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Transient Formation of Single Layer Diamond During
Friction Force Microscopy of SiC-Supported Epitaxial

Graphene

Mohammad Zarshenas, Takuya Kuwahara, Bartosz Szczefanowicz, Andreas Klemenz,
Leonhard Mayrhofer, Lars Pastewka, Gianpietro Moras, Roland Bennewitz,

and Michael Moseler*

Carbon allotropes are crucial to advanced interfaces to control friction and
wear because of their unique range of mechanical properties: from diamond’s
hardness to graphite’s lubricity. Friction force microscopy (FFM) is reported
for diamond tips sliding on SiC(0001)-supported epitaxial graphene. A sharp
friction increase is observed at a threshold normal force, linked to an
intermittent graphene rehybridization. Comparing the FFM response of a
diamond tip to that of a previously studied silicon tip with a comparable
radius reveals a similar abrupt friction increase, though at roughly half the
threshold force. Atomistic simulations of SiC(0001)-supported graphene
sliding against hydroxylated amorphous carbon (a-C) and silicon oxide show
low shear stress at low pressures for both systems. The shear stress increases
at higher pressures due to bond formation between graphene and the
counterbody. For a-C, the transition threshold shifts to higher pressures,
consistent with FFM results. In simulations with high normal pressures,
epitaxial graphene undergoes a structural transformation into single-layer
diamond, contributing to the abrupt increase in friction. The graphene
structure recovers after lifting the a-C counterbody, demonstrating structural
robustness under tribological stress. These findings provide insights into the
stability of low-friction interfaces between epitaxial graphene and key
materials for current micro-electro-mechanical systems (MEMS)

1. Introduction

Flat graphene layers are known to ex-
hibit very low friction under various
conditions. Incommensurate contact re-
duces lateral friction, leading to struc-
tural superlubricity.'-*! Weak interfa-
cial bonding reduces friction when no
strong chemical interactions occur at
the interface.*’] Vacuum or dry en-
vironments enhance superlubricity by
minimizing contamination and adsorbed
layers.[®7] At the nanoscale or microscale,
atomic force microscopy (AFM) and fric-
tion force microscopy (FFM) measure-
ments confirm ultra-low friction due to
weak interlayer van der Waals forces.[®?!
Controlled normal load plays a key
role, as graphene retains superlubric-
ity at low loads but may lose it un-
der high pressures.l'®! Finally, tempera-
ture influences graphene’s frictional re-
sponse, with variations in this parame-
ter affecting its superlubric behavior.®!
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provide graphene with high stability against chemical and me-
chanical wear. Therefore, graphene is an intriguing 2D model
system to investigate mechanisms which can lead to ultra-low
friction.['*-13] Epitaxial graphene on SiC(0001) exhibits super-low
friction due to its weak out-of-plane interactions.*! Using FFM,
Szczefanowicz et al. studied the tribological behavior of epitaxial
graphene using silicon tips with a SiO, surface layer, revealing
a sudden transition between a low- and high-friction regime.!*>]
They found, with accompanying self-consistent charge density
functional tight-binding (DFTB) simulations,!'®] that the thresh-
old pressure for entering the high-friction regime was 10 GPa
and that the atomic configuration of the amorphous SiO, played
a crucial role in determining covalent bond formation in the
transition regime. The study also highlighted the importance of
understanding chemical aspects of the tribological behavior of
graphene across various sliding regimes.

While this previous research focused on the sliding behav-
ior between a silicon tip and epitaxial graphene,!*! the present
study aims to investigate the sliding interaction between epitax-
ial graphene on SiC(0001) and a diamond tip covered by an a-C
surface layer. The use of a diamond tip provides an alternative
material system for exploring the mechanisms leading to ultra-
low friction, as the bonding mechanisms and material properties
of the a-C differ from those of the SiO, surface layer. By compar-
ing the behavior of a diamond and a silicon tip, we aim to elu-
cidate the influence of different bonding mechanisms and ma-
terial properties on sliding behavior and shear stresses. Overall,
this investigation contributes to a deeper understanding of the
mechanisms governing the sliding interaction between a-C cov-
ered diamond and epitaxial graphene, shedding light on the fac-
tors influencing friction and providing valuable insights for the
design of low-friction interfaces — for instance in modern MEMS
applications.

2. Results

2.1. Experiments

Low friction with a linear increase as a function of applied nor-
mal force and with fluctuations in the magnitude of the frictional
force was observed for a diamond tip for normal forces up to 400
nN (red diamonds in Figure 1). Beyond 400 nN, there is a sudden
increase in the friction force, reaching up to 2.5 nN. In a second
experiment with the same tip, the sudden increase to higher fric-
tion forces was observed at a normal force of 500 nN (blue trian-
gles in Figure 1). Experiments with other diamond tips showed
the transition at 230 nN (Adama tip) and 310 nN (Nanosensors
DT-FMR tip).

The experiments were performed on atomically smooth ter-
races of single-layer graphene with no signatures of defects,
which were selected by low-load overview scans (see description
in ref. [%)] and example in Figure Slc of the Supporting In-
formation (SI)). Please note that the graphene did not rupture
during the experiments with the diamond tip. The integrity of
the graphene layer was confirmed by the observation of peri-
odic atomic-scale stick-slip patterns in the measured lateral force
(Figure S2 of the SI). Experiments with diamond tips performed
atloads higher than those reported in Figure 1 show that rupture
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Figure 1. Friction force as a function of the applied normal force recorded
with a silicon and a diamond tip sliding over epitaxial graphene on a
SiC(0001) substrate. Results are shown for the first series with fresh tips
and later series with the same tips. Vertical lines indicate the transition
forces discussed in the text. Please note that the data for silicon tips are
shown for comparison. They have been published and discussed.!']

of the graphene leads to large irregular fluctuations in the lateral
force signal (Figure S1 of the SI).

We compare our FFM experiments using a diamond tip with
previously published results from an identical study using a sili-
con tip."®! Figure 1 also displays the friction force acting on a Si
tip (initially and after repeated FFM scans — see green disks and
black squares) as a function of normal pressure, and compares
it with the diamond tip FFM experiment (red squares). For the
Si tip, Szczefanowicz and coworkers!'’! observed an initial lin-
ear low-friction regime up to a force of 80 nN, followed by an
abrupt increase in the average slope of the friction versus nor-
mal pressure curve. High-friction values generally increase with
pressure but exhibit significant scatter, occasionally returning to
the low-friction regime. After repeating the friction force experi-
ment three more times, the transition to high friction occurs at
a higher normal force of 180 nN (4 series in Figure 1). This
effect was explained by blunting of the Si tip. Please note that
all three values for the transition force of diamond tips reported
here (230 — 400 nN) are larger than the four values for silicon
tips (60 — 180 nN) of ref. [[*]]. To compare experimental results
with material properties and simulations, conversion of transi-
tion forces Fy into a normal pressure would be useful. Unfortu-
nately, the validity of continuum mechanics models for contacts
at the nanometer scale is limited, both because of the unknown
atomic configuration of the tip apex!?’) and because of the layered
nature of the graphene/SiC[0001] interface.['®] Neglecting these
limitations, the maximum pressure p, in a Hertzian contact is
given by

. 2
e -Vige | 1-vi
-1

1
1
with — = + (1)
T R? ) E EgrSiC E.c

For an estimate, we assume the values of 6H-SiC (E,, g =
400 GPa, v, 5;c = 0.16) and of alow-density a-C!" with p = 2.1-

22gcam (E,_.= 130 - 170 GPa® and v, _. = 0.2) and find
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that F* ~ 101 — 124 GPa. With F, = 400 nN and R = 10 nm, we
arrive at p, ~ 20-23 GPa. Conversely, for the Si tip we estimated
Po ~ 10 GPa based on R = 10 nm, E* ~ 100 GPa and F = 100
nN[ indicating a clear difference in the critical pressures that
govern the low-to-high friction transition in diamond and silicon
tip FFM experiments. Note, while applying the Hertz formula is
a rough approximation and assuming certain elastic moduli for
the materials are subject to considerable uncertainties, we believe
that trends are reasonably captured.

Previously, atomistic simulations were performed to explore
the shear response between epitaxial graphene and the SiO, sur-
face layer of the Si tip. They revealed that the step-like increase in
shear stress is directly related to the formation of chemical bonds
between the graphene layer and the oxygen or silicon atoms in
the silicon oxide as well as the intermittent formation of a single
diamond layer.!%]

Due to the sudden increase in the slope of the friction force
curve with respect to the normal force, it can be hypothesized
that the pressure exerted by the diamond tip also causes the for-
mation of a single diamond layer (i.e., sp?-to-sp® rehybridization
of graphene, analogous to the transformation caused by the sili-
con tip) and the bonding of this layer to an a-C layer covering the
diamond tip. In the following section, we confirm this hypothesis
using DFTB simulations.

2.2. Simulations
2.2.1. Sliding Regimes

Molecular dynamics (MD) simulations were conducted to model
the sliding interaction between a passivated a-C slab (repre-
senting the a-C overlayer on the diamond tip) and an epitaxial
graphene sheet on SiC(0001). To account for local variations in
the a-C overlayer on the diamond tip, four different structural a-C
configurations were prepared to simulate diverse atomic arrange-
ments, following the same approach used for the SiO, slabs in
ref. [[*]]. The simulations aim to investigate the pressure depen-
dence of the shear behavior and the possible subsequent struc-
tural changes at the interface between the diamond tip and the
epitaxial graphene.

Figure 2 displays representative snapshots captured during the
final 0.1 ns of a 0.2 ns simulation period. The velocity profiles
(green curves in Figure 2) are superimposed in order to mark the
spatial region that accommodates the applied shear. The a-C slab
simulations are compared with the SiO, slab results from ref.
[*%]] - see the lowest row in Figure 2. By applying a predefined
normal pressure (P) between 5 and 22.5 GPa, the simulations
systematically evaluate the structural evolution at the interface
between the amorphous layers and graphene/SiC(0001) during
sliding at a temperature of 300 K and a velocity of 100 m s7!.
While Figure 2 reports representative results from one of the four
trajectories, Figure 3a displays the mean steady state shear stress
of all four runs as a function of applied normal pressure (green
and black symbols for a-C as well as blue and red symbols for
Si0,). An inspection of Figures 2 and 3 reveals that the tribolog-
ical systems with the a-C and the SiO, slabs exhibited distinct
sliding regimes, with different characteristics emerging across
the examined normal pressure range.
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Regime I. For normal pressure less than 12.5 GPa, no chemi-
cal bonds are formed between the a-C and graphene, nor between
graphene and the carbon interface layer (IFL) on top of SiC. In
this regime, the shear plane is located between H/OH-terminated
a-C and graphene. Similarly, for the SiO, slab, no chemical bonds
form between the interfaces for normal pressures below 10 GPa,
and the shear plane is located between SiO, and graphene. Con-
sequently, the shear stress (r) in both cases remains small (¢
<0.061 GPa for SiO, and r <0.045 for a-C, see Figure 3a) and the
resulting friction coefficients (u) (u = % = 0.008 < 0.01 for SiO,;
n= % = 0.006 < 0.01 for a-C) indicate superlubricious sliding.

Regime II. As the normal pressure reaches 12.5 GPa, C—C
bonds form between a-C and graphene, as well as between
graphene and the IFL, marking the onset of a new sliding
regime. This observation aligns with Bundy et al.’s findings that
graphite transitions to diamond at pressures of ~13 GPa.l?!l In
this regime, the shear plane remains in the gap between a-C and
graphene, gradually shifting closer to the graphene layer. In ad-
dition, the passivating H and OH groups transfer from the a-
C tip to graphene, and some ether functional groups form on
graphene, which bond back with the a-C surface at this pressure
range. The SiO, tip enters a similar regime at a normal pressure
of 10 GPa, where SiO,-graphene and graphene-IFL bond forma-
tion begins. In these cases, however, the shear plane moves up-
wards due to plastic events in SiO, in addition to the sliding at
the graphene-SiO, interface.

Regime III. As the normal pressure increases to 15 GPa,
the number of C—C bonds between the terminated a-C and
graphene and between graphene and the IFL increases. The
increased bonding between graphene and IFL causes them to
be dragged along with the a-C slab, resulting in a new slid-
ing regime where the shear plane is predominantly located be-
tween the IFL and SiC. This regime persists up to our maximum
normal pressure of 22.5 GPa. Notably, at this pressure range,
the terminating H and OH groups mostly migrate away from
the graphene and bond with carbon atoms deeper within the
a-C, playing a minor role at the a-C/graphene interface. Simi-
larly, at a normal pressure of 15 GPa for the SiO, slab, a be-
havior comparable to that observed with a-C was noted, with an
almost full connection between graphene and the IFL. More-
over, numerous bonds (O—C and Si—C) formed between SiO,
and graphene, resulting in the emergence of sliding regime III,
where the shear plane now shifts fully upward into silicon oxide.
In addition, this regime continued for normal pressures up to

22.5 GPa.

The different shear plane locations observed in the a-C and
SiO, simulations can be attributed to the different mechanical
properties of both materials. The strong covalent C—C bonds in
a-C contribute to its high hardness and resistance to deformation,
allowing the material to maintain its rigidity. This rigidity, com-
bined with strong bonding between a-C and graphene, ensures
that the graphene/IFL group remains firmly attached to the a-
C, thereby positioning the shear plane at the interface between
the IFL and SiC. In contrast, the SiO, structure, which involves
Si—O bonds, is relatively soft and can form strong Si—C and O—C
bonds with the graphene layer (which has evolved to a single layer
of diamond).[??! This softer nature along with the strong bond
formation at the interface, causes the shear plane to shift upward
into the silicon oxide layer under increasing normal pressures.
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Figure 2. Atomistic simulation of a-C and SiO, slabs sliding on epitaxial graphene/SiC(0001) with a velocity of 100 m s™! and at a temperature of 300
K. Representative snapshots that were captured during the final 0.1 ns of a 0.2 ns simulation period. Colors distinguish elements: yellow for silicon, red
for oxygen, gray for carbon, and white for hydrogen. Sticks between spheres denote chemical bonds. The green data points show the sliding velocity as
a function of the normal coordinate (z) and mark the location of the shear plane.
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Figure 3. Shear stress response of a-C and SiO, on graphene/SiC as a
function of normal pressure at 300 K for two sliding velocities: a) 100 and
b) 10 m s~'. Each data point represents the mean value from indepen-
dent MD simulations. Arrows at the top of panel (a) indicate the approx-
imate normal-pressure ranges associated with distinct sliding regimes:
green and black arrows for a-C, and red and blue arrows for SiO,. For
a-C, green symbols denote low-friction configurations with no or few C—C
bonds formed between the tip and graphene or between graphene and the
IFL, whereas black symbols correspond to high-friction cases with an in-
creasing number of C—C bonds at these interfaces. For SiO,, red symbols
indicate the absence of chemical bonding between the tip and graphene,
while blue symbols correspond to cases where at least one C—Si or C—O
bond forms at the interface.
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The impact of bond formation on shear stress across different
interfaces will be explored in detail in the next section.

In the following, we discuss the variation of shear stress for
the a-C and SiO, systems under different normal pressures
(Figure 3a). Our results show that the shear stress for the a-C
significantly increases with pressure. At lower contact pressures,
the a-C demonstrates smooth sliding over graphene with mi-
nor shear stress due to the absence of chemical bonding (see
7.5 and 10 GPa snapshots in Figure 2). However, as the contact
pressure increases, the initiation of C—C bonding between a-C
and graphene, as well as between graphene and the IFL, leads
to higher shear stress driven by increased resistance to sliding
(approaching a shear stress of ~8 GPa for the highest normal
pressure). Also, the SiO, slab generally exhibits an increase in
shear stress with contact pressure, characterized by a significant
step-like increase toward a shear stress of ~#6 GPa in the normal
pressure range between 10 and 12.5 GPa. Remarkably, this tran-
sition pressure range is significantly lower for the SiO, than for
the a-C case (compare red and black symbols in Figure 3a).

2.2.2. Influence of Sliding Velocity

The velocity of the FFM tips is orders of magnitude smaller than
the sliding velocities in the DFTB simulations. Therefore, we per-
formed an additional simulation campaign at a sliding velocity
of 10 m s7! to assess the effect of the velocity of the amorphous
counter slabs (Figure 3D). For both the a-C and SiO, counter bod-
ies, the shear stress values at 10 m s7! are close to those at 100
m s~! across the range of normal pressures (5 to 22.5 GPa) and
at a temperature of 300 K, indicating only a marginal influence
of sliding velocity. For both amorphous counter materials, the
onset of the transition between regimes I and II seems to shift
to smaller pressures when the sliding velocity is reduced. While
sliding velocity has an impact on the transition pressures, its ef-
fect on the shear stress plateau at high normal pressures is rather
weak. See Figures S3 and S4 of the SI for similar assessment of
the temperature dependence of the shear stress.

Based on Figure 3D, we can roughly estimate the normal pres-
sures that induce a high shear stress response. For SiO,, high
shear stress occurs already at ~10 GPa, whereas for a-C, shear
stress exceeds 1 GPa only at normal pressures above ~15 GPa.
These estimates are approximate and could easily have an uncer-
tainty of +1 GPa. Nevertheless, they align well with the experi-
mental estimates of 10 GPa for SiO, and 20-23 GPa for a-C.

2.2.3. Evolution of Total Density, Oxygen Density, and Velocity Profile

To further explore interfacial interactions, shear behavior, and
material deformation, we calculated the total density, oxygen den-
sity, and velocity profiles under different normal pressures (rep-
resenting the various sliding regimes) at different times during
the simulations. For each normal pressure, the data in Figure 4
is derived from the same sample as in Figure 2. The selected tra-
jectory highlights detailed structural and velocity characteristics,
capturing subtle features. To confirm the representativeness of
our choice, we provide an average over all four independent runs
in the SI (Figure S5). This averaged data validates the robustness
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Figure 4. Velocity profiles and density distributions of the a-C/Graphene/SiC system under varying normal pressures (10, 12.5, 15, and 20 GPa) as a
function of z— coordinate. Total density (blue lines) and oxygen density (red lines) at 20 ps (dashed lines) and 200 ps (solid lines) illustrate the structural
evolution of the system. Velocity profiles at 20 ps (green dashed line), 60 ps (green dash-dot line), and 200 ps (solid green line) highlight the location of
the shear plane during this evolution. At higher pressures, intermediate chemical mixing occurs in the a-C, leading to its densification accompanied by

the migration of oxygen atoms into the bulk a-C region.

of the trends described in the main text but obscures finer details
that are critical for interpreting specific interfacial behaviors.

We start with a description of the 10 GPa results. Initially, the
total density (dashed blue curve) shows the expected oscillations
of the crystalline SiC (including the IFL bonded to the SiC) for z
<15 A. Graphene is represented by the peak at z = 17 A, while
a-C gives rise to a structureless density plateau with 2.2 g cm™
for z > 20 A. The oxygen atoms are located at z= 20 A, visible as a
pronounced peak in the initial oxygen density (dashed red curve).
The initial velocity profile (dashed green curve) jumps from 0 to
100 m s~ in a narrow region around z = 18 A, indicating sliding
of the H/OH-passivated a-C over epitaxial graphene. This behav-
ior is conserved during the whole simulation, so that the densities
and the velocity profile at the beginning and the end of the tra-
jectories are almost identical (compare dashed and solid lines in
Figure 4).

Also, in the 12.5 GPa case, the density profiles did not exhibit
any significant changes during the simulation. However, in the
initial total density, the location of graphene is lower compared to
the 10 GPa case, because bonding between graphene and the IFL
starts early in the simulation. The shear plane shifts downward
by ~1 A within the first 60 ps (compare dashed and dot-dashed
green curves), reflecting the onset of bonding of a-C to graphene
accompanied by slip events of graphene against the IFL.

As the pressure increases further to 15 and 20 GPa, the deple-
tion of passivating hydroxyl groups at the a-C/graphene interface
results in cold welding between a-C and the graphene layer. This
leads to substantial chemical mixing of the a-C that drives densi-
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fication (with local peaks in the a-C total density reaching almost
3 gcm~3) and migration of oxygen atoms deeper into the a-C layer
(red solid curves). The shear plane moves temporarily into the a-
C bulk; see the dash-dotted green curve for the velocity profile at
60 ps. The chemical mixing stops within 0.2 ns.

This behavior reflects localized, shear-induced plasticity
within the a-C layer, involving irreversible atomic rearrange-
ments and densification. Additional insight into this mechanism
was gained by analyzing the evolution of carbon hybridization
during sliding at 20 GPa, which shows a transient increase in
sp® content during the initial 100 ps, stabilizing as sliding pro-
gresses (see Figure S6 of the SI). In this high-pressure regime,
a shear-induced sp?-to-sp® rehybridization occurs within the a-
C tip. This transformation results from plastic flow, with the
steady-state structure defined by density and hybridization ratio,
and governed by the applied normal load, consistent with Moras
et al.I3] The observed densification agrees with their report that
shear-induced a-C structures at 20 GPa exceed our initial density
of 2.2 g cm™3. Although the nature of rehybridization depends
on the initial density, the final structure formed under sustained
shear is determined solely by the normal load and is indepen-
dent of the initial a-C structure. This trend was consistently ob-
served across four independent simulations, further supporting
the presence of structural plasticity.

As indicated by the solid green velocity profile in Figure 4, the
shear plane shifted toward the interface between the IFL and the
SiC substrate. The total density profiles in Figure 4 provide
additional evidence of structural transformation in the
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Figure 5. Evolution of a-C/Graphene/SiC configurations and corresponding average number of C—C and C—Si bonds over time for two normal pressures,
12.5 GPa (left column) and 20 GPa (right column), representing regime Il and regime Il of sliding, respectively. The top panels a and b display snapshots
of the atomic configurations at different time intervals (25, 75, 125, and 175 ps). The bottom panels ¢ and d illustrate interactions at three interfaces
by reporting the average number of C—C and C—Si bonds: a-C/graphene (red disks), graphene/IFL (green squares), and IFL/SiC (blue triangles). Blue
and green dashed lines at bond counts of 12 and 16 represent the maximum possible number of C—Si and C—C bonds at the IFL/SiC and graphene/IFL
interfaces, respectively. The right-hand y-axis presents the normalized number of C—C and C—Si bonds per square nanometer. Each average represents
the mean number of bonds over a 14 ps simulation period, providing a representative value for that time period. The results were then averaged across

the four samples to obtain a reliable estimate of the mean bond count.

graphene/IFL zone. At the lowest pressure (10 GPa), the to-
tal density profile in the graphene region shows two distinct
peaks, corresponding to a clear separation between graphene
and IFL. However, as the pressure increases, these peaks con-
verge to a bimodal peak. This reflects the increased chemical
bonding between graphene and IFL, finally forming a single
layer of diamond (see Figure 2).

2.2.4. Bonding Dynamics, System Configuration Evolution, and
Shear Stress

To better understand the evolution of the mechanical strength
and stability of the various interfaces, we analyzed the interfa-
cial bond formation over time. It is important to note that no
new bond formation occurred at any interface during sliding
regime I. Consequently, this analysis focuses on sliding regimes
IT and III, where C—C and C—Si bond formation was observed.
Figure 5 shows the typical time evolution of a-C/Graphene/SiC
configurations (panel (a) for 12.5 GPa and panel (b) for 20 GPa
normal pressure) for these two regimes. Panels (c) and (d) re-
port the corresponding average numbers of C—C and C—Si bonds

Adv. Mater. Interfaces 2025, 00511 e00511 (7 0f12)

over a 0.2 ns sliding period of the a-C overlayer across the epitax-
ial graphene on SiC.

In regime II (Figure 5a), the applied normal pressure is suf-
ficient to initiate the formation of new C—C bonds between a-
C and graphene. However, the average number of these bonds
remains low throughout this regime, ranging from 0 to =2
bonds nm~ (Figure 5¢), indicating limited bonding and in-
teraction between these two layers. Conversely, in regime III
(Figure 5b) the number of bonds between a-C and graphene in-
creases to 8 bonds nm~2. Apparently, the densification of the a-
C brings more carbon atoms into contact with graphene. This
results in greater frictional resistance, leading to an increase in
shear stress (Figure 3a). Even with just 8 C—C bonds nm~2, the
a-C layer can effectively cold weld with the graphene/IFL single-
layer diamond, highlighting the critical role of these bonds in en-
hancing the overall mechanical behavior under elevated pressure
conditions.

At the graphene/IFL interface, the C—C bond count shows an
even more pronounced dependence on the normal pressure. In
regime II (see Figure 5¢), the bond count starts at ~5 bonds nm—2
and gradually increases to ~#9 bonds nm~2 over time, which is
significantly below the possible maximum of 16.3 bonds nm—
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Figure 6. Average number of bonds as a function of normal pressure for
three different interfaces: a-C/graphene (C—C), graphene/IFL (C—C), and
IFL/SiC (C=Si), based on data from the last 50 ps of the simulations. The
dashed lines indicate the possible maximum number of bonds for the
graphene/IFL (16 bonds, green) and IFL/SiC (12 bonds, blue) interfaces.
The secondary y-axis on the right shows the normalized bond count per
square nanometer.

(indicated by the green dashed line). This gradual increase indi-
cates the activation of additional bonding sites between graphene
and the IFL during sliding. In regime III (Figure 5d), the bond
count between graphene and the IFL rises further, approaching
the maximum possible count of 16 bonds nm=2. This complete
bond formation at the graphene/IFL interface suggests a strong
structural transformation resulting in the formation of a single
layer of diamond.

Finally, we consider the number of bonds at the IFL/SiC in-
terface. In regime II (Figure 5c¢), the bond count remains consis-
tently high, around the theoretical maximum of 12 bonds nm=2.
Occasional fluctuations can be attributed to slip events between
the IFL and the SiC substrate. In regime III (Figure 5d), a differ-
ent scenario unfolds. The increased bonding between graphene
and the IFL promotes the formation of the single-layer diamond,
whose cold welding with a-C causes the IFL to slip at a sliding
velocity of 100 m s~! over the SiC surface. This results in the suc-
cessive breaking and reformation of C—Si bonds at the IFL/SiC
interface, as reflected in the bond count fluctuation between 10
and 12 bonds nm~2 (Figure 5d).

To understand how interfacial interactions influence changes
in shear stress and mechanical stability, we studied the effect of
varying normal pressures on the final bond density at different
interfaces. Figure 6 displays the average number of C—C bonds
at the a-C/graphene and graphene/IFL interface as well as the av-
erage number of C—Si bonds at the IFL/SiC interface as a func-
tion of normal pressure. At the a-C/graphene interface, the num-
ber of C—C bonds gradually increases with the normal pressure,
from ~2 bonds nm~* at 12.5 GPa to ~7 bonds nm~2 at 22.5 GPa.
Note that this increase in bond formation correlates directly with
the rise in shear stress observed at this interface (Figure 3a). As
more C—C bonds form between the a-C and graphene layers, the
interfacial adhesion is enhanced, leading to increased frictional
resistance and, consequently, higher shear stress.

For the graphene/IFL interface, the number of C—C bonds in-
creases rapidly as the normal pressure rises, approaching the pos-
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sible maximum of 16 bonds nm™2. This indicates that at higher
pressures, this interface achieves near-complete bond saturation,
which also contributes to the overall increase in shear stress and
mechanical stability. In contrast, the IFL/SiC interface exhibits
remarkable stability across all normal pressures, with the num-
ber of C—Si bonds fluctuating slightly below the possible max-
imum of 12 bonds nm~2. This consistent bond count, despite
the dynamic adjustments observed earlier, suggests that the in-
terface is able to maintain its structural integrity even under in-
creased pressures. This stability implies that the IFL/SiC inter-
face plays a supporting role in maintaining mechanical stability,
without significantly impacting the variations in shear stress ob-
served at other interfaces. Consequently, while the a-C/graphene
and graphene/IFL interfaces show a direct correlation between
bond density and shear stress, the IFL/SiC interface provides a
stable foundation that adapts to the shifting shear plane, accom-
modating bond breaking and reformation activities at this inter-
face without compromising its overall bond density.

2.2.5. Structure of the Epitaxial Graphene afier Sliding

On the one hand, the simulations showed extensive bonding be-
tween the IFL and graphene as well as between graphene and a-
C under regime II and III conditions resulting in complete cold
welding of the entire tribosystem (consisting now of a SiC/single-
layer diamond/a-C cold-welded layer system). On the other hand,
overview images across the site of previously performed high-
load series (such as the one shown in Figure Sic of the SI) re-
vealed that there was no local change in friction and no local
change in topography, i.e., there was no trace of the single-layer
diamond or adatoms on the graphene terraces. This opens the
question of whether the simulations also predict a recovery of
the graphene to its original state after the sliding simulations. To
elucidate the structure of the epitaxial graphene after tip retrac-
tion, we conducted additional simulations where the a-C layer
was lifted upwards after the initial 0.2 ns sliding period. During
these simulations, the a-C slab was slid along the x-direction at a
x-velocity of 100 m s~! while being gradually retracted in the nor-
mal direction at a z-velocity of 10 m s~!. Figure 7 illustrates this
process with a series of snapshots from the 0.2 ns lift-off simula-
tion for normal pressures of 15 and 17.5 GPa.

At 15 GPa, the snapshots in the top row of Figure 7 reveal
the gradual detachment of the a-C from the graphene interface
during the lift-off process. Initially, one oxygen and one hydro-
gen atom are bonded to the single-layer diamond and a few C—C
bonds bridge the gap between the single-layer diamond and the
a-C (Figure 7a). As the retraction of the a-C slab progresses, these
C—C bonds and a series of C—C bonds in the single-layer di-
amond break (Figure 7b). Simultaneously, a free CO molecule
forms, while a hydroxyl group, a CH group, and a hydrogen atom
remain attached to the graphene surface. In principle, the OH
group and one of the hydrogen atoms could combine to form a
water molecule, while the remaining carbon adatom could react
with another oxygen atom on the surface of the tip to produce a
second CO molecule. Given that the experimental tip is signifi-
cantly larger than the simulated one and operates at a much lower
sliding speed, the reaction of the hydrogen and carbon atoms on
the graphene surface with the tip, followed by their removal, is
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Figure 7. Snapshots from the lift-off simulations of the a-C tip follow-
ing 0.2 ns of simulations at normal pressures of 15 GPa (top row) and
17.5 GPa (bottom row). The frames, arranged sequentially from left to
right, illustrate key stages of the structural evolution during the lift-off
phase. The images highlight the restoration of interlayer distances and
changes in interfacial configurations, providing insights into the system’s
behavior during retraction.

highly probable. This process would ultimately lead to the open-
ing of the remaining single-layer diamond bonds, allowing the
graphene to recover its structure and return to its initial distance
from the IFL.

To further analyze this behavior, we performed density func-
tional theory (DFT) calculations to evaluate the energetics of the
desorption of H and OH from the graphene surface and the sub-
sequent formation of a water molecule in the tribological gap
(Figure 7c). The energy difference between the system configu-
rations in Figure 7b and Figure 7c is negative (—0.138 eV), indi-
cating that the formation of a water molecule is energetically fa-
vorable compared to having H and OH adsorbed on the surface.
This result highlights the thermodynamic preference for water
formation and its detachment from the graphene interface. With
the same reasoning, one can argue that the remaining H and

Adv. Mater. Interfaces 2025, 00511 e00511 (9 0f12)

www.advmatinterfaces.de

C adatoms will leave the graphene, resulting in an incomplete
single-layer diamond free of adatoms. Finally, heating this sys-
tem to 500 K shows that the graphene fully detaches from the
IFL.

At 17.5 GPa, the situation is even clearer, as the lift-off pro-
ceeds through the breaking of various C—C and C—O bonds be-
tween the graphene and the a-C layer (see the evolution from
Figure 7d,e). This process is accompanied by the dissociation
of nearly all interplane bonds in the single-layer diamond struc-
ture. After the final ether bridge breaks (between Figure 7ef),
the ideal epitaxial graphene spontaneously reforms. The behavior
observed in these lift-off simulations suggests that the graphene
interface is capable of returning to its pre-sliding configuration,
demonstrating the resilience of the system under moderate pres-
sure and thermal conditions.

2.2.6. Effect of the IFL Mobility

As shown in Figure 2, during sliding regime III, the single-layer
diamond (formed, for example, at 20 GPa) is dragged along with
the a-C slab. However, this scenario is unlikely in experiments
since the graphene flakes are micron-sized and pushing them
over the SiC surface would require unrealistically large forces. In
this context, the periodic boundary conditions in the simulations
translate into an infinite array of tips capable of shifting entire
graphene flakes—an artifact of the simulation setup.

To address this issue, we took the samples from normal pres-
sures 15 and 20 GPa simulations after 0.2 ns and made a minor
modification to the protocol. Specifically, we froze the x-position
of the IFL atoms to ensure that the single-layer diamond re-
mained anchored to the SiC substrate. This adjustment mitigated
the artifact caused by periodicity in the simulation setup. We then
ran the sliding simulation for an additional 0.2 ns.

The resulting velocity profiles, shown in Figure 8, illustrate
a shift in the shear plane location into the a-C region for both
normal pressures. The fixed IFL layer, combined with multiple
(a-C)C—C(graphene) bonds that anchor the a-C atoms near the
graphene layer to the interface, causes the shear plane to relocate
upward into the a-C layer. At 15 GPa, the shear plane is located
in the a-C, close to the graphene layer, while at 20 GPa, the shear
plane is located deeper within the a-C layer. The average steady
shear stress increased significantly with the modified setup, ris-
ing from 7 = 3.5 GPa to 7 = 7.9 GPa for normal pressure 15 GPa
and from 7 =7.6 GPato v = 12.3 GPa for normal pressure 20 GPa.
This result aligns with prior studies on the plasticity of a-C,[**l
showing that the interface sets a lower bound on the flow stress,
with shear stress increasing linearly above 8 GPa, indicating en-
hanced resistance to shear under compression.

3. Conclusion

The sliding interaction between an a-C-covered diamond tip and
an epitaxial graphene layer on SiC(0001) was compared with the
sliding behavior of a SiO,-covered Si tip. Experimental FFM mea-
surements and MD simulations using the DFTB method were
conducted to explore the tribological properties of these material
systems under various normal pressures and temperatures.
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Figure 8. Velocity profile illustrating the shear plane shift into the a-C region after freezing the x-position of the IFL atoms during the modified 20 GPa

simulation.

The experiments with the Si tip exhibited an initial linear low-
friction regime up to a normal force of 80 nN, followed by a rapid
increase in friction. High friction values generally increased with
pressure but showed significant scatter, occasionally returning
to the low-friction regime. For the diamond tip, a low-friction
regime with fluctuating friction force was observed for normal
forces up to 400 nN, followed by a linear-like increase in friction
force. For both tip materials, the threshold for the high friction
regime shifts to higher normal forces when the measurements
are repeated (180 nN for Si and 500 nN for diamond), indicating
blunting of the tips. Using the initial tip radii (estimated 10 nm
from TEM imaging) in Hertz contact mechanics theory results
in a clear ranking of the threshold pressures (%10 GPa for Si and
~20 GPa for diamond), aligning with an accompanying simula-
tion study.

Our MD simulations identified distinct sliding regimes, each
characterized by unique bond formation dynamics and shear
plane locations. At low pressures, no chemical bonds formed,
and the shear plane was located between the tip and graphene
(Regime I: P<12.5 GPa for a-C, P < 10 GPa for SiO,). As the pres-
sure increased, a-C—Graphene and SiO,—Graphene bond forma-
tion commenced, while the shear plane remained between the
tips and graphene (Regime II: 12.5 GPa < P < 15 GPa for a-C,
10 GPa < P < 15 GPa for SiO,). At higher pressures, the behav-
ior of the two materials diverged. For a-C, tip-graphene bond for-
mation was accelerated, with the shear plane primarily located
between the IFL and SiC. In contrast, for SiO,, the shear plane
shifted upward into silicon oxide (Regime III: 15 GPa < P <
22.5 GPa for both a-C and Si0,). It is worth noting that the differ-
entlocations of the shear interface in the two materials in Regime
IIT also conform to the different pressure dependences of their
yield stress for plastic flow. This highlights the distinct behaviors
of a-C and SiO, in frictional interactions with graphene, driven
by their material properties and bonding mechanisms. The a-C
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layer exhibits high plastic yield stress and rigidity, while SiO, is
softer and allows for easier plastic flow.

These differences in mechanical strength of the two over-
layer materials become more pronounced with increasing pres-
sures: pressure-induced densification of a-C (although countered
by shear deformation!?*)) causes an increase in the yield shear
stress.!?*] In contrast, yield stress decreases with hydrostatic pres-
sure in amorphous silicon oxide, at least for pressure lower than
~10 GPa,®! thus favoring plastic deformation of amorphous
Si0,.

Finally, this results in different shear plane locations and fric-
tional responses for the two simulated tip material systems un-
der similar pressure conditions. However, we expect the location
of the shear plane to depend on the lateral size of the graphene
flakes on the SiC. Most likely, for large enough graphene patches
the high-pressure experimental shear zone shifts from its loca-
tion between SiC and IFL into the a-C overlayer, since the lat-
eral shear resistance of extended graphene/IFL/SiC regions is
stronger compared to the laterally more confined a-C overlayer
as confirmed by our additional atomistic simulations with an IFL
that was pinned to resist sliding.

There is one last important point to make. The simulations
showed that increased pressure leads to a strong increase of
interlayer bonding resulting in a single layer of diamond that
cold-welds with the a-C or SiO,. However, the experiments
provided no evidence of such an altered bonding situation after
the tip was withdrawn, suggesting that the single-layer diamond
is a transient structure. Indeed, additional post-sliding lift-off
simulations revealed that the graphene layer could recover its
original structure, demonstrating its ability to retain structural
integrity even after transformation by high pressures. This
reversible sp?-to-sp® transition appears to be specific to the
monolayer nature of epitaxial graphene. Riedo and
coworkers!?6?] showed in their seminal work that already
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an AFM indentation of one graphene sheet on the IFL results
in a stiffening of the system that is compatible with a single
layer of diamond (diamene) and that low stiffness is recovered
upon retraction of the AFM tip. Interestingly, this behavior
was not observed in multilayer graphene films due to stack-
ing constraints.?%?’] Remarkably, these authors estimated the
transition pressure for diamene formation to be ~10 GPa in
agreement with the pressure range found in our study. This sug-
gests that mainly pressure-induced mechanochemistry drives
the transition. Additional shear could merely facilitate the lateral
movement of the graphene layers to achieve the correct stacking
position that enables the transformation. Interestingly, our study
reveals different transition pressures for different tip materials.
In the case of Si tips (covered with SiO,), the transition sets in
at roughly 10 GPa, while epitaxial graphene under diamond tips
(covered with a-C) requires even higher normal pressure; the
simulations indicate a threshold at ~15 GPa, while our rough
experimental estimates are even a couple GPa higher. We believe
that the difference between SiO, and a-C is triggered by the dif-
ferent chemical reactivities of both materials. Amorphous silicon
oxide is less flexible in local stochiometry and therefore is less
prone to self-passivation than a-C during plastic deformation.

4. Experimental Section

Experiment:  The friction between epitaxial graphene on SiC(0001) and
a diamond tip was measured using FFM. The lateral force acting on the
tip as it slides over the graphene at different normal forces was recorded.
The experimental procedures for the AFM experiments were described.['?]
Briefly, the graphene/SiC(0001) samples were grown by thermal decom-
position and purified by annealing in ultra-high vacuum (UHV) prior to
the experiments.[28] Lateral forces were recorded in UHV by scanning the
FFM tip in contact with atomically flat regions of monolayer graphene and
measuring the torsion of the FFM cantilever caused by the lateral force.
Friction was quantified as the mean value of lateral forces for scan areas
that were large compared to the atomistic SiC(0001) surface structure. A
diamond tip (Nanosensors — Adama Innovations) was used with an es-
timated initial radius of 10 nm (see transmission electron microscopy in
Figure S7 of the SI). The results of this FFM study would be compared
to the already published FFM experiments that used a silicon tip with a
similar radius.['’]

Simulation: MD simulations were conducted using the DFTB method
within the framework of the ATOMISTICA software suite.[?°! The substrate
consisted of graphene and 6 layers of SiC(0001) structure with dimensions
1.07 X 0.92 X 6.0 nm?.

An a-C counter surface was designed to conform to these dimen-
sions, with a density of 2.2 g cm™3 and 163 carbon atoms, using the ASE
packagel3°] and the MatSciPy library.[*"] The a-C structure was obtained by
solidifying molten a-C under periodic boundary conditions (PBC) applied
along all three Cartesian axes. Initially, the system was relaxed to avoid un-
favorable atomic configurations. The system was then heated to 2000 K for
25 ps, allowing the atoms to move freely and transition into a molten state.
After reaching 2000 K, the system underwent relaxation to equilibrate the
atomic configuration at this temperature. Following this, the system was
rapidly quenched by decreasing the temperature from 2000 to 300 K over
a 25 ps period. Finally, the system was relaxed at 300 K to allow for further
equilibration, ensuring a stable atomic configuration at room temperature.
Throughout these steps, the system was maintained under constant vol-
ume with PBC.

Subsequently, the PBC along the z-direction was removed, creating two
free surfaces (an upper and a lower one). The undercoordinated carbon
atoms on the upper surface of the a-C were passivated with hydrogen
atoms. The top atoms of the a-C slab within a thickness of 0.5 nm, as
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well as a 0.5 nm bottom layer of the graphene/SiC slab, were maintained
rigid. The lower surface of the a-C slab experienced dissociative chemisorp-
tion of eight water molecules that were introduced during pressure equi-
libration, leading to surface passivation by hydrogen atoms and hydroxyl
groups. While the passivation composition, coverage, or chemical termi-
nation were not systematically varied in the current simulations, these
four different samples represent a statistical distribution of local passiva-
tion environments (for instance, hydrogenated or hydroxylated sp? or sp>
sites with different neighborhoods) and therefore the variation of thresh-
old pressure with local chemistry is roughly captured. For a detailed de-
scription of the passivating functions involved, the reader is referred to
Figure S8 of the SI.

Given the computational cost and system size constraints of DFTB
simulations, particularly under sliding conditions, a fixed atom count was
maintained and lateral dimensions across all simulations. The thickness of
the a-C model influences the overall stiffness of the tribological system and
could thus affect the measured shear stress, particularly in the low-friction
regime. Reichenbach et al. showed that varying the thickness of diamond-
like carbon films by 30 nm leads to only minor changes in shear stress
(0.1-0.3 GPa).32] This magnitude of variation was significantly smaller
than the shear stress difference between the low (passivated) and high
(interfacial bond) friction regimes, which is the central focus of our study.
Therefore, the key frictional trends reported here are largely independent
of film thickness. A systematic variation of a-C thickness or structure was
not performed, since accounting for the full stiffness of the FFM system—
necessary for a quantitative comparison—was beyond the scope of this
study.

Detailed simulation parameters for the SiO, counter surface were
described.[’>] Briefly, the amorphous SiO, slabs were generated by
quenching a bulk silica melt and cleaving it along one Cartesian axis to ex-
pose free surfaces. After structural relaxation, dangling bonds on oxygen
and silicon atoms were passivated with hydrogen and hydroxyl groups,
respectively—consistent with DFT studies of silica surface chemistry in
humid environments.33] While surface terminations might vary depend-
ing on environmental conditions and pH, this passivation scheme reflects
the native oxide layer typically formed on a Si FFM tip exposed to humid
air and used in UHV experiments.

During the sliding MD simulations, the Pastewka-Moser-Moseler
pressure-coupling algorithm was employed.[**] The rigid a-C atoms un-
derwent sliding motion along the x-axis at velocities of 10 and 100 m s~7,
operating under varying normal pressures ranging from 5 to 22.5 GPa,
while the positions of the rigid layers of the graphene/SiC slab remained
unchanged. A Langevin thermostat,[>] acting perpendicularly to the slid-
ing direction, regulated the constant system’s temperatures of 300, 500,
and 1000 K. The equations of motion were integrated using the velocity
Verlet algorithm[33] with a time step of 0.5 fs. To calculate the shear stress,
the force components exerted along the x-axis on the rigid layers of the a-C
were summed and then divided by the lateral area of the simulation cell.
Subsequently, the calculated shear stress was averaged over the final half
of the total simulation time of 0.2 ns.

To analyze the bonding behavior in the system, the number of bonds
was calculated between specific atom pairs across multiple configura-
tions over the course of the 0.2 ns simulations. Bonds were identi-
fied based on interatomic distances, using a threshold of 1.85 A for
C—C bonds and 2.2 A for C—Si bonds. This process was applied to ev-
ery configuration in the simulation, systematically evaluating all atomic
pairs to determine bond counts in each frame. To visualize the results
of the simulations, the output data were processed using the Ovito
freeware.[36]

The mass distribution was examined by calculating the density profile
along the z-axis of the simulation box. The simulation box was divided into
discrete 0.4 A bins along the z-direction, and atoms were assigned to these
bins based on their z-coordinates. For each bin, the total mass of atoms
was computed by summing the atomic masses of all atoms within the
bin using predefined values for each atomic species. To calculate the ve-
locity profile, the simulation box was similarly divided into layers along
the z-direction, grouping particles within each layer. The x-velocities of
these particles in the sliding direction were then averaged to provide a
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representative velocity for each layer. The calculated velocity profile was
averaged over the final half of the total simulation time.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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