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Abstract

True Atomic-Resolution Imaging under Ambient Conditions via Conductive Atomic
Force Microscopy

by

Saima Aktar Sumaiya

Doctor of Philosophy in Mechanical Engineering

University of California, Merced

A great number of chemical and mechanical phenomena, ranging from catalysis to
friction, are dictated by the atomic-scale structure and properties of material surfaces.
Despite such enormous significance, the principal tools utilized to characterize surfaces
at the atomic level rely heavily on strict environmental conditions such as ultrahigh
vacuum and low temperature. Results obtained under such well-controlled, pristine
conditions bear limited relevance to the great majority of processes and applications
that often occur under ambient conditions. In this thesis, we report true atomic-
resolution surface imaging via conductive atomic force microscopy (C-AFM) under
ambient conditions, performed at high scanning speeds. We hypothesize that atomic
resolution can be enabled by either (i) a confined, electrically conductive pathway at
the tip–sample contact, or (ii) tunneling through a confined water layer accumulated
on the sample surface under ambient conditions. Our approach delivers atomic-
resolution maps on a variety of material surfaces that comprise defects including
single atomic vacancies. Using our method, we also report the capability of in situ
charge state manipulation of defects on MoS2. Finally, we employ the high-speed C-
AFM methodology to study a thin transition metal carbide crystal (i.e., an MXene),
α–Mo2C. Along with a variety of atomically-resolved defect structures, we observe an
exotic electronic effect: room-temperature charge ordering. Our findings demonstrate
that C-AFM can be utilized as a powerful tool for atomic-resolution imaging and
manipulation of surface structure and electronics under ambient conditions, with
wide-ranging applicability.
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Chapter 1

Introduction

Structure and properties of different classes of materials on the atomic scale play
a crucial role in understanding their fundamental physical and chemical behavior, as
well as in synthesizing materials with desired properties and fabricating functional,
small-scale devices. Atomic-scale structural knowledge provides information about
crystal symmetry, presence of structural defects, strain etc. With the recent emer-
gence of nanoscale devices, it is also important to be able to probe electrical, optical
and magnetic properties of the materials employed in such devices on the atomic
scale. Furthermore, with the advent of state-of-the-art synthesis techniques, atomic
scale information about material structure and properties has the potential to provide
crucial feedback for fine-tuning of synthesis parameters to achieve desired functional-
ities. Complementary to this practical point of view, atomic-scale investigations also
deliver the capability to explore fundamental physical phenomena such as charge den-
sity waves, quantum hall effect, topological behavior, atomic collapse, atomic hopping
etc. As such, atomic-resolution imaging (as well as spectroscopy) has been a focus of
cutting-edge research for several decades and many techniques have been developed
to perform them. Observing features on the atomic or molecular level via conven-
tional optical microscopy is out of the realm of possibility, as such an approach would
be limited by the wavelength of optical light which is about three orders of magni-
tude larger than atomic features. On the other hand, while some information about
surface structures can be obtained from advanced variations of electron microscopy
and global diffraction measurements etc., these approaches come with several draw-
backs such as the necessity of extensive sample preparation, low throughput and the
inability to extract local information with atomic resolution. Consequently, a direct,
real-space method for the imaging of surface structures with atomic resolution was
still lacking until the 1980s. The invention of scanning probe microscopy (SPM) in
that decade opened that elusive door to scientists. SPM allows the study of surfaces
with unprecedented resolution, down to the atomic scale. Along with atomic resolu-
tion imaging of surfaces, SPM is also capable of recording multiple surface properties
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(such as elasticity, reactivity, and electron density) simultaneously. The two most
common classes of SPM include Scanning Tunneling Microscopy (STM) and Atomic
Force Microscopy (AFM). Details of the two methods are discussed in the rest of this
chapter, followed by an outline of research objectives and a summary of the remaining
chapters of the thesis.

1.1 Scanning Tunneling Microscopy

In 1981, Binnig and Rohrer invented the first STM which earned them the Nobel
Prize in Physics in 1986, in record time [1]. The key factor that led to this achieve-
ment is the fact that STM can provide direct, real-space information about surface
structures with atomic resolution. STM was developed based on the concept of quan-
tum tunneling [2]. In particular, a very (ideally, atomically) sharp, conductive tip
is brought into very close proximity (∼1 nm or below) of the sample surface to be
studied, typically under ultrahigh vacuum (UHV) conditions. Upon the application
of a bias voltage (V ) electrons tunnel through the vacuum, resulting in a tunneling
current (I ) which is a function of tip-sample distance, bias voltage and local density of
states (LDOS) of the sample. Under the application of a positive bias to the sample,
electrons tunnel from the tip to the empty electronic states in the sample and vice
versa under the application of a negative sample bias.

As the tip scans over the sample surface in a raster fashion, it records a 3-
dimensional (3D) topographic map of the sample surface which is based on the tun-
neling current signal. The strong dependence of the tunneling current on tip-sample
separation enables the high vertical resolution achievable via STM. A schematic dia-
gram illustrating the operating principle of a typical STM is shown in Fig. 1.1. STM
can be operated either in constant current or constant height mode. Constant current
imaging record contours of constant tunneling current using a feedback system that
modulates the tip-sample distance during scanning, and is usually employed on sur-
faces that feature a significant degree of structural roughness / discontinuities such
as step edges and defects. On the other hand, constant height mode imaging can be
used on areas of samples that are atomically flat and largely free of defects, which
results in fast scanning due to the elimination of the feedback loop [3]. This allows
to study processes with higher temporal resolution, although the approach is prone
to thermal drift effects in the surface normal direction.

Tersoff and Hamann first discussed the interpretation of STM images based on
tunneling current [4, 5]. They derived an expression of tunneling current, I assuming
unperturbed sample and tip wave functions and then using Bardeen’s formalism for
perturbation. For small bias voltage and at low temperature, the expression for I
resulted in
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Figure 1.1: Schematic describing the operating principle of a typical STM.

I =
2π

ℏ
e2V

∑
|M2

st|δ(Es − EF )δ(Et − EF ) (1.1)

whereMst is the tunneling Matrix element between tip and sample wave functions,
ℏ is the reduced Planck’s constant, e is the charge of an electron, and δ is the delta
function. Et, Es, and EF are the tip, sample, and Fermi energies, respectively. Mst

is an integral over a surface, S between the tip and sample. According to Bardeen’s
formalism, the tunneling matrix can be expressed as

Mst =
ℏ2

2me

∫
(φ∗

t∇φs − φs∇φ∗
t )dS (1.2)

where me is the mass of electron, ∇ is the differential operator, and φt and φs are
the wave functions of the tip and sample, respectively.

Tersoff and Hamann further assumed the tip as spherically symmetric with only
an s-wave function which yields the following expression for tunneling current.
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I ∝
∑
s

|φs(rc)|2δ(Es − EF ) (1.3)

where rc is the center of curvature of the tip. The above summation corresponds
to the local density of sample electronic states ρ(rc, E). Therefore, constant current
images acquired via STM correspond to contours of constant density of sample elec-
tronic states. The assumption of a spherically symmetric tip is considered reasonable
because even if the tip is asymmetric globally, the dominant portion of tunneling
current results from the most protruding atom at the tip apex. However, the ap-
proximation of the s-wave function for the tip cannot explain experimental results in
many cases. Instead of the s-wave function, Chen approximated the tip wave function
as a pz or d

2
z dangling bond state that could explain atomic resolution images of close

packed metal surfaces [6].
To explore the dependence of tunneling current, I on different parameters such as

tip-sample separation (s), and bias voltage (V ); Equation 1.3 can be rewritten as [7]

I ∝
∑
s

|φs|2exp[−2κ(r + s)]δ(Es − EF ) (1.4)

where r is the radius of tip and κ is the decay parameter,

κ =

√
2meϕ

ℏ2
+ k2 (1.5)

where ϕ is the average wave function and k is the parallel wave vector component
of φs. For tunneling between planar, free-electron, metal electrodes at small biases
(V << ϕ), Equation 1.4 can be written as

I ∝ V

s
exp(−2κs) (1.6)

where κ can be approximated as

κ = 1.025
√
ϕ (1.7)

Therefore, the tunneling current is exponentially dependent on tip-sample sepa-
ration and typically changes by an order of magnitude with a change of just 1 Å in
tip-sample separation, thus providing a highly sensitive surface probe.

Soon after its invention, STM was used in many groundbreaking studies. STM
unambiguously revealed the 7 × 7 reconstruction of Si(111) (see, Fig. 1.2(a)) which
has been an unresolved problem in surface science for ∼20 years [8]. This study
also reported the first true atomic resolution imaging of a surface. Next, STM was
employed to perform spatially resolved surface tunneling spectroscopy i.e. to record
images corresponding to the electronic distribution of surface states [9]. Later on,
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Figure 1.2: Seminal results obtained via STM: (a) First atomic resolution STM image
revealing the 7 × 7 reconstruction of Si(111) surface. (b) 48 Fe atoms are arranged
on Cu(111) surface resulting in confinement of electrons. (c) Atomic resolution STM
image of a cleaved 2H-TaS2 surface with a single atom vacancy in the highlighted
region. Images (a), (b), and (c) taken from Ref. [8], [11], and [12], respectively.

this technique was named scanning tunneling spectroscopy (STS). Since tunneling has
been utilized to study superconducting states, with this new tunneling microscope,
STM paved the way for studying spatial variation of superconducting properties at the
microscopic level [10]. The first demonstration of electron confinement to a quantum
corral was performed via STM by arranging 48 Fe atoms on Cu(111) surface, as
shown in Fig. 1.2(b) [11]. Soon STM was employed to image atomic scale defects. As
shown in Fig. 1.2(c), a single atom vacancy was imaged on a 2H-TaS2 surface [12].
With all these impactful results, STM became an enormously powerful surface science
technique. Nowadays, STM is routinely used for atomic resolution structural imaging
and recording electronic information on surfaces [13–15]. STM is also frequently used
to measure LDOS of a given sample and to electronically manipulate surfaces [16, 17].
Finally, large scale STM images can provide important topographic information such
as surface roughness on the microscopic scale.

Despite all of its success, a major drawback associated with STM is the require-
ment of an electrically conductive sample, which excludes a lot of scientifically and
technologically important materials from being studied. Another important drawback
of STM is that the topographic and electronic information are convoluted in STM
data (as both purely topographic and electronic irregularities manifest in the same
fashion in recorded images), which at times makes it harder to distinguish between
structural and electrical phenomena. STM also typically requires UHV conditions,
extremely clean surfaces, and very sharp tips for good resolution and stable imaging.
These limitations render STM an expensive and non-ideal tool for a large number of
studies and material systems.
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1.2 Atomic Force Microscopy

The invention of AFM in 1986 not only overcame many of the drawbacks asso-
ciated with STM, but also led to the emergence of a much more versatile surface
imaging technique. While raster scanning of a sharp tip on top of the surface to be
studied is still the main principle, AFM operates based on the detection of interac-
tion forces acting between the tip and the sample surface [18]. Therefore, it does not
require the sample to be electrically conductive. As a result, AFM allows the study of
a large number of material surfaces with very high spatial resolution, from the nano
to the atomic-scale. As indicated above, the AFM tip scans over the sample surface
in a raster fashion similar to an STM tip and can record topographic, mechanical,
electrical, chemical and magnetic force signals with high spatial resolution. While
scanning an area as small as 5 nm × 5 nm with AFM under appropriate conditions
and using appropriate modes can reveal the atomic structure of a material [19], the
method can, for instance, also be used to for diverse purposes such as probing the
nanomechanical properties of samples such as human cells [20]. AFM also has the
capability to operate in a wide variety of environmental conditions such as ambient,
UHV, and liquid medium. Another important feature of AFM is that it can be easily
integrated with other instruments for multiple analyses. All these flexibilities have
made AFM a very powerful and widely used research tool in many branches of sci-
ence and technology including physics, chemistry, materials science, and nanoscale
engineering.

1.2.1 General Operating Principle of AFM

AFM is a unique type of microscope in the sense that it does not generate an
image through optical and electronic means; instead, it’s a mechanical microscope
that ‘touches’ the sample with a very sharp tip and generates a 3D image that contains
topographical information regarding the surface down to sub-nanometer resolution.
The main components of an AFM are a piezo scanner, a cantilever with a very sharp
tip at the end that acts as the force sensor, and control electronics. The piezo scanner
made of piezoelectric material is used to move the tip at the end of the cantilever
relative to the sample. The scanning speed of an AFM is limited by the resonant
frequency of the piezo electric scanner; in general, the higher the resonant frequency,
the faster the scanning speed. Most modern AFM cantilevers are microfabricated
with a reflective coating on the top side and a very sharp tip at the end. As the tip
rasters over the sample, the cantilever bends due to the changes in the interatomic
forces between the tip and the sample caused by topographic variations. A laser beam
is focused on the top side of the cantilever and the reflection of the laser beam on a
photodiode records the deflection signal of the cantilever. A schematic showing some
of the main components of an AFM is shown in Fig. 1.3. In typical operation, the
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Figure 1.3: Schematic describing the operating principle of a typical AFM.

electronics (i) record the cantilever deflection signal, (ii) generate signals for the piezo
scanner movement using a feedback loop with a PID controller that typically aims to
keep the interaction force (as inferred from the cantilever deflection) constant during
scanning, and (iii) display/save the recorded topography signal (as inferred from the
piezo scanner movement in the vertical direction) in the desired format. An optical
microscope is also usually integrated with the AFM to help locate areas of interest
on the sample surface and position the laser beam precisely on the backside of the
cantilever.

An AFM can be operated in a variety of modes. These modes not only differ in
the experimental procedure but also record different types of information. Suitability
of a mode also greatly depends on the nature of the sample. Some common modes
of operation of an AFM, together with their relevance to atomic-resolution imaging,
are discussed below.

1.2.2 Contact Mode AFM

In order to understand contact mode operation of AFM, it is important to think
about the nature of tip-sample interaction forces as shown in Fig. 1.4. When the
tip is far away from the sample surface, it does not interact with the sample surface
and therefore the cantilever is at the zero-deflection state. As the tip approaches
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the sample surface, it first experiences attractive forces (e.g., due to van der Waals
interactions) and the cantilever bends towards the sample. This is the so-called
attractive regime. As the distance between the tip and the sample decreases, the
attractive force increases and eventually the tip snaps into the surface when the rate
of change of the attractive force with distance is higher than the deflection stiffness
of the cantilever. If the tip is further pushed towards the surface, the cantilever
experiences repulsive forces and bends in the opposite direction (i.e. away from the
surface). Contact mode AFM is typically operated in this repulsive regime and is
the most straightforward of all topographic imaging modes since the deflection of
the cantilever is directly correlated to the topography of the sample. A schematic of
contact mode AFM is shown in Fig. 1.5(a). A feedback loop adjusts the position of
the cantilever base with respect to the sample by moving the piezo scanner in the
vertical (z ) direction so that the cantilever deflection is at a constant value during
scanning. Even though contact mode is capable of generating topographical images
with nm-scale lateral resolution, it has several disadvantages; for instance, since the
tip operates in the repulsive regime, it can damage soft samples during imaging as
there is a shearing (i.e. lateral) force between the tip and the sample at all times.
Furthermore, in contact mode, the tip apex can easily become blunt which prevents
atomic resolution imaging. Essentially, when the tip makes contact with the sample
surface at the onset of scanning, its apex (which may have been initially atomically
sharp) becomes blunt, undergoing structural rearrangement which takes place via
interaction forces through effects such as atomic attrition and contact aging [21, 22].
This means that a cluster of multiple atoms, rather than a single atom at the apex
is in contact with the sample surface during scanning. A corresponding schematic
showing an AFM tip losing its sharpness after coming into contact with a surface is
shown in Fig. 1.6. Under such conditions, as the tip scans over the sample surface, the
interaction of the tip with the sample is effectively averaged over a rather broad area
(i.e. over the cluster of tip atoms in contact with the surface) and as such, true atomic
resolution imaging (as signified by the ability to image a single atomic vacancy) via
contact mode AFM leaves the realm of possibility, while “lattice periodicity” can still
be occasionally obtained with sufficiently sharp apex clusters [23].

1.2.3 Dynamic Modes of AFM

To overcome some of the limitations associated with contact mode AFM, dynamic
modes of AFM have been developed. In dynamic mode AFM, the cantilever is os-
cillated at/near its resonant frequency by way of a shaker piezo (see, Fig. 1.3) at a
very close proximity to the sample (with average separations on the order of ∼1 nm).
As the oscillating cantilever scans over the sample surface, the oscillation amplitude
and frequency change due to the changes in the tip-sample interaction forces, which
may be induced by topographical features, as well as difference in e.g., mechanical
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Figure 1.4: Schematic of tip-sample interaction force (F ) as a function of separation
distance (s).

Figure 1.5: Different operational modes of AFM: (a) contact mode, (b) intermittent
contact (i.e. tapping) mode and (c) non-contact mode.
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Figure 1.6: (a) Atomically sharp tip before contact is established with the surface.
(b) Tip apex losing sharpness after contact is established with the surface.

and electrical characteristics. As in contact mode, a feedback loop is used to adjust
the z height of the cantilever base such that either the amplitude or the frequency
of the oscillation is kept constant. Depending on which interaction regime the tip
is operated in, dynamic mode can be classified either as intermittent contact (i.e.
tapping) mode or non-contact mode. In the intermittent contact mode, a relatively
larger oscillation amplitude is employed such that for each oscillation cycle the tip
comes into contact with the sample (i.e. “taps on it”) and then goes back, rapidly
modulating between the attractive and repulsive interaction regimes. On the other
hand, in non-contact (NC) mode, a small oscillation amplitude is applied to the tip so
that it is always in the attractive regime. NC-AFM is frequently employed to study
surface structures with atomic resolution, due to the possibility of maintaining the
atomic sharpness of tips during entire scans. Schematics of intermittent contact and
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NC-AFM are shown in Fig. 1.5(b) and (c), respectively. The primary advantages
of dynamic mode AFM are decreased tip and sample damage due to the absence of
lateral forces and increased spatial resolution (for NC-AFM). More details about the
NC-AFM are discussed below.

1.2.3.1 Non-contact Atomic Force Microscopy

In NC-AFM, the cantilever is oscillated at its resonance frequency (typically with
small amplitudes on the order of 1 nm and below) while the tip remains in the
attractive interaction regime. As the tip scans over the sample surface, changes in
the oscillation frequency due to the interaction between the tip apex and sample
surface are detected while keeping the oscillation amplitude fixed via a feedback loop.
That’s why NC-AFM is also referred to as frequency modulation (FM) operation. The
change in the oscillation frequency is used as a second feedback signal to control the
vertical position of the cantilever base. Since the tip does not come into contact with
the surface (i.e. does not enter the repulsive interaction regime), the sharpness of the
tip is conserved in this mode of operation. For stable and reliable data acquisition,
most atomic-resolution NC-AFM imaging is performed under UHV conditions, and
occasionally at low (i.e. liquid helium or nitrogen) temperatures, even though there
have been experiments that could be performed under ambient conditions and at
room temperatures [24].

The tip-sample interactions that cause the changes in the oscillation frequency of
the cantilever in NC-AFM can be classified either as long-range or short-range. The
ubiquitous van der Waals interactions fall into the long-range category and conven-
tionally thought not to contribute to atomic resolution imaging. On the other hand,
short-range chemical interactions are more relevant in achieving atomic resolution.

The first true atomic resolution imaging via NC-AFM was demonstrated in 1995
by imaging the 7 × 7 reconstructed surface of Si(111) [25]. Soon, NC-AFM was
employed to image atomic scale defects in InP [26]. NC-AFM is also able to dis-
tinguish between atoms of different chemical identity (see, Fig. 1.7(a)) [27]. While
NC-AFM is primarily performed in the attractive regime, it has been demonstrated
that by partially operating in the repulsive regime with a chemically functionalized
tip apex, it is possible to image individual bonds and atoms inside a molecule (see,
Fig. 1.7(b, c)) [28, 29]. All these results emphasized NC-AFM’s role as a powerful
tool for the atomic resolution imaging of a large variety of materials including metals,
semiconductors and insulators.

Although NC-AFM is a very powerful tool for atomic resolution imaging of sur-
faces, it also comes with certain severe limitations. First of all, in order to achieve
good resolution with NC-AFM, operation under UHV conditions is typically a must
(with the exception of some studies performed in liquids [30]) due to the fact that
under ambient conditions, sample surfaces are usually covered with a layer of contam-
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ination adsorbed from the environment. Therefore, when the cantilever oscillates at
a very close proximity to the sample surface, it could very well be oscillating above or
within the contamination layer as depicted in Fig. 1.8. When the cantilever oscillates
above the contamination layer (Fig. 1.8(a)), the tip-sample interaction forces are
mostly screened by this layer. Imaging under such conditions results in data that are
not truly representative of the actual sample surface and have low resolution. On the
other hand, when the cantilever oscillates within the contamination layer as shown
in Fig. 1.8(b), it is possible to achieve good resolution at extremely small tip-sample
distances and with small oscillation amplitudes, but this comes at the cost of frequent
tip crashes with the sample that are mostly unavoidable, making it next to impossible
to record reliable data [31]. To avoid these issues, atomic resolution NC-AFM is typ-
ically performed under UHV conditions to suppress the adsorption of contaminants
onto the sample surface. Another limitation associated with NC-AFM is that it often
requires imaging at low temperatures to minimize thermal fluctuations and increase
the signal-to-noise ratio [24]. Last but not least, mastering the skill to reliably operate
multiple simultaneous feedback loops takes years to develop. This fact, together with
the necessity of additional, often custom equipment to operate under UHV and at
low temperature, makes the atomic-resolution NC-AFM technique available to only
a handful of research groups in the world.

1.3 Research Objectives

As discussed above, the two main surface science techniques that can directly
image a sample surface with true atomic resolution are STM and NC-AFM. STM
works based on the tunneling current between the tip and sample which is relatively
easy to detect and features good signal to noise ratio in well-designed/built setups.
However, since topographic information in this case is extracted from the tunneling
current signal, convolution with electronic features is unavoidable. The method is also
strictly restricted to conductive samples. On the other hand, NC-AFM works based
on measuring interaction forces between the tip and sample manifesting as changes
in the oscillation frequency signal of the AFM cantilever. This, however, requires
sophisticated electronics that control multiple feedback loops, experienced operators,
excellent instrumentation and a stable environment. A critical limitation associated
with both STM and NC-AFM is that they typically cannot be performed under am-
bient conditions for atomic-resolution imaging. Exceptions include certain reports
of atomic-resolution STM imaging under ambient conditions [32, 33]. It should also
be noted that great progress has been made in recording true atomic-resolution im-
ages of a wide variety of surfaces under a liquid environment, without restrictions
of sample conductivity [34, 30]. Finally, there has been one isolated report of true
atomic-resolution imaging via NC-AFM on a calcite surface in air, [35] despite mul-
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Figure 1.7: Seminal results obtained via NC-AFM: (a) NC-AFM topographic image
of a Sn/Si alloy surface distinguishing atoms of different chemical identity. (b) Con-
stant height AFM image of pentacene acquired with a tip functionalized with CO at
the apex. (c) Ball and stick model of the pentacene molecule imaged in (b). Image
(a) is taken from Ref. [27], and images (b) and (c) are taken from Ref. [28]

Figure 1.8: Challenges of NC-AFM imaging under ambient conditions: tip can be
oscillating (a) above or (b) within the contamination layer on surface, leading to
complications for atomic-resolution measurements.
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tiple attempts at imaging other surfaces [36]. Therefore, to suppress the adsorption
of contaminants and for reliable atomic resolution data acquisition, both STM and
NC-AFM require additional equipment for example, to maintain UHV or very low
temperatures. As indicated earlier, all of these limitations have rendered atomic res-
olution imaging a rare capability that only a handful of research groups around the
world are able to perform. On the other hand, adsorption/contamination in realistic
environments can lead to important changes in chemical, mechanical, and electronic
surface characteristics, which can have critical implications for functionality [37, 38].
Moreover, processes observed under the ideal yet unrealistic UHV environment bear
limited relevance to technological applications such as heterogeneous catalysis, which
often take place at elevated pressures. This leads to longstanding critical issues in
surface science such as the pressure gap [39].

Based on the discussion above, a technique that can reliably provide true atomic
resolution images of a sample surface under ambient conditions and at room temper-
ature would be ideal. Motivated by this line of thought, we demonstrate in this thesis
that true atomic resolution imaging can be performed under ambient conditions via a
technique known as conductive atomic force microscopy (C-AFM). We show that the
methodology robustly delivers atomic-resolution maps on a variety of sample surfaces.
We further demonstrate that this methodology has huge potential to be employed to
study and even electronically manipulate defects of two-dimensional (2D) materials.
Furthermore, we gather clues regarding the mechanism that enables the true atomic-
resolution capability of C-AFM under ambient conditions from parametric studies.
Finally, we employ this methodology to study in particular member of an emerging
material class (MXenes), i.e. thin crystals of the transition metal carbide α–Mo2C.

1.4 Thesis Outline

This thesis consists of six chapters. In Chapter 1, the significance of atomic
resolution imaging along with established, related techniques are introduced, followed
by an overview of research objectives.

In Chapter 2, the operational principle of C-AFM is discussed first. This is fol-
lowed by a demonstration of the true atomic-resolution direct, real-space surface
imaging capability of C-AFM under ambient condition. In this chapter, we fur-
ther investigate the mechanism behind the atomic-resolution capability of C-AFM by
gathering clues from parametric studies.

In Chapter 3, we demonstrate that C-AFM robustly delivers true atomic-resolution
maps on a variety of conductive material surfaces that have significant scientific and
technological importance.

In Chapter 4, we present the potential of C-AFM to be employed for studying
defects of low dimensional materials. Going one step further, we also demonstrate
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that C-AFM can be employed for in situ electronic manipulation of defects.
In Chapter 5, we present an atomic-resolution study of defects and charge ordering

on α-Mo2C.
Finally, in Chapter 6, a brief summary of the thesis is presented with a concise

outline for future work.
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Chapter 2

Demonstration of True
Atomic-Resolution Surface
Imaging under Ambient Conditions

2.1 Conductive Atomic Force Microscopy

Conductive atomic force microscopy (C-AFM) is an important AFM-based tech-
nique where a conductive AFM tip is employed to investigate the electronic properties
of a given sample. C-AFM is frequently utilized in both imaging and spectroscopic
modes. In the imaging mode, a conductive tip scans the sample surface in contact
mode, i.e. in the repulsive regime under the application of a bias voltage between
the tip and the sample. Such scans provide both the topographic and conductivity
maps of the sample surface with high spatial resolution, simultaneously. The two
data maps are independently acquired as topographic information is obtained from
cantilever deflection whereas conductivity information is recorded via the amount
of current flow through the conductive tip. As such, C-AFM overcomes one of the
major drawbacks associated with STM where both topographic and conductivity in-
formation, in a convoluted fashion, are acquired from tunneling current. Moreover,
in C-AFM, the tip can be fixed at a given position on the sample surface and current
can be recorded as a function of the applied bias, which is known as current-voltage
(I-V ) spectroscopy. A schematic of C-AFM is shown in Fig. 2.1. The method of
C-AFM has been extensively used to study a multitude of sample systems since its
first demonstration in the early 1990s [1, 2]. One of the first C-AFM studies was per-
formed to measure local dielectric properties of silica/silicon oxide, a vital component
of very large-scale integration (VLSI) devices [3]. C-AFM had significant contribu-
tions to the development of nanoelectronics. For example, C-AFM has been used not
only for electrical characterization of carbon nano-tube (CNT) transistors but also
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Figure 2.1: Schematic describing the operation of a typical C-AFM set-up.

to induce defects on CNTs and study the resulting changes in electrical properties
[4, 5]. Furthermore, it has been employed to study layer-by-layer dielectric break
down of 2D materials [6], perform local photolithography via anodic oxidation [7],
and study resistive switching behavior of metal-insulator-metal junctions [8]. Other
nanostructures that have been studied via C-AFM include quantum dots, nanowires,
nanowire-based transistors etc. [9–12]. With C-AFM, one can also probe mechanical
and electrical properties simultaneously by recording force-distance (F-d) and I-V
curves [13]. Such studies can provide information about the nanoscale physical char-
acteristics of the contact formed between the tip and the sample. Finally, C-AFM has
also been extensively utilized to study the electrical properties of molecular tunnel
junctions in the last decade with the underlying hope of developing nanoscale circuits
based on the nonlinear I-V characteristics of molecules [14].

The key component of a C-AFM experiment is the conductive tip. In general,
different types of conductive tips are commercially available such as metal coated
tips, conductive-diamond-coated tips, whole metal body tips etc. C-AFM experiments
are highly sensitive to the structure and chemistry of the tips and different tips are
suitable for different types of experiments. While metallic tips can be made with
sharp apexes (< 25 nm), conductive-diamond-coated tips typically have larger radii of
curvature. Diamond-coated tips also have higher resistivity compared to metal coated
tips. Even though metallic tips have low resistivity which can be a desirable property
for most C-AFM experiments, exposure to ambient conditions usually leads to the
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formation of an oxide on top of the tip apex. It also should be considered that metallic
tips wear out much faster than diamond tips and that they tend to mechanically
deform during the course of most measurements. Therefore, it is essential to choose
the proper tip for a given C-AFM experiment.

2.2 History of Atomic Resolution Imaging via

C-AFM

Well before the term C-AFM was coined, imaging based on conduction through a
contact between tip and sample were performed via an SPM-based technique, the so
called point contact microscopy (PCM) [1, 15, 16]. In case of PCM, the tip “touches”
the sample surface. As a result, the potential barrier for conduction is greatly re-
duced and the tip-sample interaction is repulsive. The pioneering work on imaging
with lattice resolution via PCM as opposed to tunneling through a tip-sample gap
as in regular STM, was performed by Smith et al. [15]. Even though they claim to
have achieved atomic resolution on highly oriented pyrolytic graphite (HOPG), what
they observed was simply periodic bright spots separated by 2.46 Å which does not
correspond to the interatomic distance of carbon atoms on HOPG surface (i.e. 1.42
Å). Instead, the observed bright spots can be the α-carbon atoms that have neighbors
in the underlying layer or β-carbon atoms that do not have neighbors in the under-
lying layer, or simply the hollow sites of the graphite lattice. Smith et al. used an
STM setup for their PCM measurement on HOPG under UHV conditions. However,
they were only able to achieve lattice resolution at very low temperatures maintained
with liquid helium. They speculated that at low temperature, the stiffer or hardened
state of tip and sample, and longer electron mean free paths facilitate the acquisi-
tion of lattice resolution through the point contact. They further hypothesized that
conduction from a single atom at the tip apex may be responsible for the obtained
lattice resolution which is nowadays considered unlikely to happen as contact areas
are known to be much broader than a single atom in contact mode AFM operation.

As a step forward, Enachescu et al. were able to achieve lattice resolution on
HOPG at room temperature via PCM under UHV conditions (see, Fig. 2.2(a))
[17]. They demonstrated simultaneous recording of lattice resolution in topography,
friction and conductivity maps. Since there were instances when they were able to
achieve lattice resolution in the conductivity channel but not in topography or friction
channel, they ruled out that the atomic stick-slip mechanism is responsible for the
lattice resolution in the conductivity map. Rather, they attributed it to a collective
effect between a broad tip and the sample such as the Pethica effect [20]. Enachescu et
al. applied large loads of ∼100-300 nN while imaging and treated their conductive tips
via voltage pulsing before measurements. They used tungsten carbide coated tips for
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Figure 2.2: High resolution conductivity mapping through contact microscopy as
opposed to STM under controlled environments. (a) Lattice resolution current map
obtained on HOPG via PCM under UHV. (b) High resolution current map obtained
on TiO2 via C-AFM under UHV. (c) Atomic-resolution current map obtained on WS2

via C-AFM under inert N2 environment with a S vacancy indicated by the white
arrow. Images (a), (b), and (c) taken from Refs. [17], [18], and, [19] respectively.

their measurements and speculated that the tips may have a poorly conducting layer
which partially breaks during voltage pulsing or scanning. They further speculated
that this phenomenon can be limited only to the tungsten carbide tips.

Later on, it was demonstrated for different tip materials that the electrically
conductive area at a tip apex can be orders of magnitude smaller than the physi-
cal/mechanical contact area [21, 22]. Specifically, Celano et al. showed that for a
physical contact area of 100 nm2 between the tip and the sample (as calculated via
continuum-based contact mechanics models), the electrical contact area can be less
than 10 nm2 [22]. They attributed this discrepancy to the micro-roughness of tip
apices employed in their experiments.

In 2018, Rodenbucher et al. used C-AFM under optimized measurement condi-
tions, in particular, under UHV on clean surfaces with low bias and a sensitive I/V
converter, for high resolution imaging of transition metal oxide surfaces to observe
the spatial variation in local conductivity due to phase transitions [18]. At first, they
imaged HOPG as a prototypical sample to demonstrate atomic resolution imaging.
But again, they observed a periodicity of 2.45 Å which corresponds to lattice resolu-
tion, not true atomic resolution (as would be proven by the presence of single, atomic
defects or the imaging of both types of carbon atoms in the HOPG lattice). Even
though they claim to image metal oxide surfaces such as TiO2, SrTiO3 etc. with true
atomic resolution (see, Fig. 2.2(b)), they did not compare their periodicity values
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with the actual periodicities of their samples nor did they allocate atomic positions
on their periodic conductivity maps. Therefore, there remains questions whether the
observed resolution (which is of rather limited quality) is truly atomic resolution or
lattice resolution. In particular, while they attributed some of the features in the
C-AFM images to defects or vacancies, these are not clearly resolved in the images.

True atomic resolution imaging via C-AFM was first reported by Bampoulis et al.
in 2018 [23]. They imaged WSe2 and MoxW1−xSe2 under a dry nitrogen atmosphere.
Later on, Nowakowski et al. also reported true atomic resolution imaging via C-
AFM under nitrogen environment [19]. They reported atomic vacancies, adatoms
and periodic modulation due to electronic effects on WS2 (see, Fig. 2.2(c)).

Based on the discussion above, even though it has been demonstrated that C-
AFM is capable of imaging with true atomic-resolution under certain, controlled
measurement conditions, this capability is yet to be demonstrated under uncontrolled,
ambient conditions. Motivated by this line of thought, in the present work, we aim to
perform atomic-resolution imaging via C-AFM under ambient conditions and explore
the robustness and reliability of the methodology.

2.3 Methods

2.3.1 Sample Preparation

ZYB-quality HOPG samples were sourced from Ted Pella, and cleaved mechani-
cally following the scotch tape method [24] prior to C-AFM imaging. As a substrate
for the transition metal dichalcogenide (TMD) samples such as molybdenum disulfide
(MoS2, sourced from 2D Semiconductors), we used Si/SiO2 chips coated consecutively
with a ∼2 nm thick adhesion layer of Ti and a ∼50 nm thick Au film. TMD flakes
were mechanically exfoliated on top of the Au-coated substrate via the scotch tape
method as shown in Fig. 2.3. Finally, silver paint was applied on one side, bridging
the conductive specimen holder and the Au film on which the TMD flakes are located.

2.3.2 C-AFM Measurements

The C-AFM measurements were performed using a commercial AFM (Asylum
Research, Cypher VRS) under ambient conditions (Temperature: 22–23 °C; Relative
humidity: 20–50%). Samples were inserted inside the AFM chamber without any
prior treatment for surface cleaning. Commercially available, doped-diamond-coated
conductive tips (NanoSensors, CDT-CONTR, normal stiffness: 0.6 ± 0.1 N/m and
Adama Innovations, AD-2.8-SS, normal stiffness: 1.3 ± 0.1 N/m) were used for imag-
ing. Initially, imaging of large areas (e.g. 10 × 10 µm) was performed without any
bias to find regions of interest on the sample surface. For atomic-resolution imaging,
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Figure 2.3: Schematic of the sample configuration used for C-AFM measurements
on TMD samples.

small areas such as 5 × 5 nm were scanned in contact mode with an applied bias.
Imaging was usually performed under only the snap-in force (i.e. the minimum ob-
served in the F-d curve during tip approach) acting between the tip and the sample,
with no normal load applied in addition. The magnitude of the snap-in force be-
tween the tip and different samples was on the order of a few nN. A representative
force-distance curve is shown in Fig. 2.4. The bias voltage was always applied to the
sample. An additional resistance of 10 MΩ was used in series occasionally to limit
the current. The average periodicities of the atomic features observed in the images
were calculated using the software Gwyddion by way of Fourier Transform (FT) and
line profiles.

2.4 Demonstration of True Atomic-Resolution

Surface Imaging

Initial measurements were first performed on the (0001) surface of HOPG, a pro-
totypical benchmark sample. An atomic model of the HOPG (0001) surface is shown
in Fig. 2.5(a). The HOPG crystal has three types of atomic sites: the carbon atoms
that have neighbours in the layer underneath, the carbon atoms that do not have
neighbours in the layer underneath, and the hollow sites at the center of the unit cells
(blue, red and gray spheres in Fig. 2.5(a), respectively). Our measurement results
are summarized by the current map in Fig. 2.5(b), where we are able to detect three
types of atomic sites on the HOPG crystal characterized by low, high, and moderate
current, separated by ∼1.4 Å. This observation is in strong contrast to previous works
in the literature that predominantly feature lattice resolution, whereby only one type



CHAPTER 2. DEMONSTRATION OF TRUE ATOMIC-RESOLUTION
SURFACE IMAGING UNDER AMBIENT CONDITIONS 25

Figure 2.4: A representative force-distance (F-z ) curve obtained with a conductive
diamond coated tip on HOPG. The curve yields a snap-in force of ∼1.5 nN.

of atomic site, with a periodicity of ∼2.5 Å, is imaged as bright [17]. In our case, the
reproducible imaging of three atomic sites separated by ∼1.4 Å (which corresponds
to the interatomic distance of 1.42 Å between carbon atoms that is expected on an
HOPG (0001) surface) demonstrates that we are indeed able to resolve all carbon
atoms on the HOPG surface, as well as the hollow sites that exist at the center of
the hexagons formed by them. Another point to note is that the topographic image
(inset of Fig. 2.5(b)) that was simultaneously recorded with the current map does
not comprise any atomic scale features, proving that in C-AFM the topographic and
electronic information are recorded independently and the mechanism related to those
channels are different.

Despite the promising result above, the key signature of true atomic-resolution
imaging remains as the capability of identifying single atomic defects such as indi-
vidual vacancies. We therefore turned our attention to MoS2, a 2D semiconductor
from the family of TMDs, which is (i) of significant electronic relevance [25] and (ii)
expected to feature a higher density of defects than HOPG. An atomic model of MoS2

is shown in Fig. 2.6(a). A current map obtained on MoS2 is shown in Fig. 2.6(b),
together with the simultaneously recorded topography map in the inset. There are
distinct differences between the two channels: while we observe clearly-resolved, in-
dividual protrusions (separated by ∼3.2 Å, the distance between individual S as well
as Mo atoms on MoS2) in the current map, the topography map comprises vaguely
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Figure 2.5: Resolving the true crystal structure of HOPG under ambient conditions
via C-AFM. (a) Atomic model of the HOPG (0001) surface with red and blue spheres
representing two types of carbon atoms, and the gray spheres representing carbon
atoms in the layer below. (b) Current image obtained on HOPG showing three types
of atomic sites characterized by low, high, and intermediate current (see the corre-
sponding green, pink, and blue circles, respectively). The simultaneously recorded
topography map (height range: 0–3.1 Å is shown in the inset, exhibiting no atomic-
scale features.The current image was obtained with an applied normal load of 0.0 nN
and at a scanning frequency of 15.62 Hz. Bias voltages: (b) 0.04 V.

resolved stripes of 0.2–0.6 Å in height. The observation of a much sharper contrast in
the current channel in comparison with the topographic one once again indicates that
the mechanism that results in high resolution in the current map is fundamentally
different from that responsible for atomic-scale stick–slip patterns in the topogra-
phy image [17]. On the other hand, the absence of any defects in the current map
precludes us from claiming true atomic-resolution capabilities. As such, in order to
demonstrate the key benchmark for the capability of true atomic-resolution imaging,
another current map recorded on MoS2 is shown in Fig. 2.6(c), where a cluster of
multiple atomic-scale defects is imaged, in the form of missing bright spots. On the
other hand, the corresponding topography map does not show the defects, proving
that the averaging of interaction forces across the blunt tip–sample interface indeed
precludes the imaging of atomic-scale defects in the topography channel. Taking one
step further, another current map on MoS2 is shown in Fig. 2.6(d), where we are able
to demonstrate ultimate spatial resolution under ambient conditions. In particular,
three types of atomic sites (see the green, purple, and pink circles in Fig. 2.6(d))
with the expected periodicity of ∼3.2 Å that feature low, high, and intermediate cur-
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rent are simultaneously resolved. More importantly, we can clearly identify a single
atomic defect in our image, manifesting as a missing “bright spot” that is indicated
by the white arrow. This latter observation unequivocally proves that we are able to
achieve true atomic-resolution imaging via the method of C-AFM under ambient con-
ditions. Comparing our results to what has been achieved on MoS2 via STM under
UHV conditions, we tentatively assign the single atomic defect in our image to an S
vacancy, due to the rather isolated effect it has on the local conductivity, in contrast
to electronic effects extending over several nanometers expected for Mo vacancies and
various dopants [26, 27].

2.5 Effect of Different Tip Materials

Despite its potential, the C-AFM technique has traditionally suffered from poor
reproducibility. A key reason behind this limitation is the wear of the conducting tip
coating [28]. During our studies, we explored different types of commercially available
conductive tips, including PtSi, Ti/Ir, and doped- diamond-coated conductive tips.
We could only achieve lattice resolution on an HOPG sample with PtSi tips (please
see Fig. 2.7(a)) i.e. we only observed one maxima per unit cell rendering the image to
feature lattice resolution instead of atomic-resolution. While we were able to achieve
atomic resolution with Ti/Ir tips (please see Fig. 2.7(b)), the imaging was not robust
and lacked reproducibility. Additionally, the longevity of both of these categories of
tips were poor, as metal-coated tips tend to wear/melt easily. On the other hand,
we found that doped-diamond-coated conductive tips are highly wear-resistant such
that a single tip could be used to reproduce atomic-resolution images for more than
a week of measurements recording over several hundreds of scans with true atomic-
resolution. That’s why we ultimately used diamond-coated tips to achieve the results
reported in this thesis.

2.6 Speed Dependence

To explore how different imaging parameters affect the atomic-resolution imaging
capability of C-AFM, we performed parametric studies. At first, we investigated the
effect of scanning speed on the quality of the images acquired. In particular, Fig.
2.8 and 2.9 showcase the effects of different scanning speeds on C-AFM imaging of
MoS2 under ambient conditions. Specifically, as one can see in Fig. 2.8, the spatial
resolution gradually degrades with decreasing scanning speed. Conversely, Fig. 2.9
shows that resolution improves when the scanning speed is ramped up. The same
doped-diamond-coated conductive tip was used for recording all the images in Fig.
2.8 and 2.9. These results show that i) the observed trends are not due to irreversible
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Figure 2.6: Demonstration of true atomic-resolution imaging under ambient condi-
tions via C-AFM. (a) Atomic model of the MoS2 (001) surface. (b) Current image
obtained on MoS2 showing well-defined protrusions separated by ∼3.2 Å. The si-
multaneously obtained topography map, with a stripe-like pattern, is shown in the
inset (height range: 0–6.8 Å). (c) Current image obtained on MoS2 showing multiple
atomic-scale defects. The simultaneously obtained topography map is shown in the
inset, with no trace of the defects (height range: 0–3.4 Å). (d) Current image obtained
on MoS2 exhibiting three types of atomic sites characterized by low, high, and inter-
mediate current (see the corresponding green, purple, and pink circles, respectively).
This image clearly captures a single atomic defect, as indicated by the white arrow.
The corresponding topography map is shown in the inset (height range: 0–5.4 Å).
All images were obtained with an applied normal load of 0.0 nN and at a scanning
frequency of 15.62 Hz. Bias voltages: (b) 0.1 V; (c) 1.8 V; (d) -1.2 V.
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Figure 2.7: Effect of different tip materials on C-AFM imaging. (a) Representative
current image obtained on HOPG with a PtSi tip. This image features a periodicity
of ∼2.5 Å, indicating that it is not a true atomic-resolution image; it rather represents
lattice resolution. (b) Representative current image obtained on MoS2 with a Ti/Ir
coated tip. Even though this image features atomic resolution, we typically do not
observe true atomic resolution with this category of tip in a robust and reproducible
manner. All images were obtained with an applied normal load of 0.0 nN, and at a
scanning frequency of 15.62 Hz. Bias voltages: (a) 1.5 V, (b) 2.5 V.

modifications of the structure and/or chemistry of the tip apex during imaging, and
ii) scanning speed has significant impact on obtaining atomic-resolution such that
we obtain atomic-resolution only at high scanning speed. Furthermore, such speed
dependence of resolution is also in contrast with what is typically observed in NC-
AFM, where slow scanning provides higher signal-to-noise ratio and thereby, provides
better resolution.

2.7 Load Dependence

We also performed C-AFM imaging at different normal loads while keeping the
scanning speed fixed. In particular, Fig. 2.10 shows the effects of different normal
loads, ranging from 0 nN to 60 nN, on C-AFM imaging of MoS2 under ambient condi-
tions. One can observe that even at 60 nN scanning load, atomic-resolution sustains,
suggesting that within the range of 0–60 nN, the applied normal load did not seem
to have an appreciable effect on imaging quality. Such a load dependence behavior is
unusual, particularly, in case of contact mode operation where with increasing nor-
mal load, the tip-sample contact area is expected to increase [29]. Such bluntening
of tip-sample contact is conventionally expected to degrade the imaging resolution,
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Figure 2.8: Speed dependence of atomic-resolution C-AFM imaging, with decreasing
scanning speed. A series of images recorded on MoS2 with decreasing scanning fre-
quency (from 15.62 Hz to 0.50 Hz) showing a degradation in spatial resolution.
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Figure 2.9: Speed dependence of atomic-resolution C-AFM imaging, with increasing
scanning speed. A series of images obtained on MoS2 with the same conductive tip
used in Fig. 2.8, with increasing scanning frequency (from 0.25 Hz to 15.62 Hz),
showing that atomic resolution emerges at higher scanning speeds.
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which is not observed in our experiments.

2.8 Effect of Applied Bias

During our measurements, the applied bias voltage had be to tuned during each
session to achieve / optimize atomic resolution. First of all, larger voltage values
will result in higher C-AFM current output but also potentially undesirable effects
(surface electrochemical reactions, electrostatic breakdown, field-assisted tunneling,
etc.). On the other hand, the lower current values recorded under lower voltages will
often result in poor C-AFM contrast for distinguishing atomic features. Therefore,
there is typically an optimal voltage range for true atomic-resolution imaging. This
ranges can be different for different experiments, for instance due to the following
reasons:

1. The voltage required to observe atomic resolution can vary from tip to tip even
if the same type of tip is being used, e.g. doped-diamond-coated tips. It can be
due to the fact that different amount of voltages may be required to break down
the different amount of contamination layers that may accumulate on different
tip apexes.

2. With the same type of tip, the electrical conductivity as well as the junction
state (e.g., Ohmic or Schottky, surface state effects, etc.) between the tip and
surface vary from sample to sample. Therefore, the optimized voltage value to
achieve best atomic resolution is not universal for different samples.

3. Sometimes the applied voltage also has to be tuned over time to get clearer
atomic-resolution images in a given session. This can be due to dynamic changes
happening at the tip-sample contact amidst the contaminant molecules present
under ambient conditions.

2.9 Robustness and Repeatability

The atomic-resolution C-AFM imaging is highly robust and reproducible in the
sense that we could routinely image different conductive material surfaces with true
atomic-resolution. We were also able to use a single tip to image different material
surfaces (over several hundreds of scans) with true atomic-resolution without the need
of any special tip preparation. Similarly, scanning repeatedly over the same defect
resulted in consistent images, with the presence of some thermal drift. For instance,
Fig. 2.11 shows two current maps recorded on MoS2 featuring two extended defects.
The two images were recording by way of continuous imaging. The time lapse between
the two images is ∼4.3 minutes. The defect structures in both Fig. 2.11(a) and (b)
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Figure 2.10: Load dependence of atomic-resolution C-AFM imaging. A series of
images recorded on MoS2 where the applied normal load varied from 0 to 60 nN
during scanning. These images show that the capability of atomic-resolution imaging
via C-AFM is not lost due to changes in normal load at the tip-sample junction.
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Figure 2.11: Reproducibility of defect imaging. (a) Current image obtained on
MoS2 featuring two extended defects. (b) Current image obtained upon continu-
ous/repeated imaging of the same area shown in (a). The defect structures in both
(a) and (b) appear similar, despite the presence of noticeable thermal drift. There
were 15 images recorded between (a) and (b) by way of continuous scanning, corre-
sponding to ∼4.3 minutes. All images were obtained with an applied normal load of
0.0 nN, and at a scanning frequency of 15.62 Hz. Bias voltages: (a) -1.2 V, (b) -1.2
V.

appear similar. However, we observe noticeable presence of thermal drift between the
two images.

2.10 Potential Mechanisms of True

Atomic-Resolution Imaging

The fact that C-AFM is able to routinely achieve true atomic-resolution is unex-
pected, mainly because imaging is performed under contact mode operation, whereby
the physical area of contact between the tip and the sample consists of multiple atoms
(see Fig. 2.12). This should in principle lead to an averaging effect and the inability
to resolve atomic-scale defects, as is the case for topographic imaging [30, 31]. We
identify two primary factors that result in true atomic-resolution imaging capabilities
for C-AFM under ambient conditions: (1) an atomically sharp conductive pathway
as illustrated in Fig. 2.12, and (2) high-speed imaging. To investigate the first point,
one can contrast the physical contact area formed between the AFM tip and the sam-
ple surface as estimated by continuum contact mechanics models, and the electrical
contact area as estimated by contact resistance models. Considering the fact that the
Hertz contact model does not take into account the adhesion force between tip and
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Figure 2.12: Schematic showing the discrepancy between the physical and electrical
contact formed between the tip and the sample, as one of the possible explanations
that can enable atomic-resolution C-AFM imaging.

sample, and our sample (in this case HOPG) has high elastic modulus, we used the
Derjaguin-Muller-Toporov (DMT) model [32] to estimate the physical contact area.
A schematic comparing the Hertz and the DMT model is shown in Fig. 2.13(a). The
DMT model is expressed as:

am = 3

√
r

Ered

(F + Fad) (2.1)

where am is the physical radius of the contact between the tip and the sample,
r is the tip radius, F is the applied normal load, and Ered is the reduced Young’s
modulus which can be calculated as follows:

1

Ered

=
3

4
(
1− νs

2

Es

+
1− νt

2

Et

) (2.2)

where νs and νt are the Poisson’s ratios of the sample and tip, respectively, and
Es and Et are the Young’s moduli of the sample and the tip, respectively.

On the other hand, we used Sharvin’s model which is valid in the case of ballistic
transport to estimate the electrical contact area [33]. Ballistic transport of electrons
happens when the contact radius is smaller than the electron mean free path (λ) as
depicted in Fig. 2.13(b). Considering that the contact radius in our experiments is
expected to be much smaller compared to the electron mean free path in HOPG ( 200
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Figure 2.13: Schematic of models used to estimate physical and electrical contact
areas. (a) A schematic showing the difference between the Hertz and DMT contact
mechanics models. As opposed to the Hertz model, the DMTmodel takes into account
the adhesion between the surfaces. (b) A schematic of the Sharvin model used to
estimate electrical contact area for ballistic electron transport.

nm) [34], we used Sharvin’s contact resistance model which is given by the following
equation.

R =
4ρλ

3πa2e
(2.3)

where R is the electrical contact resistance between the tip and the sample, ρ is
the effective electrical resistivity, λ is the effective electron mean free path and ae is
the radius of the electrical contact area.

To infer the physical contact radius established in our experiments from the DMT
model, we recorded 189 force-distance curves on HOPG and extracted the magnitude
of the average pull-off force (Fad). A representative F-z curve is shown in Fig. 2.14(a).
Parameters used in the DMT contact model were as follows; tip radius: 72.18 nm
(extracted from scanning electron microscopy imaging), Young’s modulus of HOPG:
25 GPa [35], Young’s modulus of conductive diamond tip: 1200 GPa [36], Poisson’s
ratio of HOPG: 0.2440 [35], and Poisson’s ratio of conductive diamond tip: 0.241
[36]. A histogram showing the distribution of the estimated physical contact radius
between the tip and the HOPG sample, utilizing the 189 F-z curves is shown in
Fig. 2.14(b). The estimated physical contact radius was found to be 2.68 ± 0.11
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Figure 2.14: Discrepancy between physical and electrical contact areas at the tip-
sample junction. (a) A representative force-distance (F-z ) curve obtained with a
conductive diamond tip on HOPG. The curve yields an adhesion force of ∼9.0 nN,
which was plugged into the DMT contact model to estimate the physical contact
radius between the tip and HOPG sample. (b) A histogram showing the distribution
of the estimated physical contact radius between the tip and the HOPG sample,
utilizing 189 F-d curves. (c) A representative current vs. voltage (I-V ) curve (solid
blue) recorded with a conductive diamond tip on HOPG. The slope of the I-V curve
was extracted by a linear fit (dotted orange) of the data. (d) A histogram showing
the distribution of electrical contact radius formed between the conductive diamond
tip and HOPG, calculated from 1076 I-V curves using Sharvin’s equation.
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Figure 2.15: Schematic showing tunneling happening through hydrodynamic lift be-
tween tip and sample at high speed scanning, as another potential explanation behind
atomic-resolution imaging capability of C-AFM.

nm (avg. ± s.d.). To estimate the electrical contact radius, we recorded 1076 I-
V curves on HOPG using the same tip that was used to record Fig. 2.5(b). A
representative I-V curve is shown in 2.14(c). Inverse of the slope of the linear fit to
the I-V curve provides local electrical contact resistance between the tip and HOPG.
The electrical contact resistance value was plugged into Equation 2.3 to estimate the
electrical contact radius between the tip and the HOPG sample. Parameters used in
Sharvin’s equation were as follows; electrical resistivity: 9.5 × 10−11 MΩm (arithmetic
average of the conductive diamond tip and HOPG), electron mean free path: 100.7
nm (arithmetic average of the conductive diamond tip and HOPG) [34, 37–39]. A
histogram of the electrical contact radius values extracted from 1076 I-V curves is
shown in Fig. 2.14(d). The estimated electrical contact radius was found to be 0.36
± 0.11 nm (avg. ± s.d.) which is one order of magnitude smaller than the estimated
physical contact radius. This estimation suggests the AFM tip essentially acts as
an atomically sharp electrical probe as it scans on the sample surface. The related
mechanism can be explained by acknowledging that AFM tips exposed to ambient
conditions are often covered by a poorly conducting layer of atmospheric adsorbates
and potentially a thin layer of oxide [40]. When the tip scans the sample surface under
repulsive load and a bias voltage, a small portion of the poorly conducting layer may
break down, resulting in a very small, electrically conductive area (i.e. a very sharp
electrical probe) that is able to distinguish between individual atoms even though a
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much larger portion of the tip is in physical contact with the sample [22, 40].
On the other hand, the discrepancy between estimated physical and electrical con-

tact area does not explain the speed and load dependence results described earlier.
Therefore, we have an alternative hypothesis that may explain those trends. Since
all our measurements were performed under ambient conditions, we anticipate that
the sample surfaces are covered with a thin layer of condensed water film [41]. We
hypothesize that when the tip rasters over the sample surface at high speeds, hydro-
dynamic lift takes place between the tip and the sample as depicted by the schematic
in Fig. 2.15 [42]. The confined water layer can also undergo dynamic solidification
under high speed scanning and act as an elastic solid-like material [43]. Under such
condition, upon the application of a bias, tunneling can happen through the water
film. We further hypothesize that at low speeds, such hydrodynamic lift or dynamic
solidification does not happen and the tip relaxes through the water film and forms a
blunt contact with the sample. As a result, the atomic-resolution imaging capability
degrades at low scanning speeds. This hypothesis may also explain why atomic-
resolution seems to be resistant to increases in normal load, as the applied normal
load has to work against the hydrodynamic lift to make the tip-sample contact blunt
and degrade the image quality. This hypothesis presents promising avenues for fu-
ture work aimed at exploring the mechanisms that enable atomic-resolution C-AFM
imaging under ambient conditions.

2.11 Conclusions

In this chapter, we have demonstrated that C-AFM is capable of imaging surfaces
with true atomic-resolution, under ambient conditions (i) without operational and
instrumentational complications of STM/NC-AFM, (ii) with comparable resolution,
and (iii) with the ability to decouple electronic and structural effects thanks to the
separate recording of the current and topography channels. We hypothesize that
atomic resolution can be enabled by either a confined, electrically conductive pathway
or through a hydrodynamic lift effect at high-speed scanning.



CHAPTER 2. DEMONSTRATION OF TRUE ATOMIC-RESOLUTION
SURFACE IMAGING UNDER AMBIENT CONDITIONS 40

2.12 References

[1] P De Wolf, J Snauwaert, T Clarysse, W Vandervorst, and L Hellemans. Char-
acterization of a point-contact on silicon using force microscopy-supported resis-
tance measurements. Applied Physics Letters, 66(12):1530–1532, 1995.

[2] C Shafai, D J Thomson, M Simard-Normandin, G Mattiussi, and P J Scanlon.
Delineation of semiconductor doping by scanning resistance microscopy. Applied
Physics Letters, 64(3):342–344, 1994.

[3] M P Murrell, M E Welland, S J O’Shea, T M H Wong, J R Barnes, A W
McKinnon, M Heyns, and S Verhaverbeke. Spatially resolved electrical mea-
surements of SiO2 gate oxides using atomic force microscopy. Applied Physics
Letters, 62(7):786–788, 1993.

[4] Y Yaish, J-Y Park, S Rosenblatt, V Sazonova, M Brink, and P L McEuen. Elec-
trical nanoprobing of semiconducting carbon nanotubes using an atomic force
microscope. Physical Review Letters, 92(4):046401, 2004.

[5] J-Y Park. Electrically tunable defects in metallic single-walled carbon nanotubes.
Applied Physics Letters, 90(2):023112, 2007.

[6] Y Hattori, T Taniguchi, K Watanabe, and K Nagashio. Layer-by-layer dielectric
breakdown of hexagonal boron nitride. ACS Nano, 9(1):916–921, 2015.

[7] J M P Alaboson, Q H Wang, J A Kellar, J Park, J W Elam, M J Pellin, and
M C Hersam. Conductive atomic force microscope nanopatterning of epitaxial
graphene on SiC (0001) in ambient conditions. Advanced Materials, 23(19):2181–
2184, 2011.

[8] W Lu, L-M Wong, S Wang, and K Zeng. Effects of oxygen and moisture on
the IV characteristics of TiO2 thin films. Journal of Materiomics, 4(3):228–237,
2018.

[9] M T Woodside and P L McEuen. Scanned probe imaging of single-electron
charge states in nanotube quantum dots. Science, 296(5570):1098–1101, 2002.

[10] P Birjukovs, N Petkov, J Xu, J Svirksts, J J Boland, J D Holmes, and D Erts.
Electrical characterization of bismuth sulfide nanowire arrays by conductive
atomic force microscopy. The Journal of Physical Chemistry C, 112(49):19680–
19685, 2008.

[11] S V Kalinin, J Shin, S Jesse, D Geohegan, A P Baddorf, Y Lilach, M Moskovits,
and A Kolmakov. Electronic transport imaging in a multiwire SnO2 chemical
field-effect transistor device. Journal of Applied Physics, 98(4):044503, 2005.

[12] D Erts, B Polyakov, B Daly, M A Morris, S Ellingboe, J Boland, and J D Holmes.
High density germanium nanowire assemblies: contact challenges and electrical
characterization. The Journal of Physical Chemistry B, 110(2):820–826, 2006.

[13] S J O’shea, R M Atta, and M E Welland. Characterization of tips for conduct-
ing atomic force microscopy. Review of Scientific Instruments, 66(3):2508–2512,
1995.



CHAPTER 2. DEMONSTRATION OF TRUE ATOMIC-RESOLUTION
SURFACE IMAGING UNDER AMBIENT CONDITIONS 41

[14] J M Beebe, B Kim, J W Gadzuk, C D Frisbie, and J G Kushmerick. Transi-
tion from direct tunneling to field emission in metal-molecule-metal junctions.
Physical Review Letters, 97(2):026801, 2006.

[15] D P E Smith, G Binnig, and C F Quate. Atomic point-contact imaging. Applied
Physics Letters, 49(18):1166–1168, 1986.
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Chapter 3

Imaging Surfaces of Different
Materials under Ambient
Conditions with Atomic Resolution

3.1 Introduction

Following the demonstration of the true atomic-resolution surface imaging capa-
bility of C-AFM under ambient conditions on prototypical samples such as HOPG and
MoS2 in Chapter 2, in this chapter we focus on establishing the methodology as a gen-
eral one. In particular, we aim to demonstrate that the method is capable of imaging
different types of surfaces with atomic-resolution, as opposed to being limited to only
a few materials. Hence, we study various types of conductive material surfaces in-
cluding semiconductor, semimetal, and close-packed metal surfaces. All these classes
of materials play crucial roles in a multitude of scientifically and technologically im-
portant fields including but not limited to nano-scale electronic/optoelectronic device
development, surface reactions, thin film coatings etc. Besides the chemical composi-
tion, atomic arrangement of the involved materials on the surface has been proved to
be one of the crucial factors that determine film properties and device performance.
Therefore, if one can robustly image these material surfaces with atomic-level spa-
tial resolution directly under ambient conditions, the corresponding methodology will
have important potential to be employed in variety of fields. For instance, it will allow
many researchers to perform catalysis, defect chemistry, surface electronic studies in a
less costly, straightforward, and more meaningful manner for applications. Motivated
by this line of thought, in this chapter, we report direct, real-space, atomic-resolution
images of WSe2, WS2 as 2D multi-element semiconductors, black phosphorus as an
elemental 2D material with semiconducting properties, PtSe2 as a 2D semimetal, and
Au as a close-packed metal surface obtained via high speed C-AFM scanning under
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ambient conditions.

3.2 Two-Dimensional Transition Metal

Dichalcogenide Semiconductors

Since the isolation of graphene from its bulk form (graphite) in 2004 through the
seminal work of Novoselov et al. [1], there has been great progress in exploring new
properties and developing new applications of 2D materials. Among the different
classes of 2D materials, TMDs are the most widely studied. TMDs are layered 2D
materials where each layer consists of a sheet of transition metal (M) atoms sand-
wiched between two sheets of chalcogen (X) atoms. While strong covalent bonds
exist among the atoms in each X-M-X layer, the different X-M-X layers are bonded
to each other via weak van der Waals bonds. Unlike graphene, TMDs do have a
bandgap and typically exhibit semiconducting properties. TMDs possess promising
applications in high-end electronics, flexible electronics, photonics and energy storage
due to their unique combination of excellent electronic and mechanical characteristics
[2]. There are many successful demonstrations of novel electronic devices using semi-
conducting TMDs [3–5]. The performance of these devices are heavily determined
by the charge carrier mobility. Even though the theoretically reported charge mobil-
ity of 2D semiconducting TMDs are very promising [6, 7], in reality the mobility is
often affected negatively to a great extent by the presence of defects and disorder.
Therefore, atomic-scale studies of these semiconducting TMDs to probe the types,
density, and electronic effects of defects is crucial. TMDs are also a promising plat-
form to study exotic physical phenomena; for instance, some of the group V TMDs
have exhibited charge density wave (CDW) states in both bulk and monolayer form
[8, 9]. Furthermore, some of these TMDs also exhibit superconducting properties
[10]. SPM techniques are heavily used to study these properties [11, 12]. Other
than the significance of 2D TMDs as individual materials, there is a strong focus in
the scientific community nowadays to develop heterostructures by stacking different
TMDs together [13]. Different heterostructures have been reported to exhibit unique
electronic/photonic characteristics and can be tailored towards targeted applications
[14]. SPM techniques are also widely employed to study these heterostructures, in
particular to study the Moiré patterns generated a result of vertical stacking [15, 16].

In Chapter 2, we have demonstrated the true atomic-resolution imaging capability
of C-AFM on a 2D TMD semiconductor, MoS2. In order to demonstrate that C-
AFM is capable of imaging 2D TMD semiconductors in general, we imaged more
materials of the same class, such as WSe2 and WS2. Both these materials have
exhibited thickness-dependent electronic properties and have potential applications
in electronics and optoelectronics [17]. Both these materials were sourced from the
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same company as for MoS2 and were prepared for C-AFM measurements following
the same methodology described in Section 2.3.

3.2.1 WSe2

WSe2 is a promising 2D semiconductor from the family of TMDs. Similar to
MoS2, WSe2 also exhibits drastically different properties when thinned from bulk to
monolayer. In the bulk form, WSe2 has an indirect bandgap of ∼1.2 eV. However,
the monolayer WSe2 has a direct bandgap of ∼1.6 eV. Exfoliated WSe2 has been used
to fabricate a variety of electronic and optoelectronic devices such as field effect tran-
sistors, photodetectors, light emitting diodes, photovoltaic devices etc. [18, 19]. The
most thermodynamically stable phase of WSe2 is the 2H (trigonal prismatic) poly-
type which corresponds to a hexagonal lattice structure as shown in Fig.3.1(a). The
2H phase corresponds to an ABA stacking in which the Se atoms in different atomic
planes occupy the same positions and are located on top of each other in the direction
perpendicular to the layer. Addou et al. studied the topography and electronic prop-
erties of both exfoliated and chemical vapor deposited WSe2 by means of STM under
pristine UHV conditions [20]. Such studies not only reveal the surface electronic land-
scape of WSe2, but also provide important insight regarding bottom-up synthesis of
the material which in turn can be used as feedback to fine-tune the synthesis proce-
dure. In this context, we attempted to image WSe2 directly under ambient conditions
following our high-speed C-AFM methodology. Fig. 3.1(b) shows a current image
recorded on WSe2 (001) exhibiting a defect free area with atomic-resolution. The
corresponding FT of the current image is shown in Fig. 3.1(c). The FT corresponds
to an average periodicity of 3.2 Å. The average periodicity was calculated by taking
into account the periodicities found along the three symmetry directions. We no-
tice some discrepancy between the measured and expected periodicity which can be
caused by thermal drift (considering we are working under ambient conditions), piezo
creep or tip asymmetry [21]. Previously, STM studies performed under UHV have
been proven to be an effective and valid way to explore dopant distribution on WSe2
surfaces [22]. With the C-AFM methodology, one can now perform similar studies
directly under ambient conditions, without the requirement of costly and complicated
vacuum equipment.

3.2.2 WS2

WS2 is another remarkable tungsten based 2D TMD semiconductor that exhibits
high in-plane carrier mobility and electrostatic modulation of conductance [23]. It
also exhibit distinctive properties such as strong spin-orbit coupling [24], tunable
light-matter interaction [25], enhanced Coulomb interaction [26], many-body effects
[27] and so on. WS2 also exhibits lower defect density compared to other 2D TMD
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Figure 3.1: (a) Atomic model of the WSe2 (001) surface. (b) Current image recorded
on WSe2 via C-AFM under ambient conditions showing the atomic-scale crystal struc-
ture. (c) The Fourier Transform (FT) of the current map shown in (b) that corre-
sponds to an average periodicity of 3.2 Å.

semiconductors [26]. As such, WS2 is a preferred candidate for photoelectronic devices
such as light emitters, photodetectors etc. Before the isolation of monolayer, thin
films of WS2 were studied to be used as active absorbing layers in thin film solar cells
[28]. Similar to MoS2 and WSe2, WS2 also manifests a transition from indirect to
direct bandgap upon its isolation from bulk to monolayer. The most stable phase
of WS2 has a similar crystal structure to that of WSe2 i.e. the 2H polytype with a
slightly lower lattice periodicity of 3.18 Å. An atomic model of WS2 (001) surface is
shown in Fig. 3.2(a). Studies of WS2 (001) surface with high spatial resolution, in
particular via STM under UHV, allowed the exploration of the effect of individual
dopants on the conductivity landscape [22]. Atomic-level adsorption of Sn atoms
on WS2 were also studied via STM [29]. Our measurements demonstrate that the
WS2 surface can now be studied with atomic-level spatial resolution directly under
ambient conditions via high speed C-AFM scanning which in turn facilitates the
opportunity to study defects, dopants, impurities, and dynamic changes on WS2

surface directly under ambient conditions. Fig. 3.2(b) shows a current image recorded
on WS2 under ambient conditions. It shows a defect free area on WS2 with atomically-
resolved crystal structure. The corresponding FT shown in Fig. 3.2(c) verifies that
the measured lattice periodicity matches quite well with the expected periodicity.

3.3 Two-Dimensional Elemental Semiconductor

Unlike graphene, TMDs are multi-element 2D materials. Similar to graphene,
black phosphorus (BP) is an elemental 2D material. However, unlike graphene, BP
has an intrinsic bandgap of ∼0.3 eV in its thin film form which makes it a semicon-
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ductor [30]. The moderate bandgap of BP also bridges the gap between graphene
that has zero bandgap and TMDs that have relatively large bandgaps. As such, it
allows the fabrication of transistors using BP with high on-off current ratios and high
mobilities [31]. Other than electronic applications, BP is also a suitable candidate for
solid lubrication [32] and as such, its atomic-scale friction characteristic are studied
via SPM-based techniques. Riffle et al. studied the effect of defects such as vacancies
on the conductivity landscape of BP via STM under UHV [33]. One of the major
challenges of studying BP is that it is highly air-sensitive and oxidizes rapidly under
ambient exposure. As a result, the majority of atomic-scale studies of BP are typi-
cally performed under UHV environment [34]. Considering its emerging significance
in the scientific research, we imaged BP with our high-speed C-AFM methodology.
Towards this purpose, bulk BP was sourced from the company 2D Semiconductors,
and few-layer thick BP flakes were exfoliated in air on Au covered Si/SiO2 substrates
following the same methodology as described in Section 2.3. However, considering the
fact that BP degrades rapidly under ambient conditions, the C-AFM measurements
were performed under dry N2 environment to slow down the degradation. Neverthe-
less, such flow of N2 does not completely rule out the presence of some air inside the
AFM chamber.

BP has an orthorhomic crystal structure with a puckered honeycomb lattice as
shown in Fig. 3.3(a) and (b). The puckered structure incorporates mechanical and
electronic anisotropy into the BP lattice. Similar to the 2D TMDs, BP has strong
in-plane bonds among the atoms and weak van der Waals bonds between the layers.
A current map recorded on BP via C-AFM under N2 flow is shown in Fig. 3.3(c).
The current map features alternate columns of crests and troughs in the form of
current maxima and minima. The current map also features two defective locations.
The corresponding FT shown in Fig. 3.3(d) confirms that we are able to image
the top-most phosphorus atoms of the puckered BP lattice highlighted as dark blue
spheres in the atomic models in Fig. 3.3(a) and (b). It is also worth noting that we
were able to image atomic-scale crystal structure of BP within the relatively short
period of time (roughly 3 hours) before it degrades. Since BP is hydrophillic [31], our
results demonstrate that we are able to image both hydrophobic (e.g. HOPG) and
hydrophicllic 2D material surfaces with our C-AFM methodology.

3.4 Two-Dimensional Semimetal

Group-10 noble transition metal chalcogenides (NTMDCs) have recently attracted
particular attention because of their electronic properties such as carrier mobility in
the intermediate regime between metals and semiconductors; they are thus regarded
as semimetals [35]. Their electronic properties are widely tunable comparted to TMD
semiconductors and they exhibit excellent air stability. They have stimulated appli-
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Figure 3.2: (a) Atomic model of the WS2 (001) surface. (b) Current image recorded on
WS2 via C-AFM under ambient conditions showing the atomic level crystal structure.
(c) The FT of the current map in (b) that corresponds to an average periodicity of
3.1 Å.

cations in the fields of electronics, optoelectronics, catalysis, sensors etc. As such,
investigating these materials at the atomic scale holds crucial scientific importance.
One material from this category that is widely studied is PtSe2. For instance, Zheng
et al. studied various types of point defects of the 1T-PtSe2 and their corresponding
local density of states via STM under UHV environment and at a temperature of 77
K [36]. Wang et al. studied the atomic-structure of an epitaxially-grown monolayer
PtSe2 on Pt(111) [37]. Tong et al. also employed low temperature STM to study
the atomic structure of PtSe2 grown via an alternative approach, in particular, via
direct selenization of Pt(111) by liquid phase immersion in a Na2Se solution, followed
by annealing under UHV. They observed that depending on variations in anneal-
ing treatment, the PtSe2 film can undergo different types of phase transition on the
atomic-scale [38]. These reports suggest that true atomic-resolution imaging of PtSe2
via C-AFM could prove the applicability of the method for not only cutting-edge
electronic materials research but also understanding and/or fine-tuning bottom-up
synthesis of this material. Motivated as such, we imaged few-layers-thick samples
of PtSe2 via C-AFM with atomic-resolution under ambient conditions. Towards this
purpose, bulk PtSe2 was sourced from the company 2D Semiconductors. Few-layer-
thick PtSe2 flakes were exfoliated on Au covered Si/SiO2 substrates following the
same methodology described in Section 2.3. It is worth noting that while monolayer
PtSe2 is semiconducting, few-layer PtSe2 is semimetal in nature. Fig. 3.4(a) shows
an atomic model of 1T-PtSe2 (001) surface that has a lattice periodicity of 3.7 Å. A
current image recorded on PtSe2 via C-AFM under ambient conditions is shown in
Fig. 3.4(b). Considering only one contrast in the form of current maxima is apparent
in the current image, we conclude that in this image we most likely observe the top
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Figure 3.3: (a) Atomic model of the black phosphorus (BP) (001) surface. (b) Iso-
metric projection of the puckered crystal structure of BP. (c) Current image recorded
on BP via C-AFM under N2 flow that was initiated after the sample was inserted
inside the AFM chamber, following the exfoliation in air. The current image shows
alternate columns of crests and troughs in the form of current maxima and minima.
Two defective regions, at the edges of the image, are also observed. (d) The corre-
sponding FT of the current map shown in (c). The periodicities calculated from the
FT verify that the current map captures the atomic arrangement of the top most
phosphorus atoms of the puckered BP lattice as represented by the dark blue spheres
in the atomic models (a) and (b).
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Figure 3.4: (a) Atomic model of the PtSe2 (001) surface. (b) Current image recorded
on PtSe2 via C-AFM under ambient conditions showing the atomic-scale crystal struc-
ture. (c) The FT of the current map in (b) that corresponds to an average periodicity
of 3.5 Å.

Se atoms of the PtSe2 crystal. The corresponding FT of the current image is shown
in Fig. 3.4(c) which suggests that we have ∼5% discrepancy between the measured
and expected periodicity. As mentioned earlier, this discrepancy can be caused by
thermal drift, piezo creep, tip asymmetry etc.

3.5 Metal

Successfully imaging close-packed metal surfaces and related surface reconstruc-
tions would strengthen the argument for C-AFM as an ideal tool for atomic-resolution
imaging, as the imaging of such surfaces is challenging via methods such as NC-AFM,
even under well-controlled UHV conditions [39]. As such, we aim to image a proto-
typical metal surface, Au(111), which is of particular interest in surface science due
to its potential in catalysis and other applications [40]. The Au(111) surface has
been extensively studied via both STM and NC-AFM. An STM study performed by
Smith et al. first revealed the atomic structure of Au(111) [41]. Later on, the work of
Barth et al. revealed the herringbone reconstruction of the Au(111) surface via STM
[42]. The interaction of Au(111) with molecules has also been extensively studied. In
particular, deposition of a variety of self-assembled monolayers on Au(111) have been
investigated via SPM with high spatial resolution [43–45].

To perform the C-AFM measurements, we utilized commercially available ultra-
flat Au films deposited on silicon (Platypus Technologies). Silver paint was applied
to bridge the Au film with the conductive specimen holder. It is worth noting that
compared to the 2D materials imaged so far in Chapters 2 and 3, the Au surface
has a much higher degree of roughness. For instance, a topographic image recorded
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Figure 3.5: (a) A micron-scale topographic image recorded on the Au(111) surface
showing the rough and grainy structure of the surface. The root mean square (RMS)
roughness of the area highlighted by the blue rectangle is ∼6 Å. (b) Line profile drawn
along the direction A shown in (a) by blue arrow. The cyan arrows point towards
accumulation of contamination on the Au(111) surface upon extended exposure to
ambient conditions.

Figure 3.6: (a) Atomic model of the Au(111) surface.(b) Current image recorded on
Au via C-AFM under ambient conditions showing the atomic level crystal structure.
(c) The FT of the current map shown in (b) that corresponds to an average periodicity
of 2.8 Å.
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Figure 3.7: (a) A relatively large scale topography map recorded on the Au(111)
surface showing stripe-like features. (b) Line profile drawn along the direction A
shown in (a). The line profile assigns a height of ∼1 Å to the stripe-like features
in (a). (c) The corresponding current map recorded simultaneously with (a). The
current map also exhibit similar features as that of (a) but with better resolution.

on Au(111) surface is shown in Fig. 3.5(a) that shows the rough and grainy nature
of the surface. The area highlighted by the blue rectangle features a root mean
square (RMS) roughness value of ∼6 Å. Additionally, a line profile drawn along the
blue arrow A as shown in Fig. 3.5(b) reveals the highly corrugated nature of the
Au surface. It is also worth noting that the bright features highlighted by cyan
arrows in Fig. 3.5(a) most likely represent accumulated contamination on the Au
surface due to extended atmospheric exposure [46]. An atomic model of the Au(111)
surface is shown in Fig. 3.6(a). An atomic-resolution current image recorded on
the Au(111) via C-AFM under ambient conditions is shown in 3.6(b) that exhibit a
homogeneous conductivity landscape. The corresponding FT of the current image is
shown in Fig. 3.6(c) verifying good agreement between the measured and expected
lattice periodicities. The absence of the herringbone reconstruction of Au(111) in
Fig. 3.6(b) can mean that the vertical resolution of our system in that particular
measurement was not good enough to capture those subtle surface features. On the
other hand, when we image a relatively large area in another experimental run, we
see some interesting features. For instance, the ∼60 × 60 nm topographic image
of Au(111) shown in Fig. 3.7(a) exhibits some stripe-like features. A line profile
drawn along the direction A as shown in Fig. 3.7(b) shows that the height of the
stripe-like features is ∼1 Å which rules out the potential origin of these features as
atomic step edges. On the other hand, the corresponding current map shown in Fig.
3.7(c) exhibits these features but with much higher resolution. There is a discrepancy
between the measured corrugations in our work (∼1 Å) and those from UHV-STM
experiments (∼0.3 Å) in the literature [47]. This discrepancy may arise from the
fact that STM images are convolutions of topography and electronic effects; which
we don’t have in our topography channel in C-AFM. Following such comparison,
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we tentatively assign these features to the herringbone reconstruction, although a
definitive conclusion would require the collection of more data.

3.6 Conclusions

In this Chapter, we have demonstrated that high-speed C-AFM scanning can re-
solve the atomic-scale crystal structure of a variety of conductive material surfaces,
directly under ambient conditions. Results reported in this chapter further demon-
strate that high-speed C-AFM is capable of imaging not only hydrophillic and hy-
drophobic surfaces, but also atomically flat (e.g. TMDs) as well as grainy, rough (e.g.
Au) surfaces with atomic-resolution. The capabilities outlined in this Chapter lead
to promising avenues for studying the effects of defects on the surface conductivity
landscape and dynamic surface changes of scientifically and technologically important
materials, directly under ambient conditions.
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Chapter 4

Atomically-Resolved Defects and
Disorder

4.1 Introduction

Atomic-scale defects play a crucial role in a multitude of scientific fields. For exam-
ple, channel length of most modern semiconductor devices is only a few nanometers
wide. The presence of defects in the semiconductor crystals used in these devices can
drastically alter carrier mobility, carrier lifetime etc. and thereby, affect the device
performance to a great extent [1, 2]. Point defects present in semiconductor crystals
can act as scattering source or trap charges, and result in lower than expected carrier
mobility. On the other hand, defects present in the substrate can heavily influence
growth of crystals or thin films by acting as nucleation sites [3, 4]. Furthermore,
a great amount of scientific efforts have been dedicated towards bottom-up synthe-
sis of different types of 2D materials. Defects such as vacancies or impurity atoms
in these 2D crystals can act as acceptors or donors and affect the applications for
which these crystals are being developed [5]. In fact, due to the electron transport
confinement in 2D, the electronic structure of defects in 2D materials play a much
more pronounced role compared to their bulk counterpart. Moreover, knowledge of
defect distribution and role can provide important insights to synthesize materials
with tailored defect configuration by way of “defect engineering”. Therefore, it is
of utmost importance to study the quality of these materials in terms of identifying
defects and associated characteristics such as their density as well as the extent of
their influence on the electronic landscape. As such, one of the major applications of
atomic-resolution imaging is to study atomic-scale defects and disorder. Motivated in
this fashion, in this chapter we demonstrate the imaging of a variety of atomic-scale
defects on different types of material surfaces via high-speed C-AFM scanning under
ambient conditions. Going beyond imaging, we also demonstrate the capability of in
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situ electronic i.e. charge state manipulation of defects on MoS2.

4.2 A Variety of Defects on Different TMD

Surfaces

At first, we focused on imaging defects on MoS2 which is the most widely stud-
ied TMD for its promising applications in electronics and optoelectronics. We have
already presented images showing defects such as single S vacancies and clusters of S
vacancies on MoS2 in Chapter 2 (see Fig. 2.6(c) and (d)). Here, we report additional
types of defects on MoS2 as summarized in Fig. 4.1. In particular, Fig. 4.1(a) shows
an atomically resolved large-scale (23.75 × 23.75 nm2) current image on MoS2 that
exhibits concentrated dark defects (indicated by the blue arrow) as well as diffuse,
large-area bright (indicated by pink and white arrows) and dark defects (indicated by
the green arrow) that extend over a few nanometers. The contrast seen in such cur-
rent maps can be associated with localized variations in the density of states (DOS)
and/or charged regions [6–8]. This image additionally demonstrates that we are rou-
tinely able to image areas of several 100 nm2 with atomic resolution, a feat that is
challenging to perform with methods such as NC-AFM. An enlargement on the type
of defects indicated by the blue arrow in Fig. 4.1(a) reveals multiple atomic vacancies
(similar to the case in 2.6(c)). Fig. 4.1(b) shows an enlarged image on the diffuse
defects in Fig. 4.1(a). The uninterrupted continuation of the lattice structure over
these extended defects indicates that their physical origin likely lies in the subsurface
region: e.g., in the form of subsurface Mo vacancies or substitutionals [9]. We also
observe individual faint dark spots, as highlighted by the pink dashed circle in Fig.
4.1(c), in contrast to regular dark spots highlighted by the blue dashed circle. Due to
the fact that these defects are concentrated to single atomic sites but provide a rela-
tively weaker contrast in current, we attribute them to subsurface S vacancies [9, 10],
demonstrating that our approach can detect minute disturbances in the atomic struc-
ture, even below the surface. Finally, another extended type of defect is shown in
4.1(d) with a lateral span of ∼6 nm. This defect features a bright region surrounded
by a dark region, corresponding to enhanced and attenuated conductivities, respec-
tively. These may be caused by local charging due to defects in the subsurface or
generated during imaging due to local band bending by Coulomb repulsion [11]. It
is crucial to note that all defects observed here on MoS2 were imaged earlier with
STM, under UHV conditions [11]. Our results, which provide comparable images,
now prove that it is indeed possible to conduct atomic-resolution studies of defects
in a 2D semiconductor such as MoS2 simply by employing C-AFM under ambient
conditions.

We are also able to image different types of defects on other TMD surfaces as
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Figure 4.1: Imaging of different types of defects on MoS2 (001) under ambient condi-
tions via C-AFM. (a) Current image featuring dark, concentrated defects (blue arrow)
as well as diffuse, large-area bright (pink and white arrows) and dark (green arrow)
defects. (b) Enlarged current image on the diffuse defects in (a). (c) Current image
exhibiting a faint, atomic-scale dark defect (pink circle) and a regular, atomic- scale
dark defect (blue circle). (d) Current image showing an extended defect, with a cen-
tral, bright region (enhanced conductivity) surrounded by a dark region (attenuated
conductivity). All images were obtained with an applied normal load of 0.0 nN and
at a scanning frequency of 15.62 Hz. Bias voltages: (a) 1.8 V; (b) 1.8 V; (c) 0.7 V;
(d) 0.9 V.
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Figure 4.2: Imaging defects on different TMDs.(a) Current image recorded on WSe2,
a 2D TMD semiconductor, showing a diffuse bright defect overlaid on a continuous
atomic lattice. (b) Current image recorded on WS2, another 2D TMD semiconductor,
showing a single top surface S vacancy (white arrow). (c) Current image recorded
on PtSe2, a 2D TMD semimetal, showing several atomic-scale defects (white arrows)
and frequent contrast changes. All images were obtained with an applied normal load
of 0.0 nN and at a scanning frequency of 15.62 Hz. Bias voltages: (a) -1.8 V; (b) -1.8
V; (c) -0.014 V.

summarized in Fig. 4.2. In particular, Fig.4.2(a) shows a current image recorded on
WSe2 (001), exhibiting a diffuse bright defect superimposed on a continuous atomic
lattice similar to the diffuse defects imaged on MoS2 (see Fig. 4.1(b)). Fig. 4.2(b)
shows a current image recorded on WS2 (001). Along with the atomically-resolved
crystal structure, this image captures a single S vacancy on the top surface, in the
form of a confined dark spot as indicated by the white arrow. Finally, Fig. 4.2(C)
shows a current image recorded on PtSe2 (001), where the atomic surface structure
together with several atomic-scale defects (indicated by white arrows) can be resolved.
Much like early NC-AFM images recorded on Si (111)-7 × 7 [12], this image features
frequent changes in contrast that can be attributed to minute alterations in the tip
apex that occur during scanning: e.g., by transfer of atoms or molecules to/from the
sample surface [13].

4.3 Charge State Manipulation

Going beyond imaging, we also investigated the capability of our method to elec-
tronically manipulate defects under ambient conditions. In particular, Fig. 4.3(a)
shows a current image of MoS2 with two extended defects that exhibit higher con-
ductivity than their surroundings. Magnified images on the defects allow their study
with high spatial resolution (Fig. 4.3(b)). By performing current vs voltage (I–V )
sweeping for multiple cycles (Fig. 4.3(c)), we found an emerging peak in the I–V
curves at a bias voltage of about -1.7 V, which is first attenuated and then re-emerges
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during the I–V cycles. This is accompanied by a side peak appearing between -1.1
and -1.5 V. After the I–V sweeps, the high-conductivity region associated with the
defect disappears, in favor of a low-conductivity region (see Fig. 4.3(d) and (e), to be
compared with Fig. 4.3(a) and (b)). The possibility of surface contamination can be
ruled out, as roughness fluctuations are not observed in the corresponding topography
images (Fig. 4.3(f-i)). The negative differential resistance in Fig. 4.3(c), characterized
by a decrease in current with increasing voltage, may be related to localized surface
charging/discharging behavior. According to the passive sign convention, more elec-
trons may flow out of the defect location, indicating a pre-existing negatively charged
region. After I–V sweeping, more positive charge will accumulate in the region to
compensate the nonuniform charge states, which may explain the slightly lower cur-
rent detected on the defect location after the I–V sweeps (Fig. 4.3(e)). The modified
charge state of the defective location showed stability by exhibiting the same struc-
ture for at least 8 minutes. As such, we refer to such manipulation of charge state
as irreversible manipulation. These experiments demonstrate that our method may
provide a feasible strategy for localized manipulation/elimination of electrical surface
defects on 2D materials under ambient conditions.

As opposed to the irreversible manipulation of charge state associated with defects
described above, some manipulation attempts showed a reversible effect as summa-
rized in Fig. 4.4. In particular, the current image in Fig. 4.4(a) shows a defect
structure on MoS2 in the form of a paired halo. To manipulate the defect structure,
I–V sweeping was performed (Fig. 4.4(b)) on the location indicated by the red dot in
Fig. 4.4(a). The comparison of the first I–V curve with the following ones indicates
the occurrence of charge compensation. This is based on the observation that the
first I-V curve features flow of current in the bias regime ∼-0.5 to -1V, but no flow of
current is observed in this bias regime for the second and third I-V curves. One pos-
sible explanation can be that the defective area had pre-existing charge. During the
first I-V curve it accumulated opposite charge to become neutral, and that’s why in
that bias regime we do not observe flow of current for the second and third I-V curves
again. This observation is also in agreement with the current image recorded after
the I–V sweeps as shown in Fig. 4.4(c) where we can see that the charge state associ-
ated with the defect structure has almost disappeared and appears neutral. However,
following a series of current images obtained by way of continued scanning (as shown
in Fig. 4.4(d-h)), the original charge state associated with the defect structure re-
emerges. Due to presence of thermal drift, the area of scanning was adjusted in Fig.
4.4(g), then again in Fig. 4.4(h) so that the defect structure is within the imaging
frame. Such reversible manipulation of defect structures suggests the involvement
of temporal charge migration mechanisms, the fundamental understanding of which
would nevertheless require further experiments and theoretical modeling.
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Figure 4.3: Electronic manipulation of a defect on MoS2 via C-AFM under ambient
conditions. (a) Large-scale current image showing two defects. (b) Enlarged current
image on the defect highlighted by the blue dashed square in (a). The defect features
enhanced conductivity compared to its surroundings. (c) I–V curves recorded on top
of the defect location marked with the red dot in (b). (d) Current image of area
(a) after the I–V sweeps. (e) Current image capturing the same defect in (b) after
the I–V sweeps. The defect now features a slightly lower conductivity compared to
its surroundings, with the uninterrupted atomic lattice overlaid on top of it. (f–i)
Corresponding topographic images for (a), (b), (d), and (e), respectively. All images
were obtained with an applied normal load of 0.0 nN and at a scanning speed 15.62
Hz. Bias voltages: (a) -1.0 V; (b) -1.3 V; (d) -0.8 V; (e) -0.8 V.

4.4 Imaging Disorder on HOPG

HOPG surfaces are highly crystalline, and generally have a low density of defects
such as vacancies, impurities etc. However, cleaving HOPG surfaces with an adhesive
tape to expose a fresh surface, generates different types of disorder on the surface
such as step-edges, ribbons etc. These disorders or discontinuities can act as active
sites (due to for example, dangling bonds) for dynamic surface processes such as
adsorption of molecules [14, 15] . As such, a number of SPM studies focused on the
electronic nature of these step edges and ribbons on HOPG [16, 17]. Motivated by
that, we employed our high-speed C-AFM imaging methodology to observe different
types of disorders or discontinuities on HOPG with high spatial resolution under
ambient conditions. In this context, Fig. 4.5(a) shows a topographic image recorded
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Figure 4.4: Reversible manipulation of a defect on MoS2. (a) Current image recorded
on MoS2 showing a defective area in the form of two halos. (b) I–V curves recorded
on top of the defect location marked with the red dot in (a). (c) Current image of area
(a) after the I–V sweeps. (d-h) A series of current images showing the gradual re-
emergence of the original defect structure. Due to noticeable thermal drift observed
between (d) to (f), the area of scanning was adjusted in (g), and then again in (h) to
have the defect structure within the imaging frame. All images were obtained with
an applied normal load of 0.0 nN and at a scanning speed 15.62 Hz. Bias voltages:
(a) -1.2 V; (c-f) -1.2 V; (g) -1.7 V; (h) -1.3 V.

on HOPG featuring very vaguely what appears to be another step-edge. A height
profile drawn along the arrow A in Fig. 4.5(a) corresponds to a height difference
in the range of 8-10 Å (Fig. 4.5(b)) which in turn refers to multiple HOPG atomic
steps. The corresponding current image shown in Fig. 4.5(c) reveals the structure
of the step-edge with atomic-resolution. It clearly shows multiple HOPG steps with
distinctly resolved boundaries.

Going one step further, we observe another type of disorder on the HOPG surface
as shown by the current image in Fig. 4.6(a). Along with the true atomically-resolved
crystal structure (highlighted by the simultaneous imaging of the three atomic sites
of HOPG crystal), this image also reveals another periodic feature, in particular a
“superstructure” on the atomic lattice. The corresponding FT shown in Fig. 4.6(b)
also confirms the presence of this periodic feature with a periodicity of ∼1.5 nm.
Similar periodic features have previously been reported on cleaved HOPG surfaces
imaged via STM [18–20]. Comparing our results with those reported in the literature,
we assign this superstructure to a Moiré pattern. This Moiré superlattice can be
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Figure 4.5: Imaging step-edge of HOPG. (a) Topographic image recorded on a cleaved
HOPG surface showing vaguely the presence of a step-edge. (b) Height profile
recorded along the arrow A in (a). The height profile shows a height difference
of ∼8-10 Å. (c) The corresponding current image reveals more details of the step-
edge with well-defined boundaries, showing potentially multiple graphite layers torn
during the cleaving process. Scanning speed: 15.62 Hz. Bias voltages: (c) 0.01 V.

Figure 4.6: Superstructure imaged on HOPG. (a) Current image recorded on cleaved
HOPG surface revealing the presence of a superstructure along with the atomically-
resolved crystal structure. (b) The corresponding FT of the current image in (a). The
bright spots highlighted by cyan circles represent the superstructure with a periodicity
of ∼1.5 nm. Scanning speed: 15.62 Hz. Bias voltages: (a) 0.013 V.
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created due to misorientation of the top layer of HOPG with respect to the underlying
layer induced by the cleaving process [19, 20]. The periodicity of Moiré superlattice
is given by the following equation.

D =
a0

2sin θ
2

(4.1)

where a0 is the crystal lattice constant, in this case of HOPG i.e. 0.246 nm, θ
is misalignment angle, D is the Moiré periodicity. By plugging the experimentally
determined Moiré periodicity of 1.5 nm in to Equation 4.1, we find a misalignment
angle between the top and underlying HOPG layer of ∼9.4°.

4.5 Conclusions

The study of atomic-scale defects and disorder of material surfaces so far have
been heavily dependent upon UHV operated SPM or electron microscopy techniques.
The results presented in this chapter clearly demonstrate that the high speed C-
AFM scanning possesses huge potential to be employed to study variety of surface
defects, discontinuities and disorders directly under ambient conditions with atomic-
level spatial resolution, that too in a cost-effective, straightforward way.
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Chapter 5

Atomically-Resolved Study of Thin
Crystals of a Transition Metal
Carbide (MXene): α–Mo2C

5.1 Introduction

Thin transition metal carbides (TMCs), a member of the growing family of MX-
enes, garnered significant attention in recent years due to their attractive combination
of mechanical and electrical properties with chemical and thermal stability. On the
other hand, a complete picture of how defects affect the physical properties and ap-
plication potential of this emerging class of materials, is lacking. In this chapter,
we present an atomic-resolution study of defects on thin crystals of molybdenum
carbide (α–Mo2C) grown via chemical vapor deposition (CVD), by way of C-AFM
measurements under ambient conditions. Defects are characterized based on the type
(enhancement / attenuation) and spatial extent (compact / extended) of the effect
they have on the conductivity landscape of the crystal surfaces. Additionally, we
report on our observation of an exotic electronic effect: room-temperature charge or-
dering on the surface conductivity landscape of α–Mo2C, with signatures of rotational
symmetry breaking with respect to the underlying atomic lattice.

5.2 Thin Crystals of CVD-Grown α–Mo2C

While traditionally used in bulk form as cutting tools and refractory structural
materials thanks to their exceptional hardness and thermal resistance [1], transition
metal carbides and nitrides in nanoscale form (from a single layer up to a few tens
of nanometer, collectively referred to as MXenes) have been the focus of accelerat-
ing research over the past decade [2]. This intense interest arises from a favorable
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combination of physical properties and chemical as well as thermal resistance, which
results in exceptional potential for applications ranging from energy storage [3] and
electromagnetic shielding [4], all the way to catalysis [5] and next-generation electron-
ics [6]. While the great majority of the scientific effort so far has been directed at the
first-discovered MXene, Ti3C2 [7], the family of materials includes tens of different
members, which presents opportunities for various applications. In particular, the al-
pha phase of molybdenum carbide (α–Mo2C) in thin form exhibits exciting electronic
properties including thickness-dependent critical temperatures for superconductivity
[8], as well as negative magnetoresistance [9]. Remarkably, using CVD approaches, it
is possible to grow thin crystals of α–Mo2C (with lateral sizes on the order of 10 µm,
and down to thicknesses of a few up to a few tens of nm) with clean surfaces that are
devoid of issues related to the presence of functional groups and fluorination that are
common with wet-chemistry-etched MXenes [8, 10]. This presents an opportunity to
experimentally investigate the intrinsic structure and properties of the bare α–Mo2C
surface.

An important question involving MXenes in general, and α–Mo2C in particular,
revolves around surface defects. In particular, the formation of an atomic-scale un-
derstanding of the types and densities of defects present at or near thin α–Mo2C
crystal surfaces, as well as their effect on the electronic surface landscape, is crucial
for engineering materials toward tailored applications. Despite this point, the lit-
erature includes only a limited number of experimental [11–13] and computational
[14] studies of defects on α–Mo2C. As the focus of the experimental work has mostly
been superconductivity, experiments (based on STM) have been typically performed
under pristine conditions of ultrahigh vacuum and low temperature. On the other
hand, no atomic-resolution imaging has been performed under ambient conditions,
for which the majority of potential applications would be designed. The high-speed
C-AFM under ambient conditions approach discussed in earlier chapters is suited well
to achieve this goal.

Motivated as above, we present here an experimental study aimed at investigat-
ing defects on the (100 ) surface of thin α–Mo2C crystals. Towards this purpose,
the thin crystals of α–Mo2C were synthesized via CVD on copper foils by the group
of Prof. Goknur Cambaz Buke at the TOBB University of Economics and Technol-
ogy, supported by the Air Force Office of Scientific Research under Award Numbers
FA9550-19-1-7048 and FA9550-22-1-0358. Atomic-resolution C-AFM measurements
(following the same methodology described in Section 2.3) reveal different types of
“compact” defects that either attenuate or enhance the local conductivity, up to lat-
eral spans of a few nm. Extended defects, hypothesized to be dislocations, are also
imaged with detail. Furthermore, we also observe a periodic modulation of charge in
the surface conductivity landscape that does not follow the rotational symmetry of
the underlying the lattice. Details associated with these observations are provided in
the rest of the Chapter.
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5.3 Atomically-Resolved Structure of α–Mo2C

A representative topographic image of an α–Mo2C crystal, recorded via tapping-
mode AFM is shown in Fig. 5.1(a). The crystal in this image laterally extends
∼10-15 µm, with a thickness of ∼20 nm. Fig. 5.1(b) shows the phase image that is
simultaneously recorded with the topography map in Fig. 5.1(a) during imaging. As
opposed to the topographic image, the phase image reveals two different contrasts on
top of the α–Mo2C crystal labeled as I and II, indicative of materials with different
mechanical properties [15]. Previous studies in the literature report that during the
CVD-based synthesis of α–Mo2C, graphene layers can grow on the crystal surfaces
[16, 17]. Consequently, our initial hypothesis is that the α–Mo2C crystal shown in
Fig. 5.1 is partially covered by graphene. To further investigate this idea, Fig. 5.1(c)
presents the topography of a smaller area on the crystal surface (highlighted by white
rectangle in Fig. 5.1(b)) which includes both Regions I and II. Studying Fig. 5.1(c),
one can observe that (i) II appears to be draped over I and (ii) I features well-resolved
terraces separated by steps. The height difference between I and II, as measured via
profile A in Fig. 5.1(d), is ∼8 Å which can be assigned to monolayer graphene
[18]. On the other hand, the height difference across a step within I as indicated
by profile B in Fig. 5.1(d) is ∼5 Å which is reasonably close to the lattice constant
of 4.75 Å, corresponding to the height of one unit cell of α–Mo2C crystal along the
[100] direction, indicative of terraces separated by single steps. It should be noted
that Fig. 5.1(c) also reveals a regular topographic undulation on material II, with
ripples of height ∼5 Å separated by ∼45 nm. While one could tentatively assign the
formation of these ripples to thermal-relaxation-induced strain during cool-down of
crystals [19], we do not further investigate this observation here as the focus of the
current work is on the bare α–Mo2C surface.

Following the large-scale analysis of the α–Mo2C crystals above, we turn our
attention to the atomic-resolution imaging of the bare crystal surfaces, in the form
of small-scale (about 10 nm × 10 nm) current maps recorded via C-AFM under
ambient conditions. A representative, atomically-resolved image of the crystal surface
is provided in Fig. 5.2(a), with an average periodicity of ∼2.2 Å as determined by
the corresponding FT (Fig. 5.2(b)). The image is characterized by the presence of
hexagonal features of high current, with well-defined current minima at their centers.
A superposed current contrast on the hexagonal lattice with larger periodicity than
the atomic-scale hexagons is also detectable, which we will study further in one of the
later sections. α–Mo2C has an orthorhombic crystal structure where the Mo atoms
are positioned in a slightly distorted hexagonal close-packed arrangement and the C
atoms occupy octahedral voids of the Mo lattice on the (100) surface (see Fig. 5.2(c)
for an atomic model) [8]. The 2.2 Å periodicity observed in Fig. 5.2(a) matches well
with the interatomic distance of the Mo-terminated surface (whereby every other
Mo atom is on the surface plane and the rest are below), which also corresponds
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Figure 5.1: Large-scale AFM imaging of an α–Mo2C crystal. (a) A large-scale to-
pographical image acquired on a α–Mo2C crystal on copper foil. (b) Phase image
acquired simultaneously with the topographical image in (a). Two regions with dis-
tinct phase contrast are visible on the surface, indicative of different materials (I and
II). (c) A zoomed-in topographical image on the region highlighted in (b), showing
material II is “draped” over material I. (d) Height profiles recorded along the arrows
A and B in (c). The profile along A shows a height difference of ∼8 Å between ma-
terials I and II, consistent with a monolayer of graphene. The profile along B shows
two terraces separated by a step of height ∼5 Å on I, consistent with a single unit
cell of α–Mo2C.
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Figure 5.2: Atomic-resolution imaging of the α–Mo2C (100) surface under ambient
conditions via C-AFM. (a) Current map recorded on top of the α–Mo2C crystal via
C-AFM under ambient conditions by focusing on a small area similar to the one
represented by the blue circle in 5.1(a). (b) FT corresponding to the current map
shown in (a). The bright spots highlighted by white circles represent the lattice
structure of α–Mo2C (100) with a periodicity of ∼2.2 Å. (d) Atomic model of the
α–Mo2C (100) surface. All images were obtained with an applied normal load of 0.0
nN, and at a scanning frequency of 15.62 Hz. Bias voltages: (a) 0.01 V.

to the lateral distance between C atoms. The recorded periodicity is also close to
the value reported in the literature obtained via a transmission electron microscopy
(TEM) study [20]. It should however be noted that different studies in the literature
have reported different lattice periodicities for the Mo-terminated surface of α–Mo2C,
ranging for 2.3 to 3.4 Å [11, 17, 20]. This variation can be caused by the presence
of different amounts of strain in the crystal, incorporated during synthesis of the
material [11, 21]. On the other hand, in our C-AFM work, we routinely observe a
lattice periodicity of 2.2 Å. While it is not possible from this analysis to definitively
assign features in our C-AFM images to specific lattice sites, a plausible hypothesis
could be that Mo atoms on the surface lead to the recording of current maxima in
the form of hexagons.
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5.4 Imaging A Variety of Defects on α–Mo2C

Following the analysis of lattice structure above, we explored different types of
defects on the α–Mo2C surface and their effect on the conductivity landscape. Our
atomic-resolution measurements routinely revealed the presence of various defects on
the crystal surfaces, as exemplified by the large-scale (100 nm × 100 nm) current
image provided in Fig. 5.3(a). Defects observed in this image can be distinguished
based on the “sign” of their effect on local conductivity (in terms of whether they
lead to an increase or decrease in current recorded by the C-AFM probe) as well as
their lateral extent. With respect to the first point, we observe two types of defects
on the crystal surface: bright and dark (leading to an increase or decrease in local
conductivity, respectively). Another observation is that while some of these defects
are “compact” in nature as highlighted by maroon and green circles (for bright and
dark defects, respectively), some defects are “elongated/extended” in one direction
as highlighted by the cyan ovals. The zoomed-in current image in Fig. 5.3(b) allows
us to evaluate compact defects based on the effect of their lateral extent on surface
conductivity. In particular, it is seen that the electronic modulation induced by the
compact defects extend over a few nm, up to 5 nm. It should be noted that large-scale
current images such as the one presented in 5.3(a) allow to calculate a defect density on
the order of 1011 cm−2 for the α–Mo2C surface, which is comparable to what has been
reported for TMDs in the literature [22]. Of particular importance is the complete
absence of these defects in the topographical images that are simultaneously recorded
with the current data (see the corresponding topographical maps in Fig. 5.3(b)
and (d)). Based on the fact that C-AFM records topography and current channels
independently (as opposed to STM, which provides images that are a convolution
of topographical and electronic effects [23]), our observation highlights the electronic
nature of the observed defects and eliminates the possibility that the origins of the
defects are contaminants / adsorbates on the crystal surfaces.

Following the overview investigation of defects on the α–Mo2C (100) surface pro-
vided in Fig. 5.3, we explored the effects of different types of defects on the conduc-
tivity landscape with atomic resolution. Specifically, Fig. 5.4 provides a closer look
at the compact defects. Along with the atomically-resolved crystal structure of α–
Mo2C (100) (similar to the image provided in Fig. 5.2(a)), Fig. 5.4(a) shows several
compact defects with bright contrast, indicating increased local conductivity. Fig.
5.4(b) shows another, smaller current map that captures two compact bright defects.
The continuity of the underlying atomic lattice appears to be broken on and near the
bright defects indicated by the disturbed symmetry of the lattice in the current map.
A similar observation was made before for certain point defects on WS2, which led
to patterns observed in the current channel that are significantly different from the
structure of the regular continued lattice [22]. Fig. 5.4(c) shows a defect on the crystal
that manifests as dark contrast, i.e. a reduction in local conductivity. In contrast to
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Figure 5.3: Imaging defects on α–Mo2C under ambient conditions via C-AFM. (a)
Current image showing different types of defects on α–Mo2C, featuring relatively
“compact” bright (maroon circles) and dark (green circles) defects, as well as elon-
gated (cyan ovals) bright and dark defects. (b) The corresponding topographic image
for the current map in (a) that shows no sign of the defects. (c) Zoomed-in current
image on the compact defects reveal that they laterally extend ∼2-5 nm. (d) The
corresponding topographic image for the current image shown in (c). All images were
obtained with an applied normal load of 0.0 nN, and at a scanning frequency of 15.62
Hz. Bias voltages: (a) 0.5 V, (c) 0.7 V.
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Figure 5.4: Atomic-resolution imaging of compact defects on α–Mo2C under ambient
conditions via C-AFM. (a) Current image showing the atomically-resolved surface
structure along with multiple, compact bright defects. (b) A smaller current image
featuring two compact bright defects. Note that the symmetry of the lattice appears
to be disturbed near the defects. (c) Current image showing a compact, dark defect.
Unlike the bright defects in (a) and (b), the lattice structure is uninterrupted over
the dark, defective area. All images were obtained with an applied normal load of 0.0
nN, and at a scanning frequency of 15.62 Hz. Bias voltages: (a) 0.01 V, (b) 0.5 V,
(c) 0.2 V.

the disrupted lattice structure in the current map observed for bright defects, one can
observe here that the dark contrast associated with the defect is superimposed on the
uninterrupted lattice of α–Mo2C, suggesting that the origin of the defect most prob-
ably lies in the subsurface region. It is important to note here that the observation of
bright defects having a more pronounced effect on the conductivity landscape (both
in terms of modulation of current magnitude and also in terms of lattice continuity)
when compared with dark defects (which seem to have a more diffuse effect whereby
the atomic lattice of the surface appears as uninterrupted) highlighted by Fig. 4.4 is
a common characteristic of all measurements we performed on α–Mo2C.

Moving over from the study of compact defects, Fig. 5.5 provides a closer look
at two elongated defects with bright contrast. As opposed to the compact defects,
the elongated defects longitudinally extend ∼10-15 nm with a single preferred direc-
tion for the defect in Fig. 5.5(a) and two preferred directions for the one in Fig.
5.5(b). A closer look reveals certain characteristics: (i) the preferred directions for
elongated defects are aligned with the crystallographic directions of the underlying
lattice (indicated by blue and yellow dotted lines in Fig. 5.5, respectively) , (ii) the
“width” of the defects (perpendicular to the longitudinal axes) span several unit cells,
and (iii) “loops” are formed at the ends of the defects (resolved most clearly for the
defect in Fig. 5.5(a)). Based on these observations, we propose mixed dislocations (of
combined edge and screw character) and/or misfit dislocations [24] as the most likely
identity for the observed defects, whereby the longitudinal features correspond to
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Figure 5.5: Atomic-resolution imaging of elongated defects on α–Mo2C under ambient
conditions via C-AFM. (a) Current map recorded on α–Mo2C showing an elongated
bright defect that extends up to ∼11 nm. (b) Current map recorded on α–Mo2C
showing another elongated bright defect that extends up to ∼12 nm. Yellow dotted
lines indicate the crystallographic directions of symmetry of the underlying lattice,
whereas the blue dotted lines indicate the longitudinal directions of the defects. All
images were obtained with an applied normal load of 0.0 nN, and at a scanning speed
15.62 Hz. Bias voltages: (a) 0.2 V, (b) 0.5 V.

screw dislocations and the looped regions are characterized by edge dislocations that
thread out of the surface. Interestingly, while the majority of the elongated defects
seem to lead to enhanced local conductivity, the looped ends instead feature local
attenuation of conductivity (in accordance with STM work performed previously on
metal surfaces [24]), supporting the idea that the longitudinal parts and the looped
ends of the defect are of different character. Besides the compact and elongated de-
fects, we also observe another type of defect that is very confined, essentially confined
to a single atomic site as shown in Fig. 5.6. In this current image, we observe a highly
confined dark spot surrounded by enhanced charge density. Comparing this image
with similar types of defects reported in the literature on other material systems via
STM, we hypothesize that this defect can be a single Mo vacancy [25, 26]. Considering
that the presence of structural defects (including dislocations) is expected to influ-
ence, e.g., the thickness-dependent superconductive properties of α–Mo2C crystals
[27], local transport measurements such as those presented here have the potential to
lead the way to defect engineering studies targeted at tailored electronic properties.

We note here that the defects observed here are significantly different in size and
shape from those previously reported on α–Mo2C samples grown via CVD [11, 12,
8]. In particular, Zhang et al. observed, by way of STM measurements, rhomboid-
and triangular-shaped dark defects that were attributed to Mo vacancies, as well as
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Figure 5.6: Current image recorded on α–Mo2C, showing a concentrated dark defect
surrounded by enhanced charge density. Scanning speed 15.62 Hz. Bias voltage: 0.05
V.

compact bright defects that were attributed to Mo adatoms, by way of topographic
arguments (which are problematic for the interpretation of STM images which are
convolutions of topographical and electronic information) [11]. In contrast to our
observations, the defects reported in this particular work laterally extend ∼1 nm
or smaller. Another study performed by Geng et al. reported bright defects that
extend ∼5 nm and were attributed to Mo clusters on the crystal surfaces [21]. A
promising avenue to understand the origin of the defects observed in our experiments
is to perform ab initio calculations based on density functional theory, by way of
collaborations with experienced research groups.

5.5 Room Temperature Charge Ordering on

α–Mo2C

Atomic-resolution C-AFM imaging under ambient conditions also revealed a peri-
odic modulation (i.e., ordering) of charge, superimposed on the atomic lattice struc-
ture of α–Mo2C (Fig. 5.7(a)), in an area that includes two prominent defects. The
corresponding FT shown in Fig. 5.7(b) corroborates this observation, whereby the
bright spots highlighted by red circles (with a periodicity of ∼2.2 Å) represent the
atomic structure of the α–Mo2C surface, and the bright spots highlighted by green
circles represent the periodic charge modulation with a periodicity of ∼11.4 Å. Even
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Figure 5.7: Observation of room-temperature charge ordering on α–Mo2C via C-AFM.
(a) Current image recorded on α–Mo2C, showing periodic modulation of charge, along
with two defects. (b) The corresponding FT of the image shown in (a). The bright
spots highlighted by red circles represent the lattice structure of α–Mo2C with a
periodicity of ∼2.2 Å, while the bright spots highlighted by green circles represent
the charge modulation with a periodicity of ∼11.4 Å. (c) Another current image
recorded on α–Mo2C exhibiting charge ordering. (d) The corresponding FT of the
image shown in (c). The bright spots highlighted by red and green circles represent
lattice structure of α–Mo2C (periodicity ∼2.2 Å) and periodic modulation of charge
(periodicity ∼11.1 Å), respectively. (e) Enlarged current image of the area highlighted
by the white dotted square in (c), showing an ordering of charge superimposed on
the atomic surface lattice. All images were obtained with an applied normal load of
0.0 nN and at a scanning frequency of 15.62 Hz. Bias voltages: (a) 0.1 V; (c) 1.3 V;
(e) 1.3 V.
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more interestingly, the FT clearly shows the broken rotational symmetry between
these two periodicities with an angular difference of ∼13°. These results are supported
by additional measurements on the material surface that show charge ordering (Fig.
5.7(c), (e)), with the corresponding FT again showing two periodicities corresponding
to the lattice structure (∼2.2 Å) and charge modulation (∼11.1 Å), respectively, with
an angular difference of ∼ 12◦ between the two (Fig. 5.7(d)). At this point, the ques-
tion arises whether the superimposed modulations observed in the current maps can
be caused by Moiré patterns that involve out-of-plane undulations of the material
surface due to strain [11]. Unlike STM, the C-AFM method delivers two separate
channels of data for the recording of topography and current, and the absence of any
structural features in topography maps acquired simultaneously with the current data
here allows us to unambiguously assign the observed modulations in the current im-
ages to electronic, not structural, origins. The discovery of room-temperature charge
ordering in α–Mo2C is important not only from a fundamental point of view, as such
phenomena have been very rarely reported for other members of the 2D materials
family [28], but also from a technological perspective, as it may lead to the possibility
of exciting electronic device applications (e.g., for current switching) for MXenes.

5.6 Conclusions

In this chapter, we have presented atomic-resolution C-AFM experiments on the
(100) surface of thin α–Mo2C crystals grown via CVD, performed under ambient con-
ditions. Imaging revealed the atomic-scale lattice structure characterized by hexag-
onal features, and the presence of various defects that locally affect surface conduc-
tivity. Charge ordering in the form of an electronic superstructure has also been
observed, remarkably at room temperature. In general, it is projected that the local
information provided by C-AFM on how the presence of defects affects local conduc-
tivity can be combined with larger-scale transport measurements, with the eventual
goal of informing growth efforts for defect engineering toward tailored applications.
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Chapter 6

Summary and Future Prospects

Surfaces play crucial roles in a great number of scientifically and technologically
important fields, from friction, wear, corrosion; all the way to nanoscale electronic
devices. To probe surface related physics or to study surface mediated processes, we
need to have access to atomic-scale structure and properties of surfaces or in other
words, to be able to image surfaces with atomic-level spatial resolution. The tra-
ditional techniques that are capable of direct, real-space surface imaging with true
atomic resolution have some associated limitations. For example, they rely heavily
on environmental conditions and are typically operated under UHV, also sometimes
at low temperature which in turn makes these techniques expensive and exclusive.
As such, not a lot of researchers have access to these tools. More importantly, studies
performed under well controlled environments may not reveal relevant useful informa-
tion for great number of processes that actually occur under ambient conditions. To
fill this crucial gap, this thesis focused on true atomic-resolution imaging of surfaces
under ambient conditions following the method C-AFM.

In Chapter 2, we demonstrated that C-AFM is capable of true atomic-resolution
surface imaging under ambient conditions by resolving a single S vacancy on the
MoS2 surface. Subsequently, we gathered clues to understand the mechanism that
enables C-AFM to image surfaces with atomic resolution. In particular, we found that
scanning speed plays a crucial role such that atomic resolution is achieved only at high
speeds. On the contrary, scanning load did not have an appreciable effect on imaging.
Based on those clues, we hypothesized that during high-speed scanning the tip and the
sample may be separated by a nanoscopic water layer (accumulated under ambient
conditions) and tunneling may happen through this water layer. Alternatively, a
discrepancy between the physical and electrical tip-sample contact areas can also
explain the atomic-resolution C-AFM images. However, this hypothesis does not
explain the speed and load dependence trends.

In Chapter 3, we demonstrated that high-speed C-AFM scanning is capable of
imaging a variety of conductive material surfaces under ambient conditions. In par-



CHAPTER 6. SUMMARY AND FUTURE PROSPECTS 84

ticular, we reported atomic-resolution images for WSe2, WS2 as TMD semiconductors,
BP as an elemental semiconductor, PtSe2 as a TMD semimetal and finally Au as a
closed-packed metal surface.

In Chapter 4, we employed the high-speed C-AFM methodology to study different
types of defects on different types of material surfaces. Besides imaging defects on
the top surface, we were also able to detect minute, atomic-scale disturbances in the
subsurface. Going one-step further, we demonstrated the deliberate manipulation of
charge states associated with defects on MoS2.

Finally, in Chapter 5, we employed the high-speed C-AFM methodology to study
a member of the emerging material class of MXene, namely thin crystals of α–Mo2C.
Along with studying the atomically-resolved crystal structure, we explored a panoply
of defect structures on α–Mo2C. Furthermore, we observed room-temperature charge
ordering on the crystal surfaces.

A significant part of the results reported in this thesis have been recently published
in the form of a journal article [1].

Looking forward, the work presented in this thesis provides multi-dimensional
prospects for follow-up research. First of all, further studies need to be performed
to definitively understand the mechanism behind the true atomic-resolution imaging
capability of high-speed C-AFM. Within this context, humidity dependent imaging
can provide important insights. On the other hand, the methodology presented here
has huge potential to be employed in a variety of fields. Most importantly, it can be
employed to study atomic-scale structure and properties of any conductive material
surface, without the need for complicated vacuum equipment. It can additionally
provide valuable inputs toward “defect engineering” by revealing the origin and role
of a variety of defects and thus can help fine-tune/tailor the functionality of a given
material surface. Our method has huge potential to be employed to study dynamic
surface processes such as heterogeneous catalysis directly under ambient conditions.
Perhaps most importantly, the method presented in this thesis will allow many re-
searchers around the world to perform atomic-scale surface studies in a much less
costly and straightforward fashion when compared with conventional surface science
experiments.
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