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Abstract

Owing to its exceptional topographical resolution and electrical sensitivity, Conductive
Atomic Force Microscopy (C-AFM) has become an essential tool for nanoscale material
analysis. However, achieving reproducible data in C-AFM remains a challenge, primarily
due to the multitude of factors influencing the stability of the tip-sample contact. Among
these, tip degradation stands out as a particularly critical issue. To attain high
topographical resolution, C-AFM probes are designed with small tip radii, but this makes
them more susceptible to degradation. Such degradation primarily manifests in two
forms. Firstly, since C-AFM measurements are commonly performed in contact mode,
mechanical abrasion due to lateral frictions. Secondly, exposure to high current densities,
an inherent consequence of the small tip radii, can lead to partial or complete melting of
the probe's conductive coating. While the issue of mechanical abrasion has been mitigated
to some extent by performing C-AFM measurements in intermittent contact mode — a
recent advancement in the field — this thesis concentrates on developing strategies to
minimize tip degradation caused by high current densities. To ascertain the current status
quo, an in-depth analysis of the degradation dynamics of Pt/Ir-coated Si probes, currently
predominant in C-AFM applications, is conducted. In the course of this research, solid Pt
probes are examined as a promising alternative. While they exhibit a slightly lower
topographical resolution compared to Pt/Ir-coated probes, their superior endurance
through numerous scans and enhanced electrical durability are significant advantages.
Beyond utilizing more durable probes, another approach discussed in this thesis is the
active limitation of resulting currents, such as through software-based current limitation.
This technique allows for extended use of metal-coated probes (by approximately a factor
of 50, as detailed in Chapter 4.2.1), while also protecting the sample from current-induced
damage. However, it is noted that software-based current limitation does not achieve
absolute current limitation. A major contribution of this thesis is the introduction of a
novel current-limiting sample holder that achieves true current limitation. Unlike
software-based methods, this holder restricts currents in both sweep directions through
the integration of a MOSFET. This thesis not only deepens our understanding of probe
performance in C-AFM but also enhances the reliability and cost-effectiveness of C-AFM
studies. Additionally, it opens new avenues for application by providing the ability to

precisely control currents during measurements. This is particularly beneficial for
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analyzing sensitive samples, a need that is becoming increasingly critical with the trend

towards smaller device dimensions in recent technology developments.
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Resum

Degut de la seva excepcional resolucid topografica i sensibilitat electrica, la microscopia
de forca atomica conductora (C-AFM, per les seves sigles en anglés) s'ha convertit en una
eina essencial per a l'analisi de materials a escala nanomeétrica. Tanmateix, aconseguir
dades reproduibles en C-AFM continua sent un repte, principalment a causa de la multitud
de factors que influeixen en l'estabilitat del contacte punta-mostra. Entre aquests, la
degradacio de les puntes destaca com un tema especialment critic. Per aconseguir una alta
resolucio topografica, les puntes de C-AFM estan dissenyades amb radis molt petits, pero
aixo les fa més susceptibles a la degradacid. Aquesta degradacié es manifesta
principalment de dues formes. En primer lloc, com que les mesures amb C-AFM es
realitzen habitualment en mode contacte, 1’abrasié mecanica causa friccions laterals. En
segon lloc, I'exposicio a altes densitats de corrent, una consequéncia inherent dels petits
radis de punta, pot conduir a la fusié parcial o completa del recobriment conductor de la
sonda. Tot i que el problema de I'abrasié mecanica s'ha mitigat fins a cert punt mitjancant
la realitzacio de mesures C-AFM en mode de contacte intermitent, un avenc recent en el
camp, aquesta tesi se centra a desenvolupar estratégies per minimitzar la degradacio de la
punta causada per altes densitats de corrent. Per conéixer I'estat actual, realitzo una analisi
en profunditat de la dinamica de degradacio de les sondes de silici recobertes de plati, que
son les més comuns en les aplicacions C-AFM. En el transcurs d'aquesta investigacio,
examino sondes solides de plati com una alternativa prometedora. Tot i que presenten una
resolucié topografica lleugerament inferior en comparacié amb les sondes de silici
recobertes de plati, la seva resisténcia superior a través de nombroses exploracions i una
durabilitat electrica millorada son avantatges significatius. Més enlla d'utilitzar sondes
més duradores, un altre enfocament analitzat en aquesta tesi és la limitacié activa dels
corrents resultants, com ara mitjancant la limitacié de corrent basada en programari.
Aquesta técnica permet un Us prolongat de sondes de silici recobertes de metall
(incremental la vida atil en un factor al voltant de 50, tal com es detalla al capitol 4.2.1),
alhora que protegeix la mostra dels danys induits pel corrent. Tanmateix, cal assenyalar
que la limitaci6 actual basada en programari no aconsegueix limitar la corrent
perfectament. Una contribucié important d'aquesta tesi és la introduccié d'un nou suport
de mostres que aconsegueix limitar la corrent de forma gairebé ideal. A diferencia dels

meétodes basats en programari, aquest suport restringeix els corrents en ambdues
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direccions d'escombrat mitjancant la integracié d'un transistor. Aquesta tesi no nomes
aprofundeix en la nostra comprensio del rendiment de les puntes per a C-AFM, sind que
també millora la fiabilitat de les dades aconseguides mitjancant C-AFM. A mes, obre
noves vies d'aplicacié proporcionant la capacitat de controlar amb precisio els corrents
durant les mesures. Aixo és particularment beneficios per analitzar mostres sensibles, una
necessitat que és cada cop més critica amb la tendéncia a dimensions més petites dels

dispositius en els ultims desenvolupaments tecnologics.
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1 Introduction

1 Introduction

The Complementary Metal Oxide Semiconductor (CMOS) transistor - the predominant
type of electrical switches used in digital integrated circuit chips - has yielded continual
improvements in the performance and cost-per-function of electronic devices over the
past four decades (see Figure 1). Nowadays it represents the backbone of modern-day
electronics and plays a crucial role in powering a wide range of devices that are integral
to modern society, including laptops, smartphones, automobiles, and satellites amongst
many more, thereby impacting almost every facet of daily life [1]. As technologies such
as Artificial Intelligence (Al) [2], the Internet of Things (10T) [3], and 5G [4] continue to
advance and expand, the demand for increased numbers of transistors is anticipated to

persist in the coming years.
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Figure 1: Evolution of transistor pricing and sales volume over the years. Adapted
from [5], copyright IEEE Spectrum, 2022.

Beginning as a germanium (Ge) transistor, invented by Walter Brattain, John Bardeen,
and William Shockley at Bell Labs in 1947, the evolution of the transistor has been

remarkable [6]. It progressed into a planar silicon (Si) MOSFET and later advanced to



1 Introduction

incorporate Source and Drain regions from strained silicon germanium (SiGe) in the
90 nm and 65 nm technology nodes. The transition continued with the introduction of
high-k/metal gate stacks at the 45 nm and 32 nm nodes, eventually leading to the current
state-of-the-art three-dimensional (3D) Fin field-effect transistors (FinFETS), which were
introduced at the 22 nm node in 2011. For more than four decades its scaling trend has
been following Moore’s law, which predicts that the number of transistors per chip
roughly doubles every 18-24 months at a constant cost [7]. As device dimensions reduce,
the switching speed of the transistor increases. This enhancement is primarily due to the
reduced carrier transit time across the diminished channel length. Additionally, this
miniaturization allows for a greater number of components to be integrated into a single

chip, enhancing its functionality and efficiency (see Figure 2) [8, 9].
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Figure 2: Evolution of transistor density in devices per mm? and transistor size, as
measured by the metal pitch (the minimum distance between two horizontal
interconnects). Adapted from [5], copyright IEEE Spectrum, 2022.

With the gate length of the transistor approaching around 10 nm, however, prohibitively
large off-leakage currents between source and drain and increasing manufacturing costs
may put an end to transistor scaling. Current estimates suggest that this limitation could

be reached in approximately the next 10 years [10].
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Consequently, various strategies are being pursued to meet the future demand for high-
performance electronic devices. Among these approaches are “More Moore” and “More
than Moore”. “More Moore” represents the pursuit of increased transistor density and
enhanced chip functionality through traditional miniaturization and scaling methods, by
advancements in lithography, new materials, and novel three-dimensional transistor
architectures like FInFETs and, more recently, Gate-All-Around (GAA) transistors [11].
“More than Moore” focuses on incorporating additional functionalities like analog, Radio
frequency (RF) communications, sensors, and actuators into CMOS technology, which
do not necessarily involve making transistors smaller but rather add more capabilities to
the chips [10, 12].

Both scenarios point towards a future trend of either smaller or more complex devices,
consequently placing greater demands on failure analysis techniques. A prominent
contender to keep up with these elevated requirements is Conductive Atomic Force
Microscopy (C-AFM). Its capability to monitor topography and electrical resistivity
simultaneously and independently with high resolution has promoted C-AFM to an
indispensable tool for nano-scaled material analysis and defect analysis [13].

Despite its precision and effectiveness, a major challenge in C-AFM is ensuring data
reproducibility. This issue stems from the numerous factors, that contribute to
establishing and maintaining a constant tip-sample contact during measurements. A key
concern among these is tip degradation [14]. Modern C-AFM probes typically exhibit a
tip radius of about 25 nm [15-17], representing a balance between achieving high
topographical resolution and maintaining robust electrical conductivity. However, this
specification makes them vulnerable to degradation. This degradation can primarily be
traced back to two sources. Firstly, since most C-AFM measurements occur in contact
mode, mechanical abrasion from lateral frictions is a common cause [18]. To mitigate
this, the scientific community has recently shifted towards using intermittent contact
mode for measuring local currents [19]. In this mode, the probe tip is retracted during
lateral movements, which significantly reduces mechanical wear. The second significant
factor is the exposure to high current densities during the application of a bias
voltage [18]. C-AFMs are generally used to measure currents above a few picoamperes,
the typical noise level, which means the current densities affecting the C-AFM tips are
always at least 1 A/lcm? [14]. In some experimental scenarios, these densities can escalate

substantially, potentially reaching as high as 10® A/cm? [20]. This intense exposure can
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lead to partial or complete melting of the probe's coating, thereby dramatically impacting

its electrical conductivity.

Since intermittent contact mode already provides an effective way of reducing tip
degradation caused by mechanical abrasion, this thesis focuses on strategies aimed at
minimizing tip degradation due to high current densities. The objective is to thoroughly
evaluate the extent of degradation experienced by metal-coated probes, which are
predominantly used in C-AFM, across various measurement scenarios. Additionally, the
potential of alternatives like solid Pt probes and software-based current limitation
techniques will be extensively explored. The primary aim is to devise a robust solution
that effectively protects C-AFM probes from high current density-induced damage.
Ultimately, this research endeavors to advance the C-AFM technique by enhancing its
reliability, thereby ensuring more consistent and reliable outcomes in the analysis of

nanoscale materials.

To fulfill the objectives outlined above, this thesis is structured into four comprehensive

chapters beyond this introduction.

Chapter 2 provides the theoretical background, elucidating the working principles of
C-AFM under various measurement scenarios, detailing the manufacturing processe, the
key attributes, and the most common degradation mechanisms of C-AFM probes, and
introducing an array of electrical tests. It also sheds light on the electrical conduction
mechanisms that are crucial to C-AFM research.

Chapter 3 offers a summary of the thesis's objectives, outlines the key findings, and
presents a detailed list of the author's publications with specific contributions.

Chapter 4 constitutes the core experimental section, divided into two primary segments:
the influence of the tip (Chapter 4.1) and the impact of current limitation (Chapter 4.2).
Within Chapter 4.1, there are two subchapters: one conducting an in-depth analysis of the
degradation of metal-coated probes (Chapter 4.1.1) and the other rigorously examining
the viability of solid Pt probes as a potential alternative (Chapter 4.1.2). Similarly,
Chapter 4.2 is split up into two parts. Chapter 4.2.1 delves into the functionality, benefits,
and limitations of software-based current limitation, while Chapter 4.2.2 introduces a
novel current-limiting sample holder designed to provide true current limitation and

thereby effectively shield both the probe and the sample from current-induced damage.
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Finally, Chapter 5 culminates the thesis by summarizing the experimental findings and
offering an outlook on how these results could influence the future trajectory of C-AFM

research.
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In this chapter, the fundamental operating principles of the AFM are explored. A
comprehensive overview of its primary operational modes is provided, and distinctions
between the AFM and C-AFM are drawn. Electrical conduction mechanisms inherent to
various material classes are elucidated. The specific materials investigated in this thesis
are then introduced, and two prominent applications are highlighted. Subsequently, the

phenomena of degradation and dielectric breakdown are discussed in detail.

2.1 The Atomic Force Microscopy

On the constant pursue of resolving ever smaller details, the Abbes’ Limit represented a
significant obstacle that had to be overcome. Abbes’ Limit [21] defines the resolution

limit for optical systems and can be calculated according to (1) and (2).

A

Rey = 2-(g-sina;) ()
21
*~ G -sina? @

With A being the wavelength of light, n the index of refraction between point source and
lens, relative to free space, and «; the cone half angle of light from the specimen plane
accepted by the objective. The term 7 - sin a; is often expressed as numerical aperture
(NA). Modern optics exhibit an NA below 1.5, thus, when considering visible light in the
UV spectra (e.g., 400 nm) and assuming an NA of 1.4, the resolution limit in the x- and
y-direction results in approximately 143 nm, and in the z-direction approximately
480 nm. By using electrons instead of light Ernst Ruska surpassed this limit in 1934 with
the invention of the first electron microscope [22]. The first representative of the scanning
probe microscope (SPM) family to do so was demonstrated in 1981. By scanning a sharp
conductive probe very close to the surface of a conductive specimen and forcing electrons
to traverse the gap between them, Gerd Binning and Heinrich Rohrer invented the
Scanning Tunneling Microscope (STM) [23]. A schematic is provided in Figure 3 a). In
1986 they were awarded the Nobel Prize in Physics for their invention. When the probe
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tip approaches the specimen to a distance typically less than 1 nm, there is an overlap
between the electron clouds of the foremost atoms of the tip and the surface. Applying a
bias between the tip and the surface induces a current due to electrons that are driven to
tunnel through the potential barrier from the tip to the surface via the overlapping electron
cloud. This tunneling current is highly sensitive to the gap between the probe tip and
surface, varying exponentially with the tip-sample distance. STM can be operated in
constant height mode and constant current mode [24]. In constant height mode, the tip
keeps a predefined distance from the sample. Variations in the tunneling current are
recorded based on the x- and y-positions, yielding a spatial map of electronic properties.
This mode however requires a flat sample surface. In contrast, constant current mode
ensures a steady tunneling current by adjusting the tip height through the system's
feedback mechanism, generating a detailed three-dimensional topographic
representation. Though STM offers an x- and y-resolution of a few Angstroms and a sub-
Angstrom resolution in z-direction, its use is limited to conductive samples only.
Moreover, when scanning in constant current mode, it is challenging to determine if
alterations in the topography map are genuinely due to the sample's topographical

variations or are influenced by factors such as defects or electrically weak sites.

Based on the STM Gerd Binning, Calvin Quate, and Christoph Gerber developed the first
AFM [25] in 1986. The corresponding schematic is given in Figure 3 b).

a) > b)
Feedback Loop - Aluminum
Viton
/ frame
Feedback \
STM \
STM #p Modulating
AFM tip \ P Piezo
\ e
Sample
: Scanner Feedback
V'ti‘ AFM

Figure 3: a) STM schematic. b) Schematic of the first AFM by Gerd Binning, Calvin
Quate, and Christoph Gerber. Adapted from [25], copyright American Phyical Society,
1986.
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In their setup, the AFM tip is positioned between the sample and the STM tip. The
cantilever, which supports the AFM tip, is linked to a modulating piezo, enabling it to
oscillate at its resonant frequency. The STM tip is connected to a piezoelectric element,
which allows to maintain the tunneling current at a constant level. The sample is
connected to a three-dimensional piezoelectric drive, the x-, y-, and z-scanner. To
minimize mechanical vibrations due to high-frequencies, Viton spacers are employed to
decouple cantilever, STM tip, and sample. When the AFM tip encounters a step on the
sample, the interaction force between the tip and the sample F, causes a deflection of the

cantilever according to Hooke’s law [26] (see (3)).

F,= =k 6, (3)

With k. being the spring constant of the cantilever and &, the deflection. The associated
bending of the cantilever decreases the gap between the STM tip and the cantilever,
leading to increased tunneling currents. In response, the feedback system adjusts by
retracting the sample and elevating the STM tip by a factor a (which typically ranges
from 10 to 1000, with the lower amplitude for the STM tip). These feedback adjustments
facilitate the creation of a three-dimensional topographic map, even for non-conductive
samples. Reported resolutions in air were 30 Angstroms in lateral and below one
Angstrom in vertical direction [23].

Nowadays the most common method to detect cantilever deflection is an optical
system [27]. In this setup, a laser beam (originating from the laser source, Figure 4
component 8) is focused through a converging lens (Figure 4 component 6) onto the
backside of the cantilever (Figure 4 component 9). Its reflection is then redirected through
a mirror system (Figure 4 component 4) towards the center of a photodiode (Figure 4

component 3).

In the absence of any proximity between the tip and the sample (Figure 4 component 7),
there is a negligible interaction force, resulting in a static cantilever position, with the
laser beam remaining centered on the photodiode. Conversely, when the tip is in close
proximity to the sample, the resultant interaction forces cause the cantilever to bend. This
bending affects the reflection path of the laser beam, altering its position on the
photodiode. By analyzing the shift in position of the laser spot on the photodiode, one can
quantitatively determine the force causing such a deflection. Given that the exerted force

is a function of the deflection distance as given by (3), one can deduce changes in the
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topography of the sample under investigation. Following this principle, movement of the
AFM tip across the sample surface in x- and y-direction allows for topographic data
acquisition across multiple point locations. Such data are then transmitted to a computer

(Figure 4 component 1) and converted into a three-dimensional (3D) topographical

representation.

Figure 4: AFM schematic consisting of the following components. 1 Computer, 2
Controller, 3 Photodiode, 4 Mirror System, 5 Piezo tube, 6 Converging lens, 7 Sample, 8
Laser source, and 9 Cantilever with tip at its end.

In this approach, as the tip maintains a constant z-height during scanning, there is a
possibility of not resolving deep trenches, or collisions with elevated features on the
sample surface. Such collisions could potentially lead to critical tip and/or sample
damage. To circumvent these obstacles, the AFM incorporates an electronic feedback
mechanism that steadily adjusts the tip-to-sample distance along the z-axis following the
height assessment of each pixel within the topographic map thereby ensuring a constant
cantilever deflection throughout the whole scan (incorporated in the controller, Figure 4
component 2). The user can define the cantilever deflection, often referred to as the
deflection setpoint, individually through the associated software. The movement of the
tip and/or sample along the x-, y-, and z-axes is typically facilitated by piezoelectric
actuators. A majority of AFMs integrate a piezo tube (Figure 4 component 5), which
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grants three-dimensional motion capabilities to either the tip or the sample. Additionally,
an AFM requires a sophisticated mechanical anti-vibration system to insulate it from
external vibrations. Such precautionary measures enable resolutions as precise as 1 nmin
the x- and y-axes and 0.1 nm in the z-axis [28]. Based on the tip-sample distance one
distinguishes between two different regimes. At distances exceeding 0.5 nm, the
predominant forces detected include electrostatic, magnetic, and van der Waals
interactions, which collectively contribute to an attractive regime. Conversely, at
distances less than 0.3 nm, due to electron cloud overlapping, the tip-sample interaction
transitions to a repulsive regime. Within this regime, it is generally accepted that the tip
is in physical contact with the sample [29, 30].

2.2 Operation Modes

Based on the previously described force regimes, one commonly distinguishes between
the following basic AFM operation modes.

2.2.1 Contact Mode

In contact mode, which operates in the repulsive regime, the AFM tip consistently
maintains physical contact with the sample. The predominant approach in this mode is
the constant-force technique, where an electronic feedback loop sustains a stable
cantilever deflection, resulting in a consistent mechanical force applied to the sample
through the tip. The operator can set the deflection setpoint, which determines the
cantilever deflection and is typically measured in Volts, reflecting the laser spot's vertical
deflection on the photodiode [31]. Although the applied force can be theoretically
adjusted and quantified, it requires an elaborate calibration procedure with precise
knowledge about the cantilever's spring constant to account for thermal drift and potential
inaccuracies in laser alignment. Moreover, factors such as ambient conditions or existing

electrical stresses can impact the tip's behavior [32, 33].

In contact mode, striking a balance between reliable tip-sample contact and minimized
contact forces is crucial. Lower contact forces reduce lateral friction, which is a primary
source of wear and potential damage to both the tip and sample. However, a baseline force
is vital to ensure a stable tip-sample contact during scanning. Excessive contact forces

during scanning can induce detrimental effects, including nano-scratching on the sample,
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alteration of the tip's geometry, and/or wear of a potential tip coating. Due to the
comparable high forces exerted on the tip and sample, contact mode is not recommended
for sensitive samples or fragile tips. Nevertheless, it offers simplicity and, relative to non-

contact mode in air, provides enhanced resolution [33, 34].

2.2.2 Non—Contact Mode

In this mode, the cantilever tip is positioned approximately 50-150 A above the sample
surface to sense the attractive van der Waals forces between the tip and the sample [35].
Since these forces are weak (10 — 12 pN) in comparison to the ones within the repulsive
regime, the tip is commonly brought into vibration so that changes in amplitude, or
resonant frequency because of tip-sample interaction can be monitored instead of
classical cantilever deflection [35]. When the amplitude is maintained at a constant level
by the AFM's feedback loop, the mode is designated as amplitude modulation (AM-
AFM). Conversely, when the resonant frequency is conserved, the mode is identified as
frequency modulation (FM-AFM). The paramount advantages of employing this mode
include its resilience against tip degradation and its applicability to assessing soft and/or
elastic samples, attributed to the minimal forces that are exerted on the sample
surface [31]. However, this mode also presents certain limitations, such as a relative
reduction in resolution when compared to contact mode [32]. Additionally, the depiction
of sample topography may be compromised in instances where rigid surfaces are
enveloped in humidity, resulting in representations of the liquid layer rather than the
actual surface topography [31]. In ultra-high vacuum (UHV) conditions, this mode has

demonstrated the capability to deliver atomic resolution [36].

2.2.3 Tapping Mode

Tapping mode combines the advantages of contact mode and non-contact mode by
intermittently allowing the tip to make contact with the surface for high-resolution
imaging and then retracting it to prevent surface drag. This technique uses a piezoelectric
crystal to oscillate the cantilever assembly close to or at the cantilever’s resonant
frequency [37]. It is mostly employed in ambient atmosphere, though successful
application in liquid has been demonstrated, too [38]. The induced piezo motion initiates
cantilever oscillation in the absence of surface contact. Subsequently, the oscillating tip

approaches the surface until it gently "taps" it. During the scanning process, the tip
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sporadically engages with and disengages from the surface, typically oscillating at a
frequency between 50 to 500 kHz. The intermittent contact between the oscillating
cantilever and the surface results in energy loss, diminishing the oscillation amplitude
which is utilized to identify and gauge surface characteristics. When traversing a
protrusion, the available oscillation space for the cantilever is restricted, causing a
reduction in oscillation amplitude. Conversely, at a cavity, the cantilever finds more
space, leading to an increase in oscillation amplitude, approaching the maximum free air
amplitude. The feedback loop maintains the oscillation amplitude of the tip and steadily
adjusts the separation between the tip and the sample to ensure constant amplitude and
force on the sample [32]. Tapping mode is capable of penetrating liquid layers on the
sample surface due to humidity [31] and reduces tip wear caused by lateral friction. It
provides comparable resolution to contact mode in air, thus higher resolution than non-

contact mode in air [38], and is particularly suited for the investigation of hard surfaces.

2.2.4 Peakforce Tapping Mode

A more recent technique, termed PeakForce Tapping mode, is particularly useful for
probing delicate specimens, including carbon nanotubes [39], nanowires [40], or polymer
blends utilized in charge transport for organic solar cells [41]. Similar to Tapping mode
PeakForce Tapping mode minimizes lateral forces by intermittently contacting the
sample. However, in contrast to Tapping mode, it operates in a non-resonant mode with
frequencies significantly below the cantilever resonance. This bypasses the filtering effect
and the typical dynamics of a resonating system. Peakforce Tapping modulates the AFMs
z-Piezo sinusoidal with a frequency of ~2 kHz and a default Peak Force Amplitude of
150 nm to record Force-Distance curves (see Figure 5) at every pixel of the scan. Using
a sinusoidal piezo excitation instead of a triangular one, like in regular Force-Distance
curves, avoids unwanted resonances at the turnaround points. Continuous force curves
can be recorded at 1 or 10 kHz, which facilitates comparable imaging speeds to Tapping
Mode. In Figure 5 the upper curve delineates the tip trajectory as it approaches the sample.
The black vertical line serves as the zero-force reference, established when the tip is not
interacting with the sample. As the tip approaches the sample surface, it encounters long-
range van der Waals attraction (A) until such forces surpass the cantilever’s spring
constant, causing the tip to snap into contact (B). Post-contact, the interaction is
predominantly governed by short-range repulsive forces, culminating in the peak point at
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the approaching curve (C). As the tip commences unloading, it traverses an adhesion
minimum (D), typically induced by a capillary meniscus, before breaking free (E) from
the sample surface [42]. The maximum force, which can be specified by the user, is kept
constant for each individual pixel of the scan and should be adjusted in such a way that

sufficient deformation of the sample is achieved [33, 43, 44].

B | ||

approach Dj withdraw

Figure 5: The “heartbeat”. Force as a function of time during one Peak Force Tapping
cycle. Blue indicates the tip approaching, red the tip retracting and the black curve at the
top the z-Piezo extension. . Adapted from [42], copyright Bruker, 2013.

Using the Derjaguin Muller Toporov (DMT) or Sneddon model to analyze the resulting
Force-Distance curves allows to additionally extract information about the samples’ local
adhesion, deformation, or Young’s modulus [45, 46]. Peakforce Tapping mode therewith
combines the reduced lateral friction of tapping with the direct force control of contact
mode. It can be operated using ScanAsyst, a sophisticated algorithm by Bruker to
continuously monitor the cantilever deflection signal and adapt deflection setpoint, gains,
and scan rate in real-time. This ensures optimum parameters that are dynamically adapted
for each pixel of the scan. The result is a high-resolution image with nanomechanical

properties at minimum peak force settings [43].

2.3 The Conductive Atomic Force Microscope

In 1993, M.P. Murrel pioneered the first C-AFM by evaporating 100 nm of titanium onto
a standard silicon cantilever, utilizing a picoammeter, and a homemade digital-signal-
processor-based AFM control system to measure and record currents. This invention was

designed to measure tunneling currents across 12 nm thick silicon dioxide (SiO2)
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films [47]. Since then, the C-AFM has undergone continuous improvements [48, 49] and
delivered valuable insights into the reliability and breakdown behavior of thin dielectric
films [50, 51], the characteristics of resistive switching in transition metal oxides [52-54],
or the tunneling and breakdown behavior of 2D materials like hexagonal boron nitride
(h-BN) [55-57].

The relentless advancement of commercial high-performance AFM systems has
propelled the expansion of C-AFM applications. It now encompasses a wide range of
fields including, but not limited to, nanolithography through local oxidation yielding in
for example 2 nm organic structures with a periodicity of 6 nm on silicon surfaces [58],
biology for example to analyze the modulation of protein conductance with high-

resolution compressional force [59], photoelectricity [60], and piezoelectricity [61].

C-AFM is an AFM-based technique that records local electrical and topographical
properties simultaneously and independently. It features the same components as a
standard AFM with three additions. (i) A voltage source, (ii) a conductive probe tip, and
(iii) a preamplifier. The voltage source is usually integrated into the controller and enables
applying a potential difference between tip and sample. For the conductive probes
nowadays a wide range of material choices is commercially available at competitive
prices from manufactures like Bruker [62], Nanosensors [63], or Budgetsensors [64],
amongst others. Preamplifiers to convert the analog current signals into computer-
compatible digital voltages may be purchased as accessories from the corresponding
AFM manufacturer. Depending on the sample C-AFM measurements can encompass
current ranges from picoamperes to microamperes. This large dynamic range has led to a
differentiation into two classes, C-AFM which covers the sub-nA to PHA range and
Tunneling AFM (TUNA), which covers the sub-pA to nA range [19]. Therefore,
preamplifiers are required to provide high sensitivity and low noise across six orders of
magnitude of current. Since standard single-gain amplifiers however cover mostly up to
4 orders of magnitude, logarithmic preamplifiers [65] may be deployed. They offer a
broader current range but with a compromise in resolution at lower currents. To overcome
this limitation modern preamplifiers feature a multitude of gain settings, or even a

combination of two separate amplifiers with different gain settings [66].

In a typical C-AFM experiment, the sample is secured on the chuck using silver paint or
carbon tape. Using carbon tape enables an easier removal of the sample; however, it

introduces a risk. Due to its inherent softness, carbon tape may permit minor shifts of the
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sample during the measurements. In contrast, silver paint, once adequately cured, ensures
the sample remains stable throughout the experiment. However, the subsequent removal
of the sample is more intricate and poses a risk of damaging or fracturing it. When a
potential is applied between the tip and the sample in this configuration, it generates an
electric field, inducing a current flow either from the sample to the tip or vice versa. The
current I follows (4).

I =] Ay (4)

J is a measure of the voltage-dependent conductivity of the tip/sample system and is
highly sensitive to intrinsic inhomogeneities within the sample such as defects, thickness
fluctuations, or doping. A, represents the effective emission area. Note that A, does
not necessarily equal the physical contact area between tip and sample since the electrical
field may also propagate laterally (see also Chapter 2.5.3.) [28].

When a constant voltage is applied between tip and sample while scanning, C-AFM
delivers topography and the corresponding locally resolved electrical conductivity for
each pixel, also referred to as current map. This enables the correlation of electrically
weak locations with topographical features, or the detection of sub-surface defects [67]
which are crucial for the reliability of gate oxides in MOSFETSs for example. Moreover,
C-AFM enables the application of spectroscopic stress tests. In this approach, the tip is
positioned at a user-defined location, and typically, either ramped voltage stress (RVS)
or constant voltage stress (CVS) is performed. This procedure yields locally resolved I-V
or I-t characteristics, providing detailed insights into the electrical behavior of the
specified location on the sample [34].

C-AFM is predominantly implemented in contact mode. Beyond its uncomplicated
operation, contact mode ensures a continuous and stable tip-sample interaction, which is
beneficial for recording currents. However, to circumvent potential damage to the tip or
sample due to elevated contact forces and lateral frictions, it can also be combined with
PeakForce Tapping mode, subsequently referred to as PeakForce TUNA. Note an
application in regular tapping mode is not feasible, since the operation in the resonant
regime implies a too short tip sample contact to extract reliable current values. In
Peakforce Tapping mode however, due to the operation in the non-resonant regime with
frequencies between 1 and 2 kHz, it is a manageable challenge. A general guideline states
that the bandwidth of the deployed TUNA module must be 10 times greater than the
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chosen tapping frequency. Bruker’s Peakforce TUNA module for example offers a
bandwidth of ~15 kHz, with gains from 107 /A to 10'° V/A while maintaining a noise
level below 100 fA on cycle-averaged current. In PeakForce TUNA one differentiates
between three different currents, i) Peak current, ii) TUNA current, and iii) contact
current. When referring back to Figure 5, Peak current represents the current at point C,
which coincides with the Peak Force and therewith represents the measured current at a
defined force. Due to possible input lags of the Peakforce TUNA module or parasitic
capacitances inherent to the tip sample system, Peak current does not necessarily have to
be the maximum current. TUNA current is calculated as the average current throughout
a complete tapping cycle, from point A to point E. It encompasses both the current
measured while the tip is in contact with the surface and while it is not. Conversely contact
current is the average current measured exclusively when the tip is in contact with the

surface, ranging from the snap-in at point B to the pull-off at point D [19].

In C-AFM, the voltage typically spans from -10 V to 10 V, with a current range
approximately between 1 pA to 10 pA [28]. Though these ranges and the capability to
record current maps, and apply RVS and CVS, are sufficient for many experiments, some
experiments might require constant current stress (CCS), or broader voltage and current
ranges, e.g., when studying the breakdown behavior of thicker dielectric films. For such
instances, a semiconductor parameter analyzer (SPA) might be connected to the AFM
probe tip to combine the high spatial resolution of the AFM with the sophisticated
analysis capabilities of the SPA [68].

2.4 C-AFM Probes and Tip Degradation

A key component to obtain spatially highly resolved topography images is the AFM probe
tip. Early AFM works utilized probes constructed from electrochemically etched sharp
metal wires or metal foils, with diamond fragments adhered as tips. These manual
fabrication methods were cumbersome and yielded significant variability in tip structures,
rendering them unsuitable for large-scale production. Thus, batch-processing
methodologies were developed. Based on existing techniques Albrecht et al. [69]
introduced a batch fabrication method for silicon nitride (SisN4) arrays. They etched an
array of square openings in an SiO2 mask layer over a (100) silicon surface, creating
pyramidal etch pits in the silicon surface using potassium hydroxide (KOH) as an
anisotropic etchant. Subsequently, the Si wafer was coated with a low-stress SisN4 layer
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by low-pressure chemical vapor deposition (LPCVD), using the etch pit as a mold to form
a pyramidal tip. In the final step, the silicon was etched away so that SisN4 probes were
released. A depiction of the process is given in Figure 6 a. The resultant pyramidal tips
exhibited high symmetry and a tip radius of less than 30 nm. Wolter et al. [70] proposed
methods to batch fabricate single-crystal Si cantilevers with integrated tips.
Microfabricated Si cantilevers were first prepared using previously described methods,
and a small mask was formed at the end of the cantilever. The Si around the mask was
etched by KOH, which caused an undercut of the mask. This resulted in a pyramidal
silicon tip beneath the mask, which was then removed. The process is illustrated in Figure
6 b. This method, with further refinements, produced silicon tips in high yield with

curvature radii of less than 10 nm [71].

a
) Si;N, tip fabrication

Apply mask Anisotropic etch Remove mask Deposit Si;N,
| Si | S e v
Remove Si
b
) Sitip fabrication
Si cantilever Apply mask Under etch Remove mask
| Si | | — A O

Figure 6: AFM probe manufacturing processes. Adapted from [71], copyright Springer,
2005. a) SisNs. b) Si.

With pure diamond and SisNs being insulators and Si a semiconductor, one or
combinations out of the three following methods could be used to obtain a conductive
AFM tip. i) Coating of the previously fabricated AFM probe with a conductive film, ii)
replacement of the tip and cantilever material through a conductive one, and iii)
conversion of the tip and cantilever material into a (more) conductive one [18]. Coating
an existing probe is relatively straightforward, thus etched Si probes coated with various
metals (such as gold (Au), silver (Ag), titanium (Ti), or nickel (Ni)), alloys (like titanium
nitride (TiN), or cobalt chromium (CoCr)), or carbides (including tungsten carbide (WC),
and boron carbide (B4C)) have already been demonstrated. These materials are typically
deposited using sputtering or evaporation techniques. However, introducing an additional
material layer, occasionally with an underlying adhesion layer, inevitably enlarges the
tip's radius of curvature [18]. The resulting tip radii typically range from 25 nm to
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100 nm [62]. Today, the most prevalent metal-coated probes are Si probes with a thin
platinum iridium (Pt/Ir) coating [72]. While these metal-coated probes provide excellent
conductivity, they tend to wear out rapidly and may experience melting of the conductive
layer under high current densities [73, 74]. Chemical vapor deposition (CVD) allows for
the growth of diamond layers on AFM probes [75]. However, since diamond layers begin
their growth from a seed layer of nanocrystallites [76], a minimum grain size of
approximately 100 nm is necessary to ensure a continuous coating. Thus, the resulting tip
radii are typically larger than 100 nm [75]. Pure diamond is non-conductive, therefore
doping elements have to be introduced during the deposition process. While increasing
the number of dopants enhances electrical conductivity, it also reduces the diamond's
hardness by decreasing the number of spi-bindings [77]. The probe’s resulting
conductivity is constrained by the deposition process and is relatively low compared to
metal-coated probes. Moreover, it can vary over one order of magnitude [78].

Replacing the tip and cantilever material with a more conductive one usually employs a
molding process similar to Figure 6 a, in which the SisNa is replaced by a conductive
material [18]. Through this approach, solid diamond [76] and solid metal [79] tips have
been crafted on diamond [18], silicon [80], or metal [81] cantilevers. A critical issue
during mold processing of C-AFM probes is ensuring that the deepest part of the etched
tip pyramid is completely filled during the thin-film deposition process. Incomplete filling
leads to blunt tips with large tip radii [74]. The conversion of the tip and cantilever
material silicon into a more conductive one is for example facilitated by the deposition of
platinum (Pt) and subsequent high-temperature annealing [18]. This process results in
platinum silicide, which exhibits much better conductivity than silicon and higher

hardness than pure metal [82].

As illustrated in Figure 7, a conventional C-AFM probe is typically segmented into three
components: i) the support chip (1), ii) the cantilever (2), and iii) the probe tip (3). The
support chip facilitates manipulating the C-AFM probe with tweezers and ensures the
secure attachment of the probe to the AFM’s probe holder. Typically constructed from
silicon, it can also be fabricated from other materials such as ceramics. However, to
ensure a low-resistance connection from the tip to the clip of the cantilever holder, a
conductive coating is usually applied. For ceramic support chips, gold pads are often
employed [83]. The cantilever, attached to the support chip at one end, houses the tip at
its opposite end. Commonly there is an offset between the tip position and the outer edge
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of the cantilever. This is helpful to compensate for variabilities within the manufacturing

process and supports structural integrity.

Figure 7: Typical AFM probe schematic consisting of support chip (1), cantilever (2), and
tip (3).

When mounted to the probe holder however the top-down optics of the AFM solely
provide an image of the backside of the cantilever. Consequently, the exact position of
the tip remains speculative, complicating the task of navigating to the area of interest. To
address this issue, innovative probes with the tip located directly at the end of the
cantilever [84] have been developed (see Figure 8 a). Given the limited range of the AFM
photodetector, the cantilever's primary function is the control of the applied contact force.
A soft cantilever is comparably easy to bend, causing the laser reflection to utilize the full
range of the photodetector at a low contact force already. A cantilever with a stiffer spring
constant however, requires higher forces in order to bend and therefore enables larger
contact forces. Cantilevers commonly exhibit a beam or V-shape and differ in length,
width, and thickness. Their backside is usually coated with a highly reflective material
like aluminum to optimize laser reflectivity. Meanwhile the frontside is usually coated
with a thin metallic film or highly doped to ensure low resistivity. The contact force must
be adapted carefully with respect to the deployed tip and the sample under investigation.
Insufficient contact force can lead to unstable electrical contact, while excessive force
risks damaging both the tip and the sample [18]. The tip is situated at the end of the
cantilever and is ideally shaped like a cone with a hemisphere at its apex. The half-cone
angle O represents the tip’s capability to trace steep sidewalls, and the tip's radius of
curvature, denoted as Rp;p and corresponding to the hemisphere's radius, sets the

resolution boundary. An AFM image is essentially a convolution of the sample's
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topography with the tip's geometry. Therefore, a smaller tip radius and half-cone angle
are advantageous for distinguishing finer features on the sample surface, see Figure 8 b.

a)
Tip trajectory

Figure 8: a) Nanoworld Arrow™ UHF probe featuring a tip precisely positioned at the
very end of the cantilever. Adapted from [84] copyright NanoWorld®, 2023. b) Impact
of the tip’s radius of curvature on the AFM image resolution. Adapted from [30].
copyright Universitat Autonoma de Barcelona, 2013.

C-AFM Probes are commonly affected by multiple types of wear. Though the community
has recently implemented C-AFM measurements in Peakforce Tapping mode [19],
contact mode remains the prevalent measurement mode. Contact mode necessitates a
specific force to establish stable electrical contact between the tip and sample. The
optimal force varies based on factors such as sample material, surface roughness, tip
radius, tip material, and cantilever spring constant among others. During lateral
movements across the sample mechanical abrasion occurs, leading to the removal of tip
coating and base material. This results in tip bluntness, potentially causing a decrease in
topographical resolution and, in some cases, partial or complete loss of electrical

conductivity if the conductive coating is affected [18].

To assess the impact of mechanical tip degradation three Pt/Ir-coated C-AFM probes have
been engaged with different contact forces and scanned for a total tip travel distance of
5 mm. Before and after the measurement SEM images of the tip apices were recorded and
superimposed to visually highlight the loss of tip material. For the 200 nN scan in Figure
9 a, only minor material removal is visible. The reduction in tip height is less than 10 nm.
In the 500 nN scan, see Figure 9 b, the height of the tip apex is reduced by about 40 nm,
and in the 1000 nN force scan, see Figure 9 c, by about 130 nm. The larger the contact

force, the more tip material is removed [18].
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Figure 9: Impact of mechanical degradation on Pt/Ir coated C-AFM probes with different
contact forces while scanning a total tip travel distance of 5 mm. Adapted from [18],
copyright Wiley-VCH Verlag GmbH & Co. KGaA, 2017. a) With 200 nN. b) With
500 nN. c¢) With 1000 nN.

Note that that excessive contact forces, in addition to potentially damaging the sample
surface, can lead to tip rupture, as illustrated in Figure 10 b. Choosing probes with harder
conductive coatings, such as platinum silicide (PtSi)[85] or conductive-doped
diamond [86, 87], or entirely made of Pt [88], or conductive doped diamond [89] can help
to minimize tip material removal when high contact forces are required. To ensure
minimal loss of topographical resolution, particularly when scanning an unknown sample,
it is advisable to scan a known reference sample before and after scanning the unknown

sample. Comparing the obtained results can help to identify significant deviations.

a) b)

Figure 10: Selected C-AFM tip degradation mechansims. a) Melting of conductive
varnish due to high current densities. Adapted from [90], copyright The Royal Society of
Chemistry, 2016. b) Mechanical abrasion of tip coating and base material. ¢) Severe tip
particle contamination.

Another degradation mechanism is electrical wear, attributed to the currents that flow
between the sample and the tip upon the application of voltage. Due to the relatively small
contact area (in the range of 102 to 1072 um?), even low currents in the nano and micro

ampere region will lead to substantially high current densities. These elevated current
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densities can generate exceptionally high temperatures in the tip—sample contact area,
potentially causing the conductive coating of the tip to melt [18]. In most C-AFM
modules, the voltages and currents are limited (about £10 V, up to 10 pA) [28]. However,
even these limits may already cause tip damage or even the destruction of the tip
apex [18].

Consequently, caution is imperative when connecting an external voltage source to the
C-AFM [68]. An example of molten off Pt/Ir coating as a consequence of four RVS from
-4 to 4 V on a conductive substrate is provided in Figure 10 a [90]. A strategy to reduce
the effects of conductive varnish melting as a consequence of high current densities is to
deploy probes that feature a more durable coating (PtSi [85] or conductive-doped
diamond [86, 87]), or that are made entirely of Pt (see Chapter 4.1.2), or boron doped
solid diamond [89]. Note that though boron doped solid diamond probes exhibit
exceptional hardness and feature the lowest loss of conductivity per scan, they feature a
significantly lower initial conductivity and come at an elevated price [18, 89]. Alternative
strategies include limiting the generated currents through software-based methods (refer
to Chapter 4.2.1) or employing hardware-based solutions (refer to Chapter 4.2.2).

Moreover, a C-AFM probe may also be contaminated by attached particles [91]. These
particles may contribute to an increase in tip radius, subsequently reducing topographical
resolution. Additionally, if the particles are insulating, they can diminish the electrical
conductivity of the tip. They may originate from airborne debris [92], residues from the
sample manufacturing process, or material from the sample that was scratched-off
mechanically during tip-sample interaction [93]. An example of an extreme HfOx particle
contamination of a boron doped diamond coated tip is given in Figure 10 c. In cases where
the sample surface is unknown, detecting tip particle contamination can be challenging
due to dynamic adhesion and removal of particles during the scanning process. Hence,
ruling out potential tip particle contamination solely through post-scan SEM analysis of
the tip is not feasible [31].

Accurate exclusion of tip particle contamination can only be achieved by in situ SEM
monitoring of the tip during the entire scanning process [94]. Occasionally attached
particles may be removed by scanning in tapping mode with low amplitude
setpoint [31],plasma treatment [95], or scanning samples with sharp features [96].
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2.5 Conduction Mechanisms

C-AFM allows the characterization of a wide range of material types. Depending on the
material under investigation various conduction mechanisms apply. One commonly

classifies the following three scenarios.

25.1 C-AFM on Metals

The most basic scenario arises when the C-AFM tip is brought into contact with a metal.
Given that metals, under ideal conditions, cannot sustain electrical fields and exhibit a
zero voltage drop in all directions [97], the tip is theoretically connected to every point of
the sample. Thus, the electrically effective area is equivalent to the entire area of the
metallic sample. Measurement scenarios in which the pure metal is directly probed by C-
AFM are rather uncommon, mostly a metallic electrode or pad situated on top of a
semiconductor or insulator substrate is probed. Analogous to probe-station-based
measurements the C-AFM tip then captures the current flowing across the entire region
between the electrode and the substrate. However, due to the C-AFM tip featuring a
significantly smaller tip radius compared to the probe-station, it can probe nanosized,
densely packed electrode arrays, for example, Au-capped nickel oxide (NiO)
nanowires [98], which would be unattainable with a probe-station tip. The electron
transport between the tip and the metallic sample or electrode follows the principles of
electronic transport in metals [99]. When an electric field is applied to a pure metal,
charge transport can occur in either a ballistic or diffusive manner, depending on the scale.
In the ballistic regime, electrons traverse without scattering, and the resultant current is
solely influenced by the conductor's geometry. This ballistic conduction concept is
contemporary in micro- and nanoelectronics, describing electron flow in structures like
nanowires, carbon nanotubes, two-dimensional materials, and electrically fractured
dielectrics, as outlined by the quantum point contact model [100]. However, at larger
scales, electron-atom collisions in the material induce scattering, which reduces
transmission and leads to the diffusive regime. It's crucial to note that metal conduction
is significantly impacted by factors like distorted interfaces, impurities, and various
interlayer interfaces [99]. Moreover, the interface between the tip and the sample presents
challenges in charge transport. Amongst those are the formation of a metallic
heterojunction due to differing tip and sample work functions and the interposition of

water molecules and impurities. This can be attributed to factors such as the emergence
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of a metallic heterojunction due to varying work functions of the tip and sample, and the
presence of water molecules and impurities, which can introduce an intermediate layer of
uncertain composition and thickness, which significantly raises the resistance at the
junction. For instance, Budget Sensors evaluated the contact resistance of their
conductive AFM tips (model: ElectriTrap-300-G [101]) on a platinum film. These silicon
tips, coated with 5 nm of chromium and 25 nm of platinum, demonstrated resistances of
300 Q in the best cases [33]. Spectroscopic I-V curves obtained with these tips on
conductive samples, generally show linear characteristics, as long as the tip's conductive

coating remains intact [102].

2.5.2 C-AFM on Semiconductors

When a metallic C-AFM tip makes contact with a semiconductor, two distinct types of
contacts can be identified. A Schottky contact is formed if the metal's work function ¢,,
is greater than the semiconductor's electron affinity y (for n-type, as illustrated in Figure
11 b,c) or, for p-type, if it is less than the sum of the electron affinity and the band gap
E,. This results in the formation of a depletion barrier within the semiconductor, which
works similarly to a diode and establishes a potential barrier between the tip and the base
of the sample [33]. If the metal’s work function is lower than the electron affinity of the
semiconductor, the conduction and valence bands of the semiconductor bend downward
in the contact region (for n-type semiconductors), positioning the Fermi level near the
junction even below the conduction band (see Figure 11 d). Conversely, for p-type
semiconductors, the conduction and valence bands bend upward, placing the Fermi level
near the junction below the valence band. In both scenarios, a depletion region is avoided,
ensuring no abrupt transition, and facilitating effective conduction in both polarities. This
type of connection is termed ohmic contact [103]. In Figure 11 E. represents the
conduction band, E the Fermi level, E}, the valence band, g the electron charge, V,,; the
build in voltage, and ¢ the barrier height. Applying a voltage allows switching between
both contact types. If the voltage has the same polarity as the depletion layer (forward
bias V) an ohmic contact is formed and the current rises exponentially with the voltage
(see (6)). On the contrary, when a reverse bias V. is applied a Schottky contact results and

the current is dominated by Schottky Emission [33, 104].
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Figure 11: Schematic I-V characteristic of a Schottky contact (red). Adapted from [105],
copyright Electronic-notes.com, 2023. Schematic 1-V characteristic of an ohmic contact
(blue). Adapted from [106], copyright LibreTexts, 2023. Energy band diagrams of metal
semiconductor contacts. Adapted from [107], copyright Springer 2001. b) Metal and n-
type semiconductor before contact. c) Schottky contact between metal and n-type
semiconductor. ¢) Ohmic contact between metal and n-type semiconductor.

When dealing with an n-type semiconductor, applying a forward bias decreases the barrier
by V¢, facilitating easier electron movement compared to the thermal equilibrium state.
Conversely, applying a reverse bias heightens the barrier, hindering electron transition
from the semiconductor to the metal. For p-type semiconductors, the dynamics are

similar, but the polarities are inverted.

Schottky emission is based on thermionic emission, implying that the current is controlled
by carriers overcoming the metal-insulator potential barrier. Under forward bias the

current rises exponentially according to (5). Under reverse bias the depletion region acts
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as insulator causing comparatively low currents until dielectric breakdown (see (6) and
Figure 11 a) [33].

S_chottky a-v
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With I being the current, I, the Schottky saturation current, q the electron charge, V; the
forward bias, n the ideality factor, k the Boltzmann constant, T the absolute temperature,
A.r the electrically effective area, A™ the effective Richardson constant, ¢ the barrier
height, E,,, the electrical field maximum, N the doping density of the semiconductor, €,

the permittivity of the semiconductor, V. the reverse bias, and V;; the built in voltage.

In C-AFM investigations of metal semiconductor junctions, determining the effective
contact area (A.ss) is more complex than in metal metal or metal insulator interfaces.
While extensive research has examined Schottky junctions in C-AFM tip semiconductor
interfaces, the focus has primarily been on charge transport, and not on A, . For many
semiconductors, such as silicon, a typically insulating native oxide layer exists on the
surface. This layer prevents lateral current spread, confining it to the area directly beneath
the tip. However, it's important to note that A, becomes less critical in semiconductor
measurements. This is because the resistivity at the junction can be significantly altered

by the inherent properties of the materials involved and the applied voltages [33].
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2.5.3 C-AFM on Insulators

The most common scenario for C-AFM investigations is the application on insulating
materials, for example on gate oxides for MOSFETS in which high spatial resolution is
crucial to ensure electrical integrity [108]. Amongst them are ultra-thin dielectrics [109,
110], high-k dielectrics [111, 112], or two-dimensional dielectrics [113, 114]. In
insulating materials, various conduction mechanisms can be observed. The corresponding
band diagrams for these mechanisms are provided in Figure 12. g represents the electron
charge, ¢ the barrier height, d,, the oxide thickness, Er the Fermi level, E. the

conduction band, and Ey, the valence band.
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Figure 12: Band diagrams of various conduction mechanisms in MOS structures. Adapted
from [115], copyright Fu-Chien Chiu, 2014. a) Direct Tunneling. b) Fowler-Nordheim
Tunneling. ¢) Thermionic & Schottky Emission. d) Frenkel-Pole emission. €) Hopping
conduction. f) Ohmic conduction.

For nearly ideal insulators, such as SiO,, electrical conduction primarily results from
tunneling. While classical physics suggests that electrons with energy less than the barrier
will be reflected, quantum mechanics predicts that the electron wave function can
penetrate through the potential barrier, especially when the barrier is sufficiently thin
(< 100 A). Thus, there is a non-zero probability that electrons will exist on the other side
of the potential barrier. Electron tunneling can vary based on the shape of the potential

barrier they encounter. Direct tunneling, as illustrated in (7) and Figure 12 a, occurs when
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electrons tunnel through a rectangular barrier. Conversely, Fowler-Nordheim tunneling,
depicted in (8) and Figure 12 b, arises when electrons tunnel through a triangular barrier.
When electrons receive thermal excitation to cross a metal-insulator or insulator-
semiconductor barrier, it results in thermionic emission, as described by (9) and depicted
in Figure 12 c. Schottky emission, as detailed in (6) and also depicted in Figure 12 c,
occurs when this thermal excitation is complemented by a barrier reduction due to an
external electric field. It's important to note that for insulators, the semiconductor
parameters in (6) are substituted with the corresponding oxide parameters. Frenkel-Poole
emission, outlined in (10) and Figure 12 d, refers to the release of trapped electrons due
to thermal excitation. In contrast, the hopping conduction mechanism, as described by
(11) and depicted in Figure 12 e, involves trapped electrons "hopping" from one trap site
to another. While both mechanisms involve the release of trapped charge carriers,
Frenkel-Poole emission is driven by thermal excitation, whereas hopping conduction
results from the tunneling effect. Insulators can also exhibit ohmic conduction, which
arises from the movement of mobile electrons in the conduction band and holes in the
valence band. Despite the inherently large energy band gap of dielectrics, a minimal
number of carriers can still be generated through thermal excitation. For instance,
electrons might be excited to the conduction band from either the valence band or an
impurity level. While the number of these carriers is limited, it is not negligible. Ohmic
conduction is represented by (12) and depicted in Figure 12 f [33, 115, 116].
Direct 3/2

q - Vox
tunneling ['= Ipnr - exp (1 ¢ ) "

Fowler- 3 2 3/2
m, E 4 J/2'm
Nordheim I=A d e . 2% oxp (___v ox P ) ®)

tunneling ol 16-m2-h my, ¢p 3 g-h E,

Thermionic

q q- on
_ CARx L T2, —_— - |
emission D= Aot A7 T7rexp | =30 | 95 4T €ox ®
Frenkel- q Q- Eox
Poole I=Aetr-q -t Ney Eoxexp | —s—r+| dp = |——— 10)
emission .



2 Literature survey 29
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With I being the electrical current, Iy the Fowler-Nordheim current, g the electron
charge, V;, the voltage across the oxide, ¢ the barrier height, A.ff the electrically
effective area, h the reduced Planck’s constant, m, the free electron mass, m,, effective
charge carrier mass in the oxide, E,, the electrical field across the oxide, A** the effective
Richardson constant, T the absolute temperature, €,, the permittivity of the oxide, u the
charge carrier mobility, N, the density of states, « the mean spacing between trap sites,
n the electron concentration in the conduction band of electrons at trap sites, v the
frequency of the thermal vibration of electrons at trap sites, AE, . the carrier activation
energy from trap states to the bottom of the conduction band, and AE, the carrier

activation energy.

The current flow in tip insulator junctions is next to the conduction mechanism strongly
dependent on the electrically effective area. Ideally, the contact area between the tip and
sample A. should match the electrically effective area A,rr. However, in actual
measurement scenarios A.sr can deviate significantly from A.. One reason for this
discrepancy is the presence of humidity, which can lead to the formation of a water
meniscus around the tip when the measurements are performed under ambient conditions
(see Figure 13) [117].
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Figure 13: Environmental SEM image of a water meniscus surrounding an AFM tip. The
image was recorded at 5° C with 60 % RH. Adapted from [117], copyright American
Chemical Society, 2005.

Depending on deployed tip model, applied contact force and sample under investigation
typical effective emission areas of the order 30-300 nm? were reported [49, 51, 118].
Considering a 3 nm thick water film on a 5 nm thick oxide layer and a tip with a radius
of 50 nm, the maximum of the electric field creates an almost flat region with a diameter
of about 30 nm at the center of the field distribution. Assuming that electron emission is
solely confined to this area, A.rr was calculated to be approximately 700 nm? [119].
However, a 3 nm thick water film might be an overestimation, Heim measured water film
thicknesses in the range of 0.2 nm to 0.4 nm for relative humidities from 25 to 44 %. Even
at 80 % relative humidity the water film thickness was typically found to be below
0.5 nm [120]. Hence the effect on the electrically effective area may be less severe. In
addition, the water film might not evenly coat the entire samples surface [31]. However
the water film may interact as catalyst for dynamic electrochemical reactions that might
alter the surface and tunneling behavior of tip and sample [119]. It is therefore essential

to conduct multiple measurements before a conclusion is drawn.

To avoid the water layer and therewith enhance electrical resolution, one can measure in
ultra-high vacuum (UHV) [121]. However, in UHV, the absence of the water layer means
there is no lubrication, causing the tips to wear out faster [33]. This results in enlarged tip
radii and, eventually, a partial or complete loss of the tip's conductive coating.
Additionally, C-AFM systems designed for UHV operation are less productive (due to

prolonged pumping times), more complex, and come at a higher cost.
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Other dynamic factors that affect the tip sample junction are air borne debris [92],
particles from tip and sample that were scratched off during the scanning process and
subsequently picked up by the tip [93], asperities of the tip and the sample [122], wear of
tip and conductive coating (which also occurs in air with lubrication due to
humidity) [123], local oxidation due to electrical stress [124], and local penetration of
thin oxides [125] and phase transitions as a consequence of large contact forces [126]. In
summary, despite its versatility and high spatial resolution, the reliability of AFM based
measurements (C-AFM included) is strongly dependent on the condition of the tip sample
junction throughout the entire measurement. Thus, developing strategies to reduce tip

wear is crucial and urgent.

2.6 Degradation and Dielectric Breakdown

As device dimensions continue to shrink, the impacts of tunneling, inhomogeneities, and
local defects on device performance and reliability become increasingly significant.
Originally designed to analyze and understand these effects in thin oxides, the C-AFM,
with its high lateral resolution, remains a favored instrument for studying them until
today, not only in thin oxides but also in emerging 2D dielectrics, such as hexagonal
boron nitride (h-BN) [127].

2.6.1 Dielectric Breakdown and Resistive switching

Among these effects is the dielectric breakdown. Dielectric breakdown arises as a
consequence of the high electric field that results when voltage is applied to a MOS
sample. It may occur gradually or instantaneously, leading to the degradation of the
oxides’ dielectric properties and ultimately to a dramatic increase in system conduction
(breakdown) [31]. Traditionally dielectric breakdown was considered to be irreversible
and therewith a purely negative phenomenon [30]. However, it was discovered that SiO>
was occasionally capable of regenerating a dielectric breakdown if the current through
the oxide was limited [128, 129]. The materials’ property of cyclically changing its
electrical resistivity between at least two stable states is called resistive switching [130].
Known since the 1960s [131], resistive switching is of particular interest for its potential
in data storage applications, as it enables the encoding of logical states, such as binary

ones and zeros, into corresponding resistive states. Since these early observations of
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resistive switching however were not robust enough for this type of application not much
attention was given to this phenomenon until the late 1990s when the hysteresis of 1-V
characteristics in perovskite oxides was discovered [132, 133]. In 2004 Samsung
demonstrated nickel oxide (NiO) RRAM arrays integrated with 180 nm silicon CMOS
(Complementary Metal-Oxide Semiconductor) technology [133] and therewith triggered
massive research interest in resistive switching of binary oxides like NiO [134], titanium
oxide (TiOx) [135], copper oxide (CuOx) [136], zirconium oxide (ZrOx) [137], zinc oxide
(Zn0Oy) [138], hafnium oxide (HfOy) [139], tantalum oxide (TaO) [140], aluminum
oxide (AlOyx) [141], and many more. The simplicity of these materials, coupled with their
compatibility with existing CMOS processes, has been a driving factor in the continued
exploration of their potential [133]. With ongoing research efforts resistive switching has
meanwhile also been demonstrated in polymers [142] and 2D materials [143]. Resistive
random-access memory (RRAM), based on resistive switching, is a prominent contender
in the next generation of non-volatile memory technologies [30]. It offers several
advantages, including a straightforward architecture, rapid switching speeds, excellent
scalability, and low power consumption [144]. Moreover, its compatibility with standard
CMOS processes [133] makes it an attractive option for the development of devices that
transcend the limitations of Moore's Law [145].

2.6.2 Defect Generation and Accumulation

It is widely accepted that the process of the dielectric breakdown can be described with
the percolation model [146]. One commonly distinguishes between three stages. Initially,
defects are generated within the oxide bulk and at the silicon interface due to the electrical
stress applied. Subsequently, these defects accumulate, forming a localized conductive
path through the insulator. Finally, this path facilitates a high current flow, which releases
energy into the adjacent material, dictating the extent of the dielectric breakdown's

severity [147]. A schematic is provided in Figure 14.
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Figure 14: Dielectric breakdown formation according to the percolation model. a) Initial
state of a metal-oxide-metal test structure. b) Electrical stress leads to a random formation
of defects within the oxide. ¢) Accumulation of defects results in a conductive path
(percolation path) that bridges top and bottom electrode and therewith causes dielectric
breakdown.

With respect to the defect generation model there is less unity [31]. Dielectric breakdown
can result from several mechanisms, including field-enhanced bond breaking
(E-model) [148], impact ionization (1/E-model) [149], anode hole injection (AHI) [150],
and anode hydrogen release (AHR) [151]. Neutral electron traps, interface states, hole
trapping and hole-related defect generation are well-known consequences of electrical
stress and are also linked to dielectric breakdown [152, 153]. The E-model and the inverse
E-model (1/E-model) are two approaches that describe breakdown behavior in relation to
the applied electric field and the time to breakdown. These models are consistent with
experimental data for oxide films thicker than 6 nm under high electric fields around 8-
10 MV/cm [154]. However, their applicability under practical operating conditions and
for oxides thinner than 5nm is debated [153]. For those, evidence suggests that
degradation is more dependent on voltage than on the electric field [155]. In this voltage-
driven degradation model, the energy of electrons—determined by the applied voltage—
is the primary factor causing oxide wear [156]. The rate at which defects are generated is
directly related to the current passing through the oxide [157]. Consequently, the
mechanisms of AHI and AHR offer a more accurate explanation for the degradation and

eventual breakdown of oxide layers in these contexts [158].

Dielectric breakdown in MOS structures can be categorized into extrinsic and intrinsic
types [159]. Extrinsic breakdown is caused by defects introduced during manufacturing,
such as point defects, which compromise the integrity of the dielectric film. Intrinsic

breakdown, on the other hand, is related to the inherent properties of the oxide layer.
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Figure 15 illustrates various defects that can compromise the integrity of the dielectric
film in MOS structures. These defects can accelerate degradation and lead to breakdown
at the electrically weakest point. It has been proposed that these weak spots effectively
thin the oxide layer, reducing the nominal thickness to what is termed the electrically
effective oxide thickness, which is the true measure of the oxide's ability to withstand
electrical stress [160].
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Figure 15: Exemplary defects compromising the integrity of oxide films. a) Thinned
oxide. b) Asperities. ¢) Impurities. d) Particles. e) Areas with increased trap generation
rate. f) Mobile ions. g) Voids. h) Interconnections. i) Areas with reduced barrier
height [31, 32, 159]. Adapted from [31], copyright University of the West of England,
2006.

2.6.3 Dielectric Breakdown Modes

In practical scenarios, despite the existence of multiple modes of breakdown [147], events
are typically classified based on the extent of post-breakdown conduction into two
categories: soft breakdown (SBD) and hard breakdown (HBD) [161]. Hard breakdown is
marked by an abrupt and substantial surge in leakage current, leading to fatal circuit
failure. Conversely, soft breakdown is characterized by a moderate yet variable increase
in leakage current, which is significantly lower than that observed in HBD scenarios. In
contrast to HBD, SBD does not necessarily imply that circuit operation is affected [31].
In oxide layers with thicknesses ranging from 3 to 7 nm, a precursor to dielectric
breakdown (BD) is the progressive defect generation under high electrical stress,
observable as an increase in leakage current at low voltages, known as stress-induced
leakage current (SILC) [34]. SILC primarily results from trap-assisted tunneling via
individual traps [30]. However, when conditions allow for a favorable trap configuration,

electrons may tunnel through two or more traps, leading to a phenomenon known as
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anomalous SILC [162]. For oxides thicker than 7 nm, defect-related charge trapping
predominates. However, in thinner oxides, SILC is often obscured by direct tunneling.
Notably, even within the 3 to 7 nm thickness range, SILC is typically measurable only at
low electric fields, as high-field conditions result in Fowler-Nordheim Tunneling
overshadowing the SILC phenomenon [163]. Schematic I-Vs to distinguish between the

above-described scenarios are provided in Figure 16.

Current (A)

Voltage (V)

Figure 16: Exemplary 1-Vs to demonstrate various stages of oxide degradation.
Representative Fowler—Nordheim (FN), stress-induced-leakage-current (SILC), soft
breakdown (SBD), and hard breakdown (HBD) curves are provided. The oxide thickness
is 4.3 nm, the device area is 6.4 - 10° cm?, and the substrate is p-type. Adapted from
[147], copyright Elsevier Ltd., 2003.

2.6.4 Breakdown Statistics

The random nature of oxide breakdown requires a statistical approach for its description.
Given its 'weakest-link' characteristic, the Weibull distribution model is commonly
employed to statistically represent the experimental data [164]. The model is defined in
(13).

F(tg) =1— exp l— (;—B>ﬁl (13)

B

With F (tg) being the cumulative failure probability, t5 the time to breakdown, aj the

time-to-breakdown at approximately 63 % breakdown occurrence, S the shape
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parameter (also referred to as Weibull slope). In order to simplify data analysis (13) is

commonly reformulated into (14).

In[=In(1 = F(tp))] = B - In(tp) — B - In (ap) (14)

When plotting In[—In(1 — F(tg))] as function of In(tg), the plot follows a linear
behavior from which 8 and ag can be easily extracted. An example is depicted in Figure

17.
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Figure 17: Exemplary Weibull-Plot with an extrinsic (8 < 1) and an intrinsic (8 > 1)
branch. Adapted from [165], copyright Universitat der Bundeswehr Minchen, 2000.

Note that the shape factor g determines the type of distribution. If # < 1 the distribution
models items that fail early (decreasing failure rate), when g = 1, it simplifies to an
exponential distribution with a constant failure rate, and when £ > 1, it models items

that are more likely to fail as they age (increasing failure rate) [165, 166].

Selecting the right test structures is crucial for accurately evaluating oxide
reliability [152]. Small area capacitors, ranging from 107° to 10~* cm? [167], are preferred

for investigating the intrinsic properties of oxides. In contrast, larger area capacitors,
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between 1072 and 1 cm? [167], are typically used to assess defect density related to
extrinsic defects. Traditional macroscopic MOS structures, due to their size being
substantially larger than the actual area where breakdown occurs, offer only a generalized
insight into the properties of dielectric films. Unlike direct investigations using C-AFM
on thin dielectrics, these structures are not capable of pinpointing specific sites of
breakdown or detecting microscopic weaknesses at the nanometer scale [168].

2.6.5 Electrical Stress Tests

When characterizing dielectric films, it is standard practice to employ both time-zero and
time-dependent measurement techniques. Time-zero breakdown, determined through
RVS tests, involves incrementally increasing the voltage on each sample until breakdown
is observed, providing a quick and effective measure of the breakdown field strength [32,
167]. On the other hand, time-dependent breakdown is analyzed using constant voltage
stress (CVS) or constant current stress (CCS) tests [169, 170]. CVS assesses the duration
until breakdown at specified voltage levels and electric fields [167], while CCS is used
to determine the total charge that a sample can withstand before breakdown at a set current
density [167].

Accelerated stress testing is essential for evaluating dielectric wear-out, as it shortens the
time required to simulate the product's lifecycle compared to its anticipated service
lifetime [31]. Various models for predicting device lifetime under these conditions have
been detailed in the literature [152, 154, 169, 171, 172].
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3 Thesis contributions

This chapter is dedicated to outlining the primary objectives of the thesis. It summarizes
the key findings and provides a list of publications, in which the results of this thesis have

been published.

3.1 Objectives

Although C-AFM is a widely used and effective method for analyzing the topography
and electrical resistivity of various samples at the nanoscale, a significant challenge in
this field is achieving reproducible data. A concern that is not solely affecting C-AFM

science but nanoscience in general [173, 174].

The difficulty in reproducing data in C-AFM arises from the multitude of factors that
influence establishing and maintaining tip-sample contact. These factors comprise
roughness of the sample, micro-roughness of the tip, scanning speed, applied contact
force, contamination of the tip and sample, dynamic modifications of the tip and sample
surfaces during scanning, and external disturbances such as vibrations or electrical noise.
Due to their fine tip radii, typically ranging from approximately 5 to 200 nm, tips are
prone to degradation. This degradation can be attributed mainly to two causes. The first
cause, since most C-AFM measurements are conducted in contact mode, are lateral
frictions. Depending on the deployed contact force, the tip and sample material roughness
and hardness, the ambient humidity, and the scan speed, mechanical abrasion leads to a
gradually increased tip radius over time. If a tip with a conductive coating is used, there
is a risk that this coating may be scratched off after prolonged use, resulting in a loss of
the tip's conductivity. Additionally, it should be considered that non-conductive
scratched-off debris from the sample can adhere to the tip, which would lead to
significantly increased tip resistance. Lateral frictions pose a dual problem. They do not
only diminish the achievable topographical resolution due to the increase in tip radius,
but they also contribute to the partial or complete loss of the tip's conductivity [14]. To
address this issue, the scientific community has recently adopted the use of intermittent
contact mode, in which the tip is retracted during lateral movements, to measure local

currents [19].
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The second major issue is the high current densities experienced when a bias voltage is
applied. Since C-AFMs typically measure currents above a few picoamperes
(corresponding to the usual noise level), the current densities encountered by C-AFM tips
are never lower than 1 A/cm2. In certain experiments, these densities can increase
dramatically, reaching up to 10® A/cm? [20]. These high current densities may lead to
conductive varnish melting and tip oxidation, which would lead to a profoundly increased
tip resistance. Occasionally this degradation occurs abruptly, and one can distinguish well
which data sets are still valid. Often however degradation occurs incrementally, which
complicates the process of ascertaining the validity of the data. This gradual deterioration
can be challenging to detect and may potentially result in incorrect conclusions [14].

With Peakforce Tapping mode already providing an effective means to mitigate tip
degradation due to mechanical abrasion, the focus of this thesis is on developing strategies
to minimize tip degradation resulting from high current densities. This research aims to
assess the extent of degradation in metal coated probes, which are currently the most
widely used in the field, under various C-AFM measurement scenarios. Furthermore,
readily available alternatives, such as solid Pt probes and software-based current
limitation, shall be thoroughly evaluated. The primary goal is to present a robust solution
that effectively shields C-AFM probes from damage induced by high current densities.
Overall, this thesis shall contribute to the evolution of the C-AFM technique by enhancing
its reliability and therewith ensuring more consistent and dependable results in nanoscale

material analysis.

3.2 Key Findings

This chapter briefly summarizes the key findings of each experimental chapter of this
thesis:

Chapter 4.1.1 This chapter analyzes the dynamic degradation behavior of
Pt/Ir-coated C-AFM probes, which are presently the most widely
used. The performed experiments suggest a two-phase degradation
process of these probes. Initially, the conductive coating undergoes
a reduction in thickness before it ultimately melts. During this
thinning phase, a stable intermediate state characterized by

increased contact resistance was identified. Without a reference,
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Chapter 4.1.2

this intermediate state can be challenging to discern, potentially
misleading users to wrong statements in material assessment. It is
therefore recommended to always test the performance of the
deployed probe initially on a sample with known electrical
parameters, or to double check the result by repeating the
experiment with a second probe.

The second key finding of this chapter involves the unexpectedly
low currents recorded with a PFTUNA probe [15] (Rtipnom =
25 nm, Kcnom = 0.4 N/m) during tunneling current measurements
on a 2nm TiO2/SiOx/n™ Si sample. Computational analysis
revealed that this reduction in current is attributed to the formation
of H20 nanogap between the tip and the sample. Interestingly, this
nanogap persisted despite applying the maximum deflection
setpoint (10 V) allowed by the system. To prevent inaccurate
conclusions about d,, or V,,,, it is advisable to use stiffer C-AFM
probes for Ramped Voltage Spectroscopy (RVS) on this type of
samples, or to conduct the measurements in a controlled
environment, such as under vacuum or in a dry nitrogen

atmosphere.

In this chapter, a comprehensive statistical analysis of the
performance of solid Pt probes (model RMN-25Pt300b) in various
C-AFM applications was performed. These applications
encompassed topography measurements, step height estimations,
current map recordings, and RVS. Furthermore, the probe-to-probe
variability was assessed. The analysis revealed that the topography
obtained using solid Pt probes, compared to Pt/Ir-coated probes
(model ContV-Pt), appeared slightly less defined, and the
estimated step heights were marginally lower than the reference
values obtained with a NCHV-A probe in tapping mode. However,
these differences were minor, and the solid Pt probes were found
to be fully capable of delivering reliable results in both disciplines.
In terms of current mapping, both the solid Pt and Pt/Ir-coated
probes produced comparable results. The notable distinction
between them was observed in their topographical endurance.
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Chapter 4.2.1

Initially, the ContV-Pt probe offered higher resolution in
topography, but this quality rapidly diminished with successive
scans. In contrast, the solid Pt probe maintained a consistent quality
of topographical detail over numerous scans. This sustained
performance underscores the robustness of solid Pt probes
particularly for applications that require repeated or prolonged
scanning. When recording RVS, the solid Pt probe exhibits
superior performance in comparison to the Pt/Ir-coated probe.
Notably, the solid Pt probe was able to conduct RVS at 100
locations without displaying any tendency towards higher voltages
in the resulting 1-V curves. In contrast, the Pt/Ir-coated probe
showed a clear downward trend in performance after just the initial
curves, failing to register currents above the noise level by
approximately the 50th I-V curve. An additional analysis was
conducted on the onset potential variations across three different
new solid Pt probes. The findings revealed only minor deviations,
confirming that probe-to-probe variability is not concern. Overall,
for cost-effectiveness and enhanced reliability in C-AFM
investigations, solid Pt probes stand out as an excellent choice.
While they may offer a marginally lower topographical resolution
compared to Pt/Ir-coated probes, this is greatly offset by their
significantly better endurance over numerous scans and their
substantially increased electrical durability, making them a

valuable tool for consistent, long-term C-AFM investigations.

This chapter provides an in-depth exploration of the working
principle of software-based current limitation featuring the Bruker
Dimension Icon. This tool is straightforward to use and does not
require prior knowledge of the sample’s resistance. In contrast to
solely relying on more durable probes, software-based current
limitation actively restricts the resulting currents, thus enabling the
extended use (by approximately a factor of 50 for the scenario
described in Chapter 4.2.1) of metal-coated probes (which offer a
wider variety in probe types), while also safeguarding the sample

from current-induced damage. It is important to note, however, that
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Chapter 4.2.2

software-based current limitation does not offer absolute current
limitation. For instance, when applying a voltage ramp from 0 V to
6 V with a current threshold of 100 pA, the trigger will halt the
forward sweep at the voltage level (Vsr0p) Where the current first
exceeds the threshold. Enhancing the sampling rate and ramp
frequency can minimize current overshoot beyond this threshold
and refine precision. Yet, from Vsrop, the system unavoidably
conducts a backward sweep back to its initial value (0 V in this
case). Since electrical stress is a function of both, voltage and time,
dielectric breakdown may still occur during this backward sweep,
potentially resulting in much higher currents than the set current
threshold. Software based current limitation may also be employed
while recording current maps. On h-BN on copper (Cu), the
generation of new defects could not be fully prevented, but their
occurrence notably diminished. In summary, software-based
current limitation substantially enhances the reliability of C-AFM
investigations across various fields and contributes to cost
reduction by ensuring longer probe lifetimes. It however does not

provide true current limitation.

The concluding chapter presents an innovating development in the
form of a new sample holder, integrated with a MOSFET. This
design enables true current limitation in both the forward and
backward sweep directions, a capability that distinguishes it from
software-based current limitation. While similar results could
theoretically be achieved by connecting resistors in series with the
tip, the novel sample holder eliminates the need for prior
knowledge about the sample’s resistance. Additionally, the
traditional approach of using resistors often necessitates hardware
alterations when switching between different samples. In contrast,
the current-limiting sample holder simply requires an adjustment
of the gate voltage to accommodate a variety of sample types,
streamlining the process significantly. The holder’s design,
compatible with standard SOT-23 housed transistors, allows for

high customizability across a wide spectrum of experiments.
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Furthermore, its versatility ensures compatibility with nearly all
C-AFM systems. Overall, the sample holder contributes to
enhanced accuracy, reliability, and versatility in C-AFM
applications establishing it as an indispensable asset for researchers

and practitioners in the field alike.
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4 Experimental

The experimental section is structured into two principal areas. The initial chapter focuses
on a crucial aspect of Conductive Atomic Force Microscopy research: the reliability of
different probe types. This chapter is further segmented into two subsections. The first
subsection examines the impact of metal-coated C-AFM probes, which are presently the
most widely used in the field. The second subsection delves into the potential of solid Pt
probes. Owing to their enhanced robustness and comparable topographical resolution,
these probes emerge as a potentially promising alternative for C-AFM applications. The
second chapter, divided into two subsections, examines the advantages and drawbacks of
different current limitation systems. The first subsection addresses software-based current
limitation, a readily available and user-friendly solution. This method efficiently restricts
the current through the tip/sample junction by halting the forward sweep upon reaching a
predefined current threshold. However, it is important to note that during the ensuing,
inevitable backward sweep, there is no current limitation. Despite this, compared to
scenarios with no current limitation, the lifespan of the probes is still notably prolonged,
and damage to the sample due to current induction is minimized. In the second subsection,
to address the shortcomings of software-based current limitation, a novel and universally
applicable C-AFM sample holder is introduced as a solution for hardware-based current
limitation. This innovative holder is designed to effectively limit currents through the tip-
sample junction in both sweep directions using an integrated CMOS transistor. This
advancement not only offers a significantly extended probe lifetime compared to
software-based current limitation systems but also further reduces current-induced

damage to the sample.

4.1 Tip Influence on C-AFM Measurements

Conductive Atomic Force Microscopy (C-AFM) is a powerful tool for analyzing
materials, offering exceptional lateral resolution and the unique capability to directly
correlate surface topography with electrical current [175]. Despite these advantages, the
technique faces a critical challenge: Substantial current fluctuations in both, individual
experiments and across different studies. These fluctuations can be primarily attributed

to two factors [176]: i) Tip degradation, and ii) moisture.



4 Experimental 46

1) The metallic coating on C-AFM tips is susceptible to degradation due to mechanical
wear and high current densities, which can generate enough heat to compromise the
coating integrity, potentially leading to skewed experimental results [72]. The use of
costlier, but more stable, solid metallic tips has been suggested as a solution. A thorough
analysis of the capabilities of solid Pt probes is provided in Chapter 4.1.2. Despite their
susceptibility to rapid degradation, metal-coated silicon tips remain the standard for C-
AFM investigations due to their cost-effectiveness and the relative ease of their
production process [18]. Further approaches include the use of doped diamond-coated
probes [177] or solid doped-diamond probes [89] (typical dopants are B [86] and N [87]).
However, doped-diamond probes are more expensive than solid metal probes and, more
importantly, often damage the surface of the samples due to their high stiffness [176].
Advances such as graphene-coated silicon tips [90, 123, 178] show promise for enhancing
tip longevity without significantly increasing the tip radius, but these are still under
development and not yet commercially available.

i) Water molecules trapped between the tip and the sample can significantly affect
C-AFM measurements [124, 179]. Some C-AFM setups [180, 181] allow for vacuum
conditions to mitigate this issue, but most research is still conducted in air, where moisture
is ubiquitous. The vacuum levels achievable by standard commercial C-AFM systems
(10— 10 torr) may not suffice to eliminate all moisture, which could necessitate heating

the sample to temperatures above 100°C - a requirement not always practical or possible.

For C-AFM to reach its full potential in accuracy and reliability, a deeper understanding
of tip coating degradation and the dynamics of moisture at the tip-sample interface is
essential. These issues will be addressed in Chapter 4.1.1 using metal-coated silicon

probes.

41.1 Metal-Coated C-AFM Probes

To investigate the degradation of C-AFM tip coatings and assess the impact of a moisture
layer between the tip and sample, 2 nm-thick TiO- layers on highly doped n-type silicon
(n** Si) wafers were fabricated using a plasma-enhanced atomic layer deposition system
(PEALD, Savannah, Cambridge Nanotech, Cambridge, UK). The chosen wafers, with a

resistivity ranging from 0.008 to 0.02 % are consistent with those employed in prior

C-AFM  research [54, 182]. The precursors for the deposition were
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tetrakis(dimethylamido)titanium [Ti(NMez)s] for titanium and oxygen for the oxide
component. The deposition was conducted at a temperature of 200 C, achieving a growth
rate of 0.51 A per cycle, which translates to 40 cycles for a 2 nm film. The ALD process
involved a 0.1-second pulse of Ti(NMe2)s, followed by a 10-second hold. The plasma
phase utilized an oxygen flow rate of 30 sccm for 20 seconds at 300 W power, with an
additional 5-second hold time. Prior to titanium dioxide (TiO2) layer deposition, the Si
wafers were etched in a 4 % hydrofluoric acid (HF) solution to remove the native silicon
oxide (SiOx) layer. Cross-sectional transmission electron microscopy (TEM) imaging
verified the precise TiO- thickness and revealed a roughly 1 nm interfacial SiOx layer, a
byproduct of the oxygen interaction with the Si substrate [183, 184]. C-AFM topographic
analysis showed the TiO> surface roughness to be under 200 pm, comparable to the initial
Si wafer surface [185], confirming the coating's conformality and quality (see Figure 18).
The transmission electron microscope (TEM) analyses were performed using a JEM-2100
(JEOL, Akishima, Tokyo, Japan), and C-AFM assessments were conducted with a Digital
Instruments Dimension 3100 (Veeco, Plainview, NY, USA) in Contact Mode using a new

PFTUNA probe under standard air atmosphere.

RMS = 146 pm 1.5nm

-1.5nm

Figure 18: Sample analysis using TEM and C-AFM. a) Cross-sectional TEM image of
TiO2/SiOx/n**Si sample. Note the top carbon layer is a prerequisite for the TEM
investigation only. b) C-AFM topographic map of a TiO2/SiOx/n**Si sample. Adapted
from [176], copyright MDPI, 2019.

In this study, two types of C-AFM tips, SCM-PIT [186] and PFTUNA [15], were utilized.
Both are made from Si and silicon nitride (SiN) respectively and coated with a 20 nm

layer of Pt/Ir, a 95 % platinum and 5 % iridium alloy. The SCM-PIT tips feature a nominal
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tip radius (Ry;p) of 20 nm, with a maximum of 25 nm, while the PFTUNA tips have a
typical Rr;p of 25 nm, extending up to 35 nm. The primary distinction between these tips
lies in their spring constants: the SCM-PIT has a spring constant of 2.8 N/m, whereas the
PFTUNA's is 0.4 N/m (nominal values). I-V curve sequences were recorded at multiple
TiO2/SiOx/n**Si sample locations using both SCM-PIT and PFTUNA tips, with a distance
of 1 um in between each |-V to prevent interference. The ramped voltage stress was
applied at 0.1 Hz with current limits set from —100 pA to 100 pA, ensuring accurate
readings by applying a positive bias to the C-AFM tip and grounding the sample
holder [187]. A deflection setpoint of 4 VV was selected for both tip types, resulting in
contact forces of approximately 151 nN for PFTUNA and 526 nN for SCM-PIT, higher
than typical to promote reliable contact [55]. It should be emphasized that this study
focuses solely on spectroscopic measurements, where lateral friction is minimal, thus
allowing for the use of increased contact force without the risk of early C-AFM tip wear.
Although current/resistance mapping is a valuable technique for analyzing various
nanomaterials [188-190], it was excluded to avoid the excessive lateral stress that could

compromise the integrity of the C-AFM tips.

87 1-V curves with an RVS ranging from 0 V to a maximum of 5 V were recorded using
the SCM-PIT tip (see Figure 19 a). The onset potential (V,,,), where the current first
exceeded 10 pA, varied from 0.49V to 1.35V. After recording these curves, the
SCM-PIT tip maintained its original conductivity without any observable degradation. In
contrast, with the PFTUNA tip, we recorded 107 I-V curves under the same RVS
conditions. The initial 85 curves, detailed in Figure 19 b, had V,,, values between 1.48 V
and 2.10 V. A distinct shift was observed in the subsequent 22 curves, with 1/, values
ranging from 2.81 V to 3.80 V, as depicted in Figure 19 c. After this set of measurements,
the PFTUNA tip lost conductivity, failing to register any current above the noise threshold
at the C-AFM's maximum bias of 10 V.
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Figure 19: Sequences of I-Vs using SCM-PIT and PFTUNA probes. (a) 87 I-V curves
were obtained using a SCM-PIT probe at various points on the TiO2/SiOx/n**Si sample.
(b) The first set of 85 I-V curves and (c) a subsequent set of 22 1-V curves were similarly
gathered using a PFTUNA probe on the same sample. All measurements were conducted
in a standard atmospheric environment. The graphs display the applied voltage to the
C-AFM tip on the x-axis, while the sample holder was grounded. Adapted from [176],
copyright MDPI, 2019.

Comparing Figure 19 b and Figure 19 c reveals degradation of the PFTUNA tip,
corroborating the findings from [18], in which a detailed analysis of tip degradation due
to metallic varnish melting, tip apex erosion, and particle adhesion is provided. However,
the dynamics of this degradation - specifically, the progression of current signal decay -
remain uncharted. While [18] addresses degradation during lateral scans, which are prone
to accelerated wear and contamination due to friction, this study focuses on spectroscopic
I-V curves, where such effects are presumed to be less pronounced. Nonetheless,
prolonged high-current conditions in I-V spectroscopy may expedite the melting of the

metallic coating [90].

From the comparison of Figure 19 b and Figure 19 c, it is evident that tip conductivity
diminishes progressively, transitioning through an intermediate state with stable yet
altered measurements due to increased contact resistance, likely from metallic coating
wear. This intermediate state, characterized by higher onset voltages (V,,,), could mislead
researchers by presenting altered sample characteristics, such as an overestimated oxide
thickness. Therefore, caution is advised when interpreting measurements from tips in this

compromised condition.

To further quantify the degradation of C-AFM tips, an additional experiment was
conducted. It involved placing a metal-coated silicon tip on a metallic substrate - a silicon
wafer with a 300 nm layer of SiO, coated with a 100 nm layer of platinum via atomic
layer deposition (ALD). The platinum film was connected to the C-AFM plate using
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silver paint. Sequences of I-V curves were then collected by using an external source
meter (Keithley 6430, Keithley Instruments, Cleveland, USA) [191-193]. This setup,
utilizing a pure metallic junction between the tip and the sample, allows for the direct
monitoring of the C-AFM tip's metallic coating performance without the interference of
tunneling currents across the TiO2/SiOx/n**Si sample. Employing a source meter also
enables the measurement of larger currents, thus facilitating the determination of the

maximum current threshold (Imax) at which tip degradation occurs.
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Figure 20: Sequence of 1-V curves obtained from a single location ona 100 nm Pt/300 nm
SiO2/Si sample using a C-AFM that is linked to a Keithley 6430 source meter. a) The data
are presented on an expanded scale to clearly show the degradation phases of the C-AFM
tip. The red dashed circle highlights the C-AFM tip's initial degradation phase, leading to
an intermediate state, while the blue dashed circle marks the point of complete tip

degradation. (b) Identical data depicted on a more detailed scale. Adapted from [176],
copyright MDPI, 2019.

The results, depicted in Figure 20, are presented in two scales for clarity. The initial 1-V
curve demonstrates a perfect linear response, terminating in a sudden current drop at Imax
= 3.5 mA, as highlighted by the red circle in Figure 20 a. Calculations from the linear
portion of the I-V curve yield an initial contact resistance of 4.54 kQ, aligning with the
manufacturer's specifications. Post-decline, the tip maintains a near-linear response with
an increased contact resistance of 5.88 MQ, correlating with the stable resistive state
observed in Figure 19 c. This suggests a two-phase degradation process: initial narrowing
followed by complete melting of the tip coating. The intermediate state, marked by
increased contact resistance, could mislead users in material assessments. Continued
stress leads to total tip failure at approximately 8 V and Imax = 510 YA, as indicated by
the blue circle in Figure 20 a.
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To discern the variations in electrical signals obtained with different C-AFM tips, the 1-V
curves were analyzed using advanced computational models. Historically, equations from
various tunneling models such as Direct Tunneling [194], Fowler-Nordheim
Tunneling [195], and Poole-Frenkel [196], as well as their combinations [197], have been
instrumental in investigating currents across thin dielectrics like SiO. [198] and
HfO> [198]. For the complex TiO2/SiOx bilayer system in our study, we employed
Ginestra® (Version 3.1, Applied Materials Inc., Santa Clara, USA), a sophisticated
multilevel computational platform tailored for precise simulations of charge transport and
degradation in dielectric stacks [199, 200]. Ginestra®s capabilities include a
comprehensive treatment of transport mechanisms—Direct Tunneling, Fowler-Nordheim
Tunneling, and multiphonon trap-assisted tunneling—and full 3D simulations that
incorporate material-specific parameters, defect impacts, localized power dissipation at

defects, and the resultant electric field distortions due to trapped charges.

Figure 21 a depicts the fit of 87 I-V curves acquired using SCM-PIT tips. For the fitting,
a Pt/TiO./SiOx/n™"Si structure with a 2 nm TiO> layer and a 1 nm SiOx layer was
considered, and an A, s of 100 nm? assumed. The TiO2 and SiOx were characterized by
their respective electron affinity (), bandgap (Ej), and dielectric permittivity (¢), using
the following values: @r;0, = 3.55 eV [201], E;1ip, = 3 eV [202], &r;0, = 60 [203],
@sio, = 0.95 eV [204], E; sip, = 8.9 eV [205], and &g;0, = 6.6 [206]. Oxygen vacancy
defects with a density of 5- 10" cm™ were included into both layers. Figure 21 c
illustrates the structure's schematic as generated by Ginestra®. To mirror experimental
variability, we simulated 300 randomized devices, accounting for random defect
distribution, oxide thickness variations (+0.3 nm), and contact area deviations (ranging
from 64 to 144 nm2 with an average of 100 nm?). The simulation results align closely with
the experimental data, demonstrating the model's robustness in capturing the effects of

structural randomness on electrical behavior.
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Figure 21: Experimental 1-V curves recorded at various locations of the TiO2/SiOx/n**Si
samples using (a) an SCM-PIT and (b) a PFTUNA tip, and their belonging fittings using
Ginestra®. The experimental curves equal those in Figure 19 a and Figure 19 b. A range
of simulated curves is presented to reproduce the intrinsic variability of the experiments
(density of traps, thickness of each layer, and tip/sample contact area). Insets (a) and (b)
illustrate the respective tip/sample configurations. Figures (c) and (d) depict the detailed
structural schematics for the SCM-PIT/TiO2/SiOx/n**Si and
PFTUNA/H20/TiO2/SiOx/n**Si systems as modeled by Ginestra®, with red spheres
indicating the location of intrinsic defects within the TiO2 and SiOx layers. Adapted from
[176], copyright MDPI, 2019.

Subsequently, an attempt to fit the I-V curves recorded using PFTUNA tips was made.
Notably, the primary distinction between the SCM-PIT and PFTUNA tips lies in their
spring constant (k); the k. for PFTUNA tips is seven times less than that for SCM-PIT
tips. It should be highlighted that variations in k. only modify the value of A, in the
tip/sample system [207]. This relationship is quantitatively defined by (15) and (16):

2
3

E. R
Aeff=Ac=7T'rc2=7T'<CTTlP> (15)

_(1—Vf+1—v22> (16)
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With A, being the contact area, 7, the radius of the contact area, and K the reduced
Young’s modulus consisting of the Poisson's ratios of the tip and sample v; and v,
respectively, and the respective moduli of elasticity E; and E,. The contact force F; is the
product of the spring constant k. and the cantilever deflection .. It's important to note
that the effective contact area A, is not always equivalent to A.. The electric field may
be confined at certain points within A, resulting in A.sr < A, or it may extend beyond,
leading to A.rr > A, [28]. However, for the purposes of this experiment, equating A,y ¢
and A, is a reasonable approximation because the insulating nature of the sample restricts
the spread of the electric field, and the applied contact force is not excessively high, which
would otherwise lead to significant field confinement (field confinement due to excessive
contact force typically occurs with tips that feature a spring constant greater that
20 N/m) [28].

For the Ginestra® fitting of 1-V curves obtained with PFTUNA tips, we employed the
same parameters as those used for SCM-PIT tips, except for A.rr. The relationship
between A.rr for SCM-PIT and PFTUNA tips can be deduced from (15) and (16),
resulting in Acrrscm—pir being approximately 1.90 times Agfrprryna. FOr this
calculation the cantilever deflection was extracted for both probes by dividing the
deflection setpoint with the average slope of the trace and retrace characteristic in contact
using three Force-Distance curves at various locations for each probe, see Figure 22.
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Figure 22: Force Distance curves recorded with new SCM-PIT and PFTUNA probes at
various locations on TiO2/SiOx/n++ Si. a) PFTUNA at Position 1. b) PFTUNA at
Position 2. ¢) PFTUNA at Position 3. d) SCM-PIT at Position 1. e) SCM-PIT at Position
2. f) SCM-PIT at Position 3.

The following parameters were used vq p; = 0.39 [208], v, 10, = 0.27 — 0.29 [209],
El,Pt = 171 GPa [208], EZ,TiOZ = 230 - 288 GPa [209], kC,SCM—PIT =
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1.2; 2.8(nom); 5.5 N/m [186], ke prruna = 0.2; 0.4(nom); 0.8 N/m [15],
Rripscm—pir = 20; 22.5; 25 nm [186], and Ry;p prryna = 25; 30; 35 nm [15]. Given
that the average A.srscm-pir Value considered in Figure 21 a is 100 nm?, an Azf of
52 nm? with a spread of +24 nm? (similar to the percentage spread assumed for the
100 nm?) was chosen for the PFTUNA tip. However, this approach did not yield a
satisfactory fit between the simulated and experimental I-V curves. Even when
calculating the minimum possible A.r; using the smallest values of Rrpprrynas
k¢ prruna, and 8¢ and the largest values for v, r;0, and E; r;0,, Which gives a ratio of
Acrrscm—-pir 10 Agrr prruna OF 5, the fit was still not achieved. This outcome suggests
that the lower currents observed with PFTUNA tips, compared to SCM-PIT tips, cannot
be attributed solely to a reduced A.f due to a lower spring constant. It implies that

additional factors are contributing to the observed differences in current.

Given that the properties of the tips are highly similar, and both the sample and C-AFM
setup remain constant, the significant reduction in current observed with PFTUNA tips
likely stems from the presence of an ultra-thin nanogap between the C-AFM tip and the
sample. This gap is likely filled with water (H.O) molecules, since the measurements
were performed under an ambient atmosphere [124, 210]. This phenomenon could be
attributed to the lower k. of PFTUNA tips compared to SCM-PIT tips, leading to a
reduced F.. However, this finding is quite unexpected, especially since we deliberately
applied a high F, of approximately 151 nN by setting the deflection setpoint (DS) to 4 V.
To determine the presence of a water film at the tip/sample interface, the 1-V curves
recorded with PFTUNA tips were re-simulated using the same parameters above, with
the sole addition of an ultra-thin H2O nanogap (1.2 £ 0.1 nm) between the PFTUNA tip
and the sample. This configuration, depicted as Pt/H>O/TiO2/SiOx/n**Si in Figure 21 d,
models the water nanogap with an electron affinity of ¢,,, = 1 eV [211], a bandgap of

Egn,0 = 6.9 eV [212], and a dielectric permittivity of e5,, = 80 [213]. Remarkably,

incorporating the H2O nanogap into the simulation resulted in an excellent fit with the
experimental I-V curves, as shown in Figure 21 b. The simulation also considered
variability in the water layer thickness, with 300 randomized devices simulated in total.
The calculated thickness of the water nanogap, necessary to fit the measurements, aligns
with previous research on comparable samples [124, 210]. This outcome, supported by
Ginestra® simulations, suggests that despite applying a high deflection setpoint (DS) of
4V, resulting in a contact force F, of approximately 151 nN, the PFTUNA tip was unable
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to penetrate the water layer and make direct contact with the sample. This is visually
represented in the inset image of Figure 21 b, in contrast to the inset image of Figure 21 a.

In an attempt to disrupt the water layer, we repeated the experiments using the maximum
deflection setpoint (DS) permitted by our system, which was 10 V. Theoretically,
applying a DS of 10 V with a PFTUNA tip featuring a spring constant k. of 0.4 N/m
should generate a contact force F, of approximately 378 nN. Contrary to expectations,
even at this high DS, only minor changes in current (within the variability range of those
recorded in Figure 19 b) were observed, and no notable variations were detected at
intermediate DS values of 6 V and 8 V. This finding is in line with other studies that also
reported negligible differences in 1-V characteristics beyond a certain DS threshold [55].
However, the inability of a theoretical force of ~378 nN to penetrate the water layer
suggests that the actual force exerted by the C-AFM at a DS of 10 V might be lower than
anticipated. Notably, at such high force levels, some materials were even observed to be
scratched by the C-AFM tip [93, 214]. It is likely that capillary forces arising from the
water meniscus at the tip-sample interface exert a repulsive force, counteracting the force
applied by the system [207]. These results suggest that PFTUNA tips are unsuitable for
obtaining sequences of 1-Vs under environmental conditions on this type of sample.
However, this does not imply that all prior C-AFM studies using this setup are flawed. It
is clear that quantitative I-V curves cannot be reliably obtained with these types of tips
under ambient atmosphere, even when applying the maximum contact force (i.e., DS)
permitted by the C-AFM. Nevertheless, when analyzing different samples, relative
variations in the data may still provide valuable insights. Additionally, the nanogap
observed during spectroscopic I-V curve acquisition might not be a factor during lateral

scans, as the sideward movement of the tip could help displace the H,O molecules.

In summary, over 80 I-Vs were collected on a TiO2/SiOx/n** Si sample using C-AFM
with two nearly identical types of tips, differing only in their spring constants k. of
0.4 N/m and 2.8 N/m. Notably, the currents measured with the 0.4 N/m tip were
significantly lower than expected and could not be explained by a reduction of A,f;.
Computational calculations revealed that this substantial reduction in current is
attributable to a water nanogap formed between the C-AFM tip and the sample, caused
by the lower contact force. This nanogap persisted even when applying the maximum
contact force the equipment could provide (using a DS of 10 V). Furthermore, the

degradation process of C-AFM tips was alluded, noting an intermediate stable state with
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increased contact resistance before complete degradation. These findings emphasize the
importance of considering factors like the presence of a water layer or tip degradation
when interpreting C-AFM data, as these can lead to erroneous conclusions, such as
incorrect assumptions about oxide thickness or onset voltage. The results of this study
have been published in [176].

4.1.2 Solid Pt Probes

In recent years, the use of solid Pt probes in C-AFM has been gaining popularity [215,
216] due to their durability, minimal sample damage, and cost-effectiveness compared to
doped-diamond probes, both coated and solid [123]. Despite this growing interest, a
comprehensive statistical assessment of the performance of solid Pt probes relative to
traditional platinum/iridium (Pt/Ir)-coated silicon probes is still lacking. Subsequently, a
detailed statistical analysis of the conductivity, resolution, and durability of solid Pt
probes under various C-AFM working conditions is presented. The results indicate that
the resolution of both topographic and current maps obtained with solid Pt probes is very
similar to those produced using Pt/Ir-coated Si probes. However, solid Pt probes
demonstrate significantly enhanced durability across all experimental conditions tested.
This study offers valuable insights for C-AFM practitioners, potentially contributing to
improved reliability and efficiency in their research.

This experiment utilized a Dimension lcon AFM from Bruker, which was operated in an
air atmosphere with a relative humidity of 53.5% and equipped with four distinct types
of probes. The first type, Bruker's NCHV-A[217] (nominal Ry = 8nm,
k. = 40 N/m), consists of silicon probes typically used for topographic measurements
in tapping mode. Tapping mode is noted for providing the highest resolution in
topographic AFM measurements due to the small radius of the tip and the absence of
lateral frictions [37, 218]. Thus, measurements obtained with these probes serve as a
benchmark for evaluating the quality of other probes. The second type is Bruker's ContV-
Pt [16] (nominal Ry;p = 25 nm, k. = 0.2 N/m), silicon probes with a platinum/iridium
(Pt/Ir) coating on the tip and cantilever front side for electrical measurements in contact
mode. The specific details about the thickness and composition of the Pt/Ir coating remain
undisclosed, leaving ambiguity regarding whether the term Pt/Ir denotes a layer of
platinum over iridium or an alloy, as utilized by other manufacturers. The third type,
Bruker's SCM-PIT-V2 [17] (nominal Ry;p = 25 nm, k; = 3 N/m), are also Pt/Ir-coated
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silicon probes, similar to the ContV-Pt but with a higher spring constant. The fourth type,
the RMN-25Pt300b [88] from Rocky Mountain Nanotechnology (nominal Ry;p =
20 nm, k. = 18 N/m), features probes made entirely of solid platinum for the tip and

cantilever, also used for electrical measurements in contact mode.

Multiple ContV-Pt and RMN-25Pt300b probes are analyzed using a SEM (Nova
NanoSEM 630, FEI, Oregon, USA), with Ry;p estimated by fitting the apex of each tip
with a circle, as outlined in [219]. Figure 23 illustrates the results: for five Pt/Ir-coated
tips (nominal Ry;p = 25 nm), the actual R;p ranges from 20.7 to 28.9 nm, and for ten
solid Pt tips (nominal Ry;p = 20 nm), the actual Ry;p varies between 10.9 and 28.5 nm.
Since the manufacturers do not specify the variability of Rp;p on their websites, it is
unclear if these values fall within expected specifications. Nonetheless, the Ry;p

variability for both types of tips appears to be reasonable and within acceptable limits.
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Figure 23: Comparative sharpness of Pt/Ir-coated and solid Pt C-AFM probes. SEM images of the apex of different C-AFM probes. The first row
illustrates Pt/Ir-coated probes (ContV-Pt), while the second and third rows showcase solid Pt probes (RMN-25Pt300). Adapted from [72], copyright
American Chemical Society, 2023.
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A series of experiments were conducted to evaluate the quality of topographic maps,
current maps, and spectroscopic measurements obtained using each type of probe. Five
distinct samples, each with unique properties, were utilized for this assessment. Samples
1, 2, and 3 are composed of 3.4, 4.7, and 5.6 nm SiOz layers, respectively, grown by rapid
thermal oxidation on highly conductive n-type (100) silicon, doped with arsenic and
featuring a resistivity of 0.0025-0.0035 Q-cm. These samples are exemplary models of
state-of-the-art SiO. dielectrics, characterized by their homogeneity, low defect
concentration, and well-understood parameters such as electron mass and barrier height.
This uniformity minimizes uncertainties in the tip/sample system, aiding in the precise
interpretation of differences in recorded current signals. The highly conductive substrate
beneath the SiO> layer is advantageous, as it eliminates the potential drop typically
encountered with standard silicon substrates [197]. Sample 4 is a multilayer molybdenum
disulfide (MoS;) flake, produced through mechanical exfoliation and transferred onto a
300 nm SiO2/Si wafer [220]. This sample serves as an ideal test subject for probing the
thickness measurement capabilities at the flake's edge. Lastly, Sample 5 comprises a stack
of hexagonal boron nitride (h-BN) about 10 layers thick (approximately 3.3 nm), grown
via chemical vapor deposition on Cu foil [221]. This sample's rougher texture compared
to SiO2 provides an opportunity to assess the solid Pt probes' effectiveness in mapping
topographic-current correlations. Additionally, the presence of multiple local defects in

this sample allows for the evaluation of the probes' ability to quantify defect sizes.

The cross-sectional morphological properties of the SiO2/Si samples were characterized
usinga TEM (TITAN Themis 200, FEI, Oregon, USA). Prior to TEM analysis, as detailed
in Figure 24, a thin lamella was extracted from the samples using a Focused lon Beam
(FIB, Helios Nanolab 450S, FEI, Oregon, USA). The obtained images, as illustrated in
Figure 25 a, confirmed that the thickness of the SiO> film precisely matched the expected
value. Additionally, the images revealed that the SiO> film possesses an amorphous and
homogeneous structure. The surface of the SiOz film and its interface with the Si substrate
were observed to be exceptionally flat and sharply defined. These observations confirm
the high quality of the industrial SiO2/Si samples.
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Figure 24: FIB TEM lamella preparation. a) Deposition of protective layer. b) Material
removal. ¢) J-Cut and Pt deposition to merge micromanipulator with lamella. d)
Positioning of lamella at TEM grid. e) Pt deposition to merge lamella with TEM grid and
micromanipulator severing with FIB. f) lamella thinning.

Initially, the topography of the SiO» sample was evaluated using a silicon probe
(NCHV-A) in tapping mode. The surface of the sample exhibited remarkable flatness,
with a root mean square (RMS) roughness of 0.2 nm (see Figure 25 b), corroborating
findings from previous studies [222]. Subsequent measurements of the same SiO>
sample's topography were conducted in contact mode using a Pt/Ir-coated Si probe
(ContV-Pt) and a solid Pt probe. The RMS roughness values detected for the surface were
0.16 nm and 0.12 nm, respectively, as shown in Figure 25 ¢ and Figure 25 d.
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Figure 25: Assessment of surface roughness of a 4.7 nm SiO2/n** Si sample using diverse
probes. a) Thickness and morphology of the SiO2/n** Si sample via TEM. Note that the
top Cr layer is a prerequisite for the FIB preparation prior to TEM imaging. Topographic
maps collected with b) a Si probe (NCHV-A) in tapping mode, c) a Pt/Ir-coated Si probe
(ContV-Pt) in contact mode, and d) a solid Pt probe (RMN-25Pt300b) in contact mode.
The surface roughness is indicated in each topographic map respectively. Adapted from
[72], copyright American Chemical Society, 2023.

These roughness measurements are applicable for an area of 1 by 1 pum. It is important to
note that while the topographic maps generated using both probes were of good quality,
they were not as sharply defined as those obtained in tapping mode, which is a typical
observation. One potential explanation for this could be a larger Ry;p of the solid Pt probe

compared to the Si and Pt/Ir-coated Si probes. A higher Ry;p might result in less precise
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tracking of the sample's contours, particularly in areas with high aspect ratios, leading to
a seemingly flatter surface profile. However, as shown in Figure 23, the Ry;p of solid Pt
tips is generally slightly smaller than that of the Pt/Ir-coated Si tips. Another possibility
is that the higher spring constant of the solid Pt tip enhances the tip/sample contact,
contributing to the lower observed surface roughness. Despite these minor differences,
all probe types demonstrate effective mapping capabilities for the ultra-flat surface
topography of the SiO/Si sample.

Next the capability of solid Pt probes to measure the thickness of nanomaterials by
analyzing their edges is evaluated, a common procedure in the study of various materials
such as two-dimensional materials [223], polymers [224], and deoxyribonucleic acid
(DNA) [225]. Topographic maps displayed in Figure 26 a,d and Figure 26 b,I were
obtained using a silicon probe in tapping mode on different areas of a multilayer
MoS: flake, which was mechanically exfoliated and transferred onto a 300 nm SiO»/Si
wafer. The flake's thickness at each probe-detected area was determined through post-
processing of the images, employing a reliable method that involves analyzing the
spectrum of the topographic images (see Figure 26 h-k and Figure 26 p-s), as described
in [226]. The thickness measurements of the MoS; flake at areas 1 and 2 (shown in Figure
26 a,d and Figure 26 b,l) were found to be 16.73 nm and 16.03 nm, respectively, using
the silicon probe. Upon repeating the experiments with other probes (see Figure 26 e-g
and Figure 26 m-0), it was observed that the images collected were very similar, although
the thickness measurements varied slightly, as detailed in the table in Figure 26 c.
Generally, the conductive probes operating in contact mode (ContV-Pt, SCM-PIT-V2,
and RMN25Pt-300b) yielded thickness values that were 4.1 to 15.4 % smaller compared
to those obtained with the silicon probe in tapping mode. However, a detailed discussion
on these minor differences is considered non-essential because: firstly, the differences are
minimal and close to interatomic distances, and secondly, the effect of the flattening or
plane fit in the step edge calculation is comparable. It can be confidently stated that the
solid Pt probes deliver step edge values comparable to those obtained with Pt/Ir-coated

probes, confirming their suitability for such experiments.



Experimental

64

600 nm

d

onm N | 25nm
f)

ContV-Pt

Counts frequency (%)

Height (nm)

thmos2 = 16.73nm

Height (nm)

thos2 = 16.03nm

3 L MoS,

Count fraquency (%)

Height (nm)

tpos2 = 14.83nm

ContV-Pt

os Il M
I al
! £,
oo M-

]
Height (nm)

tvos2 = 14.45nm

Type of probe
Silicon probe (tapping)
Model: NCHV-A

Pt-coated Si (contact)
Model: ContV-Pt

Pt-coated Si (contact)
Model: SCM-PIT-V2

Solid Pt (contact)
Model: RMN25PT300b

g)

SCM-PIT-V2

, k)
Sio, ]
g
Mos, i
1]

Height (nm)

thos2 = 13.47nm

SCM-PIT-V2

10
Height (nm)

thos2 = 13.42nm

> o

Area 1 Area 2

16.73nm | 16.03nm
14.83nm | 14.45nm
13.47nm | 13.42nm

14.15nm | 14.57nm

RMN25Pt300b

ofl MoS,

A

0 15 2
Height (nm)

thos2 = 14.15nm

RMN25Pt300b

0
Height (nm)

tyos2 = 14.57nm

Figure 26: MoS2 flake thickness measured with different probes. a) Topographic map
collected with a Si probe in tapping mode at location 1. b) Topographic map collected
with a Si probe in tapping mode at location 2. ¢) Step height summary of both locations
measured with four different types of probes. Thickness measurements at MoS; flake
location 1 recorded with: d) A Si Probe (NCHV-A) in tapping mode. e) A Pt/Ir coated Si
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probe with low spring constant (ContV-Pt) in contact mode. f) A Pt/Ir-coated Si probe
with intermediate spring constant (SCM-PIT-V2) in contact mode. g) A solid Pt probe
(RMN25Pt300b) in contact mode. The histograms of each topographic map h)-k) are
displayed right below it. The step height t,s, is defined as the distance between the

highest points of the two peaks, corresponding to the surfaces of the substrate and the
MoS; flake. Thickness measurements at MoS flake location 2 recorded with: ) A
NCHV-A in tapping mode. m) A ContV-Pt in contact mode. n) A SCM-PIT-V2 in contact
mode. 0) A RMN25Pt300b in contact mode. The histograms of each topographic map p)-
s) are displayed right below it. Adapted from [72], copyright American Chemical Society,
2023.

The lateral resolution of current maps obtained with Pt/Ir-coated Si probes and solid Pt
probes is analyzed through scans of the h-BN/Cu sample. For each probe type, the
minimum voltage necessary to discern current above the noise level (V) is applied
during scans. This voltage is 2 V for the solid Pt probe and 6 V for the Pt/Ir-coated Si
probe. The observed voltage difference is likely attributable to the higher spring constant
of the solid Pt probes, potentially facilitating a better, water-free contact. The aim of this
experiment is to assess the capability of these two probe types to accurately map weak
spots in the h-BN sample. Consequently, scan parameters for each probe are individually
tailored. It is noteworthy that although various manufacturers provide Pt/Ir-coated Si
probes, so far none offer a model with a spring constant k. of 18 N/m, akin to the solid
Pt probes used in this study, for electrical measurements in contact mode. Furthermore,
even if probes with identical nominal spring constants were available, each would require
optimization of scanning parameters, which could differ from one probe to another.
Therefore, in this experiment, using different voltages for each probe type is considered
acceptable, as long as they generate similar tunneling/leakage currents across the sample
being tested. Employing identical scan parameters for probe comparison would lead to
inaccurate results, as it would not represent the optimum operating conditions for each
probe, and the currents driven would vary. A positive bias is deliberately applied to the
C-AFM probe (relative to the substrate) to prevent local anodic oxidation, which could
occur due to water splitting caused by electron injection from the tip [227]. The
topographic maps generated using solid Pt probes exhibit a marginally fuzzier quality
compared to those obtained with Pt/Ir-coated Si probes, a distinction that is evident upon
comparing Figure 27 a with Figure 27 e. This observation aligns with previous findings
in Figure 25 and Figure 26, and the level of fuzziness is generally within acceptable limits
for most experimental applications. When examining the current maps, the quality of the

images produced by both types of probes is notably similar. The resolution, characterized
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by the size and distribution of current spots, is comparable across both probe types at
different current scales. However, it is observed that the currents measured with the solid
Pt probe are slightly higher, as demonstrated in Figure 27 b, c, f, and g. This similarity in
resolution, despite the minor difference in current intensity, underscores the effectiveness

of both probe types in conducting such measurements.
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Figure 27: Assessment of electrical lateral resolution using Pt/Ir-coated and solid Pt
probes: The images presented in this section are divided into two sets, with the top row
showcasing data from Pt/Ir-coated Si probes (ContV-Pt) and the bottom row featuring
data from solid Pt probes. a) Topographic and b) current maps collected simultaneously
on an h-BN/Cu sample using a Pt/Ir-coated probe. ¢) Same current map than b) but with
a different current scale. d) Topographic map collected on an h-BN/Cu sample using a
Pt/Ir-coated probe after five subsequent current scans. The voltage applied in panels (a—
d) is 6 V. e) Topographic and f) current maps collected simultaneously on an h-BN/Cu
sample using a solid Pt probe. g) Same current map than f) but with a different current
scale. h) Topographic map collected on an h-BN/Cu sample using a solid Pt probe after
five subsequent current scans. The voltage applied in panels (e-h) is 2 V. Adapted from
[72], copyright American Chemical Society, 2023.

The durability of the topographic imaging quality with the solid Pt probe is noteworthy,
as it remains consistent even after multiple scans (as evident when comparing Figure 27
e and Figure 27 h). In contrast, the Pt/Ir-coated Si probe exhibits a noticeable decline in
lateral resolution over time, with certain topographic features, such as cavities, becoming
less discernible in later scans (this can be seen when comparing Figure 27 a and Figure
27 d). Since the currents detected during these experiments are relatively low (<1 nA), it

is inferred that the observed degradation in image quality is primarily due to the wear and
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tear of the probe tips, likely caused by mechanical friction during the scanning process,

rather than electrical factors.

Subsequently the durability of solid Pt probes in comparison to Pt/Ir-coated Si probes is
analyzed by applying ramped voltage stresses (RVS) ranging from 0 to 10 V to the
C-AFM tip, while keeping the substrate grounded, at 100 randomly selected locations on
a 3.4 nm SiO2/n"*Si sample. Such stress leads to a significant increase in current at the
tip/sample junction and often triggers the dielectric breakdown (DB) of the SiO> film,
which can induce surface epitaxy [182, 228]. To prevent electrical stress from one RVS
influencing the current measured in subsequent RVS, a safe distance of 1 um is
maintained between each stressed site. Initially, 100 I-V curves are collected using a Pt/Ir-
coated Si probe (Ry;p = 27.2 nm, as shown in Figure 28 a). A notable decrease in
registered currents is observed as the stress progresses. Around the 50th 1-V curve, the
probe ceases to trigger hard-DB events (as depicted in Figure 28 b and Figure 28 c). This
indicates a significant loss of conductivity in the Pt/Ir-coated probe tip during the initial
RVS, attributed to the harsh nature of the hard-DB, which subsequently affects the
currents measured in later RVS. This conclusion is further supported by dramatic tip
degradation, evident in SEM images taken after the stress tests (Figure 28 d). These
images reveal both the melting of the metallic Pt varnish (indicated by the presence of
spherical particles) and the removal of Si volume. This observation aligns with findings
reported in earlier studies [90], highlighting the challenges in maintaining probe integrity
under aggressive electrical stress conditions. The experiment was then repeated using a
solid Pt probe, initially featuring an Rp;p of 29.1 nm (as indicated in Figure 28 e).
Analysis of the forward I-V curves (Figure 28 f) revealed a high degree of homogeneity
in the sample, with only minor random variations in V, attributable to inhomogeneities
within the SiO2/n**Si sample. Following the I-Vs, a topographic map was recorded
(shown in Figure 28 @), indicating that a hard dielectric breakdown (hard-DB) event
occurred at most locations. This outcome suggests that despite the apparent degradation
of Rr;p (evident in Figure 28 h), the probe retained sufficient conductivity. Consequently,
the data collected remain valid, affirming that the probe can continue to be utilized for
I-V curve recordings. However, it's important to note that the probe, given its current
condition, may not be ideal for measuring lateral scans, as the degraded R, could impact

the quality and accuracy of such measurements.
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Figure 28: Comparative durability study of Pt/Ir-coated Si probes and solid Pt probes.
The data in the top row corresponds to the Pt/Ir-coated Si probes (ContV-Pt); the data in
the bottom row corresponds to the solid Pt probes. SEM images of a Pt/Ir-coated Si tip
before a) and after d) measuring 100 |-V curves at different locations of a 3.4 nm SiOz/n**
Si sample. b) A declining trend is evident in the |-V curves, and the subsequent
topographic AFM map c) indicates that around the 50th I-V curve, the probe becomes
incapable of triggering further hard-DB events. d) Post-stress SEM imaging reveals
extensive damage to the probe, characterized by the melting of the metal coating (noted
by spherical particles) and the removal of Si volume. SEM images of a solid Pt tip before
e) and after h) measuring 100 |-V curves at different locations of a 3.4 nm SiO2/n** Si
sample. f) The post-stress topographic AFM map suggests that hard-DB was induced at
nearly all locations, evidenced by visible surface epitaxy. h) The post-stress SEM image
shows that the tip has become dull but remains functional, as indicated by the lack of a
progressive current reduction in the 1-V curves in f). This implies that, despite some
physical alterations, the solid Pt probe maintains its effectiveness and can still be used for
further 1-V curve measurements. Adapted from [72], copyright American Chemical
Society, 2023.

Finally, the probe-to-probe deviation is analyzed. This assessment involves collecting 100
I-V curves at various locations on the 5.6 nm SiO2/n** Si sample using three distinct new
solid Pt probes and a current limitation of 100 pA. The results, as depicted in Figure 29,
reveal that the deviation of V,y from one probe to another is relatively minor.
Specifically, the V,, values recorded are 8.18 V £0.21V, 7.68 V £ 0.19 V, and 7.66 V
+ 0.27 V. These variations are comparable to, or even smaller than, those observed with
Pt/Ir-coated Si probes [176]. Such consistency underscores the high reproducibility of
measurements obtained using solid Pt probes. This finding is particularly significant
considering the inherent and unavoidable variations in spring constant (k) and Ry;p that

are characteristic to all types of C-AFM probes. Therefore, the data variability seen across
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different solid Pt probes is deemed not to be a significant concern for the accuracy and
reliability of the measurements.
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Figure 29: Solid Pt probe-to-probe variability. a)-c) Forward 1-V curves recorded at 100
different locations of a 5.6 nm SiO2/n** Si sample using three different solid Pt probes
(RMN-25Pt300b). In each graph, the initial I-V curves are denoted by thicker black solid
lines, while the final 1-V curves are indicated by black dashed lines. This depiction
highlights that there is no discernible tip degradation (e.g., no downward trend in the
curves) throughout the course of the measurements. (d) Statistical analysis of V,,
(extracted at 3 pA). M and SD represent the mean value and the standard deviation of the

distribution, respectively. Adapted from [72], copyright American Chemical Society,
2023.

In C-AFM, measurement reliability often faces challenges due to the limited durability of
Pt/Ir-coated Si probes. While diamond-coated or solid diamond probes offer greater

durability, their high cost and excessive stiffness, which can damage many samples, limit
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their practicality. This study has identified that solid Pt probes (R;p < 20 nm, k. =
18 N/m) are a highly effective alternative, offering lateral resolution comparable to Pt/Ir-
coated Si probes but with the significant advantage of a markedly extended lifespan.
Additionally, these probes demonstrate minimal variability in electrical data from one
probe to another. Therefore, solid Pt probes emerge as a potential key solution for
scientists seeking to enhance the reliability and cost-effectiveness of their C-AFM
research, balancing performance with economic and material considerations. The insights

of this chapter have been published in [72].

4.2 Current-Limited C-AFM

In C-AFM, to reduce the risk of tip damage due to high current densities, an effective
strategy is to limit the resultant currents, rather than solely relying on more robust solid
Pt probes. This approach not only protects the probe but also minimizes current-induced
damage to the sample's surface [229]. Consequently, it opens up possibilities for
investigating a wider array of phenomena. These include the characterization of delicate
materials like polymer blends [230, 231], which are crucial in charge transport for organic
solar cells. Additionally, it allows for the measurement of self-accelerated current
phenomena such as dielectric breakdown and resistive switching [130, 228]. Moreover,
this technique facilitates the probing of local defects in complex heterostructures, like
aluminum gallium nitride / gallium nitride (AlGaN/GaN) [232] and cubic silicon carbide
(3C-SIC) layers [233], as well as in two-dimensional materials such as MoS; [234, 235].
Such investigations are vital for understanding the properties and behaviors of these
materials in various applications. Finally, the controlled limitation of currents can
enhance the precision in oxide growth during nano-lithography processes [236].
Traditionally, this is achieved by integrating a resistor in series with the tip [237-239].
While this method effectively limits currents at the nanoprobe/sample junction, it
demands prior knowledge of the sample's resistance to select an appropriate resistor
value, which may not always be readily available. Furthermore, depending on the specific
C-AFM model, setting up this configuration can be cumbersome. This complexity is
compounded by the need for different resistors for various samples, and the potential
introduction of additional parasitic capacitance. As an alternative, the implementation of
a software-based current limitation system is proposed. The forthcoming Chapter 4.2.1

will discuss the working principle, benefits, and constraints of such a system, featuring
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the Bruker Dimension Icon. Subsequently, Chapter 4.2.2 will introduce an innovative
sample holder, incorporating a CMOS transistor designed to limit currents in C-AFM

applications, showcasing a novel approach to current management in these investigations.

4.2.1 Software-Based Current Limitation

To analyze the effectiveness and the underlying working principle of software-based
current limitation tunneling current across a reference ultra-thin dielectric by applying
electrical stresses at hundreds of randomly selected positions were studied. Thereto an
AFM (Dimension Icon, Bruker, Massachusetts, USA), equipped with a Nanoscope VI
controller and a PFTUNA module is employed. The AFM operates under ambient
conditions at a temperature of 22°C. The study utilizes four distinct types of nanoprobes,
encompassing one electrically insulating and three conductive variants. The first type, the
electrically insulating Bruker ScanAsyst-Air [240] (nominal Rr;p =2 nm, k. = 0.4 N/m),
consists of sharp silicon nitride (SiN) probes. These probes are designed for high-
resolution topographic scans and exert minimal force on the sample due to their low
spring constant. The second type is the Bruker ContV-Pt [16] (nominal Ry;p =25 nm, k.
= 0.2 N/m), which are silicon probes coated with platinum/iridium (Pt/Ir) on the tip and
the cantilever front side, suitable for electrical measurements in contact mode. The third
type, the Bruker SCM-PIT-V2 [17] (nominal Rp;p =25 nm, k. = 3 N/m), also features a
Pt/Ir coating on silicon but with a higher spring constant. The fourth type is the RMN-
25Pt300b [88], produced by Rocky Mountain Nanotechnology (nominal Ry;p, = 20 nm,
k. = 18 N/m), also intended for electrical measurements in contact mode. Both the tip
and cantilever of this probe are made from solid platinum. It is important to note that
some manufacturers do not specify tolerances for the Ry;p, and variations can
significantly exceed 100% of the nominal value provided by the manufacturer [18].
Therefore, experimental characterization of Ry,;p for different tips may yield values that
diverge from those specified by the manufacturer, highlighting the need for e.g., SEM
validation in precision measurement applications. For this experiment two distinct types
of samples were chosen. The first type of sample is industrial-quality, 3.4 nm thick silicon
dioxide (SiOy), created via rapid thermal oxidation on highly conductive n-type (100)
silicon. This silicon is arsenic-doped and features a resistivity of 0.0025-0.0035 Q-cm.
The fabrication process for these samples, refined over the past 30 years, allows for

precise control over thickness at the atomic level. Such precision results in samples
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characterized by minimal impurities, minimal thickness fluctuations, and sharply defined
interfaces. An example of this process's outcome is evident in a 5.6 nm thick SiO, sample
(shown in Figure 30 a) via TEM (Titan ST, FEI, Oregon, USA), although the specific
sample used in this study was 3.4 nm thick, which was verified through ellipsometry
(Therma-Wave Optiprobe 3290DUV, KLA Corporation, California, USA). The use of a
highly doped substrate in these samples is beneficial to eliminate the potential difference
that would be present in a standard silicon substrate [197]. The second type of sample is
a 10-layer-thick stack of hexagonal boron nitride (h-BN), approximately 3.3 nm in
thickness, produced via chemical vapor deposition (CVD) on copper foil [221]. In
contrast to the SiO> sample, the h-BN stack exhibits a rougher texture and possesses a
significant number of local defects. These characteristics make it an excellent candidate
for current mapping experiments and for assessing the closed loop system's ability to limit

current at defect sites during scanning.

Figure 30: Sample roughness. a) TEM image unveiling the thickness and morphology of
a5.6 nm SiO2/n** Si sample. Note: the top C layer is a prerequisite for the FIB preparation
prior to TEM imaging. b) Topographic map of 3.4 nm SiO2/n** Si. ¢) Topographic map
of 10-layer-thick (~3.3 nm) CVD-grown hexagonal boron nitride (h-BN) on Cu foil.
Adapted from [14], copyright American Chemical Society, 2023.

All experiments were conducted using the Bruker Dimension Icon in an air atmosphere.
The procedure involved the application of ramped voltage stresses (RVS) to the sample
holder while maintaining the probe tip grounded and in static contact with the sample at
a single position for the duration of each RVS. Each RVS sequence included ramping the
voltage from 0 V to a predetermined maximum negative voltage (—Vj4x) and then
reducing it back to 0 V. Concurrently, the current was recorded to generate current versus
voltage (I-V) plots. The use of negative voltage on the sample holder is a common

practice designed to prevent local anodic oxidation. This phenomenon occurs when
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electrons, injected from the tip under a positive bias, interact with the water meniscus
typically formed at the tip/sample junction in an air atmosphere. For ease of
understanding and clarity in this chapter, both the applied voltages and the measured
currents are presented in absolute values. Multiple sample locations were tested,
following a 10x10 matrix pattern with 1 um distance between each RVS location, chosen
randomly across the sample. Current-limited RVS and current-limited current maps are
implemented using the Trigger menu of the Nanoscope software (Version 10, Bruker,
Massachusetts, USA), which operates the AFM. In this setting, the RVS halts at the
voltage level (Vsrop) that induces currents exceeding a pre-set threshold. However, it is
important to note that a backward voltage curve from Vgrop to 0V is automatically
executed, and this part of the process is not current-limited. For analyzing currents during
RVS with high temporal resolution, two methods are utilized: Firstly, the High-Speed
Data Capture (HSDC) feature of the Nanoscope software, capable of capturing one
current data point every 2pus, and secondly, an Oscilloscope (InfinitiVision
MSOX3024G, Keysight, California, USA) is connected to the low-frequency outputs of
the AFM's controller to monitor voltage and current signals. Note that the oscilloscope
output is a voltage signal that needs to be converted into current by multiplying with the
chosen current sensitivity. The oscilloscope is connected to the controller via coaxial
cables and set to trigger mode with a data capture rate of 10 ps. A 0.5V voltage flank
from the C-AFM voltage ramp is used as the trigger signal, and the time base offset is
adjusted to 0.5s. This setup ensures that the entire voltage sweep is captured and
synchronized with the C-AFM voltage ramp, given the known ramp frequency.
Additionally, current-limited scans are conducted using the Closed Loop menu of the
Nanoscope Software. In the absence of current limitation, the selected voltage is directly
applied to the sample. Conversely, when current limitation is activated, a current-limited
RVS (up to Vsrop) is applied at every pixel within the scan area. The impact of electrical
stress on the utilized probe tips is meticulously examined using a SEM (Magellan 400,
FEI, Oregon, USA). This analysis enables a detailed observation of any structural changes
or damage incurred by the tips during the experiments. Additionally, to assess the cross-
sectional morphology of a SiO,/Si sample, a TEM (Titan ST, FEI, Oregon, USA) is
employed. Prior to TEM analysis, a focused ion beam (FIB, Helios Nanolab 450S, FEI,

Oregon, USA) is used for the precise extraction of a thin lamella from the sample.

Initially the surface roughness of the samples is examined. For this purpose, the

ScanAsyst-Air probe is employed in ScanAsyst Mode, a setting that facilitates precise
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and dynamic force control by recording force-distance curves at each pixel of the scanned
area [43]. During scans coveringa 1 pm x 1 pm area, the RMS roughness of the SiO2/Si
sample is found to be exceptionally low, at 0.29 nm (as shown in Figure 30 b), aligning
with findings from previous studies [222, 241]. In contrast, the RMS roughness of the
h-BN/Cu sample is markedly higher, measuring at 2.78 nm. This increased roughness is
primarily attributed to the corrugations of the underlying Cu substrate, as illustrated in
Figure 30 c.

Subsequently RVS is applied to the 3.4 nm thick SiO2/n™* Si sample using three
conductive nanoprobes: ContV-Pt, SCM-PIT-V2, and RMN-25Pt300b. Figure 31 d-f
display 100 forward I-V curves for each type of tip, where the voltage is ramped up from
0V to 10 V. A color scale in these figures helps distinguish the number of currents
detected as stress progresses. The experiments were conducted with a deflection setpoint
of 0.2 V and a ramp frequency of 0.3 Hz. A distance of 1 um between each tested location
was kept to avoid point-to-point interference. In these studies, displacement current has
been subtracted from the I-V curves, as it results from the system’s capacitance and does
not relate to charge carriers moving through the sample. The onset potential (,,,) of the
I-V curves is calculated for comparison across nanoprobes. V,,, is the voltage at which
currents exceed 3 pA, a threshold chosen for being well above the system's noise
level [19] yet sufficiently low to detect tunneling events as soon as they occur.
Experiments are conducted first without current limitation and then repeated with a
current limitation system set to 100 pA, using new probes for both sets of experiments.
SEM s utilized to examine the shape of the nanoprobes both before and after the
experiments. Additionally, the sample's post-stress surface is analyzed by collecting
topographic maps with the C-AFM. The data from before and after the stress are

showcased in Figure 31 a-c and Figure 31 j-I, respectively.

Without current limitation, the ContV-Pt probe was capable of measuring 14 1-V curves,
where 1/,,, was determined to be 6.1 + 0.2 V. Subsequently, the probe lost its conductivity
abruptly, as illustrated in Figure 31 d. This observation aligns with the post-stress
topography scans, where no additional hillocks, indicative of dielectric breakdown
induced epitaxy spots in the SiO» film [182, 228], were identifiable beyond position 14
(refer to Figure 31 g). The appearance of hillocks, triggered by high currents flowing
through the film, confirms that the probe remained conductive during those

measurements.
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Figure 31: RVS experiments on SiO» without current limitation. Pre-stress SEM
investigations for a) ContV-Pt, b) SCM-PIT-V2, and ¢) RMN-25Pt300b. 100 attempted
I-V curves at various sample locations using d) ContV-Pt, ) SCM-PIT-V2, and f) RMN-
25Pt300b. Post-stress topography measurements conducted with g) ContV-Pt, h) SCM-
PIT-V2, and i) RMN-25Pt300b. Finally, post-stress SEM examinations of j) ContV-Pt,
k) SCM-PIT-V2, and I) RMN-25Pt300b. Adapted from [14], copyright American
Chemical Society, 2023.

Post-stress SEM images of the ContV-Pt probe reveal significant damage; the coating

appears molten, and the silicon base material is exposed (Figure 31 a,m). In a similar
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scenario, the SCM-PIT-V2 probe lost its conductivity after the 6th RVS curve. This loss
of conductivity is evident from the near-zero currents in the subsequent I-V curves (Figure
31 e), the presence of only six hillocks in the post-stress topographic maps (Figure 31 h),
and the physical breakdown of the probe's apex with a sphere of molten Pt/Ir film visible
in the SEM images (Figure 31 k). These findings might indicate that the Pt-Ir coating on
the SCM-PIT-V2 probe may be less stable [18]. In contrast, the RMN-25Pt300b
demonstrated high currents in all 100 I-V curves, causing saturation in the electronics of
the C-AFM (refer to Figure 31 f). The V,,, value was measured at 5.7 + 0.23 V, lower than
that achieved with ContV-Pt tips. This reduction may be attributed to either a higher
spring constant or the enhanced conductivity of the solid Pt bulk material, as opposed to
the Pt-Ir thin coating used in the other tip types. Notably, the RMN-25Pt300b was the
only probe to exhibit currents during all 100 RVS tests, showing a gradual shift of V,,,
towards higher potentials and a decrease in slope as the stress continued. Subsequent
topography scans post-stress indicated significant surface epitaxy at all 100 I-V locations
(see Figure 31 i), further confirming the probe's conductive state post-testing. However,
post-stress SEM analysis (Figure 31 c,l) revealed considerable damage in the form of a
dulled apex and droplets of molten Pt to the RMN-25Pt300b consisting. Despite this, the
RMN-25Pt300b's composition of solid Pt maintains its conductivity, potentially allowing
further RVS tests or current map recordings, when lateral resolution is not a primary

concern.

The experiments outlined in Figure 31 d-i were replicated, and a notable consistency
emerged: all tested solid Pt tips (RMN-25Pt300b) withstood the RVS and maintained
good conductivity after 100 I-V curves. In contrast, the ContV-Pt and SCM-PIT-V?2 tips
exhibited much faster degradation. Variability was observed in the number of I-V curves
recordable by each ContV-Pt tip and SCM-PIT-V2 tip, respectively. Degradation among
the ContV-Pt and SCM-PIT-V2 tips ranged from abrupt to gradual. Additionally, some
ContV-Pt tips proved to be more durable than certain SCM-PIT-V?2 tips, and vice versa.
However, no clear trend emerged indicating a superior performance of ContV-Pt tips over
SCM-PIT-V2 tips in terms of recording more 1-V curves, or the reverse. These data are
omitted to avoid confusion. The overarching and consistent conclusion from these
experiments is the superior durability and conductivity retention of the RMN-25Pt300b
under stress. To elucidate the cause of tip degradation during RVS, tests were repeated
using a reduced current sensitivity of 100 nA/V. This adjustment allowed for current

measurements up to approximately 536 nA. Additionally, backward I-V sweeps were
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analyzed using the standard AFM capture, the HSDC menu, and an oscilloscope. This
approach provided two additional high-precision current monitoring sources, facilitating
a comparison with the standard Nanoscope capture results. Under this configuration, it
was observed that the current during the backward sweep frequently reached the
saturation level of approximately 536 nA (refer to Figure 32). This suggests that the actual
currents passing through the tip/sample junction might well exceed tens or hundreds of
microamperes. Such high current levels likely contribute to the significant degradation

observed in the apices of the tips (as shown in Figure 31 j-I).
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Figure 32: a) An exemplary I-V curve comprising 512 data points, with a current
sensitivity of 100 nA/V and no current limitation on SiO2. The forward sweep is shown
in black, while the backward sweep is depicted in red. (b) The corresponding I-T
representation, illustrated by an orange solid line, is overlaid with results from the HSDC
(cyan dashed line) and the Oscilloscope (blue dotted line). Additionally, the applied
voltage ramp is marked by a green line, and the end of the forward sweep is indicated by
a black vertical dashed line. Adapted from [14], copyright American Chemical Society,
2023.

When the current limitation was activated, all 1-V curves effectively halted upon
surpassing 100 pA, though each curve may have reached a slightly different peak value.
Uniform current rise characteristics were observed at all locations for all tips (see Figure
33 d-f). Importantly, there was no evidence of dielectric breakdown in the SiO2, as
indicated by the absence of hillocks in subsequent topographic maps (Figure 33 g-i). The
,, value in this scenario remained quite stable, showing no trend towards higher values,
and was comparable across all tips. However, a minor decrease in V,,, was noted for tips

with higher spring constants. The variability in Vgrop mirrored that of V,,, for all tips,
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which aligns with the understanding that the tunneling current across SiO, increases
exponentially [115].
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Figure 33: RVS on SiO2 with current limitation. It includes pre-stress SEM investigations
of a) ContV-Pt, b) SCM-PIT-V2, and ¢) RMN-25Pt300b. 100 attempted I-V curves at
various sample locations using d) ContV-Pt, ¢) SCM-PIT-V2, and f) RMN-25Pt300b,
with insets showing onset potentials at 3pA. M indicates the mean onset voltage, and Std
denotes the standard deviation. Post-stress topography measurements are recorded with
g) ContV-Pt, h) SCM-PIT-V2, and i) RMN-25Pt300b. Post-stress SEM investigations for
J) ContV-Pt, k) SCM-PIT-V2, and I) RMN-25Pt300b. Adapted from [14], copyright
American Chemical Society, 2023.
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The post-stress SEM images indicate that all nanoprobes incurred minor damage,
potentially diminishing their lateral resolution in current map recordings (see Figure 33
j-1). This damage is not attributed to lateral friction, as the RVS was executed in a
spectroscopic mode, followed by only a single topography scan employing a
comparatively low contact force. Therefore, the modifications in tip appearance, as seen
when comparing Figure 33 a-c with Figure 33 j-l, are solely linked to the high current
densities experienced during the I-V curves, which reached approximately 100 A/cm2,
No substantial damage to the tip coating was observed. The ability to extract onset
potentials from all 100 I-V curves suggests that the tips remained conductive. Indeed,
under the same parameters, it was possible to record an additional 490 I-V curves using
the ContV-Pt and 138 I-V curves with the SCM-PIT-V2, before observing a significant
increase in the V,,, value that hindered further measurements (refer to Figure 34). A probe
is considered non-conductive if, despite applying 10 V of sample bias, it fails to surpass
a current threshold of 10 pA in ten consecutive 1-V curves. The current-limited RVS
protocol, ranging from 0 V to Vsrop and back to 0 V, effectively safeguards the apex of
all nanoprobes. In contrast, the same RVS measurement without current limitation,
moving from 0 V to Vy,4x and then returning to 0 V, not only damages the apex of the
tips but also induces surface epitaxy in the SiO2 sample. Additionally, the electrical data,
particularly the 1-V curves, exhibited markedly fewer fluctuations. While the current-
limitation system does not precisely limit the current across the sample to a specific value,
its adept calculation and application of Vgrop during RVS proves highly beneficial. A
skilled C-AFM user might manage to perform numerous RVS measurements without
current limitation by judiciously choosing a Vy4x near Verop. However, such manual
selection cannot match the precision achieved by the automated system. Despite the
advantages of this current-limitation system, some degree of tip degradation is still

noticeable, as evidenced in Figure 33 j-I.
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Figure 34: Consecutive current-limited RVS on SiO; using the ContV-Pt and the SCM-
PIT-V2 probes from the measurements in Figure 33. a) With the ContV-Pt, an additional
490 1-V curves were successfully recorded. b) With the SCM-PIT-V2, 138 more 1-V
curves were obtained. A probe is considered non-conductive if it fails to exceed a current
threshold of 10 pA in ten consecutive I-V curves, despite a 10 V sample bias. ¢) Onset
potentials were extracted at 3 pA for the ContV-Pt, both with and without current
limitation. The black dashed curve shows onset potentials from Figure 31 d (without
current limitation), with a sharp transition at I-V No. 14 marking the loss of tip
conductivity. The red dotted curve combines onset potentials from Figure 33 d and Figure
34 a (with current limitation). A similar analysis for the SCM-PIT-V2 was not possible,
as the current dropped to the noise level after reaching 100 pA in the first I-V, followed
by random shifts in V,,, from 2 to 5.7 V in the subsequent five I-Vs. Adapted from [14],
copyright American Chemical Society, 2023.

An in-depth analysis was conducted to understand the trigger's working mechanism. For
this purpose, an I-V curve was recorded from 0 V to 6 V and back to 0 V (with the sample
grounded), using a new RMN-25Pt300b on a 3.4 nm thick SiO2/n** Si sample. The

following settings were used: A deflection setpoint of 0.2 V, a ramp frequency of 0.1 Hz,
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a current sensitivity of 20 pA/V (current saturation around 200 pA), and a current
limitation of 100 pA. The currents flowing across the tip/sample junction were analyzed
using the standard Nanoscope system, the HSDC system, and an oscilloscope (refer to
Figure 32 b and Figure 35 d). In the standard configuration, a single sweep (the forward
sweep from 0 V to 6 V) comprises 512 data points, corresponding to voltage steps of
9.76 mV. In this specific case, the last current value before exceeding the threshold was
7.56 pA at 5.81V and 4.840936 s. At the subsequent voltage step, the current reached
109.33 pA, thereby surpassing the threshold and stopping the forward sweep at 498 data
points (see Figure 35 a). The backward sweep, which would typically run from 6 V to
0V, instead starts from the voltage where the forward sweep stopped. It is important to
note that there is no current limitation during the backward sweep. Since stress is a
function of both voltage and time, much higher currents (up to the saturation level) are
observed during this phase. Nonetheless, the actual current passing through the tip/sample
junction could be significantly greater.
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Figure 35: Trigger mechanism analysis on SiOz: a)-c) Black solid curves represent the
forward sweep, red curves the backward sweep, and black dashed horizontal lines indicate
the trigger threshold. a) An exemplary I-V curve with 512 data points, a trigger threshold
of 100 pA, and a current sensitivity of 20 pA/V. b) An I-V curve with 20480 data points,
a trigger threshold of 100 pA, and a current sensitivity of 20 pA/V. ¢) An I-V curve with
512 data points, a trigger threshold of 100 pA, and a current sensitivity of 100 nA/V. d)
I-T graph (solid orange line) for c), including overlayed results from the HSDC (cyan
dashed line) and the Oscilloscope (blue dotted line). The black dashed horizontal line
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marks the trigger threshold, while the black vertical dashed line indicates the end of the
forward sweep. e) Analysis of trigger precision under various conditions. The last current
value before the trigger threshold halted the voltage sweep was extracted from I-Vs in
Figure 37. M denotes the mean current limit value and Std the standard deviation.
Adapted from [14], copyright American Chemical Society, 2023.

To assess the impact of the sampling rate on the standard Nanoscope capture, the
experiment was repeated at a different location using the system's maximum sampling
rate. In this setting, each sweep comprises 20480 data points, corresponding to voltage
increments of 293 pV. In this particular case, the last current value recorded before
exceeding the threshold was 64.63 pA at 5.352703 V and 4.385689 s. The subsequent
current measurement reached 101.43 pA, surpassing the threshold. As a result, the
forward sweep halted at 18274 data points, spanning from 0 V to 5.352996 V (refer to
Figure 35 b). This increased sampling rate, with an overshoot of just 1.43 pA, proved
more precise compared to the standard rate, which had a 9.33 pA overshoot with 512 data
points. The experiment was replicated at a different location using the standard
configuration: 512 data points, a ramp frequency of 0.1 Hz, the system's lowest current
sensitivity of 100 nA/V, and a trigger threshold of 100 pA (see Figure 35 c). This
configuration is advantageous for detecting the actual current flowing through the
tip/sample junction due to the higher saturation level. The current recorded in this setup
was 41.17 nA. However, it's important to note that the lower sampling rate of the standard
Nanoscope capture might not accurately capture the maximum currents, as brief current
spikes could be missed. Additional measurements using the HSDC and oscilloscope
revealed that the currents actually reached 92.25 nA and 89.41 nA, respectively, as
depicted in Figure 35 d. Therefore, a possible enhancement for this C-AFM current-
limitation system could be to enable the execution of the forward RVS without the
necessity of conducting the backward sweep (from Vgrop to 0 V). To gain insights into
the impact of current overshoot during the backward ramp, 10 current-limited 1-V
measurements (ranging from 0 V to Vsrop and back to 0 V) were conducted. These tests
used a new RMN25-Pt300b tip on the SiO2 sample, a ramp frequency of 0.3 Hz, a current
sensitivity of 200 pA/V, and a deflection setpoint of 0.2 V. Various current limitation
levels were applied, including 1.5, 6.5, 16, 45, 100, and 200 pA (refer to Figure 36). By
comparing both, forward and backward I-V curves, it was observed that no degradation
occurred in the backward curves only at the 1.5 pA current limitation. This was the sole

condition under which the forward and backward curves nearly overlapped.
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Figure 36: RVS on SiO2 with varied trigger thresholds: a)-f) Forward sweeps (from 0V to Vgrop) With designated current thresholds. g)-I)
Corresponding backward sweeps (from Vsrop t0 0 V). m)-r) Onset potentials extracted at 1 pA for both forward (black dots) and backward (red dots)
sweeps. Adapted from [14], copyright American Chemical Society, 2023.
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To enhance the precision of the current-limitation system, experiments were conducted

with varying ramp frequencies (0.3 and 1 Hz) and sampling rates (512 and 20480 data

points).
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Figure 37: Current-limited RVS on SiO». This experiment involved recording 100 I-V
curves at various locations under different settings. Displacement current compensation
was omitted to prevent distorting the trigger results. Displacement currents, being linearly
dependent on voltage change rate, were more pronounced in measurements with higher
ramp frequencies (refer to ¢) and d)). Measurement specifics: a) 0.3 Hz ramp frequency
with 512 data points. b) 0.3 Hz ramp frequency with 20480 data points. ¢) 1 Hz ramp
frequency with 512 data points. d) 1 Hz ramp frequency with 20480 data points. Notably,
no increasing trend in voltages was observed with the rising number of I-Vs across any
of the measurement conditions. Adapted from [14], copyright American Chemical
Society, 2023.

These experiments involved 100 I-V curves at different locations. The latest current value
of the forward sweep from each individual 1-V was extracted (as detailed in Figure 37 a-
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d) and presented in Figure 35 e. The findings indicate that a higher sampling rate
markedly improves the accuracy of the current-limitation system. Additionally, the data
reveal that at a constant sampling rate, a higher ramp frequency also enhances the system's
precision. This might seem counterintuitive, yet it could be attributed to the reduced stress
imposed by higher-frequency RVS [242], which likely decreases the slope of the 1-V
curves. Consequently, this makes it easier to halt the curves near the desired current
threshold.

Finally, 2 pm x 2 um current maps were captured on the CVD-grown 3.3 nm multilayer
h-BN/Cu sample. A new RMN-25Pt300b probe was utilized for these measurements. The
current maps were generated under two distinct conditions: With a current limitation of
100 pA, using the Closed Loop feature of the Nanoscope software, and without any
current limitation. Figure 38 a-b display the first and second topographic maps of the
same area, recorded without current limitation. These images exhibit a good match,
indicating no lateral drift. However, compared to the sharper topography in Figure 30 b-
¢, the images in Figure 38 a-d appear slightly blurred. This is due to the difference in Rrip:
whereas an ultra-sharp ScanAsyst-Air probe with a nominal Rtip of 2 nm was used in
Figure 30 b-c, the solid Pt probe used here had a nominal Rtip of less than 20 nm. Figure
38 e-f feature the corresponding current maps. The first scan (Figure 38 €) uncovers
multiple current spots, likely associated with native defects in the CVD h-BN [243]. It is
important to acknowledge the possibility of introducing additional defects during the
scanning process with a constant applied voltage. The second scan (Figure 38 f) reveals
two key observations: i) The size of the current spots identified in the first scan increased
significantly, and ii) a considerable number of new defects emerged. The experiment was
replicated at a different location on the sample, this time with the current limitation
activated. Figure 38 c-d present the topographic maps from the first and second scans,
respectively, showing a notable match between the two. The current map from the first
scan (Figure 38 g) demonstrates that the area with high current spots is smaller compared
to the scan conducted without current limitation (Figure 38 e). This suggests that current
limitation may reduce the incidence of newly introduced defects. It also implies that the
larger defects could be inherent to the h-BN stack's synthesis, rather than being induced
by the C-AFM tip.
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Figure 38: Current maps on CVD-grown 3.3 nm multilayer h-BN on Cu, with and without
current limitation. a) First topography scan at location 1, no current limitation. e) Related
current map. i) Corresponding defect histogram. b) Second topography scan at location
1, no current limitation. f) Related current map. j) Corresponding defect histogram. c)
First topography scan at location 2, with current limitation. g) Related current map. k)
Corresponding defect histogram. d) Second topography scan at location 2, with current
limitation. h) Related current map. I) Corresponding defect histogram. Details about the
size of each spot are available in Table 1. Adapted from [14], copyright American
Chemical Society, 2023.

This hypothesis is further supported by the fact that at these larger defects, currents
reached 100 pA at very low voltages (as shown in Figure 39). During the second scan,
while there was an increase in the defect area (see Figure 38 k-I), this increase was
significantly less pronounced than in the scans conducted without current limitation

(compare with Figure 38 i-j).
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Figure 39: Current maps on CVD-grown 3.3 nm multilayer h-BN on Cu, using current
limitation in closed loop configuration (100 pA limit). a) First topographic map scan at
location 2 with current limitation. b) Related current map. ¢) Corresponding voltage map.
d) Second topographic map scan at location 2 with current limitation. e) Related current
map. f) Corresponding voltage map. Note: In highly conductive areas, the closed-loop
configuration struggles to effectively limit currents, as the trigger threshold is often
already surpassed at low voltages. Adapted from [14], copyright American Chemical
Society, 2023.

The current differences were quantified by analyzing the number and size of conductive
spots in the four current scans (refer to Figure 40). This analysis was performed using the
Particle Analysis function of the Nanoscope Analysis software (Version 3.0, Bruker,
Massachusetts, USA), with the detection threshold set at 100 pA. Each defect in the first
scans, both with and without current limitation, was assigned a unique identifier. These
identifiers were then mapped onto the results of the second scans to track defects present
in the initial scans. In cases where distinct defects from the first scans merged in the
second scans, the total combined area was attributed to the initially identified defect, and
the size of the subsequent defect was recorded as zero. Remaining defects were then

cataloged. A comprehensive defect-by-defect breakdown is available in Table 1.
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Figure 40: Nanoscope particle analysis results (100 pA detection threshold). a) Defects
identified in the first scan at location 1 without current limitation. b) Defects detected in
the first scan at location 2 with current limitation. c) Defects identified in the second scan
at location 1 without current limitation. d) Defects detected in the second scan at location
2 with current limitation. Adapted from [14], copyright American Chemical Society,
2023.

Histogram representations in Figure 38 i-1 clearly show that implementing current
limitation not only reduced the emergence of new defects but also curtailed the
enlargement of existing ones (see comparisons between Figure 38 i and Figure 38 j, and
Figure 38 k and Figure 38 I).
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Table 1: Detailed size comparison of the current spot shown in Figure 40. Adapted from [14], copyright American Chemical Society, 2023.

Open Loop Closed Loop
Scan 1 Scan 2 Scan 1 Scan 2
Particle No. Particle Size in nm Comparable to Scan 2 |Particle No. Particle Size innm” |Particle No. Particle Size in nm Particle No. Particle Size innm” [Comparable to Scan 2 |Particle No. Particle Size in nm’
1 2807.617 Yes 1 5798.34 49 1525.879 1 4211426 Yes 1 10192.871
2 78125 Yes 2 9582.52 50 1831.055 2 3845.215 Yes 2 4455.566
3 7507.324 Yes 3 8911.133 51 2136.23 3 4577 637 Yes 3 3234.863
4 3662.109 Yes 4 6286.621 52 2197.266 4 3784.18 Yes 4 4577.637
5 1831.055 Yes 5 4821.777 53 6774.902 5 1525.879 Yes 5 2746.582
6 4638.672 Yes 6 11779.785 54 2563477 6 9094.238 Yes 6 18188.477
7 1831.055 Yes 7 3173.828 55 1647.949 7 13366.699 Yes 7 20263.672
8 5004.883 Yes 8 10559.082 56 2441406 8 2624.512 Yes 8 3234.863
9 3356.934 Yes 9 5615.234 57 2075.195 9 2868.652 Yes 9 4211.426
10 2502.441 Yes 10 3417.969 58 1586.914 10 2685.547 Yes 10 12268.066
1 2197.266 11 merged with boarder 1 6835.938 59 1953.125 1" 22644.043 Yes 1" 29846.191
12 3112.793 Yes 12 5676.27 60 3906.25 12 4455.566 Yes 12 8300.781
13 5493.164| 13 merged with 16 and 18 13 21362.305 61 18493.652 13 14953.613 Yes 13 19714.355
14 2441 406 Yes 14 4089.355 62 3540.039 14 1953.125 Yes 14 1708.984
15 2929.688 Yes 15 4150.391 63 2380.371 15 2014.16 Yes 15 7324.219
16 7202.148| 16 merged with 13 and 18 16 0 64 2136.23 16 6408.691 Yes 16 11535.645
17 2624.512| 17 merged with 19 and 20 17 51574.707 65 2807.617 17 6835.938
18 1647.949| 18 merged with 16 and 13 18 0 66 8422852 Totalin nm’ 101013.183 18 3051.758
19 15258.789| 19 merged with 17 and 20 19 0 67 78125 19 2380.371
20 8544 .922| 20 merged with 17 and 19 20 0 68 2258.301 20 3784.18
21 5065.918 Yes 21 6896.973 69 2624.512 21 2136.23
22 4272 461 Yes 22 2929.688 70 2197.266 22 5065.918
23 6774.902 Yes 23 17333.984 7 14892578 23 2014.16'
24 1953.125 Yes 24 1892.09 72 1708.984 24 11535.645
25 2929.688 Yes 25 8300.781 73 2014.16 25 2868.652
26 6591.797 Yes 26 15075.684 74 1770.02 26 2380.371
27 4028.32 Yes 27 11047.363 75 1647.949 27 2197.266
28 2807.617 28 merged with 30 28 47302.246 76 592041 28 1892.09
29 1770.02 Yes 29 4211426 7/ 5004.883 29 1708.984
30 3173.828 30 merged with 28 30 0 78 4943.848
31 2990.723 Yes 31 6225.586 79 2014.16 Total in nm’ 209655.761
32 7751.465 Yes 32 12084.961 80 3601.074
33 9643 .555 33 merged with 38 33 60424 .805 81 2014.16
34 10803.223 34 merged with 41 34 34973.145 82 1953.125
35 2258.301 Yes 35 3967.285 83 3234.863
36 1892.09 36 merged with 37 36 20080.566 84 2502.441
37 3479.004 37 merged with 36 37 0 85 3112.793
38 5493.164 38 merged with 33 38 0 86 7263.184
39 3051.758 Yes 39 5371.094 87 1647.949
40 2319.336 merged with boarder 40 4821.777 88 1525.879
41 2929.688 41 merged with 34 41 0
42 13244 629 Yes 42 19531.25
43 2197.266 Yes 43 3784.18
44 3479.004 44 merged with 47 44 13244 629
45 1708.984 Yes 45 2807.617
46 10375.977 Yes 46 21728.516
47 2075.195 47 merged with 44 47 0
48 1586.914 Yes 48 3784.18
Total in nm* 219055.179 Totalin nm’ 641540.529
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It may be concluded that the integration of a current limitation system for C-AFM
application is immensely advantageous. Utilizing this system during ramped voltage
stresses and current mapping significantly extends the lifespan of both the tip and the
sample, thereby boosting the reliability of the obtained data. Though this study was
conducted on the current limiting system used in the Dimension Icon AFM by Bruker,
the advantages of this method are applicable to any current-limited C-AFM system. The
findings affirm that this system effectively maintains the conductivity and integrity of
C-AFM tips during leakage current and dielectric breakdown characterization in ultra-
thin dielectrics (3.4 nm SiO2 on n** Si), increasing their lifetime by approximately a factor
of 50. Additionally, the precision of this system during ramped voltage stresses can be
improved through higher sampling rates and ramp frequencies. While conducting lateral
scans on h-BN on Cu samples, the system significantly reduces the formation of new
defects, as compared to standard current maps obtained in an open-loop configuration,
although it does not completely eliminate them. The current limitation feature is user-
friendly and does not require prior knowledge of the sample's resistance or additional
external wiring. Its simplicity and effectiveness make it a valuable tool in enhancing the
reliability of C-AFM studies across various fields, while also reducing costs due to
prolonged probe lifetimes. The results of this chapter have been published in [14].

4.2.2 Hardware-Based Current Limitation

Chapter 4.1.1 addresses common challenges encountered with standard metal-coated
C-AFM probes. A key issue are the high current densities due to the small contact area,
potentially leading to the melting of the tip’s conductive varnish. This can result in partial
or complete loss of tip conductivity. While a total loss is easily identifiable, partial loss
presents more subtly as increased tip resistance and reduced current flow, complicating
detection and potentially leading to inaccurate measurements, such as erroneous oxide
thickness calculations. An alternative might be the use of more robust probes, such as
boron-doped diamond-coated or solid metal probes, as discussed in Chapter 4.1.2.
However, these come with limitations. They are more expensive and offer a limited range
of spring constants, restricting their use to specific sample types only. Diamond-coated
probes [177] typically have a larger tip radius compared to metal-coated
counterparts [16], leading to decreased lateral resolution. Additionally, the persistence of

high current densities means that current-induced damage to the sample remains a
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concern, making the analysis of delicate materials like semiconductive polymer blends
used in LEDs [244], or sensitive organic samples [245], challenging. To enable the
analysis of delicate samples, limiting the resultant currents is an effective strategy. A
common method involves connecting a resistor in series with the tip [237-239], which
effectively caps the currents. However, this approach requires prior knowledge of the
sample’s resistance to select an appropriate resistor value. This information is not always
readily available. Additionally, the wiring process can be cumbersome, particularly as
different samples may require distinct resistors. This is further complicated by the
C-AFM model being used, and the potential introduction of additional parasitic
capacitance due to the added components. Some C-AFM systems offer an integrated
software-based current limitation algorithm, commonly known as trigger. This algorithm
continuously compares the actual current value against a predetermined current threshold.
When this threshold is reached, the ongoing voltage sweep is halted at a specific voltage
point (Vsrop). However, it's important to note that the system invariably executes a
backward sweep to return the voltage from Vgrop to its origin. Electrical stress is also a
function of time, and when probing highly non-linear electrical dynamics, which is a
typical scenario in C-AFM experiments, there is a risk of excessive currents flowing
through the tip before the electrical stress is completely removed. For instance, in the
characterization of a thin dielectric film, the sample might undergo breakdown during the
backward sweep. This can lead to currents far exceeding the preset threshold, which in
turn might damage the tip's coating. Most C-AFM experiments utilize current-to-voltage
amplifiers that may inherently limit current due to amplifier saturation. However, this

limitation is governed by the amplifier's sensitivity (or gain) range and is not adjustable.

To overcome the previously introduced challenges, a new, universally applicable sample
holder has been developed, featuring an integrated MOSFET transistor to effectively limit
current intensity. The objectives of this sample holder contain, but are not limited to the

following:

) Extending the life time of conductive probe tips: By capping high currents
flowing through the tip to a customizable value, the longevity of the probe tips

is significantly increased.

i) Enhancing experimental reliability: The degradation of tip performance due to

electrical damage is minimized and frequent tip replacements are therewith
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i)

avoided. This reduction in variability is particularly crucial in sensitive

experiments where consistent tip quality is essential.

Reducing electrical damage to samples: The sample holder effectively limits
the currents that are flowing through the sample during C-AFM investigations.
This feature is especially beneficial for insulating layers with strongly non-
linear electrical characteristics under voltage stress, such as dielectric

breakdown, which often exhibit large current spikes.

Advanced scanning techniques: The ability to perform current-limited and
constant current scans on novel thin films allows for precise control over
voltage and current-dependent  effects, including hydrogenation,

ferroelectricity, and ion migration.

The newly designed sample holder consists of a standard printed circuit board (PCB),

which is specifically designed to connect the sample to the drain of a MOSFET. A

schematic of the sample holder is provided in Figure 41. The key features of the PCB

comprise:

i)

A top circular connection region (1) for linking the sample under test (2) to the
MOSFET's DRAIN terminal (3).

A designated footprint (4) for the soldering of a SOT-23 packaged MOSFET

(3), with the model being customizable based on experimental needs.

Copper wires connecting the GATE and SOURCE terminals of the MOSFET

(3) to externally accessible contacts (5-6).

Through-PCB via connections enabling the SOURCE terminal of the MOSFET
(3) to connect to the PCB's bottom side and to the bottom circular connection
region (7).

Specifically, both the top (1) and bottom (7) circular connection regions are coated with

a conductive paste (8) to ensure low-resistance contact with the top iron sample plate (9)

(optional) and the bottom iron sample plate (10). The material of these plates is chosen

based on its electrical conductivity, with iron being preferred for the bottom plate to

facilitate magnetic attachment to the C-AFM system sample chuck (11). Alternative

fixation methods, such as vacuum, can also be employed. The sample under test is placed,
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preferably with a conductive adhesive (carbon tape, or silver paint), on either the top

circular connection region (1) or the top iron sample plate (9).
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Figure 41: MOSFET sample holder schematic. a) Top view. b) Side view. c) Bottom
view.

For operation, the GATE (5) and SOURCE (6) are connected to an external floating
voltage source (12) that supplies the bias voltage to the MOSFET, thus enabling current
limitation according to the transistor schematic in Figure 42. In this design a BSS138L n-

channel logic level enhancement mode field effect transistor was chosen for its low drain
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source resistance in the ON state (Rpson)), minimal leakage currents in the OFF state,
low capacitance, and rapid switching speeds [246]. However, this transistor can be
interchanged with various models to accommodate specific experimental requirements.
The sample holder is designed to be compatible with all MOSFETS that utilize a SOT-23
housing, providing flexibility for diverse research applications.
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Figure 42: Exemplary RVS on a conductive sample using the current limiting sample
holder, and a new RMN-25Pt300b probe on a Bruker Dimension ICON.

These connections can be established using a straight connection pole or by directly
soldering a wire pair to a chosen connector type (clamps, banana jack, or coaxial
connector). The limiting current value is determined by the voltage difference applied
between the GATE and SOURCE of the selected MOSFET. The corresponding circuit
diagram is depicted in Figure 43. This method facilitates current limitation without
requiring prior knowledge of the sample's resistance. It also supports the analysis of
various samples with different electrical properties simply by adjusting the gate voltage,
eliminating the need for complex hardware alterations typical of series resistor-based
methods. Unlike the Trigger algorithm, this design effectively restricts current in both

directions of the voltage sweep and under constant voltages in area scans. This
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significantly diminishes the risk of damage to both the sample and the conductive coating
of the tip.

To AFM current amplifier
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Figure 43: Schematic connection diagram of the current limiting sample holder on a
standard AFM setup.

Overall, this implementation results in a sample holder that integrates a transistor (3-4)
and a conductive connection region (1) for the sample under test (2), along with a separate
connection to the C-AFM sample chuck (7) for conducting current-limited C-AFM

experiments.

To demonstrate the effective current limitation of the newly developed sample holder,
several C-AFM measurements were conducted using a Bruker Dimension ICON
equipped with a TUNA module. Measurement 1, as shown in Figure 44 a, was performed
on a 3.4nm SiO2/n™ Si sample without the use of a trigger or the sample holder.
Measurement 2, depicted in Figure 44 b, also on 3.4 nm SiO2/n** Si, was executed with
the trigger function activated but without the current limiting sample holder. The third

measurement, illustrated in Figure 45, was carried out on a 1.5 nm SiO2/n"" Si sample,
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utilizing the current limiting sample holder, but without the trigger function. In
Measurement 3, a thinner oxide layer was deliberately selected to facilitate the occurrence
of dielectric breakdown, and therewith higher currents, more readily. In all these
experiments, voltage ramps were applied from 0 V to -9 V and back to 0 V (with tips
grounded to prevent anodic oxidation) at a ramp rate of 1 Hz, employing a new solid Pt
RMN-25Pt300b probe (Rrp nom < 20 M, k¢ »om = 18 N/m) for each measurement.
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Figure 44: Exemplary RVS on 3.4 nm SiO2/n™* Si. a) Without trigger and no current
limiting sample holder. b) With trigger and no current limiting sample holder. The
forward sweep from 0 V to -9 V is illustrated by a solid black line, the backward sweep
from -9 V to 0 V by a dotted black line.

In Measurement 1 (see Figure 44 a), conducted without current limitation, a sharp
increase in current was observed at around 5.5 V, reaching approximately 540 nA, which
corresponds to the saturation limit of the current amplifier. It is important to note that
actual currents might have been even higher. During the backward sweep, the current
remained at this saturation level until around -2.5 V. For Measurement 2 (see Figure 44
b), which incorporated current limitation via the trigger function, the forward sweep was
halted at around 4.5V as the current exceeded the set trigger threshold of 100 pA.
However, during the backward sweep, the current spiked to over 40 nA.
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Figure 45: Exemplary RVS on 1.5 nm SiO2/n** Si using the current limiting sample
holder without trigger. Three consecutive tests at different locations using varied gate
voltages were conducted. The forward sweep from 0 V to -9 V is illustrated by a solid
line, the backward sweep from -9 V to 0 V by a dotted line.

Measurement 3 (see Figure 45), involving current limitation through the sample holder,
involved three consecutive tests at individual, random locations using varying gate
voltages. In the range of -4 V to -6 V all tested locations exhibited dielectric breakdown
during the forward sweep. This is obvious because of the steep rise in current across
several orders of magnitude and the discrepancy with the backward sweeps, which stayed
at the maximum current level until lower voltages in the range of approx. -2.5 Vt0-0.5 V.
Without current limitation, the currents would have risen to significantly higher
levels [20], potentially high enough to melt the Pt of the deployed probe. This setup
however achieved effective current limitation throughout both, the full forward and
backward sweeps, spanning across multiple configurable current magnitudes. The
maximum currents during forward and backward sweep correlate with each other and the
overall characteristics align with the transistor characteristics shown in Figure 42. This

demonstrates the flawless operation of the sample holder in both sweep directions.
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In summary, it may be stated that the current-limiting sample holder represents a
promising advancement in C-AFM technology. Unlike the conventional trigger
mechanism, this holder provides genuine current limitation in both the forward and
backward sweep directions. Though, this would also be achievable by connecting
resistors in series to the tip, using the sample holder does not require previous knowledge
about the sample’s resistance. Additionally, using resistors often requires changing
hardware for different samples, whereas with the current-limiting sample holder, a simple
adjustment of the gate voltage is sufficient to adapt to various sample types. Thanks to its
compatibility with standard SOT-23 housed transistors, the sample holder is highly
customizable for a broad range of experiments. Moreover, it is applicable on almost all
C-AFM systems.

The combination of versatility, effectiveness, and ease of use makes this current-limiting
sample holder a valuable asset in the field of material analysis. It holds the potential to
significantly improve the reliability of standard material analysis techniques utilized in
both academic and industrial settings by effectively reducing tip and sample damage,
which facilitates longer probe lifetimes. This not only enhances the quality and accuracy
of C-AFM investigations but also contributes to cost reduction by minimizing the need
for frequent probe replacements. Additionally, the sample holder's capability to handle
current-sensitive samples broadens the scope of C-AFM applications to include a wider
range of materials. This extension presents opportunities for exploring novel materials,
yielding fresh perspectives and discoveries. The introduction of this sample holder
represents a significant advancement, contributing to enhanced accuracy, reliability, and

diversification in C-AFM applications.
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5 Conclusion and Outlook

Despite C-AFM being a widely recognized and effective technique for analyzing the
topography and electrical resistivity of diverse samples at the nanoscale, one of the most
significant challenges in this field is ensuring the reproducibility of data. The difficulty
in achieving consistent C-AFM results arises due to the large number of factors that affect
the establishment and maintenance of a stable tip-sample contact. A particularly critical
and difficult-to-control factor is tip degradation. This issue predominantly stems from the
fine radii of the probes employed in these measurements. While these slender tip radii are
vital for attaining high topographical resolution, they simultaneously increase the
susceptibility of the probes to degradation. This degradation can largely be attributed to
two main factors: Lateral frictions, especially since most C-AFM measurements are
conducted in contact mode, and the high current densities encountered when a bias
voltage is applied. With intermittent contact mode already proving effective in mitigating
tip degradation due to mechanical abrasion, the focus of this thesis was to explore
strategies to minimize tip degradation caused by high current densities. To address this,
the extent of degradation in metal-coated probes across various C-AFM measurement
scenarios should be thoroughly assessed. Furthermore, the viability of commercially
available alternatives, such as solid Pt probes and software-based current limitation
techniques, should be evaluated. Ultimately a robust solution capable of effectively
safeguarding C-AFM probes from damage caused by high current densities should be
developed. The overall objective was to enhance C-AFM reliability, thus ensuring more

consistent and dependable results in nanoscale material analysis.

The dynamic degradation process of various metal-coated probe types during RVS on
different ultra-thin dielectrics has been examined in Chapters 4.1.1, 4.1.2, and 4.2.1. As
outlined in Chapter 4.1.1 the experimental observations indicate a two-phase degradation
process for these probes. Initially the thickness of the conductive coating reduces before
it melts completely. During this thinning phase, a stable intermediate state, marked by
increased contact resistance, emerges occasionally. This intermediate state can be
difficult to identify and may potentially lead to incorrect conclusions in material
assessment. To mitigate this risk, it is recommended to initially evaluate the performance
of the probe on a sample with established electrical parameters, or to verify the findings
by conducting the experiment again with a second probe. In the Chapters 4.1.2 and 4.2.1,
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by recording sequences of RVS on ultra-thin SiO, a clear downward trend towards higher
voltages with an increasing number of RVS was observed for Pt/It-coated ContV-Pt and
SCM-PIT-V2 probes. There was noticeable variability in the number of RVS that each
ContV-Pt and SCM-PIT-V2 probe could record. The degradation observed in both probe
types varied, ranging from abrupt to gradual. Furthermore, it was found that some ContV-
Pt probes exhibited greater durability compared to certain SCM-PIT-V2 probes, and in
some cases, the reverse was true. However, no definitive trend was established that
indicated a consistently superior performance of either ContV-Pt or SCM-PIT-V2 probes

in terms of the number of RVS they could successfully record.

Further investigations revealed that the currents recorded during RVS using a PFTUNA
probe on a TiO2/SiOx/n** Si sample were notably lower than anticipated. Computational
analyses indicated that this significant decrease in current was due to the formation of a
water nanogap between the C-AFM tip and the sample. This nanogap, arising due to the
lower contact force associated with the low spring constant characteristic of this probe
type, remained unchanged even when the maximum contact force that the equipment
could exert (achieved with a Deflection Setpoint of 10 V) was applied. Likely capillary
forces arising from the water meniscus at the tip-sample interface exert a repulsive force,
counterbalancing the force applied by the system. To ensure accurate measurements of
d,x Or V,,, itis recommended to utilize stiffer C-AFM probes for RVS on these types of
samples, or to perform the measurements in a controlled environment, like under vacuum

or in a dry nitrogen atmosphere.

A comprehensive statistical analysis of the performance of solid Pt probes (model RMN-
25Pt300b) across various disciplines encompassing topography measurements, step
height estimations, current map recordings, and RVS was performed in Chapter 4.1.2. In
summary, when considering cost-effectiveness and reliability in C-AFM studies, solid Pt
probes emerge as an outstanding option. Although they might provide slightly lower
topographical resolution than Pt/Ir-coated probes, this minor drawback is more than
compensated for by their superior endurance across multiple scans and their greatly
enhanced electrical durability. These qualities establish solid Pt probes as highly valuable

tools for consistent, long-term C-AFM investigations.

Chapter 4.2.1 provides a thorough exploration of both the working principle and the
effectiveness of the software-based current limitation feature in the Bruker Dimension

Icon. This feature is designed for easy application and does not necessitate prior
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knowledge of the sample's resistance. Unlike relying solely on more durable probes, this
method proactively restricts the resulting currents. This enables the prolonged use of
metal-coated probes (by approximately a factor of 50, as detailed in Chapter 4.2.1), while
also protecting the samples from damage caused by excessive currents. However, it is
crucial to understand that this approach does not provide absolute current limitation. For
example, in a 0V to 6 V voltage ramp with a 100 pA threshold, the trigger stops the
forward sweep at the voltage level (Vsrop) Where the current initially exceeds the
threshold. It was discovered that increasing the sampling rate and ramp frequency reduces
current overshoot and enhances precision. Nevertheless, after Vrop, the system performs
an inevitable backward sweep to its initial value. During this phase, dielectric breakdown,
which depends on both the applied voltage and stress duration, could occur, potentially
resulting in currents exceeding the predetermined threshold. This method also proves
useful in recording current maps, as seen with h-BN on Cu, where it significantly reduced
but did not completely prevent new defect formation. Overall, the adoption of software-
based current limitation significantly enhances both the reliability and cost-effectiveness
of C-AFM. This approach not only enables the investigation of delicate samples but also
extends the usability of metal-coated probes, which provide a larger variety in spring

constants and tip dimensions than solid Pt probes.

Finally, Chapter 4.2.2 introduced a novel sample holder integrated with a MOSFET.
Unlike software-based current limitation this invention offers true current limitation in
both forward and backward sweep directions. Differing from the conventional method of
integrating resistors in series with the probe, this sample holder eliminates the need for
prior knowledge of the sample's resistance. Additionally, it obviates the need for hardware
modifications when switching between samples, a common requirement when measuring
different samples using resistors. Instead, a simple adjustment of the gate voltage is
sufficient to adapt to different sample types, which considerably streamlines the process.
Compatible with standard SOT-23 housed transistors, the sample holder is highly
customizable, making it suitable for a wide array of experiments. Its versatility also
ensures compatibility with nearly all C-AFM systems. In essence, this sample holder
significantly enhances the accuracy, reliability, and flexibility of C-AFM applications,
which holds the potential to position it as an indispensable tool for researchers and

practitioners in the field.
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Conclusively, this thesis has successfully met all its initially stated objectives,
contributing to a deeper understanding of probe performance in C-AFM and elucidating
the various factors that influence their durability and effectiveness. In doing so, it has
notably enhanced C-AFM reliability and cost-effectiveness. A key advancement made
through this research is the refined ability to precisely control the currents during
measurements. This precision is particularly beneficial for the analysis of sensitive
samples, an aspect increasingly important given the ongoing trend of diminishing device
dimensions in recent decades. The insights from this thesis could prove to be valuable in
the development of future electronic devices, particularly with the industry's growing
interest in incorporating functional single-atom layers. The results of this research not
only address the current demands of nanoscale material analysis but also take a step
towards paving the way for pioneering applications in the field of ultra-miniaturized

electronic devices.
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curves were obtained using a SCM-PIT probe at various points on the
TiO2/SiOx/n**Si sample. (b) The first set of 85 I-V curves and (c) a
subsequent set of 22 1-V curves were similarly gathered using a

PFTUNA probe on the same sample. All measurements were conducted

in a standard atmospheric environment. The graphs display the applied
voltage to the C-AFM tip on the x-axis, while the sample holder was
grounded. Adapted from [176], copyright MDPI, 2019.........c..ccoevvvvveenen. 49
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Figure 20:

Figure 21:

Figure 22:

Figure 23:

Figure 24:

Figure 25:

Sequence of I-V curves obtained from a single location on a 100 nm

Pt/300 nm SiO>/Si sample using a C-AFM that is linked to a Keithley

6430 source meter. a) The data are presented on an expanded scale to

clearly show the degradation phases of the C-AFM tip. The red dashed

circle highlights the C-AFM tip's initial degradation phase, leading to an
intermediate state, while the blue dashed circle marks the point of

complete tip degradation. (b) Identical data depicted on a more detailed
scale. Adapted from [176], copyright MDPI, 2019. ........cccoveviiiiineiee 50
Experimental I-V curves recorded at various locations of the

TiO2/SiOx/n**Si samples using (a) an SCM-PIT and (b) a PFTUNA tip,

and their belonging fittings using Ginestra®. The experimental curves

equal those in Figure 19 a and Figure 19 b. A range of simulated curves

is presented to reproduce the intrinsic variability of the experiments

(density of traps, thickness of each layer, and tip/sample contact area).

Insets (a) and (b) illustrate the respective tip/sample configurations.

Figures (c) and (d) depict the detailed structural schematics for the
SCM-PIT/TiO2/SiOx/n**Si and PFTUNA/H20/TiO2/SiOx/n**Si systems

as modeled by Ginestra®, with red spheres indicating the location of

intrinsic defects within the TiO. and SiOx layers. Adapted from [176],
COPYIIght MDPI, 2019. ..o s 52
Force Distance curves recorded with new SCM-PIT and PFTUNA

probes at various locations on TiO2/SiOx/n++ Si. a) PFTUNA at

Position 1. b) PFTUNA at Position 2. ¢c) PFTUNA at Position 3. d)
SCM-PIT at Position 1. e) SCM-PIT at Position 2. f) SCM-PIT at

POSITION 3. .ottt sre e e neenreenne s 54
Comparative sharpness of Pt/Ir-coated and solid Pt C-AFM probes.

SEM images of the apex of different C-AFM probes. The first row

illustrates Pt/Ir-coated probes (ContV-Pt), while the second and third

rows showcase solid Pt probes (RMN-25Pt300). Adapted from [72],
copyright American Chemical Society, 2023..........ccccccevveveeieceese e 59
FIB TEM lamella preparation. a) Deposition of protective layer. b)

Material removal. ¢) J-Cut and Pt deposition to merge micromanipulator
with lamella. d) Positioning of lamella at TEM grid. €) Pt deposition to
merge lamella with TEM grid and micromanipulator severing with FIB.

) lamella thinning. ..o 61
Assessment of surface roughness of a 4.7 nm SiO2/n™* Si sample using
diverse probes. a) Thickness and morphology of the SiO2/n** Si sample

via TEM. Note that the top Cr layer is a prerequisite for the FIB

preparation prior to TEM imaging. Topographic maps collected with b)

a Si probe (NCHV-A) in tapping mode, c) a Pt/Ir-coated Si probe
(ContV-Pt) in contact mode, and d) a solid Pt probe (RMN-25Pt300b) in
contact mode. The surface roughness is indicated in each topographic
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map respectively. Adapted from [72], copyright American Chemical
SOCIELY, 2023, ..ot ns 62
Figure 26: MoS2 flake thickness measured with different probes. a) Topographic
map collected with a Si probe in tapping mode at location 1. b)
Topographic map collected with a Si probe in tapping mode at location
2. ¢) Step height summary of both locations measured with four
different types of probes. Thickness measurements at MoS; flake
location 1 recorded with: d) A Si Probe (NCHV-A) in tapping mode. e)
A Pt/Ir coated Si probe with low spring constant (ContV-Pt) in contact
mode. f) A Pt/Ir-coated Si probe with intermediate spring constant
(SCM-PIT-V2) in contact mode. g) A solid Pt probe (RMN25Pt300b) in
contact mode. The histograms of each topographic map h)-k) are
displayed right below it. The step height tMo0S2 is defined as the
distance between the highest points of the two peaks, corresponding to
the surfaces of the substrate and the MoS; flake. Thickness
measurements at MoS; flake location 2 recorded with: I) A NCHV-A in
tapping mode. m) A ContV-Pt in contact mode. n) A SCM-PIT-V2 in
contact mode. 0) A RMN25Pt300b in contact mode. The histograms of
each topographic map p)-s) are displayed right below it. Adapted from
[72], copyright American Chemical Society, 2023. ..........cccooeiiiiiiiennnnnns 64
Figure 27: Assessment of electrical lateral resolution using Pt/Ir-coated and solid Pt
probes: The images presented in this section are divided into two sets,
with the top row showcasing data from Pt/Ir-coated Si probes (ContV-
Pt) and the bottom row featuring data from solid Pt probes. a)
Topographic and b) current maps collected simultaneously on an h-
BN/Cu sample using a Pt/Ir-coated probe. ¢) Same current map than b)
but with a different current scale. d) Topographic map collected on an
h-BN/Cu sample using a Pt/Ir-coated probe after five subsequent current
scans. The voltage applied in panels (a—d) is 6 V. e) Topographic and f)
current maps collected simultaneously on an h-BN/Cu sample using a
solid Pt probe. g) Same current map than f) but with a different current
scale. h) Topographic map collected on an h-BN/Cu sample using a
solid Pt probe after five subsequent current scans. The voltage applied
in panels (e-h) is 2 V. Adapted from [72], copyright American
Chemical Society, 2023. ........ccoiiereeesee e 66
Figure 28: Comparative durability study of Pt/Ir-coated Si probes and solid Pt
probes. The data in the top row corresponds to the Pt/Ir-coated Si probes
(ContV-Pt); the data in the bottom row corresponds to the solid Pt
probes. SEM images of a Pt/Ir-coated Si tip before a) and after d)
measuring 100 1-V curves at different locations of a 3.4 nm SiO2/n** Si
sample. b) A declining trend is evident in the I-V curves, and the
subsequent topographic AFM map c) indicates that around the 50th |-V
curve, the probe becomes incapable of triggering further hard-DB
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events. d) Post-stress SEM imaging reveals extensive damage to the
probe, characterized by the melting of the metal coating (noted by
spherical particles) and the removal of Si volume. SEM images of a
solid Pt tip before e) and after h) measuring 100 |-V curves at different
locations of a 3.4 nm SiO2/n** Si sample. f) The post-stress topographic
AFM map suggests that hard-DB was induced at nearly all locations,
evidenced by visible surface epitaxy. h) The post-stress SEM image
shows that the tip has become dull but remains functional, as indicated
by the lack of a progressive current reduction in the 1-V curves in f).
This implies that, despite some physical alterations, the solid Pt probe
maintains its effectiveness and can still be used for further 1-V curve
measurements. Adapted from [72], copyright American Chemical
SOCIELY, 2023, ..ot ns 68
Figure 29: Solid Pt probe-to-probe variability. a)-c) Forward -V curves recorded
at 100 different locations of a 5.6 nm SiO2/n** Si sample using three
different solid Pt probes (RMN-25Pt300Db). In each graph, the initial I-V
curves are denoted by thicker black solid lines, while the final I-V
curves are indicated by black dashed lines. This depiction highlights
that there is no discernible tip degradation (e.g., no downward trend in
the curves) throughout the course of the measurements. (d) Statistical
analysis of Von (extracted at 3 pA). M and SD represent the mean value
and the standard deviation of the distribution, respectively. Adapted
from [72], copyright American Chemical Society, 2023. ..........cccccvevvrenee. 69
Figure 30: Sample roughness. a) TEM image unveiling the thickness and
morphology of a 5.6 nm SiO2/n** Si sample. Note: the top C layer is a
prerequisite for the FIB preparation prior to TEM imaging. b)
Topographic map of 3.4 nm SiO2/n** Si. ¢) Topographic map of 10-
layer-thick (~3.3 nm) CVVD-grown hexagonal boron nitride (h-BN) on
Cu foil. Adapted from [14], copyright American Chemical Society,
2023, ettt b be e enes 72
Figure 31: RVS experiments on SiO> without current limitation. Pre-stress SEM
investigations for a) ContV-Pt, b) SCM-PIT-V2, and ¢c) RMN-
25Pt300b. 100 attempted I-V curves at various sample locations using
d) ContV-Pt, &) SCM-PIT-V2, and f) RMN-25Pt300b. Post-stress
topography measurements conducted with g) ContV-Pt, h) SCM-PIT-
V2, and i) RMN-25Pt300b. Finally, post-stress SEM examinations of j)
ContV-Pt, k) SCM-PIT-V2, and I) RMN-25Pt300b. Adapted from [14],
copyright American Chemical Society, 2023...........cccccveiiievieiie e, 75
Figure 32: a) An exemplary I-V curve comprising 512 data points, with a current
sensitivity of 100 nA/V and no current limitation on SiO.. The forward
sweep is shown in black, while the backward sweep is depicted in red.
(b) The corresponding I-T representation, illustrated by an orange solid
line, is overlaid with results from the HSDC (cyan dashed line) and the
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Oscilloscope (blue dotted line). Additionally, the applied voltage ramp
is marked by a green line, and the end of the forward sweep is indicated
by a black vertical dashed line. Adapted from [14], copyright American
Chemical Society, 2023. ........ccoiieeeee e 77
Figure 33: RVS on SiO2 with current limitation. It includes pre-stress SEM
investigations of a) ContV-Pt, b) SCM-PIT-V2, and c) RMN-25Pt300b.
100 attempted I-V curves at various sample locations using d) ContV-
Pt, ) SCM-PIT-V2, and f) RMN-25Pt300b, with insets showing onset
potentials at 3pA. M indicates the mean onset voltage, and Std denotes
the standard deviation. Post-stress topography measurements are
recorded with g) ContV-Pt, h) SCM-PIT-V2, and i) RMN-25Pt300b.
Post-stress SEM investigations for j) ContV-Pt, k) SCM-PIT-V2, and I)
RMN-25Pt300b. Adapted from [14], copyright American Chemical
SOCIELY, 2023, ..o e ns 78
Figure 34: Consecutive current-limited RVS on SiO; using the ContV-Pt and the
SCM-PIT-V2 probes from the measurements in Figure 33. a) With the
ContV-Pt, an additional 490 I-V curves were successfully recorded. b)
With the SCM-PIT-V2, 138 more I-V curves were obtained. A probe is
considered non-conductive if it fails to exceed a current threshold of
10 pA in ten consecutive I-V curves, despite a 10 V sample bias. c)
Onset potentials were extracted at 3 pA for the ContV-Pt, both with and
without current limitation. The black dashed curve shows onset
potentials from Figure 31 d (without current limitation), with a sharp
transition at I-V No. 14 marking the loss of tip conductivity. The red
dotted curve combines onset potentials from Figure 33 d and Figure 34
a (with current limitation). A similar analysis for the SCM-PIT-V2 was
not possible, as the current dropped to the noise level after reaching
100 pA in the first 1-V, followed by random shifts in Von from 2 to
5.7 V in the subsequent five 1-Vs. Adapted from [14], copyright
American Chemical Society, 2023. ..........cccoviereiiiereee e 80
Figure 35: Trigger mechanism analysis on SiOz: a)-c) Black solid curves represent
the forward sweep, red curves the backward sweep, and black dashed
horizontal lines indicate the trigger threshold. a) An exemplary |-V
curve with 512 data points, a trigger threshold of 100 pA, and a current
sensitivity of 20 pA/V. b) An I-V curve with 20480 data points, a
trigger threshold of 100 pA, and a current sensitivity of 20 pA/V. c) An
I-V curve with 512 data points, a trigger threshold of 100 pA, and a
current sensitivity of 100 nA/V. d) I-T graph (solid orange line) for c),
including overlayed results from the HSDC (cyan dashed line) and the
Oscilloscope (blue dotted line). The black dashed horizontal line marks
the trigger threshold, while the black vertical dashed line indicates the
end of the forward sweep. e) Analysis of trigger precision under various
conditions. The last current value before the trigger threshold halted the
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voltage sweep was extracted from I-Vs in Figure 37. M denotes the
mean current limit value and Std the standard deviation. Adapted from
[14], copyright American Chemical Society, 2023. ..........c..coceovviiriininnne 81

Figure 36: RVS on SiO2 with varied trigger thresholds: a)-f) Forward sweeps

(from 0 V to VST OP) with designated current thresholds. g)-I)
Corresponding backward sweeps (from VSTOP to 0 V). m)-r) Onset
potentials extracted at 1 pA for both forward (black dots) and backward

(red dots) sweeps. Adapted from [14], copyright American Chemical
SOCIELY, 2023, ..o ns 83

Figure 37: Current-limited RVS on SiO». This experiment involved recording 100

I-V curves at various locations under different settings. Displacement
current compensation was omitted to prevent distorting the trigger
results. Displacement currents, being linearly dependent on voltage
change rate, were more pronounced in measurements with higher ramp
frequencies (refer to ¢) and d)). Measurement specifics: a) 0.3 Hz ramp
frequency with 512 data points. b) 0.3 Hz ramp frequency with 20480
data points. ¢) 1 Hz ramp frequency with 512 data points. d) 1 Hz ramp
frequency with 20480 data points. Notably, no increasing trend in
voltages was observed with the rising number of I-Vs across any of the
measurement conditions. Adapted from [14], copyright American
Chemical Society, 2023. ........ccooieieeie e 84

Figure 38: Current maps on CVD-grown 3.3 nm multilayer h-BN on Cu, with and

without current limitation. a) First topography scan at location 1, no

current limitation. e) Related current map. i) Corresponding defect
histogram. b) Second topography scan at location 1, no current

limitation. f) Related current map. j) Corresponding defect histogram. c)
First topography scan at location 2, with current limitation. g) Related
current map. k) Corresponding defect histogram. d) Second topography

scan at location 2, with current limitation. h) Related current map. 1)
Corresponding defect histogram. Details about the size of each spot are
available in Table 1. Adapted from [14], copyright American Chemical
SOCIELY, 2023, ..ot 86

Figure 39: Current maps on CVD-grown 3.3 nm multilayer h-BN on Cu, using

Figure 40:

current limitation in closed loop configuration (100 pA limit). a) First
topographic map scan at location 2 with current limitation. b) Related
current map. c) Corresponding voltage map. d) Second topographic map
scan at location 2 with current limitation. e) Related current map. f)
Corresponding voltage map. Note: In highly conductive areas, the
closed-loop configuration struggles to effectively limit currents, as the
trigger threshold is often already surpassed at low voltages. Adapted

from [14], copyright American Chemical Society, 2023. ..........cccccovevveenen. 87
Nanoscope particle analysis results (100 pA detection threshold). a)

Defects identified in the first scan at location 1 without current
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Figure 41:

Figure 42:

Figure 43:

Figure 44:

Figure 45:

limitation. b) Defects detected in the first scan at location 2 with current
limitation. c) Defects identified in the second scan at location 1 without
current limitation. d) Defects detected in the second scan at location 2
with current limitation. Adapted from [14], copyright American

Chemical Society, 2023. ........ccoiieeeee e 88
MOSFET sample holder schematic. a) Top view. b) Side view. c)
BOEOM VIBW. ..ottt et 93

Exemplary RVS on a conductive sample using the current limiting
sample holder, and a new RMN-25Pt300b probe on a Bruker Dimension

10 ] ST R 94
Schematic connection diagram of the current limiting sample holder on
a StaNdard AFM SELUP. ......ooiiiiiiieieeee s 95

Exemplary RVS on 3.4 nm SiO2/n** Si. a) Without trigger and no

current limiting sample holder. b) With trigger and no current limiting
sample holder. The forward sweep from 0 V to -9 V is illustrated by a

solid black line, the backward sweep from -9 V to 0 V by a dotted black

LI, et nee e 96
Exemplary RVS on 1.5 nm SiO2/n** Si using the current limiting sample
holder without trigger. Three consecutive tests at different locations

using varied gate voltages were conducted. The forward sweep from

0 V to -9 Vis illustrated by a solid line, the backward sweep from -9 V

t0 0V by @ dotted INE. ...c.ooiiii e 97
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