
Review Article

Paul C. Uzoma#, Xiaolei Ding#, Baoshi Qiao, Emeka E. Oguzie, Yang Xu*, Xiaorui Zheng*, and
Huan Hu*

AFM: An important enabling technology for 2D
materials and devices

https://doi.org/10.1515/ntrev-2025-0154
received November 30, 2024; accepted March 4, 2025

Abstract: The last 20 years have seen remarkable progress in
the study of 2D materials leading to the discovery of inter-
esting properties and application potentials. However, there
is still much to understand regarding thesematerials’ physics,
mechanics, and chemistry to utilize their full potential and
make them useful to society. As a result, many efforts have
been dedicated to using atomic forcemicroscopy (AFM) to not
onlymeasure and study the properties of the 2Dmaterials but
also to assemble 2D materials heterostructures and optimize
their properties for better performance. Therefore, this
review discusses the various AFM methods that have been
employed in this regard. It covers the following areas; the use
of AFM to attach 2D materials on the AFM tip to study the
interfacial friction and wear, AFM tip-based modification of

the chemical and optoelectronic properties of 2D materials,
and AFM manipulative scanning for 2D materials reposi-
tioning, interface cleaning, and smoothening. This review pro-
vides an up-to-date understanding of these new research areas
and guides future research plans in 2D layered assembly.

Keywords: 2D materials, AFM, nanotribology, twistronics,
optoelectronics

1 Introduction

The discovery of graphene in 2004 [1] has given the
research community a platform to explore hundreds of
other examples of 2D materials which include hexagonal
boron nitride (hBN), phospherenes, xenes, and transition
metal dichalcogenides (TMDC; e.g. WS2, MoS2, MoSe2, etc.)
[2–4]. The fascinating properties of these 2D materials have
made them a reliable choice in the design of microelectro-
chemical systems and nanoelectromechanical systems
(NEMS) for various purposes such as sensing, biomaterial,
optoelectronic, tribology, etc. [5–7]. From an industrial
viewpoint, remarkable progress has been made in the
synthesis, device design, and applications of 2D materials
[8]. However, a recent report from Naturephysics suggests
that the past 20 years of 2D materials can be tagged
“disappointing” in terms of making a huge impact on com-
mercial products [9]. For instance, the European Research
Consortia’s Graphene Flagship with the mandate to “bring
graphene innovation out of the lab and into commercial
applications” has not met its 2020s target of impactful com-
mercialization [9]. One major limiting factor is that much
more fundamental physics of 2D materials is yet to be under-
stood [9,10]. This is because, the atomically thin 2D materials
layers are atomically close, so, the physical, mechanical, and
chemical interactions develop simultaneously and influence
each other, resulting in a broad range of topological struc-
tures and properties across nanoscale and microscales [11].
Therefore, it is crucial to understand the physics, mechanics,
and chemistry of these “wonder materials” to utilize their full
potential and make them useful to society.
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One important approach for studying 2D materials is
atomic force microscopy (AFM). Based on the earlier design
of scanning tunneling microscopy, in 1985, Binning,
Gerber, and Quate invented AFM which measures the
forces between an AFM tip and a sample’s surface [12].
AFM has become a prominent surface profiler for topo-
graphy and normal force measurements on the micro to
nanoscale ever since [13,14]. Over the years, the AFM has
been modified to study lateral(friction) and adhesion
forces [15,16], analyze surface scratch and wear [15], and
measure elastic and plastic properties such as indentation,
hardness, and modulus [13,17–20]. AFM can also offer
direct structural information on the molecular functiona-
lization of 2D materials [21]. For instance, the tribology of
contact interfaces has been studied for centuries, however,
the arrival of AFM enabled the assessment of the principal
atomic activities that control interface friction and wear
thereby validating the many existing friction theories [22].
AFM is very efficient in tribology because the atomic-sized
ultra-smooth AFM probe makes single asperity contact
with the counter surface in contrast to most interfaces
where multiple asperity contact is made [23]. This single
asperity contact offered the required platform to analyze
the commensurability of the sliding surfaces and how it
affects friction [24], investigate the jump-to-contact phe-
nomenon on soft materials [25], study detachment force
in thin films [26], examine the tribochemical reactions at
the interface [27,28], study the effects of sliding velocity
[29], and measure the true contact area and the interfacial
shear strength [30,31]. For example, Rejhon et al. [32]
employed AFM to measure the relationship between the
interfacial shear modulus and friction force in 2D layered
materials which is otherwise difficult to measure. They
proved that the interfacial shear modulus is significantly
influenced by the chemistry, stacking order, and the inter-
action between the atomic layer and the substrate. This
study of the atomic level interactions is vital in the design
of NEMS.

Furthermore, AFM has been employed to exploit and
maneuver individual atoms of molecules and materials in
order to improve target properties [33–36]. Readers are
encouraged to read recent reviews from Li et al. [37] for
an explanation of the working mechanisms of the AFM
nanofabrication of 2D materials, Wu et al. [38], and
Wu et al. [39] for discussion on the different mechanical
properties that can be obtained when AFM is used to char-
acterized 2D materials. However, this work focuses on the
ingenuity of researchers in manipulating AFM techniques
to study, modify, and optimize the surface properties of 2D
materials in order to achieve their research objective as
described in Figure 1. Sections 2 and 3 discussed the use of

AFM manipulating scan to (i) attach 2D materials on the
AFM tips to study friction and wear at the interface of 2D
materials, (ii) control the lattice orientation of 2D materials
to study the twist angle-dependent properties and (iii)
reposition the 2D materials on a substrate. The following
three Sections (4–6) explored several cases where AFM tips
were used to (i) modify the surface chemistry of 2D mate-
rials, (ii) induce strain in 2D materials to optimize the
optoelectronic behavior and (ii) clean and smoothen the
interfaces of 2D materials to enhance the electronic prop-
erties of devices. Finally, Section 7 discussed the various
challenges currently limiting AFM applications in 2D mate-
rials and offered valuable suggestions to guide future
research plans in 2D layered assembly.

2 Tip’s surface reconstruction for
interface tribology

Graphene/MoS2, graphene/h-BN, andWS2/graphene hetero-
structures with varying lattice dimensions are known to
provide an incommensurate contact, offering a path to
achieve extremely low friction, also known as superlubri-
city. Normally, the contact condition of 2D materials/2D
materials is required to determine the friction at the inter-
face of 2D materials layers. So, researchers have developed
ways of coating AFM tips with 2D materials to measure the
interlayer properties. Nonetheless, it is very challenging to
obtain a well-defined defect-free single crystalline contact
interface between 2D material layers to visualize and
assess the intrinsic interlayer friction and material
transfer activities. For instance, Hui et al. proposed dipping
AFM probes into high-quality solution-processed graphene
[46]. Although this method ensures the attachment of gra-
phene flakes at the tip apex, it leaves excesses of graphene
on the cantilever (Figure 2(a)), likely affecting the AFM
laser reflection. Wen et al. [47] grew a graphene layer on
Au-coated AFM tips using the chemical vapor deposition
method. Growing CVD graphene on copper and transfer-
ring it onto an AFM tip has also been explored [48]. Yu et al.
[49] proposed using a micromanipulator set-up to pick up
graphite flakes onto a microsphere probe (Figure 2(b)). Liu
et al. [50] prepared graphene-coated microspheres as
described in Figure 2(c) and used the AFM lateral scan to
examine the friction properties. The resultant microsphere
is big (8 μm diameter), rough, and can achieve multiple
asperity contact with the counter surface, giving rise to
superlubricious incommensurate interfaces. One crucial
limitation of the above-mentioned techniques is the low
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quality of graphene. The CVD carbon film grown directly
on the tip has a lower quality than the one grown on
copper [46,51]. Also, the transfer of graphene on the tip
will most likely leave some unwanted contaminants on
the graphene [52]. Therefore, some studies have shown
different ways of overcoming these challenges using the
AFM technique.

Tian et al. [53] showed that superlubricity of 2D mate-
rials can be achieved by adhering graphene on an AFM tip
to form interlayer friction heterojunction. They used a
Silicon AFM tip to scan HOPG with an ultra-low friction
coefficient as described in Figure 2(d). Their goal was to
employ the shear effect to trigger strong peeling energy on
the surface of the HOPG thereby forming a reconstructed
tip bearing attached graphene layers as shown in the High-
resolution transmission electron microscopy (HRTEM)
image (Figure 2(d)). In this case, under the pre-sliding
actions of the Si tip against the HOPG, there was forced

exfoliation of graphene layers from HOPG which bonded to
the AFM tips. This was followed by a fast accumulation of
the transferred films around the tip during the initial fric-
tion stage. The friction between the newly reconstructed
tip (graphene-transferred tip) and the heterojunction
designs (Gr/Ws2/Si, WS2/Gr/Si) proved superlubricious
with 0.003 coefficients of friction. However, the adhesion
of the transferred graphene to the tip is very weak.

Employing a heating process, Liu et al. [54] overcame
the problem of weak adhesion encountered by Tian and
colleagues. They used the thermally assisted mechanical
exfoliation and transfer approach described in Figure
2(e) to wrap various 2D flakes around AFM tips to study
the interlayer friction. The heating process ensured the
flakes adhered strongly to the tips. Their findings con-
firmed superlubricious behavior between the 2D materials
films and bulk materials. Also, angular dependence super-
lubricity was observed between graphite layers whereas

Figure 1: Various AFM tip-based treatments and applications. Image illustrations of (a) polymer electrolyte membrane fuel cells (Image credit
@MathWorks), (b) microreactor [40], (c) graphene-based pressure sensor (Image credit S. Wagner@AMOGmbH), (d) twisting of 2D materials layers
[41], (e) photovoltaic cells, (f) transistor designed with graphene (black hexagons) and MoS2 (blue and yellow structures)(Image credit@University of
Buffalo), (g) van der Waals heterojunction photodetector [42], (h) wearable stretchable device [43], (i) Mxene as solid lubricants [44], and (j) protective
ability of 2D materials [45].
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angular independent superlubricity was seen between gra-
phite flake and bulk h-BN substrate. This was attributed to
the incommensurate contact of the distinct lattices. The
inherent incommensurability between h-BN and graphite
described the independence of the superlubricity on the
relative rotation angle [55]. Furthermore, the superlubri-
city between the graphite flakes was found to be stable
over a prolonged period without torque-associated reor-
ientation which is a result of good adhesion with the Si
tip occasioned by heating.

Sheehan and co-workers developed an AFM technique
for assessing the interfacial friction of molybdenum tri-
oxide (MoO3) nanometer crystals deposited on molyb-
denum disulfide (MoS2) and Molybdenum diselenide
(MoSe2) [22]. It is worth noting that MoO3 whose a-axes
are ∼15° with reference to the a-axes of underneath MoS2

is mostly known to undergo lattice-directed sliding (LDS).
In LDS, the movement of one 2D material’s nanocrystal is
confined along one of the crystallographic axes of the
underlying 2D material. This confinement is a result of a
higher level of commensurability that exists between the
two-layered materials along only one axis of the interface.
This organized movement provides a better platform to
study chemical and physical interface coupling while
avoiding issues of crystallinity and interface alignment.
They investigated the force needed to shift MoO3 nanocrys-
tals during LDS and gave an understanding of certain
atomic-level processes affecting friction. Their strategy
was to weakly append the MoO3 nanocrystal onto the
AFM tip as described in Figure 2(f) and, thereafter, easily
move the nanocrystal along one axis of the MoS2 or MoSe2
substrates while it is firmly held perpendicular to this axis.

Figure 2: (a) SEM image of an AFM tip with the cantilever coated with excess graphene [46]. (b) Schematic illustration of a micromanipulator used for
the fabrication of graphite-coated microsphere probe [49]. (c) Design schematics and friction test of the graphene-coated microspheres; First step:
Dispersion of SiO2 microspheres on quartz plate, Second step: Growth of multilayer graphene film on the microspheres using the CVD method, Third
Step: Using UV light solidify glue to attach the AFM cantilever to the microspheres, and Fourth Step: Friction measurement [50]. (d) Schematic
representation of the use of bare Si AFM tip to scan highly ordered pyrolytic graphite (HOPG), the HRTEM of the tribolayer-wrapped tip and the
friction/load plot [53]. (e) Schematic representation of (i) scanning of tip on the graphite substrate; (ii) fracture of the tip during the rapid heating
process; (iii) The flakes wrap around the tip as it scans under high temperature and the SEM image of graphene-wrapped tip [54]. (f) (i) The
experimental representation of the AFM tip cutting a slim cut in the MoO3 nanocrystal which was later moved along the easy path of the underneath
2D material lattice; (ii) The AFM images showing the molybdenum trioxide (MoO3) nanocrystals prior to cutting, after cutting the slim slot, and after
the friction test [22].
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Their findings showed an expected linear increase in the
lateral force needed to move the nanocrystal with respect
to the area of the nanocrystal. Also, the interfacial shear
strength was observed to be much lower than what is
obtained in a macroscale system and it is strongly depen-
dent on the velocity and duration of sliding [56,57].

3 Tip-based manipulative scanning
for lattice orientation control and
materials repositioning

The study of the influence of twist angles on the electronic
properties of 2D materials commonly referred to as
“Twistronics” has attracted huge research interest in
recent years [58,59]. The lattice mismatch and rotation
between layers of 2D materials can lead to high wavelength
moiré superlattices which can significantly change the
electronic response of the vdWHs, leading to device char-
acteristics that are radically different from those of the
constituent layers [60,61]. Such unique properties include
superconductivity [62,63], moiré exciton [64–66], mag-
netism [67,68], and fractional Chern insulating states [69].
For instance, the significance of rotational alignment
between insulating and conducting 2D layers has been
demonstrated using graphene and hBN. vdWHs formed
using graphene on hBN show a rotation-dependent moiré
pattern (Figure 3(a)) [70]. Their closely comparable lattice
constants are confirmed to form a large moiré superlattice
that evolves near zero angle mismatch [71], extensively
altering the band structure of graphene, creating an energy
gap at the charge neutrality point (CNP), and forming
replica Dirac points at higher energies [72–74]. The “tear
and stack” approach is mostly used in constructing twist
devices [75,76]. However, the twist angle obtained using
this method is no longer tunable after the fabrication of
the device. Hence, one has to construct multiple devices
with different twist angles to examine twist-angle-depen-
dent properties. This can result in other external factors
instead of pure twist-angle effects influencing the out-
comes. Interestingly, the AFM manipulation technique
has been shown to provide in situ layer orientation control
in vdWHs assembly and experiments [77,78]. For example,
Du et al. [79] used an AFMmanipulation approach to rotate
the as-grown non-twisted MoS2 on few-layer graphene to
show the interlayer twisting angle dependence of photolu-
minescence (PL) and Raman spectra as seen in Figure 3(b).
The intensity of the PL and the emission energy were found
to increase with increasing twisting angle, while there is a

decrease in the splitting of the E2g mode. These observa-
tions are due to the twisting angle-dependent interlayer
forces and misorientation-associated lattice strain between
the graphene and MoS2. Yuan et al. [80] also confirmed the
dependence of PL and Raman spectra on the MoS2/gra-
phene interlayer twisting angle. They further took advan-
tage of the superlubricity property of the MoS2/graphene
interface to precisely control the twist angle with very high
accuracy in the order of 0.1°.

In a bid to provide easy control of the lattice orienta-
tion, Rebeca and co-workers used a preshaped BN layer to
fabricate BN/graphene/BN vdWHs [81]. The preshaped top-
most BN layer has arms to enable easy AFM manipulation
as shown in Figure 3(c), hence pushing one arm rotates this
layer and alters its crystallographic alignment with respect
to the underneath layer of graphene. Their fabricated tun-
able device exhibited on-demand control over the length of
the moiré potential hence offering dynamic tunability of
the electronic, optical, and mechanical properties of the
system. Similar designs with a rotatable device have also
been reported for different vdWHs assemblies: monolayer
graphene sandwiched between two crystals of BN where
the top BN has rotatable arms [86] and graphene mono-
layers divided by hBN gear with center-opening as
described in Figure 3(d) [82]. Recently, Kapfer et al. [83]
demonstrated the manipulation of the moiré patterns in
hetero- and homobilayers through in-plane bending of
monolayer ribbons, using an AFM tip (Figure 3(e)). Their
method ensures continuous variation of twist angles with
enhanced twist-angle homogeneity and decreased random
strain, leading to moiré patterns with tunable wavelength
and very low disorder.

Furthermore, Cherepanov et al. [84] showed the use of
an AFMmanipulative scan to disassemble 2D nanoparticles
that aggregated into multi-nanometer particles during
synthesis (Figure 3(f)). Their experimental results proved
that AFM is effective for splitting self-assembled nano-
aggregates and moving the target nanoparticles to destina-
tions on the substrate which will greatly aid in the design
of solid lubricants. Regarding the dissembling of 2D mate-
rials heterostructures, Li et al. [87] proved that the vdW
interaction is stronger between graphite and MoS2 than
between graphite and hBN irrespective of their relative
stacking orientations. They employed a graphite-wrapped
AFM tip to confirm that the critical adhesion pressure
between 2D heterostructures is in this order: MoS2/graphite
> BN/graphite > graphite/graphite. Their finding is in
agreement with the Liftshiz theory-based predictions
which suggest that the dielectric functions of the materials
play a significant role in the interactions of the vdW at
heterointerfaces [88,89].
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Kawai et al. [90] employed an AFM lateral manipula-
tive scan to show the superlubricity of GNR during sliding
contact on a gold substrate. They fastened the AFM tip to
the ends of the target GNRs and performed a controlled
back-and-forth dragging while recording the friction force.
Their results proved superlubricious behavior between the
GNR and gold with both values of static and kinetic friction
force within the 100-pN range. Also, they observed that the
dynamics of the sliding motion are affected by the extent of
commensurability arising from the surface reconstruction.
Inspired by the work of Kawai and co-workers, Gigli et al.

[85] used classical MD simulation to perform frictional
manipulation of the GNR on gold substrate set-up as shown
in Figure 3(g). This is to give the theoretical clarification on
the evolution of stick-slip emanating from the short 1D
edges instead of 2D bulk, the influence of adhesion, lifting,
and bending elasticity of graphene on the GNR sliding fric-
tion. At small lifting height, they explained that the sym-
metric back-and-forth frictional response arises from the
limited degree of elastic deformations aggregated by the
GNR when dragged against an energy barrier. However,
when the lifting height is increased, there is a decrease in

Figure 3: (a) Schematic illustration of doubly aligned bilayer graphene with hBN placed at the top and bottom. The black and the white hexagons
show the primary moiré and supermoiré plaquettes, respectively [76]. (b)i–v. Twisting angles achieved via AFM tip manipulation. Plots showing: vi. the
dependence of PL on the interlayer twisting angle, vii. Raman spectra dependence on the interlayer twisting angle. The inset is Lorentzian fitting of the
splitting E2g, and the splitting of E2g against interlayer twisting angles [79]. (c) Cartoon image of the rotatable heterostructure and the experimental
procedure, i–iii. AFM image of the device depicting three different orientations of the topmost hBN, iv. Schematic images of the moiré superlattice
emanating between the graphene (red) and hBN (blue) at zero angle. λ is the moire wavelength [81]. (d) Schematic representation of a tunable bilayer
graphene device consisting of two graphene monolayers separated by hBN gear on another hBN substrate. There is the formation of moiré
superlattice of period “d” at the overlapping area in the center of the gear. ii. The topographical image of the twistable device [82]. (e) Schematic
image showing bending of a 2D material ribbon using a nanomanipulator and AFM tip [83]. (f) Schematics of the relative position of the nanoparticle
aggregate and the AFM tip during its scan line movement; top – at the start of the push and bottom- completion of the push [84]. (g) Schematic
representation of the molecular dynamics (MD) simulation setup: the AFM tip lifting the graphene nanoribbon (GNR) at one end and laterally pulling
it. The lifted end of the GNR is attached to one side of a soft spring, and the other side of the spring moves at a constant velocity thereby dragging the
GNR back and forth [85].
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the bending energy needed to deform the GNR resulting in
different driving mechanical responses for the two opposite
scan directions. On achieving the required minimum energy
to initiate sliding also known as the Peierls–Nabarro barrier
[91], the sliding dynamics generated asymmetric features in
the emanating stick-slip regime for the forward and back-
ward dragging. Expanded period of the stick-slip regime
and the likely manifestation of the “peeling” effect in the
backward trace for raising the lifting height are the major
consequences of this improved elastic deformation.

4 Tip-induced surface chemistry
modification

Mechanochemistry is a process of driving chemical reac-
tions using mechanical force in place of heat, light, or elec-
tric field. In recent years, AFM has been employed in
mechanochemistry to drive and assess in situ chemical
processes thereby shedding light on local electrochemical
kinetics and local electron densities [92–96]. Notably,
achieving a broad insight into how to drive and assess
reactions at the nanoscale level under different conditions
will significantly aid in the designs of highly efficient che-
mical reactors [97], flexible electronics [98], batteries and
supercapacitors [99,100], fuel cells [101], biomaterials [102],
and lubricants [103]. For example, in semiconductors and
conducting materials, researchers have shown that it is
feasible to locally initiate the adsorption of hydrogen or
oxygen groups using a conductive AFM tip in contact with
a surface confirming it to be a fitting platform to investi-
gate the link between the applied local strain and electro-
chemical reactivity [104,105]. AFM approach is ideal for
studying these chemical processes because it can precisely
control the applied stresses and reaction durations, and
can conveniently assess the reactions happening on mono-
layers, surfaces, or other nanoscale systems without the
need to grind into smaller structures [106].

Tang et al. [107] recently used a chemically active SiO2

microsphere to initiate chemical reactions on a graphene
monolayer to show that the wear susceptibility at the atomic
step edges is significantly influenced by the mechanochem-
istry of frictional interfaces (Figure 4(a–c)). Due to the
mechanochemistry effect, the critical contact stress needed
to cause wear at the graphene step edges was confirmed to
be largely decreased from ∼8.8 GPa for mechanical wear to
∼0.28 GPa, suggesting a decrease in the graphene’s resistance
to wear. Felts et al. [27] demonstrated the use of the AFM
technique to cleave different functional groups on chemically

modified graphene (CMG) sheets and to show how the char-
acter of the arbitrary organic bonds affects its scission (Figure
4(d–g)). Regarding friction on CMGs, researchers have con-
firmed that the added chemical groups relate more firmly
with the tip than graphene, thereby increasing the friction
[108–110]. Since pristine graphene possesses a lower friction
value than the CMGs, observing the friction offered direct in
situ measurements of the local chemistry. Prolonged scans
and higher loads were found to lead tomore functional group
removal. The difference in friction between CMG and pristine
graphene was shown as a direct estimate of the extent of
functionalization, where lower friction values coincide with
fewer chemical groups on the graphene surface. They proved
that greater forces are needed for higher bond energies, and
lower forces are required for longer bond lengths as pre-
viously confirmed by Beyer and Clausen-Schaumann [111].
Besides, the obtained trend in the contact stress was found
to correspond to the data obtained from the density func-
tional theory (DFT) calculations of bond length and bond
energy studied by other researchers [112,113]. In continuously
altering the mechanochemical reaction rate by tuning the
normal force and dwell time during AFM contact-mode
scan on CMG, Kim et al. proved the possibility of a gradient
mechanochemical cleavage in large-area CMG sheets [114].

Raghuraman et al. [116] used sliding of conductive
AFM on multilayer graphene sheets to examine the influ-
ence of applied stress on the kinetics of the surface oxygen
evolution reaction. The experiments showed the accumu-
lation of oxygen groups on the surface, and the oxygena-
tion rate increased with the applied force. Also, the rate
was found to be higher at the local edges and defects than
at the basal plane indicating non-uniformity of the oxyge-
nation rate. The group had earlier reported on the use of
the AFM technique to determine reaction kinetics at nanos-
cale [115]. Their initial results showed shifts in relative
friction for heater temperatures 300 to 375°C with respect
to tip dwell time (Figure 4(h–p)). Also, the reaction rate
with respect to the heater temperature showed a strong
exponential dependence (Figure 4(m)). Furthermore, they
designed a nonisothermal, nanoscale thermal desorption
microscopy (ThDM) technique to overcome the drawbacks
of the thermal approach [115]. The ThDM technique was
believed to speedily determine the temperature depen-
dence of reaction rate during a tip temperature or force
ramp by employing the fundamentals from bulk thermal
analysis methods such as temperature-programmed deso-
rption [117] and thermogravimetry [118,119]. Herein,
increasing the tip’s temperature or force linearly between
each scan offered an estimate of the reaction rate with
respect to either tip’s temperature, force, or both as shown
in Figure 4(n–p). Their results proved that the sliding tip
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Figure 4: (a) AFM images of the nanochannels fabricated at 0.5−3.0 μN normal loads. (b) Schematic of the mechanochemically stimulated atomic
attrition mechanism at the SiO2 probe and monolayer graphene interface. (c) Plot showing that the rate of reaction (k) of monolayer graphene is
dependent on the exponential contact stress. The inset shows a linear relation between the ln(k) and contact stress [107]. (d) Illustration of the
mechanochemical activities where a tip with a known normal force takes away the functional groups from a CMG film. (e) Lateral scan on oxygenated
graphene with areas decreased with increasing contact stress and scan period. (f) A line scan of the four squares shows a ∼5x decrease in friction
because of oxygen group removal. (g) A plot of relative friction with respect to tip dwell time for normal loads reveals an exponential increase in decay
rate with increasing normal load [27]. (h) Schematic drawing showing the reduction by a heated AFM tip, where pressure and heat locally remove the
oxygen groups. (i) Image of friction force image showing the patterns of the reduced GO. (j) 60% friction drop attributed to oxygen group removal. (k)
Normalized plot of the relative friction with respect to the heater temperature for different ramp rates. (l) Normalized plot of the relative friction
derivative revealing a rightward move in maximum removal with increase in ramp rates. (m) Constant heating rate plot, The inset shows the
calculation of activation energy using the estimated interface temperatures. (n) 760°C/min constant heating rate plots for various tip forces. (o)
Normalized derivative of the relative friction revealing a change in maximum removal toward lower temperatures for increasing tip force (p) Plot of
the obtained activation energy with respect to tip force revealing a nonlinear reduction in activation energy with increasing force [115].

8  Paul C. Uzoma et al.



detached oxygen groups through a first-order process with
an activation energy of ⁓0.6 eV which significantly deviates
from bulk analysis, where oxygen reduction is a second-order
process with >1.3 eV activation energy [120,121]. This suggests
that the sliding tip drives oxygen reduction through a dif-
ferent pathway. Higher loads were shown to impede the reac-
tion pathway nonlinearly suggesting that it is inappropriate
to infer a linear correlation between applied load and energy
barrier for surface oxygen reduction. This observation is gen-
erally known as the Hammond effect, herein, the increase in
the applied force changes the energy levels of both the reac-
tion and transition states, thereby changing the minimum
reaction trajectory and decreasing the force dependence of
the activation barrier [122,123].

It is worth expressing the different mathematical
models that appropriately describe the mechanochemical
reactivity that guides the design of the experiments used in
driving and assessing the mechanochemical reaction rates.
Equation (1) describes the drop in the relative friction as a
function of time at a given temperature.

( ) = +−f t Ae yΔ .λt
0

(1)

In which Δf, λ, and t represent the relative friction,
reaction rate, and cumulative tip dwell time, respectively.
The cumulative tip dwell time (t) is the total time spent by
the tip at a given point and is expressed as:

=t N
πa

vp
4 .s

2

(2)

In which Ns, a, v, and p are the number of AFM scan
images, the radius of the tip, the velocity of the tip, and the
pitch between scan lines respectively. So using equation (1)
to fit the plot of relative friction against the cumulative tip
dwell time gives the reaction rate as slope as demonstrated
by Raghuraman et al. [115] and Felts et al. [27].

Equation (3) is the Arrhenius thermal activation model
used in obtaining the activation energy [103,121].

= ⎛
⎝

⎞
⎠λ λ

E

kT
exp .0

a (3)

In which Ea, k, T, and λ0 represent the energy activa-
tion barrier, Boltzmann’s constant, absolute interface tem-
perature, and effective attempt frequency prefactor (based
on atomic vibrations [124]), respectively. Applying equa-
tion (3) to the plot of ln (λ) against (1/T) gives the Ea/k as
the slope as shown by Raghuraman et al. [115].

Equation (4) is used to describe the change in the oxygen
concentration during a linear temperature ramp [125].

( ( ))= − −f

T

v

β
f e

d

d
,n E F kTØ /Na (4)

where v, β, f, n, FN, and T are the exponential prefactor,
rate of temperature ramp, the measured friction (which
correlates linearly with the concentration of oxygen), reac-
tion order, applied normal tip force, and the absolute inter-
face temperature, respectively. ϕ(FN) explains the effect of
applied force on the energy outlook and relies on the geo-
metry of the under-study molecule and the location and
direction of the applied forces. When the temperature
increases linearly at a steady load, the energy barrier is
considered as a constant. The energy barrier (Eeff) includes
the influence of the applied force (i.e. Eeff = Ea − ϕ(FN).
Integrating equation (4) over temperature at constant force
gives equation (5) which is similar to the established solu-
tion for bulk thermal study and effective estimation as
expressed by Coats and Redfern [125].
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For a first-order reaction, the plot of ln(Q) against 1/T
gives a straight line with the slope showing a direct rela-
tionship with activation energy (Ea) as shown in
Figure 4(m).

Furthermore, it should be noted that an increasing
rate of bond disengagement under the influence of
external force was first proposed by Bell [126]. However,
above certain applied forces, Bell’s model cannot account
for the nonlinear stress dependency and the loss of the
reaction pathway. So, as seen in Figure 4(p), Raghuraman
et al. [115] adopted Bell’s model extension with a second-
order correction (equation (6)) to fit the plot of the Ea
against FN revealing the existence of the Harmond effect
as previously discussed.

= − +E E xF
χ

FΔ
Δ

2
.N Neff a

2 (6)

where Δⅹ and ΔX are the distance between reactants and
the change in mechanical compliance, respectively.

5 Tip-induced strain for optimizing
the optoelectronic properties

The high stretchability property of 2D materials especially
TMDC makes it feasible to tune their optical and electronic
properties via external strain inducement [127,128]. This
interesting phenomenon has been explored in the field of
strain engineering where materials’ physical properties
are altered by manipulating the applied elastic strain fields
[127,129]. For instance, single-layer MoS2 can go through a
direct-to-indirect bandgap transition at ∼2% uniaxial
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tensile strain and a semiconducting-to-metal transition at
10–15% biaxial tensile strain [130,131]. This large bandgap
sensitivity (from 1.8 to 0 eV) is practically exploited in MoS2
and other TMDC because they are capable of undergoing a
high level of strain without rupture [132]. Over the years,
different straining techniques such as bending and elonga-
tion of a flexible substrate [133,134], piezoelectric stretching
[135], exploiting the thermal expansion mismatch [136],
and controlled wrinkling [137] have been adopted for
strain inducement. However, in recent years, AFM tip
has been considered one of the most effective methods of
inducing and exploring strain-induced electronic proper-
ties at the nanoscale. Since, when the AFM tip is pressed
against the film, it can generate a high stress concentration
and a large strain gradient [138].

Chaudhary et al. used conductive AFM probes to apply
force on layered MoS2 junctions in order to observe
the modulation of current transport behavior under
mechanical stress as shown in Figure 5(a and b) [139].
They demonstrated that both strain and strain gradient
are very useful in the modification of the MoS2 band struc-
ture, permitting resistance tuning up to 4 orders of magni-
tude. Using the Hertzian contact model [140], they showed
that extrinsic factors like changes in tip-sample contact

geometry and sample thickness are not the dominant cause
of the observed changes in transport behavior. However,
the change in the transport behavior is majorly due to the
intrinsic factors related to the modification of the MoS2
band structure and barrier profile. These findings provide
valuable insights into the underlying mechanisms of mechan-
ical stress-induced modulation of transport behavior in 2D
materials and have potential implications for the develop-
ment of novel nanoelectronic devices. Moreover, they showed
the existence of a tip-induced flexoelectric effect (Figure 5(c
and d)), where an obvious shift of the photocurrent onset
with increasing tip load was observed. Interestingly, the study
of the flexoelectric effect has recently gained significant atten-
tion due to its potential applications in various fields such as
energy conversion [141], data storage [142], and energy har-
vesting [143]. The effect refers to the conversion of mechan-
ical stress into electrical polarization in materials, and its
magnitude is proportional to the strength of the strain gra-
dient [144,145]. An AFM tip can apply mechanical stress to a
material, creating a strain gradient that triggers a flexoelec-
tric response. By measuring the electrical response of the
material, researchers can study the relationship between
the strength of the strain gradient and the magnitude of the
flexoelectric effect [146].

Figure 5: (a) Schematic representation of the experimental setup; an AFM probe is placed on the MoS2 to permit transport measurements across the
thickness of the MoS2. (b) Plots showing the Current−Voltage characteristics under varying tip loading. I−V plots obtained in the dark and under
illumination (c) at 50 nm minimum load and (d) for varying tip loads [139]. (e) Schematic illustration of out-plane strain loading by conductive-AFM.
Inset is the experimental circuit schematic. (f) Microscopic picture of a typical monolayer MoS2 on PET [147].
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The application of gradient mechanical stress to MoS2
junctions has been shown not only to induce changes in
their transport properties but also have the potential to
enhance the photoresponse performance of MoS2 photode-
tectors. The impact of mechanical strain on the photore-
sponse performance of MoS2 photodetectors is challenging
to quantify due to the changing effective luminescent area
as strain increases, resulting in uncertainties in quanti-
fying photovoltaic performance parameters. Feng et al.
employed a flexible PET base to separate the MoS2 end
under stress from the end in contact with the metal elec-
trode to address this issue. Their experimental setup
(Figure 5(e and f)) confines the stress applied to the tip of
the probe and enables accurate determination of the area
of light illumination [147]. The optoelectronic performance
of MoS2 is dependent on contact area and Schottky barrier
height, both of which are affected by mechanical strain.
The flexible polarization field can effectively modulate the
carrier distribution and interfacial barrier, leading to an
increase in the local electron affinity of MoS2, thereby facil-
itating the transport of photogenerated carriers in the
device. These findings suggest that the flexural electric
effect can enhance the optoelectronic performance of
MoS2 by modulating the Schottky barrier.

Pu et al. [148] examined the flexoelectricity-improved
photovoltaic effect in Gr/Si Schottky Junction (GSJ). They
used the AFM tip to apply different loads generating a
strain gradient in the junction, thereby accessing the GSJ
current response. They proved an increment in the open-
circuit voltage (Voc) and Schottky barrier height when the
laser is switched on. This development can lead to a 20%
improvement in the GSJ power conversion efficiency.
Besides MoS2 and graphene, Wu and co-workers had ear-
lier proved that the bandgap of few-layered black phos-
phorus (BP) can be effectively decreased via out-of-plane
compressive strain using AFM tip, leading to dramatic
modulation of the vertical electrical performance of the
BP and further effecting a nonlinear current–voltage curve
to linear current–voltage curve transition [149].

6 Tip-based cleaning and
smoothening of 2D materials
heterostructures

In recent years, 2D materials and their heterostructures
have garnered widespread attention in applied physics
and optoelectronic devices due to their exceptional proper-
ties. However, during the fabrication process, mechanical

exfoliation is commonly used. Despite its ability to produce
high-quality 2D materials, the transfer and stacking pro-
cesses often introduce impurities and contaminants. For
instance, commonly used sacrificial organic interlayers
can leave organic residues that affect the surface purity
and performance of the 2D materials. Environmental con-
taminants like dust and moisture can also adhere to the
material surface during transfer, leading to degraded het-
erostructure performance. These impurities and contami-
nants significantly impact the performance of 2D material
heterostructures. For example, residues can decrease elec-
trical performance, reduce charge mobility, alter optical
properties, and decrease chemical stability. Therefore,
effectively removing these impurities to ensure the high
quality and performance of heterostructures is a critical
research focus.

During the transfer process, PMMA serves merely as a
supporting material, and its removal is exceedingly chal-
lenging. Residual PMMA can significantly alter the intrinsic
properties of graphene. Consequently, researchers have
developed various methods to remove PMMA residues
from the graphene surface, including thermal annealing
[150–154], plasma treatment [155–159], electron beam treat-
ment [160,161], and ion beam treatment [162,163]. Besides
external cleaning processes, Hou et al. demonstrated that
vdW heterostuctures can undergo self-cleaning [164].
Although these cleaning methods are effective to some
extent, completely eliminating PMMA residues from the
graphene surface at the nanoscale remains a major chal-
lenge. Further optimization of these techniques and the
exploration of new methods are crucial to ensure the
purity of graphene and maintain its superior properties.
A recent review from Dong et al. [165] discussed the dif-
ferent 2D transfer methods, sources of contaminants, and
cleaning processes and Ma et al. [166] demonstrated the
behavior of liquids trapped at the interface of 2D materials
using the AFM technique. So this section will focus on the
use of AFM as a cleaning and interface properties optimi-
zation tool for 2D materials.

Researchers have effectively used AFM tips to
mechanically remove polymer residues from graphene
surfaces without the need for additional chemicals which
might otherwise contaminate the surface [167–170]. Their
primarily focus was on residues and contaminants on the
graphene surface and improving the surface properties of
graphene. However, the presence of wrinkles, grain
boundaries, and trapped molecules under the layer can
also significantly affect the consistency and homogeneity
of 2D material interfaces [171]. Rosenberger et al. [172]
investigated the use of AFM to create clean and homoge-
neous interfaces in 2D material heterostructures. As seen
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in Figure 6(a and b), by applying a normal force to the 2D
layer, the AFM tip squeezes out contaminants trapped
between the layer and the substrate. This process enhances
the spatial homogeneity of PL tests and decreases the
PL line widths. Furthermore, the technique improves
interlayer coupling in 2D materials heterostructures, as
evidenced by the observation of interlayer excitons. In
heterostructures such as MoSe2−WSe2, the technique
enabled strong interlayer exciton emission and bilayer-
like Raman spectrum, indicating enhanced interlayer
interaction, as shown in Figure 6(c). Palai et al. [173]
explored the use of AFM contact mode to improve the
interface quality of TMD heterostructures. They investigate
the moiré properties of the materials, as illustrated by the
AFM morphology images before and after treatment shown
in Figure 6(d). The improved interface quality led to enhanced
moiré effects, as evidenced by the observation of stronger
interlayer exciton emissions, shown in Figure 6(e). Ding

et al. [174,175] demonstrated that nano-spherical AFM probes
are highly effective for cleaning and improving the quality of
2D van der Waals heterostructures. These probes offer signifi-
cant advantages over traditional pyramid probes, including
reduced mechanical damage, improved cleaning efficiency,
and enhanced material properties. The result of the surface
potential of regions cleaned with the nano-spherical probe
was more consistent and exhibited less deviation compared
to those cleaned with the pyramid probe, as shown in
Figure 6(f).

Researchers have combined AFM flattening with other
tools and processes to better understand the distribution state
of contaminants as a way of performing predictive advance
removal of contaminants trapped under the 2D materials
layer. As proposed by Schwartz et al. [176], a combination
of AFM flattening and photothermally induced resonance
(PTIR) techniques were effectively employed to obtain
infrared spectra and maps of contaminants down to a few

Figure 6: (a) and (b) Cartoon illustration of the AFM cleaning process [172,174]. (c) The PL quenching effect images before and after AFM treatment,
are shown for stronger interlayer interactions [172]. (d) AFM topography images before and after ironing [173]. (e) The image of interlayer exciton
emissions and strain of PL peak positions under different applied forces [173]. (f) The surface potential images of the region were cleaned with the
nano-spherical probe and cleaned with the pyramid probe [174].
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attomoles at nanometer-scale resolution (Figure 7(a)). The
combination of PTIR for identifying contaminants (Figure
7(b)) and the nano squeegee technique for their removal pro-
vides a robust approach for improving vdWH fabrication
processes, leading to cleaner and more intrinsic heterostruc-
tures. Kim et al. proposed a reliable approach to optimize
fully completed vdWHs devices by direct post-processing sur-
face treatment based on thermal annealing and contact mode
AFM as shown in Figure 7(c) [177]. The combination of
thermal annealing and AFM cleaning provides a robust
approach to significantly improve the quality of van der
Waals heterostructures. The study includes detailed magne-
totransport measurements before and after AFM treatment
on graphene and MoS2 devices. From Figure 7(d), the results
indicate notable improvements in Shubnikov-de Haas oscilla-
tions and the overall electronic quality of the devices. By
addressing random strain fluctuations and removing residual
contaminants, these postprocessing methods enable the
achievement of uniform intrinsic properties in 2D material
devices. The study highlights the importance of such techni-
ques in advancing the fabrication and application of high-

performance 2D heterostructures. Talha-Dean et al. used
thermal scanning probes to fabricate clean interfaces in
vdW heterostructures as described in Figure 7(e) [178].
This method combines thermal annealing and mechanical
tip-based cleaning to effectively reduce interface dis-
order. The study demonstrates a transition from macro-
scopic current flow to single-electron tunneling, which is
crucial for quantum information processing and
quantum sensing applications. Electrical transport mea-
surements at cryogenic temperatures show substantial
improvements in device performance after cleaning
(Figure 7(f)). Chen et al. [179] demonstrated the enhance-
ment of the electrical properties of MoS2 devices using
AFM contact mode cleaning of hBN-encapsulated mono-
layer MoS2 transistors (Figure 7(g)). They compared the
properties of as-transferred heterostructures and transis-
tors before and after AFM tip-based cleaning using back-
gated field-effect measurements. The extrinsic mobility of
monolayer MoS2 field-effect transistors increased from
21 cm2/Vs before cleaning to 38 cm2/Vs after cleaning, as
seen in Figure 7(h).

Figure 7: (a) Schematic illustrating PTIR measurements [176]. (b) PTIR absorption imaging reveals the nano contaminant distribution within vdWHs
[176]. (c) Schematic of the van der Waals heterostructure device geometry and the AFM treatment [177]. (d) Shubnikov−de Haas oscillations on device
M1 with a density of 5 × 1012 cm−2 at T = 1.7 K. Red and black lines show results of before and after contact mode AFM, respectively [177]. (e) Schematic
of the heated AFM probe cleaning process [178]. (f) Charge stability image showing diamond-shaped regions of suppressed conductance suggesting
Coulomb blockade at VBG = 3.7 V. The diamond sizes increase with more negative VTG due to a reduction in quantum dot size with stronger
electrostatic confinement [178]. (g) Cross-sectional outlook of the field effect transistors (FETs), together with the electrical connections to characterize
the devices [179]. (h) Extrinsic mobilities of the FETs before and after tip-based cleaning [179].
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7 Outlook/Conclusion

This review has discussed several intriguing AFM tip-based
methods used in the study and design of 2D materials and
devices, showcasing innovative ways to locally adjust these
materials’ chemical and physical properties at the nanos-
cale. These techniques open up vast possibilities for 2D
materials research with AFM. However, despite these
advancements, there is still a need for substantial improve-
ments in current AFM technology. Firstly, attaching 2D
materials to an AFM tip remains a complex challenge, as
the sharpness of the AFM tip can create stress concentra-
tions that may cause the 2D material to tear. Additionally,
the various attachment methods reviewed often result in
partial amorphization and rough bonding, likely due to the
tip’s roughness or damaged structure, which can signifi-
cantly impact the accuracy of the results. Furthermore,
issues such as lack of repeatability and control over the
number of layers transferred to the tip still persist.
Consequently, more intensive research is necessary to
address these challenges. One promising solution is the
use of specialized tips, such as the new nano-spherical
tip with ∼0.2 nm roughness [28,180,181]), which could facil-
itate the attachment of smooth and crystalline 2D mate-
rials, thereby ensuring a more homogeneous and intimate
interface for nanotribology studies.

Second, studying twist-angle-dependent properties of
2D materials requires extremely high precision and unifor-
mity in controlling the rotation, as even small variations in
the twist angle can significantly impact the material’s prop-
erties. Current AFM setups are not designed for precise
rotational control, and relying on manual rotation, as
described in Section 3, can introduce inaccuracies.
Additionally, there is a higher risk of inducing strain, mis-
alignment, tearing, wrinkling, or delamination during AFM
tip rotation due to the fragile nature of 2D materials.
Reproducing the same twist angle configuration and mea-
surements is also challenging because of varying factors
such as tip interactions, adhesion, and material sensitivity,
making it difficult to achieve consistent results. Therefore,
careful experimental design and further advancements in
AFM technology are necessary to address these issues.
Also, it is important to note that the experimental demon-
strations of twist-angle tunable devices reviewed in this
work primarily focused on MoS₂/graphene and hBN/gra-
phene/hBN heterostructures. However, the techniques dis-
cussed are broadly applicable and can be extended to other
2D material heterostructures, potentially paving the way
for a new class of experiments to explore twist-angle-
dependent phenomena. This is especially important as 2D
materials are poised to enable the development of a wide

range of electronic devices such as transistors, diodes,
photodetectors, memristors, etc. [182–186] that could drive
the post-Moore electronics era [187–189]. Additionally,
given that the AFM tip has demonstrated the ability to
disassemble nanoparticles and reposition them at a spe-
cific location, adapting this technique for 2D material
transfer could spark significant interest in the scientific
community. Such an approach would greatly simplify the
currently complex, multi-step processes involved in trans-
ferring 2D materials.

Thirdly, while AFM can induce local changes in the
surface chemistry of 2D materials, it remains challenging
to precisely control the magnitude of these changes, the
outcomes of the reactions, and their reproducibility. This
difficulty arises from the sensitivity of the process to small
variations in surface topography, tip contamination, envir-
onmental factors, and electronic bonding configurations,
all of which can influence reactivity. Moreover, the reac-
tion mechanisms at the nanoscale are still not fully under-
stood. Further studies are needed to address the above
challenges. Also, employing accurate theoretical models
and simulations such as MD [190–192], and DFT [193–196]
will complement the experimental study to provide a com-
prehensive understanding of the contact mechanics, reac-
tion pathways, and the products’ stoichiometry. For
instance, DFT has been successfully applied to investigate
the oxygen reduction mechanism of doped graphene [197]
and determined the relation between the surface stress,
the resulting strain, and the thickness of 2D layered mate-
rial [198]. Furthermore, the surface chemistry modifica-
tions discussed in this review have primarily focused on
graphene, suggesting a new direction for research into the
tip-based modifications of other functionalized 2D mate-
rials [199,200].

Fourthly, regarding the use of AFM tips for strain engi-
neering, it is still challenging to precisely control the exact
magnitude and direction of the applied strain. Small varia-
tions in the tip-sample interaction like the contact force,
angle, or tip geometry can affect the intended results.
Furthermore, applying excessive strain or uneven strain
distribution can induce defects such as cracks, wrinkles,
or dislocations resulting in reduced material performance.
These defects could lead to degradation in materials prop-
erties. Since tip-induced strain can alter the lattice struc-
ture and the electronic band, it may also unintentionally
introduce localized charge traps or scattering centers,
further reducing device performance. Consequently, addi-
tional research is required to optimize this process and
improve device performance.

Fifthly, while AFM can effectively remove bubbles and
contaminants from the interfaces of 2D materials, care
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must be taken to prevent unintentional changes to the sur-
face chemistry during the cleaning process. Additionally, loca-
lized structural damage, such as wrinkles or dislocations, may
be introduced, potentially compromising the electronic and
mechanical properties of the vdW heterostructure devices.
The sharp AFM tip is also prone to wear, which can lead to
a loss of resolution and precision. Furthermore, the AFM tip
may pick up material from the surface and redeposit it else-
where, causing recontamination and reducing the effective-
ness of the cleaning and smoothing processes. Therefore,
careful experimental design and customized tips are required
to address these problems.

In conclusion, most of the techniques discussed in this
review are effective for small-scale studies, but scaling
them up for industrial or practical applications remains
challenging. For example, AFM can modify surface
chemistry at very small scales (from nanometers to a few
micrometers), but achieving large-scale, uniform surface
chemistry modifications is difficult. Similarly, AFM tip-induced
strain is highly localized, typically affecting only a small area of
the material. However, applying strain uniformly over larger
areas is often necessary for optimizing optoelectronic proper-
ties, which is difficult with current AFM setups. Additionally,
cleaning and smoothing devices with AFM usually requires
scanning the surface at slow speeds tomaintain precise control
over tip interactions, making the process time-consuming and
challenging to achieve uniformity across larger areas. Given
the increasing demand for efficient vdW heterostructure
devices, there is a pressing need for scalable, high-throughput,
and standardized methods for cleaning and smoothing these
materials. Therefore, the techniques discussed in this article
can support research in 2D materials. They have provided
meaningful insights that can guide future research in devel-
oping scalable, high-throughput, and cost-effective technologies
for industrial applications.
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