ABSTRACT
Ultrathin Chalcogens
by

Elisabeth Faye Bianco
Two-dimensional (2D) materials, which are only one or a few atoms thick, can
possess exciting and tunable optical/electronic properties unique from their 3D
counterparts, providing a platform to tailor physics through chemistry and engineering.
Structure-property relationships in 2D materials, including the room-temperature
quantum Hall effect in graphene, have inspired the search for new 2D materials, amongst
which are those from non-layered parent crystals, such as germanene. In this research, I
have designed novel synthesis routes aimed to exploit attractive properties in 2D and
ultrathin (<10 nm) chalcogens Se and Te, whose non-layered, anisotropic crystal
structures provoke axis-dependent optical and electronic properties. Ultrathin Te films
with controllable thickness, 2.5-10 nm, were grown by two methods: pulsed laser
deposition and controllably unbalanced magnetron sputtering. These films are the largest
area ultrathin chalcogens reported (cm2), robust toward oxidation for several days, and
exhibit the anisotropic P3 121 Te structure. Furthermore, the crystallographic orientation
of sputtered ultrathin Te is found to be controllable by the growth substrate; the
anisotropic Te<0001> lies in the plane of the substrate on highly-oriented pyrolytic
graphite (HOPG) but aligns orthogonally to MgO(100) substrates. Complementary highresolution transmission electron microscopy (HRTEM), polarized Raman spectroscopy,
and Hall effect measurements unravel a correlation between this tunable orientation and

optical/electrical anisotropy in ultrathin Te, providing both a rational handle to access
desired properties and a simple platform for device fabrication. Also, Raman signals are
acutely dependent on film thickness from 20-2.5 nm displaying dramatic blue shifts of
both basal plane and axial modes—a phenomenon not observed in layered 2D materials.
The relative shifts between modes are orientation-dependent, suggesting that optical
anisotropy persists and is even enhanced at the ultrathin limit. Lastly, vapor transport
deposition is demonstrated for 0.85-3.0 nm-thick Se and Te, and TEM/scanning
transmission electron microscopy (STEM) reveal a novel 2D α-phase in the case of threeatom-thick Te. This research has resulted in the first ultrathin chalcogens grown by a
truly scalable technique with rational control of orientation and large-area uniformity,
pushing these materials toward practical utility. Furthermore, evidence of thicknessdependent optical properties and 2D α-phase reconstruction reveals the quasi-2D nature
of ultrathin Te.
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Chapter 1

Introduction

1.1. Elemental 2D Materials
Often regarded as a newer area of research, the field of two-dimensional (2D)
materials is perhaps, in actuality, undergoing a reawakening. Black P was first discovered
in 1914 (1) and monolayer main group elements were first synthesized by MBE in the
1970s (2). At the time, the focus was primarily on surface science. In the last 20 years,
however, a resurgence of interest in these materials has occurred and with it, the
simultaneous discovery of new and exciting physics such as nontrivial topology (3-5) and
high-temperature ballistic transport (6, 7). As a result, propelling new interest in
atomically-thin materials is the possibility for modern applications, as such spintronics
and advanced nanoelectronics, that exploit their unique underpinning properties. Figure
1.1 highlights the experimentally known elemental 2D materials from Groups III-VI and
their proposed applications. These 2D materials, termed here as “main group” 2D
materials undoubtedly possess great possibility for realizing next-generation applications.
14
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The general stability of their monolayer forms on proper substrates is currently affording
a high volume of application-based studies on these materials. Additionally, main group
2D materials provide a compelling library of possible 2D allotropes due to their strong
group-wise similarities in structure, chemistry, and properties.

Figure 1.1 – Main group 2D materials and their potentail applications.

While elements in Group IV share electronic features similar to the lightest
element, C, the favorable hybridization state of Si and other Group IV elements is
between sp2 and sp3, leading to buckled structures instead of planar as in the case of
graphene (8). With similar structures, the Group IV 2D materials beyond graphene also
possess similar properties such as Dirac semimetal band structures with the possibility of
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band gap opening or other electronic structure modulation through approaches such as
strain, functionalization, or applied electric field (9-11). With increasing atomic number,
spin-orbit coupling is increased down the column: C < Si < G < Sn (12, 13), with Sn
having an appreciable spin-orbit gap of (0.07 eV) and possibility for realization of the
quantum spin Hall effect (QSHE) (14-16). While silicene and germanene also possess
non-zero Z2 invariants and therefore the possibility for the QSHE, their small spin-orbit
splitting makes it only possible at low temperature (17). Silicene and germanene have
been grown by molecular beam epitaxy (MBE) on a variety of substrates (18-22) and
scanning tunneling spectroscopy (STS) of germanene grown on MoS2 reveals the
expected linear dispersion in the density of states, but substrate contributions would
likely disrupt the existence of the QSHE (23). Because 2D materials interact very
strongly with their underlying substrate, such phenomena are easily perturbed. This has
led to the proposal of passivation strategies to isolate freestanding forms (24). On the
conventional electronics side, the Dirac semimetal structure limits utility as it does in
graphene. The first silicene field-effect transistor (FET) operating in air was recently
demonstrated, exhibiting a mobility of 100 cm2 V-1 s-1 and ambipolar Dirac charge
transport similar to graphene (25). Theory predicts the intrinsic properties of silicene to
enable mobilities approaching 1200 cm2 V-1 s-1 (26).
The elemental 2D materials from Groups III and V also typically have buckled
structures as well as large spin-orbit coupling in the heavier elements. Borophene is a
metallic, buckled 2D boron lattice forming nanosheets (27) and nanoribbons (28) on Ag
surfaces. In Group V, few-layer antimonene has been grown on mica substrates by
chemical vapor transport (29). These crystals have a buckled rhombohedral structure and
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are stable in air and chemically robust (30). With two predicted two structural allotropes
(31), β-Sb has been grown by MBE on various substrates (30, 32). In the monolayer case,
Sb is predicted to have a 2.3 eV indirect band gap that undergoes an indirect-to-direct
transition under strain (33). Grown by MBE on SiC substrates, bismuthene experienced a
reawakening last year with promise as a room-temperature topological insulator with
predicted spin-orbit Eg ~0.3 eV (34, 35).
Lastly in Group V, due to its lighter atomic mass, phosphorene is strongly
dissimilar to bismuthene in properties and most similar of those discussed here to the
Group VI 2D materials—which are the topic of the rest of this dissertation. Phosphorene
is an air-sensitive semiconductor (36, 37) with a monolayer band gap, Eg=1.88 eV (38).
Gillgren et al measured room-temperature hole mobilities of up to 4000 cm2 V-1 s-1 for
phosphorene transistors sandwiched between hexagonal-BN layers (39). Few-layer
phosphorene FETs with 1.0 μm channel length display high hole FET mobility of 286
cm2 V-1 s-1 and an on/off ratio of ~104 at room temperature (40). This electronic
performance is comparable to room-temperature FET performance of ultrathin Te
crystals, as is discussed in the next section.

1.2. The Chalcogens
At the beginning of my graduate research tenure, an elemental 2D material had
been both predicted and experimentally realized in groups III, IV, and V elements. Rich
in chemistry and electronic diversity, however, the 2D community lacked representation
from group VI—the chalcogens. Group VI begins with O, but the heavier group VI
elements, S, Se, Te, and Po are most considered “the chalcogens”. Starting with
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insulating S, these elements exhibit increasingly narrower band gaps moving down the
column. Here, I will discuss Te and Se exclusively, which share great similarities in
chemistry and structure, with a focus on Te. Tellurium was discovered in 1782. Its
namesake Tellus is the Latin word for earth. Selenium, discovered over thirty years later
and initially mistaken for tellurium, was then named for Selene, the moon. Both Te and
Se have multiple naturally occurring allotropes, including amorphous, 6-8-membered
atomic ring structures (akin to S) and crystalline, semiconducting forms. Preferring twofold coordination bonding, Te and Se tend to form 0-dimensional (0D) atomic rings or 1dimensional (1D) atomic chains.
Both Se and Te have a trigonal, P3121 space group comprised of helical chains of
covalently bonded atoms spiraling along the c-axis and 3 atoms per unit cell (Figure 1.2)
(41). The helical chains are packed by what are thought to be strong van der Waals
interactions in <10-10>, though this has been under debate in the literature for decades
(42)—a topic that is addressed in Chapter 4 of this dissertation. Bradley was first to
determine structure of Te in 1924 (43). With 6 valance electrons: two paired in the sorbital, two in one p-orbital, and two available for bonding in each of the half-filled
remaining p-orbitals, Te covalently bonds to two nearest neighbors along the <0001>
direction with a distance of 2.86 Å. The four interchain nearest neighbors have a distance
of 3.74 Å. The lattice parameters are a=4.46 Å and c=5.92 Å (slightly larger than those of
Se). Due to the bond anisotropy of the crystal structure, both Te and Se tend to grow as
high aspect ratio needle or rod-like crystals. On substrates, thin film structures are most
commonly oriented with the <0001> in the substrate plane due to surface free energy
considerations discussed in Chapters 2 and 3 (44, 45).
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Figure 1.2 – Schematic representation of the trigonal Te crystal structure. While the
a:c ratio is different for Se, the space group symmetry and general structure are the
same. Figure modified from Reference 41.

Often referred to as a semimetal, crystalline Te truly is a p-type, infrared (IR)
band gap semiconductor with Eg=0.34 eV. Similarly, crystalline Se is a p-type
semiconductor with a substantially larger band gap of Eg=1.85 eV. Both materials exhibit
useful properties such as high photoconductivity (46-48), non-linear optical responses
(49-51), and piezoelectricity (52-54). With orders of magnitude higher mobility than Se,
Te thin films have historically been used in thin film transistors and investigated as
thermoelectric materials (55-59). Aside from electronics, chemical properties have made
Te films interesting platforms for an array of gas sensors (60-62). Te thin films with
thickness, t, of ~10 nm were grown by high-vacuum thermal evaporation as early as the
1970s (45), and Se monolayers were electrochemically deposited on Au(111) in 1997
(63); however, prior to the discovery of exciting 2D physics, the stability and properties
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of ultrathin (t<10 nm) chalcogens were not deeply explored nor their structures heavily
pursued. With the advent of elemental 2D materials came a resurgence of interest in
exploring 2D chalcogens (64-66). Prior to 2017, the possibility of unique 2D Te/Se
allotropes and novel properties thereof had not been discussed in literature.
In 2017, we, led by Lede Xian, and Zhu et al published separate computational
studies of 2D Te allotropes within one month of each other (67, 68). Both present
predictions of similar potential 2D structures and compelling properties. In a study
published in 2D Materials, we used ab initio phonon calculations as well as molecular
dynamics (MD) simulations based on density functional theory (DFT) to predict the
stability of possible low-dimensional allotropes of Se and Te (Figure 1.3). In both cases,
as expected, the most stable low-dimensional allotrope is a 2D array of 1D helical
chains—the building blocks of the bulk structure; however, some true 2D structures are
predicted to be attainable. The 1D helical chains are predicted to have narrow band gaps
close to those of the bulk Te (Eg~0.3-0.6 eV). Additionally, we predict a 2D “rectangular
tellurene” structure of Te with cohesive energy 0.06 eV/atom higher than the chain array
and a 2D “square tellurene” with cohesive energy 0.13 eV/atom higher than the chain
array. The rectangular phase is comprised of helical chains in close enough proximity to
form interchain covalent bonds. Both of these metastable phases are energetically
favorable enough to possibly be stabilized by proper epitaxially matched substrates.
Correspondingly, a metastable “square selenene” could be achieved. Aside from
graphene, 2D allotropes of group IV, such as silicene and germanene, form buckled
hexagonal lattices rather than purely planar geometries. Similarly, square selenene and
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tellurene are expected to undergo buckling. Most interestingly, square selenene and
tellurene are expected to be 2D topological insulators (TIs).

Figure 1.3 – Ball and stick representations of predicted 2D Te/Se phases: (a) Array
1D helical chains, (b) rectangular and (c) square (TI phase). Top and bottom images
are <10-10> and <0001> views, respectively. The black lines indicate the unit cell.
Color variations represent height differences in z due to buckling. Figure modified
from Reference 67.

2D TIs are materials with an insulating gap in the bulk and gapless, topologically
protected edge states (3-5, 69). Usually a consequence of large spin-orbit coupling
(SOC), the gapless edge states are momentum/spin locked, forming dissipationless 1D
channels. The result: electrons of a particular spin travel ballistically in one direction,
opposite the direction of electrons with the other spin, in the channels. The manifestation
of this is the quantum spin Hall effect (QSHE). Because of the buckled square lattice,
square Se and Te have anisotropic Dirac cone dispersions near the Fermi level at P1 along
the ΓΜ1 direction in the band structure (Figure 1.4). Furthermore, upon considering SOC
in both cases, a band gap of ~0.1 eV (similar to stanene) opens at this point (70). These
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factors are the recipe for a 2D TI, and the ~0.1 eV gap is large enough to realize the
QSHE at room temperature—a discovery that would revolutionize the field of exotic
electronics and spintronics. TI band topology is also characterized by a non-zero Ζ2
invariant, which is calculated to be 1 in both square systems.

Figure 1.4 – Square selenene (a) band structure including a zoomed image of the
Dirac cone at P1 (inset) and (b) band contours for the bottom conduction band
(upper) and top valence band (lower) in the first Brillioun zone. (c), (d) are the
corresponding images for square tellurene. Figure taken from Reference 67.
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In addition to our structure-property calculations, Zhu et al predict three possible
2D reconstructions of the Te lattice at “magic thicknesses” of N=3, 6, 9, 12, and 15
atoms: a stable hexagonal α-type, metastable rectangular β-type consistent with our
prediction, and a metastable hexagonal γ-type (Figure 1.5). The multiple-of-three magic
thicknesses are attributed to the multivalent nature of Te in the 2D reconstructed
configuration, where the center atoms exhibit metallic, σ-bonding character while the
outer two atoms bond to the central atom with a more metal-ligand type nature. The bulk
Te is structure is expected to be retained for films with N other than the magic
thicknesses. Furthermore, while α-type is predicted to be the most stable, experimental
evidence of the existence of the β-type exists on certain substrates, suggesting the
importance of substrate selection (68, 71).This topic is discussed further in Chapter 3 of
this dissertation. Finally, the electronic properties of these 2D phases are predicted to
differ from bulk Te. α-type Te is predicted to have a “nearly direct” band gap of Eg=0.75
eV, and β-type, a direct gap of Eg=1.47 eV. Both are expected to have high hole
mobilities of μ h>1000 cm2 V-1 s-1 and are predicted to be strong optical absorbers for
applications such as sensing and photon detection. Furthermore, the anisotropic
absorption with respect to the helical chain direction could be useful in polarized
optoelectronic sensing. Calculations of the thermoelectric properties of β-type Te
estimate Seebeck coefficients at 300 K of Sxx=0.38 and Syy=0.36 mVK-1 and a roomtemperature figure of merit, ZTxx=0.8 (72).
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Figure 1.5 – Top and side views of the optimized structures of tellurene in different
phases: (a) α-Te, (b) β-Te, and (c) γ-Te. The dashed lines indicate the unit cell of
each structure. The total charge density of each structure is plotted at the horizontal
and vertical cross sections indicated by the blue dotted lines. Figure modified from
Reference 68.

Since these seminal publications, experimental efforts to grow ultrathin (t<10 nm)
Te and Se, to understand how surface interactions can be leveraged to access the
proposed novel phases, and to characterize the thickness-dependent properties at the
ultrathin limit have been at the forefront of scientific interest (64, 65, 73-75). FETs with
room-temperature mobility, μFET ~700 cm2 V-1 s-1 (2 times higher than black P FETs)
along the high-mobility direction have been shown in 16 nm-thick solution-grown single
crystals (75). Additionally, Wang et al demonstrate flexible Te photodetectors, robust
over 100 flexion cycles for t=32 nm thermally evaporated nanoplates (65). These and the
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emergence of rich electronic phenomena in ultrathin Te, such as possible TI behavior,
make ultrathin Te a potential candidate for applications including exotic electronics and
sensing. However, most ultrathin Te to date has been grown by unscalable techniques
with maximum lateral sizes of ~100 μm. To that end, these compelling results warrant
pursuit of scalable deposition techniques for larger-scale application of ultrathin Te
devices. This dissertation focuses largely on the development of scalable growth methods
for ultrathin chalcogens. My original thesis for this research project was that like other
main group elements with non-layered bulk structures, 2D or quasi-2D Se and Te can be
grown by scalable methods on substrates, and their chiral, 1D chain structures will afford
thickness-dependent anisotropic properties. In the coming chapters, I will present the
results of my research driven by this thesis with context provided by other recent and
groundbreaking work in the field. In the next section, I describe the novelty of and
motivation for the experiments described herein.

1.3. This Dissertation
The culmination of my research over the last several years into ultrathin (t<10
nm) chalcogens is presented in the coming chapters. As described in Sections 1.1 and 1.2
of this introduction, the unique structure-property relationships caused by reducing the
thickness of materials while maintaining lateral dimensions is the basis and motivation
for the entire field of 2D materials. The utility of 2D materials is therefore predicated on
our ability to synthesize them in a manner that allows us to understand and exploit their
properties. Bearing this in mind, the novelty of this research lies at the intersection of
three fundamental areas of materials research: 1) discovery of novel, elemental 2D
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materials 2) exploration of their unique structure-property relationships, and 3)
achievement of 1 and 2 through scalable synthetic techniques (Figure 1.6). This
dissertation is structured in a manner to highlight the interplay of these three areas and
how they guided the experiments that I conducted throughout this project.

Figure 1.6 – Diagram of the three fundamental research areas intersecting in this
dissertation.

1.3.1. Novel Elemental 2D Materials
In Section 1.2, I outlined the extremely immature yet fascinating field of 2D
chalcogens. Our publication referenced in the discussion of computationally predicted 2D
allotropes was one of the seminal papers in the field of 2D group VI materials (67).
Initiated by our early experimental efforts, these computational results served as
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motivation and justification for this research. In chapters 2 and 3, I present the strides my
research projects have made toward realizing 2D Te and Se. The ultrathin (t<10 nm) Te
films that I have synthesized are among the first quasi-2D Te structures known.
Furthermore, electron microscopy studies of ultrathin Te has led to the discovery of the
existence of a formerly predicted but not proven α-allotrope of 3-layer Te, which is
discussed in Chapter 3. In addition to synthesizing ultrathin Te, I demonstrate the first
substrate-driven method of manipulating its crystallographic orientation under constant
growth conditions. This is explored in Chapter 3. Finally, I present preliminary evidence
of another novel 2D material—2D Se, the existence of which has even less computational
and experimental evidential support than Te.
1.3.2. Scalable Synthesis Techniques
Chapter 2 of this dissertation outlines the scalable techniques that I have
developed to synthesize ultrathin chalcogens. In early experiments, using the resources
available, I worked toward the development of pulsed laser deposition (PLD) and hightemperature vapor transport growth. Though these methods present limitations discussed
in chapters 2 and 3, the results are compelling toward the diversity in crystalline phases
accessible in ultrathin chalcogens. Inspired by this, I designed and built a home-built
“controllably unbalanced” sputtering system discussed in Section 2.2.2. This deposition
technique is highly uncommon, not commercially available, and instrumental to the
experiments discussed in chapters 3 and 4. My custom-designed controllably unbalanced
sputtering system is the first application of this technique in synthesizing both chalcogen
films and 2D materials. Chapter 2 explains the physical principles behind this technique
and the afforded growth mechanisms advantageous for ultrathin chalcogens. It is the only
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reported scalable method to ultrathin chalcogens and, as discussed in chapter 3, provides
a rational approach to tuning the Te crystal orientation and accessing anisotropic
properties.
1.3.3. Structure-Property Relationships
Chapter 3 provides detailed analysis of the structural and chemical composition of
the ultrathin chalcogens grown in this project. Most importantly, I show the tunability of
the Te crystal orientation based on the growth substrate used as well as deposition
geometry. This development provides a reproducible method to access the anisotropic
optical and electronic properties measured in ultrathin Te. Finally, in Chapter 4, I present
thickness- and orientation-dependent optical and electronic properties of ultrathin Te
films. While the anisotropy of the Te crystal and its consequences is known, as discussed
in Section 1.2, these results prove that the anisotropic signatures persist and are even
enhanced at the ultrathin limit. Also, these are among the first experiments to show the
thickness-dependent, quasi-2D nature of ultrathin Te.
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Chapter 2

Deposition of Ultrathin Chalcogens

2.1. Introduction
A fundamental challenge for unique, single-element 2D materials is achieving
reproducible and scalable large-area growths. The high surface energy of Te results in a
strong propensity toward the formation of droplets or islands on a surface during thin film
growth, which has historically precluded the coalescence of continuous films thinner than
30 nm (45, 76, 77).The preclusion of a uniform, continuous layer thinner than 30 nm is
partially explained by the Te crystal structure. The strong covalent bonding along the caxis as compared to the a-axis results in surface free energy up to three times higher for
the {0001} planes (basal plane during growth) than any other family of planes in the
system (45). Consequently, deposition tends to result in 1D nanostructures, such as
nanotubes or nanowires, rather than 2D morphologies (46, 78-80). This tendency is not
inhibitory when growing thick films but poses a substantial challenge for achieving
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ultrathin (t<10 nm) materials with large lateral dimensions. The high vapor pressure of
tellurium further compounds this challenge by restricting deposition to low temperature
(<150 oC) in vacuum (81, 82).
Throughout this research, I have developed two simple growth routes to largearea (cm2) ultrathin (t<10 nm) Te films with quasi-2D geometries. Both synthetic
techniques, pulsed laser deposition (PLD) and “controllably unbalanced” magnetron
sputtering, allow for controllable thickness, t, in the ultrathin regime. In the following
sections, details of why these two growth techniques are uniquely capable of overcoming
the deposition challenges in ultrathin Te are discussed. By both methods, large-area films
covering 1 cm2 area obtained on a variety of substrates with Te film thicknesses down to
t~2.5 nm. Additionally, these methods can be used to rationally tune the desired
crystallographic orientation of the films with respect to the substrate surface—which is
discussed in detail in Chapter 3.
Additionally, I report results of experiments on the deposition of Se and Te by
high-temperature vapor transport. Vapor transport deposition of Se were the earliest
experiments conducted in this research project. When challenges of irreproducible
deposition and small lateral sizes arose, I sought to develop scalable and reproducible
high-vacuum methods. While vapor transport did lead to thinner materials (as thin as 0.8
nm), lateral dimensions of these materials were limited to the micrometer-scale at largest.
Furthermore, due to the purely thermodynamic nature of the nucleation and crystallinity
during vapor transport, the crystallographic orientation of films deposited by this method
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cannot be easily controlled, as discussed in Chapter 3. Results of these experiments,
however, have led to the discovery of a theoretically predicted 2D Te α-phase.

2.2. Methods
2.2.1. Vapor Transport Deposition of Se and Te
The low melting points of Se and Te (217 oC and 452 oC, respectively) as well as
their high vapor pressures means volatilization of these chalcogens in ambient conditions
occurs readily. Te at atmospheric pressure volatizes at temperatures as low as 430 oC.
Consequently, thermal evaporation is easily achieved in a tube furnace at atmospheric
pressure. These factors make an inexpensive, thermally-driven deposition technique
appealing. These have also allowed chemical vapor deposition (CVD) to become a
widely applied growth technique for transition metal dichalcogenides (TMDs), including
metal tellurides and selenides (83-87). Evaporating molecular or elemental precursors at
temperatures ~300-700 oC in a tube furnace under flowing gas environment can result in
deposition of single crystal TMDs with mm-scale dimensions (88). Because it is
inexpensive and uses common chemicals, CVD is a preferred TMD synthesis route.
However, unlike the vapor transport deposition discussed here, CVD synthesis of TMDs
involves several gas-phase chemical reactions occurring prior to or during nucleation on
the substrate (89, 90). The thermodynamic favorability of these reactions dictates the
products. In this case, however, elemental Se and Te were evaporated, transported, and
deposited without undergoing chemical reaction. Though simpler from a chemistry
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standpoint, fewer studies exist on the mechanisms by which nucleation and crystallization
occur.
Previous reports show vapor transport deposition has been used to grow Te and
Se nanorods and nanotubes (77, 91, 92). These structures exhibit good crystallinity and
thermodynamically-favorable morphologies. The anisotropy of the bulk crystal structure
is reflected in the nanostructure’s morphology, resulting in growth of high aspect ratio
crystals. To achieve 2D geometries, these factors had to be limited. Here, higher growth
temperatures and shorter times were optimized to limit {0001} basal plane growth and
promote formation of lateral 2D geometries, the mechanism of which is discussed in
greater detail in the next chapter. The vapor transport deposition method is simple and
inexpensive but results in small (µm-scale) lateral dimensions.
Se flakes, as thin as t=3.0 nm, were deposited via vapor transport onto single
crystal MgO(100) substrates (MTI Crystal). Prior to deposition, the MgO was sonicated
in acetone (Fisher Chemical, reagent grade) and isopropanol (Fisher Chemical, reagent
grade) Deposition was performed in a 2” quartz tube furnace with ~10 mg Se powder
(Sigma Aldrich, 99.99%). Se powder was placed in a porcelain boat with the MgO
substrate polished-side-down on top. The temperature was ramped up to 350 °C over 10
min and held for 15 min followed by ambient cooling. 100 sccm Ar/ H2 (15%) gas was
used throughout.
Te islands t=0.85 nm with lateral size of ~50 µm were deposited by colleagues at
Rice University via vapor transport onto Si/SiO2 substrates. Te islands were deposited in
a 2” quartz tube furnace with ~10 mg Te powder (Sigma Aldrich, 99.99%) in a porcelain
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boat and a long (several cm) SiO2/ Si substrate (300 nm thermal oxide, University Wafer)
positioned 6 cm downstream (Figure 2.1). Prior to deposition, the substrate was rinsed in
acetone (Fisher Chemical, reagent grade) and isopropanol (Fisher Chemical, reagent
grade) The temperature at the Te source was ramped up to 650 °C in a flowing Ar/H 2
(15%, 100 sccm) environment over 23 min, held for 8 min, and cooled ambiently.

Figure 2.1 – Schematic of the vapor transport deposition set up for Te. A similar set
up was used for Se, but the substrate was positioned on top of the precursor boat
rather than downstream and temperature wasa set to 350 oC.

Structural, chemical, and topographical characterization of vapor transport-grown
Se and Te are presented in Section 3.3.1. Due to irreproducibility, these experiments were
redirected toward the development of more reliable deposition techniques. Nevertheless,
the results from this method were critical to understanding the growth of ultrathin
chalcogens.
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2.2.2. Pulsed Laser Deposition of Te
Next, I worked toward fitting an existing PLD system for deposition of ultrathin
Te. Due to the large kinetic energy of the atomic and ionized species in the plasma
plume, PLD affords a route to island breakup, providing an advantage over other
thermodynamically driven high-vacuum deposition techniques, such as molecular beam
epitaxy, in depositing ultrathin chalcogen films. Additionally, highly-non-equilibrium
PLD leads to extreme oversaturation of nucleation sites on the substrate compared to
most physical vapor deposition (PVD) techniques, such as sputtering (93, 94). This can
benefit film coalescence and smoothness. Unlike sputtering, however, which is
exclusively target atoms in the plasma, the many processes occurring at the target surface
during PLD result in atoms, ions, and particles/clusters which, as discussed in Chapter 3,
can damage the film. Though not of concern here, this variation in species also affects
stoichiometry in compound films. The processes occurring at the target surface are both
thermal and electronic, resulting in extreme local heating, evaporation, cluster ablation,
and plasma generation (95).
I used an ultra-high vacuum (UHV) deposition chamber with a base pressure of
1×10-8 Torr and a load-lock with a base pressure of 5×10-6 Torr. Deposition was
performed at chamber base pressure, under which the mean free path of species exiting
the target is >> the target-to -substrate distance, resulting in quasi-ballistic travel (96).
Here, a Lambda Physik LPX300 248 nm KrF laser was focused on a Te target positioned
3 cm from the substrate in a 45o off-axis geometry, as shown in Figure 2.2. This is not the
ideal PLD set up geometry. Conventionally, on-axis systems are used in which the laser
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impinges at 45o to the target, which is co-planar with the substrate, but this particular
system could not be retrofitted for this geometry. The target and sample were both rotated
during deposition and the substrate holder was positioned ~3 mm off-center from the
plume to compensate for the short target-to-substrate distance.
Te films ranging from t=2.7-6.0 nm were grown via PLD on 1 cm x 1 cm single
crystal MgO(100). Film growth yields complete substrate coverage and thickness can be
varied controllably and reproducibly by varying the number of pulses (2-8), as discussed
in Section 3.3.1. Deposition was performed at 25 o C excluding the heating contribution
from the plasma, which, due to the extremely short deposition time, is negligible. The
Lambda-Physik LPX300 excimer laser was focused to a spot size of 2.6 mm x 1.5 mm
onto a 1” Te target (Kurt J. Lesker, 99.999%) at a working distance of 3 cm. Deposition
was performed at a constant fluence of 18.0 J/cm2, 30 ns pulse duration, and 1 Hz
repetition rate. The off-axis deposition geometry turns out to be of consequence in the
structure of the resulting film. As proven in the next chapter, the angled deposition is
consequential to the orientation of the Te film with respect to the MgO surface.
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Figure 2.2 – Schematic of the PLD deposition system.

PLD-deposited films were grown on epi-ready single crystal MgO(100) (MTI
Crystal). Prior to loading into the vacuum chamber, the MgO was sonicated in acetone
(Fisher

Chemical,

semiconductor

grade)

and

isopropanol

(Fisher

Chemical,

semiconductor grade). MgO is a common PLD substrate because it is inexpensive and
offers high chemical stability, which is especially important during the deposition of
chalcogen films due to their reactivity. Films were grown at 25°C and chamber base
pressure (10-8 torr). Details of the full characterization of the quality, chemistry, and
crystalline structure of these films is presented in the next chapter.
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2.2.3. Controllably Unbalanced Magnetron Sputtering of Te
To further push the boundaries in achieving high-quality, ultrathin Te films while
mitigating the propensity toward droplet formation, I, and a team from AFRL, custom
designed a home-built “controllably unbalanced” magnetron sputtering system. These are
the first ultrathin Te films to be deposited by a truly scalable, physical vapor deposition
(PVD) technique, uniformly covering 1 cm2 substrates. Controllably unbalanced
sputtering is a kinetically driven, non-equilibrium, and fundamentally different technique
from conventional sputtering. Using the assistance of a tunable external magnetic field to
controllably unbalance the system, we can deposit ultrathin, low roughness films at
ambient temperatures, eliminating many of the inhibitory factors to growing chalcogen
films. Figure 2.3a shows a SolidWorks rendering of the controllably unbalanced
deposition system. Here, a pair of external electromagnets have been fixed to a
conventional magnetron sputtering chamber with two co-planar magnetrons. As
described in Reference 97, this method allows modulation of crystallinity and
nanostructure formation of ultrathin Te films by use of high ion-to-metal flux ratios (Ji
/Jme =>10) of low-energy (Ei ~15-20 eV) ions impinging at the growth front.
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Figure 2.3 – Schematic of the (a) sputtering chamber and (b) external
electromagnet. COMSOL Multiphysics models of the total magnetic field inside the
chamber with the external magnet (c) off and (d) on.

In a typical magnetron sputtering system, the magnetic fields (500-1200 G)
produce electron confinement at the target surface (97). In a controllably unbalanced
system such as this, the addition of external electromagnets creates a magnetic field, Bext,
of ~500 G (as predicted in the modeling) in front of the target, orthogonal to the target
and substrate surfaces (Figure 2.3b). Depending on which direction current in the coils, I c,
is driven, Bext will either focus or diffuse the plasma, as described in Reference 97. When
Bext is negative, the plasma is diffused. By reversing the current such that Bext is positive,
as is exclusively the case in these experiments, the plasma is focused. COMSOL
Multiphysics models were used to optimize external magnet design. The modeled
contribution of Bext to the magnetic field in the sample vicinity is shown at I c of 0 A
(Figure 2.3c) and 7.0 A (Figure 2.3d). In the presence of (positive) Bext, electrons escape
the toroid region, spiraling (due to Lorentz Force) along the Bext field lines toward the
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substrate (97). Due to the plasma densification, collisions between electrons and gas
atoms induce “impact ionization” near the sample surface. The result: a two-orders-ofmagnitude increase in low-energy (~10-15 eV) Ar+ ion flux at the deposition surface over
a conventional sputtering set up (Figure 2.4).

Figure 2.4 – Plot of ion:metal flux ratio as a function of coil current and images of
the corresponding effects on the plasma in the vincinity of the substrate. Note the
focusing effect in the top right image. Figure modified from Reference 97.

Electrostatic probes have previously been used to measure the ion-to-metal flux
ratio due to modulation of Bext in this type of deposition system (98, 99). Figure 2.4
shows results from Howe plotting Ji/Jme as a function of electromagnetic coil current for
sputtering of a Hf0.7 Al0.3 in 5% N2/Ar and demonstrating the tunability of the ion flux
ratio, which is controlled by selecting I c (97). The photographs in the lower left and upper
right of Figure 2.4 demonstrate via fluorescence the spreading (Bext = -30 G) and focusing
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(Bext = +180 G) of the plasma described in this section during sputtering of Hf0.7 Al0.3,
while the corresponding schematics illustrate the magnetic field lines (97).
Controllably unbalanced magnetron sputtering has been used to grow materials
systems including epitaxial HfN (100, 101) and TiN (102, 103). Authors have shown that
modulating Bext by controlling I c allows for a handle to independently control the energy
and flux of ions at the growth front without affecting deposition rate (97). Furthermore,
the low-energy ions serve to break up islands or droplets on the film surface by way of
momentum transfer from their relatively high kinetic energy. Deposition rate can be
independently controlled by varying the power to the magnetrons and Ar pressure in the
chamber (104). As discussed in Section 2.2.2.1, these factors are highly advantageous for
depositing ultrathin films of high surface energy materials. Surface roughness and island
break up can be directly addressed without having to increase film thickness due to high
magnetron power, making this kinetically-driven growth method ideal for this type of
material.
Ultrathin Te films (t=2.5-20 nm) were grown on a variety of substrates (discussed
in detail in chapters 3 and 4 of this dissertation) using an unbalanced magnetron
sputtering system with tunable Bext (104). Standard deposition conditions are described
in the next sub-section. Ultra-high purity Ar (99.9999%) was used to generate the Ar+
plasma, and Te film thickness could be tuned by modulating the power and/or Ar
background pressure. The growth system, depicted schematically in Figure 2.3a, is a Kurt
Lesker deposition chamber with a base pressure of 1×10-8 Torr and a load-lock with a
base pressure of 5×10-8. Inside the main chamber are two, 2-inch US Guns magnetrons
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configured co-planarly at a distance of ~14 cm. The need for the co-planar geometry is
discussed in the next sub-section. The Ta substrate holder is positioned halfway between
the two magnetrons with the substrate facing the Te target (99.999%, Kurt Lesker) at a
distance of 6 cm. Just prior to deposition, the target is cleaned by sputtering behind a
shutter as described in Reference 97. All samples were grown at ambient temperature,
though a resistive heater comprised of a ceramic plate is placed behind the substrate. As
in the PLD experiments, plasma heating is negligible due to extremely short growth times
(<10 s). Growth substrates included single crystal MgO(100) (MTI Crystal), single
crystal Al2 O3(0001) (MTI Crystal), SPI grade-1 highly-oriented pyrolytic graphite
(HOPG) (SPI Supplies), and hexagonal boron nitride (BN) CVD-grown on Ni.

2.2.3.1. Growth Calibration
To determine optimum deposition conditions, AFM was used to evaluate film
thickness and general topographical quality. To measure film thickness via AFM, a thin
strip of photoresist was used to cover a portion of the substrate during deposition and
subsequently removed, yielding a measurable step-edge. Deposition rates were measured
first as a function of magnetron power and Ar pressure. Figure 2.5 shows the thickness of
ultrathin Te deposited for 10 s at 10 W magnetron power and Ar pressures of 50, 194,
and 483 mTorr. The resulting films exhibit t=2.5 nm, 4.6 nm and 9.8 nm, respectively.
The thickness of the Te film decreases as a function of pressure (Figure 2.6a). Similarly,
Te film thickness was calibrated as a function of magnetron power for 5 s depositions at
100 mTorr Ar pressure. Figure 2.6b shows the linear relationship between film thickness
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and magnetron power at 10, 14, and 15 W. It was found that below 10 W the plasma
became unstable and emission could not be sustained due to the relatively low secondary
electron coefficient of Te. As a result of these experiments, 5 s at 12 W and 100 mTorr
Ar pressure were chosen as the standard deposition conditions for most subsequent
experiments, yielding films of t~5-6 nm.
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Figure 2.5 – AFM micrographs (top) and corresponding thickness traces (bottom)
(taken across the white line) of Te grown on at (a) 483, (b) 194, and (c) 50 mTorr Ar
pressure.

Figure 2.6 – Plots of sputtered Te thickness as a function of (a) Ar pressure and (b)
magnetron power.
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As previously discussed, the external magnetic field induces a large flux of low
energy (~10-15 eV) ions arriving at the sample surface. By selecting I c between 0 and
~8.5 A (limited by the maximum voltage of the power supply), the ratio of low energy
ions to metal atoms, Ji/Jme is tuned. Due to their greater kinetic energy than the atomic
species, these ions serve to increasing adatom mobility without inducing defects,
resulting in a smoother film than those deposited without the assistance of the
electromagnet (104). Effectively, the ions arriving with greater kinetic energy than Te
atoms will “push” the Te atoms on the substrate surface. For high surface energy
materials such as the chalcogens, this allows for thin film formation to be favored over
droplet formation, which is often a challenge thermodynamically-dictated deposition
techniques. In most film growth, heat is applied to the substrate to increase adatom
mobility. In this case, because sufficient surface mobility is provided via the ion flux,
films can be grown at unprecedentedly low growth temperatures (25 oC), which aids in
overcoming the challenges associated with high vapor pressure materials such as reevaporation during deposition (which occurs faster than the deposition rate above ~200
o

C). Furthermore, Zhu et al hypothesize that the van der Waals bonds between chains

break above 180 oC (68). The result: much higher quality ultrathin films as opposed to
conventional sputtering.
This effect is clear from the topography of the films shown in Figure 2.7. All
three topographical maps are the result of Te deposited for 5 s on MgO(100) at 25 oC,
100 mTorr Ar pressure, and 12 W magnetron power. The left and center maps are taken
from samples deposited with the external electromagnet coil currents of I c=8.0 A (Bext
~500 G) and I c=5.0 A, respectively, while the image on the right was deposited similarly
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to a conventional sputtering system without contribution from Bext (I c=0 A). The maps
show the increase in surface roughness and decrease in overall topographical quality from
left to right as Bext is decreased. Furthermore, the formation of large droplets is
increasingly evident as Bext is decreased. Over a 2 µm scan area, the RMS roughness of
ultrathin Te is decreased by nearly an order of magnitude when deposited using I c=8.0 A.

Figure 2.7 – AFM micrographs of the surface topography of ultrathin Te deposited
with the external electromagnet (a) set at Ic=8.0 A, (b) set at Ic=5.0 A, and (c) off.

The effect of heating the substrate during deposition on film quality was also
studied. While elevated growth temperatures are commonplace for deposition of many
metal and semiconductor thin films because of the added thermodynamic driving forces,
this is not necessarily beneficial for the chalcogens. Due to the high vapor pressure of Te,
thin film deposition under high vacuum at elevated temperatures is known to be
challenging as re-evaporation dominates (45, 105).In this research, I have found room
temperature deposition to be optimal for attaining high quality ultrathin Te films. The
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home-built, controllably unbalanced sputtering system is equipped with a resistively
heated sample stage. The effects of heating on Te topography are shown in Figure 2.8.
All three samples were deposited for 5 s on MgO(100) at, 100 mTorr Ar pressure, I c=5.0
A, and 12 W magnetron power. The substrate was heated to temperature before
deposition, and the heater was immediately switched off after deposition. Topographical
maps show the increase in surface roughness and decrease in film coalescence from left
to right as substrate temperature is increased from 25 oC to 100 oC and 200 oC (Figure
2.8a,b,c respectively). RMS roughness is increased by over an order of magnitude with
increasing temperature. Droplet formation is not evident on the surface of the sample
deposited at room temperature. At 100 oC, the formation of ~30 nm diameter droplets
becomes apparent (top of Figure 2.8b), and at 200 oC, droplets have increased in size by
~50% (~45 nm) and cover up to ~25% of the surface area. Furthermore, attempts to
sputter Te at temperatures >200 oC resulted in no deposition on the substrate surface, as
evaporation rate is exceeding deposition rate.
In conclusion, the combination of high Ji/Jme induced by the application of Bext
(~500 G) at I c=8.0 A and room temperature deposition serves to impede the formation of
3D spheres and promote 2D film coalescence in ultrathin Te. This is highlighted by the
dramatic differences in the topographical maps shown in Figure 2.9. The left map shows
the optimized high ion flux, low temperature result, exhibiting exceptionally low surface
roughness of ~100 pm over a 2 μm x 2 μm scan area. The map on the right, which was
deposited at 200 oC and Ic=0 A, shows agglomerations of spherical 3D structures with
RMS roughness of ~5 nm. This comparison demonstrates acutely the advantages of the
controllably unbalanced system over conventional sputtering systems in achieving quasi-
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2D geometries and ultrathin Te films. Details on AFM methodology are given in Section
3.2.1.

Figure 2.8 – AFM micrographs of the surface topography of ultrathin Te deposited
with substrate temperatures of (a) 25 oC, (b) 100 0C, and (c) 200 oC.

Figure 2.9 – AFM micrographs of the surface topography of ultrathin Te deposited
under (a) optimized conditions of Ic=8.0 A and substrate temperature ~25 oC and (b)
“conventional” sputtering conditions of Ic=0 A and substrate temperature ~200 oC.
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2.2.3.2. Substrate Preparation
MgO, Al2O3, and BN/Ni substrates were sonicated in acetone (Fisher Chemical,
semiconductor grade), isopropanol (Fisher Chemical, semiconductor grade) and methanol
(Fisher Chemical, semiconductor grade). In the case of MgO and Al2 O3, additional
experiments to determine the effects of pre-heating on ultrathin Te film quality were
conducted. Pre-heating MgO for 1 h at 800 oC has been shown to improve surface quality
prior to epitaxial sputtering in other studies (97, 106). These experiments were repeated,
allowing the substrates to cool fully to room temperature over a period of several hours
prior to deposition. Over several trials, it was concluded that this procedure provides no
improvement to the smoothness or coalescence of non-epitaxial ultrathin Te. Thus, the
pre-heating regiment was not employed in subsequent experiments.
For ultrathin Te deposited on HOPG, HOPG substrates are cleaved using typical
clear office tape to expose a clean surface. After cleavage, partial flaking of the graphitic
surface is observed under optical and scanning electron microscopy (SEM) (Figure 2.10).
In effort to eliminate these surface defects, I employed mechanical polishing using an
Allied MultiPrep polishing wheel. The surfaces were polished on diamond lapping films
beginning at 3.0 μm particle size and ending at 0.1 μm particle size.
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Figure 2.10 – Optical micrographs of the HOPG surface before (a) and after (b)
mechanical polishing. SEM micrographs before (c) and after(d) polishing.

After polishing, initial inspection under optical microscopy reveals an apparently
rougher surface (Figure 2.10b). This is attributed to scratches in the soft graphite induced
by the lapping film. Furthermore, SEM analysis shows the emergence of new polishinginduced surface inhomogeneities. It appears that only isolated regions of the HOPG
surface contacted and was affected by the lapping film. These areas sustained damage,
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resulting in flaky material to deposited on the substrate surface (Figure 2.10d). Thus, it
was concluded that the softness of HOPG precludes effective mechanical polishing and
careful cleavage is the best method of substrate preparation.
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Chapter 3

Structural and Chemical Characterization

3.1. Introduction
Like many of the emerging 2D and ultrathin (<10 nm) materials, germanene, and
borophene, for example, tellurene (and selenene) is not derived from a layered van der
Waals solid (19, 20, 22, 27). The bulk Te (and Se) structure is a trigonal, P3121 space
group comprised of chiral, covalently-bonded, one-dimensional (1D) chains packed by
van der Waals interactions into a hexagonal lattice. This anisotropic crystal inherently
offers both axis- and thickness-dependent properties. The anisotropic optical, electrical,
and mechanical properties of Te have been known since the 1950s (49-51, 56, 107), but
recently, thickness-dependent optical and electronic properties have emerged, which are
examined in the next chapter. Exploiting these factors in electronics and optoelectronics,
however, requires a simple handle for precisely controlling Te thickness as well as the

52

crystallographic orientation. In this chapter, such a handle is revealed through structural
characterization of ultrathin Te deposited by controllably unbalanced sputtering and PLD.
Te thin films of tens to few hundred nm-thickness exhibit different morphologies
when thermally evaporated onto a variety of substrates including glass, mica, rock salt,
and TGS (44, 45, 56). In nearly all cases, growth occurs with the c-axis in the plane of the
substrate, often resulting in needle-like crystals or dendritic structures. Similarly,
solution-grown Te nanowires grow along the c-axis. This is to be expected, as the surface
free energy of {0001} is 2-3 times greater than the {10-10}, and crystal faces grow at
rates proportional to their surface free energies (45). Tellurene grown by molecular beam
epitaxy (MBE) on HOPG also shows the <0001> chain structure laying parallel to the
substrate surface, and at the magic thickness, restructures into 2D β-Te. However,
Weidmann et al predicted Te to grow <0001> normal to the substrate on rock salt at
room temperature, and selective control of the unique, α,β, and γ 2D phases is predicted
to be controlled largely by growth substrate (67). On substrates with dangling bonds (like
MgO), ultrathin films of the magic thicknesses are expected to restructure into 2D α-Te
(68).
In this chapter, I have characterized the general topography, crystalline phase, and
orientation of Te and Se films deposited by the techniques described in Chapter 2. The
films were grown on a variety of substrates, and, depending on deposition method and
substrate, exhibit diverse structures and phases with rational tunability. These results
prove existence of α-phase 2D Te and the controllability of the chiral chain structure in
kinetically-driven growth mechanisms, PLD and controllably unbalanced sputtering. The
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discoveries made herein served to guide and explain the exploration of optical and
electronic properties reported in Chapter 4.

3.2. Methods
3.2.1. Structural Characterization
3.2.1.1. Nanostructure and Crystalline Phase
The micro/nano structure, crystalline phase, and texturing/orientation of ultrathin
Te was assessed using high-resolution transmission electron microscopy (HRTEM),
scanning transmission electron microscopy (STEM), and high-resolution scanning
transmission electron microscopy (HRSTEM) imaging as well as selected-area electron
diffraction (SAED).
HRTEM images were acquired on an FEI Titan Themis equipped with a postspecimen aberration corrector (Cs=0). An accelerating voltage of 300 kV was used in
Free Control mode with the C3 lens off. The detector is a BM-Ceta 2048 x 2048 CCD
array. SAED patterns were collected on the same microscope and under similar
conditions using a 30 μm selected-area aperture.
STEM images were acquired on an FEI Talos TEM operated in STEM mode at an
accelerating voltage of 200 kV using a high-angle annular dark filed (HAADF) detector.
Vapor transport deposited Te and Se were transferred by spin-coating PMMA
(Sigma Aldrich, 100k MW, 15% in toluene, w/w) onto the surface and subsequently
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etching the underlying SiO2 layer

in a 2M aqueous KOH

solution. The

“polymer+sample” film is then rinsed in DI water before scooping up on a holey carbon
grid (Ted Pella) and dried on a hot plate (80 oC). The PMMA was then removed by
rinsing in acetone (Fisher Scientific, reagent grade) and isopropanol (Fisher Scientific,
reagent grade) and heating overnight in a vacuum oven to minimize residual carbon
contamination before imaging.
Specimen of ultrathin Te grown on MgO were prepared for TEM by conventional
cross-sectional specimen preparation methods. The sample was bonded, film to film,
using 353ND epoxy (Epoxy Technology), cleaved to a 3 mm x 3 mm piece, mounted to a
3 mm Mo TEM grid, and polished to a thickness of ~30 μm on a mechanical polishing
wheel (Allied Multiprep) using diamond lapping films (30, 15, 6, and 1 μm particle size).
The specimen was then low-angle ion milled to electron transparency under Ar + beam
(Fishione Model 1010 ion mill) at 5 kV and angle of 12o. Final polishing to remove
redeposition at the sample surface was then performed at 2 kV, 10o and 1 kV, 10o for 15
min each. Images were acquired aligned to the MgO[001] zone axis.
Specimen of ultrathin Te grown on HOPG were prepared by focused ion beam
(FIB) cross-sectioning and polishing. An FEI Nova dual-SEM/FIB system equipped with
a Ga+ ion source and field-emission electron gun was used. To mitigate FIB damage to
the ultrathin Te film, a protective 1 μm Pt cap was deposited on the surface via electronbeam deposition followed by a 3 μm Pt cap deposited via ion beam deposition. The
specimen, 15 μm x 7 μm x 1 μm thick, was lifted out using an Omniprobe
micromanipulator and mounted to a Cu TEM grid (Omniprobe) via Pt deposition. The
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sample was then thinned to electron transparency under the Ga+ beam at 30 kV and final
polished to remove redeposition at 2 kV.
3.2.1.2. Surface Topography
Atomic force microscopy (AFM) was used to evaluate the thickness, roughness,
and general topography of ultrathin Te films deposited by the above discussed
techniques. AFM images for thickness measurements were recorded on a Bruker
Multimode 8 in tapping and quantitative nano-mechanical mode with ScanAsyst-Air
probes (Bruker). To measure film thickness via AFM, a thin strip of photoresist was used
to cover a portion of the substrate during deposition and subsequently removed, yielding
a measurable step-edge. General roughness/topography maps were acquired on an
Asylum Research AFM in tapping mode. All AFM images were obtained at 512 x 512
resolution with a maximum scan speed of 1 Hz.
3.2.2. Chemical Characterization
3.2.2.1. Spectroscopy
Energy-dispersive X-ray (EDS) maps and spectra were collected to confirm the
chemical compositions in regions of interest on TEM-prepared specimen. EDS was
performed on an FEI Talos TEM operated at an accelerating voltage of 200 kV in STEM
mode. The microscope is equipped with an FEI SuperX quad-core EDS detector. Maps
were acquired over a minimum of 600 s to allow for ample signal acquisition.
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X-ray photoelectron spectroscopy (XPS) was used to analyze the surface
chemistry and quantitatively determine the metal-to-oxide ratios in sputtered ultrathin Te
on HOPG. Additionally, a time-dependent study of exposure to ambient conditions was
conducted to shed light on the stability of the films. The XPS data was collected using a
Mg Kα (1253.6 eV) X-ray source (Scienta Omicron) and hemispherical detector (Argus).
Elemental spectra were collected at 20 eV pass energy and step size of 0.1 eV with an
energy resolution of ~1 eV. Spectral shifts were calibrated and corrected based on the
C1s (284.8 eV) peak. Spectra were fit with a Shirley background and then the peak of
each oxidation state was fit to a convoluted Gaussian/Lorentzian peak shape. A
Levenberg-Marquardt routine to minimize χ2 was used.

3.3. Results and Conclusions
3.3.1. Vapor Transport of Ultrathin Se and Te
Vapor transport deposition of Se on MgO(100) substrates resulted in deposition of
a dense network of square and rectangularly shaped flakes. In many cases, the flakes
exhibit step-like features on one edge. These flakes cover roughly half of the substrate,
have lateral dimensions of ~100 nm, and range in thickness from t~3.0-16 nm (Figure
3.1a). Similarly, Qin et al demonstrate deposition of Se flakes with nearly identical
thickness (5-15 nm) and slightly larger lateral dimensions (~5 µm) by a similar method at
lower temperatures (210 oC) (74). Furthermore, their flakes exhibit other morphological
similarities to these including rectangular shapes with one side of stepped-edges, overlap
of flakes in some regions, and ~50% substrate coverage. Qin et al found that deposition

57

at 160 oC resulted in growth of amorphous Se spheres. As temperature is increased to 210
o

C, crystallinity is dramatically improved and morphological changes to the rectangular,

step-sided shape is observed—consistent with our observation of these morphologies
with reasonable crystallinity at 350 oC . These results reveal that unlike the high-vacuum
growth techniques, deposition of ultrathin chalcogens is attainable at high temperatures
under atmospheric pressure—a

promising aspect of vapor

transport growth.

Spectroscopic characterization via XPS reveals the Se 3d5/2 signature peak at ~55 eV with
characteristic Se 3d3/2 spin-orbit peak (Δ~0.9 eV) (Figure 3.1b). The lack of existence of
the Se 3d oxide peak at ~60 eV is indicative of little to no oxidation of the flakes.

Figure 3.1 – (a,b) AFM topographical maps and (c) XPS spectrum showing the Se0
signature of rectangular, vapor transport-grown Se flakes.

The generally-quadrangular morphology is an unexpected result when considering
the Se crystal structure. As will become an increasingly important consideration
throughout this dissertation, both Se and Te have highly anisotropic crystal structures. As
a result, the {0001} surfaces possess the highest surface free energy by a significant
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margin. Nanostructures and bulk crystals of these materials, therefore, tend to grow as
high aspect ratio rods (41, 46, 78, 79, 92, 108). Here, however, the generally isotropic
shape in 2D suggests that vapor transport growth conditions afford mechanisms to
overcome these energetic considerations. HRTEM and SAED were used to better
understand this morphology and the orientation of the Se flakes. The low-magnification
TEM image in Figure 3.2a shows the high electron transparency of the flakes, indicating
small thickness. As evidenced by the smeared-out rings in the SAED, the flakes are
polycrystalline on the micron-scale (Figure 3.2a inset). The ratio of the spacing of the
rings is consistent with the d-spacing expected for Se with the innermost ring being the
(0001) as viewed down the [10-10]. This is indicative of the c-axis oriented parallel to the
substrate surface—consistent with expected thermodynamically driven growth of
chalcogens. Though resolution limits direct measurement of the lattice spacing on the
image, the HRTEM image shown in Figure 3.2b is consistent with the corrugated lattice
characteristic of the [0001] chains.
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Figure 3.2 – TEM images of vapor transport-grown Se flakes: (a) Low
magnification image/SAED pattern (inset) viewed down the [10-10], (b) HRTEM
image of the crystal lattice showing corrugated (0001) chains, and (c) image of the
edge of the flake showing layering (red arrows).

Adopting a mechanism first set forth by Hawley et al for controlling aspect ratio
in Te nanowires, the lateral growth of Se nanostructures is a probability-driven
phenomenon (92).Once the substrate is sufficiently dense in nucleation sites and growth
begins, the favored nanorod shape will emerge. However, due to the high temperatures
used, the mean free path of Se2 dimers (and S4 and S8) in the gas state is >> the size of
the {0001} faces. As a result, it is statistically more likely that the sublimated species will
adsorb on the substrate or any of the larger crystal faces of the rod and not on {0001}.
Diffusion then occurs to the closest crystal face (if adsorbed on substrate) and then along
<0001>, but growth will only occur at {0001} if an energetically favorable site is not
encountered on the adsorption face first. The likelihood that an energetically
accommodating site will be presented results in faster lateral growth. Irreproducibility of
this result, however, inspired a transition toward developing scalable and more reliable
growth techniques.
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Recently, colleagues at Rice University have demonstrated that vapor transport
deposition of Te powder in an Ar/H2 atmosphere at a temperature of 650 oC results in the
deposition of t=0.85 nm islands on Si/SiO2 substrates with lateral sizes up to ~50 µm
(Figure 3.3). Though much larger in lateral size, the macroscopic morphology of vapor
transport-grown Te appears irregular with poorly-faceted edges as compared to Se
(Figure 3.3b). Considering the Te-Te bond length of hexagonal tellurium (2.86 Å) and the
interatomic layer separation (3.67 Å), the 0.85 nm thickness corresponds to three atomic
layers (68, 73). Akin to the growth mechanism explained for Se flakes, 2D geometries
were achieved in these samples by depositing at relatively high temperature (~450 oC)
and short deposition time (8 min), asserting further evidence for the inaccessibility of
{0001} under these conditions. Hawley et al have shown that the aspect ratio of Te
nanowires dramatically decrease as a function of temperature from length/diameter (L/d)
~35 at 195 oC to L/d~5 at 260 oC, which is consistent with our observations of yet
stronger propensity toward sheet-like growth at higher temperature. It is prudent to note,
however, that this growth mechanism is not valid for the high vacuum methods discussed
in the coming sections.
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Figure 3.3 – (a) Optical micrograph showing the 50 µm lateral dimensions and (b)
AFM micrograph showing t= 0.85 nm in vapor transport-grown Te flakes.

The TEM micrograph in Figure 3.4a shows few-layer nature of vapor transportdeposited Te flakes. The SAED pattern in Figure 3.4b was taken from the surrounding
region and confirms the hexagonal symmetry with three distinct sets of six-fold
diffraction spots. Viewed down the [0001] zone axis, three sets of spots are observed at
each reflection, indicative of turbostratic disorder between three layers. This conclusion
is consistent with the observed Moiré interference patterns between two turbostratic
layers in Figure 3.4c. Furthermore, I have found via a combination of TEM and STEM
that in the three-layer region, these flakes exhibit a previously unknown α-phase which
had been predicted by DFT calculations (68).
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Figure 3.4 – (a) TEM image of few-layer of vapor transport-deposited Te. (b) SAED
pattern of tri-layer region viewed down [0001]. (c) HRTEM of a bi-layer (left) and
single-layer (right) region and comparison of single-layer region image (inset) to (d)
HAADF-STEM image and α-Te lattice schematic (green), scale bar=1 nm.

Initial inspection of the HRTEM appeared inconsistent with the expected image
for the trigonal, P3121 Te crystal lattice (Figure 3.4c inset). Similarly, the d-spacing
measured from the SAED pattern was incorrect. Because phase contrast in HRTEM
images can cause the images not to be readily interpretable, the sample was studied
further using high-resolution HAADF STEM. The contrast in STEM imaging, in which
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bright spots can be readily interpreted as atomic columns, was consistent with that
observed in HRTEM and different than an expected STEM image of trigonal Te viewed
down [0001] (Figure 3.4c).
Figure 3.4d shows schematically the predicted α-Te crystal allotrope, which is
akin to a 1T-type TMD. Consistent with Zhu et al’s computational reports of the relative
stability of the α crystal structure, we, led by Aravind Krishnamoorthy, also found this to
be the most stable three-atomic-layer phase. Overlaying the optimized α-Te onto the
STEM image displays the nearly perfect registry between the simulated and real
structures, which is the first experimental evidence of this phase. Additionally, the lattice
structure seemingly varies from left to right in the large STEM image shown in Figure
3.5a. It was initially proposed that all three predicted allotropes, α, β, and γ, coexist. This,
however, is not the case, as SAED reveals the existence of only phase with consistent dspacing whereas all three allotropes have different lattice constants (Figure 3.4b).
Furthermore, distinct grain boundaries are not observable in the STEM image but rather
gradual, ill-defined modulations in appearance. These are therefore attributed to rippling
of the Te film. Formation of similar ripples have been observed in freestanding graphene
and MoS2 using aberration-corrected STEM (109-111). To support this assertion,
simulated images of rippled, monolayer α-Te bent about a 400 Å radius of curvature were
compared to various regions of the STEM image (Figure 3.5) The simulated images of
rippled α-Te, shown in Figure 3.5b, are consistent with the distortions in the real STEM
image, as shown by overlaying the simulations (green) onto zoomed regions of the real
image (Figure 3.5c). The super imposed images show nearly perfect registry. Lastly, this
pronounced rippling is supported by the low value of calculated elastic moduli (44.5 Nm-
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1

) in comparison to other monolayer materials (180 Nm-1 MoSe2 and 340 Nm-1 for

graphene) and comparable to other elemental 2D materials (~70 Nm-1 for silicene and 2952 Nm-1 for black phosphorus) (112-115).

Figure 3.5 – (a) HAADF-STEM image of α-Te, (b) simulated images of α-Te under
different bending conditions, and (c) zoomed in regions of the STEM image with
simulated bent α-Te overlayed (green). Scale bars=1 nm.

These results are significant toward confirming the validity of computationallyguided experiments on ultrathin Te. The existence of the α-phase was predicted to occur
in materials of “magic thicknesses” N=3, 6, 9, 12, or 15 atoms on substrates with
dangling bonds. Here, N=3, vapor transport-grown Te on SiO2/Si has been shown to
reconstruct into the α-phase, supporting the conditions outlined through theory. The
reconstruction of N=3 Te to metastable β-phase Te grown via MBE on HOPG has been
proven by scanning tunneling microscopy (STM) in ultra-high vacuum (UHV)
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conditions. This, however, is the first evidence of the stable α-phase, and the first
demonstration of ex situ observation of any of the predicted 2D Te phases.
3.3.2. Pulsed Laser Deposited Ultrathin Te
Up to this point, all examples of ultrathin Te have been grown by
thermodynamically-driven methods including MBE, solution-phase crystal growth,
thermal evaporation, and vapor transport (65, 71, 73, 75). Typically exhibiting maximum
lateral sizes of ~100 μm, most of these methods present limitation in advancement toward
practical application, either in control over lateral dimensions or control over
crystallographic orientation with respect to the substrate. As described in Sections 2.2.2
and 2.2.3, I have employed two fundamentally different growth approaches to overcome
some of the challenges Te and the other chalcogens present in achieving large-area films
with ultrathin thickness. PLD growth similar to that described here has been used to grow
ultrathin, quasi-epitaxial hexagonal boron nitride (hBN) on HOPG substrates (116).
The ultrathin Te films deposited via PLD on MgO(100) are contiguous, leading to
complete substrate coverage over cm2 areas. The thickness of the film is controllable
down to 2.7 nm by varying the number of laser pulses. These films appear flat under
optical microscopy, as shown in Figure 3.6a, with the contrast between the substrate and
Te film evident in the lower left region of the image where a strip of photoresist has been
removed. The topographical map in Figure 3.6b reveals the generally coalesced nature of
the film without the formation of droplets, but also shows several nm-scale pits in the
surface. These are likely due to the extremely short (3 cm) target-to-substrate distance. In
optimized PLD systems, the substrate is generally positioned just outside the high energy
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region of the plume, which depends on laser fluence, but is typically at a distance of ~5-6
nm. Here, the 3 nm working distance positions the substrate within the high energy
region where larger particles and clusters ablated from the target also exist. As a
consequence, the film is subject sputtering by the impinging particles. In attempt to limit
this, I positioned the substrate slightly (~3 mm) outside the center of the plume, but in
this off-axis geometry, increasing the working distance to 5 cm positioned the substrate
too far from the plume for deposition to occur. Thus, film quality suffered as a result of
these geometric compromises. Another strategy for mitigating sputtering of the film is the
introduction of an inert background gas to thermalize a fraction of the plume (95). This
was not studied in this work but is certainly a consideration for future experiments. An
optimized deposition system in which the pitfalls of PLD could be avoided would allow
for the non-equilibrium nucleation supersaturation benefits to be leveraged and therefore
could prove to be a promising route forward in ultrathin chalcogen growth.

Figure 3.6 – (a) Optical and (b) AFM micrographs of PLD-grown ultrathin Te.
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Thickness of the PLD-grown samples was measured across a step-edge created by
masking a portion of the substrate with a thin photoresist (Figure 3.7). Ultrathin Te was
found to have t=2.7, 3.9, and 6.0 nm for 2, 4, and 8 pulse depositions, respectively.
Figure 3.7a shows the nearly linear relationship between number of pulses and Te
thickness. Topography was found to be nearly identical across the thickness range, with
films exhibiting typical RMS roughness of ~2 nm over 1 μm2 scan areas. These
roughness measurements, however, are deceptively high due to the sputtered pits and do
not reflect the roughness of the coalesced regions (which are estimated to be ~500 pm).
Attempts to attain thinner samples with one pulse resulted in the formation of nm-scale
droplets without coalescence to an ultrathin film. The thinnest films, t=2.7 nm,
corresponds to ~6 atomic layers (75).
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Figure 3.7 – Thickness calibration for PLD growth of ultrathin Te. (a) Plot of film
thickness as a function of number of laser pulses. (b) AFM micrograph and height
trace (inset) of Te grown with 6 pulses. (c),(d) AFM micrographs and (e),(f) height
traces of Te grown with 2 and 4 pulses, respectively.

Cross-sectional HRTEM images of the 8 pulse PLD-grown sample prepared by
low-angle Ar+ ion milling show t~6 nm, in agreement with the thickness measured by
AFM (Figure 3.8). The crystal lattice observed in the HRTEM is consistent with that of
the trigonal, P3121 structure, and the lowest frequency intensities in the Fast Fourier
Transform (FFT) correspond to reflections with d-spacings of 3.24 Å and 2.22 Å. (Figure
3.8a inset). These same two reflections with equivalent d-spacings (3.24 Å and 2.22 Å)
and angle between are observed in the SAED pattern shown in Figure 3.9b, circled in
yellow and blue, respectively. Though very weak in intensity due to the selected area
aperture being >> t, the presence of the expected diffraction spots serves to reinforce
interpretation of the HRTEM images.
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Figure 3.8 – HRTEM images of PLD-grown ultrathin Te showing (a)FFT (inset)
taken from the region of the red square and (b) overlaid simulated image of the
trigonal Te crystal as viewed down the (assumed) [1-101].

While the precise zone axis cannot be determined without a second orientation,
precluding indexing of the diffraction spots, the image is concluded to be taken from one
of the following zone axes: [1-101], [12-31], or [21-3-1]. To arrive at this conclusion,
CrystalMaker software was used to build the trigonal Te crystal and simulate electron
diffraction patterns. In the simulated crystal, all three of these zone axes exhibit 2D
projections of the lattice consistent with the HRTEM images. Additionally, as expected,
the simulated diffraction patterns all possess equivalent spot arrays with identical dspacings. Figure 3.8b shows the simulated projection of the Te lattice viewed down the
[1-101] zone axis superimposed onto the HRTEM image. The registry between the two
confirms supports the conclusion from the SAED that the crystal structure is indeed
consistent with that of P3121 Te. Lastly, these possible orientations of the Te crystal were
elucidated while aligned to the MgO[100] zone axis. This indicates that the covalently
bonded, chiral Te chains are oriented at some angle between 0-90o with respect to the
substrate surface. Should the zone axis be [1-101], then the <0001> Te chains are angled
at ~52o with respect to MgO(100) (which is the most likely case, as discussed in Chapter
4). This is a surprising and interesting result because, as discussed previously, Te thin
films have a strong propensity toward growth with <0001> in the substrate plane. This
angle, however, is very nearly reflective of the 45o off-axis geometry of the PLD system
and is attributed to line-of-sight deposition. Because the material ablated from the target
travels normal to the target surface, the off-axis geometry results in Te atoms/clusters
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arriving at the growth front at an off-90o angle. This induces a nanoscale shadowing
effect, and the film geometry is biased in the direction of the arriving species. Though
uncommon, this effect has been observed in other materials grown by off-axis PLD (117,
118).

Figure 3.9 – (a) Simulated electron diffraction pattern, (b) SAED pattern, and (c)
FFT from HRTEM image of ultrathin Te viewed down [1-101]. Blue and yellow
circles correspond to reflections with equivalent d-spacings.

During EDS analysis, STEM images revealed an important consideration
preparing cross-section of ultrathin Te by conventional methods. As outlined in Section
3.2.1, the specimen was prepared for electron microscopy by low low-angle, low-energy
Ar + ion milling by which 5 keV Ar + ions sputter the specimen to an electron transparent
thickness. As a result, a small hole is perforated at the center of the specimen. In the thin
regions adjacent to the hole, the specimen is electron transparent, becoming thicker
moving from the center hole toward the edges. In STEM imaging, it is apparent that the
ultrathin Te film is contiguous and intact in thicker regions of the specimen away from
the center hole (Figure 3.10). Moving toward the center hole, the ultrathin Te appears to
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increasingly break apart into nm-sized isolated islands. This is indicative of preferential
sputtering of Te vs MgO during the ion milling process. To support this hypothesis, the
Te and MgO sputtering yields under Ar were compared, and Te was found to be over an
order of magnitude higher than MgO (119).

Figure 3.10 – STEM images showing progressive break up and loss (left to right) of
ultrathin Te on MgO due to Ar+ ion milling during specimen preparation.

To confirm the chemical identity of the film, EDS maps of the cross-section were
collected using the Te-Lα, Mg-Kα, and O-Kα, emissions. The Te film is isolated at the
substrate surface with no apparent diffusion into the substrate, as an abrupt disappearance
of the Te-Lα signal occurs at the interface. Though not quantitative, EDS maps do not
reveal the existence of high levels of oxidation in the film (Figure 3.11b). Additionally,
the maps show the O-Kα, signal spatially correlates with that of Mg-Kα, from the
substrate, decreasing sharply at the Te/MgO interface and not extending beyond into the
film. Furthermore, an intensity vs distance plot taken from an EDS line profile drawn
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normal to the interface across the center of the mapped region shows a consistent trend
with both O-Kα, and Mg-Kα, signal dropping sharply at the MgO/Te interface (Figure
3.11a). From this, we conclude that the PLD-grown Te films are not subject to
appreciable oxidation during growth. The topic of surface oxidation of ultrathin Te postgrowth is discussed in the next section.

Figure 3.11 – EDS (a) line profile taken normal to the MgO/Te interface and (b)
maps of the Te-L α, Mg-Kα, and O-Kα, emissions.

73

EDS maps confirm the anticipated chemical nature and spatial confinement of
PLD-grown ultrathin Te. Furthermore, complimentary HRTEM, SAED, and image
simulations reveal the ~52o angle of the <0001> Te chiral chains with respect to the
MgO(100) substrate. This unique angle is an atypical orientation for the Te crystal, which
almost always grows with <0001> in the plane of the substrate, but the angle of the
helical chains is thought to be the result of the 45o off-axis deposition geometry. This
topic is explored more in Chapter 4.
3.3.3. Controllably Unbalanced Magnetron Sputtered Ultrathin Te
Upon discovering the off-axis deposition effects on Te orientation in PLD, I
aimed to develop the co-planar deposition system described in Section 2.2.3 to further
investigate the tunability of the Te crystallographic orientation on MgO. Controllably
unbalanced sputtering is a kinetically-driven technique in which a tunable, external
magnetic field, Bext is applied to increase the total magnetic field in the vicinity of the
substrate by ~500 G. This induces a ~2 orders of magnitude increase in flux of low
energy (15 eV) ions arriving at the sample surface as compared to conventional
sputtering. These ions increase adatom mobility on the surface via momentum transfer to
the Te atoms. As discussed in Section 2.2.3, this is particularly beneficial for high surface
energy materials such as the chalcogens.
Following development and optimization, controllably unbalanced magnetron
sputtering was used to deposit ultrathin Te of superior topographical quality to those
grown by PLD. Furthermore, aside from growing films with cm2 areas, this technique
affords controllable crystallographic orientation on rock salt (MgO) and 2D van der
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Waals substrates, HOPG and hBN. Substrate preparation and growth conditions are as
described in Section 2.2.3. Providing a handle for tunable orientation under constant
growth conditions simply by changing the substrate, this truly scalable synthesis
technique allows for growth of ultrathin Te of specified thickness down to 2.5 nm.
Furthermore, growing directly on a substrate, provides an ideal platform for device
fabrication.
To investigate the crystallographic tunability of ultrathin Te growth as well as
demonstrate the anisotropic and thickness-dependent properties, ultrathin Te films
ranging t~2.5-20 nm were grown on MgO(100) and grade-1 HOPG. Crystalline Te has a
trigonal, P3 121 space group comprised of helical chains of covalently bonded atoms
spiraling along the c-axis. Using controllably unbalanced sputtering, the orientation of
these chiral chains can be controlled simply by changing substrate. Shown schematically
in Figure 3.12, under the same growth conditions, the helical Te chains position either
“standing” in the growth direction, with <0001> orthogonal to the substrate surface on
MgO or “laying” in a textured fashion with <0001> parallel to the substrate surface on
HOPG. HAADF-STEM images show typical ultrathin Te, t~5-7 nm, sputtered onto MgO
and HOPG (Figure 3.12c,f, respectively).
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Figure 3.12 – (a) Schematic of Te orientation, (b) AFM topographical map, and (C)
cross-sectional STEM image of Te sputtered onto MgO(100). (d-f) Corresponding
images for Te sputtered onto HOPG.

Atomic force micrographs of t~5 nm (~12 atomic layers) Te on MgO (Figure 3.12b)
and HOPG (Figure 3.12d) show the general differences in surface topography related to
the orientation. The single crystal MgO substrate provides a better platform for
topographical analysis, showing the polycrystalline, multi-domain structure of ultrathin
Te. These domains are generally isotropic in the lateral x and y directions. While the
topographical information of ultrathin Te on HOPG is somewhat diluted by larger scale
layering of the HOPG, the ultrathin Te film exhibits larger domains than those on MgO
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with lateral anisotropy. This is a result of the high aspect ratio direction, <0001> laying in
the plane of the substrate. Films deposited on MgO exhibit exceptionally low surface
roughness of ~80 pm—nearly two orders of magnitude improvement over PLD-grown Te
and previous reports of sputtered Te (62). Furthermore, the sputtering of the sample
observed in PLD-grown films has been eliminated in this growth method with optimized
geometry. The measured roughness of ultrathin Te on HOPG is <600 pm. However, long
range undulations in the HOPG substrates preclude accurate surface roughness
measurements, and it is reasonable to conclude that the actual film roughness is
significantly less than the measured value. The thickness of the film can be controlled
down to 2.5 nm by reducing deposition time and/or magnetron power. In the cases of
both PLD and sputtered ultrathin Te, t < 2.5 nm could not be achieved—separated islands
of t~2.5 nm resulted over coalescence of thinner films. This observation directly supports
a theory of Te nucleation developed by Weidmann et al to support their observations in
thermally evaporated Te films. Te nucleation begins with 150 Å Te islands of t~2 nm.
These islands are mobile and often coalesce with nearby nucleation sites. Above this
critical size, crystallization is favored (45).
Cross-sectional HRTEM as well as polarized Raman spectroscopy were used as
complementary methods of proving the substrate-dependent orientation. Raman
spectroscopy studies are discussed in the next chapter. HRTEM of Te on HOPG confirms
t ~5 nm and reveals the expected orientation (Figure 3.13) The Te helical chains can be
seen with <0001> parallel to the substrate surface and the 4.0 Å (10-10) interplanar
spacing as viewed along the [0-110] zone axis (Figure 3.13 yellow box). As an internal
standard, the expected 3.4 Å interplanar spacing of HOPG is also measured. Furthermore,
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the FFT of the image exhibits intensity at frequencies consistent with the (10-10)
reflection d-spacing of 4.0 Å.

Figure 3.13 – HRTEM image and FFT (outset) of ultrathin Te (yellow box) on
HOPG. The chain structure is evident with <0001> in the plane of the substrate and
4.0 Å (10-10) spacing in the image and FFT.

We hypothesize that in the case of MgO, dangling bonds on the surface bond to
arriving Te atoms, which continue to grow orthogonally on the surface free energyfavored {0001} surfaces. The higher energy MgO(100) surface (as compared to HOPG)
is inhibitory to adatom mobility, favoring vertical growth. HOPG does not offer a surface
to bond to; as a result, the Te chains align with their low-energy prismatic faces along the
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van der Waals direction of the Te crystal, with the c-axis parallel to the HOPG surface.
Growth then occurs in the horizontal direction on Te {0001} surfaces. This
morphological change is purely surface interaction-driven and does not require any
change in growth conditions. It is worthwhile to note that the high surface free energy
faces of the Te crystal has recently come under debate in the literature. As previously
mentioned, growth of Te is almost always observed along the <0001> direction, often
resulting in high aspect ratio, needle-like morphologies. However, Wang et al observe the
formation of hexagonal Te nanoplates on mica with <0001> orientation orthogonal to the
substrate surface (65). In this case, the {10-10} surfaces are assumed to be of higher
surface free energy. This observation combined with our substrate-tunable orientation
suggest that careful balancing of surface free energies of the substrate and Te crystal
could be used to grow a variety of Te nanostructures with desired orientations and
morphologies. Furthermore, the two types of bonding thought to exist in Te may be more
similar than dissimilar.
XPS and EDS were used to analyze the composition and oxidation of the films. The
XPS spectrum of Te on HOPG shows the Te3d5/2 peak and 3/2 spin-orbit peak at 573 and
583 eV, respectively, with a small presence of Te sub-oxide (~15%) in the as-grown
material (Figure 3.14). Because the films were grown in a high vacuum chamber with
base pressure of 10-9 Torr, the presence of Te sub-oxide (TeO) is attributed to the roughly
10 min of exposure to ambient conditions while transferring the sample from the growth
chamber to the XPS chamber.
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Figure 3.14 – XPS spectrum of Te 3d after ~10 min exposure to air.

While charging precludes XPS analysis of ultrathin Te on MgO substrates, crosssectional EDS maps and line scans of the Te-Lα, Mg-Kα, and O-Kα emissions show no
apparent oxidation of the film on the substrate surface. Figure 3.15 shows the Te-Lα, MgKα, and O-Kα signals as a function of distance from a line trace taken across the
substrate/film interface normal to the surface. The signal intensity plot has been overlaid
the corresponding HAADF-STEM image and displays an abrupt drop in O-Kα signal and
a simultaneous onset of Te-Lα signal at the interface (black dashed line). Furthermore,
EDS maps display the narrow spatial localization of Te at the substrate surface over the
length of the field of view without diffusion into the substrate, as evidenced by the abrupt
decay of Te-Lα signal at the Te/MgO interface (Figure 3.16a) Diffusion of invasive Te

80

can be observed in the cross-sectional EDS maps of the protective Pt cap on FIBprepared TEM cross-sections.

Figure 3.15 – EDS signal intensity of Te-Lα, Mg-Kα, and O-Kα as a function of
distance from an EDS line trace overlayed onto the corresponding HAADF-STEM
image for Te on MgO(100).The black dashed line indicates the Te/MgO interface.

Figure 3.16b shows EDS maps of the Te-Lα, C-Kα and Pt-Lα emissions of a crosssection of ultrathin Te on HOPG prepared by conventional FIB preparation. To protect
against sputtering by the Ga+ FIB, electron beam-deposited Pt, ~250 nm thick, was
deposited onto the Te surface prior to cutting the cross-section. Spatial distribution of the
Te-Lα signal in the EDS map reveals dramatic diffusion, with Te delocalized as far as ~40
nm into the Pt as evidenced by both the spatial overlap of the Te-Lα and Pt-Lα signals as
well as the long and gradual decay length of the Te-Lα signal from left to right.
Conversely, the Te-Lα signal is localized on the HOPG surface, as evidenced by the
abrupt decay of Te-Lα signal at the Te/HOPG interface. These results indicate the need
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for identification of a proper diffusion barrier and capping layer prior to exposure to an
electron or ion beam. In these experiments, however, sputtered Au, sputtered C, electron
beam-deposited C, and thermally evaporated Ir capping layers all failed to prevent
diffusion of the Te layer. An effective diffusion barrier, therefore, likely needs to be a
dense, crystalline material that can be deposited at low temperature, such as TiN.

Figure 3.16 – EDS maps of ultrathin Te sputtered onto (a) MgO and (b) HOPG.

Bulk Te is often considered to be robust toward oxidation, but while FETs
measured by Wang et al of t > 3 nm exhibited stable performance for up to two months,
those with t < 3 nm degraded within a few days (75). This suggests that oxidation of the
Te surface is to be considered as the 2D limit is approached. To elucidate the rate and
degree of oxidation, we performed XPS on ultrathin Te following 1 h, 2 h, 1 day, and 1
week exposures to ambient conditions (Figure 3.17). A consistent increase in the ratio of
Te2+ to Te0 was found over the one-week period, with the surface metal-to-oxide ratio
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reaching 50% after ~4 days and ~48% after 1 week exposure (Figure 3.18). The position
of the oxide peak in the as-grown material at (~575.8 eV?) is indicative of Te sub-oxide,
whereas with time, this peak shifts to TeO2 at 576.3 eV. The fastest rate of oxidation
occurs in the first ~5 h and tapers off steadily thereafter.

Figure 3.17 – XPS spectra of the Te 3d5/2 signature from ultrathin Te grown on
HOPG (bottom) and after 1 h, 1 day, and 1 week (top) exposure to air. The dashed
lines show the position of the oxide/suboxide peak (left) and Te0 peak (right).
Between 1 h and 1 day exposure, the suboxide is oxidized to Te2+ (solid black line).
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Figure 3.18 – Logarithmic plots of atomic % Te0 (blue) and Te2+/suboxide (red) as a
function of exposure time to air. The 50% point occurs after ~4 days.

From these data, we conclude that after deposition, exposure to ambient
conditions will result in persistent surface oxidation over a period of days. The
combination of EDS data and evidence of stability in thicker FET devices suggests that
oxidation is likely confined to the top few nanometers of sample. In agreement with these
conclusions, Sen et al report XPS results on the surface oxidation of 200 nm-thick Te
films deposited by thermal evaporation at ~8E-7 Torr (60). The films exhibited
exclusively the presence of TeO2 surface oxidation and TeO3 edge/boundary oxidation
after ambient exposure. Reduction by NH 3 gas recovered Te0 surface state, suggesting
oxidation was confined to the surface. However, in the case of ultrathin Te, this further
asserts the need for identification of proper capping materials to serve as diffusion
barriers as well as oxidation protection for long-term stability.
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Chapter 4

Optical and Electronic Properties

4.1. Introduction
The pursuit of tellurene and quasi-two-dimensional (2D) Te nanostructures and
devices have led to deeper exploration of the fascinating Te crystal structure over the last
three years, as described in the previous chapter. As a result, novel properties afforded by
the unique 2D phases as well as thickness-dependent phenomena in ultrathin (<10 nm)
geometries have emerged at the forefront of materials research (67, 68, 73, 75). For
example, DFT calculations predict that the 2D α- and β-phases could possess hole
mobilities exceeding 1000 cm2 V-1 s-1 . Furthermore, when considering spin-orbit coupling,
many of the 2D phases are predicted to have vastly modulated electronic structures
including nontrivial topological states. Historically, Te thin films have been used in
electronics including thin film transistors, variable resistors, and sensors exhibiting
properties such as high hole mobility and large photoconductivity (47, 56-58, 120, 121).
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However, recent high-impact reports demonstrate ultrathin Te crystals with impressive
electronic performance and thickness-dependent optical properties not exhibited by
typical layered 2D materials (75). Also, monolayer Te has been shown by scanning
tunneling spectroscopy (STS) to have a band gap as large as 1 eV (vs 0.34 eV in bulk)
due to quantum confinement effects, which monotonically decreases toward the bulk
value with increasing Te thickness (73). The efforts presented in this dissertation on
designing scalable, large area deposition of ultrathin Te with tunable orientation and
thickness have now afforded a direct route to access these anisotropic and thicknessdependent optical and electronic properties in a simple and rational manner.
Here, polarized Raman spectroscopy was used to characterize optical anisotropy
and its relationship to the crystallographic orientation of ultrathin Te grown by PLD and
controllably unbalanced magnetron sputtering. These results show either complete
isotropy or strong dipole-shaped anisotropy depending on the crystallographic orientation
of Te with respect to the substrate. The thickness-dependence of the Raman signal reveals
systematic frequency shifts that also depend on film orientation and exhibit different
trends than those typical of other 2D materials, such as TMDs (122, 123). Additionally,
efforts toward developing a straightforward method for measuring the optical band gap in
ultrathin Te using combination AFM/IR-spectroscopy are presented. Lastly, Hall effect
measurements were used to determine carrier concentrations and mobilities in t=10 nm
films with different orientations. Anisotropic carrier mobility was observed in a ratio of
~2.5 with higher mobility occurring in films measured along <0001> (i.e. helical chains
parallel to the substrate plane).
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4.2. Methods
4.2.1. Raman and Polarized Raman Spectroscopy
Raman spectroscopy studies, including thickness and temperature dependence,
were critical to understanding the nature of ultrathin Te grown by PLD and controllably
unbalanced sputtering. First, conventional Raman spectra were acquired using
unpolarized light to investigate the vibrational modes and their thickness dependence in
ultrathin Te. Raman spectra were obtained at 300 K on a Renishaw InVia microscope
using 633 nm emission with ~600 nm spot size. The laser power was kept to <1mW to
avoid sample heating. Temperature-dependent measurements were conducted with a
hot/cold microscope stage (Linkam Scientific) equipped with a resistively heated sample
holder. The methodology for polarized Raman experiments is described in the results
sections.
4.2.2. AFM-IR Absorbance
AFM-IR absorbance measurements were used to measure the optical band gap of
50 nm thick Te sputtered onto Al2O3(0001). These measurements were performed using
an Anasys Instruments nanoIR AFM-IR spectroscopy system equipped with a femtosecond (fs) pulsed, tunable IR laser. Absorbance was measured from 0.20-0.45 eV. The
AFM system consists of a typical cantilever, deflection laser, and photodiode detector set
up. To understand the absorption characteristics of the Te film, a spectrum was first
collected on a clean Al2 O3(0001) substrate.
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4.2.3. Hall Effect Measurements
Hall effect and photo-Hall effect measurements were performed using an Accent
HL5500 Hall system at 1 µA, B=0.4 T, and ambient temperature. Au contacts were
evaporated onto the specimen in a Van der Pauw geometry, and ohmic contact was
ensured before proceeding with measurements.

4.3. Results and Conclusions
4.3.1. Pulsed Laser Deposited Ultrathin Te
Bulk, trigonal Te exhibits two primary Raman modes: an A1 mode at 121 cm-1
characteristic of basal plane stretching in the a-directions and an E2 mode at 143 cm-1 due
to asymmetric axial-chain stretching in the <0001> direction (Figure 4.1) (124, 125).
Additionally, a weak E1 a-axis rotation mode exhibiting splitting of the transverse optical
(ETO) (92 cm-1) and longitudinal optical (ELO) (105 cm-1) phonon signals exists; however,
in bulk Te, only the ETO component is detectable (64, 125, 126). The Raman spectrum for
t=10 nm Te is consistent with these expectations, exhibiting the ETO, A1, and E2 Raman
modes (Figure 4.3, black curve). As thickness is reduced to t=6 nm and thinner, the ELO
mode emerges. Though not fully understood, this trend is consistent with solution-grown
Te single crystals of varying thickness and is attributed to the relative increase in
deformation potential and simultaneous decrease in electro-optic effect (75).
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Figure 4.1 – Raman spectrum of 6 nm-thick ultrathin Te grown by PLD and
schematics of the two primary Te Raman modes.

Figure 4.1 shows a Raman spectrum characteristic of 6 nm thick Te grown by PLD.
The Raman modes at 127 cm-1 and 144 cm-1 correspond to modes with A1 and E2
symmetry respectively—both peaks exhibiting a blue shift from bulk Te. Also, as
expected based on the thickness constraints, the ELO peak is observable at a blue shifted
frequency of 110 cm-1 . Upon proper assignment of the Raman signatures, polarized
Raman experiments were carried out to study the anisotropic absorbance of ultrathin Te
and determine its relationship to crystallographic orientation of the helical Te chains. In
the Raman microscope, in-plane light irradiates the sample normal to the substrate
surface. A polarizer is rotated in the plane of the substrate from 0 to 360 o. Because of the
anisotropy of the Te crystal structure and bonding character (i.e. covalent vs van der
Waals interactions), Te is known to absorb more strongly along a particular
crystallographic axis; specifically, optical transmission near the band edge has been
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shown to be greater when the electric field vector, E is perpendicular to the c-axis as
compared to parallel to the c-axis (49). Similarly, the stronger coupling of light polarized
parallel to <0001> is reflected in the Raman signal intensity. Consequently, polarized
Raman experiments can be used to attain some information about the helical chain (caxis) orientation providing that the film is both textured and texturing occurs in a
direction with some component that lies in the substrate plane. When texturing exists at
least partially in the substrate plane and the polarizer is rotated, E will inevitably align
with the c-axis twice at angles 180o relative to each other, defined here as 0o and 180o.
Similarly, E will then align perpendicular to the c-axis at angles 90o and 270o.
Figure 4.2 shows a plot of signal intensity as a function of polarizer angle for the A1
and E2 Raman modes in PLD-grown Te. The signal intensity is maximal at angles of 0o
and 180o and minimal at 90o and 270o. These data prove that the films are textured, as
completely randomly oriented chains would result in isotropic intensity as a function of
angle. Furthermore, the texturing has some component in the plane of the substrate,
meaning the c-axis is either laying in the substrate plane or inclined at some angle with
respect to the substrate surface that is not 90o (Figure 4.2 schematic). This supports the
HRTEM observations of angled Te chains as well as the hypothesis that line-of-sight
deposition occurs.
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Figure 4.2 – (left) Polarized Raman plot of the A1 (blue) and E2 (red) mode
intensities as a function of angle for PLD-grown ultrathin Te. (Right) Schematic of
the angled-chain orientation with respect to the substrate.

Next, unpolarized Raman spectroscopy and temperature dependent Raman
spectroscopy were used to elucidate the dependence of ultrathin Te thickness on optical
properties and survey for possible phase transitions/2D reconstructions. Like Te, most
van der Waals solids (1D or 2D) exhibit characteristic in-plane and out-of-plane
vibrational modes that provide a reliable assessment of the crystal structure; however,
because the Te crystal is not a 2D layered van der Waals solid, but rather 1D, the notion
that there exists an effect of thickness on optical and electronic properties in films with
2D-like geometries is non-intuitive. Yet, recent experiments suggest that both do exist
(73, 75).
Raman spectra were collected for PLD-grown Te ranging in thickness from 2.710 nm (Figure 4.3). As thickness is decreased, a systematic blue shift in frequency exists
for both the A1 and E2 modes. While the shift of A1 is nearly linear across the thickness
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range, the E2 mode exhibits an especially large blue shift (5 cm-1) from t=3.3 nm to 2.7
nm. As discussed in the next section, a similar trend is seen in sputtered Te/MgO. E2 blue
shifting.

Figure 4.3 – (left) Raman spectra of PLD-grown Te with t= 2.7, 3.3, 3.9, 6.0, and 10
nm. (Right) Plot showing the blue shift in frequency of the A1 mode as a function of
Te thickness.

While the reason for the thickness-dependent trends are not yet fully understood,
we hypothesize that this relatively dramatic increase in axial stretching frequency is due
to substantial stiffening of the Te chains as the 2D threshold is approached. Attributed to
increased interchain/interlayer Coulombic interactions, this phenomenon is seen in other
van der Waals systems (122). As discussed in the next section, this hypothesis is
supported by the thickness-dependent trends observed in Te on HOPG, which displays
different orientation of the c-axis. The origin of the A1 blue shift was originally
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postulated to be due to increased substrate interactions and a-axis tensile strain as
thickness is reduced. Experiments by Du et al on bulk Te, however, revealed no
systematic shifting of either primary mode as a function of a-axis tension or compression
(64). The FWHM of both modes exhibit a linear trend in broadening as thickness is
reduced (Figure 4.4). This observation negates the second hypothesis for the
simultaneous blue shifting of the modes, which was that as the film grows thicker, it
becomes increasingly lacking in long range order and crystallinity. The sharper FWHM
of thicker Te, however, indicates the opposite is true.

Figure 4.4 – Plot of the A1 and E2 peak FWHM as a function of number of laser
pulses.
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Wang et al have proposed that similar blue shifting of the A1 vibrational observable
in ultrathin single crystals could be due to enhanced covalency between van der Waals
chains, and even possibly reconstruction to the 2D bonding configurations predicted by
DFT discussed in Section 1.2 (75). To explore the possible emergence of the predicted
2D phases, temperature dependent Raman experiments were conducted from ~425-77 K
on 6 atom-thick (t~2.7 nm) ultrathin Te grown via PLD (Figure 4.5a). This sample was
chosen because it is nearly the thinnest attainable and possesses the “magic thickness” of
3N, where N is the number of Te atoms in the c direction. Because the 2D reconstructions
are expected to have vastly different bonding and electronic structure than trigonal Te, if
a phase reconstruction occurs, it is expected to be accompanied by the
disappearance/emergence of new Raman active vibrational modes. Across the
temperature range sampled, neither the disappearance of existing or appearance of new
modes can be detected. These experiments were also conducted on t=10 nm Te, which is
too thick to undergo the predicted reconstructions. Comparison between the datasets
displays similar trends such as the red shift and phonon broadening of the A1 mode at
elevated temperatures (Figure 4.5b). Thus, it is concluded that the blue shifting of the A1
vibrational is not due to formation of new covalent bonds or a 2D phase reconstruction.
Rather, it could be attributed to enhanced metallic-type bonding between chains. A
stronger delocalization of electrons is consistent with the results of these Raman
spectroscopy experiments and supports the optical/electronic observations that suggest
the quasi-2D nature of ultrathin Te as opposed to the purely 1D van der Waals chain
view.
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Figure 4.5 – Temperature dependent Raman spectra for PLD-grown ultrathin Te
(a) t=2.7 nm and (b) t=6.0 nm on MgO(100).

From these data it is concluded that ultrathin Te grown by PLD exhibits angled
<0001> orientation on MgO(100). The Raman spectra are generally consistent with that
of bulk Te, but dramatic blue shifts of both primary vibrational modes exist as a function
of Te thinning. While the E2 mode shifting is explained by severe chain stiffening with
increased interchain interactions approaching the 2D limit, the origin of the A1 mode shift
is still unknown, but could be attributed to enhanced metallic-type bonding. Temperature
dependent measurements show now evidence of 2D phases with different vibrational
modes.
4.3.2. Controllably Unbalanced Magnetron Sputtered Ultrathin Te
As in ultrathin Te grown by PLD, polarized and thickness-dependent Raman
spectroscopy was used to assess ultrathin Te grown via controllably unbalanced
sputtering.

Results

from

polarized

Raman

spectroscopy

studies

support

the

95

crystallographic orientations observed in HRTEM for Te on HOPG and show that
texturing persists over the whole sample. These experiments also prove that the co-planar
geometry of the sputtering system results in Te oriented with <0001> orthogonal to the
substrate surface on MgO(100)—a unique orientation for ultrathin Te. Lastly, the
thickness dependence on the optical properties is explored in greater detail.

Figure 4.6 – Schematics of the polarized Raman experimental set up and A1 and E2
Raman active vibrational modes in trigonal Te.

Polarized Raman spectra were acquired for t=5 nm Te on MgO, HOPG, and
hexagonal boron nitride (hBN) substrates. Example spectra exhibiting the E1 (102 cm-1),
A1 (128 cm-1), and E2 (144 cm-1) modes from each sample are shown in Figure 4.6. In the
polarized Raman experiments, in-plane incident light is set at a fixed polarization of 90o
and the sample is rotated in the plane (Figure 4.6). This produces an analogous
experiment to that described in Section 4.3.1 in which the polarizer was rotated, and the
sample remained stationary. Here, as the sample is rotated, the intensity of the A1 mode is
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tracked as a function of sample angle. For MgO(100), where the Te chains <0001> grow
orthogonally to the substrate surface, the in-plane polarized light couples isotropically to
the Te crystal at all sample angles, as no component of the highly absorbing <0001>
direction lies in the plane. Thus, the resulting polarization plot forms a perfect circle of
intensity as a function of sample angle (Figure 4.7a). For Te grown on HOPG, however,
where the chiral chains are oriented with <0001> parallel to the substrate, the in-plane
polarized light is coupled most strongly to the crystal when aligned with <0001>, which
happens twice at angles defined here to be 90o and 270o. Similarly, in-plane polarized
light couples most weakly to Te at angles in-plane perpendicular to <0001>, or 0o and
180o.
The Raman signal intensity is reflective of this phenomenon and is most intense at
angles of 90o and 270o (Figure 4.7b). Similarly, signal intensity is weakest angles of 0o
and 180o. This is indicative of the orientation of the Te chains with respect to the
substrate surface. Furthermore, the well-defined angle dependence indicates a preferential
orientation, or texturing, of the Te chains with respect to one another. The majority of the
sample excited under any given spot must have texturing, with the chains laying in a
preferred direction, in order to exhibit such intensity anisotropy. Because anisotropy is
observed, the chains must lay in the plane in a preferred direction. This trend is consistent
across several spots sampled suggesting the long-range nature of the texturing.
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Figure 4.7 – (a) Schematic of the Te <0001> orientation (left), Raman spectrum
(middle), and polarization plot of A1 intensity (right) for t=5 nm Te on MgO. (b,c)
Corresponding images for t=5 nm Te on HOPG and BN/Ni, respectively.

Results of the polarized Raman spectroscopy are consistent with observations of the
Te orientation under HRTEM. In correlating these findings, we can now use fast,
inexpensive, and non-destructive polarized Raman measurements as frontline
characterization of the orientation and texturing quality of ultrathin Te films deposited on
other substrates. To demonstrate this, I sputtered ultrathin Te onto hBN/Ni substrates.
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With similar sp2 bonding and lack of surface dangling bonds, polarized Raman studies
show that the Te film grows with the same orientation on hBN/Ni and HOPG (Figure
4.7c). This is to be expected due to the similar van der Waals nature of hBN to HOPG.
Surface free energy considerations for this assertion were discussed in Chapter 3.
To further elucidate the thickness-dependent properties of ultrathin Te, we tracked the
frequency shifts of the A1 and E2 Raman modes as a function of thickness for sputtered
films, which exhibit different orientations relative to the substrate than those grown by
PLD. In films of t~2.5-20 nm sputtered onto both MgO and HOPG, a blue shift of both
primary Raman modes is observed with decreasing thickness (Figure 4.8). This trend is
consistent with studies of PLD-grown Te; however, here, the relative shifts of the A1 to
E2 modes express a different relationship on different growth substrates. The E2 mode of
Te grown on MgO exhibits a particularly dramatic 6 cm-1 increase in frequency from 143
cm-1 to 149 cm-1 as the sample thins from t~4 nm to t~2.5 nm. This is compared to a 2
cm-1 shift in Te on HOPG (and a 5 cm-1 shift in angled, PLD-grown Te on MgO).
Frequency shifts of both Te vibrational modes for both Te/MgO and Te/HOPG appear to
approach an asymptotic limit at the bulk frequencies (A1=121 and E2=143 cm-1 ).

99

Figure 4.8 – Frequency shifts of the A1 and E2 Raman active vibrational modes as a
function of Te thickness sputtered onto MgO (left) and HOPG (right) substrates.

The relatively large disparity in blue shifts of the E2 mode between t=2.5 Te/MgO
and t=2.5 Te/HOPG strongly supports the hypothesis that shifting to higher frequency is
a result of increased axial chain stiffening due to interchain, long-range Coulombic
interactions. Consider the orientations of the chains with respect to the substrate
surface—for Te/MgO, the <0001> orientation/texturing suggests that reducing thickness
results in shorter crystalline Te chains. Conversely, for Te/HOPG where the helical
<0001> is in the substrate plane, reducing thickness results in fewer “horizontal” Te
chains packed “vertically” but not necessarily shorter crystalline chains. As a result, the
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long-range Coulombic interactions are not enhanced to the same degree and thus less
axial chain stiffening.
Understanding the thickness-dependence of the optical band gap in ultrathin Te is an
important puzzle piece in connecting the observed trends in optical properties to the
electronic structure. Recent STS measurements of ultrathin Te on graphene have shown
that Eg monotonically increases up to ~0.92 eV as thickness is reduced to one monolayer
(73). This phenomenon provides the possibility for precise Eg tunability from IR up to
near-IR. In pursuit of this goal, this research has included the development of fast and
non-destructive spectroscopic characterization tools for ultrathin Te in addition to
scalable synthetic routes. I have proven polarized Raman spectroscopy to be a simple and
reliable method to identify long-range texturing and chiral chain orientation for ultrathin
films as-grown on substrates. Similarly, recent experiments pursued the development of a
non-destructive method to measure the optical properties near the band edge and optical
band gap in ultrathin Te.
STS experiments are the only reported method for measuring Eg in ultrathin Te.
However, this UHV technique is not readily available in most laboratory settings. The
alternative, construction of optoelectronic devices, is destructive to the sample. Because
of the ultrathin pathlength, however, absorbance is too low to employ standard
transmission measurements. Here, combination AFM-IR spectroscopy is proven to be a
viable measurement of the optical band gap in 50 nm-thick Te. With commercially
available system improvements, this non-destructive technique holds promise for Eg
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measurement down to few-nm thicknesses. At 13 atomic layers (t~5 nm), the 0.49 eV
band gap is accessible by the methods described here.
In combination AFM-IR spectroscopy, a fs, tunable IR laser is pulsed on the sample
while the energy is modulated across a desired range (here, 0.20-0.45 eV). An AFM
cantilever is positioned above the laser spot/sample. As photons of known energy are
absorbed by the sample, local heating causes thermal expansion in the material,
deflecting the cantilever, the degree to which is measured by a conventional AFM
detection laser/photodiode. Figure 4.9a shows the measured IR peak as a function of
excitation energy for the substrate (green) and 50 nm Te/substrate (black). A strong
absorption edge is evident in the sample spectrum at ~0.34 eV, consistent with the known
optical band gap of Te. As in a typical AFM system, comparing measured IR peak and
amplitude is an accepted method of estimating measurement reliability. Figure 4.9b
shows the amplitude as a function of energy spectrum is commensurate with the peak
spectrum indicating a reliable measurement.

Figure 4.9 – AFM-IR absorbance spectra of t=50 nm Te measured by (a) IR peak
and (b) IR amplitude. In both spectra, the optical band gap is apparent at 0.34 eV.
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AFM-IR experiments have recently broadened in utility from chemical mapping
and soft matter identification with high spatial resolution to probing complex physics in
2D materials, such as plasmon polaritons in hBN (127-130). These amongst the first
experiments to use AFM-IR spectroscopy for measuring the optical band gap in IR Eg
ultrathin films. These results prove measurement reliability and consistency with the
known band gap of Te. While this particular system is not equipped for IR spectroscopy
on materials with t<50 nm, recent advancements in IR laser/cantilever resonant systems
hold promise for application of AFM-IR spectroscopy in ultrathin Te and other 2D IR
band gap materials.
Lastly, Hall effect measurements were performed to study the electronic
properties of ultrathin Te grown by controllably unbalanced sputtering. Ohmic contact
was made to 10 nm-thick Te film on MgO(100) by evaporating Au contacts in a van der
Pauw geometry. Across 10 measurements, t=10 nm ultrathin Te was found to have a
carrier concentration of ~1.8x1017 cm-3 and Hall mobility, µH~4 cm2 V-1 s-1. A rigorous
report of the effects of Te grain size (0.1-5 µm) and film thickness (t=20-40 nm) on µ H
was published by Dutton and Muller in 1971 (56). In their study, Te films on glass
substrates all exhibited typical orientation with <0001> in the substrate plane. At room
temperature, µH was found to be linear with thickness and always lower in smaller grain
films. For example, t=20 nm films with 0.1 µm grains exhibited µ H~50 cm2V-1 s-1, while
t=40 nm films with 0.1 µm grains showed µH~65 cm2 V-1 s-1 and t=20 nm films with 5 µm
grains up to µ H~130 cm2 V-1 s-1. Extrapolation of these curves estimate ultrathin t=10 nm
Te of similar grain size and orientation to have µH~30 cm2 V-1 s-1. While our measured
average mobility of µH~4 cm2 V-1 s-1 is significantly lower than projected, it is to be
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expected due to two phenomena. First, Dutton and Muller concluded from the
relationship between µ H and temperature that ionized impurity scattering is the dominant
scattering mechanism in Te films at room temperature, and from the linear relationship of
µH and thickness, it was concluded that ionized impurities exist at the film surface in
concentrations independent of film thickness. As a thin film is reduced from 3D, to
ultrathin or quasi-2D, to 2D, geometries, surface events such as scattering become
increasingly detrimental. Because these films are in the ultrathin regime, surface ionized
impurity scattering is expected to result in larger than projected decreases in carrier
mobility. A recent publication in Nature Electronics supports this assertion where FET
mobilities of ultrathin Te single crystals decreased dramatically from >600 cm2 V-1s-1 in
t=15 nm crystals to <30 cm2 V-1 s-1 in t=5 nm crystals and continued to decrease
monotonically with decreasing thickness (75).
The second consideration for lower than projected µH is the crystallographic axis
along which the mobility is measured. Mobilities in Te crystals, films and nanostructures
are most commonly measured along the high mobility <0001> direction. Due to the
anisotropic bonding in trigonal Te, the ratio of mobilities parallel to [0001] to
perpendicular to [0001] is µc/µa~2 (107). Therefore, given the unique orientation with the
c-axis orthogonal to the MgO(100) substrate, it is logical to expect lower Hall mobility in
Te on MgO(100) than ultrathin films of equivalent thickness and crystallinity measured
along the high mobility direction. The conductive nature of HOPG precludes its use as a
substrate for Hall effect measurements, so to confirm this hypothesis, we measured the
room temperature Hall mobility of t=10 nm Te sputtered onto mica substrates, which also
show c-axis alignment in the substrate plane. As expected, this geometry demonstrated a
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higher mobility, µH~10 cm2 V-1 s-1. Though not a dramatic improvement, these results are
consistent with the expected mobility anisotropy of µc/µa~2. These experiments are the
first demonstration of the electrical anisotropy in ultrathin Te measured directly as-grown
on substrates, proving the hypothesis that utilizing the substrate as a rational handle for
controlling Te orientation during growth affords straightforward access to its anisotropic
properties. Improvements to this yet immature growth technique for 2D and ultrathin
materials hold potential for improved crystallinity/grain size and thus, electronic
performance.
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Chapter 5

Conclusions

Ultrathin (t <10 nm) chalcogens are presently positioned at the forefront of
materials research with new and unexpected phenomena arising from their complex
crystal structures. Here, I have presented results from three different growth routes for
ultrathin Te and one for ultrathin Se, each presenting its own set of advantages and
challenges. First, high-temperature vapor transport growth at ambient pressure is shown
to result in the thinnest materials attained by these experiments (0.85 nm and 3.0 nm for
Te and Se, respectively). In comparing the depositions of Se and Te, it was discovered
that high-temperature growth is necessary in overcoming the surface free energy
considerations and tendency of the chalcogens toward high aspect ratio crystals to
achieve lateral growth under thermodynamically driven conditions. Also, through highresolution electron microscopy studies, evidence of a predicted 2D α-phase
reconstruction was discovered in 3-atom-thick Te grown by vapor transport. This growth
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method, however, does not afford control over the crystallographic orientation of the
chalcogen film.
Driven by the appeal of the anisotropic optical, electronic, and mechanical
properties resulting from the 1D van der Waals structure, I then developed two different
kinetically-driven, non-equilibrium growth routes for ultrathin Te. PLD and controllably
unbalanced magnetron sputtering both yield ultrathin Te of controllable thickness from
bulk to t~2.5 nm. PLD-grown samples, however, exhibit nanoscale shadowing effects
due to the off-axis deposition geometry. To overcome this and gain a rational handle over
the Te orientation, I custom designed and home-built a controllably unbalanced
magnetron sputtering system with a co-planar geometry and independently controlled
ion-to-metal flux ratio. Through tuning the flux of low energy (~10-15 eV) ions at the
growth front, these films have achieved superior smoothness and crystalline quality to
PLD-grown and other sputtered Te films, exhibiting exceptionally low roughness of ~80
pm. Furthermore, by this method the crystallographic orientation of anisotropic Te can be
tuned by the growth substrate across all thicknesses in the ultrathin regime. These films
are the largest area ultrathin chalcogens reported (cm2 ), robust toward oxidation for 4
days, and exhibit the trigonal P3121 Te structure.
Complementary HRTEM, diffraction, and polarized Raman experiments were
used to study the crystallographic orientation of PLD and sputtered ultrathin Te and its
effect on the anisotropic optical properties. PLD samples grown on MgO(100) exhibit [1101] orientation as a result of the 45o deposition geometry. In ultrathin, sputtered Te, it
was found that the helical <0001> Te chain structure lies in the plane of the substrate on
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sp2 surfaces (HOPG and BN) but aligns orthogonally to MgO(100) substrates. Polarized
Raman studies reflect these observations and reveal strong anisotropic response when the
incident electric field vector aligns in-plane parallel vs in-plane perpendicular to Te
helices and isotropic response when <0001> lies out-of-plane with respect to the incident
electric field vector. Furthermore, Raman spectroscopy also reveals the quasi-2D nature
of ultrathin Te through strong and systematic thickness-dependent frequency shifts. Large
blue shifts of both the A1 basal plane and E2 axial vibrational modes are observed from
t=20-2.5 nm in PLD-grown and sputtered samples. The E2 shifting is explained by axial
chain stiffening as interchain, long-range Coulombic interactions are increased
approaching the 2D limit. As a result, the E2 frequency increase is significantly more
pronounced in ultrathin Te with <0001> orientation vs films of the same thickness where
<0001> lies in the substrate plane.
Lastly, Hall effect measurements unraveled the correlation between the tunable
orientation and electrical anisotropy in ultrathin Te. In Te single crystals, the carrier
mobility is known to be higher along the covalently-bonded, helical <0001> with an
anisotropic ratio of ~2. Here, 10 nm-thick Te was measured on MgO(100) and mica
(which shows <0001> in-plane orientation as on HOPG). The measured mobility was up
to ~10 cm2 V-1 s-1 on mica with an anisotropic mobility ratio of ~2. These measurements
are consistent with theories of ionized impurity scattering in Te thin films. These are the
first electronic measurements of ultrathin Te with controlled, disparate orientation on asgrown substrates. The growth methods developed herein have provided both a rational
handle to access desired properties and a simple platform for device fabrication.
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Furthermore, these are the first experiments of ultrathin Te grown by a truly scalable
technique with large-area uniformity, pushing these materials toward practical utility.
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