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ABSTRACT Imaging at the atomic scale using atomic force microscopy in
biocompatible environments is an ongoing challenge. We demonstrate atomic
resolution of graphite and hydrogen-intercalated graphene on SiC in air. The
main challenges arise from the overall surface cleanliness and the water layers
which form on almost all surfaces. To further investigate the influence of the
water layers, we compare data taken with a hydrophilic bulk-silicon tip to a
hydrophobic bulk-sapphire tip. While atomic resolution can be achieved with
both tip materials at moderate interaction forces, there are strong differences in
force versus distance spectra which relate to the water layers on the tips and
samples. Imaging at very low tip—sample interaction forces results in the

observation of large terraces of a naturally occurring stripe structure on the

hydrogen-intercalated graphene. This structure has been previously reported on graphitic surfaces that are not covered with disordered adsorbates in

ambient conditions (i.e., on graphite and bilayer graphene on SiC, but not on monolayer graphene on SiC). Both these observations indicate that hydrogen-

intercalated graphene is close to an ideal graphene sample in ambient environments.
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o understand atomic and molecular

structures in biocompatible environ-

ments, tools for sensing down to the
atomic and intermolecular scale in ambient
conditions are needed.'~® One method to
achieve this high resolution is atomic force
microscopy,* ¢ where the highest spatial
resolution is realized in ultrahigh vacuum.
While imaging down to the atomic scale
is possible in liquid’~® and ambient condi-
tions,'® the vaguely defined surface con-
tamination films present in these environ-
ments are an ongoing challenge.

In 1995, it was shown that force micro-
scopy could achieve atomic resolution of
the Si(111)-7 x 7 surface.’ While the 7 x 7
surface is an archetypical surface for scan-
ning probe experiments, its adatoms with
a spacing of 770 pm are much wider apart
than atoms on other surfaces. After Si was
atomically resolved, it was not until 2003
that the AFM was finally able to resolve each
atom on a graphite surface."’ Those eight
years were not for lack of trying, but rather
because of the close spacing of atoms in
graphitic surfaces, which is only 142 pm.The
simultaneous measurement of tunneling
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currents and forces demonstrated the
ability of force microscopy to resolve finer
details than its predecessor, as tunneling
microscopy generally only resolves every
second atom of the surface. Resolving the
graphite surface required data collection at
low temperature and in ultrahigh vacuum
(UHV). At low temperatures, the drift is
decreased, allowing for measurements that
demand low bandwidth. In UHV, the long-
range forces are usually limited to electro-
static and van der Waals forces. Of course,
many biological samples strongly rely upon
their environment and are not suitable
for studies in UHV or low temperatures.
Not only does this require operation near
room temperature, but the presence of any
liquid, especially water, can complicate the
system as a whole. Ignoring hydrodynamic
forces,'? the complications arise mainly be-
cause of two effects: The dipole moment
of the water molecule and the naturally
occurring OH™ and H30™ ions. It is common
that at interfaces one ionic species will be
favored over the other and form a layer,
attracting the second to form a comple-
mentary layer, known as an electric double
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Figure 1. Model of epitaxial graphene on SiC(0001): (a) monolayer graphene and (b) bilayer graphene on SiC. The graphene
sheet sits on top of an interface layer bound to the SiC substrate. (c) Hydrogen intercalated graphene on 6H-SiC(0001) is

separated from the SiC substrate by a H layer.

layer. In a controlled liquid environment, these effects
can be reduced or optimized by careful combination of
the tip—sample-liquid (solution) system.'?

Recently, we reported atomic imaging of KBr under
ambient conditions by frequency-modulation atomic
force microscopy (FM—AFM).'® This is a very unique
system in which the ionic species dissolve into the
water layer, effectively decreasing the electrostatic
effects. We acquired images in which one of the two
ionic species (spaced by 466 pm) can be seen, similar
to images previously reported in UHV.'>' We used
a sharp hydrophobic sapphire tip, which appeared
to have no measurable water layers on the apex,
and optimized the signal-to-noise ratio with respect
to the oscillation amplitude (A), a method we called
Q-spectroscopy.

RESULTS AND DISCUSSION

In this work, we investigate highly oriented pyrolytic
graphite (HOPG) and hydrogen-intercalated graphene
(also referred to as quasi-free-standing monolayer
graphene'>~"7) on SiC(0001). Hydrogen-intercalated
graphene differs from both monolayer and bilayer
graphene on SiC by the hydrogen termination of the
underlying substrate (Figure 1), a point we will return
to later. Both the graphite and graphene surfaces are
hydrophobic. HOPG has been studied with contact
angle measurements,'® 2% with results varying from
83.0°'® t0 98.3°," and all studies agreeing that it is
hydrophobic in nature. For this paper, we therefore
interpret a contact angle of 80° or higher to indicate
that a material is hydrophobic. While we are not
aware of contact-angle measurements published on
H-intercalated graphene, we propose that it is hydro-
phobic, too, for the following two reasons. First, while
bare SiC is hydrophilic with a contact angle of 69.3°, as
soon as monolayer, bilayer, or a few layers graphene
are grown on it, it becomes hydrophobic with contact
angles of 92.5°, 91.9°, and 92.7°, respectively.”® The
hydrogenation of the polar interface layer is unlikely
to lead to a hydrophilic character. Second, we observe
a structure on the H-intercalated graphene that we
understand to be formed by gas aggregation on a
hydrophobic surface.
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Our experiments are done in laboratory air with a
relative humidity (RH) of 50—60%. We used both a
hydrophobic sapphire tip and a hydrophilic bulk Si tip.
The contact angle of a smoothed sapphire sample has
been measured to be >80°." The Si tip was made by a
shard of a Si single crystal, which we expect is covered
with silica and adsorbed water. Bare silica particles
have been shown to be hydrophilic in nature as
demonstrated by contact angles less than 10°.%2

Figure 2a shows a frequency shift (Af) image of
HOPG acquired in quasi-constant height with a Si tip.
The hexagonal atomic lattice is clearly observable.
In Figure 2b, a higher-resolution image is shown, where
the atoms and single bonds can clearly be seen.

Figure 2c displays atomic-sized defects in the gra-
phite surface. These defects were probably caused by
afolding faultin a subsurface layer. Not surprisingly, we
did not observe single-atom defects, as the creation of
these on graphitic surfaces usually requires sputtering.

Shortly after imaging, we acquired a Af versus
tip—sample distance (z) spectrum (Figure 2d). The
spectrum shows three different features: (1) an onset
of a long-range repulsion at 100 nm which leads to a
very steep increase in the force gradient over a range of
only a few nanometers, (2) an almost linear increase of
Af with decreasing distance that spans tens of nano-
meters, and (3) a strong repulsive interaction that is
observable only at very small tip sample distances.

To explain this, we propose the following model (see
Figure 2e): (1) At large tip—sample distances, the water
layers on the tip and sample are not in contact but still
interact. Water—gas interfaces are negatively charged
due to the accumulation of OH™ ions, over a wide
range of pH conditions.”>?* The water—gas interface
on the Si tip and graphite surface are therefore both
negatively charged and repulsive. (2) At intermediate
distances, the water layer on the sample and the tip are
in contact. The dominant processes in this region are
quite different because the interaction is no longer
dominated by the electrostatic repulsion of the surface
of two separate water layers. Many different effects
come into play here, including the attractive meniscus
formation, hydrodynamic forces caused by the moving
tip, and the interaction between the surface electric
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Figure 2. FM—AFM measurements on HOPG and model of silicon tip sample system. (a), (b) Afimages of HOPG: (a) atomic
resolution of HOPG, Af= 150 Hz, A = 200 pm; (b) high-resolution Afimage. Af=200 Hz, A =380 p; (c) Afimages of atomic-sized
defects in HOPG surface, with defects marked by arrows, Af=200 Hz, A =350 pm; (d) Af versus z spectrum on HOPG, the three
different z-dependent states are marked observable; (e) model of the silicon tip and graphitic sample: (1) no direct contact
between water layers; (2) water layers are in contact; (3) atomic resolution.

double layers. It was shown that on a silica surface in
water, the solid—liquid interface charges due to de-
protonated silanol groups,*>%® and positive counter-
ions (H;0™) are attracted by the surface potential.?
Furthermore, the presence of the liquid layer can lead to
repulsive van der Waals forces (Casimir— Lifshitz force).2”
This is therefore a very complicated regime which is
observable in the force spectrum with this relatively flat,
hydrophilic tip. (3) At small tip—sample distances, the tip is
sensitive to short-range forces and atomic resolution can
be achieved. At low temperature in UHV, investigations of
graphitic surfaces®® and molecules** have concluded
that Pauli repulsion is responsible for these short-range
interactions. We propose the same interaction in ambi-
ent conditions because we find similar image contrast,
with the atoms appearing repulsive.

Afterimaging the HOPG surface, we imaged hydrogen-
intercalated graphene on SiC(0001) with the same silicon
tip. Again, we can observe atomic resolution of the lattice
(Figure 3a). A Af versus z spectrum (Figure 3b) appeared
very similar to the one on graphite, indicating similar
physical processes in the three regimes.

For the comparison of hydrophobic and hydrophilic
tip materials, we measured with bulk sapphire tips (Al,O3).
High wear resistance, chemical inertness, and high hydro-
phobicity make sapphire a nearly ideal tip material.

Figure 3c shows an image of the graphene surface
with the sapphire tip. The Af versus z spectrum
(Figure 3d) shows an attractive interaction beginning
from 12 nm distance which changes into short-range
repulsion at a distance of 2 nm from the surface. We
relate this to the absence or reduction of water layers
on the sapphire tip.
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While the atomic resolution with the sapphire and
silicon tips are similar (Figure 3a,c), the Af versus z
spectra (Figure 3b,d) are vastly different. Atomic reso-
lution requires a tip apex that is the same size or smaller
than the lateral features to resolve. Therefore, both a
Si tip and a sapphire tip, ending in a single atom, are
capable of producing similar images with atomic re-
solution. The differences in spectra, however, are due
primarily to the interaction of the macroscopic tip with
the water layer. This is a function of many parameters
including the sharpness of the tip and how hydrophilic
or hydrophobic the material is. The Si tip spectrum
shows interactions over a range of 100 nm from the
point of atomic resolution, while the sapphire tip which
shows these interactions only over a range of 12 nm.
This indicates that the Si tip is not as sharp as the
sapphire tip.

We found it easier to achieve atomic resolution on
graphene with Si tips. Our hypothesis for this is that
the inert behavior of sapphire and the hardness of the
crystal makes it hard to form the tip apex, whereas the
Si tip can be changed easier by gentle surface pokes
until atomic resolution is achieved. For Si tips we found
that once a good tip apex was formed, it was as stable
as the sapphire tips, and one could image without
discontinuities or strong tip changes while achieving
atomic resolution in experiments. The oxide seems
very robust and wear resistant while resolving atoms
over days even when switching from one sample to the
other.

Using the sapphire tip, we explored larger surface
features at smaller tip—sample interactions (Figure 4).
We observe large flat terraces where only a few
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Figure 3. FM—AFM measurements on hydrogen-intercalated graphene on 6H-SiC(0001): (a) atomic resolution Af image with
silicon tip; (b) Af versus z spectrum with silicon tip Af = 480 Hz, A = 280 pm. The three different distance dependent states
between Af and sample are observable. (c) Afimage with sapphire tip showing atomic resolution, Af = 580 Hz, A =200 pm;

(d) Af versus z spectrum with sapphire tip.

adsorbates are present. In contrast, the step edges are
highly covered with adsorbates, in agreement with
other experimental and theoretical data.3°>2 A closer
look at the flat terraces revealed a naturally occurring
stripe structure. The height of the stripe structure is
0.3—0.4 nm with a periodicity of ~4.2 nm.

The periodicity and height of the stripe structure are
equal to reported structures on graphite®* and bilayer
graphene®® and are proposed to be formed by the
water-mediated adsorption of nitrogen on hydropho-
bic surfaces.>® This phenomenon of gas enrichment
(in this case N,) on a hydrophobic solid—liquid inter-
face was theoretically predicted in molecular dynamic
simulations.®® As reported previously, the stripe struc-
ture can easily be destroyed by the tip.3* While we can
image these stripes, when imaging with atomic resolu-
tion we must be penetrating through this fragile stripe
structure.

In recent work, we looked at a sample with both non-
intercalated bilayer and monolayer graphene parts of
the surface on SiC(0001).3* The monolayer graphene
was covered with disordered adsorbates, whereas
the stripe structure could be observed on the bilayer
area. Similarly, a higher reactivity has been found for
monolayer graphene compared to thicker graphene in
oxidation®**” and electron-transfer chemistry experi-
ments.3® It was observed that monolayer graphene
is up to 10 times more chemically reactive than few-
layer graphene in certain cases.>® We proposed that as
the monolayer graphene was covered by disordered
adsorbates they precluded the formation of the
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ordered stripe structure. Two effects that can influence
the presence of these additional disordered adsor-
bates are substrate effects (including dangling bonds)
and curvature.

Experiments and theoretical models show that both
binding energy and adsorption barriers are tunable
by controlling the local curvature of the graphene
lattice.3°~3? Corrugation-induced reactivity was pro-
posed on monolayer graphene.>**° It was shown that
due to the spacing to the polar interface layer, the
bilayer graphene is less corrugated*>*' than mono-
layer graphene.

Raffee et al. showed that substrate properties
can be important for the properties of the graphene-
coated surface and may mediate substrate proper-
ties to the surface.*? Recently, Shih et al. showed
that substrate effects can be effective shielded*® by
increasing the distance between graphene and the
substrate.

Substrate-induced charges and corrugation of gra-
phene are still under discussion regarding their influ-
ence on the reactivity of graphene.36~384445 However,
the presence of the stripe structure over such a large
area of the hydrogen-intercalated graphene is a strong
indication that the surface is flat and does not attract
unwanted adsorbates. We propose that this is another
reason that we were able to achieve atomic resolu-
tion on this surface, as we were able to scan on very
clean terraces. Moreover, it shows that hydrogen-
intercalated graphene is a near-ideal graphene surface
in ambient conditions.
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Figure 4. Hydrogen-intercalated epitaxially grown gra-
phene on SiC(0001) with sapphire tip: (a) model of a step,
where the graphene lies over a step like a carpet; (b) large
scale overview; (c) stripe pattern which covers complete
terraces of the graphene surface is observed; (d) high-
resolution image of the stripes. The height of the stripe
structure is 0.3—0.4 nm with a periodicity of ~4.2 nm. Scan-
parameters Af = 4.0 Hz, A = 140 pm.

CONCLUSION

We imaged graphite with a hydrophilic Si tip and
were able to achieve atomic resolution. The spectrum
over this surface revealed measurable interaction
further than 100 nm from the tip—sample imaging
distance required for atomic resolution.

We imaged hydrogen-intercalated graphene with
the Si tip and with a hydrophobic bulk-sapphire tip.
The spectra showed clearly the difference between a
tip covered by water layers and one without. Therefore,

MATERIALS AND METHODS

Sample. The HOPG crystals under study were purchased from
Mateck GmbH and prepared by cleaving with adhesive tape in
air. The hydrogen-intercalated epitaxially grown graphene on
5iC(0001)">'” was provided by the group of Seyller.

Quartz Cantilever AFM. The AFM experiments where performed
on a home-built gPlus ambient AFM,'®** operated by a Nanonis
Control System with an OC4 PLL from SPECS GmbH. We used
custom-designed gPlus'®**” sensors that are manufactured
similar as quartz tuning-forks. The sensors have a characteristic
resonance frequency of fo =32768 Hz and a stiffness k=1280 N/m.
The gPlus Sensors were equipped with silicon or sapphire tips,
made by splintering bulk crystals. Sensor parameters: Figure 2
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when scanning with a bulk-silicon tip, which is very
common in AFM, one needs to be very careful when
interpreting surface versus tip features in the spectra.

We achieved atomic resolution with both tip materi-
als. This was an outstanding result for us, as we have
struggled for a long time to achieve atomic resolution
on monolayer graphene. Comparing these data with
our previous observations,>* there is a clear difference
between hydrogen intercalated and nonintercalated
graphene on 6H-SiC(0001). Whereas the monolayer
graphene was covered with disordered adsorbates,**
the hydrogen-intercalated graphene remained clean.
Fitting with our understanding of graphitic surfaces
in ambient conditions, because the surface stayed free
of disordered adsorbates, we were able to observe a
stripe structure.

Our previous observations also showed this stripe
structure on small bilayer regions of graphene. What
makes monolayer graphene different from both bi-
layer and hydrogen-intercalated graphene is its pro-
ximity to the interface layer. We propose that the
cleanliness of the hydrogen-intercalated graphene is
due to the saturation of the underlying substrate, and
that hydrogen-intercalated graphene is flatter and less
attractive to disordered adsorbates than monolayer
graphene. Transport measurements have also shown
hydrogen-intercalated graphene to have a much high-
er mobility than monolayer graphene that is relatively
constant with temperature.*® Therefore, we propose
that hydrogen-intercalated graphene is a strong
candidate for manufacturing devices usable under
ambient conditions and the stripe structure to be an
indicator for low reactive graphene-coated surfaces.

A key feature in our setup is the gPlus'%*®*” sensor
and the small-amplitude operation at high Q values
that it allows for. In contrast to standard AFMs, where
cantilever stiffnesses range from 0.1 to 10 N/m, the
gPlus sensor used here has a stiffness of 1280 N/m.
We can controllably oscillate with amplitudes below
100 pm in a range of environments, from tens of
nanometers thick water layers to almost none. It is
easy to select the tip material, as the tip is simply glued
to the end of the cantilever.

and Figure 3a ,b: fo = 29858 Hz, Q,; = 2432, bulk silicon tip;
Figure 3c,d: fy = 30957 Hz, Qur = 2455, bulk sapphire tip. The
amplitudes are optimized by Q-spectroscopy.

Q-Spectroscopy. The imaging amplitude A was optimized
by a method described in detail in a previous publication.”
Drive amplitude versus amplitude spectra are taken close to
the sample and far away in air. Using these spectra, one can
calculate the energy loss per oscillation cycle. From that,
the effective Q value for the actual tip sample configuration
can be determined. Here we note that on HOPG crystals
effective Q values of up to 800 have been achieved.

Quasi-constant Height Imaging. AFM images in Figures 2 and
shown in this manuscript were taken in quasi-constant height
mode; i.e., the feedback controller was set to a very low gain to
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merely correct for thermal drift and essentially enable constant-
height scanning.

Tip Treatment. If it was not possible to get atomic resolution

upon the first approach to the sample, we changed the tip apex
by performing light (~1—4 nm) surface pokes on the graphene-
coated SiC(0001). Surface contaminants were avoided to avoid
tip contaminations. This worked quite well for Si tips, as Si is
softer than SiC. Sapphire tips could be modified by poking into
a sapphire substrate.
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