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Ultrahard carbon film from epitaxial
two-layer graphene

Yang Gao'?, Tengfei Cao'3, Filippo Cellini', Claire Berger>*, Walter A. de Heer?, Erio Tosatti®¢,
Elisa Riedo"*"#* and Angelo Bongiorno*3°*

Atomically thin graphene exhibits fascinating mechanical properties, although its hardness and transverse stiffness are infe-
rior to those of diamond. So far, there has been no practical demonstration of the transformation of multilayer graphene into
diamond-like ultrahard structures. Here we show that at room temperature and after nano-indentation, two-layer graphene
on SiC(0001) exhibits a transverse stiffness and hardness comparable to diamond, is resistant to perforation with a diamond
indenter and shows a reversible drop in electrical conductivity upon indentation. Density functional theory calculations suggest
that, upon compression, the two-layer graphene film transforms into a diamond-like film, producing both elastic deformations
and sp? to sp® chemical changes. Experiments and calculations show that this reversible phase change is not observed for a
single buffer layer on SiC or graphene films thicker than three to five layers. Indeed, calculations show that whereas in two-
layer graphene layer-stacking configuration controls the conformation of the diamond-like film, in a multilayer film it hinders

the phase transformation.

to graphite and more recently fullerenes, nanotubes and

graphene, which exhibit a variety of exceptional properties.
Sintering materials with a stiffness and hardness equal or supe-
rior to those of diamond is an ongoing challenge'~*. Thus, for both
scientific and technological reasons, the transformation of graph-
ite into diamond remains one of the most fascinating and studied
solid-to-solid phase transitions in materials science'">. Recently,
experimental >~ and theoretical'»'"'* efforts have been directed at
studying the transformation of multilayer graphene into a diamond-
like structure, induced by chemical functionalization of the surface
layers. Unfortunately, despite recent successes'*', the experimental
proof that such atomically thin diamond-like films exhibit mechan-
ical properties similar to those of diamond remains missing.

Here, we use sub-angstrém-resolution modulated nano-inden-
tation (MoNI)"” atomic force microscopy (AFM) experiments,
microhardness and conductive AFM measurements and density
functional theory (DFT) calculations to investigate the mechanical
properties of multilayer graphene films on SiC. Our study shows
that, at room temperature, indentation in a two-layer (2-L) epitaxial
graphene film grown on SiC(0001) induces a reversible transfor-
mation from a graphitic to a diamond-like structure, resulting in
stiffness and hardness values comparable to those of diamond. In
particular, in our MoNI experiments', a Si spherical probe with a
radius of 120 nm is used to indent SiC and epitaxial graphene films
of various thicknesses, reaching loads on the order of 100nN, cor-
responding to pressures of ~1-10 GPa considering the contact area
between the spherical tip and the flat substrate and indentation
depths ranging from 0.6 to 6 A, depending on the thickness of the
multilayer graphene film. After indenting a multilayer graphene
film on SiC, force versus indentation curves were collected while
retracting the tip with sub-angstrom resolution. These experiments

[ :arbon can form different types of materials, from diamond

show that the transverse elastic modulus of multilayer graphene
on SiC(0001) with number of layers larger than five is close to the
Young’s modulus of graphite in the direction perpendicular to the
basal plane, that is, ~30 GPa, whereas for a single carbon layer on
SiC(0001)—the graphene buffer layer— Young’s modulus is the same
as that of a bare SiC substrate. Surprisingly, our MoNI measure-
ments show that the transverse stiffness of 2-L epitaxial graphene
on SiC(0001) is much larger than that of the bare substrate, that is,
>400 GPa. Furthermore, microhardness measurements show that
2-L epitaxial graphene resists plastic deformations upon indenta-
tion with a diamond indenter, even at maximum loads of 30 uN,
whereas similar loads can easily produce holes in both SiC and mul-
tilayer epitaxial graphene for films thicker than 5-L. DFT calcula-
tions indicate that the unique mechanical response to indentation of
2-L graphene stems from its ability to undergo a structural transfor-
mation into a diamond-like film and that this ability is hindered in
3-L or thicker films by unfavourable layer-stacking configurations.
This theory is further confirmed by the experimental observation of
a reversible decrease in electrical conductivity induced by indenta-
tion in 2-L graphene, which is absent in 5-L graphene. In particular,
our DFT calculations show that the sp? to sp? structural changes in a
2-L graphene film on SiC(0001) are facilitated by the presence of a
buckled buffer layer in contact with the incommensurable and reac-
tive Si-terminated face of the SiC substrate, that they occur upon
indentation regardless of the nature of the layer-stacking configura-
tion and that the resulting diamond-like film does not necessitate
the presence of adsorbates to passivate and stabilize the surface of
the film in contact with the indenter.

Stiffness experiments
Graphene films were grown epitaxially on the SiC(0001) surface by
thermal sublimation®?'. Sub-&dngstrom-resolved nano-indentation
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Fig. 1| TEM images and experimental stiffness curves for multilayer
epitaxial graphene and buffer layer on SiC. a, Schematics of the
experiments performed in retracting mode. b, Indentation curves of

SiC, HOPG and 10-L graphene on SiC (000-1). ¢,d, TEM image (c) and
indentation curve (d) of 5-L graphene on SiC (0001). e,f, TEM image (e)
and indentation curve (f) of the buffer layer on SiC(0001). The MoNI
curves in b, d and f are taken with the same tip and are averaged over 10
curves (Supplementary Figs. 4 and 5). Experimental errors are AF,=0.5nN
and Az=0.01nm. Scale bars (¢,e), 5nm.

curves were obtained by MoNI (for more details see Methods sec-
tion and Supplementary Information Section 1)”. In the MoNI
experiments, a silicon tip is brought into hard contact with a gra-
phene film. The tip indents the sample until it reaches a normal
force of 50-300nN. The actual measurement is taken after form-
ing the hard contact, that is, during the process of retracting the
AFM tip from the supported film at a rate of ~0.01 nms™ (Fig. 1a).
At this point the normal force is gradually reduced while the tip
holder is oscillated vertically with an amplitude of ~0.1 A, at a fixed
frequency, by means of a lock-in amplifier. For each value of the
normal force between tip and sample, F, (which is controlled and
kept constant by the feedback loop of the AFM), a lock-in amplifier
is used to measure the slope of the force versus indentation depth
curve, namely the contact stiffness k., (F,) (ref. *°). Force versus
indentation depth curves with sub-angstrom resolution are then
obtained by integrating the equation dF, =k, (F,)dz;,s. as follows:

inden

dF,
Zindent(Fz)= f 7 (1)
keon (F2)
For simplicity, and despiteitslimitations, we use the Hertzmodel to
extractelastic moduli from our experimental force versus indentation
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Fig. 2 | Experimental stiffness measurements in 2-L graphene.
Experiments show a new ultrastiff phase in 2-L graphene at room
temperature upon indentation. a, Experimental indentation curves in 2-L
epitaxial graphene (red) and SiC (black). For 2-L graphene, curves were
acquired at different positions on different samples. b, TEM image of 2-L
epitaxial graphene on SiC. Scale bar, 5nm.

depth curves. In previous studies, MoNI measurements and the
Hertz model were used successfully to probe and characterize the
elasticity of bulk materials, including very stiff materials such as
SiC (Fig. 1b), as well as the radial elasticity of nanotubes and the
interlayer elasticity in graphene oxide films'>**-*. We underline the
fact that the high resolution of the indentation curves obtained from
MOoNI experiments allows measurement of the Young’s modulus of
materials stiffer than the Si tip.

We used the MoNI technique to probe the vertical elastic mod-
uli of 10-L, 5-L, 2-L and single-layer graphene in contact with the
Si-face of SiC(0001), that is, the buffer layer. In these experiments,
the maximum indentation depth ranged from 0.6 A in the case of
2-L graphene up to 6A for 10-L graphene, and the experimental
errors for the tip normal force F, and indentation depth were
AF,=0.5nN and Az=0.01 nm, respectively. To probe the number
of layers in the graphene films, we performed transmission electron
microscopy (TEM) and scanning TEM (STEM) measurements, as
well as Raman spectroscopy and Kelvin probe force microscopy
(KPFM) experiments. TEM images and force versus indentation
depth curves of 5-L graphene, the buffer layer and 2-L graphene are
shown side by side in Figs. 1 and 2 (see Supplementary Information).
The indentation curves in Fig. 1 were obtained by averaging more
than ten curves obtained from MoNI measurements of different
spots on different samples. In Fig. 1b, the indentation curve of 10-L
graphene® is very close to that obtained for bulk highly ordered
pyrolytic graphite (HOPG)". The elastic modulus derived by fit-
ting the indentation curve for 10-L graphene with a Hertz model
is ~36 GPa, very close to the c-axis Young’s modulus of graphite'**
(the indentation curve for 10-L reaching a depth of 6 A is reported
in Supplementary Fig. 5). Figure 1d,f shows the indentation curves
of a bare SiC substrate together with the curves of a supported 5-L
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graphene film and the buffer layer, respectively. Analysis of the
indentation curve of SiC yields, in agreement with published val-
ues”, a Young’s modulus of 400 GPa, whereas the curves for the
buffer layer and the 5-L film clearly show that coating SiC with a
graphene film leads to a softening of the elastic modulus measured
by the MoNT technique. Although the exact nature of the buffer layer
is still under scrutiny?', the notion that it consists of a graphene layer
strongly interacting with the SiC substrate is well accepted, so it is
not surprising that its effect on the indentation curve is detectable,
but mild. On the other hand, a 5-L graphene film exhibits a trans-
verse elastic modulus comparable to that of a graphitic system'**
and its softening effect on the elastic modulus of the entire system
(substrate plus 5-L film) is significant and almost comparable to
that of a 10-L graphene film. Overall, all these elastic behaviours
are expected and well understood to arise when a rigid substrate
is coated by a thin film of a softer material of increasing thickness,
and indeed the indentation curves for 10-L, 5-L and buffer-layer
graphene on SiC follow a predictable trend. However, and very sur-
prisingly, when we indent two layers of graphene on SiC, as shown
in Fig. 2a (and the corresponding TEM image in Fig. 2b), we obtain
force versus indentation curves that are much steeper than those
for 5-L or 10-L graphene and even steeper than bare SiC. Such
large stiffness for 2-L epitaxial graphene corresponds to a trans-
verse Young’s modulus much larger than the modulus of SiC, that
is, >>400 GPa, indicating that a 2-L graphene film can significantly
enhance the stiffness of the substrate. The Hertz model is appropri-
ate for isotropic bulk materials, so a simple Hertz fit is inadequate
here to extract from these elastic indentation curves the exact value
of the transverse Young’s modulus of the isolated atomically thin
2-L film. Nevertheless, the experimental elastic indentation curves
of 2-L graphene on SiC clearly indicate that important physical/
chemical effects must happen in the 2-L film to explain the stiffen-
ing effect produced by coating SiC(0001) with a 2-L graphene film.
Our computational modelling work (vide infra), in agreement with
recent theoretical works'”'® and indentation studies of suspended
single-layer graphene”, suggests that the ultrastiffening caused by
2-L graphene is due to a transformation from a layered into a dia-
mond-like structure occurring in the 2-L carbon film upon inden-
tation, namely when the AFM tip approaches and presses upon the
supported film.

Microhardness and C-AFM upon indentation

To further challenge the existence of a diamond phase induced
by pressure in 2-L epitaxial graphene, we perform microhardness
experiments (Fig. 3a—d) with a diamond indenter using loads up
to 12puN on 2-L and 5-L graphene films on SiC(0001), as well as
on a bare SiC substrate (for more details and measurements see
Methods and Supplementary Fig. 6). Quite unexpectedly, although
in agreement with our MoNI measurements, upon indentation and
after subsequent AFM topographic imaging, no residual indent is
found in 2-L epitaxial graphene on SiC (Fig. 3a), indicating a hard-
ness value close if not superior to that of the diamond indenter. By
contrast, when indenting a bare SiC sample with the same indenter
and load, we were able to identify a residual indent (diameter of
~30-40nm; Fig. 3b). Furthermore, a larger and deeper residual
indent is observed when indenting, with the same conditions, 5-L
epitaxial graphene (diameter ~60-70 nm), as shown in Fig. 3c. For
completeness, we note that these experiments led us to estimate a
hardness?” for SiC of 20 + 10 GPa (see Methods for details), which
is close to hardness values reported in the literature’™*!, as well
as a value of hardness for the 5-L graphene film on the order of
5+ 2 GPa, which is similar to the hardness of HOPG*.

To further investigate the pressure-activated carbon phase, we
carried out load-dependent conductive AFM (C-AFM) experi-
ments on 2-L and 5-L graphene films on SiC (Fig. 3¢). These experi-
ments were conducted by using a metallic AFM tip to apply pressure
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and simultaneously collect the electrical current flowing between
the tip and a silver electrode deposited on the graphene film sur-
face under the influence of a constant voltage bias (Supplementary
Fig. 7). Current measurements were taken while varying the tip load
from 200 to 400 nN. Figure 3e displays the current measurements
for 5-L and 2-L graphene films on SiC. In the 5-L film, the current
increases with increasing normal load, consistent with the increase
in contact area and hence the electrical contact between tip and film.
By contrast, for 2-L films these experiments show that although the
current initially increases with load, for loads >260nN the current
suddenly drops, suggesting that at these loads the 2-L film under-
goes a phase transition to a structure with a larger sp* content and
thus more resistive. C-AFM experiments on different 2-L samples
(for example, the two samples shown in Fig. 3e) but with the same
AFM tip show that the structural transition occurs consistently at a
critical load of ~270 nN. We note that the observed decrease in elec-
trical conductivity induced by indentation in 2-L graphene is fully
reversible on decreasing the load, suggesting a spontaneous heal-
ing of the transformed nucleus taking place at room temperature.
Variations in the observed absolute values of current in the different
films are attributable to inhomogeneity of the film surface, the qual-
ity of the silver contact, the distance between the measured region
and silver electrode, and tunnelling phenomena at the periphery of
the tip—film contact.

DFT and indentation simulations

MoNI, microhardness and C-AFM experiments show that the
behaviour upon compression of a 2-L graphene film on SiC(0001)
is inconsistent with that of a substrate coated by a carbon film with
a graphitic-like structure, which should lead to a softening of the
transverse elasticity as observed in the case of a 5-L or 10-L film
on SiC. Our DFT calculations and classical indentation simula-
tions based on Hookean force fields indicate that the ultrastiffness
exhibited by 2-L graphene on SiC arises from a mechano-chemical
effect; namely, in addition to deformations, the mechanical load
on the supported 2-L graphene film produces sp? to sp* structural
and chemical changes, ultimately leading to the formation of a
stiff diamond-like film coating the SiC substrate. Calculations
and results of our modelling study are discussed in full in the
Supplementary Information.

A graphene film interacts strongly with the Si-face of a SiC(0001)
substrate. To gain insight into how this interface may influence elas-
tic properties and structural transformations of a carbon film sup-
ported by SiC, we considered model structures of 2-L, 3-L and 4-L
graphene films sandwiched between simplistic representations of
a SiC(0001) surface, consisting of a single SiC(0001) layer with Si
atoms in contact with the bottom and top layers of the carbon films
and the C atoms saturated by H atoms. We considered multilayer
graphene films with several different layer-stacking configurations,
as well as supercells of increasing lateral size, to mimic different
interfacial structures and account for the incommensurability of the
graphene buffer layer and SiC(0001). For each model structure, we
carried out a sequence of DFT optimization calculations, in which
the C atoms of the SiC layers are constrained to lie on planes at a
fixed separation. These DFT calculations show that 2-L graphene
can transform upon compression into a diamond-like film in con-
tact with SiC(0001) (Fig. 4a). The sp? to sp® structural and chemical
changes occur regardless of the stacking configuration of the two
graphene layers, are favoured by buckling distortions of the buffer
layer in contact with the reactive SiC(0001) substrate, and occur
more favourably (that is, the energy cost associated to the homoge-
neous transformation vanishes) by reducing the lattice mismatch at
the interface between the substrate and buffer layer (Supplementary
Fig. 12). Moreover, DFT calculations show that the phase transfor-
mation to a diamond-like film in compressed 3-L and 4-L graphene
films is hindered by the layer-stacking configuration. In particular,
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Fig. 3 | Microhardness and C-AFM measurements. a-c, AFM topographical images of residual indents in 2-L graphene (a), SiC (b) and 5-L graphene (c)
upon indentation with a diamond indenter. d, Cross-section profile of residual indents in 2-L graphene, SiC and 5-L graphene, as shown in the AFM
topographic images in a-c, respectively. e, Three stacked curves of the average current signal versus normal load, measured with C-AFM (Supplementary
Fig. 7) on 50 x 50 nm? areas on two different 2-L graphene films (black curves) and a 5-L graphene film (red curve). A current drop is observed at ~260 nN
only for 2-L graphene samples. Inset: Current image recorded on 2-L graphene at 300 nN while scanning from top to bottom, indicating a drop in current
occurring after a few scans. These current versus load curves are reversible on decreasing the load.

our calculations show that whereas a 3-L or 4-L graphene film with
ABC (rhombohedral) or AAA (hexagonal) stacking configuration
can transform upon compression into a diamond-like film, a film
with the AB (Bernal) stacking configuration typical of multilayer
graphene and graphite undertakes only partial sp? to sp® structural
changes (Supplementary Fig. 13). In this latter case, the unfavour-
able layer stacking prevents the graphitic-to-diamond transition
from propagating across the entire transverse direction of the film.
DFT calculations based on these types of model structure (Fig. 4a
and Supplementary Information) also show that a diamond-like
film forms a hard contact with the SiC(0001) substrate, exhibiting
an interfacial layer of bonds with a transverse elasticity (or elastic
modulus) as stiff as that of the substrate material. This important
result is accounted for in our indentation simulations based on
atomistic Hookean force fields (vide infra).

We used DFT calculations to investigate the structure, mechani-
cal and electronic properties of diamond-like films resulting from
compression of a 2-L graphene film (Supplementary Figs. 8-10).
These calculations show that, regardless of the stacking configura-
tion, two graphene layers buckle to form a diamond-like film, expos-
ing dangling bonds towards the vacuum region. Here, we construct
six possible configurations for a diamond-like film resulting from
compressing a 2-L graphene film with AA, AB or A,C stacking con-
figuration (A;C is used here to indicate the stacking configuration
resulting when the midpoints between bonded A and B sites of one

layer are aligned along the transverse direction with the C sites of the
second layer). In this case, we use H to saturate the dangling bonds
exposed by the surfaces of the films (Fig. 4b) and we use DFT calcula-
tions to estimate the transverse elastic modulus of the hydrogenated
diamond-like films, finding values ranging from 0.30 up to 1.01 TPa,
close to the Young’s modulus calculated for bulk diamond. The
stiffest film has the structure of hexagonal diamond (lonsdaleite™,
Supplementary Fig. 9) and it results from compressing two gra-
phene layers stacked in an AA configuration. We also note that two
of these six conformations for a diamond-like film exhibit surface
geometries showing the occurrence of broken resonance structures.
DFT calculations show that the removal of H atoms from one of
the two equivalent surfaces of these two diamond-like films leads to
energetically stable and insulating carbon films, exhibiting an elec-
tronic bandgap of ~2eV (Fig. 4c) and exposing a clean and chemi-
cally inert surface to the vacuum. These results are in agreement
with recent DFT studies™”'%.

DFT calculations show that, upon compression, a 2-L graphene
film on SiC(0001) transforms into a diamond-like film with a
Young’s modulus of up to 1.01 TPa. The interface between the
carbon film and substrate consists of a thin layer of bonds whose
transverse mechanical strength is comparable to that of bulk SiC,
whereas the surface of the diamond-like film consists of either
chemically inert regions exposing for instance the well-known
dimer C-C reconstruction (Fig. 4c) or regions with dangling
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with both surfaces passivated by H. The image at the bottom of this panel has H atoms passivating only one of the two equivalent surfaces. ¢, Electronic
band structure of the bottom model in b, with valence and conduction bands shown in red and blue, respectively. d, Force versus indentation curves
obtained using a classical scheme based on atomistic model structures and Hookean force fields. Circles show calculated data, and solid lines show fits
using a Hertz law. Simulations were carried out for a bare substrate (SiC, black) and for the same substrate coated with a 2-L film with the elastic moduli
of a diamond-like (2-L-D, red) or graphene (2-L-G, green) film, as well as for a substrate coated with a 5-L graphene film (5-L-G, blue). Inset: A spherical

indenter (pale red) pressing on a substrate material (blue) coated with a thin film of a stiffer material (cyan).

bonds that may be passivated by H or ~OH species". This qualita-
tive but important insight allows us to model the process of a hard
sphere indenting a hard ultrathin film on a softer substrate. To
this end, and to circumvent the limitations of continuum elasticity
theory, we devised a classical scheme based on atomistic model
structures and Hookean force fields. This simulation scheme,
which is described in detail in the Supplementary Information,
was used to calculate the force versus indentation depth curves
for a substrate coated by a sub-nanometre-sized film mimicking
the elastic properties of either multilayer graphene or a diamond-
like film and thus exhibiting a transverse elastic modulus either
ten times smaller or three times larger than that of the substrate,
respectively. As shown in Fig. 4d, these indentation simulations
show that a SiC(0001) substrate coated by a stiff diamond-like
film yields a force versus indentation depth curve steeper than
that of the bare SiC substrate, whereas a 5-L graphene film or a
2-L graphene film, which does not undergo any phase change, on
SiC leads to a significant softening of the transverse mechanical
response. These results are in good qualitative agreement with the
experimental indentation curves reported in Figs. 1 and 2, dem-
onstrating that only an ultrastiff 2-L film, considerably stiffer than
graphene, can lead to the stiffening effect, compared to bare SiC,
reported in Fig. 2.

Conclusions

Sub-&ngstrom-resolution indentation experiments, microhardness
measurements and conductive AFM investigations show that, at
room temperature, pressures on the order of 1-10 GPa can revers-
ibly transform 2-L epitaxial graphene into a diamond-like ultras-
tiff and ultrahard phase. A SiC(0001) substrate coated with a 2-L
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epitaxial graphene film not only displays a stiffness similar to that
of diamond, but it also resists perforation by a diamond indenter at
loads that can create plastic indents in bare SiC, one of the hardest
materials known. All these properties are not observed with gra-
phene films thicker than three to five layers, or consisting of just
the single buffer layer, proving that 2-L graphene on SiC(0001)
exhibits unique mechanical properties. DFT calculations show that
the observed mechanical behaviour of 2-L graphene stems from its
ability to undergo a structural sp? to sp* transformation. This abil-
ity is hindered in 3-L or thicker graphene films by the occurrence
of unfavourable layer-stacking configurations, whereas in 2-L gra-
phene it is favoured by the presence of a buckled buffer layer in con-
tact with the reactive SiC(0001) substrate. DFT calculations show
that diamond-like films obtained by compressing 2-L graphene may
exhibit an elastic modulus as large as 1 TPa and that formation of
a diamond-like structure is not precluded by the lack of chemical
species to passivate and stabilize the outer film surface. Our find-
ings identify supported 2-L graphene as an interesting candidate
for pressure-activated adaptive ultrahard and ultrathin coatings and
for force-controlled dissipation switches. Our study opens up new
ways to investigate graphite-to-diamond phase transitions at room
temperature in low-dimensional systems. Finally, this work sug-
gests a new route to produce and pattern single-layer diamond in
graphene. For example, the diamond-like phase could be stabilized
by combining local pressure with temperature, passivating gases or
local heating™, and applications could range from nanoelectronics
to spintronics.
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Methods

Growth and characterization of epitaxial graphene films on SiC. Epitaxial
graphene films were grown on 4H-SiC on-axis wafers by the confinement-
controlled sublimation method*. Details are provided in Section 1 of the
Supplementary Information and in refs ***>*. For Fig. 1d.f, the buffer layer and

5-L graphene were grown on the (0001)-face (Si-face) of SiC. For Fig. 1b, 10-L
graphene was grown on the (000-1)-face (C-face) of 4H-SiC. In general, films with
more than ten layers were grown on the C-face. All experiments reported here

on the buffer layer and 2L graphene were performed on samples grown on the
(0001)-face (Si-face) of SiC. TEM (Fig. 2 and Supplementary Fig. 1), KPEM, STEM
(Supplementary Fig. 2) and Raman spectroscopy measurements were performed
to characterize the epitaxial graphene samples and probe the number of graphene
layers. Details are provided in ref. ** and in the Supplementary Information
(Supplementary Figs. 1 and 2).

MoNI stiffness measurements. A detailed description of the MoNI technique
is provided in the Supplementary Information, as well as in ref. ** and in

the supplementary information of ref. * Sub-dngstrom vertical oscillations Az,
were applied at 1kHz to the AFM tip via a piezoelectric stage rigidly attached to the
AFM cantilever-tip system and controlled by a lock-in amplifier, while a constant
normal force F, between the tip and the supported graphene films was maintained
by a feedback loop of the AFM (see Supplementary Information for more details).
An important feature of MoNT is that the tip is first brought into contact with

the sample and pressed until a force on the order of 10°nN is reached; the tip is
then retracted (over ~10s) from the surface and the variation in normal force

AF, at each fixed normal force F, is measured during retraction. Integration of the
measured AF,/Az,,, at different normal loads F, allows high-resolution force (F,)
indentation curves to be acquired. MoNI experiments were performed on standard
samples such as ZnO single crystals and quartz to ensure the ability of MoNI to
obtain reliable quantitative results. The typical error in force determination was
AF,=0.5nN, which translates into an error in the indentation position of about
Az=0.003nm, for the cantilever spring constant used in our study, k,=173Nm™.
The estimated overall accuracy of the MoNI method was Az=0.01nm. The

MoNI experiments were repeated with the same AFM tip, back and forth from

the SiC sample to the different graphene samples, to ensure that the tip remained
unchanged. About 60 complete MoNI measurements were acquired, at different
times, locations and for different samples, and showed consistent results. More
details are provided in the Supplementary Information and Supplementary Figs. 4
and 5. Different methods (see Supplementary Information and Supplementary

Fig. 3) were used to determine the tip radius and cantilever spring constant (typical
values of ~100nm and 173N m™).

Microhardness measurements. The microhardness experiments presented in

Fig. 3 were performed with an AFM sapphire cantilever with a diamond indenter
attached (Micro Star TD10780; spring constant 151 Nm™" and estimated tip radius
100+50nm). In a typical experiment, the sample was initially scanned with a set
point force of 0.5-1.5uN to record the initial topography and remove eventual
organic residues from the surface™. The indentation force was applied at the centre
of the scanned region by directly approaching the surface with a set point force of
12pN and an approaching speed of ~5ums™. After indentation, the surface was
scanned again with a lower set point force (<0.5uN) to assess the presence of the
residual indent. Following ref. *, the hardness H was derived according to H=F/A,
where F is the maximum force applied with the indenter and A is the area of the
residual indent determined by analysis of the AFM topography image and using
different equations as described in refs ***. For more experiments with maximal
loads up to 30 uN see Supplementary Fig. 6.

C-AFM measurements. C-AFM was performed on 2-L and 5-L graphene films
with AFM probes purchased from Bruker (model SCM-PTSI). The tip is made
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of doped Si with a Pt coating on the apex to enhance its conductivity. The spring
constant of the cantilever is 2.8 Nm™". Electric current flows between the tip and

a silver-paste electrode deposited close to the edge of the sample (~300 um). At
each normal force (from 0nN to 350nN), a 50 nm X 50 nm current AFM image
was taken using a constant d.c. voltage of 3mV. The average current and standard
deviation error were then obtained from the current AFM images. For more details
see Supplementary Information and Supplementary Fig 7.

Computational methods. DFT calculations were carried out with tools in the
QUANTUM-Espresso package’*. We used norm-conserving pseudopotentials
for all atomic species, a conventional parametrization for the generalized gradient
approximation of the exchange and correlation energy”, a plane-wave energy
cutoff larger than 80 Ry and a semi-empirical corrective scheme to account for
London dispersion interactions*’. Details about the supercells, model structures,
DFT optimization calculations and the method used to calculate the Young’s
modulus of both a diamond-like film and its interface with SiC are provided in the
Supplementary Information.

Indentation simulations relied on the use of atomistic model structures and
Hookean force fields. We used cubic lattices with a lattice constant of 2 A to
describe both the substrate and two-dimensional film. The substrate and two-
dimensional film are periodic in the x-y plane and finite in the perpendicular (z)
direction. In the x—y plane, the substrate and two-dimensional films include 40 X 40
cubic lattice sites, whereas in the perpendicular direction they include 15 layers for
the substrate and two or five atomic layers to mimic two-dimensional films with
the elastic properties of 2-L or 5-L graphene, or a stiffer diamond-like film. The
first (bottom) layer of the substrate was held fixed during indentation simulations.
Each lattice site is connected to its first, second and third nearest-neighbour sites
via a harmonic spring with stiffness k. Sites in the same x-y plane are connected
through springs with constant k., whereas sites belonging to different layers
are connected by springs with constant k. Values of these spring constants
were calibrated to reproduce a Young’s modulus of ~0.45 TPa for an isotropic
substrate, a modulus of 1.2 TPa for an isotropic stiff material, and moduli parallel
and perpendicular to the x—y planes of ~50 GPa and 1.2 TPa, respectively, for an
anisotropic material used to mimic multilayer graphene films. Additional details
are provided in the Supplementary Information.

To describe a spherical indenter and its interaction with the lattice sites of the
substrate/two-dimensional film, we used a spherical Fermi-Dirac-type potential
energy function, with parameters such as to mimic a tip with a radius of 5nm and
an elastic modulus close to that of diamond. Further details about the molecular-
dynamics-based simulation scheme and the indentation curves shown in Fig. 4d
are discussed in the Supplementary Information and Supplementary Fig. 15.
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