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ABSTRACT: Manipulating the topological defects and electronic properties of graphene has been a subject of great interest. In this
work, we have investigated the influence of Er predeposition on flower defects and electronic band structures of epitaxial graphene
on SiC. It is shown that Er atoms grown on the SiC substrate actually work as an activator to induce flower defect formation with a
density of 1.52 × 1012 cm−2 during the graphitization process when the Er coverage is 1.6 ML, about 5 times as much as that of
pristine graphene. First-principles calculations demonstrate that Er greatly decreases the formation energy of the flower defect. We
have discussed Er promoting effects on flower defect formation as well as its formation mechanism. Scanning tunneling microscopy
(STM) and Raman and X-ray photoelectron spectroscopy (XPS) have been utilized to reveal the Er doping effect and its
modification to electronic structures of graphene. N-doping enhancement and band gap opening can be observed by using angle-
resolved photoemission spectroscopy (ARPES). With Er coverage increasing from 0 to 1.6 ML, the Dirac point energy decreases
from −0.34 to −0.37 eV and the band gap gradually increases from 320 to 360 meV. The opening of the band gap is attributed to
the synergistic effect of substitution doping of Er atoms and high-density flower defects.

■ INTRODUCTION
Graphene, a two-dimensional carbon-based material with a
honeycomb lattice, has attracted great interests in recent years
because of its remarkable electronic and mechanical properties
and compatibility with silicon-based circuits.1−4 In particular,
the extremely high mobility and considerable controllability of
charge carriers by applying a gate voltage have made graphene
a promising material for next-generation electronics with
properties that may exceed those of conventional semi-
conductors.5−7 As the valence and conduction bands are
degenerate at the Dirac point, graphene is a zero-gap
semiconductor, limiting its further application in the semi-
conductor industry. Therefore, we need to induce a band gap
at the Dirac point, leading to a semiconducting phase and
ultimately to induce spin splitting of the Dirac cone for
spintronic applications; thus, how to induce a gap is crucial for
its application in making devices.8,9 Among the various
methods used to grow graphene, thermal decomposition of
SiC substrates at elevated temperatures is one of the most
promising routes for mass-scale graphene fabrication, which
exhibits great potential for the application of electronics
because of its ability to fabricate wafer-size high-quality
graphene and convenience for direct processing on the semi-
insulating substrate without transfer.10,11 However, so far, the
electronic band gap of epitaxial graphene (EG) on SiC is
insufficient to meet the requirement for fabrication of a large-
scale integrated circuit. Band gap broadening is still the near-
term target for EG application.

In general, a band gap can be induced in EG by the
interaction between EG and a certain substrate (such as single-
crystal Cu (111)),12 by the periodic modulation of the
graphene lattice (breaking the sublattice symmetry), by the

stacking of multiple graphene layers,13 or by the structural
confinement in graphene nanoribbons.14 Wang et al. directly
observed the global elastic scattering in graphene after
inducing various and abundant impurities.15 Their results
proved that impurities can fundamentally modify the graphene
band structure and induce a folded Dirac band with a
superstructure due to quantum interference below the critical
temperature. Alternatively, an attractive route to induce a gap
at Dirac points is to intercalate atomic species into the
graphene/substrate interfaces. It has been shown that a wide
variety of intercalants such as In,16 Bi,17 Mn,18 Si,19 and Na20

can penetrate through the graphene and buffer layer at certain
annealing temperature and effectively weaken the strong
bonding interaction at the buffer layer/substrate interface
region. Apart from decoupling effects, the intercalation process
can also change the carrier concentration in graphene and even
regulate electron (or hole) doping of graphene, resulting in
band gap opening. Research has also shown that magnetic
atoms on graphene can be used for spintronic applications,
which demands further understanding of the growth behaviors
of magnetic atom-doped graphene. Rare-earth metals have
large bulk magnetic moments, so they are good candidates for
such applications.21 In contrast to the extensive studies on the
intercalation of the atoms mentioned above, erbium is a rare-
earth metal with a higher chemical reactivity and larger
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magnetic moment than those of noble metals,22 and its effects
have not yet been investigated adequately on the electronic
properties of EG. It is expected that the Er-doped graphene
system will present fascinating physical properties from the
viewpoint of energy band modifications and studies.

In this work, a certain amount of Er has been predeposited
on the clean SiC substrate surface, and after annealing
treatments, we have explored the effects of Er growth with
different coverages on the structural defects and electronic
properties of EG. Scanning tunneling microscopy (STM)
results and theoretical calculations show that Er atoms increase
the areal density of flower defects (FDs) by reducing their
formation energy significantly. Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) have been utilized to
analyze electron doping in graphene induced by Er deposition
as well as the interaction of graphene and the SiC substrate.
According to the obtained results, we discuss the promoting
effect of Er atoms on FD formation in parallel with the FD
formation mechanism. In addition, the angle-resolved photo-
emission spectroscopy (ARPES) results show that the Er
growth can open a band gap in EG and that the Er coverage
has a modulating effect on the gap, with its width enlarging as
the coverage increases.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The experiments were mainly

conducted in an ultrahigh-vacuum (UHV) system with a base
pressure of 1.5 × 10−10 mbar, equipped with a commercial
Omicron room-temperature STM chamber. The data-process-
ing system was Matrix 3.1. The n-type 4H-SiC(0001)
substrates were degassed at 950 °C for 30 min and then
annealed at about 1100 °C for 26 min via direct current
heating to remove oxides and contaminations. Prior to
graphene growth, Er was predeposited onto the clean SiC
substrate at room temperature for 1−8 min from an electron-
beam heated evaporator (evaporation rate of ≈0.2 ML/min,
measured using a quartz-crystal microbalance), and the sample
was subsequently postannealed at 600−1300 °C for a few
minutes. After each stage of annealing, the sample was cooled

to room temperature and then transferred to an STM chamber
for the exploration of its surface morphology.
2.2. Characterization Methods. The STM measurements

were performed in constant current mode in an Omicron UHV
STM system. The STM tips were prepared by electrochemical
etching of polycrystalline tungsten wires. All STM images were
acquired under the samples biased at −2.4 to 2.0 V and
tunneling current at 0.6−1.2 nA. After STM observations, the
samples were transferred to a glovebox for remounting, which
was under an argon (Ar) atmosphere and connected with a
low-energy electron diffraction (LEED) and ARPES system, by
using a vacuum suitcase without being exposed to air. The
samples were heated for degassing before LEED and ARPES
measurements. ARPES measurements were performed on the
samples with a Fermi Instruments 21.2 eV helium discharge
lamp, using a Scienta DA30 electron analyzer, under a typical
vacuum of 2.5 × 10−11 mbar. The total energy resolution was 6
meV, and the angular resolution was 0.3°. The temperature for
the measurements was 9 K. We placed the samples into the
sample chamber of the Thermo Scientific K-α XPS instrument
and fed the samples into the analysis chamber when the
pressure was less than 2.0 × 10−7 mbar. The measured spot
size was 400 μm, the operating voltage was 12 kV, and the
filament current was 6 mA; the narrow spectrum scanning
fluence energy was 50 eV in 0.1 eV steps. Raman spectra were
recorded by using an HR-Evolution 2 Raman system at room
temperature. A laser with a wavelength of 532 nm and a power
of 5.0 mW was used, and the size of the laser spot was about 20
μm.
2.3. Density Functional Theory Calculations. The Er

adsorption energies, the FD formation energies, and the band
structures of the EG in the presence of Er atoms were
calculated based on density functional theory (DFT) with the
projector-augmented-wave (PAW) method23 as implemented
in the Vienna Ab initio Simulation Package (VASP).24,25 The
Perdew−Burke−Ernzerh of generalized gradient approxima-
tion26 was employed for the electron exchange-correlation
functional. A plane-wave cutoff energy of 500 eV was used in
all of the calculations. An out-of-plane vacuum space was set to

Figure 1. (a) Typical STM image of EG/SiC and surface morphology of the EG/SiC sample with (b) 0.8 ML and (c) 1.6 ML Er predeposition.
(d−f) LEED patterns of (a−c) samples, respectively. Examples of SiC(S) and graphene(G) spots are marked. Note the surrounding hexagons of “6
× 6” spots. Image parameters: (a) −1.8 V, 1.1 nA; (b) −1.8 V, 1.0 nA; and (c) −2 V, 0.9 nA, LEED incident beam energy: 160 eV.
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>20 Å to eliminate the interlayer interactions. The Er
adsorption energy Eads is defined as Eads = EEr/substrate − Esubstrate
− EEr, where EEr/substrate is the total energy of the carbon
substrate (graphene or FD) with the Er adatoms attached,
Esubstrate is the total energy of the pristine graphene or the FD
layer, and EEr is the total energy of an isolated Er atom. For the
calculations of Er adsorption energies, a 4 × 4 supercell was
used. The structural parameters and ionic positions were fully
optimized until the residual force on each atom was less than
0.01 eV/Å. The first Brillouin zone (BZ) was sampled with k
meshes of 9 × 9 × 1 by using the γ-centered Monkhorst−Pack
method. The convergence threshold for the total energies was
set to 10−5 eV. To calculate the FD formation energy, a 9 × 9
× 1 supercell with 162 atoms was used to simulate the
graphene with a flower defect. In this case, the force
convergence criterion was set to 0.05 eV/A to reduce the
computational expense. The first BZ was sampled with k
meshes of 3 × 3 × 1 for this large supercell model. Because the
correlation effect is important in determining the electronic
and magnetic properties of 4f electrons, the Hubbard U
interaction was considered in the calculations with the
parameters U and J of 6.50 and 0.70 eV, respectively.27 No
SiC substrate was included in the DFT calculations since our
investigation has sought to highlight the intrinsic role played
by Er atoms.

3. RESULTS AND DISCUSSION
Figure 1(a) displays a 500 nm × 500 nm typical STM image of
the pristine EG/SiC surface in which several steps can be
distinguished according to the color contrast. The sample

surface is often observably rough, dotted with some clusters,
and its steps appear to be broken. When the SiC substrate with
erbium atoms predeposited is annealed through the same
temperature treatments, the morphology of the EG/SiC
surface will be quite different.28 The morphological evolution
of the sample surface as a function of Er coverage is shown in
Figure 1(b,c), along with that of ErSi2 nanostructures. In
Figure 1(b), the sample with 0.8 ML Er grown displays clean
and smooth surface terraces, which are closely related to Er
growth on the SiC substrate.28 It is also observed that many
ErSi2 nanoislands are pinned at the forefront of upper terraces
after annealing, leading to a zigzag edge formation. These
nanoislands are roughly uniform in size, ranging from 6 to 24
nm, and occupy ∼2.9% of the entire surface area. If the
deposition duration of Er flux is elongated (such as1.6 ML Er),
the areal concentration of nanoislands will be increased
(∼40.3%). When 1.6 ML Er is deposited, the morphology of
samples after annealing shows obvious difference. As shown in
Figure 1(c), ErSi2 nanoislands are significantly larger and more
irregularly shaped. Some large nanoislands on the EG even
have a multilayered structure (see Figure S1). Steps disappear
on the sample surface, and the previously separate adjacent
terraces have grown into a whole one, greatly enlarging the
area.

In the LEED pattern of Figure 1(f), SiC(S) and graphene-
(G) spots are marked, and the surrounding hexagon “6 × 6”
spots are sharper in contrast to those in Figure 1(d),which
indicates that the graphitization degree of the sample in Figure
1(c) is higher. STM and LEED results manifest that Er
deposition can confine the sublimation of Si atoms and

Figure 2. (a) Raman spectra of EGs, 0.8 and 1.6 ML Er-doped graphene grown on SiC; (b) enlarged part of the 2D band region of (a); and (c)
blue square, green triangle, and red circle represent for the intensity ratios of the D band and G band, those of the 2D band and G band, and the
fwhm’s of the 2D band, respectively.
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decrease the activation energy for C atoms to diffuse so as to
promote the growth of large graphene domains, just like
thermal decomposition of SiC in an Ar atmosphere,28,29 and
the sample graphitization improves with increasing Er
coverage. As the terrace size becomes larger, ridge-like features
are also observed on EG in the STM image (as marked in
Figure 1(c)). They are in fact bulged regions of the graphene
layer, occurring as a result of bending and buckling to relieve
the compressive strain.30 These results are of great significance
for the preparation of a large-area functional EG.

Figure 2(a) displays the Raman spectra of EG with different
Er coverages on SiC upon thermal decomposition, and the
Raman spectrum obtained on pristine EG is presented for
comparison. The Raman spectrum of EG shows the defect-
induced D band, pointing to the existing defects which result
from the corrugation, surface doping, or the interaction of
graphene with vacancies and substrate. The intensity ratio of
D/G bands (ID/IG) is always utilized to estimate the quantity
of defects in graphene.31 As displayed by the blue squares in
Figure 2(c), the value of ID/IG decreases from 0.38 to 0.25 with
elevating Er coverage gradually, indicating that the defects in
the graphene layer become smaller in amount. Overall, Er
atoms play an important role in the growth mode and
fabrication quality of epitaxial graphene, consistent with our
previous investigations.28

It is known that the 2D peak is related to the intervalley
double resonant Raman scattering.32 The full width at half
maximum (fwhm) of the 2D peak is often used to determine
the number of graphene layers. For further analysis, the 2D
bands in Figure 2(a) are displayed more clearly in the enlarged
graph plotted in Figure 2(b). The fwhm of the 2D peak
obtained on the pristine graphene is found to be 94 cm−1,
while those on the 0.8 and 1.6 ML Er-deposited graphene are
87 and 89 cm−1, respectively. These values lie between those
for the monolayer and bilayer graphene (60−95 cm−1),33

attributed to the coexistence of the monolayer and bilayer
graphene on the samples. This result indicates that Er
predeposition can inhibit the growth of multilayer graphene
to a certain extent, and the lower 2D band also reveals the
reduction in the growth rate of EG on SiC. As the Er coverage
increases, the 2D peaks, perceived sensitive to electron/hole
doping and strain effects,34 show a small change in position as
exhibited in Figure 2(b). The 0.8 ML Er-predeposited
graphene is found to be predominantly electron-doped, with
an increase in electron concentration leading to a 6 cm−1 red
shift in the 2D peak. For the 1.6 ML Er-predeposited graphene,
the 2D peak shows a 5 cm−1 blue shift, which is considered to
originate from the strain effect.35 With the Er coverage
increasing, the volume and density of ErSi2 nanoislands
increase; they are believed to cause the compressive strain
on EG and enhance the interaction of the SiC substrate with
EG, whereby the strain changes the lattice constant of
graphene and hence the 2D peak positions. In the case of
1.6 ML Er, the strain effect is more dominant than the doping
effect, corresponding with the experimental observation of
ridge formation in Figure 1(c). In addition, the intensity ratio
of the 2D and G peaks is related to the doping concentration
of graphene.34 With Er coverage increasing, the decrease of
I2D/IG(from 0.91 to 0.67) means that the doping concentration
increases.

In order to gain insights into the influence of Er
predeposition and the chemical bonding environments of the
samples, the C 1s core-level measurements have been carried

out for pristine and 1.6 ML Er-predeposited graphene with a
photon energy of 1486.6 eV. As shown in Figure 3(a), the C 1s

photoelectron spectrum for the pristine graphene can be
decomposed into four distinctive components. The peaks at
binding energies of 283.4 eV (SiC-1) and 286.3 eV (SiC-2)
stem from the SiC substrate36,37 with the graphene component
at 284.7 eV. The remaining component S1 is related to the
buffer layer, due to C atoms in the 6√3 buffer layer bonding
to one topmost Si atom of the SiC substrate and to three C
atoms of the same sp2-bonded layer.38,39 After Er deposition
(Figure 3(b)), no visible changes can be found in the binding
energy locations of three components (SiC-1, graphene, and
S1) with respect to the pristine graphene. The disappearance
of the previous SiC-2 component and the weakening of the
SiC-1 component may be due to the ErSi2 islands covering the
sample surface, resulting in the XPS signal from the part of the
SiC substrate to be undetectable. The additional component
located at 282.8 eV (labeled as “Er-SiC”) can be explained by
the fact that the C 1s spectrum contains contributions from
both the unperturbed and Er-deposited graphene regions. This
new component which appears at 282.8 eV is ascribed to the
contribution of the C atoms in the SiC substrate located just
beneath the ErSi2 layer and is shifted by ∼0.6 eV from the bulk
SiC component to lower binding energy. Similar shifted
components of the C 1s signal have already been reported for
some intercalated systems, such as H-, Si-, and Li-intercalated
graphene.40−43 This shift can be reasonably linked to the
surface band bending induced by the intercalation of a small
amount of Er atoms, and it also implies the charge
modification at the interface region with the formation of
Er−Si bonds.44

Our previous study has confirmed that Er predeposition can
modify the category of structural defects in graphene.28 As
shown in Figure 4(a), there are appreciable amounts of defects

Figure 3. XPS C 1s spectra of samples (a) without Er and (b) with
1.6 ML Er after annealing at 1300 °C. Black solid curves are the
experimental data, and the color curves are the envelope lines of the
fitted components.
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probed on the pristine graphene surface as a result of the rapid
sublimation of Si atoms and the fast reconfiguration of C
atoms. The flower defect (FD), the smallest grain boundary
loop encompassing 24 central atoms, is composed of six
pentagon−heptagon rings arranged with C6 symmetry.45 Er
atoms grown on SiC may generate high-density FDs in EG, but
the coverage dependence of the FD and the formation
mechanism induced by Er are still unclear. We need, therefore,
to conduct in-depth research. Based on the results of 0.8 ML
Er predeposition in ref 28., the Er coverage has been further
increased to 1.2 and 1.6 ML. The FD distributions on the
annealed sample surfaces are shown in Figure 4(b,c). The FD
marked by arrow 1 in Figure 4(c) is by far prevailing, which
has the lowest formation energy per pentagon-heptagon pair
among the rotational grain boundaries and is almost fully strain
relaxed.45 A few conjoined twin defects have also been
observed and are marked by arrow 2. In addition, single or
incomplete FDs often merge with adjacent FDs and form ring
structure defects as marked by arrow 3, to lower their
perturbation to the lattice.46 It is also noticed that the density
of FDs increases from 0.28 × 1012 to 1.52 × 1012 cm−2 for 1.6
ML Er growth, approximately 5 times as much as that of the
pristine graphene. We took 10 different areas of each sample
for STM measurements and averaged the obtained flower
defect densities. The statistical results are plotted into a
histogram in Figure 4(f); it is shown that the areal density of
FDs increases with the rising Er coverage and this trend is
particularly evident in the cases where Er coverage is relatively
low. STM results show that FD positions are random. It is
known that electronic properties of bilayer graphene may
depend on the positions of FDs relative to the underlying
graphene, and FDs belonging to the same domain are more or
less in interaction with others in vicinity and this interaction
could induce inhomogeneous stress, which is of great
importance to the local mechanical properties.47

FDs have a wide range of potential applications in
nanoelectronics, such as (1) inducing considerable modifica-
tions of transport properties compared to other point-like
defects;48 (2) separating electrons from holes and filtering
electrons in a certain energy range;49 (3) creating a high spin
polarization in zigzag graphene nanoribbons;50 and (4)
opening a band gap for graphene.51 Therefore, the generation
of FDs with high density is of great significance fortuning
graphene electronic properties. Till now, the approach on how
to prepare high-density FDs in graphene is very rare, especially
on the Si-rich SiC(0001) substrate. In relation to Au atoms
used as an activator to control synthesis of graphene with high-
density FDs on the C-terminated SiC(0001̅) surface,52 our Er
predeposition method is simple and economical, with a one-
step fabrication process that does not contain multiple metal
depositions and thermal treatments. It provides a new and
effective route to control high-density FD formation in EG on
the SiC Si-rich surface.

We theoretically investigate the role of Er atoms in FD
formation by using first-principles calculations. The Er
adsorption energies (Eads) for Er atoms on graphene and
FDs are calculated first (see Section 2.3), which can give the
most stable adsorption sites for Er atoms on graphene or FDs.
As shown in Figure 5(a−c), three typical adsorption sites

(hollow, bridge, and top) are considered for the Er atoms on
the pristine graphene. The calculated adsorption energies are
given in Table 1. The more negative the Eads is, the stronger
the Er atom adheres to the carbon substrate. Thus, for Er
atoms on pristine graphene, the most stable adsorption

Figure 4. STM images of (a) pristine graphene and (b) 1.2 ML and
(c) 1.6 ML Er-deposited graphene after annealing at 1300 °C. (d)
Histogram of the density of flower defects in graphene at different Er
coverages. Tunneling conditions: (a) −1.2 V, 0.6 nA; (b) −1.5 V, 0.7
nA; and (c) −0.8 V, 0.6 nA.

Figure 5. Structural diagrams of Er atoms at different adsorption sites
in pristine graphene (a−c) and graphene with FDs (d−f).

Table 1. Eads of the Er Atom at Each Adsorption Sitea

adsorption sites

graphene hollow bridge top
Eads (eV) −1.51 −1.41 −1.42
FD heptagonal hollow hexagonal hollow pentagonal hollow
Eads (eV) −3.00 −2.60 −2.63

aThe most stable adsorption sites are shown in bold.
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position is the hollow site. Based on this, three hollow
adsorption sites, heptagonal hollow, hexagonal hollow, and
pentagonal hollow, are considered for Er on FD (Figure 5(d−
f)). Clearly, the most stable adsorption site for one Er atom on
the FD is at the center of one of the heptagonal rings of the FD
(Table 1).

The FD formation energy Ef
52 in the presence of Er atoms is

calculated through Ef = E(FD + Er) − E(GR + Er), where the
first right-hand side term is the total energy of the FD in
graphene with one Er atom adsorbed and the second one is the
total energy of the corresponding pristine graphene structure
also with one Er atom. The Ef without Er atoms is first
calculated, giving the value of 7.20 eV, in agreement with
previous results.45,52 The Ef becomes 5.79 eV when one Er
atom is adsorbed, indicating a significant decrease of the
formation energy. This trend manifests that Er atoms play a
catalytic role in the dramatic increasing of FD in graphene.

It is known that the origin of FDs in graphene remains an
open question until now.28 Our results about Er predeposition
may provide some clues to the generation mechanism of FDs
during graphene growth. The following two facts should be
given attention: (1) the Raman spectrum shows that the
presence of 1.6 ML Er atoms can cause the blue shift of 2D
peaks, indicating that the addition of Er atoms changes the
surface stress and (2) STM results display that after Er
deposition, many ridge structures appear on the sample surface
as the Er coverage increases, and the appearance of ridge
structures is one of the manifestations for the altered surface
stress. Therefore, we believe that the surface stress is a very
important cause to result in the FD formation in pristine
graphene as well as the significant increase of its areal density
in Er-deposited graphene.

According to the results of experimental observations and
stress-related analyses, the promoting mechanism of Er to the

increase of FDs in Er-deposited graphene is discussed in the
following two main points: (i) Incorporation of new surface
components: When Er is deposited on SiC, most Er atoms
react with Si atoms to form numerous AlB2-type ErSi2
nanoislands, triggered by heating decomposition during the
SiC graphitization process. Due to a lattice constant of 0.246
nm for graphene, 0.308 nm for 4H-SiC, and 0.379 nm for
AlB2-type ErSi2, large lattice mismatch usually leads to an
increase in stress of the sample surface. (ii) Atomic doping:
During high-temperature annealing of the Er-deposited SiC,
some Er atoms are probably assembled into particles or
directly inserted between C atoms, besides growing into ErSi2
islands. There exists probability that a few Er atoms doped in
the growing graphene layer will undergo sublimation and result
in the generation of vacancies and dislocations. Vacancies and
dislocations often produce dangling bonds and abnormal
structures, more likely to form new defects. This situation is
just like Bi atoms bonding with C atoms after introduced in
graphene, which bring about the formation of dislocations and
other non-six carbon ring defects.53 Therefore, the existing
ErSi2 nanoislands and Er particles can induce locally intense
stress and its distribution in the graphitizing layer, thereby
increasing the elastic energy. In order to relieve stress and relax
the graphene lattice, C atom reorganization happens during
annealing, five- and seven-carbon rings will be generated locally
and are finally composed into FDs. As a result, the density of
FDs in the Er-deposited graphene increases much greatly than
that in pristine graphene.

Based on the above-mentioned analysis, we preliminarily
speculate that the FDs in pristine graphene originate from the
surface stress during lattice formation. During the SiC
graphitization, high temperature causes Si atoms to sublimate
from the surface after SiC thermal decomposition, resulting in
local stress in the growing graphitizing lattice. As a result, the

Figure 6. Dispersion of the π bands measured with ARPES along the Γ−K−M direction of the graphene Brillouin zone for EG on the SiC(0001)
surface around the K-point of (a) pristine EG and Er-doped EG with increasing Er coverage: (b) 0.8 ML and (c) 1.6 ML.
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atomic structures of the strained regions change and distort,
leading to the emergence of five- and seven-carbon ring
structures, which eventually evolve into FDs. Due to its
dynamic nature, this evolution process is rarely probed directly.
FDs can migrate in graphene and coalesce into conjoined twin
defects and even ring structure defects during annealing, and
the intermediate stages when two FDs meet and merge into a
conjoined twin defect have been captured in the STM
experiments.28 The present work provides only a preliminary
exploration of the origin of FDs, and further investigations
should be required for a deeper insight into its formation
mechanism.

In order to characterize the changes in the electronic
structure of EG induced by Er predeposition, we present the
progressive changes in the π-band of EG on SiC(0001) near
the K-point of the first Brillouin zone induced by the Er
doping, as shown in Figure 6. A well-defined linear π-band can
be seen from pristine EG with a Dirac point energy (ED)
located at 0.34 eV below the Fermi level (EF), exhibiting n-
doping of graphene due to the electron transfer from the
underlying SiC,54−56 in agreement with our Raman results.
The weaker and fuzzier π-band is noticed when Er atoms are
adsorbed, as also seen for Li57 Na58 and Cs59 on graphene.
With Er coverage increasing, the ED of EG gradually shifts
away from EF (from −0.34 to −0.37 eV). During the thermal
decomposition of SiC and the subsequent growth of EG, some
Er atoms are synchronously doped into the EG layer. Such
local electronic states are characteristic of Er dopants,
indicating that the n-doping behavior is enhanced owing to
the electron transfer from Er dopants to the EG layer. In
addition to the n doping, Er leads to a band gap at ED. The gap
width ΔE is estimated from the distance between the two
vertices of the hyperbola. The pristine EG in Figure 6(a)
originally has a gap of 320 meV, and the origin of this gap is
the breaking of sublattice symmetry owing to the graphene−
substrate interaction.54 As shown in Figure 6(b,c), the band
gap of EG is further widened after the introduction of Er atoms
and increases gradually with increasing coverage of the atoms
(from 320 to 360 meV).This follows from an analysis of the
respective energy distribution curves.

To understand the mechanism for this band gap opening, we
have performed some investigations by means of first-
principles calculations. Since Er atoms are actually involved
in the SiC thermal decomposition and the whole graphitization
process at high temperature, it is very likely that some C atoms
will be replaced by Er atoms during the graphene formation
process, resulting in substitution doping. According to the
above-mentioned experimental results, Er doping and induced

FDs may be two factors affecting the graphene band structures.
We have constructed the structural models for graphene with
Er substitution doping (doping concentration of ∼3.12%) and
graphene with a single FD, and we calculated the
corresponding band structures. An indirect band gap of 136
meV is opened when Er substitution doping occurs in
graphene, as shown in Figure 7(a). This calculation result is
sufficient to demonstrate the contribution of Er doping to the
band gap opening in EG. Based on previous studies,60−62 it is
reasonably speculated that the band gap opening induced by Er
doping may also stem from the following justification: because
of strong covalent orbital hybridization and charge redis-
tribution, Er atoms adsorbed on or intercalated under the
graphene layer act as dopants to tailor and functionalize
graphene, which enhances the interaction between EG and the
SiC substrate; external perturbation introduced through Er
predeposition further breaks the sublattice symmetry between
the two equivalent carbon sublattices of graphene. We also use
198 C atoms to form a graphene lattice containing a single FD.
The band structure of graphene calculated by means of DFT
theory is shown in Figure 7(b), where a 34 meV energy gap is
opened in graphene due to the appearance of FDs. Therefore,
our experiments and DFT calculations reveal that the band gap
of EG can be tuned by the cooperative action of Er doping and
high-density FDs. Due to the FD density used in the DFT
calculations being about 1 order of magnitude larger than that
of the actual FD density in the Er-deposited graphene, it is
manifested that Er doping is more important for band gap
opening in graphene. The finding will be helpful in the
modification of electronic properties of EG-based devices.

4. CONCLUSIONS
In conclusion, the effects of Er predeposition on flower defects
and electronic properties of epitaxial graphene on SiC(0001)
have been investigated by using STM observations, spectros-
copy measurements, and DFT calculations. Experimental
results show that Er atoms have a catalytic effect on flower
defects in EG and that the areal density of FDs increases with
Er coverage rising. First-principles calculations provide direct
evidence for a drastic decrease in the FD formation energy
after Er deposition. It is believed that the promoting effect of
Er atoms on FD formation is due to the stress in the
graphitizing carbon lattice induced by Er doping and its silicide
nanoislands. Er predeposition can also modify the electronic
doping and surface charge properties of EG, and lowering of
the Dirac point energy away from the Fermi level is observed,
indicating an enhancement of n-doping in EG. Of particular
importance is that Er atoms can open a band gap in EG

Figure 7. Calculated band structures of graphene with (a) Er doping and (b) FD individually. The insets show the corresponding atomic
configurations.
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broadening with increasing Er coverage, which is brought
about by the cooperative action of Er doping and high-density
flower defects. This scheme of introducing and tuning a band
gap in EG may be helpful to apply EG to future graphene-
based nanoelectronics.
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