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ABSTRACT We study epitaxial graphene on the 6H-SiC(0001)
surface under ambient conditions using frequency-modulation
atomic force microscopy. We observe large terraces with a self-
assembled stripe structure within a highly adsorbate covered surface
on top of the graphene. To identify the origin of the structure, we
compare the experimental data on graphene with calculations and
experiments on graphite that predict the formation of a solid—gas

well ordered stripes

monolayer in the solid—liquid interface of hydrophobic surfaces.

disordered adsorbates
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raphene is a two-dimensional crystal’

made of carbon atoms ordered in a

honeycomb lattice.® This material is
interesting due to its properties such as high
charge carrier mobility and its potential as a
building block for a new generation of elec-
tronic devices. The possibilities of chemical
and molecular doping of graphene and re-
lated structures,>* chemical sensing, and gas
detection down to the single molecular reg-
ime>® have been demonstrated. High-perfor-
mance sensors based on chemically derived
graphene have been realized 5~ '° Graphene-
based biosensors for detection of glucose,'’
bacteria,'* pH, and proteins'>' have also
been fabricated.

A bulk three-dimensional crystal exposes
only the surface atoms to the environment,
but in the case of a 2D crystal, all atoms are at
the surface and are unprotected. This can easily
affect the electronic transport properties* due
to unwanted adsorbates. The preparation of
a graphene flake by exfoliation®'® is mainly
performed under ambient conditions, and the
sample is exposed to air until being used. Here,
surfaces stay in contact with water vapor,
oxygen, nitrogen, rare gases, carbon oxides,
and all other constituents of the laboratory air,
including pollutants and aerosols, which can
adsorb on the sample. As a result, such samples

WASTL ET AL.

deviate from the conception of an ideal, clean
graphene layer. In the future, processing of
electronic devices from graphene could be an
important part of modern industry. Therefore, it
is important to know the surface properties and
possible reactions of graphene in different
environments. In this paper, we present
frequency-modulation atomic force microscopy
(FM-AFM)'® measurements of epitaxial gra-
phene on SiC(0001) in ambient conditions to
clarify what happens to graphene when it is
stored in air. In our data, we observed a self-
assembled stripe structure, whose origin we
investigate. It is proposed that the stripes mark
the presence of bilayer graphene on SiC(0001)
in air.

RESULTS AND DISCUSSION

Epitaxial graphene was grown by thermal
decomposition of 6H-SiC(0001) under ar-
gon atmosphere'” in a setup described
elsewhere.'® In contrast to the presence of
an idealized flat and clean graphene sheet,
we find that the surface consists of either
areas with a high coverage of disordered
adsorbates or areas with well-defined
stripes, one-dimensional steps, and ridges.

Figure 1a shows a low-energy electron
microscopy (LEEM) bright-field image taken
at an electron energy of 3.3 eV on another
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sample prepared under identical conditions as the
samples used for the AFM investigations. It exhibits
mainly areas of two different intensities of the reflected
electrons. Electron reflectivity spectra acquired in the
portions of the dark (light) gray regions indicated by
the solid (dotted) rectangles are presented in corre-
sponding solid and dashed lines in Figure 1b. From the
number of minima in the spectra, these regions can be
assigned to monolayer (ML) and bilayer (BL) graphene.'®
A similar distribution of ML and BL graphene has been
found in a previous study'’ of graphene obtained by
atmospheric pressure graphitization at the same tem-
perature as used for the present work. In that earlier
study, BL nucleation was observed on the edge of the
upper terraces'’ next to substrate macrosteps. In con-
trast, dark lines originating from substrate steps are
evident within the bright regions in the micrograph in
Figure 1a, showing that BL graphene formation is possi-
ble on either side of such steps on the samples discussed
in this work. We attribute this to the growth conditions in
the different furnaces used for graphene preparation in
ref 17 and the present study.'® It is instructive to compare
the LEEM images with the sample morphology deter-
mined by AFM (Figure 2a). In Figure 2a, an AFM overview
image of the epitaxial graphene surface is shown. On a
large part of the surface, a high coverage of disordered
adsorbates is observed. However, two very different types
of areas can be distinguished, one which has a high
coverage of adsorbates and another that is nearly clean.
In high-resolution AFM images, such as Figure 2b, differ-
ent step heights could be identified. Their typical height is
0.75 and 1.5 nm, but we also observed steps with a height
of 4.5 nm in the adsorbate-free parts of the surface. These
4.5 nm substrate steps and higher ones (macrosteps) are
expected in the case of ideal graphene growth due to
step bunching of SiC."”

Based on the structural similarities of the LEEM and
AFM images, the location of the ML and BL regions with
respect to the substrate steps, and their relative coverage
of the surface, we assign the areas covered with dis-
ordered adsorbates in the AFM images to ML graphene
and the smooth parts to BL graphene. Substrate-induced
charges and corrugation have been discussed to influ-
ence the reactivity of graphene.?*2* In general, a higher
reactivity of ML graphene compared to thicker graphene
has been observed in oxidation?>?' and electron transfer
chemistry experiments.”> ML graphene has been found
to have a 10-fold higher chemical reactivity compared to
few-layer (FL) graphene in certain cases.? It is known
from scanning tunneling microscopy data that ML gra-
phene has a larger corrugation compared to BL epitaxial
graphene on SiC(0001).2>% This higher corrugation of ML
graphene could induce a higher reactivity,***’ leading to
an enhanced nucleation of adsorbates. This is an addi-
tional indication that the highly adsorbate covered region
is monolayer graphene and the smooth parts of the
surface are BL graphene. The observation of graphene
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Figure 1. (a) LEEM bright-field image of epitaxial graphene
prepared under the same conditions as the samples for AFM
measurements. The electron energy was 3.3 eV. Regions in
dark gray correspond to ML graphene and light gray to BL
graphene, as evidenced by the corresponding electron
reflectivity spectra shown as solid and dotted curves in
(b). The spectra are offset vertically for clarity. Note the
substrate steps dissecting the BL regions which appear as
dark lines in the micrograph.

10 nm
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Figure 2. Epitaxially grown graphene at ambient condi-
tions. (a) Large-scale overview with areas of high and low
adsorbate density. Arrows mark ridges presumably caused
by buckling and bending to relieve compressive strain. (b)
Enlarged view (area marked by black box in (a)) of graphene
ridges on top of the terrace. The two ridges first follow the
step edge and then bend toward the center of the terrace.
(c) Crossing point of the ridges. A stripe pattern on top of
graphene is resolved. The orientation of the stripes in the
domains is marked by solid lines and is rotated by 60° with
respect to each other. The circle marks an area with mixing
of domains on a terrace where the domains are not sepa-
rated by a ridge. (d) High-resolution image of the sharp
border between high and low adsorbate densities. The
height of the striped structure is ~0.3—0.4 nm with a periodicity
of 4.2 + 0.4 nm. Scan parameters: silicon tip (microfabricated
silicon cantilever probe model Sicona, APPNANO, Santa
Clara, CA, USA) attached to a qPlus®' —>* sensor, Af = 5.04 Hz,
A =200 pm, f, = 25354 Hz, k = 1800 N/m, Q = 1000.

ridges®®*° at step edges and on terraces, marked by

arrows in Figure 2a, support the hypothesis that the
smooth part of the surface is formed by BL graphene.
The ridges are bulged regions of graphene, presumably
occurring as a result of buckling and bending to relieve
the compressive strain on FL graphene.?® A typical height
of 1—2 nmis found. The origin of the compressive strain is
the difference between the coefficient of thermal expan-
sion for graphene and SiC as the samples are cooled after
graphitization.2*3°
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Figure 2b shows in more detail the strong separation
between areas of smooth and rough surface with steps
and ridges acting as borders. From high-resolution
images (Figure 2¢,d), one can observe that the surface
is not atomically flat. Even on flat terraces, we could not
get atomically resolved images of graphene. We do,
however, observe a highly ordered self-assembled
stripe structure.

The spacing (average periodicity extracted from 100
line-scans of 8 data sets) of these stripes is 4.2 + 0.4 nm,
and the height of the structure is 0.3—0.4 nm. This can
be observed on different epitaxial graphene samples
with different microscopes and tip materials.

The primary direction of the stripes is indicated by
solid lines in Figure 2b,c. The stripes seem to arrange in
domains, in regions where ridges are present. Related
to the points discussed before, stripe domains are only
present on BL or FL layer graphene. Our hypothesis to
explain why we do not observe the stripe pattern on
the ML graphene part is the high adsorbate coverage
of ML graphene (this will be discussed later). The
primary stripe domain orientation on BL graphene
does not change from one terrace to the other
(see Figure 2b and Figure 3). This is consistent with
the observation that the graphene layer extends over
substrate steps like a carpet,>>° a property that has been
exploited in the continuous growth of molecular layers on
epitaxial graphene3%*” Figure 2c shows two different
orientations on one terrace where the orientation is
marked by solid black lines in the image. The orientation
of stripes in one domain is at an angle of 60° to the other.
The area marked by a circle in Figure 2c shows the
coexistence of different stripe orientations on one terrace.

In Figure 3, the different possible observable fea-
tures of the graphene sample under ambient condi-
tions are shown. Three kinds of surface areas labeled A,
B, and C are displayed. Regions A and B are BL
graphene parts of the surface, whereas part C with
the high adsorbate coverage is ML graphene. The part
marked by A shows only one orientation of the stripes;
therefore, this whole region can be considered as one
domain. Here it is clearly visible that the stripes con-
tinue over substrate steps and ridges, indicating that
the BL graphene continues over step edges. Part B
shows a surface area where no stripe pattern has
formed on the BL graphene. This observation is rare,
and it is not clear why the stripe structure is not
continuous in the border region B and does not cover
the complete part of the BL graphene. However, the
difference between BL graphene in region B with
the lower adsorbate concentration and the ML graphene
assigned to part Ciis clearly visible. In the following, we try
to clarify the origin of the observed stripe structure on BL
graphene.

One possibility to create ripples in graphene could
be the effect of strain in the graphene/SiC system. Duan
et al. developed a continuum model of a graphene sheet
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Figure 3. Epitaxially grown graphene imaged in ambient
conditions: Regions A and B show BL graphene. (A) Com-
pletely covered with a stripe pattern. The stripes are con-
tinuous over substrate steps and ridges therefore region A
can be treated as one large domain. (B) BL graphene with a
low density of adsorbates. (C) ML graphene highly covered
with adsorbates. The difference between BL graphene in B
and ML graphene in C is obvious due to the higher density
of disordered adsorbates. Scan parameters: silicon tip
(microfabricated silicon cantilever probe model Sicona,
APPNANO, Santa Clara, CA, USA) attached to a gPlus sensor,
Af=5.04 Hz, A = 200 pm, f, = 25354 Hz, Q = 1000.
and showed that shear stress leads to the formation of
wrinkles with a size- and strain-dependent amplitude and
wavelength.*® The large ridges we observe on various
positions are explained by the reduction of strain in the
graphene sheet?®*° Related to the continuum model,
this strain can lead to a wrinkling of the graphene. The
simulations of Duan et al. have shown a direct correlation
between induced stress and periodicity of stripes.3®
Applying low stress to a graphene surface region induces
wrinkles with a large distance between each other
and therefore a low periodicity. Increasing the stress
in the surface increases the periodicity of wrinkles in
the simulation.®® One would therefore expect to observe
a change of the stripe direction, periodicity, and ampli-
tude of the stripes over step edges or an orientation
dependence of the domains with respect to the ridges
due to the change of the strain in the surface. Experi-
mentally, a variation of stress should be present at step
edges and near ridges in the surface, as ridges are a clear
indication for compensation of surface stress in
graphene.® 3 In Figure 2b, it is shown that there is no
clear domain orientation dependence to the ridges or
step edges and the observed periodicity and amplitude
of stripes is not related to surface features. The stripe
periodicity and amplitude is neither changed near ridges
nor over surface steps as demonstrated in Figure 3. Also,
the coexistence or mixing of domains labeled by the
circle in Figure 2c excludes wrinkling of the graphene due
to compressive strain as an origin for the observed stripe
pattern because there should not be a spontaneous
change in the surface stress on the terrace.

So far, it has not been taken into account that there
is a water layer during experiments under ambient
conditions. Our experiments were conducted at a
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relative humidity of 50—60%. We expect that the sur-
face is covered with an ultrathin water layer, which is
present on almost all surfaces (hydrophobic or hydrophilic)
exposed to air>** The thickness of the water layers
adsorbed on sample surfaces depends on the relative
humidity of the air,***'~** and the hydrophobicity of the
surface.>*

In the case of water in equilibrium with air, the
concentrations of dissolved oxygen and nitrogen are
about 0.5 and 0.2 mM, respectively, corresponding to a
molar fraction of 10 x 10 %and 5 x 107%, treating air as
21% oxygen and 79% nitrogen and ignoring its other
minor species.*®4>

A numerical study of a system similar to our experi-
mental one predicted that there might be a dramatic
increase of density of gas molecules in the vicinity of a
hydrophobic wall, and that they will adsorb at the
liquid—solid interface®” of hydrophobic materials. The
basis of this prediction is a molecular dynamics simula-
tion with Lennard-Jones interactions. In this previous
work, it was shown that gas enrichment at hydropho-
bic walls is possible also when the dissolved gas
concentration is very low in the bulk liquid.*” Recently,
Lu et al. reported the observation of a molecular layer
of gas-like domains at the hydrophobic water interface
on highly oriented pyrolytic graphite (HOPG) by FM-
AFM.*® After immersing the sample in water in a liquid
cell which was in contact with air, they found a stripe
pattern developing on the HOPG. To identify the origin
of their stripe structure, they also investigated the
effect of the individual components of air (N, O,,
CO,, and Ar) in a closed environment liquid cell AFM
chamber filled with deionized water. Their extensive
studies involved different water sources, cantilevers,
and microscopes to clarify the origin of the stripe
structures and to exclude contaminations. They came
to the conclusion that the stripes were formed by
nitrogen due to a water-activated aggregation process
on the hydrophobic HOPG surface.*

To compare the theoretical model of ref 47 and the
experimental data of ref 45 to our experimental ob-
servation, we have to clarify if graphene on SiC(0001) is
hydrophobic or not. HOPG is built up by stacking
graphene sheets, forming a three-dimensional crystal,
with a hydrophobic surface, as demonstrated by con-
tact angle measurements.”*>° Here the question
arises if graphene on different bulk substrates has the
same hydrophobic character as HOPG or a hydrophilic
one. Rafiee et al. reported about the wetting transpar-
ency of graphene on some substrates, which means
that the substrate underneath the graphene deter-
mines the wetting properties in these cases.>? The
hydrophobicity as measured by the water contact
angle was found to increase with the number of
graphene layers placed on the substrates.>® Shih
et al. showed that ML graphene is only partially trans-
parent to the wetting property of the substrate with
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significant deviation from perfect transparency for super-
hydrophilic and superhydrophobic substrates.>® They
pointed out that, in the case of more than one graphene
layer, additional screening of the influence of the sub-
strate further reduces the wetting transparency.>®

However, Wang et al. have reported a hydrophobic
character for exfoliated graphene, deposited on a
silicon substrate.®® Shin et al. and Zhou et al. also
reported a hydrophobic characteristic for epitaxial
graphene on 6H-SiC(0001).**°" In particular, Shin
et al. reported that single-, bi-, and few-layer graphene
on 6H-SiC(0001) is hydrophobic with a contact angle
of ~92°.

With the knowledge of the hydrophobic character of
our samples, we can compare our experimental data
on graphene with the reported data of Lu et al.*® on
HOPG. The observed nitrogen stripe structure on
HOPG is similar in periodicity and height to our findings
on epitaxial graphene, but the domain size in their case
is very small.*® In our experiments, we see domains
with a size of hundreds of nanometers where complete
terraces are covered by the adsorbed gas and no large
defects are observable (Figure 2c,d and Figure 3).

Due to the similarity to the stripes on HOPG, we
propose that we also observe a solid-state gas layer on
the graphene sheet. This is in agreement with the
monomolecular gas layer that the numerical simula-
tion predicted. The water in the air opens the possibi-
lity that a wetting layer forms on the surface. This
wetting layer introduces the opportunity for an enrich-
ment of gas between the solid—liquid interface, as the
theoretical approach shows. Drawing from the afore-
mentioned work of Lu et al. on HOPG, we propose that
a condensation of N, molecules (gas) leads to the
formation of the predicted self-assembled molecular
layer related to the observed stripe structure.

We observe the same three-fold stripe domain
symmetry for epitaxial graphene on SiC(0001) as for
HOPG.* Additionally, it should be mentioned that we
only observe the stripe pattern on few-layer graphene
in our experiments.

ML graphene is highly covered with disordered ad-
sorbates, which precludes the formation of an ordered
stripe structure resulting from gas enrichment at the
graphene—water interface. On BL graphene, however,
an ordered adsorbate layer resembling the stripe struc-
ture reported for HOPG™ is observed, which shows only a
small contamination with additional adsorbates. This is
indicative of a reduced influence of the SiC substrate or,
more specifically, its interface layer to graphene, in the
case of BL graphene as compared to ML graphene. We
propose a formation of the stripe structure also on ML
graphene when disordered adsorbates are absent. This
could be possible in the case of hydrogen intercalated
graphene on SiC(0001),>* which is devoid of the peculiar
interface layer present in the case of regular epitaxial
graphene on that surface.>*
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CONCLUSION

We have shown different surface features on epitax-
ial graphene in ambient conditions. Most of the surface
can be divided into either areas covered with disor-
dered adsorbates, which we assigned to ML graphene,
or areas with well-defined stripes that arise on BL
graphene. We propose that these stripes are a solid
monolayer of aggregated gas molecules from air, on
the hydrophobic surface of epitaxial graphene on
6H-SiC(0001). This behavior was predicted by theory.*’

MATERIALS AND METHODS

Epitaxial graphene was grown by thermal decomposition of
6H-SiC(0001) under argon atmosphere'” in a setup described
elsewhere."® No special treatment was applied to the epitaxial
grown graphene before scanning in laboratory air. AFM experi-
ments were carried out with a home-built microscope operated
by a Nanonis OC4 control electronic (SPECS Zurich GmbH,
Switzerland). AFM images where acquired with a qPlus sensor,
where a silicon tip extracted from a microfabricated silicon
cantilever (probe model Sicona, APPNANO, Santa Clara, CA,
USA) was attached to the free prong. Images were processed
with the WSXM software.>> LEEM measurements were carried
out using a SPECS FE-LEEM P90 system under ultrahigh vacuum
conditions (base pressure 2 x 107" mbar) after thoroughly
degassing the sample at a temperature of about 600 °C. Bright-
field images were taken at electron energy steps of 0.2 eV. This
allows the extraction of reflectivity spectra by averaging the
intensity of the reflected electrons over chosen areas.
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