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Abstract: With the great success of graphene, two-dimen-
sional (2D) materials, thanks to their fascinating electronic
and optoelectronic properties, have aroused extensive atten-
tion among the scientific community. Broad research efforts
have proven the enormous potential of 2D materials in
optoelectronics, electrochemistry, spintronics, energy sto-
rage, catalysis, biomedicine, and many other fields. Driven
by the promising applications of 2D materials, there has
been an emerging trend toward nanofabricating 2D mate-
rials with customized parameters, which are essential for
tailor-making controllable artificial nanostructures used in
building sophisticated 2D material systems. As the most
commonly used solid probe lithography technique, atomic
force microscopy (AFM) integrates visualization and multi-
mode fabrication within one system, demonstrating its superior
capability in the nanofabrication of 2D materials. In view of this,
in this review article, we offer a brief introduction to how AFM
nanofabrication works and the classification of AFM nanofab-
rication techniques by the tip-sample surface interaction.
Following that, we discuss the results of 2D material nano-
fabrication by mechanical, thermal, electrical, and other
AFM techniques in which external stimulations are applied
on special AFM probes.
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1 Introduction

1.1 Unique properties and emerging
applications of 2D materials

Although layered materials have existed and been studied
for more than a century, their true potential was not
revealed until the first piece of graphene flake was mechani-
cally peeled from an insulating substrate. Since then, two
dimensional (2D) materials with very unique properties
have become one of the most extensively studied types of
materials. As a popular member of the 2D family, graphene has
emerged as a hot subject of research due to its remarkable proper-
ties. These include an electric conductivity of 15,000 cm?*V's™ at
room temperature and up to 200,000 cm*V" s for defect-free
suspended graphene in theory, a Young’s modulus of approxi-
mately 1TPa, a thermal conductivity of 3,000-5000Wm™ K*,
and a light absorption of 2.3% with a negligible reflectance
of <0.1%. It also features exceptional flexibility and trans-
parency, lightweight, and matchless thinness and chemical
stability [1]. These outstanding properties have made gra-
phene an important material for use in a broad range of
applications, such as electronics, optoelectronics, high-strength
materials, catalysts, chemical sensors and biosensors, and
energy storage and conversion devices [2,3].

Besides uncovering the enormous potential of gra-
phene itself, the burgeoning research on graphene has
also evoked a surge of scientific enthusiasm toward the
other members of the 2D family, especially when the
gapless nature of graphene proves to be a hindrance to
tapping into its full potential. Following the discovery of
graphene, a wide spectrum of novel layered materials, which
were originally deemed to merely exist in the realm of theory,
have been synthesized and extensively investigated. These
materials can be divided into two main categories: com-
pounds and allotropes [4]. As a part of the former group,
transition metal dichalcogenides (TMDs) are a class of 2D
materials with a chemical formula expressed as MX,. Speci-
fically, X stands for a chalcogen atom and M for a transition
metal atom sandwiched between two X atoms. As a promising
alternative, TMDs undergo an indirect to direct band gap
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crossover from approximately 1.2-1.9 eV as their thickness
decreases from bulk to monolayer, which can make up the
limitation of graphene. Besides a tunable band gap, TMDs
feature both abundant atomic combinations and rich phases
such as 1T (trigonal symmetry), 2R (hexagonal symmetry),
and 3R (rthombohedral symmetry), offering diverse choices
of topological insulators, semiconductors, metals, semimetals,
and superconductors [5]. With a unique electronic structure,
TMDs have a series of distinct properties that distinguish it
from their bulk counterparts, such as a high current on-off
ratio [6], moderate mobility [7], an outstanding photo-switching
ability [8], a large specific surface area, and strong spin—orbit
coupling [9]. These unique properties make TMDs suitable for
use in the fabrication of modern electronics, optoelectronics,
flexible devices, spintronics, among others [10-13].

As the only insulating material in the 2D family to date,
hexagonal boron nitride (h-BN) consists of boron (B) and
nitrogen (N) atoms arranged in a sp* hybridized honeycomb-
shaped lattice network. h-BN has a graphene-like structure that
offers comparably high thermal conductivity to graphene. In
addition, it features multiple favorable properties, such as a
large band gap (5.822-5.968 eV), exotic opto-electrical properties,
high mechanical robustness, temperature sustainability, excel-
lent chemical inertness, and attractive piezoelectric responses.
These advantages demonstrate its huge potential as an ideal
substrate for application in gate dielectric materials, tunneling
barriers, gate dielectric barriers, deep ultraviolet light sources,
photodetectors, single-photon emitters, and sensors [14-18].

For the latter group, silicene, germanane, and phos-
phorene, for example, have been studied much less compared
to graphene, TMDs, and h-BN. Although several theoretical
studies have shown their unique flexibility, compressibility,
and many other properties superior to those of the other 2D
materials [19,20], only a few experimental applications of
mono-elemental 2D materials have been reported to date.
The key reason is the thermodynamical instability and ten-
dency toward oxidation, which will lead to a complicated pre-
paration process, limited availability, and fast degradation of
these mono-elemental sheets. Despite this fact, the research on
mono-elemental 2D materials is still growing rapidly, a typical
application of which is Mxene. It is believed that they will
emerge as strong contenders in the realm of 2D materials if
their true potential can be unlocked in the near future [21].

1.2 Nanofabrication of 2D materials and the
prominent role of atomic force
microscope (AFM)

As covered earlier, due to the intriguing functionalities
endowed by their 2D nature, 2D materials have been
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widely investigated to explore their application in next-gen-
eration electronics and optoelectronics. This has opened up
new opportunities to fabricate devices and even integrated
systems based on 2D materials, such as nanoplate arrays,
smart electric circuits, and lab-on-a-chip systems. From the
technological point of view, the nanofabrication of 2D mate-
rials with customized parameters, such as controllable
thickness, a regular shape, or a specific size, is the prerequi-
site for building sophisticated 2D materials-based systems
[22]. Nanofabrication techniques can be used to significantly
improve the integration and performance of 2D materials-
based devices. Moreover, the ability of nanofabrication
techniques to adjust the size and shape of a structure at
nanometer scale (or nanoscale) makes it possible to custo-
mize and control the intrinsic mechanical, chemical, elec-
trical, optical, and other properties of 2D materials to fit
different applications [23]. For instance, nanofabrication
techniques can modify the carrier type and concentration
[24] or perform semiconducting-to-metallic transition [25]
and thereby create vacancies, dopants, functional groups,
grain boundaries, or edges in 2D materials to customize
electrical properties. These techniques can also be used to
introduce interesting optical properties, such as drastically
altered photoluminescence (PL) spectra and long-lived exci-
tonic transition [26]. They can also tailor physicochemical
properties by adjusting the level of electrocatalytic activity
[27]. These applications demonstrate that it is necessary to
go beyond the 2D materials themselves by nanofabricating
them to build sophisticated and high-performance 2D mate-
rials-based devices and systems. Proper nanofabrication
techniques are the key to achieving that end.
Nanofabrication refers to the ability to construct sub-
100 nm structures to build components or devices with
desired properties and performance or to integrate nanos-
cale components into complicated systems [28]. Nanofabri-
cation techniques can be categorized into three main types:
planar techniques, mold techniques, and probe techniques
[29-31]. The characteristics of 2D materials, such as the
large lateral surface, ultra-small thickness, and high
sensitivity to external factors, pose challenges to the nano-
fabrication of them using conventional planar and mold
techniques. These include the limited size or resolution, the
extremely high cost of masks with nanoscale precision, and
the limited flexibility. Unlike these conventional techni-
ques, probe techniques, either equipped with non-solid
probes with focused beams of laser, photons/electrons,
ions, and atoms, or solid sharp probes, do not require a
mask to achieve nanoscale or even atomic-resolution
fabrication. They have emerged as a flexible and high pre-
cision alternative for nanofabrication of 2D materials. Non-
solid probe-based nanofabrication techniques come with
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focused beams of electrons or ions to form an irradiation
probe. Examples include electron beam lithography (EBL)
and flare-based lithography. Through the interaction between
the energetic electrons/ions and the surface of the solid mate-
rial, non-solid probe techniques can be used to construct
nanostructures or nanopatterns with nanoscale or even
sub-nanometer precision. With this powerful capability, these
techniques are now widely used in the nanofabrication of 2D
materials [32,33]. Despite the considerable progress, major
problems still remain when it comes to processing the atom-
ically thin 2D layers. For instance, when the electron/ion
beam bombards on the surface of the target sample, a variety
of physical and chemical phenomena will occur to cause a
collection of nanoscale effects. This may in turn bring unpre-
dictable electron/ion implantation damage, vacancy, and
dislocation, thus causing the 2D materials to deteriorate.
Meanwhile, non-solid probes are commonly fabricated by
resistive materials, which may increase the risk of contam-
ination and cause some damage as 2D materials are known to
be sensitive to resistive residues [34].

Unlike non-solid probe nanofabrication, solid probe
nanofabrication techniques typically adopt a solid, sharp
metal probe and work based on scanning probe micro-
scopy. Furthermore, the solid probe nanofabrication tech-
nique is highly appealing due to its ability to achieve sub-10
nm resolution in a single step process [35]. By controlling
the position of the probe and the underneath sample sur-
face within the contact or near contact nanoscale region,
solid probe nanofabrication can be performed in a single
step without using any mask or resistive material. In gen-
eral, the scanning tunnelling microscope (STM) and AFM
are the most popular microscopies in the scanning probe
microscopy family, which can be implemented with the
principles of quantum tunnelling effect and contact force
control between the tip and sample, respectively. In con-
trast to STM that suffers from the limitations of conductive
samples, vacuum operating conditions and inability to
monitor force variations [36,37], AFM operates by mea-
suring the attractive or repulsive force generated by the
van der Waals interaction between the probe and sample.
This suggests that AFM is applicable for a wider range of
materials, such as insulators, semiconductors, and conduc-
tors, and working environments, such as ambient liquid
conditions, varying temperatures or moistures, and vacuum
conditions, than STM [38]. Moreover, AFM has multiple
operation modes that allow researchers to capture informa-
tion on surface properties in terms of physics, chemistry,
biology, biochemistry, engineering, technology, and other
disciplines from atomic to molecular resolution. Besides pro-
viding useful information [39], AFM can integrate visualiza-
tion and fabrication within one system and its cantilevered
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tip can be loaded with a variety of sources, including
mechanical, thermal, electrical, chemical, and phonic ones,
to initiate and perform different fabrication processes. Although
the industrial use of AFM is greatly hindered by the inade-
quate device performance, inconsistent outcomes, and lim-
ited throughputs, extensive efforts have been made to
improve its reproducibility and productivity in nanofabrica-
tion. These include implementing automation, developing
hardware or software, and integrating parallel arrays of
probes and probe speed increasing devices into AFM sys-
tems. These efforts point to a promising future of AFM nano-
fabrication in large-area and high-speed patterning. The
abovementioned capabilities and enhancements make AFM
an appealing approach for the nanofabrication of 2D mate-
rials [40,41].

Hence, in this review article, we focus specifically on
recent advances in the AFM nanofabrication of 2D mate-
rials. First, we briefly introduce the working principle of
AFM nanofabrication and related techniques. Then, from
the perspective of the working principle, we discuss four types
of AFM tip-related nanofabrication techniques: mechanical,
thermal and thermochemical, electrical and electrochemical,
and other AFM nanofabrication techniques. The representa-
tive experimental examples of AFM tip-related fabrication on
2D materials from recent literature are shown in each section.

2 Working principle of AFM
nanofabrication

2.1 AFM setup and their mechanisms

As shown in Figure 1(a), a typical AFM mainly consists of a
cantilever with an integrated tip, a cantilever detection
sensor that incorporates a laser heam source, a position
sensitive photodiode, and an xyz-piezoelectric scanner. As
the most important part, the flexible cantilever and the
atomically sharp tip located at the free end of the canti-
lever are used to “feel” the sample by touching the sample
surface. The resolution or quality of this “feeling” is largely
determined by the configurations of the cantilever and the
tip, such as the shape, material, tip geometry, and dimen-
sions [42]. When the tip travels across the sample surface,
an attractive or short-range repulsive force that varies
with the distance appears between them, which will cause
negative or positive bending of the cantilever. In response
to this tip—sample interaction, the deflection of the canti-
lever can be captured and measured by a cantilever detec-
tion sensor to allow focused laser to be irradiated on the
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Figure 1: Schematic of a typical AFM setup and its three operation modes. (a) The primary components of a typical AFM setup. (b) Contact, tapping,

and non-contact modes of AFM.

rear of the cantilever and the reflected incident beam to be
collected from the flat top of the cantilever. Subsequently,
the control system would convert the electrical signals
produced by the photodiode, which result from the deflec-
tions of the cantilever, into feedback signals. Eventually, the
signals would be transmitted to the piezoelectric ceramic
scanner to help accurately control the movement of the
tip or sample in x, y, and z directions during scanning [43].

Driven by the continued advances in nanotechnology,
AFM has evolved from a sensitive imaging tool with unpre-
cedented resolution to a versatile and promising nanofab-
rication technique. Among the various AFM operation
modes developed recently for real-world applications, the
contact, tapping, and non-contact modes, as depicted in
Figure 1(b), remain the three most fundamental ones.
The contact mode, which is the first-ever AFM operation
mode and the most commonly used among the three, oper-
ates under the action of a constant repulsive force. In this
mode, the probe maintains physical contact with the sample
surface [44]. As the probe raster scans across the sample
surface, the vertical cantilever deflection induced by the
sample topography is maintained by an electronic feedback
loop with a user preset load force that determines how hard
the probe tip pushes against the sample. Along with the
gentle or aggressive controlling of the probe-sample inter-
action, the accurate height or deflection images of samples
with a flat or nearly flat surface can be generated via the
feedback response. Considering the situations where tip con-
tact may alter the sample and cause damages to the tip or
sample, tapping and non-contact modes have been developed,
both of which are established on a feedback mechanism of a
constant oscillation amplitude. Unlike the non-contact mode

with a separation of tens to hundreds of angstroms between
the tip and sample surface, the tapping mode operates with
the tip intermittently contacting the sample surface and an
excited cantilever vibrating at a constant frequency close to its
resonance. The tapping mode alternately brings the cantilever
tip into the target sample within a minimal amount of time. It
appears to be a good compromise between the contact and
noncontact modes as it allows for high-resolution topographic
imaging with minimum damage to the sample, while main-
taining the vibrational properties, such as the frequency,
amplitude, and phase of the oscillating tip [45]. The topogra-
phical features of the sample and additional information of
the surface acquired by any of the three imaging modes or
other powerful extensions can properly support the pre-nano-
fabrication steps, including selecting markers, designing pro-
cessing routes, and presetting parameters, to ensure that the
AFM nanofabrication goes smoothly [46,47].

2.2 Classification of AFM nanofabrication
techniques

Due to the operational simplicity, low cost, nanoscale accu-
racy, and atom-level manipulation capabilities of AFM, AFM
probe-based nanofabrication techniques have emerged and
experienced significant developments [48]. To initiate and
perform the various AFM nanofabrication processes, such
as mechanical modification, thermal writing, and local anodic
oxidation, the cantilever tip, the central component of an
AFM, will be loaded with a vast array of energy and functions
as mechanical, heat, electric, and/or chemical sources.
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Figure 2: Classification of AFM nanofabrication techniques. Nanocutting, reproduced with permission from Ref. [50], Copyright © 2020, The Author(s).
Nanoindentation, reproduced with permission from Ref. [51], Copyright © 2011, American Chemical Society. Induction of folding, reproduced with
permission from Ref. [52], Copyright © 2016, Yi et al. Material modification, reproduced with permission from Ref. [53], Copyright © 2017, American
Chemical Society. Material deposition, reproduced with permission from Ref. [54], Copyright © 2014, IOP Science. Thermal indentation and scratching,
reproduced with permission from Ref. [55], Copyright © 2021, Liu et al. Electric patterning, reproduced with permission from Ref. [56], Copyright ©
2018, American Chemical Society. Local oxidization, reproduced with permission from Ref. [57], Copyright © 2018, American Chemical Society.
Electrochemical etching, reproduced with permission from Ref. [58], Copyright © 2022, Han et al. Parallelization, reproduced with permission from
Ref. [59], Copyright © 2016, Hirtz et al. Dip-pen, reproduced with permission from Ref. [60], Copyright © 2013, Hirtz et al. Probe performance
improvement, reproduced with permission from Ref. [61], Copyright © 2018, American Chemical Society.

According to the dominant tip-sample surface interaction,
AFM nanofabrication techniques can be classified as mechan-
ical, thermal, electrical, and other special probe-based tech-
niques (as shown in Figure 2), and their working principles
are discussed later in detail [49].

2.2.1 Mechanical lithography

Mechanical AFM nanofabrication techniques, which were
initially invented as a nanometer-scale lithography in 1992
[62], allow a force to be applied directly to the desired place
on the sample surface. During the nanofabrication process,

the AFM tip is used as a cutting tool to penetrate or scratch
the sample surface. Then, the required force exerted by the
tip will either induce the manipulation of the nanoclusters
or nanoparticles weakly absorbed onto the surface, or lead
to the selective removal of materials from the flat or even
curved surfaces, thus forming the pre-designed nanopat-
terns. The sample can be machined directly by two litho-
graphy techniques: static plowing and dynamic plowing,
which are derived from the contact and tapping scanning
modes, as shown in Figure 3(a) and (b), respectively [63]. Static
plowing, also known as scratching, works by applying a con-
stant normal force on the sample surface, which involves a
relatively low cost and less workload. In comparison, dynamic
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plowing is driven vertically by a piezoelectric actuator to pro-
vide a lithography technique to modify the sample surface
with a vibrating tip at resonance frequency in an arbitrary
orientation. This can largely avoid cantilever torsion and
further modification of the surface image. When an AFM
nanofabrication technique is used to generate nanopatterns,
the parameters used to assess the nanofabrication quality,
including machining depth, width, and presence of debris
pile-up, are closely related to the force applied, cutting velo-
city, and even the tip structure (construction). For example,
the depth of the machining channel generally exhibits a linear
and logarithmic relationship with the force applied [37]. More-
over, a deeper machining channel with a larger volume of
debris can be fabricated when the cutting velocity is increased
[64]. For normal mechanical AFM nanofabrication that does
not require any complicated process, machining the grooves
directly will inevitably cause pile-up of massive debris and
severe damages to the tip. This will in turn lead to an unstable
machining process and inaccurate results, thus limiting the
further applications of mechanical AFM lithography.

2.2.2 Thermal lithography

The first thermal scanning probe lithography (t-SPL) experi-
ment with an AFM tip heated by a focused laser was
reported in 1992 for data storage purposes [65]. Over the
following decades, t-SPL has developed into a highly versa-
tile nanolithography method that enables accurate and
rapid fabrication with a lateral resolution down to 10 nm
and writing speeds up to 20 mm/s. To perform thermally
induced surface modifications, it is necessary to develop a
system that allows for precise scanning on the sample sur-
face, together with a heated tip that can locally activate a
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nanoscale physical or chemical transformation by Joule
heating [66]. Typically, a customized AFM with a piezoelec-
tric fine positioning system is used to scan the sample and
mount the thermal probe, as depicted in Figure 4(a). Mean-
while, most AFM-based heaters for standard thermal nano-
lithography no longer rely on external laser irradiation.
Instead, they have been optimized to integrate a combina-
tion of a sharp tip and a cantilever with a resistively heated
element and will develop further into even more sophisti-
cated components, such as the distance sensor in the Milli-
pede project [67,68]. In t-SPL, heat is the universal stimulus
for the functional material modifications. Therefore, tem-
perature, which governs material modification and largely
determines the attainable resolution and fabrication speed,
is by far the most crucial parameter and should be accu-
rately controlled within the appropriate range. In a resistive
AFM-based heater, the tip is heated by a stable current flow
or voltage applied on the cantilever legs to a temperature
that should be neither too low nor too high. This is because
an excessively low temperature will make it impossible to
modify the material completely, and an excessively high one
will damage the material or reduce the resolution. Due to
the complexity of the heat transport from the heater to the
sample surface with nanoscale roughness, the effective tem-
perature at the probe—sample interface is different from the
heater temperature. It can be challenging to predict the
exact value of this temperature, as it is affected by many
factors, such as probe geometry, substrate thermal conduc-
tivity, sample film thickness, indentation depth, and activa-
tion energy. Despite these factors, t-SPL has demonstrated
unparalleled precision in nanofabrication. For example,
while mechanical lithography can achieve 3D nanostructure
fabrication, t-SPL enables even more precise 3D grayscale
patterning with a vertical resolution of less than 1nm. The

(b)

I
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Figure 3: Mechanical nanoscratching by AFM. (a) Static plowing. (b) Dynamic plowing.
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types of AFM thermal processing: removal, conversion, and addition.

unprecedented nanofabrication accuracy of t-SPL has recently
reestablished itself as a faster and more reliable technical tool,
now with an expanded range of applications including the
removal, conversion, and addition of target materials [69],
as shown in Figure 4(b). However, to fully unlock the potential
of t-SPL in the fields of biomedicine, nanomagnetism, and
spintronics, several problems still need to be addressed. These
include probe wear, difficulty in predicting the accurate tem-
perature at the probe—sample interface, and a lack of a thor-
ough understanding of the heat transfer mechanism.

2.2.3 Electric field-induced (EFI) lithography

The EFI SPL has been regarded as a highly attractive tool
due to its ability to cause interesting chemical or physical
changes on the target sample surface. Compared to its STM
counterpart, EFI AFM lithography, which was first devel-
oped in 1993 with a conductive AFM tip [70], is more
appealing as it enables direct fabrication in an ambient
environment [71] and allows selecting an optimum voltage
independent of the feedback circuit to achieve high litho-
graphy resolution [72]. When short pulses of a moderate
voltage (usually from 0 to 20 V) are delivered between the
apex of the AFM tip and the sample surface, the exposed
surface would be stimulated by an electrical field as high as
108-10"°Vm™ and the associated electron current. This
will result in a variety of chemical reactions, deposition
of charges or matters, inversion of polarization, or even
growth of new materials. Figure 5(a) shows the general

working principle of EFI lithography. With a deeper look
at the underlying mechanism, the abovementioned che-
mical or physical changes on the sample surface can be
estimated as the consequence of ohmic heating. In this
sense, the changes would lead to physical evaporation or
desorption in air or vacuum conditions, or electrochemical
processes at either the tip or the sample in ambient or
liquid environments [73,74]. Among the family of EFI
AFM lithography techniques, local oxidation nanolitho-
graphy (I-OL), known as the most robust and established
electrochemical nanolithography method, has been recog-
nized as a highly reliable technology in the nanoelectronics
industry. The working principle of -OL is shown in Figure 5(b),
where the AFM tip and substrate are maintained as the
cathode and anode, respectively. As the AFM tip approaches
the sample surface in contact or non-contact mode, a loca-
lized strong electric field within the tip-substrate gap is gen-
erated, which will attract ionized water molecules from a
humid environment to form a nanoscale water bridge. This
will also vertically drive the produced oxygen-containing
radicals such as hydroxyl ions from the tip to the sample
surface to achieve localized oxide beneath the tip [75]. Typi-
cally, the oxidation efficiency is directly related to many
operating parameters, such as applied voltage, pulse dura-
tion, tip scanning rate, ambient humidity, and substrate
cleanliness [76]. Despite their superior patterning unifor-
mity, reliability and diversity, EFI lithography methods,
especially 1-OL, have relatively low outputs, difficulty in
achieving large-area fabrication, and high requirements
for the oxidation of the material, which greatly impedes
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Figure 5: Working principle of AFM electrical nanomachining. (a) The general working principle of EFI lithography. (b) The working principle of I-OL.

their applicability. Ongoing optimization efforts are being
made to explore electric AFM fabrication techniques with
higher efficiency and larger areal throughputs to help fab-
ricate more complex 3D nanostructures.

2.2.4 Other lithography techniques

Due to the excellent inclusiveness of the AFM, the above-
mentioned AFM nanofabrication techniques can be com-
bined with pen dipping, tip modification, parallelization,
and other techniques. In this section, we focus on the dip-
pen nanolithography (DPN) technique, which has been
popular in recent years. The working principle of the DPN
technique is shown in Figure 6. Derived from the AFM plat-
form, DPN uniquely combines large areal throughputs, high
resolution, good registration, and integration of a broad
spectrum of micro- and nano-structured materials. Inspired
by the success of additive nanoscale patterning by the AFM
[77], DPN, the nanoscale equivalent of writing with a quill
pen, was first developed by Rosa LG and his co-workers in

_—

substrate

Figure 6: Working principle of DPN.

1999 [78]. In the DPN process, a variety of inks, including
biological molecules, peptides, colloidal nanoparticles,
metal ions, and polymers, are loaded onto the ultra-sharp
AFM scanning tip and can be delivered to various substrates
upon contact with the surface. Fundamentally, the suc-
cessful delivery of molecular inks is attributed to the
presence of a water meniscus formed between the AFM scan-
ning tip and the substrate. Serving as the transport medium,
the water meniscus is either condensed in a suitable humid
environment with sufficient water vapor or built up with the
ink material itself [79]. In general, the physical transport of
the ink diffusion on the AFM tip can be modeled as a three-
step process involving dissolution, diffusion, and recombina-
tion. This process is influenced by several factors, including
surface tension, the chemical and physical properties of the
ink and its coverage on the tip, ambient temperature, and
humidity, and can be used to guide the prediction of the
transport characteristics or the patterned feature size. Thanks
to the power of the AFM system, tremendous progress has
been made in the DPN technique for the past two decades. It
has evolved from a conventional low-throughput single-tip
lithography technique to a massive parallel nanofabrication
platform with million-pen arrays. This is accompanied by
the emergence of more specialized derivatives of DPN.
The examples range from cantilever-based DPN techni-
ques with external energy, such as electrical DPN,
thermal DPN (tDPN), and mechanical DPN (dip-pen nano-
displacement lithography), to large-area cantilever-free
pattering techniques, such as polymer pen lithography,
scanning probe block copolymer lithography, hard-tip
and soft-spring lithography, and beam pen lithography.
All these advances have significantly expanded the
applicability of DPN [80].

In AFM tip-related nanomachining, the AFM tips tend
to wear out easily and lose their initial properties quickly
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after several mechanical or electrical experiments. This
can result in unfavorable or even erroneous research
results. In this context, in addition to DPN, there has
been a notable research focus on exploring the potential
of using 2D materials as a protective coating layer for the
inner AFM tip. Through the engineering of 2D materials,
the ultra-thin nanoflakes can perfectly conform to the intri-
cate profile of the AFM tip, regardless of its geometry.
These nanoflakes can be further processed and securely
attached to the AFM tip. Moreover, the produced 2D mate-
rial-coated AFM probes demonstrate several superior
properties than those made of solid metals or doped dia-
monds, such as enhanced mechanical robustness and con-
ductivity, increased resistance to wear, greater levels of
hydrophobicity and piezoelectricity, and more versatile
surface functionality [81]. Therefore, a series of methods
have been proposed to coat AFM probes with 2D mate-
rials, including chemical vapor deposition (CVD) growth,
CVD transferring, sputtering, liquid phase exfoliation,
and thermally assisted mechanical exfoliation [61,82,83].
Notably, the fabrication process of utilizing 2D material-
coated AFM tips can involve chemical or physical pro-
cesses, or a combination of both, which makes this tech-
nique considerably more diverse and complex compared
to DPN. Hence, in Section 2, we did not delve into the
intricate working principle of 2D material-coated AFM
tips to the same extent as we did for DPN.

3 Mechanical AFM nanofabrication
on 2D materials

Mechanical AFM nanofabrication has proved to be an effi-
cient technique for processing 2D materials [84], such as
graphene and its oxide, TMDs, and h-BN, for use in building
2D materials-based electronic devices. Basically, mechan-
ical AFM lithography on 2D materials is achieved through
the precise force control of a cutting tool, namely a sharp
AFM probe, as covered earlier in Section 2.2.1. According to
the specific fabrication results, mechanical AFM nanofab-
rication on 2D materials is generally divided into three
categories: fabrication of localized defects by nanoindenta-
tion, partial patterning by nanocutting or nanoscratching,
and self-folding with a relatively large areal throughput by
mechanical nanomachining [85]. Each of these three tech-
niques can be used to effectively explore and tailor the
properties of 2D materials, while providing underpinnings
for building high-performance nanooptics and nanoelec-
tronics [86].
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3.1 Fabrication of localized defects by
nanoindentation

Since the discovery of 2D materials, AFM-enabled nanoin-
dentation, a simple mechanical technique, has been exten-
sively used to investigate the mechanical properties of 2D
materials and how they can be used to support the fabrica-
tion of flexible devices [87,88]. An AFM-enabled nanoin-
dentation test aims to fully examine the breaking strength
and fracture mechanism of 2D materials, which are signif-
icant for designing flexible devices. In such a test, localized
defects will be induced on the surface of the 2D materials,
no matter whether the materials are substrate-supported
or suspended. Compared to substrate-supported 2D mate-
rials that directly deposit an exfoliated or CVD-grown 2D
nanosheet onto the substrate using a transferring method,
suspended 2D materials are more complex to prepare. The
complexity lies in that the substrate, which is typically
made of silicon and covered with a SiO, layer of a certain
thickness, needs to be prepatterned through photolitho-
graphy, reactive ion etching, or CMOS processing in order
to produce the necessary space below the suspended
nanosheet [89]. To address this shortcoming, most AFM
indentation experiments were performed by puncturing
the membrane suspended on the pre-fabricated substrate
to ensure that the mechanical properties of 2D materials
can be measured accurately. Typically, an AFM probe will
be placed at the center of the target microwell, and slowly
move downward until nanoscale damages are generated
on the surface. Notably, among the considerable AFM
nanoindentation experimental studies on 2D materials,
we will highlight those that have produced localized
defects on the membrane surface, without discussing
much about those that emphasize the deformation pro-
cess with no detectable defects left.

The working principle of AFM indentation on both sub-
strate-supported and suspended 2D materials is shown in
Figure 7(a). Useful mechanical information can be extracted
from the approaching and retracting motions. Following a
pioneering AFM indentation experiment implemented on
suspended monolayer graphene nanosheets [90], most of
the relevant experiments were designed to be conducted
on suspended 2D materials, covering over an array of micro-
fabricated circular holes with diameters ranging from approxi-
mately 0.5-3 pum [91,92]. For instance, by indenting the
suspended membrane to failure and inducing localized defects
on the surface, the breaking strengths of commonly used
monolayer 2D materials, Le., graphene oxide (GO), MoS,, WS,,
WSe,,WTe,, h-BN, and black phosphorus, in high vacuum were
obtained. The values were 17.3N/m (24.7GPa), 15 + 3N/m
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(23 GPa), 47.0 + 8.6 GPa (29.2 + 53N m™), 38.0 + 6.0 GPa (24.7 +
39Nm™), 64 £ 33GPa (45 + 23Nm™), 88Nm™, and 24 +
1 GPa, respectively [51,93-95]. Using a similar method, Lipatov
et al. measured the elastic modulus and breaking strength of
monolayer and bilayer Ti;C,T, MXene flakes, a relatively new
member of the 2D material family [96]. From the fractured
membrane, a localized small hole (Figure 7(d)), instead of an
extended fracture as in monolayer graphene, was formed on
the TisC,T, MXene surface, which was ascribed to the larger
bending rigidity of TisC,Ty than graphene [97]. Furthermore,
Dai et al. measured the fracture behaviors of boron-doped
monolayer graphene [98]. The fabricated defects were pene-
trated by indentation tips on substitute on dominated gra-
phene, revealing the well-preserved strength and stiffness,
and the even more damage-tolerant fracture behavior of het-
eroatoms-doped graphene. The representative AFM morphol-
ogies for fractured graphene, MoS,, and Ti3C,T, MXene are
shown in Figure 7(b)-(d). It should be noted that AFM nanoin-
dentation is still prone to some inaccuracies, mainly due to the
concentrated stress near the AFM tip along with the crack
initiation and insufficient driving force for further crack pro-
pagation [99]. In view of this, on the basis of AFM nanoinden-
tation, Zhou et al. systematically investigated the mechanical
properties of both substrate-supported and suspended GaTe
multilayers, through the combination of full-scale Berkovich-
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tip nanoindentation, micro-Raman spectroscopy, AFM, and
scanning electron microscopy [100]. The experimental results
presented an unusual phenomenon that the fractures and
cracks are observable for the supported GaTe multilayers
but not for the suspended counterparts, revealing a distinct
interlayer-sliding and layer-by-layer fracture mechanism.

3.2 Partial patterning by mechanical AFM
nanomachining

Unlike the fabrication of localized and point-like defects by
AFM nanoindentation, partial patterns can be fabricated
by mechanical AFM nanomachining on larger surfaces of
2D materials and used as important structural components
for building resonators, nanofluidics, or other nanodevices
[101]. Such nanomachining can be achieved by contact
mode-based static nanocutting and nanoscratching, or tap-
ping mode-based dynamic plowing as described in Section
2.2.1. By having the AFM probe move along the designed paths
and carefully adjusting its mechanical pressure applied on
the target region, it is possible to generate damages of dif-
ferent shapes, including circles, squares, and ribbons, on the
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Figure 7: (a) Schematic of approaching and retracting motion of the AFM probe in an AFM indentation test on substrate-supported and suspended 2D
materials. (b) AFM morphology of a fractured graphene suspended over a microwell, reproduced with permission from Ref. [96], Copyright of © 2018,
Alexey Lipatov. (c) AFM morphology of a fractured monolayer MoS, nanosheet suspended over a microwell, reproduced with permission from Ref.
[51], Copyright © 2011, American Chemical Society. (d) AFM morphology of a fractured bilayer Ti3C,T, membrane suspended over a microwell,
reproduced with permission from Ref. [96], Copyright of © 2018, Alexey Lipatov.
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surface of 2D materials [102]. Due to its ease of operation, ie.,
requiring no special chemical treatment or resist, mechanical
AFM nanomachining is considered suitable for the fabrica-
tion of 2D materials, particularly for those sensitive to oxygen
and high humidity, such as InGe and GaSe. However,
mechanical AFM nanomachining still suffers from the
low fabrication quality caused by the unavoidable arti-
facts, drags, wrinkles, and residual debris generated during
the mechanical lithography process, which hinders its use
in industrial applications [103]. Considering the characteris-
tics of mechanical nanocutting or nanoscratching, some
researchers used this technique to perform nanoscratch
tests on the surface of 2D materials so as to investigate the
tribological performance of the materials. Other related stu-
dies focused on how to improve the quality of mechanical
nanoscratching. All these research efforts have demon-
strated the significant role played by the AFM nanoma-
chining technique in the study of 2D materials [104].

Performing static contact mode-based AFM nanoscratch
tests on 2D materials has been proven to be a feasible method
to explore the mechanical response of 2D materials under
various conditions and thereby examine their internal
mechanical mechanism. In their AFM nanoscratch tests
aimed at explaining the underlying mechanism of MoS,
nanosheets of different layers under different scenarios,
Ozogul et al. observed that monolayer MoS, nanosheets
tend to fold and multilayer ones tend to bend [105]. More-
over, Qi et al. figured out the underlying mechanism of the
humidity-dependent wear characteristics of graphene [106].
By implementing AFM on various substrates under different
levels of humidity, several 1 um-long lines, with the normal
load gradually increased up to 8,936 nN, were fabricated on
the surface of the monoatomic graphene layer. Unlike the
above single-line AFM nanoscratch experiment, Tran Khac
et al. systematically studied the interfacial strength and sur-
face damage properties of a series of 2D materials, including
monolayer and multilayer h-BN, MoS,, and graphene atom-
ically thin films, by combining “line scratch” and “area scratch.”
The study involved performing AFM-based progressive-force
scratch tests with the normal force increasing from 400 to
4,000 nN, and constant-force scratch tests with a defined area
of 1 ym x 1 um under a constant normal force ranging from 500
to 5,000 nN [107]. With a similar hybrid method, Zhao et al. also
reported a decrease in friction, namely, the running-in process
occurring in monolayer graphene on Cu substrate, by succes-
sively performing “line scratch” and “area scratch” tests. The
two types of tests are realized by either continuous forward and
backward AFM scanning cycles or repeated scratching within a
square domain [108] (Figure 8(a)).

Through the observations from static contact mode-
based AFM nanoscratch tests on the surface of 2D materials,
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some researchers became aware of the shortcomings of
mechanical AFM lithography. To address these shortcom-
ings, they explored ways to improve the quality of mechan-
ical nanomachining on 2D materials, including fewer defects
and artifacts on the sample, lower roughness, higher fabri-
cation precision, and fewer debris or residues on the AFM
tip. For example, Borodin et al. proposed a frictional
mechanical AFM nanomachining method that prevents
the cantilever from twisting during the nanomachining
process, and allows for repeated lithographic patterning
by applying an appropriate pressure on the sample. This
method could effectively avoid prominent defects and gen-
erate random patterns with a spatial resolution of up to
20nm on MoSe, nanoflakes with a thickness of up to
40 nm [109]. Based on conventional mechanical AFM nano-
machining, Kun et al. developed a much more precise
method for generating patterns on graphene nanoflakes
[50]. The method was implemented by first determining
the lattice using contact-mode AFM and Fast Fourier Trans-
form filtering and then identifying the zigzag and armchair
crystallographic orientations of the graphene flakes. Due to
the high symmetry lattice directions for the zigzag and arm-
chair lattice directions, the graphene nanoflakes can be
easily cut along the cleavage directions. With this so-called
AFM cleavage technique, the precision of the nanofabrica-
tion can be significantly improved and the width of the
cutting lines can be decreased to approximately 10 nm.
Meanwhile, high-quality edges with an average roughness
of +/-1nm were obtained, showing the smoothness of edges
fabricated by this method. Apart from the abovementioned
improvements made for contact-mode AFM, Shi et al. pro-
posed a novel phase-mode mechanical AFM nanoma-
chining technique for the fabrication of ultra-thin films
[110]. Unlike conventional phase-mode AFM plowing tech-
niques that rely on open-loop force control, this method
employs the phase response as the feedback signal to
realize closed-loop force control, making it particularly
suitable for materials with a thickness below 10 nm,
such as polymer thin films, metallic thin films, and 2D
materials. Due to the insensitivity of the phase response
to the piled-up debris, the phase-mode mechanical AFM
nanomachining technique can largely eliminate the debris
effect and avoid severe tip wear, thus realizing highly precise
fabrication. Li et al. utilized the ability of this technique to
monitor the phase response in real time to fabricate mono-
layer and multilayer MoS, nanosheets in a layer-controllable
manner. This demonstrates the superiority of closed-loop
phase-mode mechanical AFM nanomachining over its con-
ventional counterparts [111].

Although mechanical AFM lithography is still in its
infancy, some researchers have utilized mechanical AFM
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Figure 8: (a) Friction map after a nanoscratch test (obtained under a normal load of 0.130 pN), reproduced with permission from Ref. [108], Copyright
© 2020, American Chemical Society. (b) The resulting structure. Colored dots show PL measurement areas, reproduced with permission from Ref.
[113], Copyright © 2018, Borodin et al. (c) An AFM image of Z-shaped folded triangular graphene sheets obtained by one-step folding based on AFM
nanomechanical folding, reproduced with permission from Ref. [52], Copyright © 2016, Yi et al. (d) An AFM image of a typical MoS, domain rotated on
graphene to achieve a twist angle, reproduced with permission from Ref. [121], Copyright © 2018, Liao et al.

nanomachining as an effective lithography technique to
fabricate desired structures for nanodevices. For instance,
to build all-carbon field-effect transistors (FETS), Xie et al.
utilized an AFM-based mechanical cutting method to fab-
ricate assembled graphene nanoflakes into nanoribbons
and interdigitated electrodes which serve as the source
and drain of the FETs. After evaluating the electrical prop-
erties of graphene nanoribbons (GNRs) with line defects,
pristine graphene was fabricated into two interdigitated
electrodes with a nanogap width of 94nm according to
the designed machining path [112]. Moreover, as reported
by Borodin et al., resonators, the basic component of many
nanophonic devices, can be fabricated via mechanical AFM
nanomachining [113]. By determining the proper pressure
force through a dozen of lithography iterations, reflecting
the degree of the interaction between the AFM probe and
the nanoflake, a few hundreds of lithography iterations
were conducted to generate the desired resonator struc-
ture with the designed shape and size. Then, a circular
ring-shape nanophotonic structure (Figure 8(b)) with a dia-
meter of 1,500 + 30 nm and a gap width of 900 nm was

generated on the multilayer MoSe, nanoflake with a thick-
ness of 70 + 2 nm. The relevant optical measurements have
shown the evident resonance of the created structure,
demonstrating the potential of mechanical AFM lithography
in fabricating nanophotonic devices.

3.3 Folding and rotation by mechanical AFM
manipulation

It is known that applying external driving forces on thin
films can cause them to bend, delaminate, crack, or even
fail, which keeps them from depositing. However, applying
external driving forces may be a feasible way to engineer
atomically thin films, such as 2D materials, as their optical,
mechanical, electronic, and magnetic properties are all
highly customizable. With exceptional bending stiffness
and strong in-plane rigidity, 2D materials can be folded
and rotated to a certain angle by mechanical AFM manip-
ulation, such as cutting torsion, traveling wave excitation
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released during AFM scanning, and load force pushing.
This folding and rotation technique provides an effective
alternative for the creation of more complex layered or
twisted structures. Specifically, flat 2D nanosheets can be
constructed into promising applications in various engi-
neering fields, including energy storage, biosensors, 3D
optics, and superconductive electronics [114-117].

Generally, the folding construction of atomically thick
2D materials is a self-driven process. This means that the
folding configuration will not stabilize until an energy bal-
ance is reached between two involved layers. Therefore,
how the folding process goes is closely related to the geo-
metric parameters of the structure. For the folding events
of 2D materials initiated by AFM tip-based mechanical
manipulation, the sample should be prepared by mechan-
ical exfoliation in advance, and the folding process largely
relies on the precise force control and skillful manipula-
tion. Despite these drawbacks, AFM tip manipulation has
been widely used as a reliable folding method for 2D mate-
rials. As one of the most representative 2D materials with
an exceptionally high in-plane Young’s modulus, graphene
has been extensively investigated in folding and bending
experiments. Using the repetitive contact-mode mechan-
ical AFM nanomachining, Rode et al. fabricated a set of
16 self-assembling folded nanoribbons with lateral sections
connected to the mother flakes [118]. Furthermore, they
made a thorough analysis of an unexpected correlation
between the geometrical parameters of the folded struc-
ture and the nanoribbon width. Similarly, using the AFM
technique to initiate a self-driven folding process for mono-
layer graphene nanosheets, Bockhorn et al. found that the
formation and dynamic evolution of one-cut structures are
vastly different from those of two-rip structures, which
was attributed to the conservation of energy in searching
for efficient configurations [119]. Besides the normal con-
tact-mode AFM nanomachining, Yi et al. utilized the lateral
force mode AFM nanomachining to realize stable z-shape
folding conformation of flat graphene sheets (Figure 8(c))
[52]. Moreover, Chang et al. proposed a unique AFM nano-
machining technique to generate self-folding by multiple
cycles of contact-mode AFM scanning along an arbitrarily
chosen scan line with an intentionally applied force. The
folding event was attributed to the transmission of suffi-
cient energy by the tip-induced traveling wave to over-
come substrate adhesion [120].

Studies on the rotation of 2D materials focus on the
rotational angle adjustment by employing the alterable
electronic properties of 2D materials and heterostructures
to adjust the angle between layers. Given the weak van der
Walls force between the atomic planes of 2D materials,
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AFM tip-based mechanical manipulation can be utilized
to precisely control the twist angle, thereby adjusting the
angle-dependent properties of 2D materials. With this
technique, Liao et al. experimentally investigated the
angle-dependent conductivities of MoS,/graphene hetero-
structures. By controlling the movement of the AFM tip
along the corner of MoS,, MoS, domains were rotated on
graphene substrate with any twist angle, as shown in
Figure 8(d) [121]. For the same MoS,/graphene heterostruc-
tures, Yuan et al. demonstrated an ultra-precise AFM tip
manipulation method to control the interlayer twist angle.
During the experiment, with MoS, sheets pinned at gra-
phene boundaries, graphene wrinkles were utilized as
the fulcrum of the rotation process to offer an extra force
for precise rotation control [122]. In addition, Ribeiro-Palau
et al. developed an in situ AFM tip controllable rotation
method for BN/graphene/BN heterostructure devices with
dynamically twisted layers. By rotating the arms of the
uppermost pre-shaped BN structure with an AFM tip, the
top layer of the devices can be adjusted to any desired
angle [123].

4 Thermal AFM probe
nanofabrication on 2D materials

As an eye-catching member of the large SPL family, t-SPL
has been widely applied to 2D materials due to its nan-
ometer-scale and microsecond timescale precise patterning
and unique direct writing capabilities [124]. With a heated
nanotip based on AFM, or a more complex integrated
system originating from AFM as described in Section 2.2.2,
continuous indentation can be achieved to create nanopat-
terns with greyscale resolution on the surface of 2D mate-
rials. Unlike the commonly used EBL technique, t-SPL
can avoid electron-induced damages on 2D materials.
Meanwhile, t-SPL can be implemented under atmospheric
operational conditions, and has a maskless, cost-effective
nanopatterning capability that provides comparable
throughput to EBL. Additionally, t-SPL supports closed-
loop lithography, which allows the sample to be indented
continuously by the heated nanotip and at the same time be
scanned by the cold nanotip.

According to the thermal nanofabrication process on
2D materials, t-SPL can be divided into two parts: the
indirect polymer film lithography which defines the target
region, and the one-step direct writing lithography on 2D
materials, which will be discussed in detail in Sections 4.1
and 4.2.
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4.1 Indirect polymer film lithography

Generally, the nanopatterning of 2D materials by t-SPL
consists of two steps: the initial patterning of the organic
resist previously deposited on 2D materials through the
localized evaporation of the heated probe, and the sub-
sequent transfer of patterns onto the material surface via
ion or plasma etching. t-SPL can not only cause metal
electrodes to be deposited on the target region of 2D
materials but can also aid in producing desired 2D
materials.

To produce graphene-based FETs with high perfor-
mance, Zheng et al. applied the t-SPL technique to pattern
high-quality metal electrodes on the surface of a wide
range of 2D materials, including monolayer MoS,, WSe;,
and exfoliated h-BN nanoflakes, to form top-gated and
back-gated FETs [125]. Prior to the electrode patterning,
the 2D material was spin-coated with two layers of polymer
films, which served as the thermal sensitive top layer and
the sacrificial bottom layer. After selective removal of the
polymer layers by t-SPL with lateral resolutions of less than
10 nm and vertical resolutions of 1 nm, the contact region
prepared for metal deposition was patterned on the MoS,
or WSe, surface, respectively. Subsequently, metal elec-
trodes with sub-10 nm resolution, high reproducibility,
and high throughputs were produced on the target region
of the 2D material by t-SPL. Due to its high accuracy and
harmlessness, t-SPL has been successfully applied to the
fabrication of high-performance electronic devices based
on a wide range of 2D materials.

To accommodate next-generation 2D material-based
applications, it is crucial to build 2D materials with custo-
mized high-resolution geometries so as to bring their
appealing properties into full play. Therefore, besides the
t-SPL-assisted fabrication of electrodes on 2D materials,
there have also been studies in which t-SPL is used to
fabricate 2D materials themselves into finite structures.
To investigate the capabilities and limitations of t-SPL in
patterning, Maaskant employed t-SPL to achieve precise
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grayscale patterning of h-BN [126]. By locally evaporating
the organic resist through the heated probe of t-SPL, the
pattern written into the resist was subsequently transferred
onto the h-BN nanoflakes. They successfully obtained a
series of square hole arrays and patterns of different depths
with a minimum feature size in the fractal pattern with a
full width at half maximum (FWHM) of 40 nm (40 nm in
pattern depth) on the exfoliated h-BN nanoflakes.

To go beyond the application of t-SPL in the fabrication
of either metal electrodes or 2D materials themselves, Liu
et al. successfully combined these two parts of fabrication
on graphene [127]. They managed to produce graphene-
based FETs processed entirely by t-SPL. Figure 9(a) and
(b) show the model diagram and optical image of the
device, respectively. Similar to the fabrication technique
reported by Zheng et al. [125], a two-layer polymer stack
resist was used for the patterning process, which involved
the initial thermal decomposition performed by t-SPL, and
the subsequent oxygen plasma etching. In this way, both
an active region with an FWHM of 10-16 nm and high-
quality metal electrodes with a minimum channel length
of 60 nm were created on the target region of monolayer
graphene. This demonstrates that the technique provides a
powerful approach to the fabrication of high-performance
graphene-based FETs.

4.2 Direct writing

Direct writing thermal lithography, an alternative to the
indirect t-SPL lithography that relies on polymer pat-
terning for nanofabrication, has been realized by several
researchers. Instead of spin-coating organic materials on
2D materials for pattern transfer, the nanotip was directly
applied onto the 2D nanoflakes to produce the desired
shapes or sizes. Generally, there are diverse options for
the nanotip used for the direct writing of 2D materials,
as it can be either a specially treated AFM tip, or the direct

(b)

Figure 9: (a) The optical image of the graphene-based FETs, reproduced with permission from Ref. [127], Copyright © 2021, Liu et al. (b) The optical
image of a backgated graphene device after lift-off, reproduced with permission from Ref. [127], Copyright © 2021, Liu et al.
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writing head of an integrated thermal lithography instru-
ment [53].

Using a heated AFM tip at varying temperatures and
writing speeds in contact mode AFM, Lee et al. reported a
novel technique that combines thermal and chemical litho-
graphy to fabricate GNRs [128]. Figure 10(a) illustrates the
indentation caused by probes at different temperatures. By
controlling the movement of the heated AFM probe, highly
insulating graphene fluoride was transformed and locally
converted into conductive graphene under inert environ-
ments. The GNRs fabricated with this technique have a width
adjustable from 40 to 200 nm, and their conductivity can be
adjusted by altering the gas mixture component. With a
similar method, Raghuraman et al. locally cleaved oxygen
groups from GO and performed surface chemistry measure-
ments on the fabricated GNRs, as shown in Figure 10(b) [129].

Besides thermal-assisted chemical transformation on
2D materials with a heated AFM tip, direct writing on the
surface of 2D materials by t-SPL has also been achieved by
means of thermomechanical indentation. Liu et al. reported
precise results for the direct thermal cutting of 2D materials
of various geometries [55]. Using a heated nanotip for local
thermomechanical cleavage of the chemical bonds of 2D
materials under ambient pressure and temperature, they
obtained nanoribbons, nanosquares (Figure 10(c)), or other
arbitrary nanopatterns with a resolution of 20 nm on

(a)
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monolayer MoTe,, MoS,, and MoSe,. As part of the process,
2D materials were transferred onto the polymer layer. Then,
the chemical bonds of the 2D layer were initially broken by a
force applied on the nanotip, and further deepened by sub-
limating the polymer below the 2D layer. The combined use
of heat and indentation in this study was apparently dif-
ferent from the mechanical AFM nanofabrication techni-
ques discussed earlier. With the same technique, Liu et al.
also created strain nanopatterns on 1-layer and 2-layer 2D
TMDs and monolayer graphene [130]. Beyond the simple
breakage of the 2D layer in [55], they obtained well-con-
trolled local deformations, such as lines, squares, or even
ripples with adjustable depth, on 2D materials by adjusting
the parameters, such as the indentation force and tip tem-
perature. This study revealed a promising method for pre-
cisely tuning the bandgap of 2D materials.

5 EFI AFM nanofabrication on 2D
materials
When an electric field, instead of a thermal AFM probe, is

used in t-SPL, another branch of SPL termed as EFI AFM
lithography comes into being. EFI AFM lithography has
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Figure 10: (a) Sequentially written 250 x 500 nm rectangles with the probe held at different temperatures, reproduced with permission from Ref.
[128], Copyright © 2013, American Chemical Society. (b) The schematic of reduction by a heated tip, in which oxygen groups are removed with
pressure and heat, reproduced with permission from Ref. [53], Copyright © 2017, American Chemical Society. (c) AFM topography map of nanosquare
arrays in monolayer MoTe2, reproduced with permission from Ref. [55], Copyright © 2021, Liu et al.
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been recognized as an appealing bias-assisted tool due to
its ability to create versatile functional groups or new
materials on the target materials. Recently, the advanced
EFI technique has emerged as a low-cost, maskless, high-
resolution, high-speed, and high-throughput method for
electron-induced nanomanufacturing [131]. With these fea-
tures, EFI can be used for property modulation and loca-
lized modification of 2D materials, including deposition,
transformation, desorption, or large-area nanopatterning.
In general, EFI AFM on 2D materials is relatively simple
and clean, as it does not require using any polymer resist
and leaves no sacrificial residues on the material surface.
With spatial resolution down to the atomic scale, EFI AFM
lithography can achieve localized modification on surface,
lateral patterning, or even layer-by-layer thinning for 2D
materials. More details about these capabilities will be
provided in Sections 5.1 and 5.2 [132].

5.1 Property alteration and modulation by
an AFM-induced electric field

By applying an electric field on 2D materials via AFM or
other AFM-based electrical techniques, we can not only
acquire the essential information of 2D materials through
electrical measurements, but also modify or modulate
their properties using electrical lithography methods. In
this review article, we choose not to discuss EFI property
characterization which is commonplace in studies on 2D
materials or the use of conductive AFM to purely perform
electrical measurements on 2D materials. Instead, we focus
on AFM nanofabrication techniques that involve electro-
chemical processes for the alteration or modulation of the
electrochemical and frictional properties of 2D materials.

As an attractive nanofabrication technique, AFM-induced
electric field nanolithography can trigger a variety of chemical
changes based on the electrochemical reactions taking place
on the target semiconducting or metal materials. As for 2D
materials, diversified electrochemical products at the specific
locations of the material surface can be obtained and their
electrochemical properties can be reasonably influenced or
modulated under an AFM-induced electric field. For example,
Liu et al. proposed a method in which a negative bias voltage
is applied with an AFM tip to induce the electrochemical
functionalization of graphene as oxygen-containing functional
groups attached on the graphene surface [133]. Moreover, as
reported by Zou et al, under the action of an AFM tip bias-
induced electric field, localized hydrogen ions can be pro-
duced in the vicinity of 2D o-MoO; nanoflakes at ambient
environments, and then intercalated into its lattice. This
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results in the generation of H+ as well as an evident shrinkage
of the bandgap and changes in the electrical behavior [134].
Besides the electrochemical properties, many studies
have been conducted recently to examine the modulation
of the frictional properties of 2D materials, which is closely
related to the EFI electrochemical process. Several mechan-
isms underlying the modulation of frictional properties
have been proposed, including sliding-related electron
motion, electrostatic forces, and photo vibration. These
mechanisms also apply to 2D materials. Based on these the-
oretically established mechanisms, the tunable frictional
behavior of a series of 2D materials, including graphene,
h-BN, and MoS;, have been preliminarily investigated via
a biased AFM tip. For instance, using a high-resolution
and small-size AFM tip, Lang et al. electrochemically func-
tionalized monolayer graphene deposited on an insulating
substrate along with the decomposition process of water
molecules [135]. They also realized tunable functionalization
for this material by changing the applied negative voltage,
which is determined by both the stable time and the poten-
tial difference between the AFM tip and graphene. Further-
more, they observed about an 8-fold increase in friction with
the increase in the voltage of the tip, which could enable
higher levels of functionalization for the material. This phe-
nomenon was attributed to the combination of the EFI
meniscus force and electrostatic force. To take a step away
from applying a negative voltage alone, in a recent work by
Lang et al. [136], both positive and negative bias voltages
were applied to comprehensively investigate the atomic
scale friction, as shown in Figure 11(a). The results showed
that the friction increases as the applied voltage increases
and the friction under the positive bias voltage is lower than
that under the negative one (Figure 11(b)). The different
friction responses were attributed to the different inherent
functions and the water molecules between the tip and gra-
phene. Yu et al. conducted a similar study to explore the
nanofriction characteristic of h-BN. They observed distinct
friction behaviors of the material under positive and nega-
tive bias voltages, which was attributed to the electrostatic
interaction caused by the charging effect [137]. Shi et al. set
their sights on the atomically thin MoS, by experimentally
and theoretically investigating the material’s friction beha-
vior under a negative electric field induced by an AFM tip
[138]. The average friction force of the MoS, sheet varies
with the normal load at different grid voltages. The material
experienced nearly a 5-fold decrease in friction, which could
constitute an ultra-low friction state and was attributed to
the electronic tight binding between the material and the
substrate. To better understand the origin of friction on an
electronic level for 2D material interfaces, Song et al. studied
the atomic-scale friction at the interface between the AFM
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tip and graphene by applying an electric current induced by
conductive AFM [139]. They observed the tuning of friction
as the electric current was applied. They provided an ade-
quate explanation of this observation through a model that
takes into account the electron transfer-induced potential
energy change and the interaction energy. The model depicted
in Figure 11(c) was established to support their findings. The
model is expected to be applicable for a variety of tribosys-
tems, including the interfaces of 2D materials.

5.2 Nanopatterning by I-OL

As the most common EFI AFM lithography technique, 1-OL
has led to a renewed interest in the fabrication of 2D mate-
rials. This technique can be used to nanofabricate any type
of 2D material. It uses a conductive AFM probe coated with
metals, such as Au, Pt, and W, to induce a series of electro-
chemical reactions between the probe and the material
surface, thereby causing changes in the material surface.
As a result, a broad variety of chemical products, including
oxides and other derivatives, will be generated above and
below the material surface, which varies with the oper-
ating conditions, such as bias polarity, DC/AC driven cur-
rent, or gas composition. In most cases, the generated
oxides can be easily removed by water to allow in situ
patterning of 2D materials. Therefore, I-OL has been widely
used in the EFI AFM lithography-based nanofabrication of
2D materials and has achieved remarkable results. We will
discuss more about this technique next.

As a representative 2D material, graphene, along with
its oxide, has been the focus of many studies on EFI AFM
lithography. Using conductive AFM, Seo et al. created

(a)
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locally reduced GO nanopatterns on GO nanosheets [140].
With a negative bias voltage applied on the n-doped Si
substrate, p-type reduced GO nanolines with an average
FWHM of 25 nm were produced, exhibiting a higher con-
ductivity than their chemically prepared counterparts.
With a similar method, Zhang et al. utilized a Pt-coated
AFM probe to locally catalyze the reduction reaction of
GO in an atmosphere rich with hydrogen [141]. By creating
nanoribbons with resolution of approximately 20 nm
(Figure 12(a)), they successfully fabricated prototype
ambipolar FETs on arbitrary substrates under mild oper-
ating conditions. Different from the above reduction pro-
cess, Liou and Woon investigated the oxidation process of
graphene by oxidation SPL [142]. With a negative bias vol-
tage, which ranged from -10 to -8 V and came with a con-
trollable pulse duration of 10 ms, applied on the metallic
AFM tip in contact mode, circular ring-like trenches
(Figure 12(b)) were patterned on the CVD-grown gra-
phene. The size of these trenches increased with the
increase in the bias voltage and relative humidity. Based
on the mechanism for the formation of oxidation SPL
patterns, which was established both experimentally
and theoretically, Quesada et al. successfully fabricated
high-quality and large-area GO [143]. Notably, the large-
area local anodic oxidation in this study was performed
using a special instrument developed from the basic contact
and tapping modes of AFM, which enabled high-speed and
scalable production of oxidized regions. With this instru-
ment, monolayer GO regions with any size from micro-
meters to unprecedented mm? can be generated in just a
few minutes. Besides silicon substrates, Alekseev et al. also
reported a local anodic oxidation method to generate GP
regions on SiC substrates. With this method, they obtained
a GNR with a width of 20nm and a record-breaking

(c)
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Figure 11: (a) Schematic of current-carrying friction measurements, reproduced with permission from Ref. [136], Copyright ©2020, American
Chemical Society. (b) Adhesion at different tip voltages to show the difference in adhesion at positive and negative bias voltages, reproduced with
permission from Ref. [136], Copyright ©2020, American Chemical Society. (c) Schematics of the electronic property fluctuation model, reproduced with

permission from Ref. [139], Copyright © 2022, American Chemical Society.
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graphene nanoconstriction between the oxidized regions
with a width of 10 nm [144]. Meanwhile, graphene and its
oxide can also be combined with other 2D materials to fab-
ricate more complex electronic devices. For example, Du
et al. utilized oxidation SPL to establish a seamless 2D-based
device with an aim to overcome structural defects and
polymer residues [145]. In the fabricated MoS, FET with
the channel 1 uym in length and 8.5 um in width, graphene
and its oxide served as the electrodes and the intermediate
part between the two electrodes, respectively.

Apart from graphene, atomic TMDs have attracted
interest from many researchers due to its inherent bandgap
and promising optical and electrical properties. The relevant
research efforts have been focused on how to fabricate
devices out of TMD flakes, especially with the aid of the simple
and resist-free oxidation SPL. For instance, Fernandes and
Gadelha proposed a technique to nanofabricate monolayer-
thin islands on few-layer and bulk MoS, via oxidation SPL. The
fabricated islands were buried underneath the molybdenum
oxide [146]. It remains to be investigated whether the tech-
nique is capable of creating monolayer regions of any desired
size, shape, and resolution by adjusting the applied bias, dwell
time, and relative humidity. Despite this, the produced oxides
presented dramatically increased PL intensity, demonstrating
that the technique offers a promising approach to the fabrica-
tion of high-performance 2D optoelectronic devices. With a
similar oxidation SPL technique based on AFM, Zhao et al.
investigated the key parameters influencing the patterning
of monolayer TMDs, including MoS,, MoSe;, WS,, and WSe,
[147]. A thorough comparison of the parameters revealed that
the dwell time of the tip plays an important role in achieving
thickness-controllable oxidation. It was also reported that sub-
100 nm patterning resolution can be achieved by tuning
the applied voltage bias, amplitude setpoint, and relative
humidity. To further improve the nanopatterning resolution
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of oxidation SPL, Dago et al. combined oxygen plasma and
AFM-based oxidation SPL to define nanoscale patterns on the
surface of WSe, nanoflakes [57]. The pre-treatment by oxygen
plasma induced p-type doping underneath the WSe, layer.
More importantly, the width and depth of the fabricated
nanoribbons can be controlled properly. The combined fabri-
cation process resulted in an array of ten oxide nanowires
with a half-pitch of 36 nm and a nanoribbon-based WSe, FET
with an array of five parallel 350 nm half-pitch nanoribbons.
Using the same fabrication process, Ryu and Dago produced
sub-10 nm nanoconstrictions and nanoribbon-based FETs on
few-layer MoS, and MoSe, [148]. Prior to the oxidation SPL
process, a uniform oxide layer with a thickness of 3-4 nm was
formed on the surface of the MoX, flake, which can screen the
underlying nanoflake and enable nanopatterning with good
control of the shape and size.

Oxidation SPL has also been used in the nanopat-
terning of other 2D materials such as black phosphorus
and h-BN. Liu et al. proposed a technique for the nanopat-
terning and layer-by-layer thinning of black phosphorus by
formation of oxidized phosphorus species [149]. Besides
using a DC bias for the nanopatterning and thinning of
black phosphorus on conductive substrates, the technique
also used an AC bias, along with varying parameters, to
enable the nanopatterning and thinning of this material on
commonly used dielectric substrates, which greatly broa-
dened its applicability. Focused on the electrode-free oxi-
dation SPL driven by pure AC through capacitive coupling,
Li et al. demonstrated a flexible and high-precision method
for the nanopatterning of graphene, h-BN and other low-
dimensional materials [56]. Figure 12(c) shows the AFM
image of a GNR array prepared by EFLAO. With the appro-
priate AC parameters used, the technique can achieve
nanopatterning with 10 nm resolution on a series of 2D
materials without pre-treatment or pre-fabrication of the

Figure 12: (a) AFM topography of nanoribbons, reproduced with permission from Ref. [141], Copyright © 2012, Zhang et al. (b) Topographical mapping
of the area at different voltages and humidities, reproduced with permission from Ref. [142], Copyright © 2019, American Chemical Society. (c) An AFM
image of a GNR array prepared by EFLAO, reproduced with permission from Ref. [56], Copyright © 2018, American Chemical Society.
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contacting electrode, demonstrating its suitability for the
fabrication of other nanomaterials.

6 Other techniques for AFM
nanofabrication on 2D materials

This section covers some other techniques for the AFM
tip-related nanofabrication of 2D materials: DPN and 2D
material-coated AFM tips. Notably, the fabrication by 2D
material-coated AFM tips can involve chemical or physical
processes, or the combination of both, which means this
technique is much more diverse and complex than DPN.
Therefore, we did not go into details on the working prin-
ciple of 2D material-coated AFM tips in Section 2 as we did
for DPN. Instead, we have singled out Section 6.2 for a
detailed discussion about 2D material-coated AFM tips.

6.1 DPN

As covered earlier in Section 2.2.3, DPN has evolved from a
simple printing technique that relies on an AFM tip to a
versatile technique that enables nanofabrication with high
spatial resolution, low costs, and broad applicability for
materials including 2D ones. Notably, the cantilever-free
derivatives of DPN for 2D material nanopatterning are
not covered here in our review since they are unrelated
to AFM tips. According to the actual application, the results
of DPN on 2D materials via AFM tips or more sophisticated
AFM tip-based instruments can be divided into several cate-
gories, including etch resist patterns, biological structures, or
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chemical templates on the surface of pre-deposited 2D mate-
rials, and direct construction and assembling of 2D materials.

DPN can flexibly produce microscale or nanoscale pat-
terns with tunable feature sizes and a resolution of sub-
50 nm. Such patterns can be further used to make etching
masks or resists to assemble functional devices. For example,
using a basic dip-pen technique, Kim et al. fabricated GNR
electrodes on a SrTiOs substrate to form a resistive switching
memory device [150]. Prior to the DPN process, monolayer
graphene was mechanically exfoliated onto the SrTiO; sub-
strate. Then, a 50 nm-wide polystyrene nanorod was printed
by DPN to serve as the etching mask to fabricate GNR elec-
trodes with a gap of 30 nm, which can be used to form a
SrTiOs substrate-based resistive switching device. In contrast
to the fabrication by using a tip with a certain speed, Chen
et al. presented a controllable DPN technique to deposit con-
stricted polymer structures on the surface of monolayer MoS,
for building MoS, nanoribbon FETs (Figure 13(a)) [151]. Upon
the CVD growth of monolayer MoS, onto Si0,/Si substrates,
tDPN was performed with a solid ink “direct writing” onto the
MoS, and substrate surface. Using a heated AFM tip whose
temperature was kept within 210-300°C and speed within
100-1,000 nm/s, the deposition of the polymer mask was
well adjusted to allow tailoring the width of the fabricated
narrow lines.

Thanks to AFM tip-assisted DPN, a diverse set of bio-
molecules and chemical templates have been directly or
indirectly immobilized into 2D materials for specific func-
tionalization. As the most commonly used biomolecules for
improving the function of 2D materials, biomimetic lipid
membranes can be patterned efficiently by DPN in a highly
controllable and parallel manner. Since Hirtz et al. pro-
posed the direct assembling of tailored lipid membranes
on graphene, phospholipids have been proven to exhibit

(c)
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Figure 13: (a) Schematic of the fabrication of a single-layer MoS, nanoribbon FET, reproduced with permission from Ref. [151], Copyright © 2019,
American Chemical Society. (b) Proposed membrane organization on graphene, reproduced with permission from Ref. [60], Copyright © 2013, Hirtz
et al. (c) Parallel DPN cantilever arrays transfer different lipid mixtures onto graphene squares, reproduced with permission from Ref. [59], Copyright

© 2016, Hirtz et al.
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higher mobility on 2D materials compared to other com-
monly used substrates [60]. This has in turn aroused enthu-
siasm among researchers to explore, both experimentally
and theoretically, lipid DPN techniques for graphene and
other 2D materials. For instance, Hirtz et al. implemented
top-down and self-assembly of large-area phospholipid
membranes in arbitrary shapes on the CVD-grown mono-
layer graphene (Figure 13(b)) after the successful fabrication
of lipid patches on graphene [59]. With a multi-cantilever
array, membrane patches with an area of 1 x 1mm?* and a
100 pm pitch were patterned within 0.5 min, as shown in
Figure 13(c), much faster than fabrication by typical lipid
DPN. Moreover, graphene or GO-supported lipid mem-
branes were investigated by simulations and experiments
to explore the dynamical properties of the lipid-graphene/
GO interactions [152]. The simulation and experimental
results were found to be consistent, which demonstrated
the importance of the surface polarity and solvent environ-
ment while offering valuable guidance for the future appli-
cation of graphene and GO in biotechnology. In addition to
the biological structure, prototypical chemical templates
have been used to locally modify the properties of the sur-
face of the target 2D materials. For example, Zhou et al. used
DPN to immobilize rhodamine-based dye molecules (Rhoda-
mine 6G, R6G) with a controllable size on graphene [153].
Through a typical dip-pen experiment using an AFM tip with
varying writing speeds and pre-coated with 1 mM R6G ink,
an array of R6G lines with variable widths were directly
written on the exfoliated graphene. In contrast to the results
from conventional dip-pen experiments, the produced array
of R6G lines basically exhibited constant widths that were
irrelevant to the writing speed. This was possibly attributed
to the effective tip size or the water meniscus formed
between the tip and substrate. However, when the R6G
ink was depleted, the width of the produced lines was
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observed to depend significantly on the writing speed. After
identifying the assembly properties of R6G at high or low
concentrations, the researchers conducted further experi-
ments to verify the electrical behaviors of graphene locally
modified by R6G molecule patterning. This suggested the
possibility of locally and quantitatively n- or p-doping gra-
phene with DPN-pattern R6G.

6.2 2D material-coated AFM probes

As covered in Section 2.2.4, various techniques such as CVD
growth, CVD transferring, sputtering, liquid phase exfolia-
tion, and thermally assisted mechanical exfoliation have
been employed to fabricate 2D material-coated AFM probes.
The aim of these techniques is to enhance the properties of
the probes beyond those made of solid metals or doped
diamonds. These fabricated AFM probes have shown great
potential in many real-world applications, including elec-
trical characterization [154], low-friction and low-stiction
micro- and nanoelectromechanical systems (MEMS and
NEMS) [155,156], bio-MEMS [157], micro/nanomachines
[158], molecular electronics [82], and even nanopat-
terning of 2D materials via controllable AFM probe exfo-
liation [159].

There has been a growing trend where the conven-
tional CVD technology, which can be used to produce
large-area and continuous 2D nanofilms, is combined with
the transferring method to fabricate 2D material-coated
AFM probes, especially graphene-coated nanoprobes. For
example, based on the CVD growth method, Lanza et al.
[154] and Martin-Olmos et al. [160] successfully transferred
a single layer of continuous graphene film onto the AFM tips
using PMMA-assisted and Cu mold-assisted transferring

i3

Figure 14: (a) Fabricated graphene-coated AFM probes, reproduced with permission from Ref. [160], Copyright © 2013, American Chemical Society. (b)
Characterization of MoS,-wrapped tips after friction experiments, reproduced with permission from Ref. [61], Copyright © 2018, American Chemical

Society.
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methods, respectively. Figure 14(a) shows the AFM tip
obtained by copper-substrate-assisted transferring [61].
Despite its ability to produce 2D material films with rela-
tively large areas and high quality, the CVD growth
method is still subjected to hazardous and high tempera-
ture processing and unavoidable residues during the
transfer process. For this reason, some researchers have
developed several fabrication methods without using any
CVD steps. For instance, Pacios et al. [83] and Hui et al. [155]
successively reported a method that uses sputter deposition
followed by in situ annealing and a solution processing
method, respectively, for the fabrication of graphene-coated
AFM probes. Both of these two methods required no CVD-
related processing during the fabrication process. Compared
to the multi-step synthesis routes introduced by Pacios et al
[83], the method by Hui et al. is much simpler, faster, and
more inexpensive [155]. Selecting a solution that contains
large-area, atomically thick 2D material nanosheets is a pre-
requisite for successful fabrication. When the solution is
ready, the AFM probe can be coated quickly and cheaply
by simply immersing the AFM tips into the graphene solution
for 1min. After swinging the AFM probe, the high-quality
graphene sheets in the solution can be easily attached to
the AFM tip via van der Waals forces. Furthermore, the
enhanced adhesion due to the subsequent natural drying or
N, blowing will eventually lead to the conformal coating of
the AFM probe.

From the perspective of commercial applications, the
solution processing method seems to hold great potential
in the fabrication of graphene-coated AFM probes due to its
simplicity and low cost. Nevertheless, the method requires
selecting a high quality 2D material solution and verifying
that large-area, atomically thick 2D material nanosheets are
actually present in the solution. In fact, it can be very difficult
to get a solution containing such nanosheets without any
additives from graphene, the most commercially mature 2D
material, not to mention the other not-so-mature ones. Hence,
it is essential to explore more feasible and practical methods
for the fabrication of 2D material-coated AFM probes, espe-
cially those coated with 2D materials other than graphene.
Recently, Liu et al. [61] proposed a novel method for the
fabrication of 2D material-coated AFM tips with fairly high
reproducibility, Motivated by previous studies dealing with
the AFM manipulation of 2D nanoflakes [161,162], the method
combined the thermally assisted mechanical exfoliation and
transferring of large-area 2D flakes to fabricate AFM tips
coated with a series of 2D materials, including graphene,
MoS,, TaS,, ReS,, and h-BN. Figure 14(b) depicts a tip coated
with a layer of MoS, sheet. Through the exfoliation from the
natural bulk crystal, thin pieces of 2D materials with a terrace
structure were obtained. After the terrace edges of the 2D
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flakes were confirmed by normal AFM scanning, the tip
near the apex would undergo fracture as it crashed against
the sample under heating conditions. As the fractured AFM
tip scanned the corresponding terrace region of the sample,
the edges of the 2D flakes could be rolled up, wrapped, and
transferred onto the tip. The heating process, fresh surface
exposure and the possible contact area change of the frac-
tured AFM tip jointly contributed to strong adhesion between
the wrapped 2D nanoflakes and the tip, thereby forming a 2D
material-coated AFM tip.

Based on the abovementioned techniques, 2D material-
coated AFM probes have been fabricated and utilized as
high-performance nanoscale characterization tools or MEMS
devices. These probes are useful for understanding nanoscale
physical phenomena and advancing the technology in elec-
tronics, mechanics, biology, physics, and many other fields.
Despite all this, the current knowledge of 2D material-coated
AFM probes is still rather rudimentary, and it is important to
develop more systematic techniques to facilitate the mass
production and practical application of such probes.

7 Conclusion

Today’s nanoworld has witnessed remarkable achieve-
ments in 2D materials since the successful isolation of gra-
phene. The unconventional structure of 2D materials
endows them with intriguing physical and chemical proper-
ties, which facilitates their wide application in building next-
generation 2D material-based devices or 2D integrated
systems across a wide range of technological fields. In light
of the unique characteristics of 2D materials, conventional
fabrication techniques are confronted with great challenges.
As a result, there is an ever-increasing demand for a low-
cost, high-resolution, and non-invasive lithography tech-
nique, which is particularly suitable for the fabrication of
2D materials. Recent technological advances have already
transformed AFM from a simple characterization tool into
an integrated multi-functional system with both nanometer-
scale visualization and nanofabrication capabilities. As a
lithographic alternative uniquely suitable for the nanofab-
rication of 2D materials, AFM-based lithography techniques
that incorporate advanced operation modes have attracted
tremendous research interest. Hence, our review article cov-
ered both the working principles of various AFM-based tech-
niques and the nanofabrication performance of the various
AFM-based techniques, ranging from mechanical, thermal,
electrical, and dip-pen lithography and the relatively unique
2D material-coated AFM probes. Although prominent pro-
gress has been made in the research of 2D materials at both
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the fundamental and applied levels, the AFM-based nano-
fabrication of 2D materials is still in its infancy. In view of
the ultra-small thickness and large lateral area of 2D mate-
rials, it is suggested to develop more sophisticated control
modules, automation techniques, and parallel processing
systems to improve the fabrication performance in terms
of precision, throughput, and speed.

Future advancements in the AFM tip-related nanofab-
rication of 2D materials will continue to revolve around
addressing fundamental scientific and engineering chal-
lenges in the manufacturing of 2D materials by AFM.
Extensive research is yet to be conducted in this field.
Below is a summary of future opportunities for the AFM
tip-related nanofabrication of 2D materials.

Enhancing the fundamental understanding of the inter-
action between 2D materials and AFM probes.

Developing and fabricating specific AFM tips tailored
for the nanofabrication of 2D materials.

Investigating AFM tip degradation and monitoring tip
health and wear during the nanofabrication of 2D materials.

Increasing the robustness and wear resistance of AFM
tips using 2D materials.

Establishing a multi-tip platform to increase throughput.
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