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DISSERTATION ABSTRACT
Omar Kyle Hite

Doctor of Philosophy
Department of Chemistry and Biochemistry
December 2017

Title: Controlling the Charge Density Wave in VSe, Containing Heterostructures

Exploring the properties of layered materials as a function of thickness has largely
been limited to semiconducting materials as thin layers of metallic materials tend to
oxidize readily in atmosphere. This makes it challenging to further understand properties
such as superconductivity and charge density waves as a function of layer thickness that
are unique to metallic compounds. This dissertation discusses a set of materials that use
the modulated elemental reactants technique to isolate 1 to 3 layers of VSez in a
superlattice in order to understand the role of adjacent layers and VSe; thickness on the
charge density wave in VSex.

The modulated elemental reactants technique was performed on a custom built
physical vapor deposition to prepare designed precursors that upon annealing will self-
assemble into the desired heterostructure. First, a series of (PbSe)+5(VSez)r forn=1-3
were synthesized to explore if the charge density wave enhancement in the isovalent
(SnSe)1.15VSe2 was unique to this particular heterostructure. Electrical resistivity
measurements show a large change in resistivity compared to room temperature
resistivity for the n = 1 heterostructure. The overall change in resistivity was larger than

what was observed in the analogous SnSe heterostructure.



A second study was conducted on (BiSe):+sVSe to further understand the effect
of charge transfer on the charge density wave of VSe». It was reported that BiSe forms a
distorted rocksalt layer with antiphase boundaries. The resulting electrical resistivity
showed a severely dampened charge density wave when compared to both analogous
SnSe and PbSe containing heterostructures but was similar to bulk.

Finally, (SnSe2)1+5VSe2 was prepared to further isolate the VVSe. layers and
explore interfacial effects on the charge density wave by switching from a distorted
rocksalt structure to 1T-SnSe>. SnSe; is semiconductor that is used to prevent adjacent
VSe; layers from coupling and thereby enhancing the quasi two-dimensionality of the
V/Se, layer. Electrical characterization shows behavior similar to that of SnSe and PbSe
containing heterostructures. However, structural characterization shows the presence of a
SnSe impurity that is likely influencing the overall temperature dependent resistivity.

This dissertation includes previously published and unpublished co-authored

materials.
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CHAPTER 1
INTRODUCTION

Authorship Statement

My advisor, David C. Johnson, was consulted in the preparation of this chapter.

Thin Films and Material Design

Modern materials are typically in the form of ceramics, nanomaterials, composite
materials, and thin films and are ubiquitous in modern society. In particular, thin films
offer access to a variety of desirable properties due to their unique structure, in which,
they have a large surface area to volume ratio. This unique structure provides access to
light and possibly flexible devices. Due to the discovery of graphene in 2004 by Geim et
al. layered materials have become a focus of intense research interest. Many compounds,
such as graphene, hexagonal boron nitride (h-BN), and transition metal dichalcogenides
(TMDs), show a change in properties as the thickness of the material reaches the
monolayer limit. A well-known example of this is the TMD MoS; which, in the bulk
form, is an indirect semiconductor. However, as the thickness of MoS: is reduced to the
monolayer it becomes a direct bandgap semiconductor.? h-BN has a bulk bandgap of 4.0
eV and increases to a monolayer bandgap of 4.6 eV.2 A similar trend is computationally
predicted in SnS, SnSe, GeS, and GeSe that have increased bandgaps at the monolayer
limit.* As modern technology progresses it is required that high-quality materials possess
a wide range of desirable properties that is not possible in a single material device. 2 This
is even evident in simple silicon solar cells that must be doped with boron and

phosphorous. The large range of 2D materials and the diversity of their properties provide



an avenue for device design to access a large range of properties by layering these
materials together in what is known as a van der Waals heterostructure.’

Van der Waals Heterostructures

Van der Waals heterostructures are a set of thin film materials typically composed
of individual films of 2D materials, such as graphene, h-BN, and TMDs, that are then
stacked on top of one another (Figure 1.1). These stacked layers are held together in the
out-of-plane direction by van der Waals forces hence the name.! In an idealized sense,
these heterostructures are similar to blocks of Legos in which you can design a material
by placing the building blocks of the heterostructure on top of one another. One could
then design the structure to exhibit certain properties determined by the layers and their
interactions. However, designing structures this way is typically limited by the stability

of the individual layers and is largely limited to semiconducting materials.

Figure 1.1. A large variety of heterostructures can be formed by stacking layered
materials together similar to a block of Legos. Copyright Geim, A. K.; Grigorieva, |.
Nature 2013, 499, 419-425.



Misfit Layered Compounds and Ferecrystals: Close cousins to VDWSs Heterostructures

Misfit layered compounds (MLCs) are natural heterostructures of the form MTX3
and were initially thought to be ternary compounds until they were discovered to have
more complex structures, through the use of single crystal X-ray diffraction and electron
microscopy.®> MLCs are actually composed of two types of layers. A distorted rock-salt,
MX, with half the thickness of the cell edge of a face centered NaCl, and a transition
metal dichalcogenide trilayer (TX2 or X-T-X). These compounds have the general
formula [(MX)1+5]m(TX2)n where M is Sn, Pb, Bi, Sb, or a rare earth metal, T is Ti, V,
Nb, Cr, or Ta, and X is S or Se.>2° Compounds of this type contain m layers of rock-salt
and n layers of dichalcogenide. The c-axis is defined to be normal to the constituent
layers and the name “misfit layered” compounds stems from the incommensurate a-
lattice parameter that forms between layers. This mismatch in the a-lattice is described

by the 1+3 term and can be seen in Figure 1.2.

—_—
a,

2

Figure 1.2. Misfit layered compounds are formed with two layered materials that
alternate in the c-direction. The layers distort to form a commensurate b-lattice and
incommensurate a-lattice.

MLCs are synthesized using typical high temperature synthetic routes are limited
to the thermodynamic products of the synthesis.® This limitation restricts values of m and

n with most common values being m =n=1or m =1 and n = 2.>2130 There have been



reports of compounds withm = 1.5 or 2 and n =1 and compounds withm =1and n =
3.2231 The electrical properties are typically determined by the more conductive
component of the MLC.®

A related set of compounds known as ferecrystals having the same general
formula [(MX)1+5]m(TX2)a Where M is Sn, Pb, and Bi, T is Ti, V, Mo, Nb, Ta, W, or Mo,
and X is Se or Te.*>° These compounds are synthesized using a physical vapor
deposition technique, termed Modulated Elemental Reactants (MER) and is discussed
further in Chapter I1, and then annealed at low temperatures. This technique unlocks
access to kinetic products that may contain values of m and n that are not possible with
typical MLC synthetic methods. The synthesis process for ferecrystals makes use of

designed precursors with structure similar to the desired product. They are then annealed

Figure 1.3. Ferecrystals are formed with stacked blocks of layered materials that have
incommensurate a- and b-lattice parameters. The blocks of material are randomly
oriented about the c-axis.

at low temperatures ranging from 200-500 °C as opposed to the high temperatures
typically required in the synthesis of MLCs. As a result of the designed precursors the
formation process of the ferecrystal is nucleation limited as opposed to being diffusion
limited that is found in common synthesis techniques. The layers nucleate independently

resulting in turbostratic disorder between adjacent layers as depicted in Figure 1.3. In



other words, layers within the ferecrystal have incommensurate a- and b-lattice
parameters. This extensive turbostratic disorder is the origin of the term "ferecrystal"
where fere- is derived from the Greek word for "almost."”

The technique by which these ferecrystals are prepared, MER, offers the kinetic
control that the synthetic method of MLCs cannot and provides a way to isolate a
monolayer of a variety of metallic films that is not yet achieved by typical van der Waals
heterostructures.®*394142 The ability to control the values of m and n allows for a
systematic approach to be performed in order to better understand material properties that
may vary as a function of layer thickness.

Charge Density Waves

Charge density waves are a generalization of the Peierls’ distortion that occurs in
1D metallic chains.*® A simple example is illustrated below in figure 1.4. Figure 1.4.a
shows a chain of hydrogen atoms with atomic spacing a, which leads to half-filled 1s-
band. The lowest occupied MO, HOMO, LUMO, and high unoccupied MO are shown
from top to bottom. As the temperature of the chain is cooled below the onset
temperature of the CDW, Tcow, pairs of atoms may move in such a way, illustrated, that
leads to a lowering in energy of the conduction band and raising of energy of the valence
band due to favorable and unfavorable interactions due to the change in structure. This
phenomenon is expected in all idealized 1D metallic chains. However, as dimensionality
is increased to quasi 2D the simple picture posed by Peierls’ becomes complicated. The
mechanism for the induced CDW has been proposed as nesting of Fermi surfaces, the
surface of electron density in momentum space that separates the filled orbitals from the

unfilled orbitals at T = 0 K. In the 1D case the Fermi surfaces experience complete



nesting while in the 2D case the Fermi surface becomes more complicated and may only
experience partial nesting and becomes much less common. This phenomenon has been
seen in two dimensional sheets of atoms and is common in metallic transition metal
dichalcogenides, such as, TiSez, TaSez, NbSe,, and VSe2.** This nesting is even more
complicated in three dimensions, and as a consequence, less likely to occur. In other
words, in order for a CDW to occur the energetic gain by opening a band gap must
overcome the energetic cost of distorting the lattice. This particular condition is

complicated when you increase the number of interacting atoms.

(a) Hydrogen Chain (b)
{_. e ."} yavaN
0 0—0 0
E E
‘ v

00 0
o
—o—e—- < CD'WC—O—Q—.—O- /\/\

o090 | 0000

Figure 1.4. (a) In a 1-dimensional chain of hydrogen atoms the half-filled s band can
split decreasing the bond distance between atoms to form a unit cell with distance 2a.
(b) The hydrogen atoms can oscillate to induce charge movement.

Charge density waves are of particular interest due to the possibility of inducing
superconductivity due to the modulation of the charge.*® By inducing a voltage across the
chain the atoms may react by oscillating and thereby moving the modulated charge as
seen above in Figure 1.4.b. A current issue that arises is the pinning of the charge density

wave due to impurities that are present within the crystal. A simple picture of this



phenomenon is a marble (charge carrier) on a corrugated sheet of metal (lattice). The
depth of the corrugation corresponds to the magnitude of the pinning and increased
defects, while the tilt of the sheet of metal corresponds to the applied voltage. A
consequence of this interaction is a non-linear conduction in response to an applied
electric field.** An example being the marble interacting with the corrugation of the metal
as it rolls along the surface.

In order to fully realize the use of CDW materials in devices it is imperative that
we expand our understanding of the CDW transition and particularly how it behaves as
the thickness of the CDW material is reduced. In other words, how does the CDW change
as we approach the monolayer limit as opposed to the bulk limit? This question has been
explored previously by determining how Tcpw is affected as the monolayer limit
approached. In mechanically exfoliated TiSe> the onset temperature of the CDW
transition is increased as the thickness of the exfoliated film is decreased.*® In a similar
study of TaSe, opposing results were reported. As the thickness of exfoliated flakes
decreased the onset temperature also decreased.*® Two studies were performed on VSe;
each showing opposing results likely due to the different exfoliation methods the two
studies performed.*#’ In all four studies mentioned above the monolayer limit was never
achieved and was limited to about 4 trilayers in VSe; exfoliated films. Additionally
precise control of thickness was not achieved. As mentioned above, the MER technique
for growing ferecrystalline compounds allows for precise control of thickness and
therefore offers a systematic approach to exploring the role of thickness in the CDW
formation. The model system discussed in this thesis is VVSe> containing ferecrystals,

[(MX)1+5]m(VSe2)n.



VSe; and its Ferecrystals

VSe;is a layered transmission metal dichalcogenide composed of a Se-V-Se
trilayer (Figure 1.5). It has a 1T-Cdl2 type trigonal structure with octahedrally coordinated
V. Bulk VSe> was shown by Bayard et al. to have a resistivity anomaly at 80 K along
with an negative Hall coefficient that increases in magnitude by a factor of 4 at the same
temperature.®! The nature of this behavior has been attributed to a charge density wave

transition.

Figure 1.5. An atomic layer of V atoms sandwiched by atomic layers of Se atoms
from a single layer of VSe,. These VSe; layers stack to form bulk VSe..

As mentioned above, later work produced conflicting results as to how Tcpw is
affected by the thickness of VSe, exfoliated flakes. Early work on [(SnSe)i+5]m(VSe2)n
ferecrystals sought to further explore the nature of the CDW found VSez. Atkins et. al.
was the first to produce and publish work on ferecrystalline (SnSe)1.15VSe2 showing an
enhanced CDW around 115 K with a positive Hall coefficient that concomitantly
increases in magnitude at the same temperature.3 This increase in Hall coefficient is

indicative of a decrease in carrier concentration indicative of a CDW transition. Further



work on (SnSe)1+5(VSez)n for n = 1-4 was published by Falmbigl et. al.* It was shown
that for n = 2-3 the electrical behavior is very different compared to n = 1. Resistivity for
n = 4 was not reported in this study. The change in resistivity was attributed to an
increase in dimensionality as the n = 1 system is quasi two-dimensional while values of

n > 1 are three-dimensional. Higher values of n showed bulk like resistivity behavior. In
all systems the room temperature Hall coefficient was positive while for n > 1 there was a
change in sign below 50 K likely due to the breakdown of single-band model typically
used to determine carrier concentration from the Hall coefficient The behavior of the Hall
coefficient in (SnSe)+5(VSe2)n is likely due to charge transfer from the SnSe to the VSe;
layer with additional affects from the n value. This work leads to the intuitive question as
to how charge transfer affects the CDW in VSe; and if charge transfer can be reduced,
enhanced, or completely stopped by material design using the MER method detailed in
Chapter II.

Dissertation Overview

This dissertation explores the synthesis and structural and electrical properties of
VSe; containing heterostructures. Chapter Il outlines the synthetic method, known as
modulated elemental reactants, that is used to target and synthesize multi-constituent
heterostructures. Additionally, there is a thorough discussion of the techniques used to
characterize the structural and electrical properties of the designed films. Three sets of
kinetically stable VSe> heterostructures are discussed in Chapters 111 to V. Chapter |11
seeks to explore the uniqueness of the charge density wave that was previously observed
in (SnSe)1.15VVSe; by preparing a set of (PbSe)+s5(\VSez2)n for n = 1 — 3. Chapter IV

explores the effect of charge transfer on the charge density wave by characterizing



(BiSe)1+5VVSe2. Chapter V replaces the rocksalt layer with 1T-SnSe, forming
(SnSe2)1+5VSe: in an attempt to determine the role of structural interface on the charge
density wave. These chapters are presented individually to explore the effects of
interlayer interactions on the charge density wave observed in VSe containing
heterostructures. Chapter VI provides concluding remarks. The work presented within
this dissertation was made possible through the help and joint effort of many individuals.
Chapter I and Il were prepared with the assistance of my thesis advisor David C.
Johnson. Chapter 111 is published and co-authored with Matthias Falmbigl, Matti B.
Alemayehu, Marco Esters, Suzannah R. Wood, and David C. Johnson. Chapter IV is
published and co-authored with Michael Nellist, Jeffrey Ditto, Matthias Falmbigl, and
David C. Johnson. Chapter V is in preparation for publication and the co-authors: Erik

Hadland, James Sadighian, and David C. Johnson.
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CHAPTER II
EXPERIMENTAL PROCEDURES

Authorship Statement

My advisor, David C. Johnson, was consulted in the preparation of this chapter.

Modulated Elemental Reactants Technique

The modulated elemental reactant (MER) technique was developed in the Dave
Johnson laboratory in the 1990s. The MER technique provides access to kinetic materials
that are not accessible via typical solid state synthesis techniques. Precursors are designed
to closely match the nanoarchitecture of the desired final product. These “designed”
precursors are nucleation limited rather than diffusion limited as in typical synthetic
techniques. They are annealed at low temperature to enable nucleation of the material .

Precursors were prepared in a custom-built physical vapor deposition chamber
pictured below (Figure 11.1).2 The chamber uses 3 3-kW Thermionic electron beam guns
to evaporate Sn, V, Pb, and Bi and a Knudsen effusion cell to evaporate Se. Elemental
vapor is deposited on a (100) oriented Si substrate and rate of deposition is controlled by
INFICON Xtal quartz crystal microbalances (QCMs). QCMs are approximately 25 cm
above the elemental sources. Elemental sources of Sn, V (99.8%), Se (99.999%), Pb
(99.995%), and Bi are obtained from Alfa Aesar. The refractory metal, vanadium, is first
melted in an arc melter in a He atmosphere prior to deposition. Sn, Pb, and Bi are placed
in a graphite crucible prior to evaporation. V, Pb, and Bi are deposited at a rate of 0.04
nm/s, Sn at 0.03 nm/s, and Se at 0.05 nm/s. A QCM tooling factor of 68 is used for Se
and 64 is used for all other elements to account for the spatial difference of the QCM and

the Si substrate. A pre-programmed LabView controls a carousel to move substrates to
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the desired elemental source and open/closes a set of shutters to control the desired
deposition thickness to form the designed repeat structure of the material. This “repeat
unit” is repeated until an approximate thickness of 50 nm is obtained. The electron beam
is rastered over the vanadium source to prevent drilling that is commonly seen in

refractory metals. This is unnecessary for Sn, Pb, and Bi as the sources completely melt.

Rotating
Motor

Rotating Carousel

Sample Holder

View Port

Pneumatic Shutter

e-Beam Port

Figure 11.1. Schematic of vacuum chamber used to synthesize designed precursors
via physical vapor deposition.

The heterostructures (MSe):+5VSez for M = Pb and Bi were calibrated using a
three-step process. First, a set precursors were synthesized by depositing an amount of M
and V and scaling the Se such that a ratio of 1:1 and 1:2 were achieved for M:Se and
V:Se, respectively. The composition was determined using Electron Probe Micro
Analysis (EPMA) and a plot of Se/M and Se/V vs. Se layer thickness was interpolated to
determine the amount of Se that resulted in the desired ratio. Next, a set of precursors
with a constant M:Se and V:Se ratio and constant V:Se thickness were prepared. The

M|Se layer was scaled while maintaining the same M:Se ratio. The M:V ratio was
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monitored as function of M|Se deposited to determine the parameters that yielded a ratio
for M:V equal to the theoretical 1+6 misfit parameter. Finally, a set of precursors were
prepared with constant M:Se, V:Se, and M|Se:V|Se ratios and scaled total thickness in
order to achieve the required thickness to form a complete rocksalt MSe bilayer and
trigonal VVSe> trilayer. An excess of Se was deposited in each layer to compensate for Se
loss that occurs during the annealing process.

(MSe)1+5VSe2 (M = Pb and Bi) precursors were annealed at varying temperatures
and time in order to determine the ideal annealing conditions for heterostructure
formation. This “annealing study” was performed on a hotplate in an N2 atmosphere with
<0.5ppm O». The ideal annealing conditions were ones that maximized the intensity and
minimized the full width at half maximum of 00l reflections.

The heterostructure (SnSez)1+5VSe2 was calibrated by targeting the ideal counts
per second (cps) for each element as determined by X-ray Fluorescence (further details
for XRF can be found in section 11.4). A precursor with an arbitrary amount of Sn, Se and
V is prepared and composition is measured using XRF. The deposition parameters for
each element are scaled by the ratio of ideal kcps:measured kcps and a new precursor is
prepared with the ideal deposition parameters, which yields a precursor with ideal kcps.

(SnSe)1+5VSez was first annealed on a hotplate in an N2 atmosphere with <0.5
ppm Oz. The “pre-annealed” precursor was then sealed in an outgassed Pyrex ampule
with bulk SnSe; at ~10°® torr. An annealing study was performed to determine the ideal
temperature and time required to minimize intensity and full width at half maximum for
00l reflections while also producing hkO reflections that correspond to trigonal SnSe and

trigonal VSeo.
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Structural Analysis using X-ray Diffraction

The repeating unit of the heterostructure and total film thickness was determined
using X-ray diffraction (XRD) and X-ray reflectivity (XRR), respectively. Out-of-plane
XRD was performed on a Bruker D8 Discover diffractometer equipped with Cu Ka,
0.154 nm, radiation, Bragg-Brentano geometry, and Gobel mirror. Due to the unique
structure of the heterostructures the resulting maxima appear at angles that correspond to
the repeating structure of the film, 00l planes, as dictated by Bragg’s law (equation 1):

nAd = 2dsinf 1)
where n is some integer, A is the wavelength of the incidental X-ray (0.154 nm), d is the
spacing between reflecting planes, and 6 is the angle of the incident beam. This equation
can be derived from the path length difference between two scattered X-rays off parallel
planes, 2dsin@, and in order to constructively interfere they must remain in phase
(Figure 11.2). Therefore this path length must be equal to an integer multiple of the

incidental wavelength, nA. Out-of-plane XRD is taken from 5° - 65° 26.

Source Detector

ni = 2dsin(0)

Figure 11.2. Two photons that are in phase reflect off different planes separated by a
distance d. To remain in phase the angle of incidental light and d must satisfy Bragg’s
Law.

XRR is performed on the same Bruker D8 Discover diffractometer as mentioned
above. However, unlike XRD, XRR is not due to diffraction of incidental X-rays and is a

consequence of constructive interference between reflecting X-rays at the air-film
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interface and film-substrate interface. The resulting peaks appear at angles dictated by the
modified Bragg’s law and are termed Kiessig fringes.>
nA = 2d(sin20 — sin%6,): @)

The modified Bragg’s law accounts for the extra distance traveled by the penetrating X-
rays due to the critical angle, 6. It is important to note that if the film is more optically
dense than the substrate a phase shift of m is observed and n becomes n + 2. XRR is
performed from 0° - 11° 20.

In-plane lattice parameters of the individual layers are determined using in-plane
XRD (hkO XRD) (Figure 11.3). In-plane XRD is performed on a Rigaku SmartLab
equipped with Cu Ka radiation and at the Advance Photon Source at Argonne National
Laboratory. Due to the structure of the heterostructures only hkO reflections are observed,

which allows for determination of in-plane lattice parameters.*
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Figure 11.3. In-plane X-ray diffraction of (PbSe);+sVSe>.

Rietveld Refinement

Rietveld analysis is performed on the off-specular X-ray diffraction patterns to
further determine the structure of the heterostructure (Figure 11.4). A Rietveld refinement
employs a least squares algorithm to obtain a best fit between a structural model and an
X-ray diffraction pattern. In order for the algorithm to converge a model that closely

approximates the actual structure of the film is required. Due to the textured nature of the
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film Rietveld refinements are only possible for out-of-plane XRD and therefore only

yields structural information about the position of atomic planes along the c-axis.’
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Figure 11.4. Out-of-plane X-ray diffraction of (PbSe)+sVSez and its Rietveld
analysis.

Compositional Analysis

Electron probe micro analysis (EPMA) focuses a beam of electrons at three
different accelerating voltages onto the film and the resulting X-rays are measured and
are characteristic of the elements that are present in the interacting volume. The electrons
eject a core electron, which creates a vacancy that is then filled by an outer-shell electron
resulting in the emission of a characteristic X-rays. The intensity of these X-rays are
measured at each accelerating voltage for the sample and for a set of elemental standards
corresponding to the elements present in the film.® These intensities are modeled using
StrataGEM and yields the elemental ratios that are present within the film.

X-ray fluorescence (XRF) is an analytical technique that focuses high-energy X-
rays and measures secondary X-rays that, like EPMA, are characteristic of the elements
present in the film. The high-energy X-rays eject a core electron that is then filled by an
outer-shell electron resulting in the emission of a secondary X-ray. In the thin film limit,
the intensity of secondary X-rays is directly proportional to the concentration of the

element present within the film, assuming a homogeneous distribution of the element
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(Figure 11.5). It is important to note that XRF is not selective to the crystal structure
present within the film and gives no information about where the measured elements are

located.
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Figure 11.5. Characteristic X-ray intensity of Se per repeat unit in (PbSe)+5(\VSe2)n
forn=1, 3-5.

Scanning Transmission Electron Microscopy

While XRD provides a picture of the average structure of the film, electron
microscopy provides an avenue for investigating the local structure of the heterostructure
(Figure 11.6). A thin cross-section of the film is produced using an FEI Helios Nanolab
D600 Duel Beam focused ion beam (FIB) using a method described by Schaffer et al.’
This cross section is then imaged using a high angle annular dark-field scanning
transmission electron microscope (HAADF-STEM). In HAADF-STEM electrons are
rastered over the sample and very high angle, incoherently scattered electrons
(Rutherford scattering) are collected with an annular dark-field detector. The number of
electrons scattered depends directly on the atomic number (Z-contrast) and atoms appear

brighter in the resulting images. HAADF-STEM is performed on an FEI Titan 80-300.
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Figure 11.6. HAADF-STEM images of (PbSe):+5VSe> shows alternating layers of
PbSe and VSe; with turbostratic disorder.

Transport Property Measurements

In-plane resistivity and Hall effect measurements were taken on a custom-built
instrument using the van der Pauw technique. 8 The van der Pauw method allows for the
electrical characterization of arbitrary shaped lamellae, assuming the lamella meets three

criteria:

1. The lamellae is approximately two-dimensional,
2. The lamellae is free of isolated pin-holes,
3. The electrical contacts are an order of magnitude smaller in area than the

lamellae, and ideally as small as possible.

For our purposes, a cross-shaped geometry was used in order to allow for uniform current
(Figure 11.7). Samples are deposited through a cross-shaped shadow mask and collected
on a fused silica substrate. Copper leads are contacted to the sample with indium at each
point of the cross. For resistivity measurements, voltage leads are contacted at adjacent

points along with current leads. A known current is applied and the resulting voltage is
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measured. This measurement is conducted in all 8 possible configurations allowing for an

average resistivity to be calculated:

— T4 Rapcp+Rpepa
" In2 2 f 3)

Where d is the film thickness, R is the sheet resistance, and f is the symmetry constant for

the cross pattern.

Figure 11.7. Two of the eight possible lead combinations used in order to measure in-
plane electrical resistivity.

Hall effect measurements place voltage leads at opposite corners of the cross and
the current at the remaining two corners (Figure 11.8). A current is sourced across the two
leads and a magnetic field is applied in the out-of-plane direction, the moving electrons
experience a Lorentz force. The direction of this force is governed by the “right-hand
rule” for electrons and the “left-hand rule” for holes. This induces a separation of
negatively charged and positively charges particles. This induced voltage is then
measured. The Hall coefficient is then calculated using the Hall voltage, VH, the applied

current, I, applied magnetic field, B, and the thickness of the film:

Vpd

Under the assumption that the conducting band in the film is singular and rigid then a

carrier concentration can be calculated:
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Vg = — 5)

ned

where n is the carrier concentration and e is the elemental charge of the carrier.

Figure 11.8. Two of the possible four combinations used to measure the Hall
coefficient.

Bridge
The technique explained throughout this chapter are employed throughout the
remainder of this dissertation. In order to understand what follows it is imperative that
one understands the techniques by which these materials are analyzed. These techniques
are used to provide insight into the structure of these of heterostructures and their

electrical behavior.
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CHAPTER IlI
CHARGE DENSITY WAVE TRANSITION IN (PBSE)1+A(VSE2)N
WITHN=1,2, AND 3

Authorship Statement

This work appeared in Chemistry of Materials in 2017, volume 29, issue 13,
pages 5646 — 5653. | am the primary author of this work. Matti B. Alemayehu and
Matthias Falmbigl assisted with sample synthesis. Matthias Falmbigl also assisted with
diffraction analysis. Marco Esters performed DFT calculations. Suzannah R. Wood
assisted in figure generation. David C. Johnson is my advisor and consulted in
preparation of this manuscript. Reprinted with permission from Charge Density Wave
Transition in (PbSe):+s(VSe2)n Compounds with n =1, 2, and 3 Omar K. Hite, Matthias
Falmbigl, Matti B. Alemayehu, Marco Esters, Suzannah R. Wood, and David C. Johnson
Chemistry of Materials 2017 29 (13), 5646-5653. Copyright 2017 American Chemical

Society.

Introduction

The isolation of graphene! and the discovery that its properties differ from those
of bulk graphite has lead to a surge of research on single layer and very thin layers of
quasi-two-dimensional systems such as h-boron nitride (h-BN)?2 and transition metal
dichalcogenides* and their heterostructures® in a search for emergent properties not
present in the bulk constituents. For MoS; a transition was observed from an indirect to a
direct band gap semiconductor as the materials dimensions are reduced from bulk to a
single sheet.® It has been shown computationally that SnS, SnSe, GeS, and GeSe have

increased band gaps as the number of layers is reduced from the bulk to monolayer.” A
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similar trend in band gaps is seen for h-BN, where the bulk 4.0 eV band gap increases to
a 4.6 eV band gap in the monolayer.2 Emergent properties have also been observed in
heterostructures,® 2 including ultrafast charge transfer in MoS2/WS; consistent with a
type 11 band alignment having spatially direct absorption, but spatially indirect
emission.'® Other examples include long-lived interlayer excitons in a MoSe,-WSe;
heterostructure with experimentally observed type 11 band alignment,# and epitaxial
single-layers of MoS on a Au(111) surface showing a dramatic change in their band
structure around the center of the Brillouin zone.®®

The majority of the systems being investigated are semiconducting because
isolation of single sheets of metallic systems has been challenging as they are not stable
in air.!! There are a number of interesting properties in metallic systems, however, that
are being explored as a function of thickness towards the 2D limit, including
superconductivity, and charge density waves (CDW). It has been demonstrated that the
onset temperature of superconductivity in 2H-NbSe> decreases as the number of NbSe>
layers is decreased.'®!8 Studies on mechanically exfoliated TiSe, have shown that as
thickness of the exfoliated film is decreased the onset temperature of the CDW is
increased.?® Others have shown that the onset temperature of the CDW in TaSe; is
decreased as the thickness of the mechanically exfoliated film is decreased.?’ It was
shown both computationally and experimentally, that the ferromagnetism of VS: is
enhanced as the VS, approaches the monolayer limit.2%% VSe, exhibits a CDW transition
in the bulk?! but there is disagreement on how this CDW changes as the number of VSe;
layers are reduced in this n-type metal.?>% The onset of the CDW in thin layers of VSe;

prepared via liquid exfoliation transitions from 100 K?! in the bulk single crystal to 135 K
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as thickness is reduced to 4-8 trilayers of VSe2.22 An opposite trend has been reported for
micromechanically exfoliated nanoflakes, however, where the onset temperature
decreases to 81 K at the lowest thickness measured, 11.6 nm.? The thin nanoflakes are n-
type conductors, as is bulk VVSe», but the carrier concentration increases as the nanoflake
thickness is decreased. These exfoliation techniques were not able to precisely control the
thickness of the VSe; flakes nor were they able to reach the monolayer limit. Studies of
[(SnSe)1.15]m(VSe2)n prepared by annealing designed precursors have shown that
compounds with a single layer of VVSe; separated by m layers of SnSe are p-type metals
with a CDW that depends on the thickness of SnSe and exhibit a dramatic change in
electrical resistivity and charge carrier concentration at the CDW transition
temperature.?® In contrast, increasing the VSe; layer thickness to two or more layers
results in low temperature n-type metals and the suppression of the pronounced effect in
transport properties at the CDW transition temperature similar to bulk VVSe2.?> These
compounds grown at low temperatures from designed precursors have been called
ferecrystals, from the Latin root fere- meaning “almost”, due to their extensive
turbostratic disorder. The influence of surface contaminations and/or the substrate on the
charge density wave transition has not been explored or discussed in the literature.

In order to explore the impact of neighboring layers on the CDW of VSe>
heterostructures, we replaced SnSe with the isovalent PbSe in a sequence of
(PbSe)i+5(VSez2)n compounds. The compounds were prepared using modulated elemental
reactant precursors and electrical properties were measured as a function of temperature.
Diffraction data is consistent with n layers of VVSe, separating a single rock salt structured

PbSe layer. The n = 1 ferecrystal is metallic with a positive Hall coefficient indicative of
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p-type conduction, while for the n = 2 and 3 compounds, the Hall coefficient switches
sign, indicating a change of the majority carriers to electrons equivalent to bulk VSe,.%t
Both the resistivity and Hall coefficient of the n = 1 compound increase as the
temperature is lowered below 100 K, becoming a factor of 3.7 and 8 higher, respectively,
by 20 K. This anomaly is very similar to the CDW transition observed in
([SnSe]1.15)mVSe2 compounds. The temperature dependencies of the resistivity and Hall
coefficient of the n = 2 and 3 compounds are very similar to bulk VVSe. There is a change
in the slope of the resistivity and the Hall coefficient as a function of temperature at

100 K, suggesting that a CDW similar to the bulk occurs if there is more than one VSe;
layer. The different sign of the Hall coefficient and large changes in resistivity and Hall
coefficient indicates, the electronic structure of (PbSe)+5VSe> with a single VSe; layer is
distinctly different than heterostructures with thicker VVSe layers. The changes in
properties when PbSe replaces SnSe, although only an isovalent substitution, indicates
that the interactions between constituents can be used to tune the electrical properties of
heterostructures.

Experimental Methods

The ferecrystalline compounds, (PbSe)i+5(VSe2)n where 1 <n < 3, were
synthesized using the modulated elemental reactants (MER) technique.?® Precursors were
prepared by sequentially evaporating elemental sources of Pb (99.995%, Alfa Aesar), V
(99.8%, Alfa Aesar), and Se (99.999%, Alfa Aesar) on (100) oriented Si wafers in
specific sequences for each compound in a custom built high-vacuum physical vapor
deposition chamber, details provided elsewhere.?® Precursors were annealed at 250 °C for

1 hour in a N2 glove box with a concentration of oxygen below 0.6 ppm. Methods used to
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determine the optimal annealing temperatures for converting the precursors into the
desired product are described in the literature.?

Specular X-ray diffraction (XRD) was performed to determine the c-axis lattice
parameter of the (PbSe)i+s5(\VSe2)n compounds on a Bruker D8 Discover diffractometer
equipped with Cu K, radiation (A = 0.15418 nm), Gobel mirrors, and Bragg-Brentano 6-
26 optics geometry. In-plane XRD of the n = 1 and 3 compounds were taken at the
Advanced Photon Source, Argonne National Laboratories (BM 33-C)(A=0.12653 nm).
In-plane XRD of the n = 2 compound was done on a Rigaku SmartLab diffractometer
equipped with Cu K, radiation.

Compositional analysis was performed with electron probe micro-analysis
(EPMA) on a Cameca SX-100. Accelerating voltages of 7.5, 13, and 18 keV were used
and overall composition was calculated as a function of the three accelerating voltages
using the technique for thin films developed by Donovan et al.*

Samples were prepared for High-angle Annular Dark-field Scanning
Transmission Electron Microscopy (HAADF-STEM) on a FEI Helios 600 dual-beam
using a technique described by Schaffer et al.3* HAADF-STEM was taken on a FEI Titan
80-300 FEG-TEM at the Center for Advanced Materials Characterization in Oregon
(CAMCOR).

Electrical resistivity and Hall measurements were determined using the van der
Pauw technique® in a temperature range of 20 - 295 K. Samples were prepared on fused
Quartz crystal slides ina 1 cm x 1 cm cross geometry. Further details on how
temperature-dependent resistivity and Hall measurements were conducted are described

elsewhere.3?
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Results and Discussion

Precursors for each of the compounds (PbSe)i+5(\VSe2)n with n = 1 - 3 were
prepared by depositing sequences of elemental layers where the elemental Pb|Se and V|Se
bilayers were calibrated to match the composition of the desired product such that each
Pb|Se bilayer formed two (001) planes of rock salt structured PbSe and each V|Se bilayer
formed a single Se-V-Se dichalcogenide structured trilayer. The calibration was a three-
step process. The composition of the Pb|Se and V|Se bilayers were calibrated by
preparing a set of samples with a fixed metal thickness and varying thicknesses of Se, and
determining the composition with EPMA.. The resulting graphs of Se:Pb and Se:V ratio
versus Se layer thickness were interpolated to obtain the ratio of thicknesses that resulted
in the respective desired compositions. To determine the thickness ratio between the Pb
and V layers to obtain the targeted misfit parameter of 1.11, a set of samples were
prepared by depositing Pb|Se|V|Se sequences where the thickness of the Pb|Se bilayer at
the previously determined Pb/Se thickness ratio was scaled while holding the thickness
and thickness ratio of the V|Se bilayer constant. The change in composition as a function
of the thickness of the Pb|Se bilayer was interpolated to find the thickness required to
obtain the desired misfit parameter. The last step was to hold the Pb|Se, V|Se and
Pb|Se/V|Se ratios constant while scaling the total thickness, using the quality of the
resulting annealed sample diffraction patterns to determine the thickness such that each
Pb|Se bilayer forms two (001) planes of rock salt structured PbSe and the V|Se layer
forms a single Se-V-Se dichalcogenide structured trilayer. X-ray diffraction (XRD) scans

were taken on the annealed precursors in order to determine the total thickness that yields
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maximum peak intensity and minimum peak FWHM in the resulting product, as
described previously by Atkins et al.3*

Sequences with the nanoarchitecture of the desired products, for example the
sequence of layers Pb|Se-V/|Se-V/|Se for (PbSe)+5(\VSe2)2, were repeatedly deposited until
the desired total sample thickness of about 45 nm was reached. These precursors were
annealed at 250 °C to self-assembly of the targeted products. This temperature was
determined using the approach of Atkins et al.3* Figure 111.1 shows the specular XRD
patterns of the n = 1 - 3 compounds. Each peak can be indexed to a 00l reflection of the
(PbSe)1+5(VSe2)n compounds indicating crystallographically aligned layers with the c-
axis perpendicular to the substrate. Using Bragg’s Law, the c-axis lattice parameters were
determined to be 1.225(1) nm, 1.835(3) nm, and 2.445(4) nm forn =1, 2, and 3,
respectively. The change in thickness as n is increased yields the thickness of a VVSe;
layer from the slope and the thicknesses of the PbSe layer from the intercept. The PbSe
bilayer thickness of 0.617(5) nm is slightly thicker than the 0.607-0.612 nm found in a
series of [(PbSe)1.14]m(NbSe2)n compounds® and the 0.61(1) nm found for the PbSe
bilayer thickness in (PbSe)+s(TiSe2)n ferecrystals.®® The thickness of the VSe trilayer is
0.610(2) nm, which is slightly thicker than the 0.596(1) nm reported for the VVSe; sub-unit

in (SnSe)1.15(VSez)n compounds.t®

27



Log Intensity (Arbitrary Units
g |
C_
C

20 (Degrees)

Figure 111.1. X-ray diffraction of (PbSe)+5(VSez)n for n = 1-3 using Cu Ko radiation
(A =0.15418 nm). Maxima can be indexed to 001 reflections of the respective
compound, with the appropriate index given the figure for the reflection at the ~29°
20. Asterisks (*) indicate substrate or stage reflections.

A Rietveld refinement of the n = 1 out-of-plane XRD was performed to determine
relative positions of the atomic planes along the c-axis. Figure I11.2 contains the fitted
intensities along with a schematic of the atomic plane positions compared to those
previously determined for (SnSe)1.15VSe2.* The refinement revealed puckering of the
PbSe layer, which separates the Pb and Se atomic planes from one another by
0.0367(2) nm. This puckering is typical for bilayers of rock salt structured constituents
and has been seen previously in both SnSe and PbSe containing misfit layered
compounds and ferecrystals.?>3® The magnitude of this puckering is within the range
reported previously, 0.020 nm to 0.065 nm, in the relatively few atomic level structures
that have been previously determined.3~*3 It is larger than the puckering observed in
(PbSe)1.00MoSez (0.025(1) nm) and (PbSe)o.9sWSe2 (0.021(1) nm) ferecrystals* but
smaller than the 0.062(5) nm found in the (PbSe)1.15(TiSez). ferecrystal.*® The extent of
the puckering may be related to the amount of charge transfer between the constituents,

as a negatively charged environment in the dichalcogenide layer would attract the

28



positive Pb and repel the negative Se ions. The gap between the PbSe and VSe> layers
was found to be 0.300(5) nm which is very similar to the 0.306(5) nm observed in
(SnSe)1.15VSe2.2° The distance between V and Se planes along the c-axis in VSe, was
found to be 0.153(2) nm, which is the same as the 0.154(2) nm reported for the

(SnSe)1.15(VSez) compound.?
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Figure 111.2. Experimental, calculated, and difference patterns from the Rietveld
refinement of the positions of atomic planes along the c-axis of (PbSe);+sVSe.. The
inset figures contain the interplane distances obtained for (PbSe):+5VSe2 and those for
(SnSe)1.15VSe; are presented for comparison.?

In-plane hkO XRD scans were collected on all compounds (Figure 111.3), and the
reflections in each scan can be indexed as either reflections from a hexagonal in-plane
structure for VVSe> or reflections from a square in-plane structure for PbSe. The
reflections for each constituent can easily be distinguished as relative intensities of the
VSe; peaks (for example the (110) reflection) proportionally increase relative to the PbSe
reflections (for example the (220) reflection) as the number of VSe> layers increase. The
in-plane a-axis lattice parameter for the VVSez constituent remains the same within error
and are 0.343(1) nm, 0.346(5) nm, and 0.339(1) nm for n = 1, 2, and 3, respectively.
These values are all within the uncertainty of the 0.334(8) nm? and 0.341(1) nm[24]

previously reported for (SnSe)1.15VSez2. The square in-plane a-lattice parameter of the
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PbSe constituent additionally remains the same with values of 0.605(1) nm, 0.604(3) nm,
and 0.607(1) nm for n =1, 2, and 3, respectively. All of these values are slightly smaller
than the 0.6122(3) nm reported for (PbSe)11sTiSe>* and the 0.618(2) nm reported for in
(PbSe)1.00Mo0Se; and (PbSe)o.09WSe2. The small changes in the in-plane lattice
parameters of the constituents results in a misfit parameter that varies as the thickness of
the VSe; constituent increases. The misfit parameter, (1+6), was 1.11(1) forthen=1
compound, 1.14(2) for the n = 2 compound and 1.08(1) for the n =3 compound. The
values for the misfit fall within the range of misfit values reported in the literature (0.99

to 129) .39411,46759
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Figure 111.3. Normalized in-plane X-ray diffraction patterns of (PbSe):-+s(VSe2)n for n
= 1-3. Scans are individually normalized to the highest intensity reflection. The
numbers above the n = 3 scan reflections are the indices using hexagonal VSe; and
square PbSe (bold font).

HAADF-STEM images of (PbSe)1.11(VSez) show a regular repeating structure of
a single plane of VVSe> separated by single planes of PbSe. A representative image is
shown in Figure 111.4. The visible areas aligned along a zone axis support the
interpretation of the XRD data, as zone axes consistent with a distorted rocksalt structure

are observed for PbSe layers and zone axis images of the VSe; layer are consistent with
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octahedral coordination of the vanadium atoms, which are situated between Se planes.
The disorder in the orientation of the layers from layer to layer indicates that there is no
long-range order. This is consistent with the XRD data, which show that there is long
range order due to alternating VSe> and PbSe layers along (00I), that each layer is
crystalline with distinct (hk0) diffraction from each of the constituents, and that there is
no common in-plane axis between the constituents. The crystalline nature of each of the
constituent layers with lack of long-range order between planes is a consequence of the

mechanism of the self-assembly from the precursor.®

Figure 111.4. HAADF-STEM images of (PbSe)1.11VSe, contain alternating PbSe
bilayers and VSe: trilayers. The different crystallographic orientations of the PbSe
layers are a result of turbostratic disorder. The expanded image shows a PbSe layer
with [100] crystallographic orientation (top) and a [110] crystallographic orientation
(bottom). The VSe> layer is consistent with octahedral coordination of V.

Temperature dependent resistivity measurements were conducted on all samples
and the data is plotted in Figure 111.5 along with data previously reported for bulk VSez.%
The absolute value of the room temperature resistivity and the temperature dependence of
the resistivity above 150 K for all samples indicate that they are metallic. The magnitude
of the resistivity systematically decreases as the percentage of the metallic constituent
VSe; is increased, which is consistent with conduction occurring primarily through the

VSe; layer as observed in the analogous (PbSe)1.12(NbSez)n compounds.® The
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temperature dependence of the n = 3 sample is similar to that of bulk VVSez, with a
slightly decreased temperature dependence suggesting weaker electron-phonon scattering
compared to bulk VSe,. The temperature dependence of the n = 2 sample shows a further
decrease in the slope, suggesting even weaker electron-phonon scattering. The weaker
electron-phonon scattering reflects the changes in phonon modes and phonon energies as
the VVSez block is reduced in thickness. The n = 2 and 3 heterostructures both show a
change in slope of the resistivity that is very similar to that seen as a result of a CDW in
bulk VSe,. The temperature dependence of the n = 1 sample is distinctly different than
bulk VSe; and the n = 2 and 3 heterostructures, with the resistivity abruptly increasing at
approximately 110 K as temperature is lowered. The resistivity ultimately reaches a value
of more than 5 times higher at 20 K than would be extrapolated from the high
temperature behavior. The change in resistivity of (PbSe)1.11VSe; is very similar to that
reported by Falmbigl et al. for (SnSe)1.15(VSe2),2° which has been attributed to a charge
density wave (CDW) based on resistivity, Hall coefficient and heat capacity
measurements.®! The overall increase in resistivity in the (PbSe)1.11VSe, compound is
approximately double that of the analogous SnSe compound, indicating that a higher
percentage of the charge carriers are localized and/or that there is a significant difference
in the change of the carrier mobility below the CDW. This may reflect structural
differences at the interface between the constituents (in n = 1 the VSe, and PbSe layers
alternate and for the other compounds PbSe is separated by 2 or 3 VVSe; layers) or a
different Fermi level caused by a difference in charge transfer between the SnSe

(bulk Eq, 1.38 eV®) or PbSe (bulk Eg, 0.23 V%) layer and the VSe; layers. The

difference in charge transfer could be a consequence of the different misfit parameters
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between the Sn and Pb compounds and/or due to different Fermi energies for the PbSe
bilayer relative to the SnSe bilayer with respect to the monolayer of VSe,.%* A similar
increase in charge transfer was seen when substituting PbSe for SnSe in NbSe> containing

heterostructures.*?
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Figure 111.5. Temperature-dependent resistivity of (PbSe):+s(VSe2)n for n = 1-3 and
bulk VSe,.?! Resistivity normalized to room temperature resistivity for the n =2 and 3
heterostructures and bulk VSe> is displayed in the inset to highlight the anomalies
observed in the CDW of bulk VSeo.

Temperature dependent Hall measurements were conducted on all samples to
provide further insight to the unusual resistivity behavior in (PbSe)1.11VSez, and the data
obtained is plotted in Figure I11.6 along with that measured for a single crystal of VSe,.%t
The Hall coefficient for a single crystal of VVSe: is negative along the entire temperature
range, suggesting that electrons are the primary carrier, and has a change in slope at
approximately 110 K that was attributed to a CDW.?! The n = 3 sample also has a
negative Hall coefficient that decreases as temperature is decreased and has a change in
slope at approximately the same temperature as the bulk single crystal. The n = 2 sample
has a small positive Hall coefficient at room temperature but decreases with decreasing
temperature with a slope similar to the bulk single crystal, becoming negative at ~ 230 K.
It also has a change of slope at about 100 K. The change in sign of the Hall coefficient
suggests that at least two bands are contributing to the electrical transport, which suggests
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that the PbSe layer contributes to the conduction. And a similar result was found by
Falmbigl et. al. investigating ([Sn1-xBixSe]1.15)1(VSe2): alloys.® The temperature
dependence of the resistivity and Hall coefficient suggest that the n = 2 and 3 compounds
are very similar to the bulk, in contrast to the properties measured on liquid and
mechanically exfoliated VSe; thin layers.?? (PbSe)1.11VSez, however, has a positive
Hall coefficient over the entire temperature range and, like (SnSe)1.1sVSe»? has an abrupt
increase in the Hall coefficient at 110 K, the same temperature where the resistivity
begins to increase. The Hall coefficient increases by about a factor of 8 as temperature is
decreased to 20 K, and using the single conducting band approximation the change in
carrier concentration shows that 1.06 holes per vanadium atom are localized over the
CDW. This value is almost twice as large as of the analogous (SnSe)1.15VSe, which was
reported at 0.54 holes per vanadium atom.%! This calculated change in carrier
concentration accounts for most of the change in resistivity. The changes in the Hall
coefficient and resistivity of the n = 1 sample as a function of temperature are consistent

with a CDW transition.
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Figure 111.6. Temperature dependence of the Hall coefficient for (PbSe):+s(VSe2)n
n = 1-3 and bulk single crystal VSez.%

34



Figure I11.7 contains the temperature-dependent single conducting band carrier
mobility calculated using p = Ru/p for (PbSe)1.11VSe: prepared in this study as well as
those of bulk VSe», (SnSe)1.15VSe; and BiSe)1+5VSe2. The single band mobility values
for the n = 2 and 3 compounds were not calculated due to the change in sign of the Hall
coefficient in the n = 2 compound, which indicates that more than a single band is
involved in conduction. The room temperature mobility of the n = 1 compounds is very

similar, suggesting that the VVSe> layers are the primary conductor in the compounds.
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Figure 111.7. Temperature dependent single conducting band carrier mobility of
(PbSe)111VSey, (SnSe)1.15VSe,,2* and (BiSe)+5VSe2.% The inset compares the
mobility of the three compounds to bulk VSe,.

While the changes in mobility of the holes in n = 1 compounds as temperature is lowered
are all much smaller than observed for the electrons in bulk VSey, there is a larger
increase in mobility as the temperature is lowered in (SnSe)1.15(VSe») (a factor of 3) than
in either (PbSe)1.11VSe or (BiSe)i+5VSez (a factor of 1.2). There is a small decrease in
mobility at the onset of the CDW in both (PbSe)1.11(VSe2) and (SnSe)1.15(VSez2), which
may be an indicator of CDW formation in these compounds as this feature is not seen in
(BiSe)1+5VSez. The differences in the changes in carrier concentration and mobility of
carriers in (PbSe)1.11VSe, compared to (SnSe)1.15VSez indicates that CDW formation is a

complex process and is sensitive to the degree of charge transfer in these systems.
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The change in electrical resistivity and the sign of the Hall coefficient as the
number of VVSe; layers in the repeat unit is increased prompted us to perform DFT
calculations on both a single layer and a double layer of VVSe,. The calculations were
done using the bulk 1T crystal structure of VVSe», separating either the single layer or the
double layers from one another by vacuum, and allowing the system to relax. The
resulting band structures (contained in the supplemental information) are similar to those
reported previously®”%® and indicate that 1T-VSe, should be a metal. Unlike what was
reported for MoS, where the Mo has trigonal prismatic coordination,® there are only very
small differences in the band structure calculated for the single and double layer of VSe>
due to the octahedral local coordination of vanadium atoms and the 1T stacking.
Changing the position of the Fermi level in either the single or double layer of VSe>
results in changes in the density of states, but the calculations do not indicate that one or
the other have a distinct feature in the band structure that makes them more likely to have
a charge density wave transition. Figure 111.8 contains a plot of the temperature
dependence of the Hall coefficients of (PbSe)1.11VSez, (SnSe)1.15VSez,?® and
(BiSe)1+5VSe2,% all of which contain single VSe: trilayers separated by a
monochalcogenide bilayer, and the temperature dependence of the Hall coefficients of
bulk VSe2.2! The compounds containing SnSe and PbSe are distinctly different from bulk
VSe; and the compound containing BiSe. However, resistivity and Hall data reported by
Alemayehu et al. for a series of (GeSe2)m(VSe2)n heterostructures " indicates that CDW's
occur for a number of different n values, suggesting that a monolayer of VSe: is not a
necessary condition for the formation of a CDW. The observed differences in transport

properties cannot be explained as only being due to a structurally isolated VSe>
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monolayer, as all of the ferecrystalline compounds contain isolated monolayers of VVSe;
and (GeSe2)m(VSe2)n contains isolated blocks of n VVSe; layers. The electronic structure is
heavily influenced by the position of the Fermi level, which can be altered in ferecrystals
without purposefully introducing local impurities in the VVSe> layers via charge transfer
from the adjacent constituent, a phenomenon referred to as modulation doping. The
observed differences in transport properties, however, cannot be explained solely by

significant charge transfer between constituents, but that other factors like electron

localization need to be taken into consideration.
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Figure 111.8. Hall coefficients for different (MSe):+s(VSez2) (M = Sn, Pb, Bi)
ferecrystals and bulk VSez.%*

Conclusions

The compounds (PbSe)+s5(VSe2)n with n =1 - 3 were prepared from designed
precursors. Diffraction and electron microscopy data indicate that the compounds consist
of bilayers of PbSe separated from one another by n Se-V-Se trilayers. All the
compounds are metallic, with discontinuities in the temperature dependence of their
resistivity and Hall coefficients, suggestive of charge density waves. Both the carrier type
and the charge density wave transition of the compound with n = 1 (holes, abrupt change
in resistivity) were distinctly different than found for the n = 2 and 3 compounds
(electrons, change in slope of resistivity). The increased change of the resistivity and Hall
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coefficient through the charge density wave transition for (PbSe)1.11VSe; relative to
(BiSe)1+5VSez and bulk VVSe, demonstrates the importance of the companion layer in
controlling properties. The extent of charge transfer between constituent layers, the
magnitude of the structural misfit at the interface between constituents, the magnitude of
electron-electron correlation, and the degree of isolation of the single VSe: layers from
one another may all contribute to the magnitude and the transition temperature of the
charge density wave.
Bridge

In order to determine if the charge density wave reported in (SnSe)1.15VSez was
unique to a SnSe-VSe; heterostructure, SnSe was replaced with the isoelectronic PbSe. It
was found that (PbSe)1.11VSe> has a higher resistivity increase as temperature is lowered
than the analogous SnSe heterostructure. It has been previously reported that in
(MSe)1+sNbSez, M = Sn, Pb, PbSe donated more charge to NbSe, than SnSe. This
increase in charge transfer from PbSe to VSe> leads to an enhanced charge density wave
as evidenced by resistivity and Hall coefficient measurements. To further investigate the
effect of charge transfer on the charge density wave in VVSe,, PbSe was replaced with
BiSe, which should donate up to one further electron. The work done on (BiSe)+;VSez is

discussed in the following chapter.
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CHAPTER IV
TRANSPORT PROPERTIES OF VSE2 MONOLAYERS SEPARATED BY
BILAYERS OF BISE

Authorship Statement

This work appeared in Journal of Materials Research in 2015, volume 31, issue 7,
pages 886 - 992. | am the primary author of this work. Mike Nellist assisted with sample
synthesis. Matthias Falmbigl and Mike Nellist also assisted with diffraction analysis.
Jeffery Ditto collected electron microscopy data and images. David C. Johnson is my
advisor and consulted in preparation of this manuscript.

Introduction

Research on two dimensional atomic crystals and heterostructures has grown
enormously in the last decade, sparked by the properties of monolayers being different
than properties of the bulk, to become one of the leading sub-fields in condensed matter
physics and materials science.>? The wavefunction of a monolayer extends beyond its
surface, decaying exponentially into the materials (or vacuum) both above and below it.
The surface (if vacuum) or interface (in a heterostructure) interactions result in structural
distortions, new phenomena, new physics and challenging chemistry. For example, MoS>
transitions from an indirect to a direct band gap semiconductor,? the onset temperature of
superconductivity in 2H-NbSe; decreases as the number of NbSe> layers is decreased and
in extremely thin samples of NbSe. superconductivity no longer persists,* and ultrathin
layers of PbSe distort from the bulk rock salt structure, with both a puckering distortion
in and a pairing interaction between layers.®> While stability issues have limited the ability

to prepare monolayer films of many materials via a cleaving approach,® the ability to
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reasonably predict the structure of potential heterostructures made from 2-D atomic
constituents makes them attractive candidates for theoretical investigations that predict
properties as a function of nanoarchitecture. There are already quite a few predictions of
interesting properties reported in the literature.”®

The interaction at the interfaces between monolayers also provides interesting
experimental opportunities to both tailor existing properties and potentially obtain
properties not found in either of the constituent materials. It has already been shown that
the properties of graphene strongly depend on the substrate on which it is grown.® Ultra
low thermal conductivity results from rotational disorder between layers.!! Several
reports of samples containing thin layers of VVSe> differ with respect to the effect of layer
thickness on the charge density wave that occurs at 100K in the bulk single crystals.'? If
prepared via liquid exfoliation, the CDW increases to 135 K2 as thickness is reduced to
4-8 trilayers of VSe,. In VSe, micromechanically exfoliated nanoflakes, the CDW onset
temperature was reported to decrease to 81 K at 11.6 nm, the lowest thickness
measured.* In turbostratically disordered single layers of VVSe, separated by layers of
SnSe prepared using a self-assembly approach, a CDW has been reported that has an
opposite carrier type (holes) than the bulk (electrons),* which does not occur when the
VSe; thickness is increased beyond a monolayer.® An understanding of how to control
properties based on the interaction between layers is developing as more heterostructures
and their properties are reported.

The change in carrier type and CDW reported for SnSe-VSe; heterostructures
relative to bulk VVSe, prompted us to prepare a new heterostructure consisting of

alternating layers of BiSe and VSe». BiSe was chosen as a companion layer due to the
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prior literature on BiSe-dichalcogenide misfit compounds, which showed that the
transport properties of (BiSe)1.10NbSe> and (BiSe)1.00TaSe are very similar to those of
the analogous Sn compound.!’ Localization of the additional valence electron of the Bi
within the BiX subsystem has been proposed as a reason for the similar transport
properties.’® The charge is localized in Bi-Bi bonds at anti-phase boundaries, which are
thought to systematically occur due to the mutual accommodation of the lattice mismatch
to form a commensurate structure.*”1°* We find that the VSe; layer(s) in a superlattice
containing single layers of BiSe and VSe; is structurally similar to what was previously
reported for [(SnSe)1.15]1(VSe2)1. The in-plane diffraction pattern and layer positions
from Rietveld refinement of the specular diffraction pattern are consistent with BiSe
having a rocksalt type structure. HAADF-STEM images, however, reveal extensive
turbostratic disorder and the presence of anti-phase boundaries seen previously in BiSe
containing misfit layer compounds. This suggests that the presence of anti-phase
boundaries are not dependent on forming an ordered long range distortion of both
constituent structures to form a coherent crystal. Despite the similarity of the structure of
the VSez single layers, no CDW is observed in the BiSe-VSe; heterostructure. The BiSe-
VSe; heterostructure has a negative Hall coefficient, indicating n-type carriers
predominate, which is similar to bulk VSe,.12 Since [(SnSe)1.15]m(VSe2)1 heterostructures
have positive Hall coefficients, indicating that holes are the predominant carrier, the
change of carrier type in the BiS -V Se; heterostructure prevents formation of the CDW.
Experimental
The compound [(BiSe):+s]1(VSe2)1 was synthesized using the modulated

elemental reactants (MER) technique in a custom built high-vacuum physical vapor
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deposition chamber.?° Elemental sources of Bi (99.995%) and V (99.8%), obtained from
Alfa Aesar, were evaporated at a rate of 0.4 A/s using Thermionics 3kW electron-beam
guns onto (100) oriented Si wafers. Se (99.999%) was deposited at a rate of 0.5 A/s
utilizing a Knudsen effusion cell. Rates were monitored using quartz crystal monitors
positioned 25 cm above the elemental sources. A custom-made LabView program
controlled the rotation of the carousel with the mounted Si wafers over the desired
elemental sources to obtain the desired deposition sequence. Pneumatically powered
shutters allow a precise control of atomic composition based on the opening time of the
shutter. The Se-Bi-Se-V layering sequence was repeated until a total thickness of 45-55
nm of the modulated precursor was obtained. To determine optimal annealing conditions
for self-assembly the precursors were annealed between 200 °C - 550 °C for 20 minutes.
X-ray diffraction, discussed below, was used to determine optimal temperature.

To form the ferecrystalline products, the precursors were annealed for 20 minutes
in a N2 glove box with oxygen content below 0.6 ppm and the resulting products
characterized using X-ray scattering. X-ray diffraction (XRD) were performed to
determine repeat unit thickness of the film. XRD measurements were performed on a
Bruker D8 Discover diffractometer equipped with Cu Ka radiation, Gobel mirrors, and
Bragg-Brentano optics geometry. Locked coupled 6-28 scans were taken from 0-9° 26 for
XRR and 5-65° 20 for XRD. Samples were prepared for STEM on a FEI Helios 600
dual-beam using methods developed by Schaffer et al.?! High-angle Annular Dark-field
Scanning Transmission Electron Microscopy (HAADF-STEM) images were taken on a
FEI Titan 80-300 FEG-TEM at the Center for Advanced Materials Characterization in

Oregon (CAMCOR).
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The Van der Pauw technique?? was used to determine temperature-dependent
resistivity and Hall coefficient of the sample in a temperature range of 20-295 K.
Samples for electrical resistivity and Hall measurements were deposited on fused Quartz
crystal slides. Using a shadow mask, a 1 cm x 1 cm cross geometry was deposited and
indium contacts were placed on the points of the cross. By sourcing a current between
two adjacent contacts and measuring the voltage on the remaining two contacts, an
average sheet resistance at a fixed temperature can be found.

ﬁdR

= Avg,Sheet
In2 ™

f

Resistivity, p, can be found by converting the average sheet resistance, R, into resistivity
by using thickness (d) of the sample and the cross pattern symmetry (f). The Hall
coefficient was also determined using the VVan der Pauw technique by sourcing a current
of 100 mA between two opposing contacts, applying a magnetic field of 0 - 1.6 T, and
measuring the voltage induced by the magnetic field between the two remaining opposing
contacts. The Hall coefficient, Rn, is the slope of the least squares fit for the measured
voltage vs. applied magnetic field curve.

Results and Discussion

The [(BiSe)i+5]1[VSe2]1 heterostructure was synthesized using modulated
elemental reactants approach. In this approach, precursors consisting of a sequence of
elemental layers are repeatedly deposited on a nominally room temperature substrate and
then annealed to self-assemble the desired heterostructure. The sequence of elemental
layers, in this case Bi-Se-V-Se was chosen to resemble that in the targeted
heterostructure. The relative thicknesses of the elemental layers in the Bi-Se bilayer was

calibrated to yield a one to one stoichiometry and the absolute thickness was calibrated to
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yield two (100) monolayers of a rock salt structured BiSe. The relative thicknesses of the
elemental layers in the V-Se bilayer was calibrated to yield a one to two stoichiometry
and the absolute thickness was calibrated to a single layer of a Se-V-Se dichalcogenide
structure. The precursors were deposited using a previously described deposition
system.? Initial ratio of deposition thicknesses and absolute thicknesses both Bi-Se and
V-Se elemental bilayers to obtain a bilayer layer of BiSe and a structural monolayer of
VSe; were taken from previous studies.®™>? The initial samples self-assembled in to the
desired [(BiSe):+s]1[VSe2]1 compound after annealing at 350°C for 20 minutes, but
broader and less intense 001 diffraction maxima than seen in previous ferecrystalst>2
were observed in a specular XRD scan. The lattice parameter was close, however, to the
expected one, and only 00l reflections were observed in the specular scan, suggesting the
formation of the desired compound crystallographically aligned with the c-axis
perpendicular to the substrate. We varied the initial Bi composition in the BiSe
component by 5% both above and below the ideal composition. The c-axis lattice
parameter varied from 1.178(1) nm when Bi was deficient to 1.180(1) nm when there was
excess Bi, and in both extremes the quality of XRD scans decreased, having larger line
widths and less intensity than at the ideal composition. The Bi content that gave the
largest intensity and smallest line-width was used in subsequent studies. The c-axis lattice
parameters in all of the samples are smaller than the 1.203 A observed for
[(SnSe)1.15]1(VSe2)1.t

An annealing study was performed to determine optimal formation conditions and
the resulting specular XRD scans are shown in Figure 1V.1. The as-deposited scan

contains only broad (001) and (004) reflections. After 20 minutes of annealing at 250°C,
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the first six (00I) reflections are observed, indicating the self-assembly of the targeted
heterostructure. The intensity of these reflections increases and the line width decreases
with increasing annealing temperature until 500°C. After annealing at 550°C, the line-
widths begin to broaden due to evaporation of the components. An annealing period of 20

minutes at 500°C was therefore chosen as the optimal annealing conditions.
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Figure IV.1. A series of diffraction scans collected as a function of annealing
temperature, as indicated at the right side of the scans. All of the diffraction peaks
from the sample can be indexed as (00I) reflections and the (004) reflection is indexed
in the figure. Diffraction artifacts from the stage and Si substrate are marked with *
symbols.

The specular diffraction pattern, Rietveld refinement and difference between them
for the [(BiSe)i-+s]1[VSe2]1 heterostructure are shown in Figure IV.2. The refined position
of the atomic planes along the c-axis of the refined structure is compared to the
previously reported structure for [(SnSe)1.15]1(VSez2)1 in the image below the data. The
positions of the atomic planes are consistent with the expected heterostructure. The
refined V-Se distance is 0.152(1) nm in the BiSe-VSe> heterostructure, which is very

similar to the 0.152(1) nm reported for [(SnSe)1.15]1(VSe2)1.® The Bi and Se atoms in the
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BiSe layer are no longer in the same plane as would be expected for a rock salt structure,

with the Bi closer to the Se layer in VSez by 0.025(1) nm. This “puckering” distortion is

smaller than most reported, which range between 0.020 - 0.060(1) nm in previously

reported rock salt-dichalcogenide misfit structures.[18] In [(SnSe)1.15]1(VSe2)1, the Sn

and Se planes are 0.034(1) nm apart,> while a puckering of 0.0293(1) nm?’ and 0.291(1)

nm?*® have been reported in the misfit layer compound (BiSe)1.0sTaSe,. A two selenium

layers of the BiSe constituent are separated by 0.260(1) nm, which is slightly smaller than

the 0.2751(1) nm and 0.2820(1) nm found by Zhou et. al.” in (BiSe)1.0eTaSe,. This

separation is much larger than the 0.24(1) nm found in [(SnSe)1.15]1(VSe2)1.*> Gap

between Bi layer of the BiSe and VSe> is 0.286(1) nm which is shorter than the 0.292(1)

found in [(SnSe)1.15]1(VSe2)1.”® In (BiSe)1.0eTaSe,, a gap of 0.3232 nm is found between

the BiSe and the Se plane of TaSe2.'® A gap of 0.289(1) nm was reported in a recent

paper containing the structure of a BiSe-NbSe; heterostructure.?® The refined model is

consistent with the targeted BiSe-VSe; heterostructure.
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Figure 1V.2. Rietveld refinement of the [(BiSe)+s]:[VSe2]1 heterostructure determine
the position of atomic planes along the c-axis. The model to the right shows projected
positions of the atoms onto the c-axis and their relative distances.

To obtain additional information about the [(BiSe) 1+5]1[VSe2]1 heterostructure,

cross section HAADF-STEM images were collected and representative images are
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contained in Figure 1V.3. The structure from the top to the bottom of the film, Figure
IV.3.a, contains alternating layers of VSe, and BiSe consistent with the targeted
heterostructure. Occasionally, there are missing layers of BiSe suggesting that the
precursor used for this STEM sample was deficient in Bi. These missing layers of BiSe,
which reduce the coherence of the structure perpendicular to the substrate, are the likely
cause of the line broadening observed in the specular diffraction patterns as composition
was varied. In higher resolution images, some of the layers are aligned along the [111]
and [100]/[010] zone axes, but the majority of the layers are not, consistent with prior
reports of extensive rotational disorder between layers for samples prepared using
modulated elemental reactants.?* Several images contained regions where some of the
BiSe layers were aligned along a zone axis, as shown in Figure 1V.3.b. Clearly visible in

these layers is a periodic anti-phase boundary, similar to that previously reported for

(BiSe)1.09TaSe,. 1719

Figure 1V.3. (a) Representative cross section HAADF-STEM images of the
[(BiSe)i+s]1[VSe2]1 heterostructure. (b) Appearance of anti-phase boundaries apparent
in BiSe bilayer.
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Resistivity as a function of temperature is shown in Figure 1V.4 for the
[(BiSe)1+s]1[VSez]1 heterostructure prepared in this study along with that of bulk VSez*
and [(SnSe)1.15]1(VSe2)1.2® The resistivity of the [(BiSe)i+s]1[VSez]1 heterostructure looks
like that of a metal both in magnitude and in its temperature dependence. It has a very
similar room temperature resistivity as [(SnSe)1.15]1(VSe2):*® and 2.5 times higher
resistivity than bulk VSe,. It has a more temperature independent resistivity than bulk
VSe,, which is consistent with prior comparisons of heterostructures made using
modulated elemental reactants with crystalline misfit layered compounds.? There is no
evidence for the prominent charge density wave transition found for

[(SnSe)1.15]1(VSe2)1* in the resistivity data for the [(BiSe)i+s]1[VSez]: heterostructure.
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Figure 1V.4. Resistivity data as a function of temperature for the [(BiSe) 1+5]1[VSe2]1
heterostructure compared to that reported for VVSez*2 and [(SnSe)1.15]1(VSe2)1.2

To obtain more information on the differences between the electrical properties of
the [(BiSe) 1+5]1[VSe2]1 heterostructure, Hall coefficients were measured as a function of
temperature as shown in Figure IV.5. The measured Hall coefficient for the [(BiSe)
1+5]1 [V Sez]1 heterostructure is negative, similar in magnitude and temperature

dependence as that reported for bulk VSe,*? and for SnSe-VSe; heterostructures prepared
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with thicker VSe; layers.® This contrasts with the positive Hall coefficient previously

reported for [(SnSe)1.15]1(VSe2)1.®
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Figure 1V.5. Hall coefficients as a function of temperature for the [(BiSe):+s]1[VSez]1
heterostructure compared to that reported for VSe;!2 and [(SnSe)1.15]1(VSe2)1.®

The resistivity and Hall data reported here for the [(BiSe) 1+5]1[VSe2]1
heterostructure is distinctly different than that reported for the analogous SnSe compound
as shown in Figures V.4 and I1V.5. [(SnSe)1.15]1(VSe2)1™* is a p-type conductor and has a
significant increase in resistivity and in the Hall coefficient consistent with a charge
density wave transition. The [(BiSe)i+s]1[VSe2]1 heterostructure is an n-type conductor
and the temperature dependence of its Hall coefficient looks very similar to that of VSeo.
The higher resistivity of the the [(BiSe)i+s]1[VSez]1 heterostructure likely results from a
higher concentration of defects than the equilibrium grown single crystal of VSeo.

There are several potential reasons for the difference in transport behavior
between the [(BiSe)i+5]1[VSez]1 and the [(SnSe)1.15]1[VSez]1 heterostructures. One
unlikely explanation is that the V centers of the VVSe; layer in the [(BiSe):+s]1[VSe2]1
heterostructure adopt a trigonal prismatic coordination rather than the expected

octahedral coordination found in the [(SnSe) 1.15]1[VSez]1 heterostructure and in bulk
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V/Se,. The similarity of the bond distances between the V and Se layers in both
heterostructures argues against this, although there is no direct evidence for the
coordination of the V in the VSe; layer. A second possibility is that a difference in the
alignment of the electronic bands and the Fermi level of the SnSe and BiSe constituent
with those of the VVSe> monolayer results in a different amount of charge transfer. The
distortion of both the SnSe and BiSe bilayers in the [(MSe)-+5]1[VSe2]1 heterostructures
relative to their bulk structures indicates the importance of the interface in determining
the structure and consequently the electronic structure. The periodic anti-phase boundary
in the BiSe bilayer has been proposed by Wiegers to localize potential conduction
electrons in Bi-Bi bonds at the anti-phase boundary in BiX containing misfit layer
compounds as a means of rationalizing the trivalent nature of Bi determined from bond
valence sum calculations with the similar electronic properties of analogous Sn
containing misfit layer compound.*® A higher conductivity of the BiSe layer relative to
that of SnSe might electronically couple with the VVSe> layers on either side of it more
strongly, changing the electronic structure. The periodic changes in the interface potential
resulting from the regular anti-phase boundaries in the BiSe layer might also prevent the
formation of the CDW. The lack of CDW in crystalline misfit layer compounds has been
proposed to result from the strong interaction between layers overwhelming the weaker
electron-phonon interactions underlying charge density wave formation.

The modular design criteria inherent to heterostructures enables one to propose
potential heterostructures to systematically test physical phenomena. For example,
preparing a repeating structure consisting of a single structural unit of VVSe,-BiSe-MoSe;-

BiSe would maintain the same interfaces adjacent to the VSe; layer, but the
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semiconducting MoSe; layer would reduce the through plane conductivity. If electron
localization is the driving force for the formation of anti-phase boundaries in the BiSe
bilayer, a VSe,-BiSe-VSe,-M1.xM'xSe heterostructure where M and M' had different
valences would enable the titration of the charge density. The changing charge density
might also be expected to change the frequency of the anti-phase boundary. Comparing a
VSe2-BiSe heterostructure with a VVSe,-Bi>Ses or a VVSe,-PbSe heterostructure would
probe the effect of the anti-phase boundary on the CDW. Interest in heterostructures will
continue to expand as theory and experiment are able to test ideas and concepts via
systematic changes in nanostructure and nanoarchitecture.
Conclusions

The single structural layer of VVSe; in the [(BiSe)i+s]1[VSe2]:1 heterostructure has
very similar structural properties to that found in the analogous [(SnSe) 1.15]1[VSez]1
heterostructure, but the heterostructures have very different electrical properties. The
[(BiSe)1+s5]1[VSe2]1 heterostructure is metallic with electrons as majority carriers while
the analogous [(SnSe)1.15]1[VSez]1 heterostructure has holes as the majority carriers. The
[(SnSe)1.15]1[VSe2]1 heterostructure has large resistance and Hall coefficient change with
temperature as a consequence of a charge density wave transition, while the
[(BiSe)1+s]1[VSez]1 heterostructure has an almost temperature independent resistivity and
a Hall coefficient sign (negative), magnitude and temperature dependence that is very
similar to bulk VVSez. The major structural difference between the two heterostructures is
in the MSe constituent. The bilayer of SnSe adopts a rock salt structure while the BiSe
bilayer has periodic anti-phase boundaries resulting in a larger a-axis lattice parameter.

The anti-phase boundaries are thought to both localize electrons in Bi-Bi bonds and
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potentially effectively scatter charge carriers, resulting in a low mobility. Systematic
changes in heterostructure constituents and nanoarchitecture are suggested to further
probe the effect of interfaces and charge transfer between constituents on properties.
Bridge

With the replacement of PbSe with BiSe in (MSe):1+sVSe> the charge density
wave previously seen becomes severely dampened. However, STEM images show
antiphase boundaries within BiSe, which localize the extra electron of the bismuth to the
Bi-Bi pair. This change in interface from a rocksalt to an orthorhombic structure with
antiphase boundaries may have a significant effect on the charge density wave of the
adjacent VVSe». To further explore the effects of the interface on the charge density wave
in VSe», BiSe was replaced with trigonal SnSe». The structure of the (SnSe2)i+5(\VSe2)n

for n = 1-3 and electrical properties for n = 1 are discussed in the following chapter.
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CHAPTER V
INFLUENCE OF INTERFACIAL STRUCTURE ON THE CHARGE DENSITY WAVE
IN VSE2 HETEROSTRUCTURES WITH 1T-SNSE?2

Authorship Statement

This work is currently unpublished but a manuscript for publication is expected to
be prepared by myself with consultation from my advisor, David C. Johnson. | am the
primary author of this work. James Sadighian aided in collection of X-ray diffraction and
analysis. David C. Johnson is my advisor and consulted in preparation of this manuscript.

Introduction

Isolation of graphene in 2004 by Novoselov et al.! not only lead to the awarding
of the Nobel Prize in Physics but kickstarted many efforts into the study of 2D-materials.
The resulting research has shown that the transition from a 3-dimensional bulk to a 2-
dimensional monolayer often results in changes in chemical and physical properties. A
well-known example is MoSz, which transitions from an indirect band gap in the bulk to
a direct band gap in a monolayer. The indirect band gap has been attributed to the
interaction of the d-orbitals of the S atoms with the S atoms of adjacent layers. Since this
interaction no longer exists in the isolated monolayer, the transition now becomes a direct
transition.? A similar transition has been seen in hexagonal boron nitride (h-BN) where
the bulk band gap of 4.0 eV increases to 4.6 eV in the monolayer.® However, much of the
work on the 2D-materials is limited to semiconducting films due to stability issues
present in thin metallic films, which readily oxidize when exposed to atmosphere.*

Heterostructures allow for isolation of materials, such as metallic monolayers, that

are not necessarily stable in atmosphere, by surrounding air-sensitive layers with several
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oxidation resistant layers. Heterostructures also allow for systematic changes in
constituents and/or nanoarchitecture that enables a more complete understanding of
exotic properties such as superconductivity and charge density waves. Due in part to the
challenges in making finite thickness layers of metallic layered compounds, there are
considerable differences in the reported onset temperature of the charge density wave
transition in VSe,. For example, micromechanically exfoliated VSe> layers have a
measured onset temperature of 81 K at 11.6 nm while liquid exfoliated films between 4-8
trilayers report an onset temperature of 135 K.> In a series of papers of heterostructures
containing VSe, Falmbigl et al. and Hite et al. reported that the CDW changes
significantly in character in (SnSe)1.15(\VSe2)n and (PbSe)i+s(\VSe2)n when n is increased
from 1 (monolayer) to 2 (bilayer), respectively.”® However, only a small change in
overall resistivity and Hall coefficient was seen for n = 1 when switching from SnSe to
PbSe and is likely due to differing degrees of charge transfer from the rocksalt to the
dichalcogenide layer.

In an attempt to understand the role of the MSex layer on the CDW in VSe>
heterostructures, we prepared the compounds (SnSe2)1+5(VSe2)n wheren =1 - 3. These
compounds contain a repeating unit of one 1T-SnSe; and n 1T-VSe> layers. Temperature
dependent resistivity in (SnSez)1+5(\VSe2)1 reveals metallic like behavior above T = 120 K
with a large upturn in resistivity below 120 K similar to the CDW transition found in
(SnSe)1.15(VSe2)1 and (PbSe)i+s5(VSe2)1. A positive Hall coefficient is observed and a
concomitant upturn in Hall coefficient is also seen at 120 K further supporting the
existence of a CDW similar to that observed in (SnSe)1.15(\VSez)1 and (PbSe) +s(VSe2):.

Further resistivity measurements for n = 2 and 3 are underway.
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Experimental

(SnSe)1+5VSez was synthesized in a custom built Physical Vapor Deposition
(PVD)® using the Modulated Elemental Reactant (MER)® technique. Precursors were
sequentially deposited on (100) oriented silicon wafers using elemental sources of Sn
(Alfa Aesar, 99.98%), V (Alfa Aesar, 99.8%), and Se (Alfa Aesar, 99.999%). The
sequence Se-Sn-Se-V was deposited in order to best match the desired stacking sequence
of the final product. Precursors were annealed in N2 atmosphere for 1 minute at 350 °C
before being placed in a close ended Pyrex tube with an ampule of solid SnSe; and
pumped to ~10° torr and the tube was then sealed and further annealed for 1 hour at
250 °C.

X-ray fluorescence (XRF) was performed on a Rigaku Primus Il was used to
determine the intensity in counts per second (cps) of emitted X-rays. The intensity of
these emitted X-rays are then compared to an ideal intensity determined by previously
made heterostructures containing one or more of the desired layers. For more details on
XRF see Chapter 11.4. Specular X-ray diffraction (00l1-XRD) was performed on a Bruker
Discover diffractometer, equipped with Cu K, radiation (A = 0.15418 nm), Gobel mirrors,
and Bragg-Brentano 0-260 optics geometry, in order to determine the c-lattice parameter
of the (SnSe)1+5VSez repeat unit. In-plane X-ray diffraction (hk0-XRD) was performed
on a Rigaku SmartLab, equipped with Cu K, radiation (A = 0.15418 nm), to determine
the in-plane lattice parameters of the SnSez and VSe: layers. Annealed precursors were
prepared for High-Angle Annular Dark-Field Scanning Transmission Electron

Microscopy (HAADF-STEM) on an FEI Helios 600 dual-beam using techniques
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described elsewhere.l> HAADF-STEM was performed on an FEI Titan 80-300 FEG-
TEM at the Center for Advanced Materials Characterization in Oregon (CAMCOR).
Resistivity measurements were performed using the van der Pauw method*! with
temperature ranging from 20-295 K. Samples were prepared for electrical
characterization on fused quartz crystal slides ina 1 cm % 1 cm cross geometry. Further
details on how electrical characterization was performed can be found elsewhere.!2

Results and Discussion

Precursors for each of the compounds (SnSe2)1+s5(VSe2)n for n = 1-3 were
prepared by depositing sequences of elemental layers that match the target
heterostructure. For example, for n = 1 a designed precursor was prepared by sequentially
depositing Se-Sn-Se-V and repeating this to achieve a desired thickness of approximately
50 nm. Precursors were calibrated using a new method that employs X-ray fluorescence.
By determining a target intensity of secondary X-rays that corresponds to a theoretical
complete layer of material the deposition time can be scaled to match this intensity. The
target intensity for VSe> was determined by comparing X-ray intensity to the previously
synthesized (SnSe)1.15VSez. Using the same system, (SnSe)1.15VSey, the target intensity
for Sn atoms required to form a complete trilayer of SnSe> can be calculated by equation

2):

1+8

P ISnSe (1)

1 =
SnSe2 1.15

where Isnse is the intensity of Sn required to make a complete SnSe bilayer, 1.15 is the
misfit parameter for the SnSe-VSez heterostructure, and 1+3 is the theoretical misfit
parameter for the SnSe>-VSe; heterostructure calculated from bulk in-plane lattice

parameters of SnSe; and VSe,. Similarly, Se intensity was also calculated. These
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designed precursors were allowed to self-assemble by annealing on hotplate for 1 min at
350 °C followed by annealing in a sealed ampule at 250 °C for 1 hour.

Out-of-plane X-ray diffraction is shown in Figure V.1 and was performed on
annealed (SnSe2)1+5(\VSe2)n heterostructures for n = 1- 3. Diffraction peaks were indexed
to 00l reflections of a one trilayer Se-Sn-Se stacked on n trilayers of Se-V-Se. Repeat
units (c-lattice parameter) of 1.226(2) nm, 1.886(3) nm, and 2.495(2) nm were found for
n =1, 2, and 3, respectively. The increase in c-lattice parameter as n is increased
corresponds to c-lattice of 0.614 nm for each VSe; layer (bulk = 0.610 nm®3). By solving
for n =0, a c-lattice parameter for SnSe, was found to be 0.654 nm (bulk = 0.614 nm*4).
Further refinement of the structure is not possible due to the current SnSe impurity

discussed briefly below.
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Figure V.1. Out-of-plane X-ray diffraction for (SnSez)i+5VSe2 with maxima that are
indexed to 00l reflections.

To further parse the structure of (SnSez)1+5VSez, in-plane diffraction was
performed for n = 1 — 3 revealing maxima, as seen in Figure V.2, that can be indexed to

trigonal SnSe> and trigonal VSe». Relative intensities for VSe, hkO peaks increase with
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the increase in the number of VVSe; layers, n, per repeat unit. The a-lattice parameters for
SnSez were 0.378(2) nm, 0.382(1) nm, and 0.381(2) nm for n =1, 2, and 3, respectively,
as compared to the bulk value of 0.381 nm*4. The a-lattice parameters for VSe2 were
0.340(2) nm, 0.338(1) nm, and 0.338(2) nm for n =1, 2, and 3, respectively, as compared
to the bulk value of 0.336 nm®3. The measured a-lattice parameter falls within what has
been measured previously in VSe> containing ferecrystals, which range from 0.341(1)
nm, 0.341(3) — 0.34630(3) nm, and 0.343(6) nm were found in (SnSe)1.15VSe,
[(SnSe)1.15]mVSez, and (PbSe)1.11VSey, respectively.”#2%% Misfit parameters, 1+,
describing the ratio in area taken up by individual SnSe> and VVSe; unit cells in the ab-
plane were determined to be 0.809(3), 0.783(2), and 0.787(3) for n =1, 2, and 3,
respectively. Misfit parameter values of 0.99-1.29'%28 have been seen previously in
compounds containing a rocksalt and a dichalcogenide. A misfit parameter of 0.778

would be calculated using the bulk values and the slightly higher values are likely due to

SnSe;
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Figure V.2. In-plane X-ray diffraction for (SnSe2)1+5(VSe2)n n = 1-3. Maxima can be
indexed to hkO peaks of 1T-SnSe, and 1T-VSez. A SnSe impurity peak is marked by
an asterisk.
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some degree of charge transfer and interplay of the van der Waals forces that hold the

layers together.
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Figure V.3. In-plane electrical resistivity and Hall coefficient measurements of
(SnSe2)1+5VSe2. An upturn in both resistivity and Hall coefficient at approximately
120 K indicate the presence of a charge density wave.

Temperature dependent resistivity and Hall coefficient for n = 1 are shown in
Figure V.3. At temperatures above 150 K p-type metallic behavior is observed but below
150 K an upturn in resistivity is seen along with an upturn in Hall coefficient. This upturn
in resistivity supported by the localization of charge carriers provides evidence for the
existence of a CDW as has been seen in VVSe> compounds. This behavior has also been
seen in other VVSe, containing heterostructures, however, it is not known at this point how
much SnSe currently exists within the heterostructure, which may be influencing the

electrical properties.
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A comparison of resistivity as measured previously”®2° in different VSe;
heterostructures is seen in Figure V.4. It has been previously discussed’83%2° that the
increase in resistivity relative to the bulk is likely due to two phenomenon: charge
transfer between layers that does not occur in the bulk and a reduction of dimensionality
from the 3D bulk to the quasi-2D layer that is present in the heterostructure. However, a
charge density wave of similar behavior for the n = 1 compound is seen in (GeSez)-
(VSe2)2 and a charge density wave is not seen in BiSe-VSe,.2°3! The behavior of the
(SnSe2)o.81VSe: heterostructure has an onset temperature of 120 K similar to both the
analogous PbSe and SnSe heterostructures. The similarity in resistivity behavior shows
that interfacial interactions between layers has a minimal effect on the overall electric
behavior of the system. This is likely a consequence of turbostratic disorder that removes

any long range interactions between orbitals of adjacent layers.
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Figure V.4. In-plane electrical resistivity comparison between (PbSe)1.11VSe,
(SnSe)1.15VSez, and (SnSez)os1VSer.”329



Mobility and Hall coefficient as a function temperature for (SnSe2)o.s1VSe,
(PbSe)1.11VSe, and (SnSe)1.15V Sez are shown in Figure V.5. At temperatures above
150 K SnSe-VSe; has the most mobile carriers while SnSe; has the least mobile carriers.
This difference in “high” temperature mobility may be due to greater phonon scattering at
the interface between MSex and VSe: of mobile carriers. Additional phonon scattering of
carriers in SnSez-VSe, may be due to the presence of additional grain boundaries as a
consequence of the SnSe impurity. At temperatures below the critical temperature of the
charge density wave both mobility and Hall coefficient increase compared to room
temperature values. The behavior of the SnSe,-VSe; is similar to SnSe-VSe;, which
further supports that the SnSe impurity is likely influencing the electrical behavior of the

SnSe,-VSe; heterostructure.
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Figure V.5. Temperature dependent mobility and Hall coefficient measurements of
(SnSez)oe1VSez, (PbSe)111VSez, and (SnSe)r1sVSez.” 522

Conclusion
The compounds (SnSe)i+5(VSe2)n with n = 1-3 were prepared using the modulated
elemental reactants technique on a custom-built physical vapor deposition chamber.

Diffraction shows films that consist of 1T-SnSe, separated by n layers of VVSe,. However,
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diffraction for n = 1 shows a SnSe impurity. Resistivity and Hall coefficient
measurements were performed on (SnSez)o.s1VSe2 which revealed metallic behavior with
p-type conductance. An increase in resistivity is seen at temperatures below 120 K and
has been attributed to a charge density wave. The nature of the resistivity and Hall are
similar to analogous SnSe and PbSe compounds. This work further shows the importance
of VSe; isolation by a semiconducting compound in enhancing the charge density wave.
Additionally, the interface appears to play a minimal role on the electric behavior and is
likely due to the rotational disorder inherent within the films that presents long range

interactions between orbitals in adjacent layers.
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CHAPTER VI
CONCLUDING REMARKS

Authorship Statement

My advisor, David C. Johnson, was consulted in the preparation of this chapter.
Remarks

Structure and electronic properties of several VSe> heterostructures were
synthesized using the modulated elemental reactants technique and discussed. The
modulated elemental reactants technique allows for precise synthetic control of
compounds known as ferecrystals. Precursors are composed of alternating layers of
elements that closely match the superlattice structure of the desired ferecrystal. This
unique technique produces materials that are no longer limited by diffusion and only need
to be annealed at relatively low temperatures in order to induce nucleation. This control
allows for systematic changes in the layered structure of the ferecrystal to further explore
the effects of interlayer interactions on the overall electronic properties of the ferecrystal.
This was utilized to further investigate the charge density wave that was previously
reported in the (SnSe)1.15V Sez heterostructure.

Prior to this work Atkins and Falmbigl et al. reported a resistance anomaly at
approximately 115 K that was attributed to a charge density wave in (SnSe)1.15VSe,. With
increasing layers of VSez in the SnSe-VSe; heterostructure this charge density wave was
severely dampened as a result of increased dimensionality of the VVSez. During this time
(SnSe)1.15VSe, was the only known VSe> heterostructure to have a charge density wave.
To determine if the charge density wave in (SnSe)1.15VSe2> was unique to this

heterostructure, SnSe was replaced with PbSe. PbSe is a layered materials with rocksalt
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structure and is isovalent to SnSe. (PbSe)+s(\VSe2)n for n = 1 — 3 was synthesized and
structural analysis showed that the heterostructure was composed of an alternating
structure of a distorted rocksalt PbSe and 1T-VSe». For n = 1, a resistance anomaly at 115
K was observed similarly to the analogous (SnSe)1.15VVSe> heterostructure. Additionally,
the overall change in resistivity as temperature was lowered was higher for the PbSe
containing heterostructure as compared to the analogous SnSe heterostructure. It is
suspected that this charge density wave enhancement is due to the increased charge
transfer from the PbSe layer to the VVSe; layer. Higher values of n show resistivity
behavior that is approaching bulk resistivity and change in carrier type from p to n-type.
To further explore the effects of charge transfer on the charge density wave in VSey,
PbSe was replaced with BiSe.

(BiSe)1+5VSez was prepared to determine how increased charge transfer to the
V/Se> layer influences. Electrical resistivity measurements show behavior as a function of
temperature to be similar to that of bulk VVSe,. Additionally, Hall coefficient
measurements show the heterostructure to be n-type similar to bulk. HAADF-STEM
show the presence of antiphase boundaries that likely localize the additional electron the
BiSe and prevent further charge transfer. The presence of the antiphase boundaries may
also allow coupling between adjacent VVSe; layers and thereby removing the quasi two-
dimensionality of the VSe> monolayer.

In order to understand the effects of interfacial interactions between layers and
remove the coupling between adjacent VVSe; layers, the rocksalt structure was replaced
with semiconducting 1T-SnSe;. It was found to have electrical behavior similar to that of

both SnSe and PbSe containing heterostructures. However, in-plane XRD shows peak
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that can be indexed to a SnSe impurity that may be influencing the behavior of the
electrical resistivity. Further work is need to be performed on this system to remove the
SnSe impurity.

This work demonstrates the possibility of isolating a metallic monolayer within a
a heterostructure and using adjacent layers to control the electrical behavior of the entire
heterostructure. The electrical behavior is largely determined by the composition of the
metallic layer and the number of layers found therein. However, future studies will be
needed to further understand the role of dimensionality in the electrical behavior of

layered metallic systems.
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APPENDIX

SUPPORTING INFORMATION FOR CHARGE DENSITY WAVE
TRANSITION IN (PBSE)1+A(VSE2)N COMPOUNDS WITHN =1, 2, AND 3

Band Structure Calculations on 1T-VSe, Monolayers and Bilayers

Density functional theory (DFT) calculations were performed using the Vienna ab
initio simulation package (vasp).!™ The interactions of the electrons with the ionic core
were described using the projector augmented wave (PAW) method.>® To describe
exchange and correlation, the functionals of Perdew-Burke-Ernzerhof (PBE) were used.’
A cutoff energy of 500 eV was used to expand the wave functions. To reduce interactions
between periodic images, vacuum of 25 A was added between VSe, monolayers and
bilayers. For structural relaxations, a I'-centered 18%18%1 k-point mesh was used. Since
interactions between VSe: layers are of van-der-Waals type, dispersion corrections were
added using Dion’s method in the vdW-DF corrected optPBE functionals.®!!

The in-plane lattice parameters are 0.337 nm for the monolayer and 0.338 nm for
the bilayer, which is slightly smaller than in the ferecrystals, but consistent with prior
theoretical results.!>!> The distance between the V and Se layers in the monolayer is
0.158 nm, which is consistent with experimental results. For the bilayer, the distances
between the V and Se layers are slightly asymmetric: 0.158 nm for the Se layers adjacent
to the vacuum, and 0.157 nm for the remaining layers. The distance between the two VSe>
trilayers is 0.316 nm. Both the monolayer and the bilayer are ferromagnetic with a
magnetization of 0.64 and 0.66 pg/f.u., respectively.

The band structures of a pristine VSe> monolayer and bilayer are shown in Figure
A.1. The majority spin bands for the monolayer are metallic with a hole-like Fermi surface
near the K point, whereas the minority spin bands are semi-metallic with a valence band
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maximum at the I" point and a conduction band minimum at the M point. The bilayer shows
additional bands because of the additional VSe; trilayer that are mostly degenerate with the
bands of the other VSe; trilayer. However, near the I" point the additional band is raised in
energy for the band right below (majority spin) and above (minority spin) the Fermi level.
Just like the monolayer, the majority spin bands are metallic with a hole-like Fermi surface
near the K point, and the minority spin bands are semi-metallic with a valence band
maximum at the I' point and a conduction band minimum at the M point. The results
suggest that VSe, monolayers and bilayers should have similar electrical properties with
isovalent charge donors such as SnSe and PbSe. The temperature dependence of the
electrical resistivity and the Hall coefficient show similar behavior in [(PbSe)1.12]i[VSe2]:
and [(SnSe)i.15]1[VSe2]i, but the sign of the Hall coefficient is positive for
[(SnSe)1.15]1[VSez]n and negative for [(PbSe)i.12]i[VSez]n (n> 1), indicating significant
interactions between with VSe; layer beyond simple charge transfer. Further research must

be conducted to investigate the nature of these interactions.

E — E (V)

‘Wave Vector Wave Vector

Figure A.1. Band structures of monolayer (a) and bilayer (b). Solid blue lines denote
majority spins and dashed red lines denote minority spin bands.
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Rietveld Refinement Details

The X-ray pattern (00/-reflections) for (PbSe)i.11VSe> was refined via the Rietveld

method employing the FullProf program.'* Refinement details are found in Table A.1.

Parameter/Compound

Composition from refinement
Radiation

(PbSe)1.02VSez
BrukerDS§, CuKqu

2 @range (degrees) 5=26<65
¢ (nm) 12.2572(2)
Reflections in refinement 8

Number of variables 7
Re=X|Fo-F.|/ZF, 0.0171
Ri=%|L-L| /5L, 0.0180
Ryp= [211-'1 Yoi=Vei | 2/2‘11—-‘1‘ |}-'oi | 2]1 2 0.0794
Ro=% | vorver | 12 | yor | 0.0550
Re=[(N-P+C)/(Zwp?an)]"? 0.0191

X2 = (RwP/Rsng 17.3
Atom parameters

Vin 1a(0)

Occ. 1.0

Sel in2c(2),z 0.1254(1)
Occ. 2.0
Pbin2c (2),z 0.3706(1)
Occ. 1.02
Se2in 2¢(z), z 0.4005(3)
Occ. 1.02
Relevant distances [nm]

V- Sel 0.1537
Sel- Pb 0.3005
Pb- Se2 0.0367

Table A.1. Rietveld refinement results from room temperature XRD data. Space group:
P-3m1 (VSez), Fm-3m (PbSe).
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