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G
raphene, a monatomic layer of car-
bon, has attractedmuch attention in
recent years due to its impressive

electronic, optical, mechanical, and thermal
properties.1�4 There are several methods
used in the fabrication of graphene, such
as mechanical exfoliation, chemical vapor
deposition, and chemical reduction of gra-
phene oxides.5 In particular, those grown on
hexagonal SiC (0001) wafers provide a means
for integration in existing device technol-
ogy.6�10 However, there exist limitations in
the usage of such wafers due to the high
intrinsic electron doping (n≈ 1013 cm�2)7,11

and lower electronmobility (≈2000 cm2 V�1

s�1)10 than that of mechanically exfoliated
graphene. This is due to an underlying
6
√
3�6

√
3R30� reconstructed interfacial or

buffer layer below the graphene layer, which
dopes the graphene layer above it and may
also provide a source of scattering.9,12 The
buffer layer ismade up of honeycomb struc-
tures of carbon atoms but has no π-electron
dispersion band, as one-third of the carbon
atoms are bonded to the Si atoms of the SiC
substrate below it.13�15 The subsequent
carbon layer that grows over it does not
have interlayer covalent bonds and thus
displays the electronic and physical proper-
ties of monolayer graphene. For applica-
tions in devices, it is thus favorable if the
doping level is reduced or the influence of
the buffer layer on the overlying graphene is
removed.
The intrinsic electron doping can be re-

duced via deposition of p-type dopants such
as F4-TCNQ molecules16,17 or Au atoms.18

Removal of the underlying buffer layer to
reduce its doping contribution and improve
electron mobility in the epitaxial graphene
layer has been performed using hydrogen,

lithium, oxygen, and, most recently, fluorine
intercalation, which breaks the Si�C bonds
holding the buffer layer, in turn converting it
into graphene.19�22 These intercalated pro-
ducts have been intensively studied using
PES and LEEMmeasurements,19�22 but scan-
ning tunneling microscopy (STM) experi-
ments have not been carried out to study
the effects of intercalation on graphene and
the interfacial layer at the nanometer scale.
Fluorination of graphene has also been
studied intensively both experimentally and
theoretically recently.23�26 Thus, it would be
of interest to investigate any occurrence
and nature of fluorination of the graphene
layer during the intercalation process. In this
work, we demonstrated successful fluorine
intercalation using the fluorinated fullerene
molecule, C60F48, as a precursor.

27�29 C60F48
was chosen as it is a known fluorinating
agent30,31 and also allows the safe introduc-
tion of fluorine. Decoupling of the buffer
layer from the substrate and the associated
physical and electronic structural changes
are observed via low-temperature scanning
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ABSTRACT We demonstrated a novel method to obtain charge neutral quasi-free-standing

graphene on SiC (0001) from the buffer layer using fluorine from a molecular source, fluorinated

fullerene (C60F48). The intercalated product is stable under ambient conditions and resistant to

elevated temperatures of up to 1200 �C. Scanning tunneling microscopy and spectroscopy

measurements are performed for the first time on such quasi-free-standing graphene to elucidate

changes in the electronic and structural properties of both the graphene and interfacial layer. Novel

structures due to a highly localized perturbation caused by the presence of adsorbed fluorine were

produced in the intercalation process and investigated. Photoemission spectroscopy is used to

confirm these electronic and structural changes.
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tunneling microscopy (LT-STM). Novel structures were
formed on the decoupled graphene and were attrib-
uted to a dilute fluorination of the decoupled gra-
phene. Its influence on the electronic structure was
measured using scanning tunneling spectroscopy
(STS). Synchrotron radiation based photoemission
spectroscopy (PES) confirms both intercalation-in-
duced physical and electronic changes observed
under STM/STS.

RESULTS AND DISCUSSION

Figure 1a shows the STM image of the substrate
surface containing both buffer and monolayer gra-
phene prior to C60F48 deposition. The exposed buffer
layer in the center of the image (darker region) is noted
to bemuch rougher than the surrounding area covered
with graphene.32 In Figure 1b, the STM image of the as-
deposited C60F48 molecules, represented by spherical
objects, is shown. The molecules adsorbed on gra-
phene form a closely packed layer, while those on the
buffer layer adsorb in a disordered arrangement. The
structural contrast between the molecules on separate
surfaces implies that the adsorption energy of C60F48
on the interfacial layer is higher than those on gra-
phene, thus limiting its diffusion and ability to form a
close packed layer. After annealing, intercalation and
decoupling of the interfacial layer from the substrate
took place. Figure 1c and d are the STM images of the
substrate surface after the deposition and annealing
procedures were performed once and for four times,
respectively. In the regions outlined with blue circles

(Figure 1c), the underlying buffer layer was no longer
observed under STM (Figure 2a). Hence, we termed
these regions, in accordance with prior reports, to be
quasi-free-standing graphene.20 From the observed
coverage of quasi-free-standing epitaxial graphene,
we note that complete intercalation was not achiev-
able within a single cycle, and it can be increased with
subsequent repeats of the procedure. By calculating
the decoupled graphene to buffer layer area ratio over
STM images covering a total area of about 80 000 nm2,
the ratio is estimated to increase from 0.69 (after one
cycle) to 1.87 after repeating the procedure threemore
times. Throughout the experiment, only the buffer
layer was affected and hence converted into mono-
layer quasi-free-standing graphene. Neither conver-
sion of the pre-existing graphene monolayer into
bilayer graphene nor modification of the monolayer
graphene was observed. This was verified by repeating
the same procedure on monolayer epitaxial graphene
on SiC (0001), where no observable effect can be
found. This may be related to the weaker method of
intercalation employed at a lower temperature of 150 �C
that results in fluorine intercalating only under regions
where the buffer layer is exposed. This is in contrast
with other methods that involve direct application of
H2 and Li intercalants at elevated temperatures.19�21

The lower adsorption energy of the molecules on the
regions of monolayer epitaxial graphenemay also limit
the extent of fluorine migration from the molecules to

Figure 1. (a) 100nm� 100nmSTM imageof a surface having
both a buffer layer and graphene monolayer prior to depo-
sition (Vtip = 2.0 V, I = 100 pA). (b) 80 nm� 80 nmSTM image
of surface, (left) graphene and (right) buffer layer, covered
by C60F48 (Vtip = �3.0 V, I = 100 pA). Inset: Model of C60F48.
(c) 200� 190nmSTM images of surface after applyingproce-
dures once. (d) Surface after applying procedure 4 times
(both c and d images Vtip =�2.0 V, I = 100 pA). Some of the
intercalated areas are circled in blue.

Figure 2. (a) 20 nm� 20 nm STM image showing intercala-
tion-induced quasi-free-standing graphene monolayer joined
continuously with pre-existing graphene monolayer. (Vtip =
�0.35 V, I = 100 pA). Inset: High-resolution 8 � 8 nm2 STM
image of clean epitaxial graphene with existing underlying
buffer layer (Vtip = �0.5 V, I = 100 pA). (b) Averaged dI/dV
spectra taken on (i) pre-existing graphene and (ii) decoupled
graphene at points away from protrusion, an example indi-
cated by a blue arrow in c). (c) 7 nm � 7 nm STM image of
surface (Vtip = �0.25 V, I = 100 pA). (d) dI/dV spectra taken
over protrusions on decoupled graphene, as indicated by a
white arrow. (b and d) Red arrows indicate position of Dirac
point and purple arrow indicates position of resonance
peak.
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the interface before desorption of themolecule occurs.
We note that these intercalated samples and the
observed morphology are stable under temperatures
of up to 1200 �C, higher than that of other intercalated
products.19,21

Figure 2a displays the STM image at the boundary
between an unperturbed pre-existing graphene
monolayer and such a quasi-free-standing graphene
layer. By taking a topographical derivative of the image
at the boundary (see Figure S1 in the Supporting
Information), the two surfaces are observed to be
in the same continuous layer. We note that the
6
√
3�6

√
3R30� reconstructed buffer layer below the

quasi-free-standing graphenewas absent as compared
to that of the pre-existing graphene layer. An inset
showing the buffer layer imaged through epitaxial
graphene is presented for comparison. This is a clear
indication that fluorine intercalation and the subse-
quent physical decoupling of the interfacial layer from
the substrate have taken place. Apart from the absence
of the underlying buffer layer, novel structures due to
the intercalation process were also observed. Figure 2c
depicts a high-resolution STM image of these struc-
tures. These structures consist of circular protrusions
with no distinct structure (circled in red) and diffusive
bright spots abovewhich the graphene structure is still
observed (circled in blue). These diffusive bright spots
all have heights < 0.1 nm and are attributed to the
undulations of the graphene layer. The height of the
circular protrusions with no distinct structure was
measured to be 0.04 ( 0.05 nm, much smaller than
typical bond lengths, g0.1 nm. This excludes its origin
from intercalated C60F48 molecules or its associated
molecular fragments left below the layer. Furthermore,
the surrounding area of the protrusions does not show
any electron-scattering patterns that one would ob-
serve about vacancy or point defects of graphene.33,34

Thus, we propose that these circular protrusions are
due to subsurface fluorine atoms bonded to the de-
coupled graphene. This will be further corroborated
later by the observed electronic structural changes.
These observed structures may negatively influence
the mobility of the as-obtained quasi-free-standing
graphene due to an enhanced electronic scattering
about them. However, the extent of this degradation is
still unclear due to the dilute amounts of these struc-
tures (<0.01% of the graphene layer) and also the lack
of electronic scattering observed under STM. Transport
measurements would be required to ascertain the
mobility of this as-obtained quasi-free-standing gra-
phene and is a subject for future work.
In addition to a structural transformation, there is

also a significant change in the electronic structure of
the decoupled graphene, as shown by STS in Figure 2b
and d. Spectra (i) and (ii) in Figure 2b were averaged
over 5000 STS spectra taken at random points on the
pre-existing monolayer graphene and also at points

away from the protrusions on the quasi-free-standing
graphene, respectively. Both spectra were taken after
the deposition and annealing procedures were carried
out. The obtained spectra are characteristic of those
performed on 2DEG systems,33,35�37 with one mini-
mum at the Fermi level and another at the Dirac point.
From the STS measurements (spectrum i), the quasi-
free-standing graphene has its Dirac point, ED, at the
charge neutrality point; that is, the quasi-free-standing
graphene is undoped. This differs from that of the pre-
existing monolayer epitaxial graphene (spectrum ii),
which has its Dirac point at 500 meV below the Fermi
energy, similar to other reports for as-grown mono-
layer graphene on SiC (0001).38�41 This confirms the
presenceof quasi-free-standing-grapheneas theelectron-
doping effect from the buffer layer is removed along
with it, having the same effect as those of hydrogen-
intercalated ones.21 The absence of any shift in the
Dirac point or additional electronic features in the
conductance spectrum (spectrum ii) indicates that
there are no observable effects on the pre-existing
monolayer graphene after annealing the molecular
covered surface. We note that the extent of doping
(approximately charge neutral) of our obtained quasi-
free-standing graphene is much less than the values
(Dirac point at 0.79 eV above Fermi level) reported by
Rotenberg et al.22 This is because local STM measure-
ments may not reflect the same level of doping that
averaged angular resolved photoemission spectrosco-
py measurements show. In addition, their work in-
volves a surface consisting of only fluorine-interca-
lated quasi-free-standing graphene produced using a
XeF2 source. In contrast, the surface of interest in this
article consists of a mixture of both pre-existing epitax-
ial graphene and quasi-free-standing graphene, which
results in p-type doping not being observed.
Figure 2d shows the STS performed on the protru-

sions of the quasi-free-standing graphene. In addition
to the expected STS of a graphene monolayer, there is
a resonance peak located 600 meV above the Fermi
level in the conduction band. Theoretical calculations
have shown that such a peak can be induced by a
highly localized impurity on graphene, causing a per-
turbation in the onsite potential energy at its location.42

The location of the peak in the conduction band
indicates that this impurity has an attractive potential.
This impurity also induces a slight p doping of the
graphene at its location, as the Dirac point is now
observed to be at 175 meV above the Fermi level. This
is expected, as an attractive impurity potential would
draw electrons away from the regions of graphene in
its vicinity. In addition, STS measurements performed
at points with varying distances from the center of the
protrusion (not shown) indicate an almost instant
decay of this resonance peak at points beyond the
edge of the protrusion, indicating a highly localized
potential perturbation that a strongly adsorbed adatom
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would provide. These STS measurements corroborate
our hypothesis that the protrusions are due to electro-
negativefluorine atomsbeingbonded to thedecoupled
graphene from below. Hence, they exert a localized
attractive impurity potential that causes the observed
electronic structural changes. Deviations with theore-
tical calculations in terms of peak position is expected,
as the model used does not take into account the
extent of change from sp2 to sp3 hybridization of the
C�C bonds after adsorption of fluorine. We note that
the appearance of these round protrusions is different
from those found in a recent report. In that report,
strong 3-fold electronic scattering patterns are ob-
served in the regions of graphene where fluorine is
covalently bonded.43 Rather, the appearance of the
protrusions in our STM measurements is similar to a
study on graphite where a portion of fluorine atoms
was ionically bonded to the graphite surface without
forming a significant electronic scattering.44 This im-
plies that in our studies the fluorine atoms are also
ionically bonded to the graphene layer frombelow and
the π-dispersion bands are not completely disrupted.
Hence, we put forth a model in Figure 3 that describes
the process. After annealing the C60F48-covered sub-
strate at 150 �C as depicted in Figure 3a, fluorine
migration took place from the molecules to the inter-
facial layer. Complete molecular desorption and de-
coupling of the buffer layer then occurred at 800 �C,
and the resultant effect is summarized in Figure 3b. The
migrating fluorine molecules broke the Si�C bonds
between the buffer layer and the substrate, releasing
the buffer layer to form quasi-free-standing graphene
and forming a passivated Si�F interfacial layer between
the two. Additional modifications to the quasi-free-
standing graphene occurred in the form of fluorine
adsorption from below (not shown in the model of
Figure 3b), which created the observed novel physical
and electronic structures.
To ascertain the fluorine intercalation, core level PES

using synchrotron radiation was carried out. Si 2p, C 1s,
and F 1s spectra were measured for the fluorine-
intercalated product and also for a monolayer epitaxial

graphene on SiC (0001) for comparison. The F 1s signal
was detected for the fluorine-intercalated sample at a
binding energy of 686.2 ( 0.1 eV and is shown in the
inset of Figure 4a. No apparent asymmetry is noted in
the peak shape, and a single peak is used to fit it. Depth
position of various species in the substrates is differ-
entiated by changing the angle of electron emission
detected from emission normal to the surface (bulk
sensitive) and 50� away from surface normal (surface
sensitive). Figure 4a and b show the Si 2p spectra for
fluorine-intercalated andmonolayer epitaxial graphene,
respectively. The Si 2p peaks aremade upof spin�orbit
split doublets, and the binding energies are given with
respect to the Si 2p3/2 position. Both spectra consist of
a dominant Si 2p peak at 101.4( 0.1 eV due to the bulk
SiC component. The slight shoulder at 100.7( 0.1 eV is
attributed to another bulk component present in the
6
√
3�6

√
3R30� area of the SiC(0001) substrate as

described by others.45 For the fluorine-intercalated
sample, there is an additional Si 2p component at a
higher binding energy of 102.1 ( 0.1 eV due to the
Si�F bonds. This is expected, as fluorine has a higher
electronegativity than carbon. When a surface-
sensitive emission beam angle (50�) is used, the Si 2p
peak signal from the Si�F component is stronger than
that of bulk SiC. In contrast, when it is taken at normal
electron emission angles (bulk sensitive), the Si 2p peak

Figure 3. Schematic model describing (a) C60F48 molecules
deposited on a surface having both monolayer graphene
and buffer layer and (b) continuous surface of quasi-free-
standing graphene monolayer and nonintercalated mono-
layer graphene after annealing at temperatures of 150 and
850 �C.

Figure 4. Si 2p core level spectra for (a) fluorine-intercalated
graphene sample. Inset: F 1s core level spectra taken with
photon energy = 750 eV. (b) Si 2p core level spectra ofmono-
layer graphene. The spectra in the top panel are collected
with the beamemission 50� away from surface normal (surface
sensitive),while the spectra in thebottompanel are collected
with thedetector placed at an angle of normal emission (bulk
sensitive). Photon energy = 140 eV for the Si 2p spectra. C 1s
core level spectra for (c) fluorine-intercalated graphene sam-
ple and (d) monolayer graphene. Photon energy = 350 eV
with the detector placed at normal emission angles for C 1s
spectra. Experimental data are displayed in red dots. The
black solid line is the envelope of the fitted components,
which are labeled accordingly.
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signal from the Si�F component is weaker than that of
bulk SiC. This indicates that the Si�F bond is a near-
surface component. This confirms the presence of a
fluorine-passivated silicon interfacial layer between
the quasi-free-standing graphene layer and the SiC
substrate after intercalation, as described by ourmodel
in Figure 3b. Another additional smaller component at
100.0 ( 0.1 eV is attributed to the presence of defects
possibly in the form of Si clusters after the Si�C bonds
were broken during intercalation. There is no observa-
ble shift in the bulk SiC component as compared to
that of the reference sample, indicating that the band
bending induced by the formation of surface Si�F
bonds is similar to that of the Si�C bonds in the buffer
layer.15

Figure 4c and d show the C 1s core level spectra
taken using photon energies of 350 eV at normal
electron emission for both intercalated and reference
samples. Experimental data points are shown as red
dots, while the black line is an envelope of the fitted
components. For both spectra, the highest peak at
284.4 ( 0.1 eV belongs to that of graphene with an
existing underlying buffer layer, while the shoulder
situated at a higher binding energy of 285.1 ( 0.1 eV
belongs to the buffer layer.15,16 The difference be-
tween spectra is the appearance of a component,
labeled G(FS) in Figure 4c, at a lower binding energy
of 283.9 ( 0.1 eV in the C 1s spectrum of the inter-
calated sample. This is attributed to the quasi-free-
standing graphene, and the difference of 0.5 eV be-
tween the two components agrees perfectly with the
difference in Dirac point positions between the pre-
existing and quasi-free-standing graphene observed
from STS measurements in Figure 2b. Due to the small

amount of C�F bonds present (<0.01%), as indicated
by the dilute distribution of protrusions in the STM
images, they are not detected in the C 1s core level PES.

CONCLUSION

In summary, we have successfully performed fluor-
ine intercalation using a molecular source to form a
charge neutral quasi-free-standing graphene layer.
The as-formed quasi-free-standing epitaxial gra-
phene was investigated for the first time using STM/
STS measurements and would prove useful in under-
standing other experiments of similar nature. The
STM/STS results confirmed the associated physical
and electronic changes due to an intercalation pro-
cess, and these changes were further verified using
PES. The intercalation process was highly selective
and only took place on the buffer layer due to its weak
nature of intercalation. Thus, this allows the formation
of a surface consisting only of monolayer epitaxial
graphene even if the substrate surface was inhomo-
geneous and had regions of monolayer graphene
prior to intercalation. In addition to the formation of
a quasi-free-standing graphene layer, dilute amounts
of novel structures that locally alter the electronic
structure of graphene were also observed and attrib-
uted to fluorine atoms bonded to graphene from
below. Such adsorption of adatoms provides the
possibility of local tuning of the electronic properties
of graphene. The quasi-free-standing graphene re-
mains very stable in ambient atmospheres for up to
fivemonths with no change detected under core level
PES, STM, and STS measurements. This stability under
ambient conditions indicates its robustness for im-
plementation in devices.

METHODS
The substrates used were cut from a commercially available

(Cree Inc.) on-axis oriented 4H-SiC (0001) wafer doped with
nitrogen (1017 cm�3) and prepared by chemical-mechanical
polishing. A sample having surfaces containing both epitaxial
monolayer graphene and buffer layer in equal coverage
was used in the intercalation process. Another 4H-SiC (0001)
sample having a monolayer epitaxial graphene was also pre-
pared and measured using PES to act as a reference. Both
samples were grown via graphitization under ultra-high-va-
cuum conditions,7,9,11 and the STM images of the pristine surfaces
were first acquired to confirm the surface cleanliness. C60F48 (95%
purity, Term USA) was first thermally evaporated at 110 �C from a
Knudsen cell onto the sample kept at room temperature under
ultra-high-vacuum conditions. Deposition was performed at a
rate of about 0.05 monolayer/min (as approximated from STM
images) to achieve amonolayer ofmolecules prior to annealing.
The sample was checked under LT-STM for purity and quality of
the molecular layer. A direct current was then passed through the
sample for an initial annealing at approximately 150 �C to allow
fluorine migration from themolecule to the interface below the
buffer layer. The same method of annealing was then carried
out at a higher temperature of 800 �C to complete the

decoupling process. LT-STM and STS was used to analyze
the morphological and electronic properties of the thus-
formed decoupled epitaxial graphene layer, and core level
PES was used to verify the structural and electronic changes
of the sample after intercalation. In situ LT-STM experiments
were carried out in a custom-built multichamber ultra-high-
vacuum system having a base pressure lower than 1.0 �
10�10 mbar and housing an Omicron LT-STM.46 STM imaging
was carried out at 77 K in constant current mode with a
chemically etched tungsten tip. PES measurements are per-
formed at the SINS beamline at the Singapore Synchrotron
Light Source.47,48 Photon energy used for the Si 2p and C 1s
spectra are 140 and 350 eV, respectively.
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