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Fast and high-resolution mapping of van der Waals
forces of 2D materials interfaces with bimodal AFM

Victor G. Gisbert™® and Ricardo Garcia & *

High-spatial resolution mapping of van der Waals forces is relevant in several fields ranging from nano-
technology to colloidal science. The emergence of two-dimensional heterostructures assembled by van
der Waals interactions has enhanced the interest of those measurements. Several AFM methods have
been developed to measure the adhesion force between an AFM probe and the material of interest.
However, a reliable and high-resolution method to measure the Hamaker constant remains elusive. We
demonstrate that an atomic force microscope operated in a bimodal configuration enables fast, quantitat-
ive, and high-resolution mapping of the Hamaker constant of interfaces. The method is applied to map
the Hamaker constant of monolayer, bilayer and multilayer MoS; surfaces. Those interfaces are character-
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Introduction

Long-range van der Waals interactions are relevant in many
scientific fields and topics, including colloidal science, atomic
force microscopy (AFM) and molecular self-assembly. Several
applications, for example those relying on two-dimensional
materials, would benefit from a fast, high-spatial resolution
and quantitative method to characterize the van der Waals
interaction.

Within the AFM community, the interest in van der Waals
forces arises due to at least two factors. First, van der Waals
forces are essential components of the interaction force acting
on the AFM tip. Therefore, their precise knowledge and deter-
mination drew attention from the scientific community from
the early years.' The evolution of AFM methods and probes
has kept the interest in van der Waals interactions alive.
Second, the emergence of 2D materials and van der Waals
heterostructures®® underlines the need to develop fast and
high-spatial resolution methods to measure van der Waals
interactions.

Several AFM-based methods have been developed to deter-
mine the Hamaker constant (H) of materials and
interfaces.”>° Among them are quasistatic methods based on
recording force-distance curves. In those methods, the
Hamaker constant is deduced from the adhesion force value
measured in the tip’s approach or in the jump into contact
discontinuity.”** Those methods, albeit useful, have some
limitations. First, they require the measurement of a large
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ized with Hamaker constant and spatial resolutions of, respectively, 0.1 eV and 50 nm.

number of force-distance curves. Second, the adhesion force
is the result of different interactions. It might not be always
possible to separate the van der Waals force from the other
interactions."® An approach based on friction force microscopy
was applied to determine the Hamaker constant of graphite
and MoS, surfaces.'® Dynamic AFM methods such as tapping
mode AFM were also proposed to determine the Hamaker
constant.””'® There the Hamaker constant was deduced
by fitting the AFM observables with theoretical equations.
However, those approaches have had very few experimental
implementations.

In this context, the development of multifrequency AFM
methods, namely bimodal AFM, to determine van der Waals
forces at the nanoscale represents a significant advance."®™”
Material property mapping in bimodal AFM might be acquired
simultaneously with topography imaging.?**° Therefore, mul-
tifrequency methods are inherently faster than quasistatic or
tapping mode approaches. A bimodal AFM operated in the
amplitude modulation configuration was applied to generate
Hamaker constant maps.”” There, the Hamaker constant was
determined by wusing numerical approximations. Those
approximations slowed down the generation of the material
property maps.

Here we introduce a bimodal AFM method which enables a
fast, direct, quantitative and high-spatial resolution mapping
of the Hamaker constant of van der Waals materials. We
provide maps of monolayer, bilayer and multilayer flakes of
MoS, deposited on silicon dioxide and gold substrates with
spatial and Hamaker constant resolutions, respectively, of
50 nm and 0.1 eV. The accuracy of the bimodal AFM method to
determine the Hamaker constant is tested by performing
numerical simulations and by developing a self-consistent test.

This journal is © The Royal Society of Chemistry 2023
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Theory of bimodal AFM for van der
Waals forces

The bimodal AFM method is implemented with an amplitude
modulation-frequency modulation (AM-FM) configuration
(Fig. 1).*'* The first mode is controlled by an amplitude
modulation (AM) feedback. The AM feedback tracks the topo-
graphy by keeping the amplitude of the first mode, A;, con-
stant. The second mode is controlled by a frequency modu-
lation (FM) feedback. The FM feedback keeps the phase shift
and amplitude of the second mode at fixed values by modify-
ing, respectively, the driving frequency Af, and the driving
force F,. We noted that in bimodal AFM, the modes are driven
and processed simultaneously.

The bimodal AM-FM configuration has been successfully
applied to map nanomechanical properties in a variety of
materials which include polymers,**>* nanocomposites,*”
self-assembled monolayers,*® Langmuir-Blodgett films,*"
proteins,®*> graphite*® and 2D materials.** It has provided
maps of the elastic modulus with angstrom-scale resolution.>
The bimodal AM-FM configuration has also been applied to
measure long-range magnetic interactions.*®> Therefore, it is a
strong candidate for mapping van der Waals interactions.

To relate the bimodal AFM observables with the chemical
composition of the substrate, the tip-sample interaction is

1t Mode
Bimodal M A
Excitation u
» by ﬁ> Hamaker
2" Mod
il Afz dmin
AN
N F2

)

SR
OO O X X

Fig.1 Scheme and observables of the bimodal AM—FM configuration
implemented to map the Hamaker constant of 2D materials. The cantile-
ver is simultaneously driven at the first and second resonances. An
amplitude modulation feedback (AM) acts on the amplitude of the first
mode, while a frequency modulation feedback (FM) controls the obser-
vables of the second mode. Analytical equations link the Hamaker con-
stant of the material with the observables.
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modelled by using the van der Waals force for a sphere-plane
geometry>*®

F = —HR/62* (1)

where H is the Hamaker constant, R is the radius of the tip,
and z is the tip-sample distance. It should be noted that the
Hamaker constant depends on the chemical composition of
the sample and the tip.

The theory and simulations were conducted with a two-
eigenmode model of a rectangular cantilever beam described
by the Euler-Bernoulli beam equation:***

ky /(2nfor)*Z1 + ki [ (27fo1Q1)Z1 + ka2 @)
= F, cos(2nfit) + Fis(2)

ka/ (2f02)*%2 + Ko/ (2002 Q2) 22 + Ka2a
= F, cos(2xfat) + Fis(2)

3)

where f, foi, Fi, ki, and Q; are, respectively, the driving fre-
quency, the free resonant frequency, the driving force, the
spring constant and the quality factor of the i-th mode. The
above equations include the tip-sample interaction F(2).

The vertical displacement of the tip with respect to the
sample surface is separated into two oscillatory components,
one for each mode,

2(t) =2c + z1(t) + 22(2)
=2, + Ay cos(2nfit — ¢;) + A, cos (anzt — g)

(4)
where z. is the average tip-sample distance, A; and A4, are,
respectively, the amplitude of the first and second mode and ¢,
is the phase of the first mode. The values of A; and 4, are kept
constant by the feedback loops during the experiment. The
phase of the first mode (¢;) and the frequency shift of the
second mode (Af,) are the key observables that carry information
about the material properties, specifically, the Hamaker constant.

To link the observables with the interaction forces, we

apply the virial theorem to the first and second modes™*’

y, — %JT F(H)z1(6)dt 5)
Vya=fa L Fs(t)za(t)dt = %L F'ys(t)dt (6)

For a long-range force of the form a/z?, the above equations
yield*?

Vi = 204:%/ (2.2 — 4,2)*? 7)
Vo = ady? (A% +22%) /(2 — 4,%)? (8)
Analytical solutions to the virial equations might also be

determined without an explicit knowledge of the interaction

force*®?”

V1 = (k1A1401/20Q1)cosp; (9)

Vo = kAo Af 2 [f oo (10)
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By combining eqn. (1), (7) and (8) we deduce an analytical
relationship between the Hamaker constant and the observables

a = HR/6 (11)
H = 64,V /R((ze/Ar)? — 1)*? (12)
The average tip-sample distance is determined by
2e = A1 /V2\/(2VoA % + ViA2) [ (VA2 — ViAs2)  (13)
and the minimum tip-sample distance is determined by
Amin = 2c — A1 — A, (14)

Materials and methods
Bimodal AFM

The bimodal AFM measurements are performed in a commer-
cial AFM (Cypher S, Asylum Research-Oxford Instruments).
The microscope is operated in the bimodal AM-FM configur-
ation. The bimodal data are processed in real time with
custom-made code. The topography and Hamaker constant
maps are obtained in a single pass mode.

We have used PPP-NCHAud (Nanosensors, Germany) cantile-
vers with f3; = 325 kHz, k; = 40 N m™", Q; = 50, f, = 2000 kHz,
and k, = 1600 N m~". The tip radius was calibrated in each
experiment by using the adhesion of the substrate as a reference.

The force constant of the first mode was calibrated by the
multiple reference calibration method.*”* To calibrate the
spring constant of the second mode of the cantilever, we have
used the power law relationship between the frequency and the
stiffness:>® k, = ky(f/f1)>"’. The bimodal AFM maps are obtained
by avoiding the mechanical contact between the tip and the
sample surface, which is usually called the attractive regime.**>"
To meet this requirement, ¢; must be above 90° and Af, < 0.

Sample preparation

Flakes of molybdenum disulfide MoS, (HQ Graphene,
Netherlands) were mechanically exfoliated with adhesive tape and
transferred onto a clean Si/SiO, substrate using a polydimethyl-
siloxane (PDMS) stamp.® The samples were sequentially ultrasoni-
cated in acetone, isopropanol, and ultrapure water before depo-
sition to remove organic contaminants. The ultrathin MoS, flakes
were afterwards heated at 300 °C for 1 hour. This step facilitated
the removal of the moisture from the surface. Gold substrates were
fabricated by e-beam evaporation. Flakes with thicknesses between
0.6 and 10 nm were selected by the color contrast obtained with
an optical microscope.>” The bimodal AFM experiments were per-
formed immediately after the samples were prepared.

Results and discussion
Bimodal AM-FM of MoS, deposited on SiO,

Fig. 2a shows, respectively, the topography of a multilayer
MosS, flake deposited on a silicon dioxide substrate. The flake
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Fig. 2 Bimodal AFM maps of MoS, flakes deposited on SiO,. (a)
Topography. (b) AFM phase image (first mode). (c) Frequency shift of the
second mode. (d) Minimum distance between the tip and the sample. (e)
Hamaker constant map. The map is obtained by processing (b—d) maps.
(f) Cross-section along the dashed line marked in (e). It shows the vari-
ation of the Hamaker constant from the SiO, surface to the MoS; flake.
Bimodal AFM parameters: Ag; = 10 nm, A; = 7.8 nm, Ag> = 0.3 nm, f; =
302 kHz, f, = 1855 kHz, ky = 4L N m™, k, = 1551 N m™, and Q, = 560.
Scan line rate, 1 Hz; scan size, 11 pm; maps of 256 x 256 pixels.

height is about 8 nm. Fig. 2b shows an AFM phase image
obtained with the first mode. The contrast in the phase shift
signal is related to the energy transferred (dissipated) by the
tip to the sample surface.'”*®>* Fig. 2c shows an image
obtained by plotting the frequency shift of the second mode
on each position of the surface. The response of the frequency
shift might be proportional to the gradient of the interaction
force. Fig. 2d shows a map of the minimum distance to the
sample surface. The minimum distance is determined by
using eqn (14). The values of d,,, are positive because the
experiments are performed in the attractive regime.>"** The
values of d,;, show spatial variations. Those variations reveal
changes in the chemical composition of the sample. Fig. 2e
shows the Hamaker constant map of the sample. The map
shows two regions associated, respectively, with the SiO, sub-

This journal is © The Royal Society of Chemistry 2023
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strate and the multilayer flake. The cross-section (Fig. 2f)
shows a value of the Hamaker constant for the multilayer (ML)
flake of 0.8 eV while for the SiO, substrate the value is about
0.4 eV. We note that within a given domain (ML or silicon
dioxide) the Hamaker constant value hardly changes. This
observation illustrates the reproducibility of the measurements.

Bimodal AM-FM of MoS, deposited on Au

Gold substrates were proposed to facilitate the exfoliation and
deposition of single, double and triple monolayers of MoS,.>>
Fig. 3a shows a topography map of sections of the sample. By
measuring the height with respect to the Au substrate we
identify four regions: the Au substrate, and monolayer (1L),
bilayer (2L) and trilayer (3L) domains of MoS,. In the AFM
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Fig. 3 Bimodal AFM maps of MoS, flakes deposited on Au. (a)
Topography of a region of the interface with Au, monolayer (1L), bilayer
(2L) and trilayer (3L) MoS, domains. (b) AFM phase image (first mode). (c)
Frequency shift map of the second mode. (d) Minimum distance
between the tip and the sample. (e) Hamaker constant map of the inter-
face. The map is obtained from the (b—d) maps. (f) Cross-section along
the line marked in (e). The cross-section shows two transitions. Those
transitions indicate the existence of three different surfaces. Bimodal
AFM parameters: Apy = 13.5 nm, A; = 12 nm, Ag, = 0.4 nm, f, = 284 kHz,
f, = 1805 kHz, k; = 39 N m™, k, = 1558 N m™, Q; = 570. Scan line rate,
2 Hz; scan size, 5 pm; maps of 256 x 256 pixels.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

image, the height (thickness) of a monolayer is about 0.6 nm.
Fig. 3b shows a map of the phase shift of the first mode. The
map separates the Au substrate from the 1L, 2L and 3L
regions. The 1L flake shows a contrast that lies between the Au
and the 3L flake. The 2L and the 3L flakes show a similar con-
trast. Fig. 3c shows a map of the frequency shift of the second
mode. Fig. 3d shows the map of dyi,. The minimum distance
between the tip and the sample in this experiment ranged
between 0.2 nm (Au), 0.3 nm (1L) and 0.5 nm (2L/3L). This
mabp reveals a clear contrast between the 2L/3L regions and the
1L and Au substrate. Fig. 3e shows the map of the Hamaker
constant calculated from some of the previous maps. The map
separates the Au from the 1L and the 2L/3L regions. We note
that the map does not show differences between the 2L and 3L
regions. From the Hamaker constant map, we infer a spatial
resolution of about 50 nm. This value is obtained by consider-
ing the pixel size in the map (19.5 nm) and the consideration
that 2-3 pixels are needed to show the transition from the Au
substrate to the MoS, flakes.

Fig. 3f quantifies the Hamaker constant values by showing
a cross section of the Hamaker constant along the dashed line
marked in Fig. 3e. The Hamaker constant varies from 0.75 eV
(3L) to 0.5 eV (1L) to 0.3 eV (Au). The Hamaker constant values
of a given region (3L, 2L, 1L or Au) do not depend on the
spatial location within the region. The small fluctuations
observed within a given region are attributed to the pertur-
bations originating from the presence of the organic or water
adsorbates that were not removed during the cleaning process.

Fig. 4 shows the histograms of the values of the Hamaker
constant measured on Au, 1L and 2L MoS, interfaces. The data
show that the Hamaker constant of a bilayer (0.75 eV) is larger
than the one of a single layer (0.5 eV) which is larger than the
one of the Au substrate (0.25 eV). A similar trend was observed
by Chiesa and co-workers on single, bilayer and multilayer gra-
phene deposited on a Cu substrate.>”

The above histograms provide a statistical support of the
sensitivity and robustness of the bimodal AFM method to sep-
arate the van der Waals interactions arising from 1L and 2L
MosS, flakes. Those histograms are obtained from the map
shown in Fig. 3e.

The differences observed between the Hamaker constant of
the single and bilayers are attributed to the wetting transpar-
ency of the monolayers.’® The total force sensed by the tip on
top of a monolayer is a combination of the van der Waals force
of the monolayer and the one arising from the Au substrate.
The double and triple monolayers show the same value for the
Hamaker constant. That value is very similar to the one
obtained on a multilayer MoS, flake (Fig. 2f). This observation
indicates that the influence of the Au substrate disappears if
the MoS, flake includes two or more layers.

Validation of bimodal AM-FM to characterize van der Waals
forces

To validate the accuracy of the bimodal AFM method, we
perform a comparison between experiments and numerical
simulations. The experiment involves mapping of a region of a

Nanoscale, 2023, 15, 19196-19202 | 19199
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Fig. 4 Histograms of the Hamaker constant values measured on Au, 1L
and 2L MoS; interfaces. The histograms are obtained from the map
shown in Fig. 3e. The histograms provide the statistical support to the
single cross-section shown in Fig. 3f.

bulk MoS, flake at different setpoint amplitudes, A;. For
example, by reducing 4; we reduce dpn, which in turn increases
the strength of the van der Waals forces. In parallel, we use a
numerical simulation platform, dForce,””® to simulate the
bimodal AM-FM observables under the experimental conditions.

Fig. 5a shows a comparison of the values of the virial of the
first mode obtained in the experiment with the values
obtained by using dForce 2.0°” as a function of the amplitude
ratio A;/Ap;. The simulations are performed by using the
Hamaker constant value for a multilayer MoS, flake obtained
in the bimodal AM-FM experiments (Hyos, ~ 0.85 €V). In the
amplitude ratio range of 0.7-0.9, the virial V; increases by
reducing A;/Ao;. A plateau is reached at A;/4; = 0.7. This be-
havior is characteristic of amplitude modulation AFM, where
the maximum force is reached typically around 60-70% of the
amplitude setpoint, and from then on it decreases.*®>" The
numerical simulations (continuous line) reproduce the experi-
mental trend and, more importantly, show good agreement
with the numerical values. Fig. 5b shows the dependence of V,
on A;/Ao;. The virial of the second mode reproduces the behav-
ior observed in the first mode. The experimental values of V,
are quantitatively predicted by the numerical simulations. The
agreement obtained between experiment and simulations vali-
dates the bimodal AFM methodology to measure the Hamaker
constant. Furthermore, we calculate the Hamaker constant of a
MosS, flake as a function of the amplitude ratio. Fig. 5¢ shows
that in the A;/A,; range of 0.7-0.9 the value remains about 0.9
eV which is very close to the value used in the simulations
(0.85 eV). This result might be considered a self-consistent
validation test of the accuracy of the bimodal AFM to deter-
mine the Hamaker constant of any material, in particular, 2D
materials.
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Fig. 5 Validation of the bimodal AFM method to determine the
Hamaker constant. (a) Virial of the first mode as a function of the ampli-
tude ratio. The dots are the experimental values. The numerical simu-
lation (continuous line) reproduces the experimental data. (b) Virial of
the second mode as a function of the amplitude ratio. (c) Hamaker con-
stant values obtained from the experimental data. Experimental and
simulation parameters: Ap; = 12.0 nm, A; = 6.5-10.6 nm, Ag> = 0.6 nm,
fy = 303 kHz, f, = 1906 kHz, ky = 4L N m™, k, = 2205 N m™, and Q; =
454,

Conclusions

We developed a bimodal AFM method to map with nanoscale
spatial resolution the Hamaker constant of heterogeneous 2D
materials interfaces. The method is based on using a bimodal
AM-FM configuration. The bimodal AFM method provides
high-spatial resolution maps of the Hamaker constant of an
interface formed by 1, 2 and 3 MoS, monolayers deposited
over a gold substrate. The map shows differences in the
Hamaker constant among the Au, the 1L and 2L regions. The
Hamaker constant values of the 2L, 3L and multilayers are very
similar. This result indicates that the influence of the substrate
disappears after the first two MoS, layers.

This journal is © The Royal Society of Chemistry 2023
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Key features of the method are its speed, quantitative accu-
racy and robustness. The method operates in a single pass by
processing the data with analytical expressions. The analytical
solutions make the mapping of van der Waals interactions
fully compatible with the simultaneous imaging of the
topography.

The robustness of the bimodal AFM method was tested by
performing the measurements under operational conditions,
namely amplitude ratios. We show that there is a range of
values where the Hamaker constant values do not depend on
the operational parameters.

The quantitative accuracy of the method was validated by
comparing the data obtained in the experiments with the
results obtained by using a numerical simulator.

In summary, we have expanded the capabilities of bimodal
AFM by mapping the van der Waals interaction of complex
heterogeneous 2D materials surfaces. We have demonstrated a
spatial resolution of 50 nm and a Hamaker constant resolution
of 0.1 eV.
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