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Epitaxial graphene (EG) grown on an annealed 6H-SiC(0001) surface has been studied under ultra-high
vacuum (UHV) conditions by using a combined dynamic-scanning tunneling microscope/frequency
modulation-atomic force microscope (dynamic-STM/FM-AFM) platform based on a gPlus probe. STM
and AFM images independently recorded present the same hexagonal lattice of bumps with a 1.9 nm
lattice period, which agrees with density functional theory (DFT) calculations and experimental results
previously reported, attributed to the (6 x 6) quasi-cell associated with the 6H-SiC(0001) (6\/§ X 6\/§)R30°
reconstruction. However, topographic bumps in AFM images and maxima in the simultaneously recorded
mean-tunneling-current map do not overlap but appear to be spaced typically by about 1 nm along the
[11] direction of the (6 x 6) quasi-cell. A similar shift is observed between the position of maxima in
dynamic-STM images and those in the simultaneously recorded frequency shift map. The origin of these
shifts is discussed in terms of electronic coupling variations between the local density of states (LDOS) of
EG and the LDOS of the buffer layer amplified by mechanical distortions of EG induced by the STM or
AFM tip. Therefore, a constant current STM image of EG on a reconstructed 6H-SiC(0001) surface does
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not reproduce its real topography but corresponds to the measured LDOS modulations, which depend
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1. Introduction

Graphene, a single layer of sp> bonded carbon atoms arranged
in a honeycomb lattice, is a material widely studied by the
scientific community because of its electrical, magnetic, optical,
thermal and mechanical properties and it appears to be a
promising material for numerous technological applications.
Since the first production of graphene in 2004,> several production
methods have been developed to synthesize graphene™** and it
was found that the method of graphene synthesis drastically
influences its properties.” However, the thermal-decomposition
method of commercial silicon carbide (SiC) crystals,”® which
yields epitaxial graphene (EG) grown on a semiconductor
6H-SiC(0001) substrate, is considered a particularly promising
method for the production of high-quality large-scale graphene
for high speed electronic devices since no additional transfer
procedure of graphene onto another substrate is required.””®
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on the variable tip-induced graphene distortion within the (6 x 6) quasi-cell.

The structure of graphene on a 6H-SiC(0001) surface has
been intensively investigated mainly by low energy electron
diffraction®®'*™" and scanning tunneling microscopy (STM).'%*'4>*
Nevertheless, only a few experimental high-resolution atomic
force microscopy (AFM) studies, by using a cantilever®>*>’ or a
quartz crystal resonator with an integrated tip (qPlus sensor),?®
and theoretical studies, by using a numerical AFM in frequency
modulation (FM) mode,”® have been reported, revealing the
topography of EG on the 6H-SiC(0001) surface. Recently, atomic
resolution was achieved for quasi-freestanding monolayer graphene
on 6H-SiC(0001) with a gPlus probe in air.*

From these experimental studies, the following model emerges:
during the thermal growth of graphene from a 6H-SiC(0001) surface,
a carbon-rich interface layer characterized by the (6v/3 x 61/3) R30°
structure (hereafter called the “buffer layer”"®) is first formed on
the substrate and then EG grows on this carbon overlayer. STM
images of EG on the buffer layer exhibit two lattices: a hexagonal
arrangement of bumps with a 1.9 nm lattice period, which is
described by a (6 x 6) quasi-cell,'*”*®3* and a honeycomb
lattice resting on the periodic corrugations of the buffer layer
that corresponds to graphene. By using an ultra-high vacuum
(UHV) non-contact AFM, Filleter and Bennewitz>>® obtained
the AFM topography of graphene on 6H-SiC(0001) that shows a
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hexagonal lattice with a 1.9 nm lattice period identified with
the (6 x 6) quasi-cell, though the operating conditions had not
been reported.

Density functional theory (DFT) and ab initio studies of the
EG on 6H-SiC(0001) were developed by Mattausch et al,*
Varchon et al.*®** and Kim et al.*>* The simulated STM images
of a graphene layer above the buffer layer obtained by Kim
et al.,** from calculations of the local density of states (LDOS) at
the Fermi level, show a lattice with a 1.9 nm period related to
the (6 x 6) quasi-cell defined by the LDOS maxima, as observed
in experimental STM images.""'”'®3" Additionally, this (6 x 6)
quasi-cell is comprised of two triangular regions that present
an asymmetric contrast."”**” On the other hand, the atomic
structure of the graphene layer above the buffer layer obtained
by Varchon et al,'® from calculations of total DOS, also
presents a (6 x 6) quasi-cell defined by the total DOS maxima,
as shown in Fig. 4(a) of ref. 19. Such a structure complies with
the (6 x 6) quasi-cell identified in high-resolution AFM topo-
graphies.”>*® Remarkably, these DFT studies'®**** indicated
that the total DOS maxima and LDOS maxima of EG were
overlaid. These models also show that EG follows the surface
corrugation of the buffer layer underneath it but presents a
lower surface corrugation (34 pm** or 40 pm™®) than that of the
buffer layer (120 pm'®). Accordingly, the separation distance
between the graphene layer and the buffer layer is found to be
modulated along the [11] direction of the (6 x 6) quasi-cell. Due
to this modulated distance, we have shown that both STM and
AFM tips provoke some distortion of the graphene layer during
the scanning process.*®

Other examples of tip-induced distortions of graphene layers
have been reported for graphene grown on several substrates. A
strong tip-surface interaction provokes lateral displacements of
ridges observed on EG on 6H-SiC(0001) by STM.?® Also, STM
studies of supported graphene on the SiO, substrate® as well as
the suspended graphene membrane*! led to the conclusion
that the graphene layer is deformed due to strong interactions
between the STM tip and the graphene layer. On the other
hand, a reversible deformation of a graphene monolayer has
been evidenced for EG on Ru(0001) for an AFM tip operated in
an attractive regime.*> Moreover, Giessibl et al.** and Kawai et al.**
reported repulsive tip-sample interactions during measurements
in constant-height of a highly oriented pyrolytic graphite (HOPG)
surface (conformed by many graphene sheets), by using a
combined UHV STM/AFM operating a low and room temperatures,
respectively. However, the studies of graphene on metal surfaces
(graphene on Rh(111)"® and graphene on Ir(111)*°) revealed that
the tunneling current occurs when the tip is interacting in the
attractive regime. Recently, during STM studies of graphene on
Ir(111), Altenburg et al.*” showed that the graphene sheet gets
significantly lifted via van der Waals forces between the graphene
and STM tip. However, for the same system, Dedkov et al.*®
measured a force gradient of 2.21 N m ™' (repulsive regime)
during constant-height AFM experiments. From the analysis of
these STM or AFM studies of graphene growth on metal and
6H-SiC(0001) surfaces, the graphene suffers from general dis-
tortion induced by the STM or AFM tip. Keeping in mind the
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giant corrugation observed in the STM image of graphite*® and
confirmed by AFM measurements,** the question arises about the
consequences of tip-induced distortion of EG on the reconstructed
6H-SiC(0001) surface on the corresponding STM images.

Here, we present a study of the structural and electrical
properties of EG on a 6H-SiC(0001) surface under UHV at room
temperature (RT) using a combined dynamic STM/FM-AFM
microscope, based on a gPlus sensor equipped with a conductive
tip. The tip having a sub-nanometric oscillation amplitude allows
for this microscope to record images using two techniques: (1)
AFM topography with simultaneous maps of mean tunneling
current (Ir) and excitation variations Ee; and (2) dynamic-STM
image with simultaneous maps of force gradient ( s = _iits)
and excitation variations E.,. Finally, the origin of some of the
contrast differences observed between the dynamic-STM image
with ks map (AFM topography with (Ir) map) will be discussed in
terms of coupling changes between the local density of states
(LDOS) of EG and the LDOS of the buffer layer amplified by local
distortion of EG induced by the STM or AFM tip.

2. Experimental section

EG on a Si-terminated 6H-SiC(0001) surface was produced by
thermal desorption of Si into a UHV chamber, following the
procedure described in ref. 49. After this treatment, the samples
were transferred in air to the UHV chamber (base pressure 5 x
10~"° mbar) of the combined STM/AFM microscope. Then, the
samples were heated at 500-600 °C during 1 h to remove the
surface contamination due to atmospheric exposure, and cooled
down to room temperature before STM/AFM observations.

The RT UHV combined dynamic-STM/FM-AFM system used
in this study has been previously described in ref. 50. Briefly
summarized, it consists of a modified variable-temperature
UHV Omicron microscope working at room temperature coupled
with a homemade dual preamplifier, which is connected to a
NANONIS-SPECS controller.>" The self-sensing probe consists of a
gPlus sensor equipped with a tip made from platinum/iridium
(Pt/Ir) or carbon fiber (CF). The fabrication process and char-
acterization of the tips are detailed in ref. 52 for Pt/Ir tips, and in
ref. 53 for CF tips. These tips were characterized by field electron
emission and their curvature radii were estimated from Fowler-
Nordheim plots.>* Only tips with an apex radius below 10 nm
are glued on the free prong of a qPlus probe, and qPlus sensors
with a quality factor ‘Q’ above 1000 were used. Typically, the
oscillation amplitude of the Pt/Ir tip was set between 0.10 and
0.15 nm and the resonance frequency was around 30 kHz.

The combined STM/AFM microscope can be operated in
static and dynamic modes, depending of the feedback signal
used for the tip-sample distance regulation (Fig. 1). (1) In
FM-AFM operation, the feedback loop adjusts the mean Z
distance between the oscillating tip and the sample in order
to keep the resonance-frequency shift Af of the qPlus sensor
constant. During this operation mode, an Automatic Gain
Control (AGC) adjusts the excitation signal E.,. of the qPlus
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Fig. 1 Operation modes of a combined dynamic-STM/FM-AFM microscope based on a gPlus sensor: (1) FM-AFM, (2) dynamic-STM and (3) normal STM.

sensor for maintaining constant the tip oscillation amplitude
above the surface. The energy dissipation per cycle Eq caused by
the tip—sample interaction can be estimated from the additional
increase of the excitation signal E,.”>® using eqn (1):

Ed = TCkAOZ/Q[EeXC/EEXCO - f[f()]y (1)

where £ is the spring constant of the qPlus sensor, Ecx.o and f,
represent the excitation signal and the free resonance frequency
without any tip-surface interaction, E... and f represent the
excitation signal and the resonance frequency during the tip-
surface interaction while Q and 4, represent the quality factor
and the oscillating amplitude, of the non-interacting tip, respectively.
In addition, a bias voltage is applied between the tip and the
sample. Then, AFM topography is recorded simultaneously with
maps of mean tunneling current (Iy) and excitation variations
Eexe- (2) In dynamic-STM operation, a feedback loop regulates
the mean Z distance between the oscillating tip and the sample
to keep constant a time-averaged tunneling current (Ir). During
operation, the tip oscillation amplitude is maintained constant.
Then, dynamic STM images are simultaneously recorded with
frequency shift Af and excitation variation E.y. maps. It should
be noted that, for small oscillation amplitudes, the variations in
the frequency shift are proportional to changes in force gradients

ks between the tip and sample (ki = 2k (g) %), and in this
Jo

operation mode, the excitation variations E.. are not simply
related to E4 because the tip does not oscillate at the resonance
frequency of the qPlus sensor coupled with the surface. However,
as the frequency shift induced by the STM tip-surface inter-
action remains very small (<10 Hz on ~30 kHz), the E
variations give qualitative information on the dissipation
energy. (3) It is evident that with a non-oscillating tip, the Z
distance between the tip and the sample can be adjusted to keep
the tunneling current I constant (normal STM operation). All
the data were processed using Gwyddion®® software.

3. Results

In AFM operating in the constant frequency shift mode, the
topography is simultaneously recorded together with maps of

14266 | Phys. Chem. Chem. Phys., 2016, 18, 14264-14272

mean tunneling current (1) and energy dissipation per cycle Eq
variations. The images shown in Fig. 2 present periodic
arrangements of clear spots corresponding to the maxima of
relief (a), mean tunneling current (b), and energy dissipation
per cycle (c) for the AFM regulating conditions. The spots are
organized in a hexagonal lattice with a 1.9 nm period that
corresponds to the (6 x 6) quasi-cell (green diamond) previously
reported for epitaxial graphene on a reconstructed 6H-SiC(0001)
surface by STM or AFM.*® Interestingly, we notice that the
maxima of energy dissipation per cycle and those of tunneling
current in the corresponding maps do not overlap the bump
relief as underlined by the white hexagons located in the same
place on these images. In order to examine the relative position
of these maxima, cross-section profiles along the same [11]
direction of the (6 x 6) lattice are displayed in Fig. 3. As shown
by the vertical lines, the bumps in the topography correspond to
minima in the mean tunneling current and energy dissipation
maps while the maxima of energy dissipation are located in
the middle of the distance separating the relief bumps. Now
considering the mean tunneling current variations along the [11]
direction of the (6 x 6) quasi-cell, two remarkable features have
been observed: the mean tunneling current varies asymmetrically
between the relief bumps and the tunneling current maxima are
typically located at 1/3 of the relief bump period along the [11]
direction. The same features were observed for different experi-
mental conditions: (i) when the tip scans the surface in the
opposite direction (backward scan), as shown in the ESIT
(Fig. S1), and (ii) when the tip scans the surface in FM-AFM mode
to a lower frequency shift setpoint value (Af = +4 Hz), as shown in
the ESIf (Fig. S4), in which the simultaneously recorded map of
mean tunneling current (Ir) shows lower (I) values than in Fig. 3.
As such a shift between maxima in relief and tunneling current
could be sensitive to the tip apex geometry, the shifts along
another [11] direction of the (6 x 6) quasi-cell were measured in
the same set of images shown in the ESI} (Fig. S2). As observed in
Fig. S2 (ESIt), the non-overlapping of the topographic bumps with
both the maxima of mean tunneling current and energy dissipation,
which is also evidenced from the associated cross-section profiles
(Fig. S3, ESIt), does not depend on the tip apex.

At a smaller scanning range, Fig. 4 presents a constant
frequency shift AFM topography with a simultaneously recorded

This journal is © the Owner Societies 2016
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Fig. 2 (a) FM-AFM topography of epitaxial graphene on 6H-SiC(0001)
obtained with a constant frequency shift (Af) equal to +20 Hz together
with simultaneously recorded maps of mean tunneling current (/)" (b) and
energy dissipation per cycle 'Ey4’ variation (c). FM-AFM regulation: oscillation
amplitude = 0.13 nm, V¢ = =5 mV (forward scan direction). Z range:
0-154 pm, (I1): 18.2-36.7 nA, E4 range: 2.08-2.65 eV per cycle. A plane
fit (i), a background subtraction by matching height median (ii), a 2D FFT
filter (iii) and a Gaussian smoothing correction (iv) have been performed on
these images as follows: (i—iv) in (a), (i and iii) in (b), and (ii—iv) in (c).

mean tunneling current map. Bumps in AFM topography over-
lap with minima in the mean tunneling current map as high-
lighted by the white hexagons located in the same place on
these images and illustrated in the cross-section profiles (Fig. 5).
In accordance with Fig. 2, the maxima of the mean tunneling
current during the AFM scanning appear shifted by ~1 nm with
respect to the topographic bumps. Besides this 1.9 nm period in
the mean tunneling current map, which corresponds well to the
(6 x 6) quasi-cell (green diamond) in the AFM topography, there
is a modulation with a 0.24 nm period as shown in the mean
tunneling current profile (Fig. 5(b)). This short period is assigned
to the graphene honeycomb lattice, which is not detected in the
AFM topography. The same features were observed when the tip
scans the surface in the opposite direction (backward scan), as
shown in the ESIT (Fig. S5).

Secondly, we have analyzed the images recorded in the
dynamic-STM mode. A typical dynamic-STM image and the
corresponding maps of variations of frequency shift and excitation
signal are reported in Fig. 6. The dynamic STM image (Fig. 6(a))
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Fig. 3 Topography, mean tunneling current and energy dissipation per
cycle profiles extracted from the images of Fig. 2. The cross-section
profiles (I) along the [11] direction of the (6 x 6) quasi-cell are reported
for each image in (a), (b), and (c).

Fig. 4 (a) FM-AFM topography of epitaxial graphene on 6H-SiC(0001)
obtained with a constant frequency shift (Af) equal to +20 Hz together
with a simultaneously recorded map of mean tunneling current (/1) (b).
FM-AFM regulation: oscillation amplitude = 0.13 nm, V4 = =5 mV (forward
scan direction). Z range: 0-113 pm, (/1) range: 20.6-36.4 nA. A plane fit (i),
a background subtraction by matching height median (i), a 2D FFT filter (iii)
and a Gaussian smoothing correction (iv) have been performed on these
images as follows: (i—iv) in (a) and (i, iii) in (b).

shows a hexagonal periodic arrangement of white spots with a
1.9 nm period (red diamond).As illustrated by the white hexagons
located in the same place on each image, there are contrast
changes. The analysis of the three images shows that the bumps
in the dynamic STM image (Fig. 6(a)) do not superimpose on
maxima in the frequency shift map (Fig. 6(b)). In fact, maxima in
the dynamic-STM image correspond to minima in the frequency
shift as displayed in the cross-section profiles (Fig. 7(a) and (b)).
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Fig. 5 Topography and mean tunneling current profiles extracted from
the images of Fig. 4. The cross-section profiles along the [11] direction
of the (6 x 6) quasi-cell are reported for each image in (a) and (b)
(P=024nnm,d ~ 1nm).

Considering the STM regulation, this means that the tip-surface
interaction force gradient is lower above the maxima of LDOS. In
contrast, the maxima of the excitation signal are not located in the
middle of the distance separating the relief bumps in the dynamic-
STM image as laid out in the cross-section profiles (Fig. 7(a) and
(). The maxima of the excitation signal are typically located at 1/3

Fig. 6 (a) Dynamic-STM image of epitaxial graphene on the reconstructed
6H-SiC(0001) surface obtained using an oscillating tip. (b and c) Associated
maps of the frequency shift and excitation signal simultaneously recorded
with the dynamic-STM image (a). Dynamic-STM regulation: Vy = —0.5V,
(l+) = 10 pA. Z range is 382 pm, Af range is 2.92-4.37 Hz, excitation signal
range is 18.5-22.4 mV. A plane fit (i), a background subtraction by matching
height median (i), and a 2D FFT filter (iii) have been performed on these
images as follows: (i—iii) in (a) and (iii) in (b).
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Fig. 7 Dynamic-STM, frequency shift and excitation signal profiles
extracted from the images of Fig. 6. The cross-section profiles along the
[11] direction of the (6 x 6) quasi-cell are reported for each image in (a—c).

(2/3) of the distance between the relief bumps in the dynamic-STM
image in contrast to the findings obtained in AFM measurements
as shown in Fig. 3.

For bias tension |Vy| < 1 V, the maxima in FM-AFM
topographic images (dynamic STM images) are always found
displaced (spatially) in comparison with the maxima of the
mean tunneling current (frequency shift) map for different setpoint
values of positive frequency shift (mean tunneling current).

4. Discussion

All the data obtained in this study show that maxima in
dynamic-STM or FM-AFM images do not overlap with maxima
in the associated maps of frequency shift or mean tunneling
current maps, respectively. As the measured shift between these
maxima is typically 1 nm along the [11] direction of the (6 x 6)
quasi-cell, a question arises: is the real topography of EG on
6H-SiC(0001) reproduced by STM images?

As the role of the tip apex is crucial for surface analysis using
a combined STM/AFM microscope, we first consider the influence
of the tip geometry on the images. Fig. 2 and 3 together with
Fig. S1-S3 (ESI{) demonstrate that the non-overlapping of
maxima in STM (AFM) images with maxima in the frequency
shift map (mean tunneling current map) is independent of the
tip apex shape or the scanning direction.

Then the influence of the conductance conditions is checked.
During FM-AFM imaging of graphene on 6H-SiC(0001) simulta-
neously recorded together with maps of mean tunneling current
(Fig. 2 and 4), we obtain an average conductance value of
G = 0.25G, (ESIT) lower than the “contact” conductance values
reported by Altenburg et al.>® (0.4G, < G < 1.0G,, for graphene
on Ru(0001)) and close to those obtained by other authors in
STM images of graphene on Ir(111) (G = 0.13G,,, conditions: Iy =
1 pA, Vy = +100 mV)®® and graphene on Ni(111) (G = 0.31G,,
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conditions: It = 48 nA, Vy = +2 mV).*" We also remark that,
during FM-AFM imaging to a lower frequency shift setpoint
value of +4 Hz, the average conductance value is reduced to
G ~ 0.01G, (Fig. S4, ESIt). Furthermore, the mechanical stability
of the tip oscillation was assured when the AFM topography was
imaged with different Af setpoint values (for Af = +4 (Fig. S4,
ESIT) to +15 Hz (results not shown here)) and no abrupt changes
(or reduction to zero) in the oscillation amplitude were observed
(the tip oscillation amplitude is maintained constant, as mentioned
in the Experimental section). We also pointed out that for the
dynamic STM image shown in Fig. 6, the calculated conductance
is much less G = 0.97 x 10~ °G, (for (I) =10 pA, V= —0.5 V) than
the conductance values in AFM images, and is in accordance with
the ones obtained by other authors in STM images of graphene
on SiC(0001) (G = 1.61 x 10~ °G, (for Iy = 100 pA, Vi = —0.8 V)*
and G = 6.45 x 10~ °G, (for It = 100 pA, Vi = —0.2 V)'°). Therefore,
the lateral shift between maxima in STM or AFM images with
maxima in the frequency shift map or the mean tunneling
current map, respectively, does not depend on the tunneling
conductance for 107°G, < G < 0.25G,.

In our AFM experiments, we worked in the repulsive regime
with positive frequency shift values (between +4 and +20 Hz),
which were required for measuring a tunneling current. We
have not detected a tunneling current in the attractive regime.

The interpretation of constant mean tunneling current STM
images and those obtained with an AFM in frequency modulation
mode working in repulsive interaction are usually related to
constant local density of states near the Fermi level and constant
total density of states (Pauli repulsion), respectively. In this simple
framework, the experimental images obtained in this study
suggest the existence of a shift between the maxima of total
DOS corresponding to real relief and the maxima of LDOS in the
EG on the reconstructed 6H-SiC(0001) surface. Nonetheless, two
independent DFT calculations of the EG on 6H-SiC(0001) have
shown that the maxima of LDOS are related to the carbon atoms
in the underlying buffer layer, which are not chemically bonded
to Si atoms of the 6H-SiC(0001) surface.'®?* As a result, the
maxima of LDOS and then the protrusions in simulated STM
images were found to be associated with the topographic bumps
in calculated AFM images.

As a typical 1 nm shift is observed between the maxima in
STM (AFM) images and those in the associated maps, a detailed
analysis is then required for an in-depth understanding of
the data recorded using the combined dynamic-STM/FM-AFM
microscope.

Our qualitative analysis is based on two main arguments:
Firstly, we highlight the difference between the LDOS and the
total DOS profiles in the buffer layer on 6H-SiC(0001) as shown
by DFT calculations. Secondly, we consider the variable decrease
of the distance between the EG and the buffer layer in relation to
the mechanical distortion of graphene on 6H-SiC(0001) induced
by the tip.*® Both causes lead to an apparent increase of the
LDOS of the distorted EG monolayer and then of the measured
‘relief’ in the STM images.

Let us consider the maps of the total DOS and LDOS of the
buffer layer obtained from DFT calculations. The total DOS
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map presents a (6 x 6) quasi-cell of the localized maxima as
shown in Fig. 1(a) of ref. 19. In contrast, the simulated STM
image obtained by Kim et al.** from calculated LDOS of the
buffer layer shows an asymmetric shaped LDOS maxima. The
stretched maxima along the [11] direction find their origin in
the lattice misfit between the carbon arrangement in the buffer
layer and the 6H-SiC(0001) surface lattice. Despite these small
differences between the LDOS and the total DOS of the buffer
layer (also observed in the case of EG on SiC), the simulated
STM image and AFM topography of EG on SiC, obtained from
these calculations, exhibit maxima in the same place.'*?*
Therefore, the origin of the 1 nm shift observed between AFM
images and mean tunneling current maps or dynamic-STM
images and frequency shift maps obtained in this study needs
further research.

We believe that the observed shifts in this study originate
from the tip-induced mechanical distortion®® that locally modi-
fies the electronic coupling between the EG and the buffer layer
along the [11] direction of the (6 x 6) quasi-cell. In the
schematic diagram shown in Fig. 8, the profiles of the total
DOS and LDOS of the buffer layer along a [11] direction are
presented together with the traces of the AFM tip and the
variation of the corresponding mean tunneling current ({Ir))
and energy dissipation (E45) maps. The LDOS profile of the
buffer layer was deduced from Fig. 2 of ref. 34. As a result of the
distortion of the EG due to the AFM tip, the distance between
the EG and the buffer layer is reduced, resulting in an increased
electronic coupling. As a consequence, the LDOS of the distorted
graphene increases and the mean tunneling current, which is
proportional to the LDOS of distorted graphene, measured by
the AFM tip, increases. In this framework, the variation of the
tunneling current has been qualitatively estimated from the gap
between the distorted graphene and the LDOS of the buffer
layer: the tunneling current increases when the tip approaches
the LDOS of the buffer layer. In addition, the position of the
maxima in the (Ir) map appears to shift along the [11] direction
as compared to the topographical bumps shown in Fig. 8, in
agreement with experimental results (Fig. 2-5).

Let us now consider the case of the maxima in the dynamic
STM images, which are spaced with respect to the position of
maxima in the frequency shift map. A qualitative analysis
appears awkward, because the STM tip traces a constant LDOS
profile of a distorted graphene. However, considering the positive
value of the measured frequency shift (repulsive regime) during
STM imaging, we have demonstrated that the graphene is
distorted by the STM tip. Then the ~1 nm shift observed
between the maxima in dynamic-STM image with that of the
frequency shift map originates in the tip induced distortion of
EG consistently with the AFM observations. This is also supported
by the location of the maxima of the excitation signal, which are
situated at 1/3 (2/3) of the distance between the maxima in the
dynamic-STM image in Fig. 6 (along the [11] direction of the
(6 x 6) quasi-cell) and not in the middle as in the AFM
measurements.>®

Clearly, this study at the nanometer scale demonstrates that
the tip-induced distortion strongly influences the STM images
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Fig. 8 Schematic view of the AFM tip-induced distortion of the epitaxial
graphene on the reconstructed 6H-SiC(0001) surface along the [11]
direction of the (6 x 6) quasi-cell. (a) Non-distorted epitaxial graphene
layer (solid black line), (d) buffer layer (total DOS, solid blue line), (b)
trajectory of the AFM tip end in repulsive mode (black dashed line),
graphene locally distorted by the AFM tip (red dotted line), (c) LDOS of
the buffer layer extracted from Fig. 2 in ref. 34 (red solid line), (e) mean
tunneling current (green dashed line) between the distorted graphene
monolayer and the tip during AFM scan, and (f) variation in the energy
dissipation during AFM scan (cyan dashed line).

of EG on the 6H-SiC(0001) surface. Additionally, a variation of
the tip-surface force gradient during dynamic STM investigations
is also evidenced at the atomic level as shown in Fig. S6 (ESIt).
During the acquisition of a constant mean tunneling current STM
image, a variation of the tip-surface force gradient ranging from
0.3 to 0.9 N m " with a 0.24 nm lattice period was measured.
Such a variation implies some tip-induced distortions of the
graphene topography yielding a STM image of the graphene at
the atomic level, which is different from a constant LDOS map
of the non-distorted graphene.

In this work, we have demonstrated that the mechanical
distortion induced by the STM tip influences the “relief” in the
STM images of EG on 6H-SiC(0001) at both nanometric and
atomic scales. Notably, we have found that STM images do not
reproduce the real topography of EG on 6H-SiC(0001), as the
positions of topographic bumps of EG on 6H-SiC(0001) are
spaced typically by 1 nm from the maxima in STM images along
the [11] direction of the (6 x 6) quasi-cell. In order to illustrate
their real arrangement, we have added white triangles onto a
STM image indicating the position of the topographic bumps
(Fig. 9). This model is supported by the location of the maxima
of the excitation signal during recording of the STM image and
those of the dissipation energy during the AFM measurements.*®

Consequently, an extended analysis of EG on a reconstructed
6H-SiC(0001) surface based on a comparison between experi-
mental STM images and images derived from DFT calculations
requires taking the graphene distortion generated by the tip into
account. However, such a quantitative analysis would necessitate
information on the tip shape at the atomic level and also on the
elastic properties of EG on reconstructed 6H-SiC(0001) in order

14270 | Phys. Chem. Chem. Phys., 2016, 18, 1426414272
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Fig. 9 A typical experimental STM image of EG on the 6H-SiC(0001)
showing the (6\/§ X 6\/§)R30° reconstruction (blue diamond). The real
positions of the topographical bumps determined from frequency shift
map are shown by white triangles. The same (6 x 6) quasi-cell can be
recognized in the topography (green diamond) and in the tip-induced STM
image (red diamond) because the maxima in the STM image are spaced by
~1 nm along the [11] direction of the (6 x 6) quasi-cell. A plane fit and a
background subtraction by matching height median have been performed
on the STM image. V1 = =50 mV, I+ = 300 pA and Z scale = 64 pm.

to reproduce the distortions of EG induced by the tip during
STM and/or AFM studies.

5. Conclusion

A combined dynamic-STM/FM-AFM platform was used for
studying epitaxial graphene on the reconstructed 6H-SiC(0001)
surface at room temperature under UHV conditions.

STM and AFM images independently recorded present the
same lattice of bumps with a 1.9 nm period that is attributed to
the (6 x 6) quasi-cell, in agreement with the DFT calculations
and previously reported experimental results. However, topographic
bumps (AFM) and maxima in the simultaneously recorded map of
mean tunneling current appeared spaced by typically 1 nm along
the [11] direction of the (6 x 6) quasi-cell. The same shift is observed
when the location of maxima in STM images is compared to the
maxima in the associated map of frequency shift. In both
experiments, the tip-sample interaction is repulsive, and the
results were verified for tunneling conductance values ranging
from 10°G, to 0.25G,. Consequently, the real topography of EG
on reconstructed 6H-SiC(0001) given by constant frequency shift
AFM images does not correspond to the corrugations shown by
STM images.

From a detailed image comparison, the origin of these shifts
is attributed to variations of coupling between the local density
of states (LDOS) of EG and the LDOS of the buffer layer
amplified by local distortion of epitaxial graphene induced
by the tip due to repulsive interaction with the sample. As a
consequence, the measured corrugation in constant mean
tunneling current STM images mixes the LDOS variation of
EG with the tip-induced mechanical distortion of graphene,
whose amplitude varies along the [11] direction of the (6 x 6)
quasi-cell. The location of the maxima of the excitation signal
during recording of STM images and those of the dissipation
energy during the AFM measurements supports this model.
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Furthermore, graphene distortions have been detected at the
atomic level resulting from modulations of the tip/surface force
gradient with a 0.24 nm period induced by the STM tip.

Finally this combined STM-AFM study of EG on a recon-
structed 6H-SiC(0001) surface demonstrates that a constant
current STM image does not reproduce its real topography
but corresponds to the measured LDOS modulations, which
depend on the variable tip-induced graphene distortion within
the (6 x 6) quasi-cell at the atomic scale. Therefore to achieve
an in-depth understanding of STM or AFM images and/or to
compare their relief with DFT calculations, the mechanical
distortion of epitaxial graphene induced by the tip must be
taken into account in new studies.
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