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Abstract

A method is presented to use atomic force microscopy to measure the cleavage energy
of Van-der-Waals- and similar quasi two-dimensional materials. The cleavage energy
of graphite is measured to be 0.36 J/m?, in good agreement with literature data. The
same method yields a cleavage energy of 0.6J/m? for MoS, as a representative of the
dichalcogenides. In case of the weak topological insulator Bij4Rhslg no cleavage energy
is obtained, although cleavage is successful with an adapted approach. The cleavage

energies of these materials are evaluated by means of density-functional calculations and
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literature data. This further validates the presented method and sets an upper limit of
about 0.7J/m? to the cleavage energy that can be measured by the present setup. In
addition, this method can be used as a tool for manipulating exfoliated flakes, prior or

after contacting, which may open a new route for the fabrication of nanostructures.

Keywords
cleavage energy, Van-der-Waals Materials, two-dimensional materials, atomic force mi-

croscopy, nanostructuring

Quasi two-dimensional (2D) materials and the corresponding devices allow to study un-
explored fields in fundamental condensed matter physics and are even expected to be at the
heart of a forthcoming technical revolution. Started off with the fabrication of graphene,>? a
material with extraordinary mechanical and electronic properties, further examples include
topological insulators,* few-layer transition-metal dichalcogenides,® ! nearly ideal 2D fer-

2 and tilted bilayer graphene.!3! Ultra-thin device structures

romagnets like CroGeyTeg, !
are frequently prepared by exfoliating such a layered (quasi-2D) material, as for the seminal
case of graphene. The success of this procedure is based on very anisotropic chemical inter-

actions implicating strongly bound, robust layers which are held together by weak, primarily

Van-der-Waals, interactions. The physical phenomena studied, e.g., gate-induced supercon-

7,8,15 ,10

ductivity or the quantum spin Hall effect in monolayers of WTe,, %10 are related to the
almost perfect 2D structure in the case of the monolayers, or, in case of few-layers, to the
very anisotropic electronic interactions within the quasi-2D host structures.

Despite the strong interest in quasi-2D materials-based devices built out of few exfoli-
ated layers, the measurement of the interlayer interactions has so far received little attention.
While there is a manifold of theoretical investigations for various materials available,'628
experiments are scarce and have mainly been performed for graphite. Indeed, the latter has
been characterized with several techniques.!%2%3% However, most of these are specific for

graphite since they exploit its unique properties such as the formation of nanotubes, the

adsorption of polyaromatic hydrocarbons or the self-retraction phenomenon.33%3% There-



fore, these methods cannot be used for other layered materials such as transition metal
chalcogenides or layered topological insulators. Hence, measurements of the cleavage energy
reported for any other material than graphite are laborious and involve a rather specific
setup, such as a surface force balance. 363"

In contrast, atomic force microscopy (AFM) has proven to be a powerful and easy-to-

3840 35 e.g. for thinning

use method in the handling and manipulation of quasi-2D materials
down topological insulator nanoribbons of BiySes. 4t Additionally, AFMs are widely available
and can easily be accessed. In this work, we present a generic approach to determine the
interlayer binding energy by measuring the lateral deflection force on an AFM tip during
cleavage. To validate our approach, three characteristic quasi-2D materials are investigated:
graphite, molybdenum disulfide (MoS;), and the weak topological insulator BijyRhslg.42 44
The experimental work is complemented by calculations based on density functional the-
ory (DFT). As the experimental method involves only the use of an AFM, this approach
can potentially be established as a standard and rather simple way for measuring interlayer
binding energies. Finally, we demonstrate that this method can also be used to thin nanos-
tructures of layered materials down to the few layers limit, establishing it as a suitable tool
for nanostructuring.

A schematic illustration of the fabrication process of our samples is shown in Figure 1
a-c. In the following, we give a short summary of the process and refer to the supporting
information (SI) for all further details. A single crystalline flake of the layered material
is first mechanically exfoliated with PDMS-tape and transferred onto a silicon substrate
(Sit") covered by a thermally grown amorphous SiO, layer (Figure 1a). The size of the
flakes after exfoliation is typically 200 pm in length and approximately 100 nm in height
(Figure 1d). Second, the layered material is shaped into pillars. To this end, standard
e-beam lithography is used to cover the crystal flake with a regular array of aluminum

rectangles. The rectangles cover an area of 1pm x 3pm each (Figure 1b) and act as an

etching mask during the subsequent argon etching process that leaves well-defined pillars



Figure 1: a) to ¢) Sketch of the fabrication of the samples with d) a light microscope picture
of natural flakes and of flakes with the manufactured pillars on it (the squares beyond the
natural flakes are pillars of the underlying SiO,-substrate). e) and f) illustrate the process
to determine the cleavage energy. Note that, the schematic figures apply to all materials,
not only to the example MoS,.

of the material under the aluminum mask (Figure 1c). The etching time is adjusted such
that the flake material is not fully removed from the substrate to make sure that the base
of the pillars lies on the material under investigation (Figures le and f). This is important
to avoid the measurement of the (weak) adhesion energy between the material and the
substrate instead of the cleavage energy. Finally, the aluminum is selectively removed with
a highly concentrated aqueous NaOH solution. Squared pillars of about 50 nm height are
hence fabricated at the surface of the crystals (Figure 1c and d) and the sample can be used
to determine the cleavage energy of the material.

Determining the cleavage energy via our method involves integration of the tip forces

during the cleavage process and thus makes it necessary to calibrate the cantilever. The



calibration allows one to convert the deflection of the tip measured in volts into a force and
finally to calculate the cleavage energy. Following Hook’s law, we assume proportionality
between the normal deflection D and the corresponding normal force Fp, as well as the

lateral deflection LD and the corresponding lateral force F p:

FD:—KJ'D (1)

Fip=—a-LD (2)

where k and « are the normal and the lateral spring constant, respectively. The assumed
linear behavior remains true as long as the bending of the cantilever and the twisting angle
of the cantilever (tilting of the tip) remain small, which is usually true for AFM experiments.

The calibration of the normal spring constant « of the cantilever (TAP300DLC, NanoAnd-
More; details see SI) is done with thermal noise calibration provided by the AFM software
from Asylum Research (adapted Igor Pro 8). For the calibration of the lateral spring con-
stant o, a method similar to the improved wedge calibration of Varenberg et al.*® is used
with a standard calibration grating from CalibratAR. The calibration procedure is described
in detail in the SI, in particular in Figure SI 2. It has to be done once for each tip in order
to determine the tip dependent values of x and a.

Before the cleavage experiment, an AFM-image of the pillar is acquired in tapping mode
(Figure 2a). Then, the cleavage of the pillar is performed using the “snap-litho”™mode of the
Igor Pro software. As described above, a tip path is defined laterally to the cantilever axis
at a fixed height (Z-sensor in Figure SI 3). The height should be adjusted at a level below
the height of the pillar, such that the tip can cleave the crystal when travelling along the
pre-defined path by hitting the pillar (Figure 1f). Using the lateral direction for the cleavage
process allows to separate the cleavage force (tilting of the cantilever) from the force that
acts perpendicular to the sample surface and bends the cantilever. As demonstrated in

the SI (Figure SI 3) the cross-talk between the respective lateral and normal deflection is
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Figure 2: a) AFM image before and b) after an AFM cleavage process on a graphite pillar
(dashed arrow represents the AFM cleavage path; red outline encircles the cleaved area). c)
Height profile before (black) and after (red) the cleavage process. Dashed lines represent
regions with artefacts of the AFM electronics due to a relatively high scan rate. d) Force
curve (black) during the cleavage process, with a baseline (red dashed) and the integrated
area for the energy determination (grey). For the latter curve, raw data of the Z-sensor,
the lateral and normal deflection are shown in the SI Figure SI 3. Sketches illustrate the
respective states of the cleavage process.



relatively small as long as the travelling path of the tip is oriented perfectly orthogonally to
the orientation of the cantilever.

A typical height profile of a graphite pillar with the assigned height path and the corre-
sponding AFM-picture are shown in Figure 2. The velocity of the tip should be low enough
to acquire enough data points during the cleavage process but fast enough to ensure a suf-
ficient success rate of the cleavage. A reasonable compromise was found to be a velocity of
around 460 nm/s. The observation that a higher velocity leads to a higher success rate of the
cleavage might be due to the higher momentum on impact of the tip into the material, which
helps to overcome the activation energy of the cleavage process. This might be understood
in similarity to the difference between static and dynamic friction, where the former would
correspond to the initial activation of bond breaking, while the latter would correspond to
the continuous breaking of further bonds without additional activation. After each attempt,
an AFM-scan of the pillar is taken in tapping mode to check the success of the cleavage,
meaning that part of the pillar has been removed from the initial pillar. The cleaved part
of the pillar often folds upwards or lies in the vicinity of the pillar (Figure 2b; Figure SI 4
and 5). Simultaneously, part of or the whole pillar become lower (Figure 2c). The area of
the cleaved part defines the cleavage surface A (see below) and is determined graphically
(Figure 2b). The position-dependent lateral deflection LD is converted into a force (Fpp)
as described above.

In Figure 2d a typical graph of the lateral force during a cleavage experiment is shown. A
large peak can be identified when the tip hits the edge of the pillar. This peak is attributed
to the force required to cleave the crystal. From integration of Fjp over the travelled path
[ using the deflection after the initial cleavage peak as baseline (Figure 2d), the cleavage

energy can be calculated according to

Fer- A= / Fupdi. (3)
peak



The example shown in Fig. 2b presents a potential issue for the cleavage experiments.
For most cases during the cleavage only the (weak) bonds between the layers are broken,
while the layers themselves remain intact in-plane. Taking into account the contribution of
friction to the force by removing the baseline, the measured energy is the interlayer cleavage
energy. The resulting cleaved stacks can be usually compared to an opened can of sardines
(Figure SI 4 and SI 5). In contrast, in the example in Figure 2 the layers were ruptured, which
implies a contribution of the intralayer bonds to the total force, leading to an overestimation
of the cleavage energy. While this effect is not negligible (see estimation in the SI), only
very few experiments show such a rupture and are therefore statistically not relevant for
the determination of the cleavage energy. Despite its unrepresentative nature, we show the
experiment in Figure 2 because the AFM scans of the usual stacks looking like an “opened
can of sardines” are always hampered by the loose layers sticking out.

To benchmark this method, we measure the cleavage energy of graphite, MoS, and the
weak topological insulator BijgsRhslg. Graphite is chosen, as it is the most investigated,
prototype material amongst the layered structures and furthermore its cleavage energy has
already been determined by various other techniques. MoS, is an important member of the
transition metal dichalgogenide family - quasi-2D Van-der-Waals materials with similarly
weak inter-layer binding as graphite. Finally, Bij4Rhslg is a layered salt which therefore is
expected to represent materials with stronger inter-layer binding due to the ionic contribu-
tions.

For graphite in total 21 measurements with five different tips were realized. We found an
average value for the cleavage energy of F,; = 0.35J/m? with a standard deviation of o(E,) =
+0.06 J/m?. Our results are in very good agreement with results of E,; = (0.40 & 0.03) J/m?
and E,; = (0.37 £ 0.02) J/m? from other measurements we consider trustworthy based on

3035 Considering all reported values for graphite yields a range from

the experimental setup.
0.19J/m? to 0.72 J/m?.3033:3536 This large scatter illustrates the necessity of a reliable and

simple method.



We would like to point out the two essential sources for the error that are the calibration
of the tip, done once for each tip, and the determination of the surface area. The latter can be
mitigated by taking into account only experiments where the cleaved area is well defined in
the tapping image after the cleavage process. Concomitantly, these images allow to evaluate
whether the experiment involved any in-layer rupture as discussed above. Furthermore, the
relative error from determining the area becomes smaller with an increased cleavage area.
Therefore, selecting experiments with relatively large cleaved areas yields a smaller error.

Having performed the experiments with five different tips reveals that the error due to
the calibration dominates. The standard deviation o of each set of experiments belonging to
the same tip is 0.15, 0.03, 0.06, 0.04, and 0.15 J/m?, respectively. In contrast, averaging the
mean values of the respective sets yields a o of 0.11 J/m?, which apart from the first and the
last tip, is significantly higher than the o for each tip. Therefore, a careful calibration and
the use of more than one tip for the measurements of the cleavage experiments is advisable.

Finally, provided that the number of experiments is large enough, it is possible to statisti-
cally reduce the error bar further by applying an outlier test which considers only the results
that are in a range of z 4+ 2.50. For graphite, this yields in our case nine experiments which
lead to a cleavage energy of (0.36 + 0.03) J/m? in contrast to (0.35 & 0.06) J/m? taking into
account all 21 experiments.

Table 1 shows a comparison between our experimental data and the lower and upper
bounds of theoretical cleavage energies. Both bounds are estimated from a combination of
literature data and own calculations. Technical details of the calculations and their relation
to available literature data are described in the SI. Our experimental data for graphite fall
into the range between the lower theoretical bound, E5X? = 0.33 J/m?, and the related upper
bound, EY® = 0.45 J/m?.

As an important representative of the dichalcogenide family of layered compounds, we
selected MoS, for the experimental investigation. This layered material is used on an indus-

trial scale as lubricant,*® and has been studied in various theoretical papers, see for example



Refs.,?847 but experimental data on cleavage or surface energies is scarce.?”*%49 From the
11 cleavage experiments conducted with two tips and performed according to the procedure
described above (Example in the SI: Figure SI 6), we found a mean value of 0.60 J/m? with a
standard deviation of 40.19 J/m?. This value has to be compared to the only experimental
data available for MoS, which indicates a exfoliation energy of 0.14J/m? (corresponding to
a measured surface energy 0.07.J/m?) derived from a liquid exfoliation study,*® 0.09 J/m?
(corresponding to a measured surface energy 0.05J/m?) derived from wettability experi-
ments,?” and a exfoliation energy of 0.22.J/m? (corresponding to a measured surface energy
of 0.11 J/m?) from bending MoS,-layers under the electron microscope.3” Our measurements
provide a significantly larger cleavage energy than the exfoliation energies measured so far
with different techniques. However, all these experimental values from the literature are
factors of 1.5 to 4 smaller than the theoretical exfoliation energy of 0.33 J/m? obtained from
the well-established RPA method.?® They are even smaller than most of the reported exper-
imental values for graphite. This is in strong contrast to our observed success rate of AFM
cleavage experiments that is significantly higher for graphite than for MoS,, suggesting a
larger cleavage energy for the latter. Moreover, our experimental value of 0.60 J/m? is just
below the theoretical upper bound (see Table 1 and SI). We would like mention that in con-
trast to graphite the observation of an in-layer rupture occurs much more often. Therefore,
it is possible that our data suffers a systematic error toward higher cleavage energies. As
discussed for graphite, this can be improved systematically by choosing only experiments
without in-layer ruptures.

We note that the error bar for our MoS, results is notably larger than in the graphite
experiment, due to the smaller number of experimental points. Yet, the error bar of our
data remains substantially smaller than the dispersion of the results shown in Refs. 48 and
49, whereas the value reported in Ref. 37 was obtained by a single measurement realized
on a monolayer of MoS,. Importantly, the cleavage energy of MoSs can be considered as

a representative of the transition metal dichalcogenides family including MoSes, MoTes,
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WSey, WS, and WTe,, for which the proposed method could therefore easily be applied (SI:
Table SI 5).

Finally, Bij4Rh3ly with expected ionic interactions between the layers and therefore
stronger inter-layer binding is used to test the limits of the method introduced above. In-
deed, the calculated upper bound for the cleavage energy of BijyRhsly, 0.79 J/m?, is the
largest among all considered compounds. However, this number should not be understood
as a strict upper bound for the experimental value since cleavage of Bij4Rhsly was observed
to be accompanied by the disruption of atomic layers on a mesoscopic scale.* This effect
is not considered in the idealized structure model used in our calculation, see details given
in the SI. In line with these considerations, the mechanical cleavage by AFM turns out to
be more difficult than for the other materials tested and the force curves cannot be used to
determine the cleavage energy. This sets an upper limit of the measurable cleavage energy for
our method to Ey ez ~ 0.79J/ m?. We note that this limit is a very conservative estimate,
as we do not know the contribution to the experimental cleavage energy by the mentioned
mesoscopic layer-disruptions. Furthermore, this upper limit of Ey 4. & 0.79 J/m? could be
enhanced by using harder AFM cantilevers, with a force constant larger than 45 Nm™!.

Table 1: Measured cleavage energies, F, and related lower and upper theoretical bounds,

ELB and EYB, respectively, in J/m?. Details of the estimation of the theoretical bounds and

results for MoSey, MoTey, WS,, WSey, WTe, are given in the SI.

a-C MOSQ B114Rh319
E, 036+0.03 0.60+0.19 20.7®
ELB0.33 0.35 -
EY® 0.45 0.61 0.79

&This energy is an estimation based on the calculated value
and experimental observations for MoSs and Bij4Rhslg

During our investigations we found that, scratching the crystal while exerting a strong
force in contact mode successfully introduces a trench into the BijysRhslg-flake and subse-
quently allows to remove material (SI: Figure SI 7). While this procedure does not allow to

determine cleavage energies, introducing this additional step allows cleavage even of mate-
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rials with strong inter-layer interactions and makes the overall AFM-setup an ideal tool to
build ultrathin nanodevices. For example, this technique might be very convenient to inves-
tigate the influence of the thickness of a single electronic device on its electronic properties
by measuring the device properties before and after several cleavage experiments. Moreover,
the contacting of ultra thin crystals can become an issue as soon as the thickness reaches a
few monolayers. In this context, such a method might offer new ways to study ultra thin
crystals with very low ohmic contact resistance by thinning down a rather thick film that has
been contacted prior to the cleavage step. We therefore extended an original idea presented
in Ref.*! to a systematic nanostructuring process for layered materials. The example of a
WS, precontacted ribbon is presented below (Figure 3). In principle, the cleavage energy
experiments described above can be used for this purpose. Either one employs the constant
height step for the thinning down, as would be sufficient in case of graphite or MoS,, or one
adds the constant force scratching as is necessary for the cleavage of BijyRhslg. The latter
was done for the precontacted WS, ribbon, first introducing a scratch in the contact mode
(Figure 3b) and subsequently proceeding with the cleavage (Figure 3c).

Summarizing, we developed a technique to measure the cleavage energy of layered mate-
rials. This technique is rather simple and does not require any specific set up, apart from an
AFM, which is available in most solid state laboratories. It is found to give results in very
good agreement with previously reported theoretical and experimental data for graphite and
is further used to measure the cleavage energy on a typical Van-der-Waals material (MoS,)
and on a layered salt (Bij4Rhslg) with stronger inter-layer binding. The latter measurement
was not successful, thus providing an upper limit for the cleavage energy accessible to our
method. We complement this experimental work with the theoretical determination of lower
and upper bounds for the cleavage energy of the investigated compounds. Finally, we de-
scribe how the AFM can be used to thin down Van-der-Waals based electronic devices paving

the way to the development of new fabrication processes for low dimensional nanostructures.
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Figure 3: a: A WS, ribbon contacted with Cr/Au contacts before the cleavage by AFM.
b: realization of a first scratch on the ribbon (red arrow). c: cleavage of the left part of
the ribbon (lifted part: red arrow and fissure line: white dotted line). The thickness was
reduced by about 25nm. d: height profile before and after cleavage. The two profiles are
taken along the two dashed lines in picture a and ¢ with the corresponding colors.
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