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d Two-dimensional Crystal Consortium, Materials Research Institute, The Pennsylvania State University, University Park, PA, 16802, United States 
e Department of Materials Science and Engineering, The Pennsylvania State University, University Park, PA, 16802, United States 
f Department of Physics, The Pennsylvania State University, University Park, PA, 16802, United States 
g Department of Chemistry, Materials Research Institute, The Pennsylvania State University, University Park, PA, 16802, United States   

A R T I C L E  I N F O   

Keywords: 
Defect 
Epitaxial graphene 
SiC 
Scanning tunneling microscopy/spectroscopy 
Density functional theory 

A B S T R A C T   

Defects in graphene are important nanoscale pathways for metal atoms to enter the interface between epitaxial 
graphene and SiC in order to form stable ultrathin metal layers with new exotic physical properties. However, the 
atomic-scale details of defects that mainly govern the intercalation process remain modest. In this work, we 
present the first atomic investigation of point defects generated by oxygen plasma treatment on epitaxial gra
phene grown on SiC using low-temperature scanning tunneling microscopy, corroborated by density functional 
theory calculations. We found a broad spectrum of point defects that varies in size, shape, and symmetry and is 
dominated by triangular species. Tunneling spectroscopy identified defect-induced states in the vicinity of the 
Fermi level that significantly perturb the graphene electronic properties at the defect site. Based on the well- 
defined defect symmetry, we simulated the local density of states of the triangular defects and their corre
sponding scanning tunneling microscopy images which further helped us to identify the exact atomic configu
rations of monovacancy defects. The combination of atomic-scale scanning tunneling microscopy experiments 
and reliable density functional theory simulations provides ultimate microscopic details and opens a new way to 
identify the atomic configurations of defects in oxygen plasma-treated graphene. Our work might shed light on 
precise control of defect engineering in graphene for metal intercalation by controlling the defect types based on 
a deep understanding of each configuration.   

1. Introduction 

Point defects in graphene are important pathways to facilitate metal 
intercalation at the interface between epitaxial graphene (EG) and SiC 
[1–3]. They can be deliberately introduced into EG to promote the 
formation of large-scale two-dimensional (2D) metal layers which was 
recently established in metal confinement heteroepitaxy [4]. The basic 
principle of this approach is based on defect engineering controlled by 
oxygen plasma and thermal treatment of the graphene cap. In such 
context, monolayer EG is first grown on a 6H–SiC (0001) substrate by 
silicon thermal sublimation [5] which continuously covers the entire SiC 
wafer [6]. The graphene layer is then exposed to oxygen plasma to 

introduce a high density of vacancy defects in the honeycomb lattice in 
which they act as open pathways for metal atoms to migrate into the 
high-energy EG/SiC interface [7] and to form crystalline ultrathin films. 
Hence, 2D metals are stabilized and well protected from environmental 
exposure thanks to the graphene cap [1,4,7] because graphene is sup
posed to be healed at the vacancy defects during the intercalation at a 
high temperature (700–800 ◦C) [4,8]. A broad range of experimental 
and theoretical efforts have attempted to access the structures of 
different defect types on EG and investigated how they interact with 
metal atoms to transport them into the EG/SiC interface [4,9,10]. These 
works have explicitly suggested that multivacancy defects better pro
mote metal migration into the interface than monovacancy, thanks to 
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their large sizes and low energy barrier for metal penetration [2,3,9,11, 
12]. 

Despite this fascinating finding which was mainly achieved based on 
theoretical predictions, we still lack an experimental microscopic pic
ture allowing accurate visualization and identification of atomic con
figurations and electronic structures of the plasma-generated defects in 
graphene mainly due to the limitation in providing a direct atomic-scale 
characterization. Here, we use scanning tunneling microscopy (STM) 
and spectroscopy (STS) to provide insights into the defects in EG grown 
on SiC generated by oxygen plasma treatment. We found a large variety 
of defects characterized with atomic resolution which is mainly domi
nated by triangular species. This feature is representative for mono
vacancy and foreign atoms (i.e., oxygen) substituted monovacancy. In 
addition, we found other more complex defects, which exhibit an 
inconsistency in their topography, symmetry, size and shape that re
mains challenging to determine their exact atomic configurations. In 
corroboration with density functional theory (DFT), we simulated 
different atomic configurations specific for triangular defects and their 
corresponding density of states (DOS), allowing us to determine 
different triangular defect types found in the experiment. Our work has 
established an initial stage of atomic-scale investigation of defect- 
assisted metal intercalation by providing nanoscale experimental 
proofs of plasma-generated defects in EG on SiC using the scanning- 
probe technique. These results are beyond the currently available data 
and can potentially be exploited to further control defects in graphene 
and thus engineer the properties of 2D metals at the interface. 

2. Experiment 

2.1. Sample preparation 

6H–SiC substrates (II-VI Advanced Materials) were cleaned in 
Acetone, IPA and nanostrip in sequence. Clean SiC was first heated up to 
1500 ◦C and etched in 10 % H2/Ar mixture at 700 Torr for 30 min [13]. 
Then monolayer EG was grown via thermal decomposition of SiC in pure 
argon with a pressure of 700 Torr at 1750 ◦C for 20 min. EG was treated 
with oxygen plasma in Tepla M4L plasma generator under a pressure of 
0.66 bar with 150 sccm O2 and 50 sccm He and a power of 50 W for 60s 
to generate defects in a controlled manner. 

2.2. STM/STS characterization 

The STM/STS measurements were conducted at sample temperature 
of 5 K using a cryogenic STM system (Createc) operating in ultra high 
vacuum (UHV) at a base pressure of 10−10 mbar. The STM/STS were 
obtained using electrochemically etched tungsten tips. The bare tip was 
sputtered by Ne ions and heated by electron beam under UHV condition. 
Before the measurements, the tips were calibrated using an Ag (111) 
substrate (i.e., observation of Shockley-like surface states as a step-like 
onset at ~ −63 mV in the tunneling spectra [14]). Alternatively, the 
conditioning of the tip was also achieved in situ on the graphene/SiC 
surface using field emission spectra which was described in our previous 
work [15]; only tips with recorded linear V-shape band of graphene and 
work function of about 4.2 eV typical for graphene were considered to 
be used in this work. The STM topography images were taken in 
constant-current mode. Differential conductance spectra, dI/dV versus V 
(where I is tunneling current and V is applied voltage) were recorded 
using lock-in technique with a bias modulation of 5 mV (peak-to-peak) 
and a modulation frequency of 675 Hz. 

2.3. Theoretical calculations 

Density Functional Theory (DFT) calculations were performed in the 
frame of the localized orbital basis set DFT code Fireball [16]. This code 
used a self-consistent version of the LDA-like Harris-Foulkes functional 
[17,18]. In this approach, the self-consistency of the electronic structure 

calculation was achieved using the occupation numbers. Optimized 
numerical basis sets were used for carbon, oxygen, silicon and hydrogen, 
with respective cutoff radii in atomic units of s = 4.5, p = 4.5 for C [19], 
s = 3.3, p = 3.8 for O, s = 4.8, p = 5.4 for Si, and s = 4.1 for H. In order to 
describe the oxygen plasma induced defects in graphene, we considered 
8 × 8 unit cells of graphene on top of a five-layer SiC slab. These big unit 
cells were considered to minimize the defect interactions between 
neighboring unit cells, due to the DFT periodicity. All the unit cells were 
optimized until the forces went below 0.1 eV/Å. Once the equilibrium 
configuration was obtained, we determined the projected density of 
states (PDOS) of graphene including the defects, in order to compare it 
with STS data. This methodology has already been applied successfully 
to the study of SiC van der Waals heterostructures [20,21]. 

For these different structures, in order to visualize and compare to 
the experimental STM images, we simulated the corresponding STM 
images from an already commonly used Keldysh-Green formalism [22, 
23]. 

3. Results and discussions 

First, STM imaging and tunneling spectroscopy were used to inves
tigate the morphology and the electronic structures of EG grown on SiC, 
revealing important surface modification before and after oxygen 
plasma treatment. Fig. 1(a) shows a constant-current STM image at low 
sample bias (0.02 V) of pristine EG grown on SiC substrate before 
treatment. The graphene morphology appears as a highly crystalline 
monolayer free of defects. To enhance the atomic visualization, we show 
in the inset a close-up STM image clearly identifying the honeycomb 
lattice. Coexisting with the atomic resolution of EG, a larger hexagonal 
superstructure with a periodicity of ~18 Å is observed, indicated by the 
yellow rhombus. This superstructure is attributed to the 6 × 6 moiré 
pattern belonging to the 6√3 × 6√3 reconstruction of graphene buffer 
layer (GBL) indicated by the cyan cell [24–27]. This GBL is produced 
during the initial Si sublimation and is located right underneath the 
monolayer EG which has the same honeycomb structure with graphene. 
However, about 30 % carbon atoms of this layer are covalently bonded 
to the SiC substrate, having no Dirac band feature [28]. We extracted the 
corresponding 2D fast Fourier transform (2D-FFT) pattern from the STM 
image shown in Fig. 1(b), which reflects both reciprocal graphene 
atomic structures and the 6 × 6 moiré pattern revealed by the white and 
yellow hexagonal rings, respectively. Note that the 6 × 6 moiré pattern 
is 30◦ rotated with respect to the grahene orientation. 

Fig. 1 (c) reveals the surface modifications of oxygen plasma-treated 
EG by similar surface features associated by new point defects clearly 
identified as bright protrusions. Notably, many defects are surrounded 
by an electronic scattering pattern appearing as larger hexagonal 
structures around each defect. This new pattern is clearly reflected in the 
corresponding 2D-FFT pattern shown in Fig. 1(d) as an additional purple 
ring. This scattering pattern is related to the quantum interferences of 
π-like states around the defect, giving rise to a (√3 × √3)R30 super
structure [29,30]. 

The electronic structures of pristine EG upon plasma treatment was 
measured using differential conductance (dI/dV) spectra, which is 
essentially proportional to the local density of state (LDOS) of the sur
face. Before recording the dI/dV spectra of graphene, the tip was 
initially calibrated on an Ag (111) substrate using repeated voltage 
pulses between 1 V and 3 V until the Shockley surface state appeared as 
an onset at ~ −63 mV in the dI/dV spectra. This indicates that the tip is 
purely metallic and its density of states is highly reliable for probing the 
LDOS of graphene. Alternatively, we also optimized the tip states by 
taking the dI/dV spectra in the field emission regime (FER). The emis
sion of electrons induced by a high electrostatic field helps reform the tip 
apex with high stability. This approach has been successfully applied in 
our recent work [15]. Knowing that the Dirac point of the pristine 
monolayer EG on SiC occurs at about −0.4 eV below the Fermi level [31, 
32], which is clearly distinguished from the phonon-induced inelastic 
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gap region (±67 mV) around the Fermi level, we determined the posi
tion of the Dirac point of monolayer EG for both EG samples by 
measuring the energy position of a clear minimal depth in the dI/dV 
spectra recorded between −0.5 eV and 0.5 eV. It is also noted that 
because at higher negative and positive bias voltages outside this range, 
the dI/dV spectra often show a high instability which is not due to the 
instability of the STM tip, but rather emerges from the intrinsic prop
erties of monolayer graphene itself (see FigS. 1, Supplementary Mate
rial). The red curve in Fig. 1(e) displays a representative dI/dV spectrum 
measured on pristine EG indicating the expected linear dispersion of 
both conduction and valence bands near the Dirac point (EDirac). The 
gap-like feature (~134 mV) located around the Fermi level, which 
appeared as two symmetric onsets about ±67 mV is due to 
phonon-mediated inelastic excitations in graphene [33,34]. The Dirac 
point identified as a minimum is located at ~ −0.4 eV below the Fermi 
level (marked by the black arrow). The position of the Dirac point 
shifted with respect to the Fermi level clearly indicates an n-type doping 
of the monolayer EG, which is well-known to be induced by the 
donor-like states arising from the GBL located between the monolayer 
EG and the SiC substrate [31,32] and is consistent with the previous STS 
measurement [35]. 

The representative dI/dV spectrum of the oxygen plasma-treated 
graphene taken at locations far away from defects is shown by the 
blue curve in Fig. 1(e). Again, the phonon-induced gap is observed, and 
the EDirac is located at a nearly similar position as compared to that of 
pristine EG. This behavior suggests that after the plasma treatment with 
the introduction of new point defects into the graphene lattice, the EG is 
not significantly modified in terms of charge carrier density. The sta
tistical analysis of the Dirac energy for both graphene samples is shown 
in Fig. 1(f) in order to provide a relatively precise comparison of the 
charge carrier density. It first reveals a large variation in the pristine EG 
(blue bars). This is mainly attributed to the inhomogeneous electronic 
structure of the monolayer EG induced by the strong coupling of the SiC 
substrate [27]. Note that the two dI/dV spectra shown in Fig. 1(e) only 
represent the general LDOS of both graphene samples. A more detailed 
picture on the graphene DOS is shown in Fig. 1(f) which reflects a large 

variation in the Dirac point energy measured on different sample regions 
over different experimental runs. This variation can be explained by the 
fact that the monolayer EG sits directly above the SiC and is mediated by 
the GBL underneath that is partly bonded to the SiC, leading to the 
inhomogeneous electronic coupling between the monolayer EG and SiC 
substrate on the very atomic length scale. And yet, the Dirac point is 
determined from single point spectra measured at the specific atomic 
sites that very likely leads to variation of the Dirac energy. It is also 
worth noting that over different macroscopically distant locations where 
the tip was approached, the surface impurities could be randomly pre
sent on the graphene during the sample preparation that locally change 
the EG doping behaviors. On the plasma-treated EG (red bars), the Dirac 
point position is rather localized around −0.4 eV. However, it does not 
reflect a clear shift, signifying no obvious modification in the charge 
density of EG after the plasma treatment. Recent studies have demon
strated that the removal of carbon atoms from graphene combined with 
lattice relaxation creates a positively charged vacancy [36] (and the 
references therein) which acts like an electron acceptor. In contrast, if 
one assumes that the oxygen atoms which are available during the 
plasma treatment substituted a certain number of empty vacancies, 
these defects will be negatively charged and act like electron donor 
centers [37]. The presence of both empty vacancies and 
oxygen-substituted vacancies is very likely to result in an electronic 
neutralization, leading to an unchanged net charge of the entire EG. 
Despite that the exact amount of charge induced by the either empty or 
substituted defects is not estimated, however, our experimental mean 
values of the Dirac position clearly indicate no significant modification 
in the net charge of EG before and after the oxygen plasma treatment. A 
deeper understanding on this aspect still needs further investigation. 

Our in-depth analysis of the point defect structures reveals lattice 
modification with a number of different types and characteristic features 
allowing a categorization. We have found a defect density of 1.4 × 1013 

cm−2 determined from a total of 946 defects which vary in size, shape, 
apparent height and we have attempted to visualize the point defects 
with atomic resolution. Fig. 2(a–c) shows three categorized triangular 
defect types named as defect 1, defect 2 and defect 3. They appear not 

Fig. 1. Morphology and electronic properties of EG before and after oxygen plasma treatment. (a) STM topography image (0.02 V, 0.3 nA) of pristine monolayer EG/ 
SiC. Yellow and cyan rhombuses indicate the 6 × 6 and 6√3 × 6√3 cells belonging to the GBL of the SiC substrate, respectively. (b) 2D-FFT obtained from the STM 
image in (a) revealing two sets of spots arranged as hexagonal rings. The outer white ring arises from the graphene 1 × 1 reciprocal lattice structure, while the inner 
yellow ring stems from the 6 × 6 SiC periodicity. (c) STM image (0.02 V, 0.3 nA) of monolayer EG after the oxygen plasma treatment. (d) Corresponding 2D-FFT 
pattern extracted from the STM image in (c) shows similar features seen in (b) with an additional purple ring emerging from the interference (√3 × √3)R30 pattern 
present around the bright point defects. (e) Representative dI/dV spectra measured on pristine EG (red) and on oxygen plasma-treated EG (blue) far away from 
defects. The black arrow marks the EDirac around −0.4 V. (f) Distribution of the EDirac measured on different locations on the pristine (blue bars) and the plasma 
treated EG (red bars) samples. (A colour version of this figure can be viewed online.) 
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exactly identical, but varied slightly in the number of lobes, spatial 
extension from the center and their apparent height (defect 1: 1.2 Å, 
defect 2: 2.7 Å, defect 3: 1 Å at identical tunneling conditions). Note that 
the apparent height of these defects, which is mainly contributed from 
the density of states at the energy used to image the defects, only varies 
slightly when measured at different bias voltages while the atomic 
contrast of the graphene area around the defect is strongly bias depen
dent, as it can be clearly seen in FigS. 2, Supplementary Material. Three 
types of triangular defect were repeatedly found in different sample 
locations to ensure that they are explicitly originated from different 
atomic configurations and not due to the tip artifact. The statistical 
distribution of each defect type probed with atomic resolution among 
the three triangular defects is presented in FigS. 3, Supplementary Ma
terial, showing that the defect 3 is most frequently found. 

It is known that monovacancy (MV) (which corresponds to the 
removal of one carbon atom) and substituted monovacancy (which 
corresponds to a foreign atom replacing a carbon atom) in graphene 
lattice, adopt a threefold symmetry as previously simulated [38,39] and 
experimentally identified by STM. This results from the redistribution of 
electron density between either the empty vacancy [40] or the 
substituted foreign atoms and the three nearest carbon atoms on one 
sublattice previously observed for nitrogen [41–44], boron [45] and 
hydrogen [46]. Thus, we interpret that these triangular defects are 
either empty MV or MV substituted by oxygen atoms considering that 
oxygen is the only element involved during the applied plasma 
treatment. 

The local topographic modification as seen in the STM images im
plies a strong alteration in the LDOS of graphene at the defect sites 
unveiled by the observation of defect-induced states near Fermi level. 
While the spectra shown in Fig. 1(e) relate to changes of the majority 
carrier type in EG before and after the plasma treatment, which is pro
bed far away from any defects, the LDOS of EG is significantly modified 
at the defect site itself, as shown in Fig. 2(d–f). The narrow sharp peaks 
indicated by black bars at the bias voltages of ~0.08 eV (defect 1), ~ 
−0.31 eV (defect 2) and ~0 eV (defect 3) are attributed to the electronic 
states introduced by defects, referred as defect-induced state. These 
sharp peaks can be interpreted by the following explanations. First, by 
removing one carbon atom from the graphene lattice, it creates a site 
with carbon dangling bonds which produces localized states. Second, 
the in-plane substitution of the missing carbon atoms in MV by foreign 
impurity (i.e. oxygen) leads to the creation of doping states which de
pends on the number of valence electrons of the dopant element. Here, 

we believe that oxygen atoms have substituted MVs that will be further 
discussed in the DFT calculation presented below. Note that the position 
of these sharp peaks varies in the energy range around the Fermi level 
from defect to defect which is considered to be influenced by their local 
environment. This local environment around each defect is influenced 
by the electrostatic potential which can be easily perturbed by the 
interference from the nearby defects or impurities. The second possi
bility for this shift can be explained by further considering the relative 
atomic positions of the defects in the graphene lattice such as different 
graphene sublattices. In addition, it might also be that the inhomoge
neous electronic coupling induced by the underlying GBL as revealed in 
Fig. 1(f) leads to the energy shift of the peaks. In either case, further 
detailed investigation on this aspect is remained to be further addressed. 
The observation of the sharp resonance peaks near Fermi level indicates 
that these triangular defects strongly affect the charge carrier mobility in 
graphene, and thus enhance the chemical reactivity at the defect sites 
[40] (and the references therein). It also implies that the peaks probed at 
the defect sites hold an important indication that the defects act like 
highly reactive sites for metal binding in the metal intercalation process 
that was theoretically predicted [4,9,10]. 

The modification in the LDOS of graphene induced by triangular 
defects is envisioned in more details in Fig. 3. It is apparent that the 
defect-induced state is accompanied by a significant vanishing of the 
phonon-induced inelastic gap at the defect site. Fig. 3(a) displays a series 
of consecutive dI/dV spectra measured as a function of distance when 
approaching a triangular defect from a clean EG area in the proximity, 
see Fig. 3(b). The evolution of graphene linear band and the sharp 
localized peak is well reflected such that at the defect center, the 
phonon-induced gap, highlighted by shaded area in Fig. 3(a)–is signif
icantly vanished combined with a gradual emergence of the defect- 
induced state (black arrows). This trend is better detailed in the dI/dV 
map shown in Fig. 3(c) obtained along the dashed white line across the 
defect. The density on the left and right areas next to the defect de
creases linearly towards the Fermi level reflecting the V-shape formed 
by the valence and conduction bands of the clean EG area. At the defect 
site, the phonon-induced inelastic gap indicated by two cyan dashed 
lines no longer shows a well-defined gap, and the localized state is seen 
as small lump within the gap, pointed by the orange arrow. In addition, 
along the vertical direction of the map at the defect position, the DOS is 
higher than that of the proximity EG area, emerging as a bright orange 
strip as highlighted by the yellow rectangle. 

The local electronic perturbation induced by the triangular defects 

Fig. 2. Atomic-scale topography and LDOS of triangular defects. (a–c) STM topography images of three distinguished triangular defects found in oxygen plasma- 
treated EG and classified as defect 1, defect 2, and defect 3 (at the same tunneling conditions: 0.02 V, 1 nA). Triangular defects are known to be monovacancy 
in the graphene lattice being either empty or substituted by foreign atoms (i.e., oxygen). (d–f) Corresponding dI/dV spectra measured above the center of defect 1, 
defect 2, and defect 3, respectively. Black bars highlight the positions of the localized states. (A colour version of this figure can be viewed online.) 
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was further investigated using the spatial dI/dV map acquired with 
constant tip height above each defect. For instance, we measured the dI/ 
dV map of the triangular defect 1 at the bias voltage of the resonance 
peak shown in Fig. 2(d) at ~ 0.08 V, see FigS. 4(a)(a), Supplementary 
Material. The triangular shape is reproduced in the map and spatially 
extends over several lattice sites from the defect center. This three-fold 
symmetry density map is originated from the charge redistribution 
induced either by the empty vacant or by the substituted atom in a MV 
[47]; the bright triangle with a higher electronic density is associated 
with the lower intensity extended tails facing perpendicularly to each 
triangular edge (see the green dashed lines in FigS. 4(a), Supplementary 
Material). This feature is reminiscent of STM topography of 
nitrogen-substituted [41–43] or boron-substituted graphene [45] in a 
graphitic configuration. In FigSs. 4(b) and (c), we show two other dI/dV 
maps obtained for defect 2 and defect 3 which were instead measured at 
relatively low sample biases at 0.01 V and 0.02 V, respectively and not at 
the exact bias voltages of the peaks found in their dI/dV spectra shown 
Figs. 2(e) and (f). Nevertheless, the triangular shape in the DOS maps are 
reproduced sharing very similar features with their STM topography 
images. This implies that the threefold symmetry in the DOS of trian
gular defects is not strictly bias-dependent in the low bias range. This 
can be qualitatively explained in a way that at a low sample bias, the tip 
integrates only the electronic states near the Fermi level (that is in most 
cases very few states or just a constant DOS contributing to the tunneling 
current) leading to a similarity between its topography and DOS map. 

Knowing that the dominant triangular defects are representative for 
either empty or substituted monovacancies which set them apart from 
the other complex defects, we further proposed and theoretically 
investigated three different atomic structures including monovacancy 
(MV), an oxygen substituted carbon atom (O-MV) and three oxygens 
substituted carbon atoms (3O-MV) of a monovacancy using first- 
principle DFT. The corresponding optimized, fully relaxed structures 
for MV, O-MV and 3O-MV are represented in Fig. 4(a), (b) and (c), 
respectively. It is clearly seen from the side-view perspective of the three 
atomic configurations that the carbon and the substituted oxygen atoms 
in the graphene lattice appear atomically flat without any out-of-plane 
distortion, indicating no significant deformation in the lattice induced 
by the defects. It is important to note that the apparent height measured 
from the STM images shown Fig. 2(a–c) is determined by the intensity of 

the tunneling current contributed by either the density of states or ge
ometry of the surface at the defect site [48]. Therefore, it is not 
straightforward to interpret that these heights are real geometry of the 
surface at the defects. Indeed, from the relaxed structures shown in 
Fig. 4(a–c), one can verify that the atoms at the defect site and the 
neighboring carbon atoms are nearly located on the same atomic plane 
and hence, the defect’s height measured from the experimental STM 
images is contributed by the high electron density. This is because in 
order to maintain the constant tunneling current, the tip-sample sepa
ration should be adjusted (increased) at the defect site. 

The graphene density of states was calculated including the defects 
to be compared with the experimental STS which reveals important 
proofs for identifying triangular defect types. First, the total PDOS of 
pristine EG was also calculated and shown in FigS. 5 (Supplementary 
Material) that exhibits a V-shape form as expected linear electronic 
band. The Dirac point is seen downshifted to −0.44 eV which is due to 
the electronic doping of monolayer EG induced by the SiC substrate, in 
good agreement with previous study [49]. The PDOS spectra calculated 
for three defect configurations MV, O-MV and 3O-MV are presented in 
Fig. 4(d), (e) and (f), respectively reveal sharp peaks located near the 
Fermi level. The PDOS calculated for MV exhibits two sharps peaks in 
Fig. 4(d). In case of O-MV, one peak around the energy range between 
−0.3 and −0.5 eV in Fig. 4 eV. In the PDOS calculated for 3O-MV, we 
find a peak located almost at the Fermi level as shown in Fig. 4(f). 

After structural optimization and calculation of the electronic 
structure, we have simulated the corresponding STM images for MV, O- 
MV and 3O-MV using Keldysh-Green formalism [22,23] which are 
presented in Fig. 4(g), (h) and (i), respectively. At the first glance, the 
triangular shape is reproduced in the simulated STM images as shown in 
Fig. 2(a–c). Note that these images were simulated at 0.02 V which is the 
same sample bias obtained experimentally. The STM simulated images 
were also obtained at different bias voltages (see FigS. 6, Supplementary 
Material) in which the triangular shape typical for each defect config
uration are not significantly different. This trend is consistent with the 
experimental bias-dependent STM images shown in Fig. 2. In the 
simulated STM image of the MV shown in Fig. 4 (g), most of the electron 
density (bright lobes) is located at the three carbon atoms that are in the 
opposite sites (considered in the hexagonal carbon ring) of the three 
nearest carbon atoms next to the vacant site while the density is strongly 

Fig. 3. Electronic perturbation at triangular defect of EG. (a) Series of dI/dV spectra as a function of distance when going from a proximity towards the defect center 
shown in (b); the developments of the defect-induced state (black arrows) and the phonon-induced gap (shaded area) are clearly observed. (b) STM topography image 
(0.1 V, 100 pA) of a triangular defect (white circled) where the dI/dV spectra in (a) were taken. Colored dots mark the positions of the corresponding dI/dV spectra 
displayed in (a). (c) dI/dV map taken along the white line crossing the defect in (b). At the defect center, the phonon-induced gap (indicated by two white dashed 
lines) is significantly vanished together with a strong emergence of the defect-induced peak (pointed by orange arrow). The yellow dashed rectangle is used to 
highlight the position of the defect in the DOS map. (A colour version of this figure can be viewed online.) 
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depleted at the vacant site. The STM simulated image for O-MV also 
shows a very similar feature except that the density is found localized at 
the three carbon atoms that are located at the opposite sites of the 
substituted oxygen atom in the hexagonal ring. Considering the posi
tions of the bright lobes with respect to the carbon positions in the 
simulated STM images for the three cases here, one should expect a 
larger size for MV rather than for O-MV and 3O-MV. In case of 3O-MV, 
the simulated STM image shown in Fig. 4(i) show that the electron 
density is mainly located at the six carbon atoms adjacent to the three 

substituted oxygens. This creates a distinct topographic feature as 
compared to the other two cases. 

Combining the simulations of the three configurations shown in 
Fig. 4 with the experimental data in Fig. 2 allows identification of the 
triangular defect atomic structures. First, the simulated STM image of 
the 3O-MV configuration in Fig. 4 (i) convincingly correlates to the 
defect 3 shown in Fig. 2 (c) since they have a comparable size and the 
three bright lobes together with the extended tails are formed such that 
the positions of the three substituted oxygen atoms are clearly identified. 

Fig. 4. Theoretical calculation of structures, density of states and STM simulation for different triangular monovacancy configurations. (a–c) Side-view and top-view 
of fully relaxed atomic structures showing energetically most favorable configuration of monovacancy (MV), one oxygen (O-MV) and three oxygen substituted (3O- 
MV) monovacancy, respectively. Grey, light yellow, red balls are C, Si, O. The pink dot in (a) highlights the missing C atoms in the MV. (d–f) PDOS of EG calculated 
for the three vacancies configurations, respectively, revealing localized states emerging as sharp peaks. (g–i) Corresponding simulated STM images (at 0.02 V) of the 
three configurations in (a), (b) and (c), respectively. (A colour version of this figure can be viewed online.) 
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In addition, the center of the defect in the simulated STM image appears 
with low intensity, in good agreement with the experimental image. The 
localized state near the Fermi level as probed by the dI/dV spectrum in 
Fig. 2(f) and revealed by the calculated PDOS in Fig. 4(f) further sup
ports this conclusion. Next, we attribute the O-MV shown in Fig. 4(b) to 
the atomic configuration of defect 2. Again, this conclusion is based on 
the similarity between experiment and theoretical simulations in terms 
of topography, spatial extensions of the three extended tails and the 
comparable occupied state found in the DOS. Note that the discrepancy 
in the DOS between experiment and simulation might arise from specific 
local environment around each defect measured experimentally and the 
size of the unit cell controlling the artificial defect-defect interaction in 
the calculated configurations. Among the three atomic configurations, 
our theoretical simulation strongly supports the identification for the 
cases of O-MV and 3O-MV. Regarding the MV, its PDOS and simulated 
STM images are partly consistent with the experimentally measured 
data of defect 1. On the one hand, the defect 1 appears in the experi
mental STM images with a quite similar size with that of defect 2 and 
defect 3 while the DFT simulated STM image of MV at the same bias 
voltage shows a considerably larger size. On the other hand, the PDOS 
calculated for MV displayed in Fig. 4(d) shows two strong peaks at 

−0.35 eV and 0 eV, respectively, while the experimental STS spectrum 
of the defect 1 reveals only one peak at ~ 0.08 eV. Despite that the 
second peak at ~0.08 eV is reproduced and in good agreement with the 
calculated PDOS for MV, however, the first peak is absent in the 
experimental dI/dV spectra. This discrepancy can possibly be explained 
as the following. The experimentally measured LDOS of the defects is 
very sensitive to the strong electronic coupling between the defects in a 
monolayer EG and the SiC substrate. With a specific defect configura
tion, we believe that certain regions of the density of states were not 
clearly probed in the dI/dV spectra accounted by the tunneling matrix 
elements (i.e. tunneling probability at a certain bias voltage). In our 
opinion, this probably occurs with the defect 1. Therefore, at this stage 
of the measurement, we tentatively attribute the defect 1 to be MV, 
while great care and a deeper investigation is still needed to be accurate. 
Nonetheless, our simulation provides highly reliable approach to iden
tify the atomic and electronic structures of triangular defects, which 
establishes principle for investigating more complex structures found in 
our sample. 

Apart from the triangular defects, we found a broad spectrum of 
other defects with extended size and shape, and different symmetry 
compared to the triangular defects. As shown in the statistical graph of 

Fig. 5. Exemplified complex defects found in addition with the triangular defects. (a-d, left column) STM topography images of few example complex defect found in 
the oxygen plasma-treated EG sample in addition to the triangular monovacancy defects. (e-h, middle column) Corresponding dI/dV spectra measured above each 
defect in the left column; the sharp peaks are indicated by black bars. (i-l, right column) dI/dV maps acquired at the energies either at the peak positions of the dI/dV 
spectra shown in middle column, or at low bias voltage. (A colour version of this figure can be viewed online.) 
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defect types (FigS. 3, Supplementary Material) determined from total 92 
defects imaged with atomic resolution, about 35 % of these defects are 
not triangular suggesting that more complex structures with atomic 
configurations beyond monovacancy (i.e. multivacancy) were intro
duced into graphene by the oxygen plasma treatment. 

In Fig. 5 (a-d, left column) we exemplify the topography of some 
complex defects with high atomic resolution found in the plasma-treated 
EG sample. It is apparent that these defects are not identical and do not 
appear with a highly rotational symmetry. Their corresponding dI/dV 
spectra shown in Fig. 5(e-h, middle column) reveal defect-induced states 
as narrow peaks located in either valence or conduction bands near the 
Fermi level. In the right column of Fig. 5(i–l) we show dI/dV maps of 
these defects acquired either at low bias voltages or at the precise peak 
energy of the corresponding dI/dV spectra. The DOS maps mainly 
replicate their topography STM images. The narrow peaks in the dI/dV 
spectroscopy and the local DOS map measured on these complex defects 
show quite similar tendency to those measured for the triangular de
fects. This again implies an enhancing chemical reactivity at these sites 
with adsorbates. This has been demonstrated in case of nitrogen-doped 
EG on SiC, in which the nitrogen doping sites give rise to a strong charge 
transfer between the dopant sites of graphene and the physisorbed 
organic molecules [50,51]. In such context, it should be straightforward 
to expect a strong interaction between metal atoms and the defect sites 
when using defects as major pathways for metal intercalation. 

Previous DFT studies have predicted multivacancies in the treated 
EG taking into account Jahn-Teller distortion bond reconstruction [9]. A 
broad spectrum of bare vacancy ranging from mono to octa structures 
were simulated. In comparison with experimental data found here, we 
do not find evidences that are directly relevant to the configurations 
described in that work. This is because even though STM images do not 
allow a direct identification of atom-atom bonding and structures, 
nevertheless, the symmetry and the atomic contour of the multivacancy 
should be partially reflected in the topography of a specific configura
tion. The defects listed in Fig. 5 however appear highly random sug
gesting that they adopt even more complex structures. In our best 
understanding, this can be attributed to the random removal of carbon 
atoms from the honeycomb lattice under plasma treatment. And in 
addition to the creation of multivacancies, the asymmetric features of 
the defects shown in Fig. 5 may also suggest different origin: that is the 
deformation of the carbon lattice leading to wrinkle topographic fea
tures around the defects under plasma bombardment or out-of-plane 
oxygen (or other unknown impurities) decorated graphene at the 
vacant sites. In any case, it still remains challenging in identifying the 
atomic configurations of complex defects based only on the STM 
topography and dI/dV spectroscopy, since there is no indication of 
which atomic configuration should be theoretically simulated, hence 
further works are still remained to be investigated. Nevertheless, the 
close-up inspection at atomic level in terms of topography, electronic 
properties and statistics on types of defects in our work has provided a 
convincing atomic picture of the oxygen plasma-treated epitaxial gra
phene on SiC. 

4. Conclusions 

In summary, we have investigated the structures and electronic 
properties of different defect types on epitaxial graphene grown on SiC 
which are generated by oxygen plasma treatment. Atomic resolution 
STM topography and tunneling spectroscopy allow us to access the 
atomic-scale details of defects ranging from triangular shape (that are 
monovacancy and its related species) to more complex structures in 
corroboration with first-principle DFT calculations. From the density of 
state viewpoint, the defect-induced states are localized near the Fermi 
level and significantly modify the band structure of EG at the defect sites 
themselves. This observation indicates that the chemical reactivity of 
graphene is significantly enhanced at the defect sites, reflecting their 
important role in facilitating the metal migration in the EG/SiC 

interface. Dominant triangular defects with well-defined symmetry 
found in the STM measurement allow simulation of their topographies 
and DOS from which their atomic configurations were precisely iden
tified. Despite the atomic configurations of other complex defects have 
not yet been corroborated, nonetheless detailed measurements of their 
topographies and LDOS provide important experimental proofs which 
advance the future investigations to be carried out. The significance of 
our work is perhaps best realized by deeply analyzing the atomic 
structures of defects and their electronic properties at atomic level and 
may open new way for visualizing the metal intercalation mechanism in 
which this picture at nanometer scale will be explored using scanning- 
probe approach. 
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