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Study of 2D materials by scanning probe microscopy

Ryan Plumadore

Abstract

This thesis explores structural and electronic properties of layered materials at the
nanometre scale. Room temperature and low temperature ultrahigh vacuum scanning
probe microscopy (scanning tunneling microscopy, scanning tunneling spectroscopy,
atomic force microscopy) is used as the primary characterization method. The main
findings in this thesis are: (a) observations of the atomic lattice and imaging local
lattice defects of semiconducting ReS, by scanning tunneling microscopy, (b)
measurement of the electronic band gap of ReS,; by scanning tunneling spectroscopy,
and (c¢) scanning tunneling microscopy study of 1T-TaSs lattice and chemically

functionalizing its defects with magnetic molecules.
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Chapter 1

Introduction

Materials with reduced dimensionality have a place of prominence in recent nanoscience
research for their promise towards innovative technologies. The experimental realization
of graphene opened new avenues of research into ultrathin materials, which encouraged
studies of the physics of low dimensional systems. There is a growing interest in similar
layered van der Waals crystals (i.e. two-dimensional (2D) materials), which includes the
family of transition metal dichalcogenides (TMDC).

Scanning probe techniques are of particular use for 2D materials, where the entire
sample is a surface. For example, scanning tunneling microscopy (STM) is used to probe
the structure and electronic properties of surfaces at the nanoscale. This measurement
technique involves an atomically sharp tip positioned close to a conducting surface to
allow a quantum mechanical tunneling current to flow, which is used to image the surface
structure and measure its local electronic states with atomic scale resolution. Optical
or electronic transport techniques, which average over the bulk of the material, may
not observe behaviour localized to the surfacer which is accessible to STM. Because
information is measured only locally with the STM, it is also uniquely adapted to search
for and study effects of impurities and defects.

One of the questions answered through this thesis relates to the nature of the anisotropic
lattice structure of rhenium disulfide (ReSy) within the 2D plane. In-plane anisotropy

offers an additional functionality for developing novel devices, and is a relatively rare
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feature among 2D materials. Thus, STM is used to image the atomic lattice of the crys-
tal, one of the first direct experimental demonstrations of this structure. Measurements
of the band gap of semiconducting ReS, through scanning tunneling spectroscopy (STS)
are also presented.

A second theme explored through this thesis was the visualization of the atomic
lattice and defects in the metallic compound 1T-TaS,. Furthermore, a method was

developed to chemically modify those defects using molecular species.

1.1 Materials and Methods

Graphite is a three-dimensional crystal of carbon atoms in a hexagonal lattice strongly
bound by covalent forces in-plane. In the z-direction the crystal is held together only
by weak van der Waals forces, which allows it to be separated easily using mechanical
exfoliation — first demonstrated by isolating graphene from graphite in 2004.44

This simple technique allows the crystal to be stamped onto a substrate (typically
Si/Si0y with 285nm oxide), often producing flakes of crystal only one atom thick.
Graphene is therefore the thinnest material possible, at only 0.6nm. On appropriate
surfaces, these flakes can be seen with a standard optical microscope, and their thick-
ness can be estimated to within ~3 layers of accuracy. Other techniques like atomic
force microscopy (AFM) and Raman spectroscopy are used to confirm the thickness
(layer number).

Graphene has demonstrated interesting properties, for example: high carrier mobil-
ity,” high thermal conductivity," and significant optical absorptivity.” The difficulty of
scalable, high quality sample preparation and the lack of a band gap in graphene have
limited its applications in electronic devices, but despite this it continues to yield surpris-
ing physics — just recently it was shown that arranging bilayer graphene with an angle

of 1.1° gives it intrinsic unconventional superconductivity.® The simplicity of graphene
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makes it an ideal material for studying unconventional superconductivity, which other-

wise has been difficult to understand 21V
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Figure 1.1: TMDCs and their electronic structure.’?

TMDCs have the general form MXs,, where M is a transition metal atom (groups
3 to 12 on the periodic table) and X is a chalcogen (sulfur, selenium, tellurium)(Figure
). Given the large number of possible constituent atoms, there exists a wide variety
of TMDC combinations 235 Much like in graphite, TMDCs are composed of weakly
bound 2D layers.

Some TMDCs, like the metallic 1T-TaS,, have been the subject of intense study over
their unusual properties, such as charge density waves (CDW) and superconductivity 18
Most semiconducting TMDCs have intrinsic band gaps in the visible range (Figure [L.1p)
making them suitable for optoelectronic applications™ The reduction to monolayer

thickness is accompanied by a transition from indirect to direct band gapIZ1¥ The
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ability to gradually reduce the dimensionality of these materials presents opportunities
to study the quantum phenomena that occur at these extremes.

Monolayer materials are possible candidates for exploring spin-valley physics, and
large spin-orbit interactions in these compounds lead to a splitting of the valence band
due to the heavy transition metals, which in turn strongly affects their optical spectra.?’
Among the many properties 2D crystals show, semiconducting TMDCs (especially MoS,
and WSe,), have generated scientific interest for their strong spin-splitting and stable
valley polarization enabled by the coupled spin and valley degrees of freedom 2%22 Quan-
tum dots made from them inherit this spin and valley dependence, showing promise for
valleytronic devices 2322

The combination of the intertwined spin-valley dynamics of excitons with the opti-
cal properties of TMDCs make them ideal systems for investigating excitons and their
interactions with other electromagnetic excitations.?® These materials have applications
for studying excitons with intertwined spin-valley dynamics#““? Their electronic and

optical properties are promising for the development of high performance field effect

30,31 33H36 35L|37438

transistors, energy storage,*® photodetectors and solar cells, and sensors

390 or light emission *t

based on changing resistance

The research interest in 2D materials rests heavily on their out-of-plane anisotropy.
Usually, their atomic lattice in-plane is symmetric. Breaking this symmetry opens the
door to devices which have directional dependence, a feature not available to the other
2D materials 4445

This thesis focuses on two TMDCs which exhibit periodic lattice distortions:
e ReS,, which has an in-plane anisotropic lattice different from the hexagonal lattice

seen in most TMDCs, and,

e 1T-TaS,, which exhibits a “Star of David” lattice deformation accompanied by

charge density waves (CDW) at low temperatures (below 180K).
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Isolating 2D Materials. A large focus of research in the field of 2D materials is
the development and improvement of techniques to produce monolayers with controlled
quality. The two principle methods for obtaining monolayers of crystals are top down
(mechanical exfoliation) and bottom up (chemical vapour deposition).

Chemical vapour deposition (CVD) emerged as an alternative to mechanical exfolia-
tion. Rather than isolating monolayer flakes from a large bulk crystal, in CVD, crystals
are grown directly onto substrates. This gives precise control over the size and shape of
samples, but is limited by its greater occurrence of sample defects 4042

Exfoliation has the advantage of producing monolayer samples of high quality. Un-
fortunately, this technique is not scalable — producing a random pattern of flakes with
varying thicknesses. They are limited to areas of about 30pmx30pm, and in practice
only a few flakes on the substrate can be used at a time. The procedure for mechanical
exfoliation follows.

First, silicon substrates with 285nm native oxide (obtained from Nova Electronic
Materials), are cleaned by ultrasonication (8 minutes at 37 kHz) in acetone solution.
Isopropanol (IPA) is used to rinse the acetone off the substrates, and then removed with
a nitrogen gun. The substrates are then placed on a hot plate at 110°C to evaporate
any remaining contaminants or vapour. Crystals are deposited onto silicon substrates

(Si/Si0y with 285nm oxide) immediately using the mechanical exfoliation technique

developed for graphene (Figure [1.2).
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Figure 1.2: Mechanical exfoliation procedure. (a) Crystal is exfoliated several times
on tape. (b) Crystal is pressed onto Si/SiOs substrate. (c) Optical image of graphene
flakes (50X). (d) Atomic force microscopy image of (c¢), where the heights in the staircase
structure can be measured relative to the substrate (black arrow): 2nm (red), 21lnm
(green), and 54nm (blue).

Thickness. Both mechanically exfoliated and CVD crystals can be located using an
optical microscope. The thickness can be estimated to an accuracy within a few layers

based on their colour and opacity - thinner flakes are more transparent, and appear as a
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colour closer to that of the substrate. The thickest flakes are opaque and appear yellow
to white. More rigorous characterization can be done using atomic force microscopy
(AFM - described in Appendix to measure the thickness of samples directly. An

example of a sample characterized in this way can be seen in Figure [I.2(d.



Chapter 2

Scanning Tunneling Microscopy (STM)

STM is a characterization technique used to probe the surface structure and electronic
properties of materials at the nanoscale. Gerd Binnig and Heinrich Rohrer were awarded
the 1986 Nobel Prize in Physics for this invention® In STM, an atomically sharp
tip and a metallic surface are brought close enough to allow a quantum mechanical
tunneling current to flow between them when a voltage bias between these two is applied.
Depending on the polarity of the sample bias, electrons flow from the tip to the sample
(positive), or from the sample to the tip (negative).

In the most common operation mode, the tunneling current is kept constant with
a feedback loop. By recording the change in tip height at each point (x,y) along the
surface, this generates an array which represents a contour plot of the surface. If the

tunneling current increases, the tip height is increased, and vice versa.
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2.1 Principle of STM

In this section, the physical principle of STM will be covered. First, a simple one-
dimensional system analogous to the tip-sample barrier will be used to explain the ex-
ponential order of tunneling current. The Bardeen Formalism in describes tunneling
phenomena in general, and Tersoff and Hamann applied this solution specifically to STM

tunneling.
V(2)

Vo

¥(z) = Aet* 4 Beik: Y(z) = Cett

~ )
0 d \_/z

Figure 2.1: A one-dimensional rectangular barrier of height V;, and width d.

7’

Tunneling. Taking the simplified view of a one-dimensional barrier, like in Figure
assume we have a potential of height V[, and width d. This potential acts as a
barrier to the flow of electrons, which we can approximate as a barrier between two
metal electrodes. For an incident wave with solutions v (z), we will be able to solve for

the transmission coefficient. By solving a system of equations described by the solutions
inside and outside the potential (Appendix , we find® (with K = /22(V, — E)):

lelk 16E(Vy — E) _
0
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For electrons with energy E tunneling through a barrier potential of Vj, of width
(tip-sample separation) d. The tunneling current is proportional to this transmission

coefficient, which has an exponential decay in the barrier width:

I oc e 284 (2.2)

and is thus extremely sensitive to the distance between the sample and tip, d. In practice,
this feature is used to measure the topography of samples by maintaining a constant
tunneling current during measurements. One does so by adjusting the barrier height
while scanning, tracing a contour of the surface as the tip scans along. This is the most

common mode used to obtain topographic information in STM.

V(r)
Ur, VR
N

Ry Rpr

Figure 2.2: Separated system of Bardeen’s Formalism 2253

Bardeen Formalism. Tunneling can be more precisely described by using the
Bardeen formalism, introduced in 1961 by John Bardeen® This is a many particle
approach which can be extended to describe tunneling phenomena, including STM tun-
neling. The basis of the formalism is to separate the system into two subsystems>>54
with known Hamiltonians, H; and Hg, for the left and right subsystems, R; and Rpg,

as well as a “transfer” Hamiltonian, Hy, for the region in the middle.
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The wavefunctions describing the left and right subsystems are ¥ ;(7) and g (7).
The rate of electron transfer can be found from the Fermi golden rule,”® by considering

the probability P of an electron to tunnel from the state ¥ o to ¥p,:

9 2
P = % ; ‘ (Yrn|Hr + Hr|Yrno) | 0(Ern — ELo) (2.3)

Here the portion (¢Yg,|Hr + Hr|tro) is the tunneling matrix element, or M. The

matrix element can be represented as:

M :/ w};’n(HR—i-HT)wL,o dr (2.4)

Solving for M is difficult because the full Hamiltonian is not known. Bardeen’s
approach is to assume the Hamiltonian can be described by considering only Hy in Ry,
and Hg in Rg. Since 9;(7) decays across the barrier and is approximately zero in Rg,
the assumption is that H = Hp in that region. Similarly, H ~ Hy in Ry. If we consider

the integral in M over a surface separating R; and Rpg, it can be reformulated as:

h2
M=_— / UroVh, — vk, Ve dS (2.5)

The tunneling matrix element can now be calculated with only the wavefunctions ¢y, o(7)
and Yg (7). In applying this formalism to STM, we are hindered by the fact that the
atomic structure of the tip, and therefore 1y, o, is not known in general. If we can solve
for M through some simplifying assumptions, then we can calculate the transmission

coefficient, equation [2.3]
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d

Figure 2.3: Schematic picture of tunneling geometry in the s-wave model. The shape
of the tip is arbitrary, but is assumed to be locally spherical with radius of curvature
R at its nearest point to the surface. Center of curvature is ro, and the shaded region
represents the sample 2%57

s-wave-tip model. The first theory to apply the Bardeen formalism to STM was

20:57 The tip is described by the simplest

presented in 1985 by Tersoff and Hamann.
terms possible, as seen in Figure [2.3] In this theory, the sample will be weakly coupled
to the tip, and tunneling will be mainly from tip states in the s-wave orbital (ignoring

any angle dependent contributions). Perturbation theory is therefore suitable to solve

for the junction. An expression can be obtained for the current which is independent of

tip contributions.?® "
dre [
= % [f(EF_eV+6)_f(EF+E) X prn(Er—eV+e€)pro(Er+e)|M|*  de (2.6)

where f(F) is the Fermi distribution function, Er the Fermi level, V is the effective
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local potential barrier height, and ppo(EFr) is the density of states (DOS) of the tip at
the Fermi level. The sample’s DOS at the Fermi level is the remaining portion of the

above expression:

d(Ern — Er) (2.7)

2

Prn(EF,T0) = Z ‘\I’n(r())‘
n

Since the wave functions decay exponentially in the z-direction, we get an expression

relating this DOS to the distance to the sample, d, and the radius of the tip, R:

‘2 x exp(—2x(d + R)) (2.8)

U, (r) < exp(—xz) = ‘\I/n(ro)
The validity of this expression hinges on the assumption that the s-wave contributions
from the tip are the most significant in STM tunneling. This has been shown to be true

STOL03 except in the case of tunneling to

for most cases with free-electron model tips,
band-edge states.®*

Spectroscopy. Equation demonstrated again the exponential dependence of the
tunneling current on the tip-sample separation. In equation [2.6] one can observe that
the current is also proportional to the sample’s DOS (equation .

In the limit of low temperature and small bias voltage, this expression for the current
can be simplified, as f(E) becomes a step function. In practice, this is the case as long
as the energy resolution is greater than kgT. By expressing M in terms of a current
density operator and assuming it can be described by a step function as well, |M|? will

be roughly constant within the region of interest.”® In that case we can collect all the

constants from the integral in equation [2.6| and get:

eV
I x / pPrn(Er —eV +€)pro(Ef+¢€) de (2.9)
0

This expression tells us that the DOS of the tip and sample are equally significant in the
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tunneling current. To measure the states in the sample, we need to eliminate py o from
the integral. This is done experimentally by choosing tips made of metals which obey
the free-electron model (typically transition metals, e.g. tungsten). In that case their

DOS will be constant, and we get:

eV
dI
I x / prn(Er —eV +¢€) de = v prn(Er —€eV) (2.10)
0

This is applied in scanning tunneling spectroscopy (STS) by measuring the derivative
of the current (%) while running through a range of bias voltage (V}) values. Thus the
local DOS of the sample can be measured through the derivative of the current (the

‘conductance’) with respect to the bias.

2.2 System Descriptions and Capabilities

Even small fluctuations in the tip-sample distance can have large impacts on the expo-
nentially decaying tunneling current — environmental and electrical noise, thermal drift,
sample and tip conditions and the tip-sample separation must all be controlled with suf-
ficient accuracy to achieve atomic resolution>#2? Instrumentation designed to address
each of these potential issues are described below. The primary STM used for these
experiments was the RHK PanScan Freedom (“RHK STM”), so these descriptions will
be focused on its particular components. Other systems used for a limited number of
images in this thesis are described in Appendix [6.1]

Ultra-high Vacuum (UHYV). Crucial to STM is the condition of the interface being
measured. The sample must be isolated not only from external sources of noise, but also
from sources of possible surface contamination. To that end, the STM is contained in a
UHV system, meaning with pressures in the range of 1072 to 10~ Torr. Consider for

example the time it takes a surface in air to be coated by the surrounding gas. Under
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ambient conditions (760 Torr), the mean free path of molecules is about 70nm.* At this
pressure, a surface of lem?® will be covered in less than 1ns. At the typical pressure of
experiments (1071% Torr or less), this time is increased to 10%s. To study clean interfaces,
it is thus clear that UHV is the appropriate environment.

UHYV imposes new design requirements for the STM unit compared to systems oper-
ated in air. The STM must be contained in a rigid, leak-tight environment (Figure .
Outgassing becomes a serious issue, so the chamber is made of a low outgassing metal
such as stainless steel. A periodic bakeout is required to remove adsorbed molecules
from the chamber’s inner surface out before achieving ultimate pressure.

In our set-up to achieve UHV three stages of pumping are used, each operating in
a different range of pressures: roughing pumps bring the system to ~ 10~* Torr, then
Titanium sublimation pumps (TSP) bring the chamber to 1071° Torr, and finally ion

pumps bring the system down to 107! Torr.
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Figure 2.4: RHK PanScan Freedom STM. Red: Load-lock chamber and transfer arm.
Blue: STM Chamber. Green: Sample preparation chamber.

To maintain this pressure, samples are introduced to the system through a “load-
lock” chamber, which is isolated from the rest of the system with a gate valve. Pumping
down the entire volume of the system from atmospheric pressure can take days — the
much smaller volume of the load-lock is pumped down to 10~® Torr in about an hour.
The gate valve separating it from the STM chamber can then be opened to move samples

n.



Study of 2D materials by scanning probe microscopy 17

Figure 2.5: (a) STM chamber (highlighted area). (b) STM head, removed from the
UHV chamber.

Low temperature is a feature which improves imaging in several ways. First, de-
creasing the temperature of the inner chamber can have a cryo-pump effect, adsorbing
gases from the system onto the walls. Another issue eliminated by low temperature is
thermal drift — dynamically varying fluctuations which limit the maximum achievable
resolution. This is especially problematic for STS if one would like to measure spectro-
scopic data of a very specific point on the surface.

For the RHK STM used in this thesis, low temperature is maintained by a “closed-
cycle” setup, which continuously recycles evaporated helium gas to bring the system
to 9K. Other low temperature systems might consist of a bath of cryogenic liquid in
contact with the STM chamber, acting as a heat sink which cools the system.

Low temperature capability offers the opportunity to study physics which only oc-
curs at extreme temperatures. An example in this thesis are the charge density wave
modulations in 1T-TaSs, which only occur below 180K.

Vibration isolation is also essential to STM. The exponential dependence of the
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tunneling current on distance makes even small sources of noise significant. Noise from
the building (5-10Hz), people walking across the floor (2Hz),%Y vehicles passing outside
(5-25Hz),°" and the STM’s own pumps are all significant sources of noise. Several stages
of passive vibration isolation are used to combat these: the pumps are isolated from
the STM, and the system sits on a rigid table in a room which itself is separated from
the building on a concrete slab. The STM head is mechanically rigid and is suspended
by a spring suspension stage, part of which can be seen in Figure 2.5b. For the RHK
STM, the closed-cycle cryostat is suspended above the STM chamber, and it must also

be decoupled from the system to avoid transmitting vibrations during imaging.
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Figure 2.6: Block diagram for the feedback control system of an STM 2

Electronics for the STM must meet the required precision to control tiny fluctua-
tions in current and voltage, while also minimizing electrical noise.

During scanning, the tip-sample separation will be on the order of 1nm, and must
be controlled with an accuracy of better than 1% of this value to produce meaningful
results.”? Pre-amplifiers help to overcome background electrical noise for the exceedingly

small tunneling signal, which is on the order of pico- to nanoamperes. The exponential
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signal then passes through a log amplifier to convert it to a linear signal. These have
to be implemented with minimal capacitance and minimal distance from the tunneling

junction to avoid electrostatic coupling and interference.
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Figure 2.7: RHK STM User Interface. All of the parameters, including bias voltage,
tunneling current, gain, scanning speed, and tip position are controlled through the
software. The “Scan Area Window” shows data as it is being acquired.

A feedback loop™ is used to control the tip-sample distance (Figure . For a fixed
bias voltage and reference tunneling current chosen by the operator, the feedback loop
reacts to the changing gap conditions to maintain a constant current, by adjusting the
tip-sample distance. This is used initially to bring the tip into tunneling range, and
during scanning the feedback loops reacts to the changing topography to adjust the
height of the tip.

The feedback mechanism determines the ultimate scanning speed the system can
reach — microsecond® response times can be achieved, but typical setups will have mil-

lisecond responses5? This is achieved through a combination of integral and proportional
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gains, which can be adjusted between scans (Figure .

Tip positioning Coarse positioners are used to move the tip to different areas on
the sample and to retract the tip. In practice, these move the sample plate relative to
the tip, and sacrifice precision for larger range. During scanning, positioning is achieved
through piezoelectric actuators (“piezos”). To image individual atoms, the tip must be
able to move on this length scale accurately - piezos can achieve this resolution. The tip
is controlled by a 4-quadrant piezo scan tube (fine positioners) which controls the X and
Y motion, and another piezo which controls the Z motion. The range of the piezos is at
most a few microns in either direction. While most of the electronics function within a
range of £10V, the operating range of piezos is on the order of +150V. To fully extend

the piezos, it is therefore necessary to include a high voltage amplifier (Figure .

-

Figure 2.8: Image of carbon nanotubes from a double tip — each nanotube is visible
twice in the image, as a result of tunneling through multiple tips.

Tip-sample preparation are crucial in STM. During scanning, the tip is typically
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less than 1nm from the surface and can easily pick up adsorbed molecules and lose
resolution. Tips must have a singular apex, else a “double-tip” effect occurs if there is
simultaneous tunneling through multiple separate “tips” (Figure .

If the tunneling occurs through a non-metallic atom on the tip, the images will not
represent the true electronic structure of the surface® Consequently, with the goal of
characterizing a surface, sample preparation is essential. But more than this, the surface
should remain atomically clean for the duration of the experiment. The procedures for

sample and tip preparation are described in sections [2.2.1 and [2.2.2] respectively.
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2.2.1 Preparation of Samples for STM

Figure 2.9: Preparation of samples for STM. (a) Natural graphite crystal on STM
sample plate. (b) CVD graphene (red outline) on silicon wafer glued to sample plate. (c)
Metal contacts connected to the sample plate. (d) Graphene (black outline) connected
with gold contacts.

The experiments described later in this thesis are all on bulk crystals. The crystals are

glued to STM sample plates with conductive silver epoxy (Epo-Tek H21D). Crystals
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are quickly cleaved in air (less than 1 minute) before being introduced to the UHV
environment to ensure the exposed surface is as clean as possible.

Substrates like Si/SiO wafers are insulators. If the sample covers the entire substrate
evenly (e.g. graphene grown with chemical vapour deposition) epoxy can be used to
secure the substrate. Then, a small amount of epoxy can be applied on the corner of
the sample down to the sample plate. The epoxy then electrically connects the sample
to the plate.

In the case where samples are prepared through mechanical exfoliation, the area of
a crystal flake is on the order of 10um. To achieve this size and to make contact to the
STM plate, the following procedure is used. Seeing that the samples examined in this
thesis were all bulk crystals, only an outline for the preparation of exfoliated samples
will be given here.

Beginning with a clean silicon substrate (Si/SiOs with 285nm native oxide), we use
standard e-beam lithography to connect the chosen flake to sample plates. First, a grid
of small features is created on the surface. The regular sample fabrication methods are
used to get the desired sample onto the substrate (Figure ) Using the grid for
alignment, contacts can be very precisely placed just on the edges of the sample, leading
off to larger metal pads far from the sample. Using a wire bonder these larger pads allow
the sample to be integrated in devices, or simply connected to an STM sample plate
(Figure ) In this way, conductive samples can be prepared for STM, regardless of

their size or the substrate’s properties.
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2.2.2 Preparation of Tips for STM

Figure 2.10: Estimation of the lateral resolution in STM. The tip apex, with radius
R, is very close to the sample surface. The tunneling current is concentrated in a small
region around the origin, x = 0. With R = 100 nm, the radius of the tunneling current
column is approximately Az = 4.5 nm 5

In order to obtain high resolution images in STM, it is crucial for the radius of the tip
at the apex to be as narrow as possible (Figure . In order to resolve individual
atoms, it is therefore essential to achieve the smallest value for R possible. Tips with
radius below 100nm can be achieved regularly and will give good resolution, but the
sharpest tips have radius below 20nm (Figure [2.11p). Two principal methods exist for

the fabrication of tips: the pull-and-cut technique and the chemical etching technique.
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| 100 nm | . . '—{

Figure 2.11: STM tips imaged by scanning electron microscope. Working distance:
5.7mm. (a) Etched W tip. (b) Higher magnification view of (a), with measured radius
of curvature 18nm. (c) Mechanically cut qPlus AFM/STM W tip.

The pull-and-cut technique is primarily used for Pt/Ir tips. Here, wire cutters are
used to grip the end of the wire. The other end is held with tweezers and the wire
cutters are pulled away while cutting. SEM images of such tips reveal a rough structure
macroscopically, but with only a small radius at the apex nonetheless (Figure )
Since the tunneling current is exponential, only these atoms at the tip apex contribute.

Therefore this method is suitable, so long as the apex ends up with the correct shape.
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Figure 2.12: Tip etching setup. (a) Schematic. The black box represents the power
supply which controls the current and voltage during etching. (b) Experimental setup.

For tungsten (W) tips, an etching setup was constructed (Figure 2.12)). This setup
is designed to prepare tungsten tips through a one-step electrochemical etching process.
Tungsten wire (0.25 mm diameter) is submerged in 2M NaOH solution, and a ring of
copper wire completes the circuit. A current is applied between the two wires, gradually
thinning out the tip at the meniscus of the solution, where the W can react with both
the NaOH solution and Oy from the air. When the wire is so thin that it cannot support
the weight of the submerged wire, it will break, resulting in a sudden voltage drop as
the circuit is broken. The tip is then retracted and cleaned before being used for STM.
The details of this procedure can be found in Appendix 6.3

Tips with sharpness as low as 18nm have been obtained using this method, as seen

in the SEM images in Figure [2.11]
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Commercial W tips have been used in addition to tips fabricated in the lab. Compar-
ison with SEM has shown the tip radius to be similar to those produced by the method

described here.

2.2.3 STM Calibration

In this section, STM results on natural graphite (Graphit.de) samples, prepared using
the method described in [2.2.1] are presented. These images are used to calibrate the
piezos which control the tip motion during scanning. For the STM images to be scaled
properly, each piezo must move by the same amount for the same applied voltage. These
piezos will expand when an electric field is applied, and the relationship between the
expansion and the applied voltage is constant. By determining this constant factor, each
piezo can be adjusted to have the same proportionality between applied voltage and
expansion.

In order to set the correct constant factor for each piezo, one has to measure a known
structure with atomic resolution. The well-known values for the lattice parameters of
graphite, its distinct band structure and simple elemental composition make it a typical
candidate for calibration. The following section describes calibration of the STM with

graphite samples.
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Figure 2.13: STM of graphite step edges. V,=0.1V ; I;=500pA. Size=250nm. Taken
with RHK STM.

Topography. The procedure for imaging bulk 2D crystals begins with imaging
larger areas (on the order of a few hundred nanometres). In doing so, we can find step
edges on the surface, as seen in Figure 2.13] Finding these steps is the initial stage in
attempting to resolve the surface, as it helps to confirm the sample is relatively free of
contamination. Once the step edges are located, the lattice is imaged by moving onto
the terraces and reducing the scan size gradually. Graphite is better resolved with a low
bias voltage (V,=100mV) and a high tunneling current (I;=500 pA).

Consider for example Figure which shows a schematic of the atomic lattice of
graphite. The atomic layers of graphite consist of a hexagonal lattice in A — B — A
stacking, meaning the atoms of the second layer are offset from the first by one unit cell
distance. Half the atoms in a hexagon will be aligned above a carbon atom in the next

layer (o atoms), and half will be above an empty space (5 atoms).
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Figure 2.14: Graphite lattice schematic in A — B — A stacking. (a) Top-down view
of two layers. Red triangle represents the observed topography in STM. (b) Side-view.
The length of one period (2.46A) used in the calibration measurements is indicated, and
the A and B vectors are drawn as green arrows.

Due to the stacking between layers, two dissimilar sets of three carbon atoms ex-
ist. This inequivalence is reflected in the electronic structure, as observed by the STM
(Figure [2.15), where only half the atoms in the surface layer are observed. Instead of
a hexagonal lattice, a triangular lattice showing every other atom is seen (for a total
of 3 per hexagon) 5™ Tt was suggested that the 5 atoms have a greater contribution
to the tunneling current at low bias, but it is possible to switch between o and [ sites
by alternating the bias polarity® In graphene, where such stacking is not present, the

hexagonal lattice is observed once more ™

Figure 2.15: Atomic resolution of graphite. V,=0.1V ; I;=500pA. .Siz‘_e2nm. Taken
with RHK STM. (a) Raw image before calibration, green arrows indicate the A and B
vectors. (b) Final recalibrated image.
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Calibration of the STM is done by first obtaining the atomic lattice of graphite,
as in Figure 2.15h. The lattice is well resolved and the expected triangular contrast is
suitable for calibration. Since the lattice constants of graphite should both be equal
(a = b =0.142 nm), we can compare the values we get for each with the expected values
to determine all the necessary scaling parameters. These parameters describe a stretch
in the z- and y-axis to correct the magnitudes of the vectors, as well as a skew factor to
correct the angle between them. These constants describe the correction on the piezos.

Calibration on the RHK system will be explained based on Figure[2.15ha. The “A” and
“B” vectors are drawn manually on the image (green arrows in Figure and ),
and the number of periods along these vectors is counted. For these measurements,
a period is defined to be across the center of adjacent hexagons (0.246 nm), so that
measurements are made from the dark spots in the images.

By inputting the correct values for the lattice parameters, the program calculates the
factors for z, y, and the skew. For this particular image, these are x = 1.098, y = 0.758,
skew = —3.2° — the result is Figure [2.15b. While the borders of the image are no longer
square due to the skew applied, the hexagonal lattice is now perfectly symmetric. Scans

taken after this recalibration will be prescaled by the STM to have square image frames.



Chapter 3

STM /STS of the Anisotropic Lattice

and Defects in ReSy

ReS, is a layered material consisting of Rhenium (Re) metal atoms (group VII) with
Sulfur (S) chalcogens. Compared to crystals like MoS,, which arrange in a hexagonal lat-
tice, this TMDCs has one extra valence electron. The result is a Peierls distortion, where
Re atoms move together, favouring metal bonds in diamond-shaped clusters of intralayer
chaing™ (Figure [3.1h). The crystal structure is a distorted 1T-triclinic in the PT space
group, featuring in-plane anisotropy " typical of d®> TMDCs. It is a semiconductor with
a band gap of approximately 1.5 eV. There is much debate as to whether this gap is

direct or indirect, and to what degree the interlayer coupling contributes 4787

Transistors fabricated from the material show an on-off ratio of 10° or greater®2c®
making it an excellent candidate for transistor applications. It is useful as a catalyst and
is considered stable in air £229 ReS,-based devices have potential as components in solar
cells, as polarization-sensitive detectors, or in optical computation and logic circuits in
the infrared region 2492

The anisotropic chains are thought to weaken the interlayer coupling, causing stacked
layers to decouple® The result would be a bulk material in which the bulk band

gap remains direct®® In addition, the layers are not symmetric vertically; an upside-

down layer has the orientation of properties reversed”® Evidence of the anisotropy

31
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is seen in its polarization dependent band gap”® Electrical transport measurements

have shown anisotropic resistivity which allows identification of lattice orientations.®>
Scanning transmission electron microscopy (STEM) and transport measurements have
shown a direct correlation between its anisotropic electron transport and the orientation
of the anisotropic lattice chains.®

Previously, the lattice of ReS; has been visualized primarily by transmission elec-

85196

tron microscopy (TEM) and X-Ray spectroscopy2327 Only a few STM attempts,

which were not able to fully visualize the lattice, have been attempted ®$1% The elec-

tronic structure has also been studied with several theoretical calculations®2 284850101

178, 79,|181H83}185},87,[102,103

and experimental methods, including optica and electronic trans-

portSeEeET measurements.

3.1 Results

The goal of these experiments was to measure with STM the atomic lattice of ReSs,
including the anisotropic distortion, and to measure the band gap of the crystal through
STS. Commercial (HQ Graphene) ReS, crystals were prepared as described in Section
and exfoliated before being introduced to the STM. We noticed that below ~80K,
we were unable to reach tunneling conditions. For that reason, experiments were per-

formed either at 80K or room temperature.
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Figure 3.1: ReS, crystal. Lattice directions are indicated with black arrows on the
schematic and exfoliated flake. (a) Lattice structure (top-down view). (b) Exfoliated
ReSs on silicon wafer.

The lattice of ReSy (Figure ) was resolved by first locating step edges in the
material. It is interesting to see that much like with exfoliated flakes (see Figure [3.1b),
the anisotropy of ReSs is evident in the topography (Figure . Furthermore, an angle
of 120+3° consistently appears at the corners of such flakes/terraces. This angle is the
same as the one between the in-plane lattice parameters for ReSs. These observations
indicate that the crystals preferientially break along the chain direction, which gives us
a macroscopic way to identify the lattice orientation of ReS,; samples. For example in
Figures and [3.2) one can assume that the lattice chains are oriented in the same way

as the long, narrow flakes/terraces in the optical/STM topography images.
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Figure 3.2: Large scale STM image of ReSy. (a) STM Topography of ReSs. V,=-1.6V
; [;=450pA. Size=220nm. T=300K. Taken with Omicron STM-1 at the NRC. Height
profiles across the blue line at the (b) top and (c) bottom right of the image show
terraces of about 0.8nm. (d) Side-view of two layers of ReS, crystal, aligned with the

profiles.

The ideal scanning parameters for atomic resolution on ReSy are less well-known
than those for graphite, as there have only been a few reported attempts at imaging
this crystal with STM 28109 Both high voltage (above 1.0V in magnitude) and current

(above 350pA) were found to be ideal for imaging the atomic lattice.
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Lattice Parameters (A) Technique Ref.

a = 6.352, b= 6.446, v = 120° | NanoARPES at 100K 80
a =651, b= 641 DFT - ATK 84
a=641,b=648 ~ = 119.03° | HREELS, TEM 86
a = 6.352, b = 6.446 ARPES 80

a = 6.417, b = 6.510, 7 = 121.10° | X-Ray 97
a=0b=064 STM 99
a=0b=65 STM 1100

Table 3.1: Table of lattice parameter values of ReSs from literature.

Figure 3.3: ReS, shg diamond chain feature for part of the scan. V,=1.20V ;
[;=80pA. Size=4.34nm. Taken with RHK STM.

Figure is a representative image where only the diamond clusters are resolved,
and not the individuals atoms — to confirm these are the diamond clusters, measurements
were done on 15 such images. The values for the lattice parameters which define the
distances between unit cells, a (0.59 & 0.05nm), b (0.62 = 0.06nm), and v (119 £ 6°),
agree well with those from the literature (Table [3.1).

Atomic resolution is shown in Figure [3.4h, taken at a bias of 1.20V and current of

400pA. To determine whether we are observing 4 Rhenium atoms in diamond clusters,
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or the Sulfur atoms, additional measurements were done on images like Figure to
determine the distance between the atoms within a given unit cell. Unlike in many
TMDCs where the two types of atoms have the same hexagonal symmetry, in ReSs
the surface atoms have different symmetries. Based on the references in Table [3.1] the
Re atoms within a unit cell are arranged in a symmetric parallelogram, with all sides
measuring ~0.30 nm. A hexagonal symmetry exists for the S atoms if one considers
only the top or bottom layer of S atoms. Since the Re4 chains are 0.20nm wide but are
separated by gaps of 0.34 nm,*” it is not possible to overlay this hexagonal symmetry
onto the Re atoms — this would instead result in a distorted hexagon. From careful
measurements, it is therefore possible to verify the type of surface atom imaged in ReSs
from the structure observed in the STM topography alone.

In prior STM studies of ReSs, reports have been conflicting as to which surface atoms
are observed. Though most have indicated that they observed the sulfur atoms /22104
some have claimed to see the rhenium atoms™ Though we have not yet determined
why this discrepancy exists, it is likely due to differences in scanning parameters. The
studies which observed sulfur atoms all indicated high tunneling currents and positive
bias voltages, while ours and the others reporting rhenium atoms had negative bias
voltage or lower tunneling currents. Our measurements indicate distances of 0.35 4 0.04
nm between nearest atoms in a unit cell. From the fact that this distance is symmetric
within diamond shaped clusters, and that no atomic hexagonal symmetry is observed,
it is possible to conclude that the images are of Re metal atoms.

These measurements are also supported by the 2D Fast Fourier Transform (FFT) of
the topography image. The innermost points (orange) represent the anisotropic lattice
chains — the brightest four correspond to the striped pattern across the lattice, and
the rest are associated with the hexagonal structure of 7 unit cells. The surrounding

points (blue) correspond to the atoms seen in the image. Measuring the inverse distances
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between these points can be used to determine their separation in the real space image,

and from these values the same conclusion can be reached that Re atoms are observed

in the topography.

L L 20 nm1
Figure 3.4: (a) Atomic resolution image of ReSs surface, with Re-atoms along a chain
are highlighted in blue. V,=-1.95V ; [,=400pA. Size=bnm. Taken with Omicron STM-1.
(b) 2D FFT of (a). Points with the brightest intensity are highlighted.

Spectroscopy. A collection of band gap values from many different experimental
and theoretical techniques is presented in Table While they are in conflict as to
the nature of the semiconducting gap, these sources have all reported values which fall
within a consistent range: 1.5 £ 0.1eV. The value we measured with STS agrees with
this at 1.3 + 0.3eV, but is set apart as the first reported value of the band gap from
scanning tunneling spectroscopy. This measurement differs from the optical and electron
techniques by measuring the gap locally, as opposed to taking an average over the entirety

of the crystal.
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Bandgap (eV) Technique Type of Sample Ref.
1.414+0.05 [L-gated FET 15-25nm mechanically exfo- | |78
liated on SiO,
1.57, 1.85 K-space photoemis- | Mechanical exfoliation | |79 |
sion ion microscopy, [DFT] | transfered onto HOPG
1.49*, 1.53** NanoARPES at 100K at I'* | Commercially grown, | [80/ |
or Z** point cleaved in UHV
1.47, 1.65 Photoluminescence (PL) CVD 81 |
1.50, 1.54% PL CVD, Ttri-layer 82 |
1.554+0.04 PL Dispersion preparation 102 |
from powder
1.51 PL Mechanically exfoliated on | [83] |
Si0,
1.47, 1.61 PL Mechanically exfoliated on | [103 |
PDMS
[1.43] DFT - GGA n/a 101] |
[1.50] DFT - ATK n/a 84 |
[1.56] DFT n/a 45 |
[1.42] DFT n/a 90 |
1.42, 1.52 HREELS, TEM Drop-casted  powder 86, |
[1.35, 1.43], 1.55 | PL, DFT CVD 85 |
1.361, 1.51T | Optical and SEM CVD 87 |

Table 3.2: Table of bandgap values of ReS, from literature. Bulk values are presentgi
in bold, monolayer values in italics and theoretical values in square brackets. Average
of band gaps = 1.5 £0.1eV.
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Figure 3.5: Average of 64 ReS, spectra taken on a 20x20nm grid.

Figure represents a typical spectrum on ReSs, with the positions of the valence
band (VB), Fermi level (/) and conduction band (CB) demarked. In general, we see
that the Fermi level is closer to the conduction edge on the right. This indicates that
the crystal is n-doped, which agrees with other studies on ReS, T525H101

Since both Cl and Br are used as halogen transport agents in the synthesis of ReSs,
it is likely that they substitute for some Re atoms in the lattice. This would explain
the n-doped character seen in the spectroscopy, as Cl/Br doping is known to induce

n-doping in this crystal 1%
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Figure 3.6: Example of the method to determine the bandgap. Average of 20 spectra
taken at a point.

From our spectra, we are able to determine the bandgap of ReS;. To measure the
gap, we first take a log plot of the dI/dV graph from the measurement. A linear fit is
taken on the portions just to the left (valence band) of the gap and to the right of the
gap (conduction band). Calculating the intersection of these lines with a third linear fit
within the gap determines the left and right edges of the gap interval. The length of this
interval in z is taken to be the value of the band gap, with uncertainties determined from

the linear fits. An example is presented in Figure [3.6l By averaging 790 total spectra,
this method gives our value of 1.3 + 0.3eV.
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Figure 3.7: (a) Topography, with a 500nm line shown in blue representing the path of
the conductance map. (b) The plot from Figure is aligned sideways with the map
to demonstrate the meaning of the plot. The intensity at any given point is the value
dI/dV for a given position and energy. (c) Conductance map showing uniformity of
spectra across a large area.

The position of the Fermi level and the valence and conduction bands do not vary
significantly even across large areas in the crystal (Figure . Within our resolution,
the Fermi level, valence band and conduction band are at the same point throughout
these areas.

We also see that in areas with more defects, a feature appears in the gap near the
valence side. Since this feature is associated with the presence of defects locally, it is not
taken to be representative of the average band gap of ReSy. For this reason, the value

reported of 1.3 +0.3eV does not include such spectra (Figure .
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Figure 3.8: Defects in ReSy band structure. (a) Average of 64 ReSs spectra taken
on a 20x20nm grid on areas with (black) no defects or (blue) defects. (b) DOS
calculations™ of P and Br substituted ReS,. Red curve denotes partial DOS for the
dopant atoms. The partial DOS for P is separated into spin up and spin down (plotted
as negative DOS).

Defects. Impurities in the lattice can open up states within the band gap of the

crystal, which will resemble surface states 100

For negative bias, electrons tunnel from
the occupied states in the tip to empty states of the surface, which can be empty states
on the surface. On the other hand, when the tip is positively biased, they tunnel from
valence band states of the sample to the tip, or from new states opened near the valence
band edge, as we observed in Figure [3.8a. Furthermore, the defects in topographic scans
reveal a polarity-dependent nature, appearing bright for negative tunneling bias (Figure
3.9h) and dark for positive bias (Figure [3.9p). The first condition likely represents the
measurement of filled states near the valence band, of the kind which are observed in
the STS data (Figure . The second represents tunneling into empty states. Similar

observations have been reported on n-doped Si1%7 PdSe, X8 Mn-acceptors in GaAs10?

and in other anisotropic crystals like BP 101
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Figure 3.9: Represenative images of defecs in Reg lattice. (aBright defects seen a
negative bias voltage. V,=-1.20V ; [,=80pA. Size=15.6nm. Taken with RHK STM. (b)
Zoom on black box from (a), showing dark defects with positive bias voltage. V,=1.20V;

[;=80pA. Size=8.3nm. Taken with RHK STM.

With the smaller number of surface states accessed by STM, it is sensitive to the po-
tential difference between the surface and tip, and is therefore susceptible to tip-induced
band bending effects 214 Sych states cause a realignment of the bands relative to the

For n-type

surface state positions, which themselves are pinned to the Fermi level.
semiconductors, this effect induces an upwards curvature in the valence and conduction
band edges at the surface. This bending effect arises naturally from chargeable surface
states in the band gap present in the semiconductor-vacuum interface, but this inter-
action cannot be readily predicted because it depends on the local surface electronic
structure and the shape of the tip ™4 It is in part a result of the restricted area in which
the STM collects data.

The observed deviation of the valence and conduction band edges from flat band

conditions in STS of ReSs is likely due to tip-induced band bending at the semiconductor-

vacuum-metal interface.
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By plotting local DOS maps at a given voltage, we can observe bright halos around
defects. This supports the notion that they affect the local electrostatic environment,
and this feature has been reported on surfaces of other layered 2D materialg!V$HOIILIL0
as well as II1I-V semiconductors 12V These are indicative of a TIBB effect, and this
could be confirmed by measuring the relationship between the size of halos and the

magnitude of the applied bias V121

3.2 Discussion

Measurements of terraces of ReS, confirm that the same anisotropic shape exhibited by
exfoliated flakes is present on terraces of the bulk crystal. Our atomic resolution STM
images corroborated previous reports of the lattice distortion of ReSy S%E3B0R0HI00 414
we concluded that the rhenium atoms were imaged here.

The measured local band gap of ReSy from STS agrees with values reported in liter-
ature A ISTIE S ERERPGI0INIS The yniformity in the conductance maps (Figure
suggests that the shift in the Fermi level should be caused by the presence of defects lo-
cally, and by associated excess charge carriers. A large concentration of defects is indeed
found on the surface of ReS,, as can be seen in Figure [3.9

While STM/STS do not offer chemical analysis, it is possible to hypothesize about
the origin of the defects observed. Since the defect feature in the spectroscopy appears
nearer to the valence edge of the band structure, it should be associated with electron
acceptors (p-doping). It is possible that these are impurities from the growth process or
Re/S vacancies in the lattice. Ref. [122] explored point defects in ReSs and indicated
that S-substitutions require a lower formation energy, and should be arranged randomly
in the crystal. Ref. [105] found similarly that B, N, P and As atoms substituting for
S in the lattice would induce p-doping of ReSs monolayers, opening up defect states in

the gap near the valence band edge. They add that Cl or Br substitutions would induce
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ideal n-doping, donating their electrons directly to the conduction band of ReSs.

While it is possible that some of the defects observed in the topography are B, N,
P or As atoms(which would open up states in the band gap on the valence side), it is
more likely that these are S vacancies in the lattice (which should have a similar effect).
Both of these claims are supported by the spectroscopy data, in which the averaged data
resembles the simulated DOS for Cl/Br, and spectroscopy focused on defects shows a
state in the gap which most resembles the simulated DOS for P substitutions.

Some defects appear to remain bright despite changes in applied bias. The arguments
presented in Ref.[108]123], that the binding energy of donors might increase with prox-
imity to the surface, could explain these observations, which were also reported in the
study of n-doped Sit%" It is also possible that two different types of defect are present,
one of which has lower binding energy than the other (e.g. S vacancies for one type and

Cl/Br substitutions for another).



Chapter 4

STM of the Atomic Lattice and CDW
in 1T-TaS-

TaSy is a TMDC with Tantalum (Ta) metal (group V) and Sulfur (S) chalcogen
atoms. The crystals used in this thesis are in the 1T phase, but this material can also
exist in a 2H phase. Both 1T- and 2H-TaS, have been shown to have superconduct-
ing states at temperatures below a few Kelvin1*4™20 A series of phase transitions in
few-layer samples can be produced with 5 orders of magnitude of modulation in the
resistance.’? Below 350K, the crystal has a charge density wave (CDW) phase which
is nearly commensurate (almost aligned) with the triangular lattice. If the material is
cooled further (below 180K), an in-plane lattice distortion reorganizes tantalum atoms
into “Star of David” clusters commensurate with the CDW (the center of each star

coincides with the CDW) 22120
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Figure 4.1: TaS, Crystal. (a) TaS; crystal on STM sample plate. (b) Top-down and
(c) side view of TaS, lattice.

The top-down view of the lattice in Figure shows this pattern, with different
shades of green representing the Ta atoms within each star. The dark green atoms
(denoted a) are aligned with the center of CDW modulations. The b and ¢ atoms are the
nearest and next-nearest neighbouring Ta atoms to the a atoms, and will have decreasing
intensity in the STM images.

In this chapter, the surface of a 1T-TaS, crystal and its interaction with subsequently
deposited TBrPP-Co molecules is examined. At the temperature that the experiment
was performed (5K), 1T-TaS; enters a commensurate CDW phase, accompanied by the
Star of David lattice deformation.

The 1T-TaS; crystal (HQ Graphene) was cleaved in air and immediately introduced
in UHV. An image of the sample can be seen in Figure attached to a sample plate

with silver epoxy.
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4.1 Results

A TR f S0 :
Figure 4.2: Representative STM topography of TaS, surface showing CDW. V,=0.5V.
[,=450pA. Size=20nm. Taken with RHK STM.

Lattice observations were made to establish a baseline of the unaltered TaS, surface.
It was typical to see the charge modulation (Figure ), but resolving the individual
Ta atoms required particularly good tunneling conditions. An image visualizing both
the CDW and the atoms within the same image can be seen in Figure [4.3k.

Similarly to ReSs, measurements must be made here to confirm the type of atom
imaged — in this case either Ta metal atoms or S chalcogen atoms. The in-plane Star of
David lattice deformation is used as a reference point for measurements, as the center
of CDW intensities aligns with the center of the stars. Two measurements must be
made here. From the central Ta atom (a) within a star to its nearest neighbour (), the

measurements indicate a distance of ¢y = 0.31 & 0.05 nm. The commensurate CDW
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in TaS, appears in STM as a /13 x v/13 triangular superlattice with an angle of 120°,
overlaid on the Ta lattice. Thus we expect distances of V13ay between CDWs. The
distances from the center of neighbouring CDW peaks is measured to be 1.10 £ 0.06
nm, or v/13(0.31 4 0.02) nm. These values indicate that as expected, Ta atoms with an

overlaid CDW are observed here.

Figure 4.3: (a) Large-scale topography showing a var
[;=300pA. Size=70nm. Taken with RHK STM. (b) A “missing” CDW. V,=0.5V.
I;=155pA. Size=7.5nm. Taken with RHK STM. (c) A vacancy in the top of the image
near CDW modulations. V;=1.0V. I[;=3nA. Size=8nm. Taken with homebuilt Createc
STM.

Defects. During scanning, a variety of defects could be seen in the crystal. These
included missing atoms and CDWs , ), and domain walls . Often, atomic
vacancies were associated with nearby modulations of the CDW pattern (Figures
and ), where the center of the CDW is not aligned with a single Ta atom.
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Figure 4.4: STM of TaS, with TBrPP-Co molecules (bright white spots) — taken with
homebuilt Createc STM at Argonne National Labs. (a) TaS, with several molecules
on the surface. V,=2.75V. I,=27pA. Size=60nm. (b) Single TBrPP-Co molecule on
1T-TaS;. V,=3.0V ; 1;=220pA. Size=6nm. (c) Representative image of TBrPP-Co
molecule.

Molecules of magnetic TBrPP-Co were deposited onto the TaSy crystal by vapor-
ization (120s at 310C).

The molecules were physisorbed onto the surface and therefore highly mobile during
STM scanning, even at low temperatures. This poses a challenge for scanning tunneling
spectroscopy, where the features being studied must remain stable for extended periods
of time. In this regard, progress was made by developing a procedure for reliably finding
and imaging these molecules on the surface.

During imaging, streaks in the STM topography were taken as a sign of molecules
being pushed or dragged by the tip. Once resolved, larger groups of molecules appeared

as bright clumps and tended to move a large distance between each scan. The system
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was left to scan the same area repeatedly, which we assumed would move larger groups
of molecules away, leaving only a few isolated molecules. The best images of CDW
together with molecules were taken with a current of 2.021071'A and a bias voltage of
2.65V (Figure[4.4). At lower bias (e.g. 0.5V), only the CDW is visible, albeit with poor
resolution. This is probably because the tip is closer to the surface and is able to push
molecules away while scanning.

To confirm these were TBrPP-Co molecules they were measured diagonally — Figure
shows an example of this. According to [12§], the diagonal lengths of the molecules
in saddle or planar conformation (represented by the green line in Figure are both
2.19nm. By measuring a total of 14 isolated molecules, we found an average diagonal

length of 2.21nm, which agrees well with the previous study.



Chapter 5

Conclusion and Future Work

In this thesis, STM results were presented on 2D materials, with the goal of charac-
terizing the topography and spectroscopy at the atomic level. Two crystals were studied
in this way - ReSy and 1T-TaS,. An understanding of the parent crystal is helpful before
moving to their monolayer counterparts. The focus here was on bulk crystals, despite
much of the interest in these particular materials being in their isolated 2D forms.

ReS;. The principal experiment in this thesis was the characterization of bulk ReS,.
These experiments were performed on systems calibrated with graphite. From this, the
lattice parameters of ReSy were determined (a= 0.59 + 0.05nm, b=0.62 + 0.06nm, v=
119 + 6°) and it was concluded that clusters of 4 rhenium atoms are observed in the
topography. The measured values for the interatomic distances and lattice parameters
agree with those from TEM or X-ray spectroscopy. STS was used to obtain a value of
the band gap (1.3 +0.3eV'), which compared well with the optical values from literature
(1.5 +0.1eV). Defects introducing electron acceptor states into the crystal were found,
but more work needs to be done to understand the type of defects seen here, as well as
their effect on the local electrostatic environment at the surface.

TaS,. A study on TaS, crystals was also presented. Measurements of the lattice
parameters were presented. We also described a procedure for reproducibly finding and
imaging TBrPP-Co molecules on the TaSsy surface, which will be beneficial for further

research involving scanning tunneling spectroscopy of this system. Using this method,
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we observed an interaction between these molecules and defects in the crystal. The
periodic CDW from TaS; combined with the magnetic TBrPP-Co molecules forms a
useful system for investigating the properties of CDW systems.

Future Work. As presented in Section of Chapter [I the properties of 2D
crystals are dramatically different when their dimensionality is reduced. As such, the
logical extension of this work is to move towards the characterization of isolated 2D
sheets of ReSy or 1T-TaSs.

Having understood the lattice structure of bulk ReS,, the first project following this
work should be to examine the lattice of its monolayer(prepared as in . A more
thorough inspection is required into the defects in the material, in which the distinction
between bulk and monolayer samples could help. Elemental analysis could be helpful
in this regard to identify possible dopant substitutions. Future STS work should study
monolayer ReSy to compare the gap with bulk. More spectroscopy data should be taken
to find the exact contribution of defects to electronic states, and chemical analysis on
these crystals should be performed to verify the presence of possible impurities.

Moving beyond individual crystals, new structures can be made by vertically stacking
flakes into so-called van der Waals heterostructures. By stacking for example graphene
on ReS,y or TaS,, the in-plane periodic structures could be utilized as periodic potentials
which may alter the hexagonal lattice, induce strain, or affect the electronic structure of
graphene to open a band gap. Inspecting these heterostructures with STM will provide
details on a much smaller scale than is available to optical analysis, which has been the
dominant characterization technique for similar experiments.

Further extension of this work can be done by studying suspended samples - samples
not connected to or influenced by substrates. In this way the statement of the entire
crystal being a surface can be truly realized, with the entire surface exposed to vacuum

in the STM. By eliminating the substrate, a more fundamental characterization can be
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performed. Some efforts towards this have been done in the form of decoupled samples 1%
More direct experiments have involved transferring CVD graphene above TEM grids or
onto nanostructures %131 but these have been limited by vibration and are easy to
puncture. Developing a method in which samples are both suspended and rigidly fixed

in place would solve these issues.



Chapter 6

Appendices

6.1 Additional STM Systems used for some data

NRC - Omicron STM-1. In addition to the RHK system used in this thesis was a
room temperature Omicron UHV STM-1 located at the National Research Council of
Canada (NRC) in Ottawa (Figure [6.1). Additional modules were added for a variety
of metrology purposes, but the research in this thesis was performed only in the STM
chamber (Figure [6.1b). Field emission was performed in the system to estimate and
improve the sharpness of W tips, which were either obtained commercially from Bruker
or made using the setup described in [2.2.2] These tips had to be resistance welded
(Figure onto small tip holders. The electronics and software which control the STM

were updated to use the MATRIX control system provided by Scienta Omicron.

Figure 6.1: NRC’s Omicron STM-1, STM chamber and scanning head. (a) Omicron
STM-1. (b) STM chamber. (c) Scanning head with tip and sample highlighted.
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Figure 6.2: Resistance welding of tungsten tip in standard stm tip holder.

Figure 6.3: Argonne’s homebuilt STM.

Argonne - homebuilt based on Createc. Some of the measurements from Chap-
ter [f] were performed on an ultrahigh vacuum, low-temperature, homebuilt STM located
at the Argonne National Labs in Chicago (Figure . For a full description, see refer-
ence [132]. The W tips used for the STM were affixed to g-plus cantilevers.

Low temperature was maintained with a two-bath system. This system is composed
of an outer-wall containing liquid nitrogen, which acts as a shield for the inner wall,

containing liquid helium. The sample chamber is in contact with this container, and the
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sample is isolated from the rest of the system with metal gates. The temperature of the
cryostat and STM are measured at all times, and the sample temperature is estimated
from this to be around 5K when thermal equilibrium is reached.

Analysis on data received from all of the STMs was performed using both the Gwyd-
dion and WSxM softwares, as well as the proprietary software associated with each

system.

6.2 Complementary Material

Atomic force microscopy (AFM) and scanning electron microscopy (SEM) provided sup-
plementary characterization. The AFM is a scanning probe technique, similar to STM,
where the contrast is instead obtained from the force between the tip and sample. The
AFM is used to confirm the thickness of samples and to check for surface contamination
through topography and roughness measurements, respectively.

The SEM is often compared to an optical microscope, where a focused beam of
electrons scan back and forth across the surface. The contrast here comes from electrons

scattered off the surface — this can also give topographic information for our samples,

but is primarily used to measure the sharpness of STM and AFM probes.

Figure 6.4: Scanning electron microscopes used for characterization and electron-beam
lithography. (a) Gemini 500 SEM. (b) Raith Pioneer.
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The Scanning Electron Microscope (SEM) was used for characterizing the
sharpness of STM tips both before and after their use. It is was also used for electron-
beam lithography (EBL) to pattern features onto substrates. In SEM, images are ob-
tained by focusing a beam of electrons onto the sample and collecting scattered electrons.

The electron beam is emitted by an electron gun, and is focused onto the sample
through an electron optics system. This system is used to deflect the beam such that
the focal point is on the surface of the sample. The same electron optics system deflects
the beam back and forth to raster scan across the surface, forming an image.

The electrons scattered by the sample lose some of their energy through absorption
processes. This scattering can be either inelastic, producing secondary electrons reflected
with energy lower than in the initial beam, or elastic, which produces high energy elec-
trons. It is also possible for electromagnetic radiation to be produced. A specific type of
detector must be used to measure the energy range associated with returning electrons
from each of these processes. The positions and energies of these recaptured electrons
are used to reconstruct the topography of the sample.

Images of tips taken by SEM can be seen in Figure 2.11]

The model used for basic metrology of tips was a GeminiSEM 500, seen in Figure
[6.4h. The Raith Pioneer was the EBL tool used for patterning substrates. These systems
both use standard tungsten tips, and operate under vacuum (below 10~ Torr).

The Atomic Force Microscope (AFM) is a scanning probe technique similar to
STM, but which uses a sharp tip on a cantilever to determine information about the
morphology of a surface. The cantilever can oscillate and, depending on the method
used, measure different properties from the surface. Rather than obtaining topographic
information from tunneling current, AFM is sensitive to the attractive and repulsive
forces between the sample and tip. It therefore lends itself to force measurements, where

mechanical or electronic properties like the stiffness or resistivity are obtained. The use
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of AFM in this thesis was to measure the topology of the samples to determine sample
height and roughness. This information is used to infer the number of layers in 2D
materials and the cleanliness of the surface.

A laser is focused on the end of the reflective tip, and its displacement is measured
by a position sensitive photodetector. The tip raster scans across the surface and the
frequency of oscillations (the force measured) changes in reaction to variations in the
height of the surface. Similar to STM, a feedback loop keeps the frequency constant,
and the amount it must be adjusted to remain at the correct level is used to determine
the size of features it scanned over.

In non-contact AFM, images are obtained by oscillating a sharp tip just off its res-
onance frequency using a piezoelectric motor, around 100 nm above the surface of the
sample. Contact and Tapping AFM use similar operating principles, but (as their names
suggest) they are either in contact or repeatedly tapping the surface as they move along
it. While typically giving greater resolution, the direct contact with samples poses a
greater risk of sample destruction or contamination.

As AFM measurements are particularly sensitive, it is crucial to eliminate as much
ambient noise as possible. For this reason, both of the AFMs used were contained in
isolated acoustic enclosures on vibration isolating tables.

The particular models of AFMs used for these experiments were the Park NX10 and
the Bruker Dimension Icon, seen in Figure[6.5] All images from these tools were obtained
in air at room temperature. Data analysis was done using Park Systems’ XEI software,

as well as Gwyddion and WSxM.
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4

Figure 6.5: Atomic force microscopes. Left: Park NX10 AFM. Right: Bruker Dimension
Icon AFM.

6.3 Tip Fabrication Through Electrochemical Etch-
ing

Tungsten wire (0.25 mm diameter) is etched at the interface of a NaOH solution in air

through a one step electrochemical reaction,

W(s) +20H" — WO?™ + 3Hy(g) (6.1)

This reaction is utilized to shape the wire into a sharp, conical tip with apex radius
typically less than 50nm (Figure[2.11)). To achieve this, a circuit was constructed (Figure

2.12)), in which the tungsten wire acts as an anode and a copper wire as a cathode.
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Figure 6.6: Full tip etching setup. As numbered, the components are: (1) Keithley
power supply, (2) copper wire, (3) tungsten wire, (4) NaOH solution, (5) isopropanol
and (6) distilled water.

Both wires are attached to a stand and one end of each wire is submerged in a solution
of 2M NaOH (24g in 300mL distilled water). The copper wire should be well immersed
in the solution in a ring geometry. This shape ensures the etching on the tungsten wire
is symmetric.

The tungsten wire need only be submerged about 0.5 cm. The length determines
the weight of the submerged portion — when the wire is too thin at the meniscus of the
solution to support this weight, the submerged portion will detach. A smaller submerged
portion increases the time for the reaction and improves the final tip radius that can be
achieved.

The other ends of the wires are connected with alligator clips to a power supply
(Keithley 2231A-30-3 DC). A voltage of 9 V and a current of approximately 18 mA

results in a reaction time of approximately 15 minutes. The end of the reaction is
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determined by a sudden drop of the current to zero, associated with the submerged W
portion detaching. The wire is removed from the solution manually when the current is
interrupted. Afterwards, the NaOH solution is cleaned off with isopropanol (IPA) and

distilled water.

6.4 Tunneling Current Derivation

Before obtaining the reflection and transmission coefficients, we can make an assumption
that particles are incident from z < 0, with an incident amplitude of A and a reflected
amplitude of B. This simplifies the transmitted wave (in z > d) since there is nothing

in z > d to reflect particles. We can take D = 0 and simplify to:

Aet** 1 Be7kz - if 2 < 0.
¥(z) = (6.2)

Ce'*, if z > d.

Now we can calculate j(z,t), the probability current density.

J(t) = o [0 (2 008,02 1)) — (2 6. (6 (2. ) (6.3)

2ma

) BE(A[2—|BJ?), ifz<o. 6.4
Iz, t) = 6.4
|2, if z > d.

From this, two cases emerge: E > Vi and F < V. The solution which is relevant
to STM is E < Vj, as electrons in the sample and tip will have less energy than the
potential barrier between these two regions. As such, the transmission coefficient that
we find from this case will be equivalent to the tunneling current with a voltage applied.

With that in mind, we can define the reflection (R) and transmission (7") coefficients,

given by the ratio of the reflected wave or the transmitted wave to the incident wave,
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respectively:

BQ
R e i (6.5)

B=1ap AP

and we can also define K = 5 (2m(V — E))z for E < V,. The solution for Schrédinger’s

equation inside the potential is:

Y(z) = Fef* + Ge™™ %, 0<z<d (6.6)

Now that we have a solution both inside and outside the potential, we can relate them
by requiring that both ¢(2) and §,1(z) are continuous at z = 0 and z = d. This gives a

system of equations:

A+B=F+G
ik(A—B)=K(F—-G) atz=0,
(6.7)
Cet = Fefd 4 Ge 4
ikCe* = K(FeX — Ge ™) at 2 =d
Which can be solved to get R and T
-1
pe [ 45060
(Vo)?sinh?(Kd)
(6.8)

(vo)%mh?(Kd)} -

r= |+ S

We see that T" approaches zero in the limit of £ going to zero and that it scales mono-

tonically with E. In fact, if Kd > 1, then sinh(Kd) ~ 3e"?, and we can substitute this
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into T" in equation [6.8}

16E(V, — E)
1 V2€2Kd
T = = " (6.9)
1+ pei—gye 6BV —B)|
VEJ e2Kd

Considering that the portion in the square brackets is very small, the denominator can
be approximated as equal to 1. Thus:

L I6B(Vi— B)

T
‘/02

(6.10)

which corresponds to the amount of current which is transmitted, that is, the tun-

neling current we measure in STM:
I oc e 284 (6.11)

6.5 Manual Calculation of the Calibration Factors

We must first determine the lattice vectors on our image, the procedure for which is the
same as in Chapter [2.2.3] The measured values for the a and b vectors on the image are

2x1 matrices, separated by an angle ¢:

ay . b, a-b
a= , b= , gb:cosl(a ) (6.12)

0 b, a5

We will apply a 2x2 affine transformation matrix A to the vectors to correct them. This
matrix is a combination of three 2x2 matrices. The matrix R is applied first to rotate
the vectors such that @ is aligned with the z-axis. Then C is a scaling matrix, which

corrects the magnitudes of @ and b to some known value L. Finally, S applies a shear
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(or skew) to correct the angle between the vectors.

cosf sinf c, 0 1 tan(¢p —
R o= - (¢ =)
—sinf cos6 0 ¢ 0 1
(6.13)
A=SCR

We will have to define what 0, c,, ¢,, and 7 are as we proceed.

For R, we would like to rotate our axes such that the y-component of @ is zero. The
motivation behind this is so that Sa@ = @, because this matrix applies a shear based on
the y-component of the vectors. Thus we will only have to consider the effect of S on b.

So the angle # (which in practice is determined when @ is measured) is just the angle of

0 =cos™! a—f (6.14)
<|a|>

Now we would like to scale our vectors. To determine ¢, and ¢,, we must compare

a from the z-axis, or:

the magnitude of @ and b to the theoretical lattice parameters. The rotation of @ makes

it easy to find c,:

| ~

L
Cp = = = — (6.15)

| @

where L is the correct length of the lattice parameters. This correction is easily applied

B
S

to a:

- a= = (6.16)
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Now we will find ¢,, and it should become evident why the symmetry of graphite is
helpful for calibration, as we require that the correct lattice parameters have the same

l;\ = L. First, we apply C to b:

magnitude |d| =

c; O b, C.by
0 ¢ by cyby
L
=" 6.17
o, (6.17)
, L \2
1=/ () + (et
then compare the magnitudes of ¥ and L to solve for Cy:
L 2 2
|b7| <£bx> + (¢yby)
1 = = =
| L] 25
L 2
L= \/(abQ;) + (Cyby)z
(6.18)

We now have expressions for ¢, and ¢, both of which depend on only the measured

vectors and the (known) correct lattice parameters.
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Finally, the skew matrix can be applied to correct the angle between the vectors. In
principle, one need only apply it along either the z- or y-axis to correct the image. The
skew matrix S does not preserve magnitudes, but by changing our coordinates we ensure
that only b will be affected.

The shearing factor is determined from the angle ¢ between the vectors @ and v , and
the correct angle v. For example in graphite, v = 60°. When applied to the corrected l;:

we get:

1 tan(¢ — Czby c,b, + ¢, b, tan(¢p —
(¢ —7) _ yYy (Cb ) (6.19)

0 1 cyby cyby
This skewing matrix corrects b by changing its z-component. This will change the dot
product between a and ¥/ , and the result can be visualized as a “rotation” towards @
by an angle ¢ — ~. Since this is explicitly the difference between the measured and the
correct angle, the matrix moves b to this correct angle ~.

As a result of changing only one coordinate in 5, the magnitude has now changed by a
small amount. We can then compare the magnitude of b to L to correct both components
by the same factor, just as we did to get c¢,. At this point, we will have two vectors
with exactly the correct magnitudes, separated by an angle very close to the correct
value. The desired level of precision can be obtained by repeating this procedure, with
each successive application converging closer to the real parameters. We can give the
correction factors we determined from this procedure to the STM software to calibrate

it, or we can apply this correction manually to images taken after this calibration.
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