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ABSTRACT

Over the past decade, due to the increasing interest and urgency in finding an
alternate material system for post-silicon logic and opto-electronic applications,
staggering progress have been made in the study of low-dimensional materials.
These low-dimensional materials not only help reduce transistor footprint and
improve power and performance metrics, they also exhibit very peculiar electri-
cal properties. A particular example is the existence of a charge density wave
(CDW) in 1T-Tantalum (IV) Sulfide (1T-TaS;). A member of the transition
metal dichalcogenide (TMDC) family, 1T-TaS, exhibit a periodic modulation of
electronic charge density. Unlike bulk semiconductor or metals, lattice distortion
in this low-dimensional material creates non-uniform, wave-like electron densities.

In this thesis, we have demonstrated two bulk material growth strategies for the
synthesis of 1T-TaS;. We have successfully grown poly-crystalline 1T-TaSs pow-
der through a direct solid-solid reaction and single-crystals of 1T-TaS,; through
lodine-assisted chemical vapor transport (CVT). After a few growth setup re-
visions, the growth processes have given consistently high yields. Next, we per-
formed an ultra-high vacuum scanning tunneling microscopy (UHV-STM) study of
the grown poly-crystalline 1T-TaS,. The powder was deposited onto an atomically
flat, H-passivated silicon substrate using dry contact transfer (DCT), an in-situ
deposition technique developed by the Lyding group for clean, UHV-compatible
transfer of nano-materials. We managed to directly observe room-temperature
CDW on the deposited nano-flakes of 1T-TaS,. The periodicity of the CDW lat-
tice correspond very closely to the expected v/13 x /13 nearly commensurate

room-temperature CDW phase.
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CHAPTER 1

INTRODUCTION

Two-dimensional (2D) materials have been extensively investigated due to the
wealth of unusual physical phenomena that occur when charge and heat transport
is confined within a 2D plane. The interest in these lower-dimensional materials
has been piqued further as we begin to approach the fundamental scaling limits of
silicon integrated circuits (IC). In this chapter, we first survey the historical trend
in complementary metal-oxide-semiconductor (CMOS) scaling and motivate the
need for alternative material systems. We then review certain 2D material sys-
tems, mainly transition metal dichalcogenides (TMDCs), which could potentially
continue to extend the scaling roadmap. Large-area, low-cost, high-yield growth
and fundamental understanding of this class of material will prove crucial for the
success of TMDCs in the post-silicon era. To this end, we will evaluate several
state-of-the-art bulk and thin-film synthesis schemes, and access their merits and
demerits. Finally, we will probe further into a certain type of TMDC and conclude
the chapter with a review of the charge density wave phenomenon in the material

of interest, tantalum (IV) sulfide or tantalum disulfide (1T-TaS,).

1.1 Moore’s Law and Si-CMOS Scaling

Since the invention of integrated circuits (IC), solid-state device scaling has helped
the IC industry steadily improve cost, power and performance metrics. As a re-
sult, the semiconductor industry has aggressively driven transistor feature size
from 10 um to 14nm during the last 40 years. As we near the end of the silicon

roadmap, we are fast approaching a fundamental scaling limit with traditional
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Figure 1.1: Typical layout and cross-section of FInFET device [1].

silicon complementary metal-oxide-semiconductor (CMOS) technology. The in-
troduction of new device concepts and/or new material systems might soon be-
come inevitable to sustain Moore’s law, which states the number of transistors on
a chip of a given size roughly doubles every two years.

In a bulk-Si device, detrimental short-channel effects, such as drain-induced
barrier lowering (DIBL), occur when the lateral electrical field becomes compara-
ble to the vertical electrical field. Continuous lateral and vertical field scaling with
traditional planar Si-CMOS has become increasingly challenging due to various
limitations. In 2008, in order to continue oxide thickness scaling, the industry mi-
grated from SiOs /poly-Si gate stacks to high-K dielectric/metal gate stacks. After
decades of planar transistors, the IC industry opted to FinFET devices for <22 nm
technology nodes (Fig. 1.1); this wrap-around gate device structure helped greatly
reduce off-state leakage and mitigate short-channel effects. Although these novel
device structures have successfully driven transistor miniaturization in the last
decade, silicon is fast running out of steam. Researchers worldwide are investi-
gating various nano-materials with desirable properties that could propel the 1C

industry into the sub-10nm regime.
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Figure 1.2: Plot of mobility, u, as a function of carrier density n for suspended
graphene [2].

1.2  The Rise of 2D Materials

In 2010, Andre Geim and Konstantin Novoselov won the Nobel Prize in Physics
for their groundbreaking experiments regarding graphene. Due to its atomistic
nature and exemplary carrier transport properties, graphene, a tightly bound
one-atom thick layer of sp2 carbon, has garnered a growing interest in the hunt
for new materials for the post-silicon era. One of the most enticing attributes
of graphene is its linear energy-momentum relationship for electrons (holes) in
the conduction (valence) band. Unlike silicon’s quadratic energy dispersion re-
lationship, graphene’s linear energy-momentum relationship gives rise to carrier
mobility that is orders of magnitude larger than that of silicon. This could have
major implication for the semiconductor industry as it allows for, at least in prin-
ciple, all-ballistic devices. Experimental mobility measurements from mechani-
cally exfoliated, suspended graphene coincides closely with theoretical predictions
(Fig. 1.2). Another interesting observation of graphene’s charge transport is its
ambipolarity; graphene’s unique band structure allows for electron or hole con-
duction depending on the position of the Fermi level with respect to the Dirac
point (Fig. 1.3). By electrostatically controlling doping, we can jettison the need
for acceptor/donor impurities, which would serve as scattering sites for carriers

during device operation.



4
g
2
-y
D L L i
-60 -30 0 30 60

v,

Figure 1.3: Conical low-energy spectrum E(k), indicating changes in the position
of the Fermi energy Er with changing gate voltage [3].

Although these unique qualities make graphene a promising candidate for post-
silicon applications, there are several limiting factors hindering the rise of graphene.
One of the major concerns is that graphene is intrinsically a zero bandgap semimetal-
lic material. Without a bandgap, despite its excellent mobility, graphene serves
as a poor substitute for silicon in logic/switching applications. Bandgap engi-
neering by quantum size confinement, external electric field and strain have been
demonstrated by various groups. Scalability of such methods is proving to be a
bottleneck in the development of graphene. Large-scale, high-quality, high-yield
synthesis of graphene is also another challenge that is being currently being ad-
dressed by the research community. In this respect, wide variety of reasonably
successful growth techniques have been demonstrated. Chemical vapor deposition
(CVD) of hydrocarbon on catalytic metals, such as Cu and Ni, is a very popu-
lar technique for large-area synthesis [4-6]. Graphitization of SiC in ultra-high
vacuum at high temperature also gives rise to graphene layers on the insulating
SiC substrate [7]. Apart from these large-area synthesis, bottom-up synthesis of
graphene nano-structures using molecular precursors has also been successfully
demonstrated by various groups [8,9]. The outstanding progress in graphene

research over the last decade has been truly staggering.



In view of the success obtained in the search of viable exfoliation, growth, trans-
fer techniques, the ideologies and methodologies learned in these techniques can
be easily transferred/applied to other similar layered 2D materials. Although
previously overshadowed by graphene to some degree, graphene-analogous 2D
materials have very peculiar, yet favorable, properties associated with their low
dimensionality. In particular, transition metal dichalcogenides (TMDCs) show
a wide range of electronic, optical, mechanical, chemical and thermal properties
that could be useful in myriad of applications. There is at present a resurgence of
scientific and engineering interest in TMDCs because of recent advances in me-
chanical exfoliation, transfer of 2D materials, and general physical understanding

of 2D materials due to graphene.

1.3 Transition Metal Dichalcogenides

TMDCs are a class of 2D material with the chemical formula MXs, where M is a
transition metal element from group IV (Ti, Zr, etc.), group V (V, Ta, etc.) or
group VI (Mo, W, etc.) and X is a chalcogen element (S, Se, Te). These materials
form a layered structure of repeating X-M-X sandwiches, with the chalcogen atoms
in two hexagonal planes separated by a plane of metal atoms (Fig. 1.4a). Adjacent
sandwich layers are separated by van der Waals forces to form bulk crystals of
various polytypes, depending on the coordination of M atoms within a single
unit cell and the stacking order of the X-M-X sandwiches. Polytypes are different
structures of the material with the same chemical composition. The most common
polytypes in TaS, are the 1T, 2H and 3R (single-layered trigonal, double-layered
hexagonal and triple-layered rhombohedral respectively) structures. The number
specifies the stacking periodicity—crystal structure repeats every one, two or three
layers in the c-axis (direction perpendicular to the layers). The trailing letter
specifies the type of symmetry formed by the projection of atoms from the top
view (Fig. 1.4b).

This class of layered 2D materials, unlike graphene, intrinsically comes with
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Figure 1.4: (a) Stick and ball diagram depicting the X-M-X sandwich layers
separated by van der Waals force [10]. (b) Schematic crystal structures of the
three polytypes 1T, 2H, and 3R. The dashed lines show how the top views and
the lateral views match with each other [11].

a wide variety of bandgaps, ranging from metallic to direct/indirect bandgap of
several eVs. With a wide variety of bandgap energy available, these 2D materials
could be seamlessly harnessed in many diverse optical and electronic applications,
without the need for any bandgap engineering. However, in order for these mate-
rials to infiltrate these applications, we need to not only solve growth and process
integration issues (large-scale growth, material handling/transfer, etc.) but also
garner a better fundamental understanding of these materials. These materials,
due to their low dimensionality, exhibit very intriguing electronic behavior. One
such behavior is the existence of a charge density wave (CDW), which is illus-
trated in greater detail in Section 1.5. Prior to understanding these phenomena,
we need to recognize various growth techniques available in order to study these

materials and realize potential applications.

1.4 TMDC Growth Techniques

Large-area, scalable thin-film growth of these materials is critical to not only many
electronic, optical device applications but also for fundamental scientific research

of materials.



Outside of the realm of electronic and optical application, the majority of the
research on these materials were and are conducted on bulk, 3D material (many
layers of X-M-X atomic layers separated by van der Waals force). In the last
few years, as the interest in atomically thin layers of these materials continue to
spike, researchers have begun adopting similar exfoliation strategies pertaining
to graphene. Many recent works have included attempts to produce TMDC lay-
ers via chemical [12] and mechanical [13] exfoliation. However, these exfoliation
methods yield TMDC atomic layers with a very modest footprint and give rise
to large variability in layer numbers; rigorous control of mono-layer thickness still
remains a challenge with such physical and chemical exfoliation methods. These
exfoliation strategies will certainly be futile in the development of scalable, com-
mercial opto-electronic devices. Hence, it is of critical need to develop large-area
synthesis of mono-layer TMDC that is compatible with current semiconductor

process techniques.

1.4.1 Thin Film Growth

Over the last few years, significant efforts have been devoted to the development
of reliable, large-scale thin-film synthesis methods. One such method is the direct
sulfurization of thin film of metal on SiOy (Fig. 1.5a), which was developed in
2012 [14]. This allowed for ready utilization of as-prepared samples for further
device fabrication, without the need for any transfer steps. Growth of MoS, was
demonstrated by first depositing a thin layer of Mo (1-5nm) on SiOy by e-beam
evaporation. Sulfur was then sublimed upstream in a tube furnace and carried
by Nj to the SiOg substrate placed downstream. At 750 °C, S reacts with Mo
to form MoS,. Even though the thickness of the MoS, grown directly relates to
the thickness of the pre-deposited Mo metal, areas of various layer thicknesses
were observed, as shown by the BF-TEM image in Fig. 1.5c. Another major
limitation of this method is the poly-crystallinity of the grown material. The
ring-like diffraction pattern in Fig. 1.5b shows evidence of the film being highly



Figure 1.5: (a) Schematic representation of thin film of pre-deposited Mo on
Si04 and sulfur gas flow. (b) Circular diffraction pattern shows rotational
dissymmetry and poly-crystalline quality of film. (¢) TEM image showing two
and three layer MoS, [14].

poly-crystalline. With many nano meter sized crystal domains, the densely located
grain boundaries will serve as scattering sites and limit the performance of the
fabricated devices.

Since the previously described technique yielded TMDC films of low-crystalline
quality, groups began searching for alternate synthesis schemes that could allow
for larger grain sizes and higher crystallinity. A two-step thermolysis process was
reported in 2012, which allowed for highly crystalline and large-area MoS, thin
films on a variety of substrates [15]. The precursor (NH4),MoS, was dip-coated on
SiOq /sapphire substrates followed by a two-step anneal (Fig. 1.6a). The first low-
temperature anneal in Hy atmosphere prevented oxidation that could compromise
the quality of the growth. The second high-temperature anneal in Ar or Ar+S
atmosphere improved the crystallinity of the film. A single anneal step with just
Hy gas flow was not possible since MoS; decomposes in the presence of Hy at
temperatures higher than 500 °C. The Raman spectroscopy measurement shows
the quality of the film improving significantly after each anneal steps (Fig. 1.6b).
The intensity of the Raman peaks increases and the E'y, peak width decreases
notably after the second anneal step.

The devices fabricated with these MoS, layers in a bottom gate geometry exhibit
n-type behavior with on/off current ratio of 10° and field-effect electron mobility
up to 6 cm?/(V s), comparable with mechanically exfoliated MoS; on SiOs.

The atomically thin layers grown in both the above methods do not exhibit
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Figure 1.6: (a) Schematic representation of the two-step anneal process. (b)
Raman spectroscopy of grown MoS, at various stages of the growth process [15].

any long-range order and poly-crystalline in nature. In order to improve the
performance of device fabricated by these materials, we are in need of a novel
epitaxial synthesis route, which could provide significantly larger domain sizes
and lesser grain boundaries and defects. One such method was demonstrated by
growing MoSy on an inert and nearly lattice-matching mica substrate by using
low-pressure chemical vapor deposition. The growth is proposed to be medi-
ated by van der Waals epitaxy between the MoS; and Fluorophlogopite Mica
(KMg3AlSizO9Fy) [16]. The matching lattice symmetry (~2.7% lattice mis-
match) between fluorophlogopite mica and MoS, was exploited for the epitaxial
growth of monolayer MoSy on mica. Figure 1.7 shows the surface reaction dur-
ing the epitaxial MoSs on mica substrate. MoOs was partially reduced by sulfur
vapor to form volatile MoOs._, species, which are then carried downstream by Ar
carrier gas, adsorbed on mica, diffusing on the surface and reacting with sulfur to

form MoS, layers.
S, + MoO; — MoS, + SO,

This method allows for high-quality, uniform monolayer growth with very gentle
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Figure 1.7: (a) Schematic representation of surface reaction during epitaxial
growth of MoSy on mica. (b) SEM image showing initial growth of MoSs and
relatively low nucleation density. (c¢) High-resolution TEM image of monolayer
MoS,. The inset shows a single diffraction pattern with six-fold symmetry,
providing evidence for high crystallinity of the film [16].

and facile control of growth parameters. The van der Waals epitaxial growth with
the slightly mismatched substrate gives rise to Stranski-Krastanov (layer-plus-
island) growth with the critical layer number of 1 [16]. This newfound ability of
achieving long-range crystal order and uniform layer control will prove crucial in
the development of next-generation electronics and opto-electronic applications

using these 2D materials.

1.4.2 Bulk Growth

The quest for uniform, crystalline, single-layer thin-film growth is still in its in-
fancy and will undoubtedly be pivotal in the realization of next-generation, com-
mercially viable devices. However, one should also realize large-scale, thin-film
synthesis route is not the only route for preparing these materials. Many tradi-
tional methods for bulk growth of these materials have been in existence for many
decades. These bulk synthesis method can be useful for many non-electronic ap-
plications, but more importantly, they can be valuable for fundamental research
of these layered materials. These bulk growth techniques are more mature than
the recently developed thin-film growth. This, along with some exfoliation tech-
nique, could provide a quick and effortless way to grow and study these layered

materials, even down to a single or few layers.
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The traditional method used to prepare these compounds involves the di-
rect reaction of the elements in an evacuated quartz tube at elevated tempera-
tures [17,18]. Poly-crystalline powder of TMDC can be synthesized by solid-state
reaction of elemental transitional metal and chalcogen powder; the following re-
action occurs by adding stoichiometric ratios of the metal (M) and chalcogen (X)

powders.

M(s) + 2 X(s) — MX,(s)

The evacuated quartz tube provides an ambient, void of any moisture or oxygen,
and prevents any unwanted reaction/by-products. Also, in order to prevent any
excess metal atoms intercalating between the layers, it is vital to have a slight
excess of sulfur powder [19]. Although this is a slow reaction—growth time is typ-
ically in the order of days—this technique provides a simple solution to synthesize
bulk poly-crystalline TMDCs.

However, at times, poly-crystalline material might not be sufficient for certain
applications and/or studies; some applications/studies might require large-area
bulk single-crystal material without any grain boundaries. A commonly used
strategy to form single-crystals is chemical vapor transport (CVT). Solid-state re-
searchers have used this method for over a century to synthesize various inorganic
minerals. The historical roots of this synthetic method date back to the mid-19th
century, when several observations on the formation of minerals in nature have
been published. The formation of hematite in the presence of hydrogen chloride in
the effluent of volcanoes is a naturally occurring CV'T process, which is popularly
known to have served as an inspiration for the first laboratory work on CVT [20].

Single-crystals of TMDC can be formed when an evacuated ampule containing
only poly-crystalline TMDC and Iodine (Iy) is placed in a temperature gradient
(Fig. 1.8). In this setup, the Iy convection current serves as the transport agent
for CVT-assisted growth. During CV'T, the poly-crystalline charge of TMDC is

first volatilized to a chemical intermediate phase at the higher-temperature end
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Figure 1.8: Sketch of a transport ampule in the temperature gradient of a
two-zone tube furnace [20].

(Ty), as described in the following equation:

2MX,(s) +21,(g) == 2 ML, (g) + 2 X,(g)

Since an abundant amount of the TMDC source is present at the hotter end,
the forward reaction is favored and the intermediate iodide is transported to the
cooler end by an Iy convection current. In the cooler end the following reversible

reaction occurs:

2MI,(g) +2X,(g) == MI,(g) + MX,(s) + X, (g)

At the growth temperature dissociation of di-iodide to tetra-iodide occurs, giving
rise to nucleation and crystal growth of TMDC. A very small amount of iodine is
required for this CVT growth since the iodine gas is constantly recycled.

Although the primary scope of this thesis is TMDC, an important caveat to
note is that not all material systems entail the initial reaction to occur at the
hotter end and the growth reaction to occur at the cooler end. Depending on
the thermodynamics of the forward reactions (exothermic or endothermic), the
growth and initial reaction temperatures might be reversed for CVT growth of a
different material [20].

Armed with various thin-film and bulk material TMDC growth strategies, we

can synthesize various types of TMDCs and pave the way for further investigation

12



of the material; with appropriate exfoliation techniques, we can even exploit the
relatively simpler bulk growth strategies to investigate atomically thin sheets of

these materials.

1.5 Charge Density Wave in TMDCs

The low dimensionality of these materials gives rise to many peculiar properties
that are worth investigating. One such unusual property is the existence of charge
density wave (CDW). Unlike bulk material, lattice distortion in some of these low-
dimensional materials create CDWs, which gives rise to non-uniform, wave-like

electron densities.

1.5.1 Fundamental Theory of CDW

CDW systems have been an area of research in the condensed matter community
for many years now. This phenomenon was first predicted by Peierls in the 1950s
and first observed in the 1970s. Since then, CDWs were observed in various
inorganic low-dimensional materials, such as TMDCs and transitional metal tri-
chalcogenides. In order to fully realize the origin of CDWs, we will begin by
examining a simpler periodic 1D chain of metal atoms. This will illustrate the
transition into the CDW state and how it is connected with a periodic structural
distortion, caused by a partial opening of the Fermi surface.

Let us first assume a periodic 1D chain of metallic atoms, separated by atomic
spacing of a. By just assuming nearest neighbor interaction, we can arrive at the
dispersion relationship shown in Fig. 1.9a. The first Brillouin zone in the k-space
extends from -7/a to m/a and the Fermi level sits at Er and kg. This results
in a half-filled band, where all energy levels above the Fermi level remain empty.
Now, let us imagine the atomic lattice to be distorted by -m/kg. This causes
the Brillouin zone boundary to move to the point where the last filled state is

kg. This process opens up a gap at the Fermi energy, where the filled states go

13
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Figure 1.9: A quasi-1D metal, as shown in (a) can reduce its energy by
undergoing a periodic lattice distortion and developing a CDW, as shown in
(b) [21].

to a lower energy and the empty ones to a higher energy, as seen in Fig. 1.9b.
Therefore, this lattice distortion becomes energetically favorable, if and only if the
energy savings from the new bandgap outweighs the elastic energy cost to strain
the lattice. The energy cost is minimized when the atomic vibration/thermal
excitation is minimized (i.e. the lower the temperature, the lower the energy
cost). Hence, at temperatures lower than some critical temperature, Tcpw, we
begin seeing the manifestation of lattice distortion and charge density waves.
One should also be aware that CDWs can be commensurate or incommensurate
with the underlying lattice. For example, in a crystal with exactly a half-filled
band, the CDW state corresponds to a periodic structure with a spacing that is
twice as large as the periodicity of the original structure. In general however,
the filling of the conduction band is not related to the lattice periodicity of the
crystal and the CDW super-lattice periodicity can take on any value. If the CDW
super-lattice constant is an integer multiple of the lattice constant a, the CDW
is said to be in a commensurate phase. In contrast, the CDW is incommensurate
if the ratio of the super-lattice periodicity and the atomic lattice periodicity is an

irrational fraction.

14



1.5.2 CDW in 1T-TaSs

Among the many TMDC compounds, 1T-TaSs (1T polytype of tantalum (IV)
sulfide) exhibits one of the most complex and intriguing CDW behaviors. Conve-
niently, this material also has a high Tcpw temperature. Since the Tcpw temper-
ature occurs at temperatures higher than the room-temperature, 1T-TaS, serves
as an ideal candidate for room-temperature, ultra-high vacuum-scanning tunnel-
ing microscopy (UHV-STM) CDW study. This greatly simplifies the experimental
setup and eliminates the need for external cooling of the substrate; active cooling
of the sample within a UHV scanning tunneling microscope system is non-trivial
and will require intricate system modification. The details of this UHV-STM
study will be presented in Chapter 3.

At high temperatures 1T-TaS, is metallic; however, upon cooling below 543 K
1T-TaS, exhibits three main temperature-dependent CDW phases—commensurate,
nearly commensurate and incommensurate [22]. The temperature-dependent phase

change is illustrated in Fig. 1.10.
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Figure 1.10: Temperature-dependent resistivity measurement illustrates the

three distinct CDW phases present in 1T-TaS,. Inset shows the a, b and ¢ axes
of the crystal and an illustration of the commensurate CDW phase [22].

At high temperatures, close to Tcpw, the CDW is incommensurate relative to
the atomic lattice. For T < 183, the CDW goes through a phase transition and

rotates 13.9° relative to the atomic lattice to become commensurate (Fig. 1.11a).
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Figure 1.11: (a) Schematic top view of the commensurate CDW phase
compromising of interlocking Star of David pattern [22]. (b) Schematic top view
of the nearly commensurate phase at 300 K, depicting the larger hexagonal
superstructure within the CDW lattice [22]. (c¢) Vectors representing the relative
orientation of the hexagonal domains, the CDW and atomic lattice [23].

In the intermediate temperature, the CDW phase appears to be neither entirely
commensurate nor entirely incommensurate. The nearly commensurate phase
adopts a novel, hexagonal domain-like structure, where there is an additional
periodic variation in the CDW amplitude that occurs on a wavelengths larger
than the fundamental CDW wavelength (Fig. 1.11b and ¢). The CDW exhibits
a fascinating hierarchy of structures: the hexagonal atomic lattice with a period
of 3.35 A, the fundamental CDW lattice with a period of 12 A and the hexagonal
super-lattice with period 70 A [23].
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CHAPTER 2

GROWTH OF 1T-TANTALUM (IV) SULFIDE

In this chapter, prior to dwelling into the STM study of the material and its CDW
properties, we will present the growth strategies and the experimental setups re-
quired for the successful synthesis of 1T-TaSy. As discussed in Chapter 1 (Section
1.4), a large assortment of thin-film and bulk growth strategies is available for the
growth of 1T-Tay. We need to evaluate these different strategies and wisely select
the most cost-effective and reliable solution to satisfy our material needs.

The primary focus of this thesis involves the study of CDW in 1T-TaS, via UHV-
STM. Since we were not targeting any scalable, potential commercial application,
a large-area, scalable thin-film growth was not of high importance. Thin-film
growth techniques are still in active development and require careful control and
nuance to give high yielding growth. Although we intend on studying monolayer
and few-layer 1T-TaSs, with an appropriate exfoliation strategy however, we can

exploit the simpler bulk growth strategy to synthesize the material of interest.

2.1 Direct Synthesis of Poly-Crystalline 1T-TaS,

In this section, we will examine the growth setup and recipe required for the
synthesis of poly-crystalline 1T-TaS, in greater detail. Synthesis requires the
direct reaction of the elements in an evacuated ampule at elevated temperatures;
stoichiometric ratio of elemental metal (Ta) and chalcogen (S) powder were sealed
within an evacuated quartz tube and heated to the desired temperature in a

furnace.
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2.1.1 Quartz Ampule Preparation

Since the anneal temperature required to form the 1T polytype of TaS, is close
to 1000 °C, the reaction ampule needs to withstand prolonged high temperatures.
Silica or pure quartz (SiO), the purest of silica-based glasses, has an annealing
temperature of 1100 °C. Although silica’s high working temperature and brit-
tleness limits application, its durability at high temperature makes it a useful
material for many high temperature processes. Also, at temperatures above 1200
°C, silica begins to move under its own weight and deform with a cloudy appear-
ance, before starting to melt at close to 1650 °C. Since 1200 °C is well above our
operating temperature but low enough to allow for the flowing of quartz to form
a seal with an oxy-hyrdogen flame, pure silica makes for an excellent material for
our reaction ampule.

An important aspect of the growth involves the sealing of reagents under a
vacuum. This requires the quartz tube geometry, mainly its outer diameter, to be
compatible with compression fittings that are commonly used in vacuum systems.
12.7 mm (0.5 in.) outer diameter fused silica tubes with wall thicknesses of 1 mm
and lengths of 4 feet were obtained from Alfa Aesar (product number 42276). The
tubing was then cleaved to different lengths depending on the type of growth. For
the poly crystalline powder synthesis, the tubes were scribed to 8-9 inches. For
CVT growth of single-crystal 1T-TaS,, the ampules were trimmed to a larger size
in order to fit the two-zone furnace configuration (see Section 2.2).

Upon scribing and snipping the quartz tubing to the appropriate length, one
end of the tubing was closed off using an oxy-hyrdogen flame. Combustion of
a mixture of hydrogen (Hs) and oxygen (O3) gas produces a high-temperature
flame at the nozzle of the oxy-hydrogen torch. A maximum temperature of 2800
°C is achieved with an exact stoichiometric ratio of 2:1 (H5:02), which is much
greater than the melting point of fused silica. Different sized flames of various
strength can be created by simply adjusting the hydrogen and oxygen flow rates.

To complete this procedure, one end of the open ended quartz tube was first
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Figure 2.1: (a) Schematic view illustrating the sealing of the quartz tube using
an oxy-hydrogen flame and hand drill. (b) Quartz tube beginning to glow
white-hot upon heating. (c¢) Fully formed seal using oxy-hydrogen flame. Tube is
now ready for flame anneal and precursor loading.

wrapped in aluminum foil and attached to a power drill. The aluminum foil not
only helps conduct heat away quickly from the drill chuck, it also serves as a soft,
protective layer when the chuck is pressed tightly onto the tube. The tube is then
slowly revolved, with the end further away from the chuck directly over the flame
(as show in Figure 2.1).

After one end of the quartz tube is sealed, we load the elemental precursors,
Ta and S powder, into the tube. Prior to precursor loading, the tubes were
hydrogen flame annealed to remove any excess moisture or impurities that are
physisorbed on the quartz tubing. Stoichiometric ratios of Ta and S powders
were measured using a sensitive digital mass balance to give approximately 1
g of total charge. Using a clean stainless steel spatula, 0.738 g of Ta (atomic
mass = 180.948 g/mol) and 0.267 g (5 mg in excess) of S powder (atomic mass =
32.065 g/mol) were measured and loaded into the quartz ampule—having excess S
prevents intercalation of Ta within the van der Waal’s gap, as explained in Section
1.4. Careful attention was taken to ensure the powder was dropped directly to the
bottom of the ampule without sticking to the sides of the ampules; the precursors,

especially sulfur, with a high room-temperature vapor pressure, should be as far
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away as possible from the top of the tube. The reason for this will be elucidated

in Section 2.1.3.

2.1.2 Turbo Station Setup

Once the precursors have been loaded into the growth ampule, the quartz tube
is then connected to a vacuum pump and evacuated. This involves pumping out
the tube down to around 1E-4 Torr using a turbomolecular (turbo) pump, backed
by a roughing pump. The roughing pump performs two distinct functions to
support the high-vacuum turbo pump. The roughing pump first rough pumps the
vacuum chamber from atmospheric pressure to low enough pressure to allow the
turbo pump to operate, and then performs its secondary function of supporting
the turbo pump by providing a low enough foreline pressure at the turbo pump’s
exhaust. Firstly, the pump’s inlet pressure (chamber pressure) needs to be low
enough that rotors of the turbo pump can pump out the residual gas molecules.
These molecules are compressed through the pump and exhausted at some other
reduced foreline/exhaust pressure where the supporting roughing pump exhausts
them from the system. The roughing pump ensures that the foreline/exhaust
pressure is below its maximum pressure limit, allowing the turbopump to operate
at its rated efficiency. The roughing and turbo pumps are attached to a multi-
functional, stainless steel UHV chamber, which is used for various experiments
within the Lyding group. A simple modification was done to interface the turbo
station with the quartz ampule. One of the blank CF (ConFlat) flanges connected
to the turbo station was removed and replaced with a flexible stainless steel hose
with CF flange fittings at both ends. At the heart of the CF flange is a knife-
edge that is machined below the flange’s flat surface. As the bolts of a flange-
pair are tightened, the knife edges make annular grooves on each side of a soft
copper gasket. The malleable copper gasket then fills all the machining marks and
surface defects in the flange, yielding a leak-tight seal. Although these CF seals

are common place in many stainless steel UHV chambers, they do not interface
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Figure 2.2: (a) Schematic view of the vacuum system. (b) Actual image of the
system with the various components labeled. (The roughing pump is not in view
in this image.)

well with the brittle quartz tubes. Hence, a CF to Quick-Connect adapter was
attached to the end of the stainless steel hose to form a tight seal around the
loaded quartz ampule; with the aid of a Viton® gasket, the Quick-Connect fitting
provides an easy, quick and reusable seal. Figures 2.2 a) and b) show a schematic

and physical representation of the setup respectively.

2.1.3 Ampule Evacuation and Seal

Using the modified turbo station setup, the single-ended quartz tube is evacuated
to the desired pressure as measured by thermocouple and cold-cathode gauges.
Throughout the evacuation and seal phase, the bottom end of the quartz tube is
submerged in liquid Ny. The reason for this is the large vapor pressure of sulfur
at room-temperature. Sulfur tends to volatilize readily and needs to be cooled
to cryogenic temperature to ensure that the sulfur precursor is not lost during
this phase. The length of the tube is carefully selected such that the point of
constriction is spaced far away from the bottom end of the tube (to ensure that
the S powder is submerged in L-Ny and kept cool) and spaced far from the top
end of the tube (to protect the Viton® gasket from the high-temperature flame),

21



Quick Connect

Adapter N
Distance from

Viton® o-ring to
seal

Distance from
seal to
precursor

L-N,

\_J ¥

Figure 2.3: We need to ensure adequate distance exists between the seal and
Viton® gasket in order to protect the gasket from the high-temperature flame
and ensure a long gasket lifetime. Also, there should be ample distance between
the precursor and the seal to ensure the sulfur powder remains in the ampule
during the high-temperature sealing process.

as illustrated in Fig. 2.3. During the evacuation phase, the quartz tube is first
evacuated to ~1E-1 Torr using the roughing pump alone and then to ~1E-4 Torr
using the turbo and roughing pump. Once evacuated, the tube is sealed using
an oxy-hydrogen flame to give an evacuated quartz ampule with the necessary
precursor for the growth of poly-crystalline 1T-TaS,.

The sealing of the relatively large diameter (outer diameter = 0.5 in.) using an
oxy-hydrogen flame is a non-trivial task even for an experienced glassworker. Due
to the vacuum within the tube and uneven heating from the oxy-hydrogen torch,
the sidewalls rapidly collapse and causing the quartz to implode. Most implosion
occurs close to the narrow constriction/seal; The outer diameter /inner diameter
ratio is greatest at this point—allowing the outer wall to invade the inner diameter
at a greater depth, which thins and weakens the sidewalls leading to implosion.
Figure 2.4 shows an example of an unsuccessful attempt at sealing the tube. This
problem could be mitigated through various means. One solution will require
a redesign of the nozzle to deliver a circular, ring-like flame that could provide
more even heating. With uniform heating, the sidewalls will collapse uniformly
and avoid implosion. Although such intricate nozzles are available commercially,

we searched for a more inexpensive solution. An alternate solution, with no
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Figure 2.4: An unsuccessful attempt at sealing the tube. The quartz tube
punctured near the constriction during the seal and breaking vacuum.
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Figure 2.5: Schematic representation of the pre-growth process flow, illustrating
quartz tube preparation (I), partial constriction of tube (II), precursor loading
(III) evacuation and seal (IV).

system redesign or additional cost, was to form a partial seal prior to precursor
loading. Figure 2.5 shows a schematic illustration of the new process flow. Partial
constriction of the tube prior to evacuation is an easier task that constricting the
tube during evacuation. Since the tube is void of any volatile precursor and is not
directly connected to any fixed vacuum fitting, we can now evenly heat the tube
by connecting the tube to a hand drill, similar to the initial sealing of the bottom
end of the tube. The tube is held vertically and rotated adjacent to a horizontally
pointed flame as shown in Fig. 2.5; if the tube was rotated around a different axis,
gravity causes the tube to bend as soon as the quartz begins to flow. Figure 2.6
shows a zoomed-in image of the constriction made during a typical partial-seal.

The outer diameter around this newly made constriction range from 3.5 mm to
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Figure 2.6: Example image of a partially sealed tube. The outer diameter at the
constriction is 3.5mm.

Constriction Pastuer Pipette

Figure 2.7: Image of Pasteur pipette and partially sealed quartz tube. The neck
of the pipette extends below the constriction.

7 mm, significantly lower than the initial outer diameter of 12.7 mm. The smaller
diameter greatly reduces the complexity of successfully completing the seal, even
with irregular heating from the traditional nozzle/flame. The only disadvantage
of this partial-seal method is that additional measures need to be taken during the
loading of precursor; we can no longer deposit the elemental precursor directly to
the bottom of the tube, through the narrow constriction. A glass Pasteur pipette
with a long neck was used to bypass the constriction and deposit the precursor

directly to bottom of the tube, as shown in Fig. 2.7.

2.1.4 High Temperature Growth

Once the ampule is evacuated and sealed, it is placed inside a tube furnace.
All growths were carried out using a Marshall (1000 Series) Furnace, a two-zone,
shunt-type horizontal tubular furnace with a heating element consisting of a heavy
gauge Nickel-Chrome wire wrapped around a ceramic tube. The shunt-type fur-

nace, with a maximum temperature rating of 1100 °C, has a number of external
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“taps” or “shunts” incorporated into the element winding in addition to the nor-
mal power feed taps. By placing a suitable length of resistance wire from one
shunt tap to another, a parallel shunt resistance is created, thereby reducing the
amount of local current through the winding between the shunt taps; the external
resistor effectively lowers the temperature of the regions that have been shunted.
With proper shunt selection and placement, a more uniform and longer uniform
temperature zone can be achieved.

By placing the quartz ampule in the middle of one of the zones, the growth was
carried out using a single-zone configuration. Since the dimension of the quartz
ampule was comparable to the shunt tap distance, the shunt taps were left open—
no additional or useful temperature control can be achieved by current shunting. A
control run without any quartz ampule showed adequate temperature uniformity
along the length scale of interest. The growth was carried out by ramping the
temperature of the furnace to the growth temperature of 975 °C and the growth
was carried out for 3-7 days. The proportional-integral-derivative (PID) controller
settings (Rate, Reset, Proportional Band) were set such that the manual ramp
to the set-point temperature, took anywhere between 3.5 hours to 4 hours. Since
the initial reaction is highly exothermic and sudden changes in internal pressure
could lead to an explosion of the ampule [24], a slow ramp rate was selected. The
growth temperature of 975 °C was chose since the 1T polytype of TaSy only exists
stably at temperatures above 850 °C.

2.1.5 Post-Growth Quench

At the end of the growth, the evacuated quartz ampule is removed from the fur-
nace. Before the temperature drops below 850 °C, the quartz ampule is quenched
in a 50% water 50% ice bath. This rapidly cools the TaS, powder and locks it in
its metastable 1T crystallographic phase. In the absence of a quench, the material
has enough energy to revert to its room-temperature stable 2H polytype. Even

though the 2H polytype exhibits charge density wave behavior, it has a much
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lower Tepw temperature and making it unsuitable for room-temperature study.
Hence, it is of utmost importance to rapidly quench the reaction and capture the
material’s 1T phase.

After a 10 min quench, the ampule is taken out of the ice/water bath and
is allowed to equilibrate to room-temperature. The quartz ampule can then be
opened by scribing the ampule and snapping it in half. The ampule cleaves easily
with an inward rush of air disturbing the lighter material near the opening. For

safety reasons, this action was performed in a fume hood.

2.1.6 Anomalous Growth

The pure polycrystalline 1T-TaS, powder appears as a dark grey, free-flowing pow-
der. In a typical growth, a complete reaction of the reagent gives poly-crystalline
1T-TaS, and the excess sulfur condenses on the sidewall and escapes out of the
tube when cracked open, as shown in Fig. 2.8a. Figure 2.8b shows an image of
the ampule after an atypical growth (an unknown amount of excess S was mis-
takenly added during precursor loading). After a three-day growth, along with
the dark grey 1T-TaSs, small flakes of single-crystal 1T-TaS, were observed near
the bottom of the ampule. In Fig. 2.8b, we also notice a tinge of yellowish-green
substance deposited on the sidewall, which could signify the presence of unreacted
sulfur. A possible explanation for this growth could be that the excess sulfur gas
acted as a carrier gas and assisted with a chemical vapor transport (CVT) growth
of 1T-TaS, single-crystals. The experiment was repeated with a controlled amount
of excess S (additional 5 mg) to confirm this hypothesis, but the controlled study
did not yield any single-crystal 1T-TaS,.

The reason for the anomalous growth of single-crystal 1T-TaS, remains unclear.
Using this poly-crystalline growth method, reliably synthesizing single-crystal 1T-
TaS, will prove difficult, unless the process conditions from the atypical growth are
controllably repeated. Certain conditions such as temperature profile within the

furnace can vary by a significant margin and cannot be systematically controlled
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Figure 2.8: (a) Typical growth showing dark grey powder of poly-crystalline
1T-TaS,y. (b) Atypical growth with additional golden, single-crystal 1T-TaS,
near the bottom of the ampule. A tinge of yellowish-green, possibly unreacted
sulphur, is observed on one end of the ampule.

with a single-zone setup. Although, the single-zone setup serves as an adequate
and reliable technique for poly-crystalline 1T-TaSy; growth, a more systematic

two-zone approach needs to developed for reliable single-crystal growth.

2.2 CVT Growth of Single-Crystal 1T-TaSs Using I
Vapor

As seen in Section 1.4.2, an important requirement for single-crystal growth using
CVT is a temperature gradient. To achieve controllable temperature gradient, a
two-zone tube furnace is required. Each of the zones should be powered indepen-
dently using two separate controllers and the tube be placed at the boundary of
the two zones.

In our setup, two independent Barber Coleman 570 series PID controllers are
used to supply current to the furnace windings. All controller parameters, except
the set-point temperature, are kept constant between the two controllers so that
the ramp rate is similar for both controllers. Due to the difference in the furnace

winding resistances between the two zones, the controller settings were empir-
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ically adjusted to compensate for this difference and to obtain identical ramp
rates. The reason for this resistance difference is highlighted in Appendix A. Be-
fore commencing the single-crystal growth experiments, the furnace needed some
initial maintenance to restore its two-zone functionality. The details of the issue,
diagnostic and fix are also presented in Appendix A.

The preparatory steps for CVT-assisted growth of single-crystals are similar to
the poly-crystalline 1T-TaS, growth. The turbo station setup and quartz ampule
preparation, including the partial constriction of the tube, are almost identical to
one another. The only difference is the dimensions of the tube; the tube is cut to
a longer dimension (13 inches instead of 9 inches) so that the tube is long enough
to span across the two zones. Once the partial constriction is made, instead
of loading the elemental precursors Ta and S, the previously made 1T-TaS, is
dropped to the bottom of the ampule. Due to its granularity and free-flowing
nature, the poly-crystalline 1T-TaS, was added directly to the ampule without
the aid of any Pasteur pipettes. The large granules tend to get stuck within the
thin, narrow Pasteur pipette neck and thereby hinder subsequent loading. Once
0.75 - 0.8 g of 1T-TaS, powder is measured and loaded, I, (transport agent) pellets
are subsequently dropped to the bottom of the ampule. Only 5 mg/cm? of I, is
needed since the iodine gets recycled again each forward cycle. By measuring
the length of the ampule from the bottom to the constriction and using a perfect
cylinder approximation, we calculate the required mass of Is.

Following the addition of 1T-TaS, and Iy, the ampule is evacuated and sealed
as detailed in Section 2.1.3. The growth was carried out in a two-zone furnace,
with set-point temperatures of 880 °C and 950 °C. The end containing the poly-
crystalline powder was positioned in the hot zone so that the endothermic growth
reaction can occur at the cooler zone to form single-crystal 1T-TaSs. A schematic
of the furnace and the ampule is shown in Fig. 2.9. The P-I-D settings were set
such that the ramp rates were uniform between the two zones. The ramp to 880
°C takes approximately 5 hours and it takes an additional 20 mins to climb from

880 °C to 950 °C. The furnace was left at the set-point temperature for 1 week for
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the growth to complete. After a week of growth, the ampule is removed from the
furnace and dropped into a 50% water 50% ice bath. As previously mentioned in
Section 2.1.5, the rapid cooling locks the single-crystals in the 1T phase. After a
10 min quench, the ampule is allowed to equilibrate to room-temperature before
scribing it open. The crystal flakes and any unreacted 1T-TaSy powder is removed
by carefully shaking the ampule. Crystal flakes that adhered more strongly to the
sidewalls were removed using a Teflon tweezers. The resulting crystals were gold
in color as expected. The crystal flake dimensions ranged anywhere from 2 mm

to 6 mm, as shown in Fig. 2.10.
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Figure 2.9: CVT growth of single-crystal 1T-TaS,. The left zone with the
poly-crystalline powder is set to 880 °C and the right zone, the growth zone, is
set to 950 °C. The I, convection current carries the reagents and by-products
form the source to the growth zone, and vice versa.

Figure 2.10: Image of grown crystal. Crystal dimensions are in the order of a
few millimeters.
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CHAPTER 3

STM STUDY OF 1T-TANTALUM (IV)
SULFIDE

Following the development and success of the growth process flow, we focused our
attention on characterizing the grown 1T-TaS, using Ultra-High Vacuum Scanning
Tunneling Microscopy (UHV-STM). As discussed in Section 1.5, 1T-TaS, exhibits
a room-temperature CDW phase, which can be visualized and characterized using

by the STM.

3.1 Scanning Tunneling Microscopy

In 1982, Gerd Binnig and Heinrich Rohrer were the first to exploit the quantum
mechanical phenomenon of electron tunneling to image atoms on a conducting
surface [25]. A distinctively unique feature of the STM is its ability to probe both
the electronic and topographic properties of the surface at the angstrom-scale,
which can be harnessed for CDW studies of many materials. Since its invention,
STM has not only been used as a microscopy tool but also to write atomic-scale
patterns [26], study the barrier height of various material systems [27], and study
superconductors and CDW materials [28,29].

The underlying basis for the operation of the microscope is electron tunneling
between an ultra-sharp metal tip and a conducting sample. When the tip and
sample are brought sufficiently close using piezoelectric actuators, the electron
wavefunctions in the tip and sample begin to overlap and a tunneling current is
detected. If a bias voltage, V, is applied to the sample (tip is grounded relative to
sample), a tunneling current, I, will flow between the sample and tip. If V. > 0,

electrons will tunnel from filled states in the tip to unfilled states in the sample.
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Conversely, if V < 0, electrons will tunnel from filled states in the sample to
empty states in the tip. For a simple one-dimensional system, quantum mechanical
treatment predicts an exponential decaying solution for the electron wave function

in the barrier, as shown in Equation 3.1.

U(d) = ¥(0)e ™ where k = \/2m(® — E)/h (3.1)

This strong exponential dependence of the tunneling current on distance enables
very high vertical resolution. An atomic resolution map of the surface can be
created by rastering an ultra-sharp tip over the surface using sensitive piezoelectric
controls.

There are two main modes of operation for the STM: “constant height” scanning
and “constant current” scanning. In the “constant height” scanning mode, the
tip height and bias voltage are kept constant. Depending on the instantaneous
tip-sample spacing during the raster scan, different tunneling current is detected
throughout the scan. If the density of states is constant across the scanning
surface, the change in current will directly correlate to the surface topography. In
the “constant current” mode, feedback electronics adjusts the tip-sample spacing
to maintain a user-defined reference tunneling current as the tip rasters across the
scan area. By measuring the vertical displacements needed to maintain a constant
current, one can obtain an image that indicates the spatial variation of the local
density of states (LDOS) and surface atomic corrugation. All STM scans in this
thesis were performed using the “constant current” mode. A diagram of a typical
STM setup is show in Fig. 3.1.

All STM scans were performed under ultra-high vacuum (UHV). The entire
multi-stage vacuum system is partitioned into three major chambers/stages: STM
chamber, preparatory (prep) chamber and loadlock. The STM assembly itself is
situated inside the STM chamber with a base pressure in the mid-10"'! Torr range.
The UHV system provides a clean environment and prevents molecules in the air

from contaminating the tip and sample surface. Also, the STM assembly is vi-
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Figure 3.1: Schematic representation of an STM showing the tip, current
amplifier and feedback loop. The tunneling current is maintained by the
feedback loop as the tip rasters over the surface [30].

brationally isolated from its surrounding; this inhibits atomic-scale oscillation,
which could prove detrimental for atomic resolution imaging. The STM chamber
is isolated from the prep chamber by a UHV gate valve. All sample and tip prepa-
ration prior to scanning takes place within the prep chamber with a moderately
higher base pressure of 1.1E-10 Torr. A dipstick, with electrical feedthrough, is
located within the prep chamber to assist with sample and tip preparation. The
prep chamber is also isolated from the loadlock (with a significantly larger base
pressure) by another UHV gate valve. The isolation is important since the load-
lock is used to transfer samples into and out of the UHV system and is regularly
exposed to the ambient environment. The loadlock is normally maintained at
a higher pressure (mid-10® Torr) by a turbo molecular pump, which is backed
by a roughing pump. Another important component of the UHV system is the
linear translation maipulator (LTM). These linear motion devices assist with the
transfer of sample and tips between each of the previously mentioned vacuum
chambers. The different vacuum environments are maintained by a combination
of ionization pumps, turbomolecular pumps and roughing pumps. An illustrative
model of the multi-stage vacuum chamber and the associated pumps are provided

in Fig. 3.2.
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Figure 3.2: Schematic diagram of the multi-stage vacuum chamber, showing the
base pressure in the different chambers. The diagram not only shows the pumps
connected to the various chambers to achieve the necessary base pressure, it also
shows the various gas supplies attached to chambers. Since this is a high-level
diagram, not all vacuum valves are shown in this diagram.

3.2 Tip Preparation

The condition and sharpness of the tip will markedly influence the quality of the
image data obtained; the radius of curvature at the tip apex strongly correlates
with the lateral resolution achieved by the STM. If the apex of the tip terminates in
a single atom, then majority of the tunneling current flows between the atom and
nearby surface; due to the exponential dependence on distance, atoms adjacent
to the apex barely contribute to the tunneling current. Hence, tip preparation
plays a crucial role in any STM study. In this study, most of the tips used were
fabricated by electrochemical etching of a 9 mil diameter, poly-crystalline tungsten
(W) wire. Although a variety of electrochemical tip preparation methods have
been developed over the years [31], our group has perfected a reliable drop-off etch
method that is capable of producing tips with radius of curvature of ~10 nm. The
W tips were electrochemically etched in a 3 M and 0.5 M NaOH solution made
with ultra-high purity, deionized water. The electrochemical cell consists of a gold
ring anode and W wire cathode, as shown in Fig. 3.3. The gold ring is dipped
in a 3 M NaOH solution to form a thin meniscus, before the W wire is inserted

vertically through the meniscus. A DC bias of 7-10 V is supplied to trigger the
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Figure 3.3: (a) Ilustration of the electrochemical tip etching system, showing
the W wire (cathode), gold ring (anode) and DC power supply. (b) Actual
image of tip etching system.

following electrolysis reaction:

6 H,O 4+ 6e~ — 3H,(g) + 6 OH™ (anode)
W(s) +80H™ — WO,* +4H,0 + 6e (cathode)
W(s) +20H +2H,0 — WO,* + 3H,(g)

Once the tip is sufficiently etched/thinned, the 3 M electrolyte solution is re-
placed with a 1 M solution. This allows for a slower etching rate and prevents
excessive bubbling and surface roughening. The lower portion of the W wire
eventually drops off once the etching is complete, resulting in a sharp tip. By
automatically creating an open circuit during the drop-off, this method prevents
overetching of the tip, which would result in a blunt tip. Following the drop-off,
the tips were rinsed in DI water and carefully blow-dried with nitrogen. The
tips were then loaded onto tip holders, which were subsequently attached to a tip

heater, and degassed in UHV by heating for 12-16 hours.
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3.3 Sample Preparation

In order to carry out the STM study of the grown 1T-TaS,, we had to select
a suitable substrate and a devise a clean and reliable method to transfer the
material of interest onto our substrate. All of the following STM studies were
performed on a hydrogen-passivated, highly P-doped silicon substrate. The H-
passivated substrate provides an inert, atomically flat and conductive substrate
that is suitable for STM experiments.

To prepare the H-passivated silicon samples, we first scribed clean, highly B-
doped, Si (100) wafers to an appropriate size that is compatible with our STM
sample holders. The samples were then sonicated in acetone and isopropyl alco-
hol (IPA) and mounted onto the sample holder with tantalum spacers; tantalum
spacers, owing to their high conductivity and melting point, protect the sample
holder during high temperature processes. Care must be taken to avoid the use of
stainless steel tweezers when handling the silicon samples in order to avoid nickel
contamination of the surface.

The sample holder was then transferred to the prep chamber, where the sam-
ple was resistively heated through the dipstick electrical feedthroughs. During
the 12-18 hr degas, the sample is maintained at about 650 °C. At this elevated
temperature, adsorbed contaminants desorb from the surface and get pumped out
through the vacuum pumps. Following the degas, the surface was passivated to
satisfy the dangling bonds on the surface. The sample was first rapidly heated to
1250 °C to remove the surface native oxide, carbide, and any lingering contami-
nants. This rapid heating process is typically referred to as a flash. As observed
in a few instances, during these flashes, or any high temperature for that matter,
sudden change in temperature cause the sample to expand and crack. The sam-
ples need to mounted with care to achieve even and uniform contact without too
much stress on the substrate. After a series of flashes, the hydrogen passivation
was done at 377 °C. During the passivation step, the prep chamber is filled with

Hy gas, which is cracked using a W cracking filament to form hydrogen radicals.
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The hydrogen dosing was performed for 10 minutes to achieve a 1200 L dose,
which is sufficient to fully passivate the surface.

When Si is cleaved along the (100) surface, silicon’s ideal tetrahedral struc-
ture is interrupted at the silicon surface. Each of the surface atoms have two
unsatisfied dangling bonds, creating a high energy surface and attempts to relax
by reconstructing to a lower-energy structure. In order to reduce the number of
unfulfilled bonds by half, the silicon atoms on the surface bond with each other

along the (001) direction, as seen in Fig. 3.4.

»

Figure 3.4: Surface atoms (shown in green) have two unsatisfied bond before
dimerization. The energy of the system is reduced when the surface atom bonds
with their neighbor to give a 2 x 1 reconstruction of the surface.

The resulting dimers give a surface with filled and unfilled rows with a 2 x 1
periodicity. The distance between adjacent dimers in a row is 3.84 A and the
distance between adjacent dimers is 7.68 A. The remaining dangling bonds are
satisfied with the hydrogen atoms during H-passivation. Figure 3.5 shows a 300
A x 300 A topographic and current image of the passivated surface. The dimer
rows, with measured periodicity of 9.2 A - 9.8 A are clearly visible in the scan.
Also some debris/contaminants can be seen in a few areas. Figure 3.6 shows a 900
A x 900 A scan of a cleaner area of the silicon substrate with almost no debris.

The bright spots in the image correspond to dangling bonds that were left
unpassivated during the H-passivation procedure. With a lack of hydrogen atom,
it is reasonable to expect a depression at the site of these dangling bond during
a topographic scan of the surface. However, the STM scan reveals the dangling
bond as a protrusion above the surface, since the silicon dangling bonds have
conductive surface states; the tip retracts when crossing these dangling bond sites

to maintain a constant current. We also observe that the direction of the dimer
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Figure 3.5: (a) Topographic scan of H-passivated silicon. Although some debris
is spotted on the surface, we can image silicon dimer rows. Inset shows the
height profile along the cut line 1 and the measured dimer row spacing is 9.2 A -
9.8 A. (b) Dimer rows are resolved better in the current (I) image of the same
scan area. (scanning condition: -2 V, 0.2 nA)

Figure 3.6: (a) Topographic scan of H-passivated silicon. We see clean, large
silicon terraces. (b) Current buffer from the same scan. The dangling bonds
manifest as bright spots in the these images. (scanning condition: -2 V, 0.2 nA)
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Figure 3.7: (a) Topographic scan of a highly faceted H-passivated silicon. Both
single atomic steps (dimer rows rotated by 90°) and bi-atomic steps are observed
(parallel dimer rows). Inset shows the height profile at single ( 0.9 A) and
double (2.1A) steps. (b) Current buffer from the same scan; unsatisfied dangling
bonds manifest as bright spots. (scanning condition: -2 V, 0.2 nA)

rows rotates by 90 degrees when crossing atomic-height steps, since the direction
of the dangling bonds rotates through 90 degrees on passing from the higher
terrace to the lower terrace. Those steps that are parallel to the upper terrace
dimer rows are called “A” steps and those perpendicular are called “B” steps. In
certain highly faceted areas, we also observe double steps, where the dimer rows

in the two terraces run in parallel to one another, as seen in Fig. 3.7.

3.4 Dry Contact Transfer

In order to perform our STM study of single-layer or few-layer 1T-TaSs, we need
a UHV compatible technique to exfoliate atomically thin layers from the mate-
rial grown using the bulk growth techniques. A popular technique for obtaining
atomically thin layers of 2D material rely on mechanical exfoliation using a scotch
tape. As seen in Section 1.2, this method works well for transferring monolayer
films on insulating SiO,, but do not work well for the clean H-passivated silicon

substrates prepared for STM study. In a similar pursuit for a UHV-compatible
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transfer technique, an in-situ dry deposition technique was pioneered by the Ly-
ding group in 2003 [32]. This dry deposition technique was first developed for a
clean transfer of single-wall carbon nanotubes (SWCNTs) with minimal perturba-
tion to the UHV-prepared, H-passivated silicon surface. Since the 1T-TaS, layers
are also separated from one another by a weak van der Waal’s force, we can use
this same technique to transfer monolayer to few layer 1T-TaS, onto our silicon
substrate.

The DCT applicators were fabricated by loading a braided, fiberglass sheath,
which is then attached to an STM sample holder. The granulated bulk-poly-
crystalline 1T-TaSy was first ground to a fine powder using a mortar and pestle.
Subsequently, we loaded the fiberglass sheath by gently rubbing it on the powdered
1T-TaS,. The fiberglass sheath was then bent to form a loop and attached to the
STM sample holder, as shown in Fig. 3.8a. The black 1T-TaS; powder is clearly
visible on the fiberglass loop. Finally, in order to remove any physisorbed water
and other contaminant molecule, the STM sample holder was transferred to the
prep chamber for a 12 hour degas. Once the applicator degas was completed, layers
of 1T-TaS, were transferred by gently contacting the sample with the applicator.
We can overcome the weak van der Waal’s forces and cleave atomically thin layers
of material from the applicator. This step was repeated many times to ensure a
high density of 1T-TaS, features and enable easier location of these features while

performing STM scans. Figure 3.8b shows an illustration of the DCT process.

Contact: Dry UHV Transfer

Figure 3.8: a) Image of the DCT applicator, showing the loaded fiberglass
sheath attached to an STM sample holder. Black 1T-TaS,; powder can be seen
on the fiberglass sheath. b) A 3D rendering of the DCT method (courtesy of
Prof. Joseph Lyding).
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3.5 CDW in 1T-TaS,

Once the poly-crystalline 1T-TaS, was transferred by DCT, we searched the silicon
surface for deposited flakes of 1T-TaS,. Although the DCT process is an elegantly
simple process to achieve clean, in-situ transfer of 2D materials, it does pose a
few challenges. Since we do not have strong control on the amount or location
of the depositing material, in our search for an ideal flake for this study, we took
several scans around different areas of the sample—an ideal flake would be a flat,
monolayer or few-layer flake that is at least a few nanometers wide.

Figure 3.9a shows a topographic scan of a large 1T-TaS, flake deposited via the
DCT method. The flake has a lateral dimension of 105 x 60 nm. The flake appears
to be atomically flat with some debris on and around the flake. Also, to the right
of the large flake, we see a smaller flake of dimensions 23 x 23 nm. Although the
imaging appears streaky away from the flake, the imaging is stable around the
region where the flakes were deposited. Figure 3.9 also shows the height profiles
at the various cuts. The step heights of 1.09 nm are consistent across all cut lines.
Many different exfoliation studies of TaSs on SiO5 have reported monolayer TaS,
step heights on 1 nm [33,34]. The flakes observed here have a similar step height
and are likely to be monolayers.

Figure 3.10 shows the current buffer from the same scan. Due to the fast
scanning condition, the current buffer resolves features better than the height
buffer. For all the flakes in the image, we can discern a periodic super-lattice with
a threefold symmetry that is significantly larger than the atomic lattice. Figure
3.10 also shows two cut lines that are 60 degrees from one another and their
corresponding current profile. The current maxima, which correspond to charge
density maxima, have a period of 1.24 nm 4 0.07 nm. This relates very closely to
theoretical prediction. As shown in the inset of Fig. 3.10, the lattice distortion in
1T-TaSs gives rise to charge maxima centered on 13-atom Star of David clusters.
The theoretical spacing between these clusters is v/13 ag (=1.21 nm), where ay,

the atomic lattice constant, is 3.345 A. Our experimental result from the STM
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Figure 3.9: (a) 1500x1500A topographic scan of an area with 1T-TaS, flakes,
with two cutlines. (b) Height profile across the two cut lines. Step height
measures at 1.09 nm and is consistent across different cuts. (scanning condition:

-2V, 0.2 nA)
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Figure 3.10: (a) Current buffer from the scan shown in Fig. 3.9. Inset shows the
Star of David atomic distortion in 1T-TaS, [35]. The two cut lines run 60
degrees to one another. (b) Current profile across the two cut lines show
consistently periodic peaks (period = 1.24 nm =+ 0.07 nm). Local charge density
maxima are separated by v/13 ag. (scanning condition: -2 V, 0.2 nA)
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study matches very closely with this theoretical value. We have hereby managed
to utilize the STM as an effective tool to directly observe the charge density
wave phenomenon in real-space; the local charge maxima and minima manifest
as current crests (more filled states, higher tunneling current) and troughs (lesser
filled states, lower tunneling current).

We further probed the larger flake to try to comprehend the commensurability
of charge density wave with respect to the atomic lattice. This required a smaller
scan with precise atomic resolution. Figure 3.11 show a zoomed-in current buffer
image. Current profiles 1 to 4 show the current variation across the different cut
lines. As expected, the periodicity is once again consistent with the theoretical
value. However, one should note that while the cut line 1(3) and 2(4) are 60
degrees apart, the two sets of cuts are not perfectly aligned with one another.
There is some rotational mismatch and the perfect superlattice structure is broken
between the two regions. This is also seen at other locations across the flake. In
essence, although we observe periodic CDW superlattice the long range order is
disrupted at various areas of the flake. This can be attributed to the pinning of the
charge density wave in the presence of impurities and or structural defects. Many
studies have been conducted on the strong and weak pinning of charge density
waves at impurities and /or defect sites [36-38]. Depending on the relative strength
of the pinning energy and the elastic energy needed to deform the CDW, there
could be strong or weak pinning of the CDW. The CDW goes through a phase
shift at each impurity site (strong pinning) or over a larger length scale (weak
pinning), and thereby destroying the perfect long-range order. As we can clearly
see from our STM scan, the flake under study has both surface contaminants and
structural defects (a large tear is visible on the left side of the big flake), and is
far from pristine. The disruption of the long-range order could be attributed to
these flaws in the deposited material.

Although the CDW superlattice is clearly resolvable, resolving the atomic lattice
proved particularly challenging. Even with ample and generous tip conditioning,

it was a struggle to get atomic resolution with the electrochemically etched tips.
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Figure 3.11: (a) Zoomed-in image of the current buffer from the scan shown in
Fig. 3.9. (b) The location of the four cut lines are shown. (c¢) Current profile
across the four cut lines show consistently periodic peaks (period = 1.24 nm +
0.07nm), which matches closely with the theoretical value of v/13 aq.

The current profiles in Fig. 3.11 might hint on some partial atomic resolution.
Except for current profile 4, we see little kinks adjacent to the current peaks.
These kinks could be from a superposition of the underlying atomic lattice with
the CDW superlattice. However, we cannot be certain this is the case without
a better tip/scan. As an alternative to the in-lab prepared tips, we resorted to
commercially available tips from Tiptek. Tiptek, co-founded by Professor Joseph
Lyding, is a commercial manufacturer of scanning probe microscopy tips. Tiptek’s
propriety manufacturing methods allow for an ultra-sharp tip with a radius of

curvature of < 4 nm, which could prove very useful in our CDW phase study of
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1T-TaS,. Figure 3.12a shows a post-DCT scan of the H-passivated silicon surface
using Tiptek’s ultra-sharp tip. Although there seems to be a few tip changes
during the span of the scan, the quality of imaging has been vastly improved.
Although the features on the surface could be flakes of 1T-TaS,, these flakes are
too small for any meaningful STM study. Figure 3.12b shows 200 A x 200 A
high-resolution scan from the same area as in Fig. 3.12a. Unlike the scans from
the in-lab prepared tips, the periodicity within the dimer rows is now distinctly
visible; the height profile across and along the dimer rows clearly illustrate the 2
x 1 reconstruction of the silicon surface.

Also, some spectroscopy measurements were taken on the smaller flakes (diam-

eter < 5 nm), but the spectroscopy did not yield any meaningful measurements

C); Erow]| 3

Figure 3.12: (a) Current buffer from a post-DCT scan of the surface. The
surface was scanned using a Tiptek tip. Although some tip changes occurred,
dimer rows are clearly resolvable. (b) High-resolution 200A x 200A image with
clearly resolved dimer rows. (c) Step profile along and across the tube indicate 2
x 1 reconstruction of the surface. (scanning condition: -2 V, 0.2 nA)
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from the flake—only background silicon IV curve was captured. Defining the
precise position for spectroscopy within the scan window proved challenging for
these small flakes due to significant thermal drift. At the same time, zooming
in on the flake with very small scan windows made the imaging very unstable.
The only workaround for this was through the scanning of larger (several 10s
of nm), atomically flat flakes. Armed with the exemplary imaging capability of
the commercially manufactured tips from Tiptek, we are currently in the pur-
suit of locating large-area flakes and studying its CDW phase in greater detail
(see Chapter 4). With atomic resolution, we can confidently correlate the atomic
lattice with the CDW superlattice and further prove the nearly commensurate

room-temperature CDW phase of 1T-TaSs.
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CHAPTER 4

SUMMARY AND FUTURE WORK

In this thesis, we have not only utilized the STM for the direct, real-space ob-
servation of the room-temperature CDW phenomenon in monolayer 1T-TaS,, we
have also set up the infrastructure required for bulk growth of 1T-TaS,;. De-
lightfully, these growth techniques are not unique to 1T-TaS,. This strategy can
be extended/modified to grow other materials within the same class of TMDCs,
or even other low-dimensional materials such as transition metal trichalcogenide;
these simple, yet powerful, bulk growth techniques will pave the path for the
synthesis and study of other layered materials. Two bulk growth strategies were
developed through the course of this thesis research: direct synthesis of poly-
crystalline powder growth and single-crystal growth using CVT. Through several
setup modifications, the growth processes were refined to demonstrate repeatable,
high-yielding growth of 1T-TaS,.

The grown poly-crystalline material was subsequently analyzed and character-
ized by UHV-STM. After preparing sharp tips and atomically flat H-passivated
silicon surface, we deposited the polycyrstalline 1T-TaS, material on the H-
passivated surface using an in-situ deposition technique developed by the Lyding
lab. STM scans of the material have confirmed monolayer deposition and the
existence of the charge density wave superlattice. Although, we clearly see the
CDW superlattice with 1.24 nm periodicity, we do not see the larger hexagonal
domains, as seen in STM study of bulk TaS, crystals (see Section 1.5.2). Any
long-range ordering of the CDW superlattice are interrupted by structural defects
and/or impurities.

With the use of sharper tips, we now plan on investigating the room-temperature
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Figure 4.1: (a) Patterning of 1T-TaS, nanostructures using growth of Rb
nanowires. These nanostructures modified the nearly commensurate room
temeparature phase CDW phase as shown in (b) [40].

CDW phase of monolayer 1T-TaS, in greater detail. With sharper tips we can
get a higher-resolution image that will elucidate the overlap of the atomic lattice
and CDW lattice and be crucial in the understanding of the CDW phase. Also
we can tap into the process variability of the DCT approach and locate flakes
of different thicknesses and record the change in the CDW behavior as a func-
tion of layer thickness. As observed by Dr. Kyle Ritter, a previous member of the
Lyding group, graphene flakes deposited using the DCT technique have a distribu-
tion consisting of 82% monolayers, 11% bilayers, and 7% three-to-five layers thick
graphene [39]. Although we have also predominantly found single-layer flakes with
step heights of 1-1.1 nm, we do expect some bi-layer and tri-layer deposition.
Having observed and confirmed the CDW phenomenon, we can also now prod
further and try to engineer/manipulate the charge density wave using some STM
tip-based approach. Many STM tip-based lithography experiments have been
demonstrated by the Lyding lab and the STM community. We could use a similar
STM lithography strategy to manipulate the surface and CDW behavior. For
example, we could selectively break Ta-S bonds and create line defects along
the surface; in between two adjacent lines, there could potentially be a quasi-1D
structure. By converting the material from a quasi-2D plane to a quasi-1D line,

we expect to drastically change the CDW behavior in the material. In 2001, by
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growing Rb nanowires on the surface of the layered 1T-TaS, and forming a nano-
structured surface (Fig. 4.1a), a group managed to modify the room-temperature
CDW phase of the material [40]. Depending on the random orientation of the
nano-structures formed during the growth, they found various CDW orientations
across the surface (Fig. 4.1b). With STM lithography we can repeat this study
with more precise control; we can engineer the surface controllably and create
nano structures aligned to different crystal facets, which could potentially unveil
more CDW phase modification and lead to better fundamental understanding of
the CDW behavior in this material.

Through this thesis work, we have laid a solid foundation for further studies of
CDW in not only 1T-TaS,, but other low-dimensional materials. Through several
revision of the growth setup, the bulk growth techniques used in this thesis have
matured significantly over the course of this research. Furthermore, we have
effectively imaged the CDW superstructure on mono-layer 1T-TaS,. Armed with
the poly-crystalline powder growth, single-crystal CVT growth and DCT, we have
all the necessary tools in our arsenal to perform novel and exciting research in

this field of study.
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APPENDIX A

FURNACE MAINTENANCE

This appendix will outline the modifications made to restore the 1000 Series Mar-
shall Tube furnace in order to restore its two-zone functionality. Even though the
furnace was sold as a two-zone furnace (two separate windings/zones—left and
right zone), the furnace was essentially operating as a single-zone furnace; the
controllers were unable to drive any current to the right zone in order to heat up
the zone. A “dead” right zone was not a concern in the initial poly-crystalline
growth experiments, since there was no need for any controlled temperature gra-
dients; however, for single-crystal growth under a temperature gradient [20], it
was imperative to mend this problem and restore the “dead” right zone.

In order to diagnose the problem systematically, different parts of the furnace
system were tested individually. During power up, the self-diagnostic function
in the controller verifies all the sensor calibration data, controller status flags
and user adjustable parameters stored in the non-volatile memory. The self-
diagnostics passed without throwing any error flags. Once the controller passed
its self-diagnostic test, the controller and furnace connections were then manually
verified. After ruling out the controller half of the furnace, we took a closer
look at the furnace windings themselves. A possible cause for the lack of current
drive could be a highly resistive winding; the windings could have easily burnt
out or oxidized after years of persistent operation. It was highly convenient that
the furnace was shunt-tap furnace with eight external leads. Even though their
primary purpose was to improve temperature uniformity by allowing shunt resistor
connections, the shunt taps also provided external connections to the winding,

which could be used to probe individual sections of the winding, as shown in Fig.
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A.1. The diagram shows a single zone winding and its shunt tap connections.
m
v NG A 4 v v 4 A
R, /R, /R, /R, /R, /Ry /R,

Power Tap @€¢—> 0€¢—>0c——>0<c—> €«—> &<——> @& Power Tap

Shunt Taps

Figure A.1: Tube furnace winding with external power and shunt taps.

Table A.1: Winding Resistance, {2

R1 R2 R3 R4 R5 RG R7
Left Zone 1.6 1.6 1.3 14 1.6 1.5 1.5

Right Zone 1.5 1.6 1.5 3000 0.6 1.1 1.6

By using a digital multimeter, we can the probe the resistance across seven
smaller subsections of the winding. Table A.1 shows the resistance measurements
across the different taps for both the left and right zone. The source for the
lack of current drive becomes immediately apparent; since the highly resistive
portion of the winding increases the total load on the controller, the controller
cannot operate outside of its load ratings and supply adequate current to heat the
furnace. Having established the root cause for the problem, we searched for quick
and effective solution to solve the problem. A slow and expensive solution would
involve the overhauling of the faulty furnace winding and replacing it with a new
one. Although this might be an effective approach in the long run, this approach
would have incurred high cost and large system downtime. Instead, we decided to
hack a quick solution that would appreciably reduce the downtime and accelerate
the project timeline. We shorted the resistive portion (R4) of the winding by
connecting a wire across the shunt taps. In order to handle the large current
draw, an appropriate gauge wire with a maximum current rating of 14 A (Panoma

Electronics - B series) was selected. One of the major drawbacks with this solution
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was the lack of current through the resistive portion of the winding, which gives
rise to a “cold” subzone within zone. Although, the overall temperature non-
uniformity in zone increased from 7 °C to 25 °C (for a set-point temperature of
400 °C), by careful placement of the ampule, we can improve the temperature
uniformity within the geometry of the ampule. Also, the temperature uniformity
improves the longer the furnace soaks at a particular set-point temperature.

The ampules were placed away from the “cold” subzone as shown in Fig. A.2
and a coaxial thermocouple was used to measure the local temperature near the

ampule and provide feedback to the controller.

A im@w"“ /&l

\AAAAARAARAAAAAAANAN

Al
[/

Left Zone Right Zone

Figure A.2: Illustration of a two-zone furnace with a wire short to bypass the
resistive winding. The ampule is placed away from the “cold” subzone and a
coaxial thermocouple setup is used to measure local temperature in the right
zone.

Further maintenance were also performed throughout the course of this the-
sis work; faulty Barber Coleman controllers were swapped multiple times and

eventually replaced by the newer, more reliable Red Lion Temperature Setpoint

Controller (TSC).
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