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Probing the elastic coupling at van der Waals interfaces of two-dimensional materials
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The van der Waals interfaces play a crucial role in determining the physical properties and enhancing the
device performances of two-dimensional materials. Here we report the investigation of the elastic coupling at
the van der Waals interfaces between graphene layers and silicon oxide, via angstrom-indentation experiments
combined with density functional theoretical calculations. By developing a theoretical model based on the
Lennard-Jones potential, we demonstrate that the effective elastic modulus of the graphene/silicon oxide van
der Waals interface is approximately 1.6 GPa, and the interlayer elastic modulus for graphene is 34.2 GPa. In
addition, contact stiffness mapping of graphene with various numbers of layers on a silicon oxide substrate
indicates that the very first two-dimensional (2D) layer could significantly screen the 2D-three-dimensional

interface interactions.
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I. INTRODUCTION

Two-dimensional (2D) materials have attracted a large
amount of attention in the past two decades, owing to their ex-
ceptional physical properties and application prospects [1-4].
In most of their applications (next-generation electronics,
energy storage, sensors, etc.), 2D materials are fabricated
on certain three-dimensional (3D) bulk substrates [5-8].
The 2D-3D interfacial interactions, mostly arising from the
van der Waals (vdW) coupling, could substantially influ-
ence the physical, chemical, and mechanical properties of
the supported 2D materials [9-13], subsequently impact-
ing the performance of the 2D electronic devices [14—16].
Moreover, novel physics and new applications have been
intensively reported in the vertical stacking of various 2D
materials via the 2D-2D interfacial vdW interactions [17-24].
Therefore, to fully exploit the promising applications of 2D
materials and their heterostructures, it is of great signifi-
cance to accurately probe and modulate the vdW interactions
at the interfaces of 2D materials, where the interfacial
physics, chemistry, and mechanics are closely intertwined
[9,25]. Among the extensive theoretical and experimental
approaches on the complex interfacial mechanics of 2D mate-
rials, characterization of the elastic response by measuring the
force-deformation relationship is a convenient and effective
methodology.

Nanoindentation based on atomic force microscopy (AFM)
has been proven powerful in mechanically characterizing the
intralayer and interlayer couplings in 2D materials [26-30].
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However, investigation of the elastic coupling at the 2D
material vdW interfaces, especially the 2D-3D interface,
remains an experimental challenge because it requires ex-
tremely shallow indentation, less than the interfacial distance,
that is, usually a few angstroms. We previously reported a
modulated nanoindentation method, also termed angstrom
indentation, which allows for angstrom-scale indentation
depth and subangstrom vertical resolution [31]. The en-
hanced resolution of angstrom indentation has enabled the
direct measurement of the interlayer elasticity of few-layer
graphene and graphene oxide films [27] and has led to the dis-
covery of the room-temperature diamondization of epitaxial
bilayer graphene on silicon carbide [32—34]. Another critical
challenge for the indentation measurements for the 2D-3D
interface is that the classical contact mechanics theories are
not applicable, due to the high anisotropy of 2D materials and
the adhesive interaction between the indenter and the testing
material.

In this work, we thoroughly investigate the elastic coupling
at the vdW interface between graphene and silicon oxide
substrate—the most typical 2D material and substrate, us-
ing angstrom indentation combined with a theoretical model
and density functional theoretical (DFT) calculations. On the
foundation of the qualitative experimental result, we devel-
oped a unique theoretical contact model to quantify the elastic
coupling at the 2D-3D vdW interface of graphene and silicon
oxide, as well as the interlayer coupling between graphene
layers. The obtained interlayer elastic modulus of graphene is
34.2 GPa, which coincides with the previously reported values
extremely well [27,35], confirming the validity of our experi-
ments and theoretical model. More importantly, the effective
Young’s modulus for the vdW interface between graphene and
silicon oxide is achieved, which is ~1.6 GPa. Furthermore,
we mapped the out-of-plane stiffness of the mono- and bi-
layer graphene as well as the silicon oxide substrate through
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FIG. 1. (a) Schematic of the angstrom-indentation experimental setup via contact-resonance AFM. (b) Schematic illustration of the
theoretical model for angstrom indentation on few-layer 2D materials placed on a rigid substrate. The 2D films are bonded by vertical nonlinear
van der Waals force springs. The side view with more details is displayed in Fig. 3.

contact-resonance (CR) AFM. Consistent with our DFT
calculations, the monolayer graphene region is significantly
less stiff than the substrate in a wide range of normal forces,
while the effective out-of-plane stiffness for the bilayer region
is smaller but quite close to the monolayer region, indicat-
ing that the impact from the substrate can be significantly
screened by the first 2D layer.

II. ANGSTROM INDENTATION VIA
CONTACT-RESONANCE AFM

Angstrom indentation can quantitatively characterize the
interlayer mechanics of 2D materials perpendicular to the
layers at pressures of a few tens of nano-Newtons. Previous
work has reported that when the 2D film is thicker than 10
layers, the influence of the rigid substrate on the out-of-plane
mechanical properties for the 2D film is negligible [27], mean-
ing the effective out-of-plane elastic modulus is simply the
interlayer elastic modulus of the 2D material. When the 2D
film thickness is down to below 5 layers, the substrate effect
has to be taken into consideration. The interfacial distance
between 2D materials and the substrate underneath is usually
on the order of 0.1 nm. Therefore, in order to mechanically
quantify the vdW interactions between 2D materials and the
substrate, the indentation depth has to be on the same order as
the interfacial distance, ensuring that the effect of the substrate
deformation can be neglected.

Contact-resonance AFM is realized by inputting a verti-
cal excitation signal to either the cantilever or the sample;
the resonance frequency and quality factor of the cantilever
change according to the viscoelastic properties of the sample.
The resonance amplitude of the tip-to-sample distance can be
reduced to the picometer level, allowing for extremely high
sensitivity and vertical resolution while indenting only a few
angstroms. Therefore, CRAFM can be directly adopted to per-
form angstrom indentation to characterize the elastic coupling
at the interface of 2D materials and the substrate [36-38].
The experimental setup for angstrom indentation based on
CRAFM is displayed in Fig. 1(a). The AFM cantilever is
oscillated by the piezoelectric actuator, while the tip is in

contact with the sample surface under a certain normal force.
The excitation signal of the piezoelectric actuator is from a
function generator that sends a continuous sine wave signal
with adjustable frequency and amplitude. The variation of
the vibration amplitude and frequency of the cantilever are
recorded by a lock-in amplifier through the AFM photodi-
ode detector as the feedback control signal. Furthermore, the
sync signal from the function generator provides the reference
signal for the lock-in amplifier. In this way, the spectrum of
the vibration amplitude versus frequency is recorded. The
resonance frequency of the cantilever, when the tip is in
contact with the sample, is related to the effective contact
stiffness kcontact, based on the Euler-Bernoulli beam theory.
The tip-sample contact stiffness keoner Strongly depends on
the out-of-plane deformation and the tip-sample vdW inter-
actions, especially with angstrom-scale deformation as shown
in Fig. 1(b). See more details on the experimental setup and
background theory in the Supplemental Material [39] (also
see Refs. [40—48]). The angstrom-indentation experiments via
CRAFM are performed in tip-retraction mode to eliminate the
“snap-in” effect in the tip-approaching process, due to the ex-
istence of the long-range adhesive forces between the tip and
sample. More specifically, during the angstrom-indentation
measurement, the tip is approached on the sample surface
with a preset normal load (e.g., 50 nN) to ensure the tip and
sample are in contact; then the normal load applied to the tip
is progressively reduced until the contact with the surface is
lost.

III. SINGLE-POINT ANGSTROM-INDENTATION
EXPERIMENTS

We first examine the elastic coupling between the substrate
and the very first layer of the supported graphene films via
angstrom indentation. Graphene flakes were mechanically ex-
foliated onto silicon wafers with a ~285 nm oxidation layer.
Figure 2(a) illustrates the AFM topographic image of a mono-
layer graphene on silicon oxide. Angstrom indentation based
on CRAFM was then performed on the monolayer graphene
in Fig. 2(a) as well as the bare substrate nearby as a reference.
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FIG. 2. (a) AFM topographic image of monolayer graphene on silicon oxide. (b) Contact stiffnesses of monolayer graphene and the
silicon oxide substrate as a function of the loading force. The light-colored regions and deep-colored lines represent the data ranges and the
corresponding averaged curves, respectively. (c) Indentation curves for the monolayer graphene and the silicon oxide substrate. (d) AFM
topographic image of a region with substrate, two-, three-, and four-layer graphene. The light-colored regions and deep-colored lines represent
the data ranges and the corresponding averaged curves, respectively. (e) Contact stiffnesses of the graphene with different thicknesses and the
silicon oxide under various loading forces. (f) Indentation curves for the graphene with different thicknesses and the silicon oxide substrate.

The contact stiffness keonaee Of the monolayer graphene and
the silicon substrate, as a function of the normal force F, are
plotted in Fig. 2(b). The raw data of the indentation experi-
ment are presented in Fig. S3 in the Supplemental Material
[39]. Multiple measurements were randomly performed on
the graphene and substrate; the variations of all the obtained
curves are marked by the light-colored regions and the av-
eraged curves are represented by the deep-colored lines in
Fig. 2(b). Obviously, the contact stiffness kconeaet Of silicon
oxide is always greater than the case in which a monolayer
graphene is placed on top. Specifically, as the loading force
decreases from 15 to —15nN, the kcontact Of the silicon oxide
substrate decreases from 125 to 115 N/m, while kconact Of the
monolayer graphene decreases from 106 to 96 N/m. As men-
tioned in Sec. II, the angstrom indentation is performed in the
tip-retraction process, so the “negative” normal force in Fig. 2
indicates the attractive adhesive force between the tip and
sample surface. Note that the contact stiffness kconact 15 Simply
the slope of the force-indentation curve. Therefore, once we
collect the k¢oniact for each normal force Fy, we can simply use
Eq. (1) to perform an integral and obtain the force-indentation
curve. This “indirect measurement and integration” strategy
could significantly enhance the vertical resolution and greatly
eliminate the influence of thermal noise.

dFy

EE— 1
kcontact (FN) ( )

A Z(Fy) =/

Figure 2(c) demonstrates the loading force versus inden-
tation curves derived from Fig. 2(b). The indentation depth
varies by about 3 A, which is close to the thickness of a
monolayer graphene, i.e., the interfacial distance between
monolayer graphene and substrate. In the classical Hertzian
or Derjaguin-Muller-Toporov (DMT) contact models, the
“zero-deformation” point corresponds to the “zero-contact
area” point where the tip and sample seperate. In practical
measurements, it is extremely difficult to capture the exact
“zero-contact” point, since the AFM tip usually detaches
before the contact area decreases to zero, due to factors
such as surface roughness of the tip or surface defects on
the sample. In the Johnson-Kendall-Roberts (JKR) model,
the relationship between the contact area and deformation is
more complicated, making the definition of a “zero-contact”
point more challenging. More importantly, classical models
are technically valid only for isotropic solids, while 2D ma-
terials are highly anisotropic, especially when there are only
one or two layers. On the other hand, the “zero-force” point,
which corresponds to the statically equilibrium state of the
tip-2D-3D system and is independent of contact models, can
be accurately and easily determined by the deflection sig-
nal of the AFM cantilever. Moreover, the contact stiffness
of the zero-force point gives important information of the
nonlinear vdW interacting phenomena at the 2D-2D and 2D-
3D interfaces. Therefore, the “zero-force” point is not only
easier to identify, but also more physically significant than
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FIG. 3. (a)—(c) Schematic illustration of theoretical indentation model, i.e., the “side view” in Fig. 1. Here, graphene films with bending
stiffness B and in-plane modulus E>p are bonded by vertical nonlinear vdW springs (described by Py, and P,g). Given that the indenter radius
r, is much larger than the equilibrium distance o, the spherical indenter can be approximately modeled as a parabola g(r) = s + r/2r,, where
s is the vertical separation between the bottom of the indenter and the equilibrium position of the uppermost graphene film [50,51].

the “zero-deformation” point. Therefore, we offset the inden-
tation curves horizontally such that they all intersect at the
F; = 0 point, for a more straightforward comparison.

Figure 2(d) illustrates the AFM topographic image of an-
other graphene flake on silicon oxide, where the number of
graphene layers is marked. The number of layers was iden-
tified through Raman spectroscopy and height profile in the
AFM topographic image. The variations of all the obtained
contact stiffnesses are marked by the light color and the corre-
sponding averaged curves are represented by the deep-colored
lines in Fig. 2(e). The corresponding indentation curves de-
rived via Eq. (1) are plotted in Fig. 2(f). See Fig. S4 in the
Supplemental Material for the raw data [39]. The contact
stiffness kconmet Of the silicon oxide substrate decreases from
130 to 106 N/m, and those for two-, three-, and four-layer
graphene decrease from 117 to 102 N/m, 112 to 98 N/m, and
108 to 95 N/m, respectively. The contact stiffnesses for two-,
three-, and four-layer graphene are very close, indicating that
the interlayer elastic coupling of graphene is much stronger
than the interfacial elastic coupling between graphene and
silicon oxide. Furthermore, with an increase in the number of
graphene layers, the divergence in contact stiffness between
graphene and substrate augments, suggesting that the impact
of the underlying silicon oxide substrate on the out-of-plane
elastic properties of graphene gradually diminishes as the
number of layers increases.

IV. THEORETICAL MODELING

As shown in Fig. 2, the measured force-indentation curves
all exhibit a nearly linear behavior near the zero-force point.
The slope of those force-indentation curves at the zero-force
point, which we define as “indentation stiffness,” could pro-
vide us valuable quantitative insights into the intrinsic vertical
elastic properties of the vdW interfaces within 2D layers or
between the 2D layer and the substrate/indenter interface.
However, this problem is complicated by the interplay be-
tween the in-plane elasticity of the 2D sheet, the interlayer
vdW interaction in 2D layers, and the adhesive interaction
between the tip and the testing material. As a result, classical
contact mechanics models such as Hertzian, DMT, and JKR
do not apply to our problem [49].

We begin with a simple scenario: angstrom indentation
on bare substrate as shown in Fig. 3(a). To characterize the
indenter/substrate interface, we employ the classical additive
Lennard-Jones potential [49], giving the interfacial traction-
separation relation as

(0 = B <L>3_<L>9
Psi80 =767 \ar) ) |

Here the subscript “ss” represents “solid-solid” interac-
tions per unit area. We note that in the calculation of local
van der Waals forces, the indenter and the substrate are
considered as two infinite half-spaces of the same material
(referred to here as “solid”), g(r) is the local gap of the
indenter/substrate interface (as illustrated in Fig. 1), and o
is the local equilibrium spacing where the interfacial trac-
tion is zero [pss(0) = 0]. Eg is the linearized stiffness of
the vdW interface under transverse loading, evaluated near
the zero-indentation spacing, i.e., % = ddLéj’*lg:(,. We note
that the equilibrium spacing o is defined for two flat sur-
faces. In experiments using a spherical indenter of radius r;,
letting g(0) = o does not lead to the zero-indentation force.
Instead, zero-indentation force occurs when tip-substrate gap
8(0) is slightly below local equilibrium spacing o, specifically
o /4176 At this position, a small region near the spherical tip
experiences repulsive interfacial interactions, while the rest
of the interface experiences attractive interactions so that an
overall equilibrium is established. By perturbing the sphere
around this equilibrium point, we can determine the inden-
tation stiffness of the indenter/substrate interface (see more
details in Appendix A):

@

Ky = 2w Egry. 3)

Here the subscript “0” presents the number of graphene
layers existing between the tip and the substrate. Using our
measurements on bare substrates and applying them to Eq. (3),
we find Eg to be ~0.69 GPa.

We then proceed to angstrom indentation on the substrate-
supported monolayer graphene, as shown in Fig. 3(b). The
presence of the graphene layer between the indenter and the
substrate results in the formation of two graphene/substrate
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vdW interfaces (as both the indenter and the substrate are
made of silicon oxide). In this context, the interfacial traction-
separation relation follows the form of the vdW interaction
between a half-space and a thin layer:

@ = (L)“_(L)” @
PO ) “\an) |

Here the subscript “sg” represents ‘“‘solid-graphene” in-
teractions, and FE,, is the linearized stiffness of the
graphene/substrate interface. Evidently, compared to Eq. (2),
the finite thickness of the film results in a different power-law
relationship. Unlike the indentation of bare substrate dis-
cussed previously, the bending and stretching of the graphene
sheet introduce significant challenges in determining the gap
between the indenter tip and graphene film at zero-force point.
However, at small indentation depth, the elastic properties of
the film have limited effect (see discussion in Appendix B and
justification in the Supplemental Material [39]), allowing us to
anticipate an expression similar to Eq. (3) for the indentation
stiffness K;:

Ki = a1Egrs + B, )

where «; = 2.4958, B = —1.1666 are numerically deter-
mined constants. To perform such fitting, we inevitably fix
E, while fitting the K; ~ r, curve. It remains unclear whether
this fixed Ey, value will affect the final results, so we adopt
an iterative fitting method to address such complexity (also
shown in the flow chart in Fig. S8 [39]). The process be-
gins with an initial guess for Eg, followed by numerically
solving the full problem using Foppl-von Karman equations
[52] to determine the constants «;, §;. We then use this o,
B1 and Eq. (5) combined with experimental data to calculate
an updated value of Eg,, which is further used in numeri-
cal computation to obtain a new set of o, B;. We iterate
this process until Eg, converges, ensuring the fitting logic
is self-consistent. Through this process, our experiments on
monolayer graphene in Fig. 2(b) suggest Es, = 1.6167 GPa,
providing a direct and quantitative measurement of the inter-
facial elastic coupling at the vdW gap between graphene and
silicon oxide.

This methodology can be further extended for an-
alyzing the indentation on substrate-supported n-layered
graphene (n > 2), as shown in Fig. 3(c). Notably, in ad-
dition to the graphene/substrate interfaces, there are also
n — 1 natural graphene/graphene interfaces (indicated by
the subscript “gg”). The traction-separation relation at the
graphene/graphene interface can be described by vdW inter-
actions between two layers with finite thickness [49],

E,o o\’ o \"
= 2 (=) | 6
Pel®) =" [(g(r)) <g<r>> } ©

where Eg, characterizes the interlayer elastic coupling of
graphene (or the out-of-plane Young’s modulus of graphite).
In n-layered systems, our model suggests an indentation stiff-

ness of
2
K—a+ﬂ@+y<§) Egr (7
n — n n n sglss
Egg Egg

where the prefactors «,,, 8,, and y, are constants determined
by a similar iterative process with Eg, as the tuning parame-
ter. Specifically, we have ay = 2.4497, B, = —3.3242, y, =
10.1742; a3 = 2.4548, B3 = —6.1427, y3 = 21.5139. Equa-
tion (7) extends the applicability of the model: one can easily
obtain Es, and Eg, using stiffness data from one- and two-
layer experiments. Moreover, in cases where single-layer data
are unavailable, interlayer modulus can still be extracted from
two- and three-layer data. The numerical indentation force-
displacement curves for one- to three-layered graphene from
the theoretical model are shown in Fig. 4(a); they significantly
depend on Eg/E,, (here Eg, is fixed; only Eg, is changed
to tune Ey/E.). However, using the indentation stiffness
defined in Eqs. (5) and (7) to rescale the displacement, we
find that these rescaled numerical results collapse and show
a linear behavior with a slope of 1 near the zero point of the
normal force. This implies that Egs. (5) and (7) effectively
capture the quantitative impact of interlayer modulus on in-
dentation stiffness; further verifications can be found in the
Supplemental Material [39]. In Fig. 3(b), we compare Egs. (5)
and (7) with the experimentally measured contact stiffnesses,
allowing us to extract both Es, and E,,. We find the fitted
Eqs = (34.2 £10.4 GPa), which matches the previously re-
ported values (33-36 GPa) [27,35] extremely well, confirming
the validity of our theoretical model. The fitted elastic modu-
lus Eg, for the graphene/substrate vdW interface is (1.62 &
0.48 GPa).

V. MAPPING OF THE OUT-OF-PLANE ELASTICITY
AND SCREENING EFFECT

In this section, we further investigate the impact of the
2D-3D interface on the out-of-plane mechanical properties
of 2D materials. The AFM topographic image, CR-frequency
mapping, and contact stiffness mapping of a monolayer and
bilayer graphene on silicon substrate obtained at a small
load of 42.9 nN are shown in Figs. 5(a)-5(c). Figures 5(d)
and 5(e) illustrate the representative force-stiffness and the
force-indentation curves of the one-layer graphene, two-layer
graphene, and silicon oxide substrate. Particularly, the contact
stiffnesses for one-layer, two-layer, and silicon oxide under
Fz = 40nN are 160, 135, and 128 N/m, respectively. Similar
to the result in Fig. 2, the out-of-plane elasticity of graphene
under nonzero loading force also displays a strong layer de-
pendence, with a rapid drop in the out-of-plane stiffness from
the substrate to one layer and a less significant decrease from
one layer to two layers, as shown in Figs. 5(c)-5(e).

We then conducted DFT calculations to corroborate the
experimental results. We use the SIESTA code [53] to perform
calculations based on density functional theory utilizing a
modified van der Waals density functional [54,55], which has
shown improved chemical accuracy for London dispersion
forces and hydrogen bonding interactions [54]. The AFM tip
is simplified to a flat plane in the DFT model and is gradually
pressed down from its equilibrium position. The calculated
change in force on the tip with displacement is shown in
Fig. 5(f). When the tip is applied directly to the substrate, the
force increases more sharply with displacement (blue curve)
compared to the case in which there is graphene between
the tip and the substrate (red and green curves). Moreover,
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FIG. 4. (a) Rescaled force-displacement curves for one- to three-layer (distinguished by different marker shapes) graphene. Here we fix
Eg, = 35GPa and r, = 50 nm, using E,, as the tuning parameter for various E/E,, values. The un-normalized force-displacement curves are
shown in the inset. (b) The fitting results from the angstrom-indentation experiments in Fig. 2. The fitted E,, and E, are (34.2 & 11.4) GPa

and (1.62 % 0.48) GPa, respectively.

increasing the number of graphene layers reduces the force
on the tip. As shown in Figs. 5(e) and 5(f), the experimental
and calculated indentation curves display a similar trend, in
which the rigid silicon oxide substrate seems to be “softened”
in the out-of-plane direction by the supported graphene layers.
This can be easily interpreted by the fact that the interfacial
elastic coupling (~1.6 GPa) is much softer than the substrate
(~75 GPa). More notably, the “softening” effect is most sig-
nificant when only one 2D layer is placed on the substrate and

then dramatically recedes with more 2D layers. More stiffness
mapping data are presented in the Supplemental Material [39].

Previous experimental observation [56] and theoretical
prediction [57] proposed a “screening effect” of 2D materials,
which usually refers to the phenomenon that the existence
of 2D layers between the AFM tip and substrate could sig-
nificantly reduce the long-range attractive vdW interactions
between the tip and substrate. In this work, we further extend
the concept of “screening effect” to the repulsive regime of

nm N/m
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FIG. 5. (a) Topographic image, (b) contact-resonance frequency mapping, (c) contact stiffness mapping for silicon oxide substrate, and
one- and two-layer graphene. (d) Contact stiffness vs loading force curves and (e) force-indentation curves for silicon oxide substrate, and one-
and two-layer graphene. (f) DFT-calculated force-indentation curves for silicon oxide substrate, and one- and two-layer graphene, matching

the experiments in (e).
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the vdW interactions. As shown in Fig. 5, when the normal
force increases to 40 nN or higher (ensuring the tip is in
hard contact with the sample surface), the bare SiO, substrate
is substantially stiffer than the case in which one or two
graphene layers are placed on top. In other words, the 2D lay-
ers could significantly “screen” the repulsive vdW interaction
between the AFM tip and SiO, substrate, and directly reduce
the elastic deformation of the substrate under the normal load.
A direct representation of the “screening effect” is that the
SiO;, substrate is “softened” by the 2D layers.

VI. CONCLUSIONS

In conclusion, we report the experimental measurements
of the interfacial elastic coupling between few-layer graphene
and the commonly used silicon oxide substrate, combined
with a convenient theoretical model. It is worth noting that
this method has no restrictions on the testing of 2D materials
or substrates. As shown in Fig. S6 in the Supplemental Mate-
rial [39], our methodology is also vaild for bilayer MoS, on
silicon oxide. Our method could also be used to quantitatively
probe the interlayer elastic coupling in the same 2D layers, as
well as the elastic coupling at the vdW interface of distinct 2D
layers in vdW heterostructures. For example, we demonstrate
that the interlayer elastic coupling between graphene and
hexagonal boron nitride is quite close to the interlayer elastic
coupling in graphene via angstrom indentation, as shown in
the Supplemental Material [39]. The ability to quantitatively
probe the elastic coupling strength between distinct 2D layers
provides the potential to modulate the interlayer vdW inter-
actions, which directly determines the moiré potential and
the exotic strongly correlated physics in 2D moiré superlat-
tices. Moreover, the theoretical model developed here turns
out to be highly successful in describing the elastic coupling
between 2D materials and their supporting substrate as well
as the interlayer coupling in 2D layers, greatly enriching the
classical contact theory. Through local mapping of the elastic
stiffness, the method reported here could effectively probe the
presence of dopants or intercalates between substrate and 2D
layers or within 2D layers, which are extremely important
for modulating the performance of 2D electronic devices. For
example, our method could be applied to test the coupling
strength between 2D layers and soft substrates, which are di-
rectly related to the robustness of 2D-based flexible electronic
devices. The different adhesive and deformation behaviors of
soft substrates from rigid substrates may require AFM probes
with softer spring constants and larger and smoother tips.
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APPENDIX A: INDENTATION STIFFNESS
OF BARE SUBSTRATES

Based on Eq. (4) in the main text, when the indenter
approaches the bare substrate, the indentation force can be
directly integrated as

®  Eg o 3 o o
/ 2 — ) - — rdr,
0 6 s+ r2/2r, s+ 7r2/2r

T Er [ o3 o ]
= 9

F

g _2 Al
3 252 8s8 (AD

where s represents the vertical separation between the bottom

of the indenter and the substrate. At the zero-force point, a
linear stiffness is immediately given by

d
Ko= —F

ds = ZNESS Ts.

(A2)

1

s=4 60
APPENDIX B: INDENTATION STIFFNESS
OF GRAPHENE-COVERED SUBSTRATES

The presence of graphene layers between the indenter and
the substrate introduces possible nonlinear deformations. For
example, for the indentation of a single-layer graphene, the
vertical displacement w satisfies the out-of-plane equilibrium
equation,

BV, V- 2L (420 L wto)
v rdr\ dr dr Pl 0
— Pselg(r) —w] =0, (B1)
and strain compatibility equation,
d[1d ( dg 1 (dw\?
r—|-——I\r— ) |=—<Et| — | , (B2)
dr|rdr\ dr 2 dr

where V,.f = ‘:r{ %% and ¢ is the Airy stress function.
Note that we have modeled the indenter shape as a parabola
so g(r) = s + r?/2r,. We solve this problem numerically in
the Supplemental Material [39]. Despite the complex nonlin-
earities in this indentation problem, we show that Egs. (5) and
(7) can be utilized to analyze the experimental measurements

with iterative fitting.
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