MoSe».262?7 Sharp reflections from the modulation of the elements during the deposition and
crystalline domains forming in the Mo-Se or Mo region of the deposited sequence are apparent
to approximately 15° 26. The specular diffraction patterns of samples C1 and C2, withb=1 and
2 respectively, differ from those of C3 and C4 as they do not have any intensity at angles where
00/ reflections for MoSe: are expected. These samples have a higher angle low-intensity broad
Mo 110 reflection near 20 = 40° from small grains of Mo. In-plane XRD data collected on the
as-deposited group C samples is shown in Figure 6.6C. All the samples contain a reflection ~ 40°
20 from bcc Mo. Samples C3 and C4 also contain 440 reflections that can be indexed to a
hexagonal unit cell, consistent with the growth of small grains of MoSe> during the deposition.
Samples C1, C2 and C3 have a weak and very broad reflection near 70° 20 from the 112 Mo

reflection.
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Sample C3 was annealed at increasing temperatures to follow the evolution of its structure and
probe the kinetic stability of Mo-MoSe; interfaces. XRF data collected after the final annealing
step show that the amount of Mo and Se in the sample did not change during the annealing steps.
XRR, specular XRD, and in-plane XRD data collected after each annealing step are shown in
Figure 6.7. The experimental position of Kiessig/Laue oscillations and Bragg reflections in the
XRR patterns (Figure 6.7A) shift to slightly higher angles as the annealing temperature
increases, indicating that the total sample thickness and the thickness of the repeating sequences
decreased during annealing. The intensity of the Bragg reflections from the modulation in the
electron density resulting from the deposited layer sequence do not change significantly,
indicating that the Mo and Mo-Se regions do not appreciably interdiffuse during the annealing
steps. The diffraction data, Figures 6.7B and 6.7C, indicate that the layering reflections in the as-
deposited sample remain after annealing, while the intensity of reflections from
crystallographically aligned MoSe> and randomly oriented Mo crystals increases after each
annealing step. After annealing at 550 °C, broad diffraction maxima in the specular diffraction
pattern consistent with small grains of MoSe: coexist with sharper maxima consistent with the
initial layered nanoarchitecture from the deposition of 4 repeating units containing 5 Mo|Se
layers + a thicker Mo layer.

A high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) image of a cross-sectional lamella of sample C3 prepared after annealing at 550 °C
(Figure 6.8) was collected to provide additional structural information. The HAADF-STEM
image shows that the sample consists of alternating layers of randomly oriented grains of Mo and
3-5 layers of MoSe», with local variations in the thickness of each constituent in the repeating
sequences. An energy-dispersive x-ray spectroscopy (EDS) map (Figure S6.4) also indicates that
the sample consists of a heterostructure with discrete alternating Mo and Se-rich layers. The
STEM images in Figure 8 are consistent with the diffraction patterns in Figures 6.7B and 6.7C.
The narrow Bragg reflections from the heterostructure end at ~12° 20 in the specular diffraction
pattern (Figure 6.7B) due to the varying local thicknesses of the Mo and Mo-Se regions, instead
of extending to higher angles as expected for a perfect heterostructure (see the blue pattern in
Figure 6.7B). The broad intensity maxima at ~12° 20 is the 001 reflection from MoSe> domains
that are ~4 trilayers thick. Weak broad 00/ reflections where 1 = 2-4 from these MoSe> domains
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Figure 6.6. As-deposited x-ray reflectivity and x-ray diffraction data for the group C samples. (A) XRR patterns for

each group C sample collected after deposition. Black tick-marks show the expected positions of Bragg reflections
calculated using Braggs law modified to include refraction and the 20 positions of the first Bragg reflection present
in each pattern. (B) Specular XRD patterns contain a mix of Bragg reflections from the elementally modulated
repeating layer sequence, any crystalline heterostructure that is present, diffuse scattering (C1, C2, and C3), and
small grains of MoSe> (C3 and C4). (C) In-plane XRD patterns contain a reflection near 40° 26 and reflections that
can be indexed to a hexagonal unit cell in sample C4. Reflection indices are shown in bold text for Mo and regular

text for MoSe». Asterisks indicate substrate and stage reflections.
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are also present in the experimental specular pattern. Broad intensity from these domains is
observed because of the local deviations in layer to layer spacing. The increase in the intensity of
these broad maxima reflects an increase in the total volume of MoSe> domains as annealing
temperature increases. The sharp Bragg reflections in the XRR and specular XRD patterns from
the heterostructure yield an average lattice parameter of 72.2(6) A after annealing at 550 °C,
slightly thinner than the as deposited elemental modulation due to the denser crystalline layers.
The experimental positions of some of the 00/ reflections deviate from the expected positions
(the red tick-marks in Figure 6.7A) for the average unit cell size due to the high density of
defects. The disappearance of the broad intensity around 40 °C in the as-deposited specular
(Figure 6.7B) and in-plane (Figure 6.7C) XRD patterns, caused by diffuse scattering from
amorphous regions in the as-deposited sample, is consistent with the predominance of crystalline
domains in the STEM images. The in-plane reflections after annealing at 550 °C can be indexed
to two different unit cells. A set of #k0 reflections can be indexed to a hexagonal unit cell with an
a-axis lattice parameter of 3.28(1) A, consistent with previously reported values for MoSe».3>3*
A second set of Akl reflections can be indexed to a cubic unit cell with an a-axis lattice parameter
of 3.16(1) A, which is slightly larger than previously reported values for bcc Mo metal.?>3¢ The
diffraction and HAADF-STEM data are self-consistent and indicate that the deposited precursor
forms a [Moa|(Mo|Se)s]a heterostructure where a =~10, b = 3-5, and n = 4, capped with an extra
~10 layers of Mo.

Figure 6.9 contains XRR and XRD data collected after annealing all four group C
samples at 550 °C for 30 minutes. The XRR patterns (Figure 6.9A) contain Kiessig fringes, Laue
oscillations, and Bragg reflections. The black tick-marks label the expected 20 positions for
Bragg reflections calculated using Braggs law modified to include refraction and the average d-
spacing of all present Bragg reflections in each respective pattern. The specular XRD patterns
(Figure 6.9B) contain sharp reflections from the crystalline heterostructure and broader 00/
reflections from finite thickness MoSe> domains in samples C3 and C4 with a d-spacing of 6.7(1)
A and 6.58(3) A respectively. The in-plane XRD patterns (Figure 6.9C) for samples C3 and C4
contain two sets of reflections that can be indexed to a cubic and a hexagonal unit cell consistent
with the presence of Mo and MoSe». The in-plane XRD patterns for samples C1 and C2 only

contain reflections that can be indexed to a cubic unit cell consistent with the presence of small
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Figure 6.7. X-ray data collected after annealing sample C3 at the temperatures shown under the related pattern. (A)
XRR patterns, where black tick-marks indicate the expected angles of 00/ Bragg reflections from the elementally
modulated layers calculated from the 28 position of the first Bragg reflection in the as-deposited (AD) pattern. Red
tick-marks label the expected positions of Bragg reflections from the average repeating layer thickness calculated
from the 20 positions of the indexed reflections. The blue pattern shows a calculated XRR pattern from a perfect
model of the targeted heterostructure. (B) Specular XRD patterns and a calculated XRD pattern from an ideal model
of the targeted heterostructure. (C) In-plane XRD patterns with indices shown above reflections used to calculate the
Indices are shown in bold text for Mo and regular text for MoSez. The blue
pattern is a simulated 40 pattern for MoSez and the green pattern is a literature powder pattern for bec Mo.

Asterisks indicate substrate and stage reflections.
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Figure 6.8. (a) HAADF-STEM image of the same representative Mo-MoSez sample that was characterized with
XRD techniques after annealing at 550 °C for 30 minutes. (b) Higher magnification image of the same sample

shows alternating layers of MoSez and randomly oriented Mo.
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Figure 6.9. X-ray data collected after annealing the four C sample at 550 °C for 30 minutes. (A) XRR patterns
where black tick-marks indicate the expected angles of 00/ Bragg reflections from the average d-spacing calculated
from the 20 positions of the indexed reflections. (B) Specular XRD patterns. (C) In-plane XRD patterns with indices
shown in bold text for Mo and regular text for MoSe:z above reflections used to calculate lattice parameters.

Asterisks indicate substrate and stage reflections.
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Table 6.2. A summary of the lattice parameters calculated from the data presented in Figure 6.9. The average d-
spacing of the repeating sequence was calculated using Braggs law modified to include refraction and the 26
position of each sharp Bragg reflection present in the XRR and XRD patterns for each respective sample. The error

in each reported value is given in parentheses after the last significant digit.

Sample Average d-spacing D-spacing of any a-axis lattice a-axis lattice
Name of repeating present MoSez parameter for cubic parameter for
sequence (A) crystallites (A) unit cell (A) hexagonal unit cell (A)
Cl 24.6(1) - 3.16(2) -
C2 34.2(6) - 3.17(1) -
C3 72.2(6) 6.7(1) 3.16(1) 3.28(1)
C4 86(1) 6.58(3) 3.21(5) 3.31(1)

domains of Mo. The modulation in electron density that remains after annealing is from
alternating layers of crystalline Mo and an amorphous Mo-Se alloy. The lattice parameters
calculated from the diffraction data presented in Figure 6.9 are summarized in Table 6.2.

The diffraction data from the annealed group C samples indicate that samples with more
than two Mo|Se deposited bilayers in the repeating sequence of elemental layers form
[Moa|(Mo|Se)s]n heterostructures with a and b determined by the amount of Mo and Se in the
repeating sequence. In samples with two or fewer Mo|Se bilayers in the repeating sequence,
MoSe: does not form during deposition and does not nucleate even when the films are annealed
at 550 °C. The modulation from crystalline Mo and amorphous Mo-Se alloy is kinetically stable
with respect to forming a layer of MoSe: because the Mo-Se alloy is either too Mo rich or too
thin to nucleate MoSe; or the diffusion rates are too small at the temperatures explored to permit
a large enough fluctuation for nucleation to occur.?® The diffraction data agrees with the DFT
calculations, lending some confidence that the “Island” approach contains the essence of the

nucleation process.

6.3. Conclusions

The data presented herein shows that nucleation limits what compounds can form during
deposition and when annealing homogenous amorphous intermediates or precursors with
designed composition gradients. This study shows that compounds with simple crystal structures
can crystalize from homogeneous intermediates rather than the thermodynamic products
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expected at their compositions from phase diagrams as a consequence of compounds with
complex unit cells having higher nucleation barriers. We suggest that an inherent difference in
nucleation energies for structures with different complexities enables the preparation of
kinetically stable ordered intergrowths of constituents with simple crystal structures from
designed precursors. Many new materials consisting of intergrowths of known phases potentially
can be prepared on the length scale of several unit cell dimensions. Developing successful
synthesis pathways for new predicted materials will depend on increasing our fundamental
understanding of how experimental parameters influence the two generally recognized barriers to
the synthesis of compounds — nucleation and diffusion. While elementally modulated precursors
can eliminate long range diffusion barriers, high nucleation barriers can prevent the successful
synthesis of both thermodynamically stable compounds and those theoretically predicted to be

stable.

6.4. Materials and Methods

Precursors were prepared on unheated <100> Si wafers (3” x 1” rectangles) with native
oxide layers using a custom-built physical vapor deposition chamber, as described
previously.**#! Elemental Se (99.99%, Alfa Aesar) was deposited using a Knudsen effusion cell,
while Mo (99.995%, Alfa Aesar) was deposited using a 6 keV electron beam gun. The deposition
process was controlled using a custom LabView interface in conjunction with quartz crystal
microbalances to measure deposition rates and regulate the operation of pneumatic shutters
above each vapor plume. By adjusting the duration each shutter remained open, the desired
number of atoms per unit area for each element was deposited to form repeating sequences of
elemental layers that mimic the nanoarchitecture of the desired crystalline product. These
sequences were designed to grow [Moa|(Mo|Se)s s architectures, with the (Mo|Se), units
designed to form an Se-Mo-Se trilayer and the Moa layers designed to form Mo metal with the
bulk bee structure. The amounts of each element deposited were quantified via ex situ x-ray
fluorescence (XRF) on a Rigaku ZSX Primus II wavelength-dispersive spectrometer with a Rh
x-ray source. XRF intensities were converted to atoms/A2 using known proportionality constants
derived from thermodynamically stable films, as described previously.*? Structural
characterization was performed on the as-deposited precursors using a range of x-ray techniques,

including X-ray reflectivity (XRR), specular X-ray diffraction (XRD), and grazing incidence in-
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plane XRD (GIPXRD), using Cu Ka radiation (A = 0.15418 nm) on a Rigaku SmartLab
diffractometer. XRR provided total film thickness and roughness from Kiessig fringes, while
XRD and GIPXRD were used to determine crystallinity, repeating unit thicknesses, and lattice
parameters. Post-deposition annealing was performed in a nitrogen drybox with O: levels below
2 ppm, using a stepwise temperature increase (starting at 200 °C and increasing in 50 °C or 100
°C increments, depending on the sample). Structural evolution was monitored after each
annealing step using the aforementioned x-ray techniques.

The transmission electron microscopy (TEM) specimen was prepared in a cross-section
by focused ion beam (FIB), using e-beam carbon as a protective layer. A FEI TitanTM G2 80-
200 scanning TEM (STEM) with a Cs probe corrector and ChemiSTEMTM technology (X-
FEGTM and SuperXTM EDS with four windowless silicon drift detectors) operated at 200 kV
was used in structural and chemical analysis of the TEM samples. For STEM imaging, a high-
angle annular dark-field (HAADF) detector with a collection range of 60-160 mrad was utilized.
Chemical mapping was performed through the acquisition of STEM EDS spectral images, which
were obtained as a series of frames. The same region was scanned multiple times, and spatial
drift corrections were applied to compile the spectral image data. Elemental maps were
subsequently generated from the spectral images by selecting appropriate EDS energy windows
for each element.

The density functional theory (DFT) calculations were performed with the VASP
package.*** The electronic states were treated with the projector augmented wave method,* in
the generalized gradient approximation of Perdew, Burke, and Ernzerhof,46 with first-order
Methfessel-Paxton smearing (width 27 meV),*” and a cutoff energy for the plane wave basis set
of 280.7 eV. The k-point meshes were chosen for each simulation cell such that their density is at
least 40 per A!. The convergence criteria were 10 eV for the electronic self-consistency loop

and 10 eV for the ionic relaxation. Van der Waals interactions were accounted for with the

Tkatchenko-Scheffler method.*®

6.5. Bridge
This chapter demonstrates how high nucleation barriers can be strategically exploited to
stabilize non-equilibrium phases and highlights how precise control over the nanoarchitecture of

precursors enables the synthesis of materials inaccessible by conventional methods. The
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following chapter continues this theme by presenting the synthesis and electronic
characterization of a novel homologous series of (PbSe)1(VSe2)1(PbSe).(VSe2): heterostructures,

which is achievable through the tunable layer-by-layer design enabled by the MER approach.
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CHAPTER VII
Electronic Behavior of an Asymmetrical
(PbSe)1(VSe2)1(PbSe)n(VSez)1 Heterostructure with a Charge

Density Wave Transition

7.0. Authorship Statement

This chapter will be submitted for publication in Chemistry of Materials. I am the
primary author, and Shannon S. Fender and Dimitri L. M. Cordova also contributed significantly
to writing the manuscript. Ping Lu collected high-angle annular dark-field transmission electron
microscopy and energy dispersive x-ray spectroscopy data. Kornelius Nielsch and Nicolas Perez
Rodriquez helped with collecting and interpreting electrical transport data. David C. Johnson

acted as my advisor and contributed to editing the manuscript.

7.1. Introduction

2D monolayers and heterostructures containing them have gained significant interest
since the isolation of graphene in 2004 and the discovery that properties vary based on thickness
and substrate.! New emergent properties result from a reduction in dimensionality as thickness
approaches a monolayer, and the potential applicability of these phenomena has resulted in
significant growth of this research area. Due to a broad range of properties and the ability to
cleave bulk crystals to monolayer thicknesses via the “scotch tape” method, transition metal
dichalcogenides (TMDs) have become popular materials in this research community and many
interesting phenomena have been explored.? For example, Mo and W dichalcogenides change
from indirect semiconductors as bulk compounds to direct bandgap semiconductors as
monolayers.*>~® Proximity induced superconductivity has been investigated in dichalcogenide
monolayers.”® Topological surface conductivity has been discovered in bismuth chalcogenides
and MoTe,.” !! Ultralow thermal conductivity was discovered in turbostratically disordered
structures.!? Both charge density wave phenomena and magnetic ground states have been found
to differ in monolayers versus thicker layers.!3~!® These and other emergent properties of
monolayer materials often vary depending on the substrate, an effect that itself is a newly studied
17-20

phenomenon. There have been many excellent reviews of this research area.
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The sensitivity of monolayer properties with respect to substrates prompted researchers to
investigate the correlation between nanoarchitecture and properties of designed stacks of
different 2D layers.?!"2* Geim initially proposed an analogy between monolayers and Legos,
where the properties of the monolayers were conserved in heterostructures. The interactions
between neighboring layers have been found, however, to be powerful tools to induce new
properties and to engineer 2D materials for specific applications by tuning existing
properties.?*?° This is a rapidly growing research area, and there are many papers predicting
emergent properties and quantum states and how properties vary with the nanoarchitecture of the
heterostructure. New experimental tools to either synthesize or cleave and stack layers of
different materials in designed specific sequences has resulted in experimentally testing many of
these predictions.?®?” Modifying the nanoarchitecture of 2D heterostructures via the number
and/or sequence of layers provides additional experimental parameters that can be used to induce
specific properties.?*28-29

As an example of the rapid pace of this field and the impact of layers adjacent to
monolayers, VSez has been the focus of numerous theoretical calculations and experimental
investigations since it was predicted that monolayers of VSe> would be ferromagnetic.>*3¢ Bulk
VSe:» is metallic, and shows a charge density wave (CDW) transition as temperature is
decreased.’’? The literature contains papers providing evidence that VSe, monolayers are
ferromagnetic,* but also a number of papers that disagree with this prediction.*!*? One
consensus is that the sensitivity of VSe, monolayers to oxidation makes sample preparation and
measurement more challenging. One approach to prevent oxidation of VSez monolayers is to
encapsulate the monolayer with inert layers and or to prepare heterostructures containing
monolayers of VSe, with non-magnetic and insulating constituents. The CDW transition changes
as VSe: is paired with different constituent layers in heterostructures and as the constituent layer
thicknesses are varied. The variation of the properties of VSez> monolayers as the identity of the
adjacent layers is varied from SnSe, to PbSe, to BiSe clearly demonstrates the impact of the
interaction between 2D layers in heterostructures on properties.*!:4344

This paper probes the complex interlayer interaction between VSez and PbSe in
(PbSe)1(VSe»)1(PbSe)(VSe2)1 heterostructures, measuring the change in transport properties as
interlayer distance and nanoarchitecture is varied. This system was chosen because the misfit

compound (PbSe)1(VSe2): is thermodynamically stable relative to a bulk mixture of PbSe and
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VSe:. This implies that the interaction between PbSe and VSe: constituents is stronger than a
typical van der Waals interaction. (PbSe)1(VSe2)1(PbSe)..(VSe2): heterostructures have either
symmetric (m = 1) or asymmetric (m > 2) environments relative to the VSe; monolayers. The
asymmetric environments remove the mirror plane at the vanadium plane in the crystal
structures. The (PbSe)1(VSe2)1(PbSe)(VSe2)1 heterostructures where m = 1, 2, and 3 were
synthesized from designed precursors using the modulated elemental reactant approach,
structurally characterized using XRD and cross section STEM, and electrical transport properties
(resistivity and Hall) were measured. Systematic changes in the CDW transition as a function of

m illustrate the ability of adjacent layers to tune properties.

7.2. Experimental Methods

Precursors containing a sequence of elemental layers were designed to form
(PbSe)1(VSe2)1(PbSe)n(VSe2)1, where 1 <m < 3. The precursors were prepared in a custom-built
vacuum deposition chamber* and pressures were kept below 5 x 1077 torr during deposition.
Samples were prepared by sequentially evaporating Pb (99.8% Alfa Aesar), V (99.995% Alfa
Aesar), and Se (99.99% Alfa Aesar) in the sequence V|Se|(Pb|Se).|V|Se|Pb|Se (m = 1-3). Pb and
V were deposited using 6 keV electron beam guns while Se was deposited using a Knudsen
effusion cell. The deposition rates were controlled by quartz crystal monitors that monitor the
mass of each element deposited. Target rates were 0.6 A/s for V, 0.4 A/s for Pb and 0.9 A/s for
Se. The amount of each element, the order of the deposited layers in each sequence, and the total
number of times the layer sequence is repeated were controlled by a custom LabView program.
The program controls pneumatic shutters that open and close based on the amount of material
deposited on the quartz crystal monitor, using either integrated thickness or the product of the
deposition rate and time. This procedure is described elsewhere.*® The samples were deposited
on (100) silicon wafers for structural characterization and on masked, polished quartz substrates
for electrical measurements. The sequence of elemental layers was deposited until a total
thickness of approximately 30 nm was reached. The precursors were annealed for 45-60 minutes
at temperatures between 100°C — 400°C in an inert atmosphere, with oxygen concentration < 1
ppm. The precursors were examined using a variety of techniques, both as-deposited and after
annealing at different temperatures, to determine their compositions and structures. The amount

of each element deposited was determined by X-ray fluorescence (XRF) using a Rigaku Primus
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I ZSX spectrometer. The XRF data analysis method of Hamann et. al, was used to convert
intensity to the amount of each element per unit area.*’” The background intensities from the
substrates were subtracted from the total intensity. Out-of-plane specular x-ray diffraction (XRD)
and x-ray reflectivity (XRR) were collected on a Bruker D8 Discover diffractometer with Cu Ko
radiation (A = 0.15418 nm) and Bragg-Brentano 6-20 optics geometry. Specular diffraction
shows the evolution of the superlattice and was used to determine the c-axis parameter and d-
spacing of (PbSe)1(VSe2)1(PbSe)(VSe2)1. XRR data was used to determine film uniformity and
thickness. Bragg’s law corrected for refraction was used to calculate thickness and the Parratt
equation was used to determine thickness uniformity. In-plane XRD was taken on a Rigaku
SmartLab Diffractometer, also equipped with Cu Ko radiation, to determine the basal plane
structure and follow the evolution of the substituents. Le Bail fitting of the diffraction scans was
used to determine lattice parameters using GSAS II software. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images were collected by a FEI
Titan™ G2 80-200 STEM with a Cs probe corrector, operated at 200 kV, using an annular
detector with a collection range of 60-160 mrad. STEM samples were prepared by focused ion
beam technique. Temperature dependent electrical resistivity and Hall measurements were

determined using the Van der Pauw technique* in a temperature range of 1.8 — 300 K.

7.3. Results and Discussion

Precursors for each of the compounds (PbSe)1(VSe2)1(PbSe)(VSez)1 with m =1-3 were
prepared by depositing specific sequences of elemental layers, using the method of modulated
elemental reactants. The number of atoms of each element in the Pb|Se and V|Se layers was
controlled to match the number required to form single unit cells of PbSe and VSe,, respectively.
As described previously,* the target number of atoms deposited for each layer in each precursor
was calculated from the crystal structure of the respective constituents. Based on Cordova's
previous results, we assumed each V|Se bilayer would form a single plane of VSe> where the
(001) planes were crystallographically aligned to the substrate and that each Pb|Se bilayer will
form a bilayer of PbSe with the square basal plane (002) aligned with the substrate.** The
elemental layers were deposited in the order of V|Se|[Pb|Se]m|V|Se|Pb|Se to increase the
crystallographic alignment of the PbSe layers.* The prepared precursors were characterized

using XRF, XRR, and XRD. The information obtained is summarized in Table 7.1. The amount
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of each element deposited in the repeating layer of each precursor was measured using XRF. A
previously published calibration method was used to convert the XRF counts for each element

into the number of atoms per unit area.*’

Table 7.1. As-deposited structural and compositional data for the precursors.

Number of
Total
Deposited | Modulation
m Deposited atoms/A>*repeat unit Precursor
Repeat Length (A)
Thickness (A) .
Units
(PbSe)1(VSe2)1(PbSe)(VSe2) Pb v Se
1 0.226(2) | 0.201(4) | 0.59(2) 310.6(4) 25 12.4(4)
2 0.314(3) | 0.216(4) | 0.74(2) 481.5(8) 16 31.6(4)
3 0.427(4) | 0.201(4) | 0.83(3) 382.1(4) 10 38.44)

XRR patterns were collected on each precursors before annealing (Figure 7.1). The XRR
patterns of the precursors all contain Kiessig fringes from the incomplete destructive
interference of the finite number of layer sequences in each precursor and Bragg reflections from
the constructive interference between the layer sequences. The number of minima between the
Bragg reflections is equal to the number of repeat units deposited minus one. The Bragg maxima
can be indexed by a single integer, yielding the thicknesses of the repeating precursor sequence
(modulation length) using Braggs law corrected for refraction. The inset figure shows the
precursor modulation lengths determined from these scans plotted versus m. The thickness of the
deposited Pb|Se|V|Se|(Pb|Se).|V|Se sequence increases linearly as m is increased. The angle
where the Kiessig fringes can no longer be observed was related to the roughness of the layers in
the film using Parratt's relationship,’® which indicated that the roughness in the films was 0.2-0.3
A. The XRR patterns are consistent with the nanoarchitectures of the targeted precursors, chosen
to mimic the structure of the desired products.

We investigated the changes in structure of a (PbSe)1(VSe2)i1(PbSe)2(VSez)1 (m=2)
precursor as a function of annealing temperatures using XRD (see Figure 7.2) in order to
optimize the conditions required to self-assemble the targeted heterostructures from the
precursors. The as-deposited diffraction pattern contains contributions from two different sources

as indicated by different reflection linewidths. Sharper low angle reflections arise from the
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artificial modulation of the layered precursor, yielding a value of 30.6(4) A for the modulation
length in the as-deposited precursor. Broad high order reflections (13-40° 20) indicate long range
order in the film, presumably due to the crystalline formation of the targeted heterostructure
during the deposition. These higher angle reflections yield a value of 30.83(3) A for the c-axis

lattice parameter in the as-deposited precursor. As annealing temperature is increased to 300°C,

-~

25027y =6.0(4)x + 19.1(8)
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Figure 7.1. XRR patterns of the precursors and the relationship between modulation length and m (inset), where

values are plotted along with its regression. Slope corresponds to the thickness of the Pb|Se precursor, and the y

intercept is the thickness of two V|Se layers and one Pb|Se layer.

the higher order peaks sharpen and increase in intensity and the low angle reflections shift to
align with higher order reflections as the crystalline heterostructure forms. The in plane (440)
diffraction (Figure 7.2B) also show increases in peak intensity and sharpness as annealing
temperature increases. The reflections in the in-plane pattern can be indexed to either a square or
hexagonal unit cell, and the resulting lattice parameters are consistent with the structures of PbSe
and VSe», respectively.** Optimal annealing time and temperature was chosen to obtain the
highest intensity and lowest FWHM of reflections in the specular and in plane diffraction
patterns.

The XRR and specular XRD patterns obtained on all samples after annealing with the
optimized annealing conditions are shown in Figure 7.3. The XRR patterns contain Bragg
reflections from the heterostructures formed and Kiessig/Laue fringes due to the finite number of

unit cells (Figure 7.3A). The reflections in the specular diffraction patterns (Figure 7.3B) can all
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Figure 7.2. (A) XRR (red) and specular XRD patterns (black) collected as a function of annealing temperature for

(PbSe)1(VSe2)1(PbSe)2(VSez)1, where samples were annealed for 1 hour and reflections can be indexed as (00/)
reflections. (B) In-plane XRD patterns collected on the same sample after each annealing temperature show only 20
reflections that can be indexed to square and hexagonal unit cells, that are consistent with reflections that would be
expected from PbSe and VSez.** Indices for reflections consistent with PbSe are shown in bold text, and indices for
reflections consistent with VSe:z are shown in regular text. Diffraction artifacts from the Si substrate are marked with

* symbols.

be indexed as 00/ reflections yielding c-axis lattice parameters of 12.243(7) A, 30.673(5) A, and
36.76(1) A for m = 1, 2, and 3, respectively, using Braggs Law. The c-axis lattice parameter of
each compound is smaller than the modulation length of the as-deposited precursor due to the
higher density of the compound relative to the precursor and the loss of excess selenium during
annealing.

Atomic imaging was obtained through HAADF-STEM, providing crystal structure information
that could be used to calculate atomic positions within the unit cell. The zone axis images
(Figure 7.4A) show a rock salt structure for the PbSe layer, and octahedral VSe, layers. The
varied crystallographic orientations of the PbSe and VSe; layers are the result of turbostratic
disorder found in ferecrystalline compounds.>! A line imaging software was used to measure the
intensity of light in HAADF-STEM imaging, taken across vertical planes in the subset image of
Figure 7.4B. The aggregate values were scaled to match the dimensions of the image and then fit

to gaussian peaks, where the maxima indicate the position of the atom. The energy-dispersive x-
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Figure 7.3. (A) XRR shows film uniformity of m= 1-3 samples annealed at their respective optimal annealing
conditions. (B) Specular x-ray diffraction shows Bragg reflections from an ordered superlattice of m= 1-3 samples

annealed to their optimal annealing conditions.

ray spectroscopy map shown in Figure 7.5 is consistent with the targeted structure
containing PbSe and VSe; layers. Two selenium peaks flank each vanadium atom, consistent
with the formation of a Se-V-Se trilayer found in VSe,. Lead peaks are paired with selenium
peaks in the isolated bilayer, and are located at the same distance, which is consistent with the
formation of a PbSe bilayer with a rock salt structure. The selenium peaks are more obscured in
the double layer of PbSe in the (PbSe):1(VSe2)1(PbSe)2(VSe:z)1 heterostructure. Puckering for
PbSe cannot be confirmed due to sample size and noise in the EDS map.

Temperature dependent resistivity data was collected for each sample after annealing at
its optimal conditions (Figure 7.6). The magnitude of the resistivities, ~ 10 ohm cm, is in the
lower range observed for transition metals, but is consistent with previous reports of
[(PbSe)i+5](VSe2)n and [(PbSe)i+5]m(VSe2) samples.>>>3 The magnitude of the room temperature
resistivity increases systematically as m is increased. This increase is expected as the percentage
of the film that is semiconducting PbSe is increased.!%*>* However, the magnitude difference
between the m = 1 and m = 2 sample is much smaller than between the m =2 and m = 3 sample.
In all three samples the resistivity gradually decreases with temperature, until a charge density
transition occurs, which sharply increases the resistivity. The CDW transition temperature is
determined using a cubic spline interpolation of the data to find the exact temperature at which
the slope changes from negative to positive. In the m = 1 sample the transition occurs around 138

K, with a steep increase in resistivity until it begins to plateau at ~10 K. The resistivity remains
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Figure 7.4. (A) HAADF-STEM image of the (PbSe)1(VSe2)1(PbSe)2(VSe2): heterostructure after annealing at its
optimal conditions shows that the film consists of alternating layers of PbSe and VSe> with the targeted
nanoarchitecture. (B) Linear profile from a rectangular section of the STEM image shows approximate z atomic

plane positions in a repeat unit.
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Figure 7.6. Temperature dependent resistivity data collected on samples m = 1 (green pattern, labeled 1-1), m =2

(pink pattern, labeled 1-1-2-1), and m = 3 (blue pattern, labeled 1-1-3-1).

constant within error below 4 K. In the m = 2 and m = 3 samples the transition occurs near 156 K
and 189 K, respectively. For both samples, the resistivity then increases continuously until the
lowest measured temperature is reached. The linear decrease in resistivity as temperature is
decreased above the CDW transition is consistent with the metallic behavior expected for the

VSe> monolayers, which are expected to dominate the in-plane transport behavior if the PbSe
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layers are semiconducting, as previously reported in [(SnSe)i +5]m(NbSe2), [(PbSe)i+5](VSe2)n,
and [(PbSe) +5]m(VSe:) systems.>>3 According to the model presented by Geim of 2D van der
Waals heterostructures that are assembled like stacks of LEGOs,?! the simplest picture would
envision that in-plane transport properties are a composite of the properties of each individual
constituent. In this case, in-plane transport would be a combination of the behavior in a small
bandgap semiconductor with low carrier concentration (PbSe) and a metallic layer (VSe»). If this
simple picture fits, the room temperature in-plane resistance for all three samples should scale
systematically with the number of PbSe layers in each repeat unit. As shown in Figure 7.7,
however, there is some deviation from this simple non-interaction picture in the samples studied
here as well as in previously published (PbSe)(VSe2), compounds.'®** Although most of the
samples appear to follow a linear trend, the m = 3 sample from this study is a significant outlier.
Some or all of this deviation could result from non-stoichiometries, as shown by Flambigl and
co-authors.>® Additionally, this study is the first investigation of samples designed to place the
VSe:; monolayer in an asymmetric environment, breaking the mirror plane symmetry across the
V atomic plane found in the previously reported homologous series. The increased deviation

from the expected trend as a function of asymmetry indicates that the interfacial interactions and
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Figure 7.7. Room temperature resistivity values plotted versus the number of PbSe layer per repeat unit (RU) in the
samples studied here (orange diamonds), a series of (VSe2)1[(PbSe)1+5]» samples studied previously (blue circles),*

and a series of (VSe2)«(PbSe)1+s samples studied previously (green triangles).'®
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distances between VSe layers play an important role in the electronic transport mechanism of
these samples. This conclusion is supported by previous reports that demonstrate how changing
interfacial interactions can affect charge transfer between layers and impact mobility.'®

Hall data was collected on the samples to gain further information about their transport
properties, and the temperature dependent carrier concentrations for the three samples studied
here are shown in Figure 7.8 A. The Hall coefficient was found to be negative for all samples,
indicating electrons as the majority carrier, consistent with the sign of the Hall coefficient
reported for bulk VSe». In a previous study of a series of [(PbSe)i+5]m(VSe2)1 samples with (m =
1, 2, 3, 4), the Hall coefficient was reported to be positive for all samples, indicating holes as the
majority carrier.** We confirmed that we have a negative Hall coefficient in the samples
measured, leading us to suspect a sign mistake in the previously published paper. Carrier
concentrations were calculated from the Hall measurements using a single-band model
approximation. It has been shown previously that this approximation is an over-simplification of
the transport in even binary VSe»,’” and we expect the transport in these heterostructures to be
even more complicated. However, approximations of carrier concentration using the single band
model can still be a useful tool to analyze trends in the changes of electronic transport in this
series of samples. The m = 1 sample (50% VSe») has the highest carrier concentration, followed
by the m = 2 sample (40% VSe»), followed by the m = 3 sample (~33% VSe>). The trend of
decreasing carrier concentration with decreasing VSe percentage fits the simple non-interaction
model discussed above. However, previous reports agree that PbSe at least somewhat contributes
to the conduction, which complicates things.!-58

There are distinct differences in the temperature dependance of the Hall data for the three
samples studied here, illustrating the complexity of the transport properties in this system. The
temperature dependance of the carrier concentration for the m = 1 sample is similar to what has
been reported previously for (PbSe)1(VSe2): in a study of (PbSe)..(VSe2): samples with
increasing m,** where the carrier concentration gradually increases as temperature is decreased
until the transition temperature is reached, at which point there is a sharp drop in carriers that
plateaus at the lowest measured temperatures. Interestingly, in an older study of (PbSe)i(VSe»)s,
samples with increasing n,'® the n = 1 sample exhibited different behavior. Hite and coauthors
report that the carrier concentration in the n = 1 sample remains nearly constant until the

transition temperature is reached, at which point the Hall coefficient increases by a factor of
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about 8.'° Interestingly, the temperature dependance of the m = 3 sample studied here — which
has the highest level of asymmetry — mimics this symmetric » = 1 sample previously reported by
Hite and coauthors. This difference in behavior between previous studies and the samples studied
here further highlights the sensitivity of the complex electronic transport in this system to non-
stoichiometries and structural defects.

Deviations from the expected temperature dependance can be used to hypothesize the
physical origin of the observed behavior. In normal metal and semiconductor behavior, a small
decrease in carrier concentration and small increase in mobility is expected with decreasing
temperature. However, this behavior relies on the assumption that the lattice and band structure
remain constant. When this “normal” behavior is not obeyed, these assumptions cannot be true.
In the m = 1 and m = 2 samples studied here, the increase in carrier concentration as a function of
decreasing temperature is most likely due to a structural change that causes the conduction band
to bend, decreasing the bandgap. The corresponding decrease in mobility (Figure 7.8B) implies

that this structural change increases the interaction between electrons and their cores. At the
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Figure 7.8. (A) Temperature dependent carrier concentrations for the three samples studied here. The CDW
transition temperature for each sample determined from the resistivity data is shown as a vertical line with colors
corresponding to the color of the data points for each sample. (B) Temperature dependent single conducting band
mobilities calculated from u=Ru/p, where p is the mobility, Ru is the Hall coefficient, and p is the resistivity. Data
for the m = 1 sample is shown in green and labeled 1-1. Data for the m = 2 sample is shown in pink and labeled 1-1-

2-1. Data for the m = 3 sample is shown in blue and labeled 1-1-3-1.
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CDW onset temperatures the carrier concentrations then decrease significantly. If this
temperature marks the end of the structural changes that are occurring, the normal “freezing out”
process of carriers would continue on as expected, as the carrier concentration then decreases

with temperature.

7.4. Conclusions

In this study, we synthesized and characterized a series of novel
(PbSe):(VSe2):1(PbSe).(VSez): compounds with m = 1-3 to investigate how properties are
affected by interfacial interactions and asymmetry. Structural characterization (XRR, XRD,
HAADF-STEM, EDS) confirmed the formation of layered heterostructures with the intended
nanoarchitectures. Electronic transport measurements show that the transition temperature of a
CDW in these heterostructures increases with increasing m. This suggests that interlayer
interactions and stacking asymmetry play a role in determining the transition temperature, which
agrees with previous studies. Some unique deviation from expected transport trends indicates
that electronic behavior is highly sensitive to local structure and composition. The resistivity and
Hall data deviate from simple models that suggest the properties of a material should be a
composite of the properties of the individual constituents. These deviations underscore the
significant role of interlayer electronic coupling in determining the overall transport behavior.
Notably, asymmetry introduced by increasing m disrupts mirror-plane symmetry across the V
atomic plane and enhances deviation from expected trends, highlighting the sensitivity of
transport behavior to subtle structural modifications. Carrier concentration and mobility data
further support this picture. Low-m samples show an increase in carrier concentration with
decreasing temperature, which is consistent with a structural change that modifies the band
structure. The mobility decreases at the same temperatures, suggesting increased electron—lattice
interactions. At the CDW onset, carrier concentration begins to decrease, consistent with the
“freezing out” of carriers at lower temperatures. In contrast, the m = 3 sample demonstrates a
different temperature dependance, potentially due to increased asymmetry and isolation of VSe
layers, which changes the interfacial interactions and charge transfer. These results show that
tuning the layering sequence and symmetry in heterostructures can be used to manipulate

collective electronic behavior. This work highlights the utility of synthetic design in engineering
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interlayer interactions and provides a path forward for tailoring electronic transport properties in

layered heterostructures.

7.5. Bridge

Chapter VII details the synthesis of a series of novel heterostructures made possible by
precise control of precursor design, enabling access to a structure unattainable by conventional
techniques. Chapter VIII builds on this by presenting the synthesis of a second novel
heterostructure, (MoSe»)1(ZnSe),, which stabilizes a previously unreported phase of ZnSe. This
achievement is made possible by fine-tuned control over experimental parameters and by the

mechanistic insights into solid-state reactions developed throughout the preceding chapters.
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Chapter VIII
Interfacial Stabilization of a New ZnSe Phase in (MoSe2)1(ZnSe)a

Heterostructures

8.0. Authorship Statement

This chapter will be submitted for publication in Nature Materials. 1 am the primary
author. Henry Hutley helped with data collection and analysis. Sven P. Rudin performed DFT
calculations. Ping Lu collected HAADF-STEM and EDS data. David C. Johnson acted as my

supervisor and assisted with interpreting data and writing and editing the manuscript.

8.1. Introduction

Following the discovery of graphene,! two-dimensional (2D) materials have been the
subject of extensive investigation. It is now a well-known phenomenon that reducing a materials
dimensionality from its bulk form to a monolayer can result in pronounced changes to its
physical properties. Some properties that emerge at the monolayer limit have significant
technological significance, particularly in the context of ongoing efforts to miniaturize electronic
and optoelectronic devices.? Transition metal dichalcogenides (TMDs) are one particularly
notable class of materials that have significant potential applications in next-generation
technology, especially when decreased to the monolayer limit. TMDs have promising potential
in logic applications,® photodetectors and photovoltaics,” memory devices,® and spintronics,’ to
name a few. TMDs have a MX> formula and an X-M-X sandwich structure where M is a
transition metal and X is a chalcogen (S, Se, or Te). TMDs are layered compounds, with all
bonds terminating within each layer and only van der Waals interactions between the layers.!°
The 2D layered structure of TMDs makes them ideal candidates for studying emergent properties
at the monolayer limit. A classic example is the indirect to direct bandgap transition when MoS>
is decreased from the bulk to a monolayer. The direct-gap behavior of monolayer MoS> makes it
very promising for applications in transistors, LEDs, and photoresistors.'!"!? Understanding how
the structure and properties of a wider range of materials evolve with decreasing thickness is
essential, as these changes directly impact the performance and design of next-generation
devices.
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One powerful avenue for harnessing the unique properties of monolayers is through the
growth of designed heterostructures. In heterostructures, individual constituents with specific
properties can be layered in specific ways — even down to a monolayer — to tune the overall
properties of the resultant material. By modulating the nanoarchitecture (layer thickness,
sequence, and constituents) of a material, the physical properties (electronic, optical, and
mechanical) can be tuned.!31® Misfit layer compounds (MLCs) are a distinct class of
heterostructures that offer significant potential for tailoring physical properties through structural
and compositional modulation.!”!8 MLCs have a [(MX)1+5]m[TX2]» structure where M = a metal
(often Sn, Pb, Bi, or a rare earth), T = a transition metal (, and X = a chalcogen (S, Se, Te); m
and n are integers representing the number of MX or TX; layers; and d is the “misfit parameter”
(usually ranging from 0.07 to 0.28'%), which describes the lattice mismatch between the two
incommensurate MX and TX systems. MLCs have been used to isolate structures that are
unstable in the bulk and to study the “substituent effects” of adjacent layers that can be used to
target the growth of otherwise unstable phases with unique properties.?*-?> The Bi-Se system
serves as a compelling example of how adjacent layers within a heterostructure can influence and
direct the nucleation and growth of target phases. Although BiSe is unstable as a bulk phase, it’s
growth has been stabilized in MLCs via charge donation to an adjacent electron accepting
layer.?>** In an example reported by Choffel et al, the charge donation from BiSe to an adjacent
MoSe; stabilized the formation of a high percentage of metallic 1T-MoSe: over the
thermodynamically stable semiconducting 2H-MoSe;.2° These results indicate that for some
materials that can’t be reduced to a monolayer using other methods, growth inside a
heterostructure may be a potential avenue to study some materials at the monolayer limit.

In this study we report the synthesis and structural characterization of a unique
(MoSe2)1[(ZnSe)1+5]n heterostructure using the method of modulated elemental reactants (MER).
MoSe: is a widely studied group VI TMD semiconductor, with extensive characterization of its
structural, electronic, and optical properties across bulk, monolayer, and heterostructured
forms.?6-%° However, monolayer ZnSe has not been reported, as part of a heterostructure or
otherwise. We show that the growth of a heterostructure in this system is very sensitive to the
composition of the deposited precursors. The n = 1 heterostructure forms well from specific
precursor compositions; however, slight variations in local stoichiometry lead to phase

segregation upon annealing, resulting in the formation of the binary compounds MoSe> and
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ZnSe. In precursors designed to grow n =2 and n = 4 heterostructures, the samples remain
elementally layered without growing a well-ordered heterostructure at the annealing
temperatures investigated. Using diffraction, scanning transmission electron microscopy, energy
dispersive x-ray spectroscopy, and Rietveld refinement data, we show that monolayers of ZnSe
can be stabilized in a heterostructure; and that when confined between the van der Waals planes
of adjacent MoSe; layers, a monolayer of ZnSe adopts a previously unreported structure. These
results suggest that confined volumes within heterostructures can be harnessed to study the

unique structure and properties of a wide range of materials at the monolayer limit.

8.2. Results and Discussion

A series of six samples was deposited to determine how elemental layer thickness can be
used to kinetically control the reactions between Mo and Zn with Se in layered ternary thin-
films. The samples were deposited with a repeating Mo|Se|(Zn|Se). sequence designed to grow
(MoSe2)1(ZnSe)n heterostructure with n = 1, 2, and 4. X-ray fluorescence (XRF), x-ray
reflectivity (XRR), and x-ray diffraction (XRD) data were collected on each precursor directly
after deposition. The sample IDs, deposited layering sequences, number of deposited repeating
units (RUs), number of atoms/A? in each RU, total sample thicknesses, RU thicknesses, and
surface roughness for each sample are summarized in Table 8.1.
Table 8.1. A summary of the deposition information and measured compositions and thicknesses of the as-deposited
samples. The number of Mo, Zn, and Se atoms were determined from x-ray fluorescence data. The total sample
thickness was determined using the 26 position of Kiessig fringe maxima in the x-ray reflectivity pattern and Braggs
law modified to account for refraction. The average thickness of the deposited repeating unit (RU) was calculated by

dividing the total sample thickness by the number of repeating units deposited. The error in each reported value is

given in parentheses after the last significant digit.

RU Thickness
Average .
Number of . from Position
Sample Repeating ) Mo per RU | Zn per RU | Se per RU | Average Total | Thickness of] )
Deposited RU ) . of First Order
Name Sequence (atoms/A?) | (atoms/A?) | (atoms/A?) | Thickness (A) | Deposited
(n) Bragg
RU (A) :
Reflection (A)
2A | (Mo|Se)1(Zn|Se): 24 0.0928(9) | 0.162(3) | 0.517(8) 370.7(5) 15.45(2) 14.9(6)
2B | (Mol|Se)1(Zn|Se), 16 0.0929(9) | 0.312(6) | 0.71(1) 349.2(2) 21.83(1) 21(1)
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2C | (Mo|Se)i(Zn|Se)s 10 0.100(1) | 0.57(1) | 1.10Q2) 346.9(4) 34.69(4) 34(2)

3A | (Mo|Se)i(Zn|Se); 24 0.108(1) | 0.229(5) | 0.366(5) | 337.7(3) 14.07(1) 13.5(6)
3B | (Mo|Se)i(Zn|Se), 16 0.109(1) | 0.440(9) | 0.5188) | 328.0(6) 20.50(4) 20(1)
3C | (Mo|Se)i(Zn[Se)s 10 0.104(1) | 0.832) | 0.79(1) 314.6(7) 31.46(7) 31(2)

X-ray fluorescence (XRF) data collected after deposition were used to determine the
absolute number of Mo, Zn, and Se atoms/A? in each precursor. The data is shown graphically in
Figure 8.1. The x- and y-axes of Figure 8.1 show the number of atoms/A? of Zn and Mo,
respectively, as measured via XRF. The red horizontal line shows the target number of Mo
atoms/A? required to grow a monolayer of MoSe, per RU. Because only a monolayer of MoSe
is targeted in each sample, the target number of Mo atoms remains constant. The vertical lines
show the target numbers of Zn atoms/A? required in each RU to grow each of three different unit
cell types for ZnSe — yellow for bulk-type cubic ZnSe, indigo for bulk-type hexagonal ZnSe, and
turquoise for ZnSe with the experimentally determined unit cell type and lattice parameters
discussed in detail below. The target amounts of Zn atoms/A? required in each RU increase with
increasing n. Each set of vertical lines for each associated »n value (shown above the graph) are
shaded in grey. The circular data points in Figure 8.1 show the number of atoms/A? in each
deposited precursor, as determined from XRF data collected on each sample directly after
deposition. The data show that samples 3A and 3B have more Mo than necessary in each RU to
grow a monolayer of MoSe: and the amount of Zn in each RU is slightly more than that needed
to grow cubic ZnSe and slightly less than that needed to grow either type of hexagonal ZnSe.
Sample 3C has enough Mo in each RU to grow a monolayer of MoSe> but it is deficient in Zn
with respect to all three ZnSe unit cell types. Samples 2A, 2B, and 2C are significantly deficient
in Mo, but 2A and 2B have more Zn than necessary to grow any ZnSe unit cell type. Sample 2C
has enough Zn to grow any ZnSe unit cell type.

XRR, specular XRD, and grazing incidence in-plane XRD scans collected for each of the
six precursors directly after deposition are shown in Figure 8.2. The XRR patterns (Figure 8.2A)
contain Kiessig/Laue oscillations and Bragg reflections from the repeating electron density
gradient of the deposited elemental layers (hereafter referred to as “layering reflections”). The

Keissig oscillations are well resolved above 8° 20 for all six samples, indicating that they have
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Figure 8.1. X-ray fluorescence data collected directly after deposition for both metals (Mo and Zn) in the 6
precursors. The red horizontal line shows the number of Mo [atoms/A?]/repeating unit (RU) necessary to grow a
monolayer of MoSez. The vertical lines shows the number of Zn [atoms/A?]/RU necessary to grow a monolayer of
cubic ZnSe (yellow), wurtzite ZnSe (indigo), and the experimentally determined P-3m1 type ZnSe (turquoise). The
green circles show the amounts of each metal in each RU in the set 2 samples. The purple circles show the amounts

of each metal in each RU in the set 3 samples.

very smooth surfaces. The total sample thicknesses calculated from the positions of the Kiessig
oscillations and Braggs law modified to include refraction are shown in Table 8.1. The average
repeating unit thicknesses shown in Table 8.1 calculated by dividing the total sample thickness
by the number of deposited repeating units and by using the 20 position of the first order Bragg
reflections agree with each other within error. The repeating unit thickness values of the as-
deposited samples are consistent with the expected thickness of Mo-Se and Zn-Se layers
containing enough atoms to grow MoSe> and ZnSe, respectively, with ~10% excess Se. The
presence of low-angle Bragg reflections indicates that the elemental layers do not mix during the
deposition and the resulting samples are heterogenous and layered. The specular XRD patterns
(Figure 8.2B) contain layering reflections below 20° 26 and broad, low-intensity reflections
above 20° 20 from small grains of either the heterostructure or the individual constituents

(MoSe: or ZnSe) that nucleated and grew during the deposition (depending on the sample). All
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six precursor samples contain some intensity near 27° 26, in the expected position for the (111)
reflection of bulk ZnSe.!”” Sample 3A contains an additional broad, low-intensity reflection near
20° 20. The two low-intensity reflections in sample 3A can be indexed to a unit cell with a c-axis
lattice parameter of 13.5(1) A. The expected 20 positions of all 00/ Bragg reflections for a unit
cell with this d-spacing are shown (including error) as orange bars in Figure 8.2B above the
pattern for sample 3A. The two layering reflections align with these expected Bragg reflection
positions because the precursors are designed to mimic the nanoarchitecture of the desired
crystalline heterostructure, so the deposited repeating elemental layers are the same thickness as
one unit cell of the desired crystalline heterostructure. The grazing incidence in-plane XRD
patterns (Figure 8.2C) contain reflections from the d-spacing of atomic planes perpendicular to
the substrate. Samples 2A, 2B, and 3B contain only broad, low-intensity reflections from diffuse
scattering or very small crystallites. Sample 3A contains one set of low intensity reflections near
the expected positions for a hexagonal unit cell with a d-spacing of ~3.3 A, as expected for
MoSe: (the reflections near 30° and 55° 20). The other two low-intensity reflections (near 25°
and 45° 20) can be indexed to a hexagonal unit cell with a d-spacing of ~4 A, which is near the
expected a-axis lattice parameter for the wurtzite form of bulk ZnSe. Samples 2C and 3C both
have a set of more intense reflections in the expected positions for 111 and 220 reflections for
the cubic form of bulk ZnSe (~27° and 45° 20, respectively), as well as a low-intensity reflection
near the expected position for the 113 reflection (~53° 20).393¢ As- deposited data suggest that
sample 3A has the highest probability of heterostructure formation; therefore, it was selected for
a stepwise annealing study to monitor structural evolution as a function of temperature.
XRF, XRR, and XRD data were collected after each annealing step. The XRF data show that the
number of Zn and Mo atoms/A? remain constant within error throughout the study and the
number of Se atoms/A? decreases with annealing. A graph of the change in the total Se/metal
ratio as a function of annealing is shown in Figure 8.3. The total Se/metal ratio starts to decrease
after annealing at 250 °C and reaches a ratio of 1.5 after annealing at 300 °C, which is the
expected ratio for a heterostructure consisting of MoSez and ZnSe. After annealing at 400 °C the
ratio drops below 1.5.

XRR and XRD data collected on sample 3A after each of a series of annealing steps are
shown in Figure 8.4. The XRR patterns contain a mixture of Kiessig and Laue oscillations. There

is no discernible phase shift between Kiessig and Laue oscillations, making them
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Figure 8.2. XRR and XRD patterns collected on all six precursors directly after deposition. Green patterns are for
samples designed to grow an n=1 structure. Red patterns are for samples designed to grow an n=2 structure. Blue
patterns are for samples designed to grow an n=4 structure. (A) X-ray reflectivity patterns contain Kiessig
oscillations and Bragg reflections from the average d-spacing of the deposited elemental layering sequence. (B)
Specular XRD patterns contain sharp Bragg reflections from elemental layering and broad, low-intensity reflections
from small crystallites and/or diffuse scattering. (C) In-plane XRD patterns contain broad, low-intensity reflections
from small grains of each individual constituent.
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Figure 8.3. A graph showing the change in total Se/metal atoms ratio as a function of annealing temperature, using

the numbers of atoms/A? of each element calculated from XRF data collected after each annealing step.

indistinguishable. The oscillation periodicity can be used to calculate the total sample thickness
using a version of Braggs law modified to include refraction. The calculated total sample
thickness changes by < 2% until annealing at 400 °C when the total sample thickness decreases
by ~20A, coinciding with a sharp loss of Se from the sample as measured via XRF. The Bragg
reflection shifts to higher angles after annealing at 200 °C, indicating crystallization of the
heterostructure and a reduction in d-spacing from the initially mostly amorphous, elementally
modulated structure. The Bragg reflection does not shift further at higher annealing temperatures.
A set of 001 Bragg reflections in the specular XRD patterns increase in intensity until annealing
at 400 °C when the intensities decrease slightly (Figure 8.4B). After annealing at 300 °C the
reflections can be indexed to a unit cell with a c-axis lattice parameter of 13.29(2) A. Using the
method reported by Miller et al,?” the periodicity of Laue oscillations extending from the 001
reflection after annealing at 300 °C can be modeled to determine the average number of
coherently diffracting unit cells. As shown in Figure S8.1, the Laue oscillations indicate that
there is an average of 22 unit cells in the coherently diffracting domain. The large 26 range of
Laue oscillations extending from the Bragg reflection indicate a very low deviation in this

average number of coherently diffracting unit cells. The total thickness of the diffracting domain
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Figure 8.4. XRR and XRD data collected on sample 3A after each of a series of annealing steps. The annealing
temperature is listed underneath the associated pattern. (A) XRR patterns contain Kiessig and Laue oscillations and
the first order Bragg reflection from the d-spacing of the elemental layering (in the as-deposited pattern) that turns
into the 001 Bragg reflection for the (MoSe2)1(ZnSe): heterostructure that crystallizes after annealing. (B) The as-
deposited specular XRD pattern contains Bragg reflections from both elemental layering (sharper reflections) and
the crystalline heterostructure (broader reflections). The annealed specular XRD patterns contain 00/ Bragg
reflections from crystallographically aligned layers of the crystalline heterostructure. The indices for each reflection
are listed above the associated reflection. (C) The grazing incidence in-plane XRD patterns contain two sets of
reflections that can be indexed to hexagonal unit cells for the two individual constituents of the heterostructure
(MoSe:z and ZnSe). The indices used to calculate the a-axis lattice parameters for each constituent are shown above
each associated reflection. The indices in bold text label the reflections from MoSe: and the indices in regular text

label the reflections from ZnSe.
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(calculated by multiplying the calculated unit cell c-axis lattice parameter by the number of unit
cells) is 292.4(4) A, which is ~40 A less than the total sample thickness calculated from Laue
oscillations. This thickness discrepancy indicates the presence of a secondary phase either above
or below the crystalline heterostructure domains. The Laue oscillations present between the
Bragg reflections become less well-resolved after annealing at 400 °C. The grazing incidence in-
plane XRD patterns contain reflections that continuously increase in intensity as a function of
annealing. Due to the rotational disorder between layers that is characteristic to MER samples,
the reflections present in in-plane diffraction patterns can be used to calculate the lattice
parameters in the a-b plane for each individual constituent in the heterostructure. The reflections
present after annealing can be indexed to two hexagonal unit cells with different a-axis lattice
parameters. The higher angle set of reflections can be indexed to a hexagonal unit cell with an a-
axis lattice parameter of 3.325(3) A, consistent with MoSe>.?® The indices for this set of
reflections are shown in bold text above the associated reflections in Figure 8.4C. The lower
angle set of reflections can be indexed to a hexagonal unit cell with an a-axis lattice parameter of
4.06(1) A, which is slightly larger than the expected a-axis lattice parameter for the bulk-type
hexagonal phase of ZnSe.***° The indices for this set of reflections are shown in regular text
above the associated reflections in Figure 8.4C. Both sets of reflections contain only hk0
reflections, indicating that both constituents grow with crystallographic alignment parallel to the
substrate. The continuous increase in intensity for all present reflections as annealing temperature
is increased indicates that crystalline grains continue to grow laterally even after growth
perpendicular to the substrate has stopped.

Figure 8.5 contains high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images that were collected on a cross-sectional lamella of sample
3A after annealing at 300 °C for 30 minutes to further structurally characterize the
heterostructure. Figure 8.5A shows the entire film thickness. MoSe: and ZnSe layers are readily
distinguishable in HAADF-STEM images due to the Z-contrast, where the higher atomic number
of Mo results in higher intensity, rendering MoSe; layers brighter than ZnSe layers. Additionally,
the Se atoms in the MoSe: layer appear brighter than those in the ZnSe layer because they have
twice the atomic density down the zone axis in MoSe;: than in ZnSe. The silicon substrate is
coated with a thin layer of amorphous native SiO», leading to structural disorder in the initial

layers of the heterostructure before local interfacial interactions and topological constraints
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promote the development of more ordered stacking further from the substrate. A secondary phase
approximately 40 A thick is evident at the surface of the film. The presence of this secondary
phase is supported by the discrepancy between the thickness derived from the coherently
diffracting domains that contribute to Laue oscillations, and the total film thickness determined
from the periodicity of Kiessig fringes in the XRR pattern. Figure 8.5A shows ~22 unit cells of
the (MoSe»)1(ZnSe); heterostructure, also in agreement with the derived size of the coherently
diffracting domain determined via Laue oscillation modeling mentioned in the previous
paragraph. Figure 8.5C shows an elemental line profile of a portion of the sample. The elemental
intensities graphed in Figure 8.5C are plotted as a function of distance perpendicular to the
substrate. The elemental line profile shows Se-Mo-Se layers alternating with what appears to be
a Se-Zn-Zn-Se layer. Only some Zn peaks have a high enough resolution to show a distinct split
peak that corresponds to a Zn double layer, so further investigation was required for accurate
structural characterization of the ZnSe layer.

To determine if the HAADF-STEM and STEM-EDS data is representative of the entire
sample and to confirm atomic positions, a one-dimensional Rietveld refinement was performed
using a model created from the approximate atomic plane positions determined from the
HAADF-STEM and STEM-EDS data. As shown in Figure 8.5D, the refinement provides a
reasonable fit to the experimental specular XRD pattern, even when plotted on a logarithmic
scale. The atomic spacings gleaned from the Rietveld refinement are shown in Figure 8.5D. The
refinement confirmed that there is a Zn double layer and that the Zn and Se atoms are in nearly
the same plane.

Figure 8.5B shows a higher magnification HAADF-STEM image with atomic resolution.
This image better shows the bonding arrangement of atoms and provides information about each
unit cell that is not present in the diffraction data. The rotational disorder between layers gives
rise to the presence of multiple zone axes from each individual constituent. The classic 110 zone
axis for hexagonal MoSe; is readily apparent, with the Se atoms on a diagonal across a single
plane of Mo atoms. The XRF data showing a 1:1 Zn:Se ratio, the a-axis lattice parameter
calculated from in-plane diffraction data, the atomic positions obtained through Rietveld
refinement, and the HAADF-STEM image are collectively used to determine the ZnSe unit cell
type and identify the corresponding zone axes. All of this data together indicates that the ZnSe

monolayer adopts a P-3m1 space group when confined between the van der Waals surfaces of
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Figure 8.5. HAADF-STEM images and STEM-EDS data collected on sample 3A after annealing at 300 °C for 30

minutes. (A) The entire film thickness, showing approximately 22 unit cells of (MoSe2)1(ZnSe): and approximately
30 A of a secondary phase on the top of the film. (B) A slightly higher magnification image contains zone axis from

layers of MoSe2 and ZnSe with interlayer rotational disorder.

adjacent MoSe; layers. The 100 and 110 zone axes for this unit cell type are seen throughout the
HAADF-STEM image, shown in Figure 8.5B. In this unique ZnSe phase all atoms are
tetrahedrally coordinated and there is hexagonal coordination in the a-b plane and rectangular
coordination in the c-axis direction, perpendicular to the substrate.

After determining the ideal annealing conditions from the annealing study of sample 3A,
the remaining precursors were annealed under the same conditions to investigate how precursor
nanoarchitecture and composition affects heterostructure formation and the final structure of

each constituent. Figure 8.6 shows XRR and XRD data collected after annealing all samples at
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300 °C for 30 minutes. Figures 8.6A and 8.6B show the data for both samples targeted to grow
the n = 1 heterostructure. XRR data (Figure 8.6A) indicate a slight reduction in surface
roughness of sample 3A after annealing (green patterns), evidenced by the extension of Kiessig
fringes to higher 20; and that the d-spacing from the low angle Bragg reflections decreases
slightly, as shown by a slightly shift to higher angle of the Bragg reflection. In contrast, the XRR
data for sample 2A (purple patterns) indicate a significant increase in surface roughness,
evidenced by the disappearance of Kiessig fringes down to ~2° 20; and that the elemental layers
completely mix after annealing, indicated by the disappearance of the Bragg reflection. The
specular XRD data (Figure 8.6B) show that the n = 1 heterostructure forms in sample 3A, but
sample 2A decomposes into the two binary compounds, ZnSe and MoSe;. Figures 8.6C and 8.6D
show the data for both samples targeted to grow the n = 2 heterostructure. XRR data (Figure
8.6C) show that in both samples, the d-spacing of the elemental layering increases after
annealing, with all Bragg reflections shifting to slightly lower angles. Both samples maintain
their surface smoothness after annealing, although sample 3B (orange patterns) gets slightly
smoother. Specular XRD data indicate that the n = 2 heterostructure does not form throughout
the sample, although regions of the sample may contain the crystalline heterostructure. The
increased intensity of the 111 reflection for cubic ZnSe apparent near 27° 26 indicates a slight
increase in the size and number of ZnSe grains growing outside of any heterostructures regions
that may be present. Figures 8.6E and 8.6F show the data for both samples targeted to grow the n
= 4 heterostructure. The XRR and specular XRD data closely resemble those from the n =2
samples, indicating an increase in elemental layering d-spacing, minimal (or no) heterostructure
growth, and an increase in the size and number of cubic ZnSe grains.

Grazing incidence in-plane XRD data provide deeper insight into the lateral structural
evolution with annealing of the samples (Figure 8.7). In all samples, the formation of hexagonal
MoSe: is evident, with the strongest reflections corresponding to the 100 and 110 planes. For
samples 2B, 2C, and 3C only MoSe: reflections can be indexed. The additional reflections in
these three samples cannot be consistently indexed to either cubic or hexagonal unit cells,
suggesting the presence of a disordered or mixed-phase ZnSe structure. This is consistent with
previously reported polytypism of ZnSe.**? The remaining reflections progressively approach
the positions expected for a cubic unit cell with an a-axis lattice parameter of 5.67 A — as

33,34

expected for bulk cubic ZnSe”>* — with increasing #, indicating that mixed phase regions
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Figure 8.6. X-ray reflectivity (XRR) and specular x-ray diffraction (XRD) data collected directly after deposition
(patterns labeled “As-deposited”) and after annealing at 300 °C for 30 minutes (patterns labeled “300 °C”) for all six
samples studied herein. (A, B) XRR and specular XRD patterns for samples targeted to grow n = 1 heterostructures
(2A, 3A). (C, D) XRR and specular XRD patterns for samples targeted to grow n = 2 heterostructures (2B, 3B). (E,
F) XRR and specular XRD patterns for samples targeted to grow n = 4 heterostructures (2C, 3C). Asterisks mark

substrate and stage reflections.
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Figure 8.7. Grazing incidence in-plane x-ray diffraction patterns collected on all six samples directly after

deposition (patterns labeled “As-deposited”) and after annealing at 300 °C for 30 minutes (patterns labeled “300
°C”). The indices used to calculate a-axis lattice parameters are shown above each associated reflection. Indices for
reflections associated with MoSe» are shown in bold text. Indices for reflections associated with ZnSe are shown in
regular text. (A) Patterns for samples targeted to grow the n = 1 heterostructure (2A, 3A). (B) Patterns for samples
targeted to grow the n = 2 heterostructure (2B, 3B). (C) Patterns for samples targeted to grow the n =4
heterostructure (2C, 3C).
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decrease and bulk growth behavior is approached as the ZnSe layer gets thicker. In contrast, the
non-MoSe; reflections observed in samples 2A, 3A, and 3B can be indexed to a hexagonal lattice
with an a-axis lattice parameter of ~4A, as expected for the wurtzite form of bulk ZnSe.*°
Interestingly, this hexagonal character persists in 3B but is not evident in 2B, suggesting that the
phase that nucleates is highly sensitive to a combination of local composition, local strain, and
interface-induced distortion. Notably, the reflections indexed to MoSez in the n = 4 samples are
significantly lower in intensity, indicating that the lateral domain size of MoSe: grains in these
samples are significantly reduced; potentially due to interference from larger ZnSe grains that

disrupt coherent in-plane growth of MoSe; grains.

8.3. Conclusions

These results reveal that heterostructure formation in the MoZnSe system is governed by
a delicate interplay between local composition, elemental layer thickness, and phase stability;
and that when confined to a monolayer between van der Waals planes, ZnSe adopts a previously
unreported phase. In the set 2 samples (2A, 2B, and 2C), the absence of sufficient Mo to form
layers of MoSe: allows binary ZnSe to nucleate and grow uncontrollably through the elemental
layering, disrupting heterostructure formation. As ZnSe layers grow thicker in these samples
(increasing n), the reflections in the XRD patterns progressively evolve toward those of a bulk-
like cubic phase, indicating reduced structural distortion. In contrast, the set 3 samples (3A, 3B,
and 3C) contain adequate Mo to support MoSe: formation, yet heterostructure growth still fails
in samples 3B and 3C. Notably, only sample 3A — despite being slightly Zn-deficient —
successfully yields the heterostructure. This suggests that precursors must fall within a narrow
compositional and structural window to allow ZnSe to adopt the necessary phase to be stable at
or near the monolayer limit, facilitating heterostructure formation. We propose that when the
ZnSe layer is limited to a monolayer in thickness, it can adopt a distorted structure stabilized by
confinement between the van der Waals planes of MoSe: layers. This confinement permits all Zn
and Se atoms to achieve tetrahedral coordination while minimizing unfavorable interactions and
completing coordination spheres. Once the ZnSe layer exceeds this monolayer thickness, as in
samples 3B and 3C, the confinement effect is lost, leading to the formation of a disordered or
mixed-phase ZnSe. This behavior aligns with ZnSe’s well-known polytypism, which is highly

sensitive to composition, local strain, and dimensionality.*!*?> These results suggest that even
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materials that are typically unstable as monolayers can be stabilized at the monolayer limit
through stabilizing confinement between van der Waals planes, potentially enabling the

emergence of novel phases.
8.4. Bridge

This chapter describes how a novel phase of ZnSe can be stabilized via interfacial
confinement in (MoSe;)1(ZnSe), heterostructures. The following chapter summarizes the overall

conclusions made from the work presented in this dissertation.
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CHAPTER IX

Conclusions and Summary

9.0. Authorship Statement
This chapter was written for this work only with no intention of publishing elsewhere. I
am the primary author of this chapter. David C. Johnson acted as my supervisor and assisted with

editing.

9.1. Conclusions and Summary

The design and synthesis of new materials capable of supporting continued device
miniaturization remain key challenges limiting technological advancement. This has led to a
rapid expansion of 2D materials research, driven by the intrinsic low dimensionality of 2D
materials which makes them ideal candidates for addressing the challenges of device
miniaturization. New emergent properties are frequently observed when materials are reduced to
the monolayer limit. One strategy to harness the emergent properties of 2D materials is to
integrate them into heterostructures composed of constituents with desirable properties, enabling
further control over the overall material properties. Additionally, interfacial interactions between
stacked 2D layers may further modify the physical properties, making layer sequence design a
powerful experimental parameter for tuning heterostructure behavior. However, controlling
which phases nucleate and grow in these complex systems requires a detailed understanding of
the early-stage mechanisms of solid-sate reactions — namely, diffusion and nucleation. Continued
development of experimental probes to investigate these fundamental solid-state reaction
mechanisms is essential for advancing our understanding of solid-state materials growth. These
insights are essential for leveraging heterostructure design and experimentally tunable variables
to enable the predictive synthesis of new materials with properties tailored for emerging
technologies.

This dissertation highlights the power of the modulated elemental reactant (MER)
method to grow novel heterostructures and utilize controllable experimental variables —
especially local compositions and deposited layer sequence and thickness — to investigate solid

state growth mechanisms. MER uses atomically thin elemental layers to minimize the typically
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rate-limiting influence of diffusion in solid state reactions. The deposited layer sequences and
thicknesses can be tuned to design precursors that mimic the nanoarchitecture of the desired
crystalline product, allowing low-temperature annealing to promote the growth of the targeted
phase(s). Because this method emphasizes kinetic control over thermodynamic equilibrium, it
can favor the formation of novel, often metastable phases that sit in local energy minima in the
3D free energy landscape that are inaccessible to synthetic techniques lacking such precise
control over precursor nanoarchitecture. In addition to deposited layer sequence, local
composition is another experimental variable that is tunable in MER. Our implementation of x-
ray fluorescence (XRF) technology enables precise quantification of the absolute number of
atoms per unit area in each deposited sample. This facilitates the application of statistical process
control methods to iteratively refine deposition parameters, ensuring that each repeating
sequence contains the exact atomic areal density required to synthesize the targeted structure.
Because of these experimentally tunable parameters, MER provides a platform to investigate
solid-state reaction mechanisms with atomic-scale precision. It enables systematic probing of the
early stages of nucleation and growth under kinetically constrained conditions, offering insights
into how controllable variables can be used to influence phase selection and growth pathways.
This dissertation begins with an overview of the previous work that has been done to
elucidate the fundamental mechanisms of diffusion and nucleation during solid-state growth,
followed by an examination of how various synthetic techniques have been used to address these
challenges. After introducing how to make samples using the MER method, I describe the
characterization techniques — XRF, x-ray reflectivity, x-ray diffraction, high-angle annular dark-
filed transmission electron microscopy, energy dispersive x-ray spectroscopy, and physical
property measurements — that are used in conjunction with MER to characterize the resulting
samples. These methods enable precise tracking of structural evolution as a function of annealing
and were foundational to the conclusions drawn in later chapters. A novel general method for
simultaneously measuring in-plane and cross-plane electronic transport properties is presented in
Chapter 3, further demonstrating the versatility of MER by proving its lithographic
compatibility. This compatibility is essential for enabling these challenging measurements,
which will be critical for evaluating the potential technological applicability of new materials.
Chapters 4-6 detail the use of experimentally tunable parameters in the MER method as

probes to isolate and investigate distinct aspects of solid-state growth, thereby advancing our
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mechanistic understanding of these processes. The simple Pb-Se and Mo-Se systems serve as
frameworks for these studies, with a particular emphasis on the Mo-Se system. This system was
used to investigate the reaction pathways occurring during the MER deposition process, and how
variations in deposited layer thickness and local compositions can be used to influence these
reaction pathways and the resulting thin-film structures. These insights enabled the development
of a novel generalizable method for synthesizing high-energy amorphous precursors, even in
systems that typically nucleate and grow the thermodynamically stable binary phases during
deposition. Additionally, I used the Mo-Se system to better understand nucleation barriers and
how high nucleation barriers can be leveraged to access non-equilibrium structures. These
experiments emphasize that the reaction pathway can, in some cases, influence or even
determine the final product obtained in solid-state synthesis.

Chapters 7 and 8 describe the synthesis and characterization of novel heterostructures,
made possible by applying the knowledge gained from the studies detailed in the preceding
chapters. The (PbSe)1(VSe2)1(PbSe)m(VSe2): heterostructure exemplifies a novel material whose
synthesis is made possible by the layer sequence control unique to MER. This structure
highlights the importance of sequence tailoring, as it enables precise tuning of material
properties. In Chapter 8, I show that a novel phase of ZnSe can be grow by interfacial
stabilization in a (MoSe1)(ZnSe); heterostructure. This study demonstrates that the formation of
certain new materials can be highly sensitive to local composition, underscoring the value of the
MER method for its precise control over compositional tuning. The novel structures presented
here demonstrate the value of MER’s experimentally tunable parameters — layer sequence and
local composition — in stabilizing new phases and enabling synthesis at the monolayer limit, an
essential step toward uncovering emergent properties with potential technological relevance.

Collectively, these studies provide a coherent picture of how kinetic control through
rational precursor design enables the discovery and stabilization of novel phases and offers an
experimental route to studying the mechanisms of solid-state nucleation. While no unified
atomic-level model yet exists for early-stage solid-state reactions, this work shows that carefully
designed experiments using MER can provide critical insights that bring us closer to that goal.
Ultimately, this dissertation advances the vision of predictive synthesis by demonstrating how
heterostructure design and experimentally tunable parameters can be harnessed to realize

computationally predicted materials and to access new regions of phase space. The findings
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presented here not only deepen our understanding of solid-state reactions, but also offer broadly

applicable strategies for designing and synthesizing the next generation of functional materials.
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Figure A.1. 2-probe measurements from current injection leads to all the ten contacts are plotted, suggesting high

quality Ohmic contacts are formed at the interfaces.
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Figure A.2. (a) Schematic diagram illustrating the phenomenon of current spreading (i.e., current flowing in the
out-of-plane direction during the cross-plane resistance measurement). (b) Simulated lateral current mapping for
different sample thicknesses from 5 um to 50 nm. (c) Simulated normalized lateral current plotted as a function
of distance from the edge of the contact with sample thickness of 30 nm, plotted here for of contacts with

various linewidths from 20 um to 100 nm.
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Figure A.3. The contact end voltages of top and bottom electrodes measured at different temperatures.
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Figure A.4. Optical imaging of the device preparation steps (a) bottom contacts before depositing the film, (b) after
deposition, (c) after the first annealing step, (d) after lift-off, and (e) after the final annealing step.

The David C. Johnson lab has studied a variety of VSe>-containing heterostructures due to
the presence of charge density wave (CDW) behavior. When decreased to a monolayer, this
CDW behavior is increased substantially.! The group has also observed that the onset
temperature of the CDW can be systematically shifted to higher temperatures by increasing m in
a (SnSe)m(VSe2)1 heterostructure.? Interestingly, when this same experiment was repeated with a
(PbSe)n(VSe2)1 heterostructure, there didn’t appear to be a relationship between m and the CDW
onset temperature, indicating that the identity of the spacer layer has a more significant effect on
the CDW than the thickness of this layer.?

The process for fabrication of the bottom contacts and top contacts is described in the methods
section. (PbSe)1(VSe2)1 was synthesized using the modulated elemental reactants (MER)
technique in a custom-built ultrahigh vacuum chamber. The precursor was prepared by
evaporating elemental sources onto the prepared device using an electron beam gun in the
sequence V|Se|Pb|Se for a total of 22 layers, ending with an additional V|Se sequence, as shown
in Figure A.4(b). A precursor film was also simultaneously deposited on a Si wafer for film
characterization. The film was then pre-annealed at 110°C for 5 minutes in a nitrogen atmosphere

to begin crystallization, Figure A.4(c). The photoresist was then lifted off using an acetone bath,
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leaving the film on the desired electrical contact areas, Figure A.4(d). The final annealing step

was done in a nitrogen atmosphere at 300°C for 1 hour, Figure A.4(e).

Table A.1. Thickness and lattice parameter values for sample in Figure 3.1 ¢, d.

c-lattice (A) . .
Thickness (A) . PbSe a-lattice (A) | VSes a-lattice (A)
(superlattice)
270.5(9) 12.26(1) 6.14(1) 3.38(2)
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Figure A.5. Plot of cross-plane resistance times contact width d versus d, blue dash line shows the fitted value.

The large error bar for the 16 um reflects the small difference between the total cross plane resistance and the
sum of the contact and interface resistances. The error bar for the widths results from potential residual sidewall
photoresist and potential misalignments between the top and bottom contacts. This width error has the largest

impact on the thinnest contact width.
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Figure A.6. (a) In-plane and (b) cross-plane resistivity of the (PbSe)1(VSe2)1 material, which show
minimum resistivities at around 100 K. This indicates that the charge density wave transition is also
observed in the cross-plane transport of (PbSe)1(VSe2)1 heterostructure. (c) Temperature-dependent room
temperature normalized resistivity of (PbSe)1(VSe2)1 from this investigation compared with prior
published results. The magnitude of the resistivity and the depth of the resistivity minimum sensitively

depends on the carrier concentration which varies with the stoichiometry of the sample.
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APPENDIX B

Supporting Information for Chapter IV
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Figure B.1. Specular XRD of as-deposited Pb|Se|Pb and Pb|Se precursors, where labeled indices are applicable to

both patterns and correspond to PbSe (Fm3m).

8 Pb|Se AD 300°C

log(intensity)/a.u.

26/degrees

Figure B.2. Specular XRD pattern of the 8 Pb|Se sample as-deposited (black) and annealed to 300°C. Labeled

indices are consistent with a PbSe (Fm3m). Reflections marked with an asterisk are from the substrate.
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Figure B.3. In-plane XRD pattern of the 16 Pb|Se on 4 V|Se sample as-deposited (black) and annealed to 300°C.
Labeled indices are consistent with a PbSe (Fm3m) or hexagonal VSe: unit cell. Only PbSe reflections are present in

the as-deposited sample, which is consistent with specular XRD.

Table B.1. Total experimental atoms/A? after annealing to 400°C were determined via X-ray fluorescence, where Se
also includes the amount used in Mo|Se layers. The number of PbSe layers was calculated using the total Pb
atoms/A2, where 0.1065 atoms/A? are needed to form one bilayer of PbSe. The number of MoSe: layers possible
was calculated using the remaining Se available after 0.1065 atoms/A? of Se per PbSe is used, and assuming 0.2135

atoms/A? is needed to form a trilayer of MoSex.

Total Experimental #PbSe | #MoSes
) :
Substrate | Precursor structure Atoms/A? after annealing layers layers
b 3o Mo possible | possible
128 Pb|Se 12.38(2) | 13.0(3) | 0.82(1) 116 3
8 64 Pb|Se 6.16(3) | 7.6(5) | 0.83(1) 58 6
repeating
. 32 Pb|Se 3.12(7) | 4.8(8) | 0.83(1) 29 7
units
Mo|Se 16 Pb|Se 1.6(1) | 3.3(1) | 0.83(1) 15 7
8 Pb|Se 0.8(3) | 2.4(1) | 0.82(1) 7 7
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APPENDIX C

Supporting Information for Chapter V

Table C.1. Deposition parameters and resulting composition and structural information for each of the 20 as-

deposited Mo-Se samples used to create Figure 5.1 in the text.

Presence
# of as- Thickness of Bragg
deposited of reflections
Sample (AD) Total AD deposited % of MoSe: in AD
# repeat Atoms/ATRU Atoms/A° Thickness Mo|Se monolayer in each RU specular
units @ repeating and in-
(RU) bilayer (A) plane
XRD
Mo Se Mo Se Mo Se Se/Mo
ratio
1 400 0.0081(6) | 0.045(1) | 3.2(2) | 17.9(4) | 538.0(3) - 7.7(5)% 21.2(6)% | 5.5(4) No
2 400 0.0098(7) | 0.046(1) | 3.93) | 18.2(4) | 558.7(2) - 9.3(M% 21.6(6)% | 4.7(4) No
3 400 0.0100(7) | 0.034(1) | 4.0(3) | 13.5(4) | 418.8(6) - 9.5(71)% 16.1(5)% | 3.4(3) No
4 400 0.0100(7) | 0.041(1) | 4.0(3) | 16.3(4) | 503.6(2) - 9.5(71)% 19.4(6)% | 4.1(3) No
5 400 0.0105(7) | 0.0278(8) | 4.2(3) | 11.1(3) | 343.4(3) - 9.9(71)% 132(4)% | 2.7(2) Yes
6 90 0.051(4) 0.173(5) | 4.6(4) | 15.6(5) | 490.6(6) - 48(3)% 82(2)% 3.4(3) Yes
7 90 0.051(4) 0.163(5) | 4.6(4) | 14.6(4) | 473.4(3) - 49(3)% 77(2)% 3.2(3) Yes
8 92 0.065(5) 0.123(4) | 6.0(5) | 11.3(4) | 361.3(6) - 62(4)% 58(2)% 1.9(2) Yes
9 90 0.078(5) 0.151(5) | 7.0(4) | 13.6(4) | 438.1(1) - 74(5)% 72(2)% 1.9(2) Yes
10 80 0.078(5) 0.161(5) | 6.2(4) | 12.94) | 410.0(2) - 74(5)% 76(2)% 2.1(2) Yes
11 90 0.078(5) 0.158(5) | 7.0(4) | 14.2(4) | 465.2(3) - 74(5)% 75(2)% 2.0(2) Yes
12 90 0.083(6) 0.145(4) | 7.5(5) | 13.1(4) 428(1) - 79(6)% 69(2)% 1.8(1) Yes
13 46 0.094(7) 0.233(7) | 4.3(3) | 10.7(3) | 335.3(3) 7.0(5) 89(6)% 110(3)% 2.5(2) Yes
14 54 0.103(7) 0.223(7) | 5.6(4) | 12.0(4) | 384.3(3) - 98(7)% 106(3)% 2.2(2) Yes
15 38 0.106(7) 0.228(7) | 4.03) | 8.7(3) 272.8(5) - 100(7)% 108(3)% 2.2(2) Yes
16 46 0.107(7) 0.224(7) | 4.93) | 10.3(3) | 330.0(6) 6.7(5) 102(7)% 106(3)% 2.1(2) Yes
17 46 0.128(9) 0.247(7) | 594) | 11.43) | 371.1(6) 8.1(4) 121(8)% 117(4)% 1.9(2) Yes
18 16 0.22(2) 0.49(1) 353) | 7.8(2) 270.0(5) 16(1) 206(14)% | 231(71)% 2.2(2) Yes
19 10 0.36(3) 1.58(5) 3.6(3) | 15.8(5) | 488.7(7) 45(4) 344(24)% | 748(22)% | 4.3(3) No
20 10 0.37(3) 1.05(3) 3.73) | 10.5(3) | 340.0(8) 32(2) 351(25)% | 497(15)% | 2.8(2) No
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Table C.2. Deposition parameters and resulting composition and structural information for each of the 6 as-

deposited Pb-Se samples used to create Figure 5.11 in the text.

Presence
of Bragg
# of as- reflections
deposited in AD
(AD) Total AD % of PbSe grazing
Sample repeat Thickness monolayer in each incidence
# units (RU) Atoms/A**RU Atoms/A? A) RU scan
Se/Pb
Pb Se Pb Se Pb Se ratio
2A 450 0.0091(3) 0.148(4) 4.1(1) 66(2) - 8.6% 138.6% 16.2 No
2B 160 0.032(1) 0.164(5) 5.2(2) 26.3(8) - 30.3% 154.3% 5.1 No
2C 450 0.0113(3) 0.080(2) 5.1(2) 36(1) - 10.6% 74.8% 7.1 No
4A 400 0.0111(3) 0.033(1) 4.4(1) 13.0(4) 506.2(4) 10.4% 30.6% 2.9 Yes
4B 300 0.0111(3) 0.0185(6) 3.3(1) 5.5(2) 259.4(6) 10.4% 17.3% 1.7 Yes
4C 150 0.040(1) 0.095(3) 6.1(2) 14.2(4) 642.3(9) 37.9% 89% 23 Yes
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Figure C.1. XRR and specular XRD of Pb-Se samples that remain x-ray amorphous during the deposition process. a.
XRR. b. specular XRD. Asterisks mark substrate and stage reflections.
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Figure C.2. XRR and specular XRD of Pb-Se samples that nucleate PbSe during the deposition process. a. XRR b.

specular XRD. Asterisks mark substrate and stage reflections.
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APPENDIX D
Supporting Information for Chapter VI
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Figure D.1. X-ray reflectivity patterns for all 6 group B samples collected directly after deposition, before the

samples were annealed. The sample ids are shown underneath each associated pattern.
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Figure D.2. Specular x-ray diffraction patterns collected directly after deposition, before the samples were annealed.

The sample ids are shown underneath each associated pattern. Asterisks mark substrate and stage reflections.
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Figure D.3. Change in the number of atoms/A? of Se (blue dots) and Mo (pink dots) in sample B5, as measured with
x-ray fluorescence after annealing for 30 minutes at each temperature. The first point at 25 °C was collected

immediately after deposition at room temperature.
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Figure D.4. Elemental maﬁs generatéd from THEM—E scréﬁr;ags of ample C3 after annealing at 550 °C for
30 minutes. (A) High-angle annular dark-field scanning transmission electron microscopy image of the sample
region from which the elemental maps were generated. (B) Elemental map with signal from Mo shown in red. (C)
Elemental map with signal from Se shown in green. (D) Elemental map with signals from both Mo (red) and Se

(green) overlaid, showing alternating regions of higher density in either Mo or Se.
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