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a b s t r a c t

Graphene, when deposited on a supporting substrate with a step edge, may be deformed in the presence
of the step edges of the substrate. In this study, we have investigated a spatial variation in the local
electronic structure near the step region, by performing first-principles calculations for carpetlike
armchair graphene nanoribbons (C-AGNR) and two-dimensional periodic carpetlike graphene sheets
(PCGS). Our results indicate no practical difference in the local density of states (LDOS) between those of
flat and step regions. Interestingly, however, the PCGS shows a remarkable variation in the LDOS with an
external electric field (E-field). Furthermore, we also discuss the dependence of the direction and the
magnitude of the applied E-field on the spatial variation in the LDOS.

© 2014 Published by Elsevier B.V.
1. Introduction

Because of its superior chemical and physical properties, gra-
phene has been regarded as a promising material for the use in
various applications. Various methods such as mechanical exfolia-
tion [1,2], epitaxial growth [3], and chemical vapor deposition [4,5]
can be used to produce graphene. However, from the application
perspective, complete realization of the potential of graphene re-
quires comprehensive understanding of its atomic and electronic
properties, considering the complexity of many factors affecting its
functionalities. This demands a concerted effort on the parts of both
theory and experiment.

There are many experimental and theoretical studies concern-
ing the atomic and electronic structures of graphene deposited on
many different types of substrates. Some researchers have studied
the variations in the electronic structure, in particular, those that
are induced by an interaction between graphene and the substrate.
For example, graphene deposited on oxide substrates such as SiO2
and Al2O3 has been studied extensively [6e9]. On the other hand,
many researchers observed carpetlike growth of graphene, which
continuously cover the terrace and the step edge of a variety of
Kim), hong@sejong.ac.kr,
supporting surfaces, such as SiC (0001) [10e12], Ru (0001) [13e19],
Ir (111) [19e21] and Pt (111) [22,23]. Recently, it has been reported
that the electronic structure of graphene on the substrate is
strongly influenced by the morphology of the substrate (e.g. the
terrace width and the step edge) [24]. Therefore, it is necessary to
study the variations in the electronic structure of graphene influ-
enced by the step edge of the supporting substrate. Although gra-
phene structures with curvature were initially only of theoretical
interest, they attract attention now with respect to a strain-based
graphene engineering.

In this paper, we report an investigation of the spatial variations
in the electronic structure of graphene induced by the step regions
in the graphene using density functional theory (DFT). To analyze
the effect of the step, we consider two types of atomic structures,
namely graphene nanoribbon and graphene sheet. The local den-
sity of states (LDOS) of the flat and step regions in the two struc-
tures containing the step is analyzed to examine the dependence of
the electronic structure on the external electric field (E-field). On
comparing the LDOS of the flat and step regions, we show no
practical difference in the electronic structure in both themodels in
the absence of the applied E-field. It is known that in the case of a
flat graphene monolayer, its LDOS is not influenced by a uniform E-
field. However, our results show a conspicuous variation in the
LDOS when an E-field is applied to the step, especially in the gra-
phene sheet. Besides, we examine the dependence of the electronic
structure on the magnitude and direction of the E-field.
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2. Computational methods and model structures

To investigate the variation in the electronic structure which is
caused by the steps in graphene, we consider two types of model
structures in this work. One is a carpetlike armchair graphene
nanoribbon (C-AGNR) and the other is a periodic carpetlike gra-
phene sheet (PCGS) which both consist of the flat and the step
regions, as shown in Fig. 1. The unit cell contains 98 carbon atoms
and 4 hydrogen atoms, passivated at the edge of the C-AGNR
structure using the N ¼ 49 armchair graphene nanoribbon (AGNR).
On the other hand, the PCGS contained 124 carbon atoms. The
width of the C-AGNR is about 60 Å while that of the PCGS is about
75 Å with a separate vacuum region of 15 Å. When graphene is
adsorbed on a supporting substrate with step regions, it covers the
terrace and the step edge of the substrate like a carpet on stairs. In
such a situation, the electronic properties of graphene may change
owing not only to the interaction with the substrate but also to the
atomic structure around the step. In this work, we investigate the
effect of only step regions on the electronic structure of graphene.
To mimic a graphene layer formed on a substrate step, we consider
the C-AGNR and the PCGSwith a slope of 30�, as shown in Fig.1. The
height difference of 5 Å correspond to two atomic layer of the
substrate. For example, the distances between the interlayer
spacings of SiC (0001), Ru (0001), Ir (111), and Pt (111) surfaces are
2.513, 2.141, 2.216, and 2.265 Å, respectively. Taking into account
the computational cost, we do not include the substrate in the
simulations. Furthermore, to check the dependence of the slope, we
also calculate the PCGS with a slope of 45�.

DFT calculations are performed, using generalized gradient
approximation (GGA) for exchange-correlation functionals [25,26]
implemented in the Vienna Ab Initio Simulation Package (VASP)
[27,28]. The kinetic energy cutoff is set to 400 eV, and the electro-
neion interactions are represented by projector augmented wave
(PAW) potentials [29,30]. For the van der Waals (vdW) correction,
we employ Grimme's DFT-D2 method [31], based on a semi-
empirical GGA-type theory. For the Brillouin-zone integration, we
use a (1 �1�1) grid for a C-AGNR and a (2� 9� 1) grid for a PCGS,
respectively, in the Gamma centered scheme for geometry opti-
mization. For DOS calculations, (1 �12 � 1) and (6 � 20 � 1) grids
are utilized for the C-AGNR and the PCGS, respectively. All atomic
coordinates are fully optimized, with the exception of the con-
necting parts of the graphene structure to satisfy the boundary
condition, until all HellmanneFeynman forces are lower than
0.05 eV/Å.
Fig. 1. Optimized structures of (a) a carpetlike armchair graphene nanoribbon (C-
AGNR) and (b) a periodic carpetlike graphene sheet (PCGS) layer with a slope in step
regions. In the PCGS, we consider two slopes (q ¼ 30� and 45�).
3. Results and discussion

3.1. Electronic structure of a carpetlike graphene nanoribbon

In the optimized C-AGNR structure, the bond lengths between
neighboring carbon atoms are changed within a range �1 % to 1 %
in the entire step region, compared with the C-C bond length
(1.424 Å) of perfect graphene. For convenience, we divide the C-
AGNR structure into three regions, as shown in Fig. 1(a). Regions A
and C correspond to the flat and step regions, respectively, and
region B is located in-between. In general, compression results in
folding or wrinkling of graphene [32], which agrees with our result
that graphene is slightly bent and a small wrinkle occurs in region
B. This small wrinkle has a height of z 0.19 Å.

To investigate the effect of the step, we plot the density of states
(DOS) of the C-AGNR structure and compare it with that of the flat
AGNR, as shown in Fig. 2(a). Black solid and red dotted curves in
Fig. 2(a) represent the DOS of a flat AGNR and the C-AGNR,
respectively. As seen in Fig. 2(a), there is no distinct difference
between the DOS of the C-AGNR and the flat AGNR around the
Fermi level (EF), indicating the energy band gap of about 0.2 eV. This
energy band gap in N ¼ 49 AGNR is well matched with a previous
report [33]. Therefore, we conclude that the electronic structure of
the C-AGNR is not significantly affected by step regions. In Fig. 2(b),
we show a calculated constant-current scanning tunneling micro-
scope (STM) image in the TersoffeHamann scheme [34,35]. The
method is an energy-integrated calculation of partial charge den-
sity in an energy window measured between EF and a chosen en-
ergy Ec. For the image in Fig. 2(b), we choose E ¼ EF�0.5 eV to show
the spatial variation in the charge density of the C-AGNR, compared
to the flat AGNR. The calculational image of the C-AGNR is not so
different from that of the flat AGNR, as expected. As in previous
studies [36,37], the charge density patterns like an array of cres-
cents are shown near the edge, which are associated with the
intervalley scattering [36] of graphene due to the armchair edge.

Next, the E-field dependence of the DOS is studied by applying
an E-field of magnitudes of�0.4, and 0.4 eV/Å, perpendicular to the
C-AGNR. Corresponding DOS modification is analyzed with respect
to the field direction. Fig. 3(a)e(c) shows the E-field dependence of
the LDOS of regions A, B, and C, respectively. The blue dotted and
red dashed curves represent the LDOS when the E-field of
strength�0.4 and 0.4 eV/Å, respectively, is applied. For comparison,
the black solid curve in Fig. 3 represents the LDOS of the C-AGNR in
Fig. 2. (a) Density of states (DOS) for the flat armchair graphene nanoribbon (AGNR)
and carpetlike armchair graphene nanoribbon (C-AGNR) with N ¼ 49. Black solid and
red dotted curves indicate the DOS for a perfectly flat AGNR and the C-AGNR,
respectively. The Fermi level (EF) is set to zero. (b) Simulated constant-current STM
image of the C-AGNR. An energy-integrated partial charge density is calculated in an
energy window between EF�0.5 eV and EF. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. Modification in the LDOS of the C-AGNR depending on the direction and
magnitude of E-field. Blue dotted, black solid and red dashed curves represent the
LDOS, upon applying E-fields of �0.4, 0 and 0.4 eV/Å in (a) region A, (b) region B and (c)
region C, respectively. Two insets in (a) show the modification of LDOS peaks in the
valence and conduction bands clearly. The Fermi level (EF) is set to zero. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 4. LDOS for the rows in a step and two flat regions (A', B', and C' in Fig. 1(b)) in the
PCGS which have a slope of 30� . The LDOS for rows 1, 2, and 3 are expressed by red
dashed and blue dotted and black solid curves, respectively. The LDOS of (a) row 1 and
row 3, and (b) row 2 and row 3 are shown. The Fermi level (EF) is set to zero. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. Spatial variation in the LDOS for the PCGS which have a slope of 30� , upon
applying the E-field of (a) �0.5 eV/Å and (b) þ0.5 eV/Å. Black, pink, and blue solid
curves represent the LDOS row by row in regions A', B', and C' in Fig. 1(b). The Fermi
level (EF) is set to zero. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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the absence of an applied E-field. As shown in Fig. 3(c), the step
region, labeled C, is relatively less affected by the E-field, compared
with the other two regions (regions A and B). This could be
attributed to the oblique angle of the E-field to the inclined plane.
Fig. 3(a) and (b) shows small variations in the LDOS caused by
energy splitting between �1.0 and �0.5 eV below the Fermi level.
For the fields of �0.4 and 0.4 eV/Å, the DOS peaks move in the
opposite direction. According to our calculations, modification of
the DOS also occurs in the opposite manner in the energy range
from 0.5 eV to 1.0 eV.

In addition, we study the dependence of modification of the DOS
on the magnitude of the E-field by applying the fields of 0.4 and
0.8 eV/Å along the z direction. In this case, the peaks are shifted to
the left and become smaller around ±0.6 eV with increasing
strength of the E-field in the direction of red dashed line in Fig. 3(a)
and (b). We also perform the DOS calculations for the C-AGNR by
considering the increase of the E-field in the opposite direction; the
peaks are shifted to the right and become higher around ±0.6 eV
with increasing strength of the E-field in the blue dotted line in
Fig. 3(a) and (b). Owing to the reversal of the E-field, the LDOS
exhibits the opposite behavior in the energy ranges below �0.5 eV
and above þ0.5 eV.

3.2. Electronic structure of a periodic carpetlike graphene sheet

As mentioned above, the step has induced a small variation in
the LDOS of the C-AGNR, only when E-field is applied. The domi-
nant effect on the electronic properties originated from the ribbon
edge and the oblique angle of the E-field to the incline plane.
However, significant spatial variations in the electronic structure
because of the curvature could be realized by considering a PCGS
[see Fig. 1(b)] since it has no edge and has many wave vectors k

!
that may be affected by the curvature of graphene. We compare the
LDOS of the PCGS row by row. The LDOS of some rows demon-
strates clear modification in the electronic structure. Here, we take
into account two cases with slopes of 30� and 45�. In the case of
PCGS with a slope of 45�, it has two small wrinkles with a height of
1.34 Å, which resemble speed humps. But there is no big difference
in the electronic structure between two cases (30� and 45�).
Therefore, we show the LDOS of the PCGS only with the slope of
30�. Fig. 4 compares the LDOS between two rows in the flat region
and a row in the step region, which are expressed by rows 1, 2, and
3 in Fig. 1(b). The LDOS of rows 1, 2, and 3 are plotted by red dashed,
blue dotted and black solid curves, respectively. As in the C-AGNR,
we do not find any practical difference between flat and step re-
gions, as shown in Fig. 4.

Finally, we analyze the E-field dependence of the electronic
structure of the PCGS by applying the E-field in the samemanner as
in the C-AGNR. Fig. 5(a) and (b) shows the LDOS of each row in the
PCGS for the applied E-fields of �0.5 and þ0.5 eV/Å, respectively.
Black, pink and blue solid curves correspond to LDOS of each row in
regions A', B' and C' as shown in Fig. 1(b), respectively. Regions A'
and C' correspond to the flat and step regions, and region B' is
located in-between. The field dependence is confirmed by plotting
the LDOS for all rows of the PCGS. In our calculations, there is no
distinct difference between the different regions in the absence of
the E-field. In contrast, a striking spatial variation in the LDOS is
clearly found in the ranges below�0.3 eV and above þ0.3 eV in the
presence of an E-field, as shown in Fig. 5. Interestingly, when the
field direction is reversed, the modification pattern of the LDOS in
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the valence and conduction bands is also reversed. To check
whether the modification is sensitive to the supercell size, we in-
crease the flat regions of PCGS to twice. Our results show that the
spatial variation is insensitive to the supercell size.

Fig. 6(a) and (b) displays computed constant-current STM im-
ages of the PCGS with a slope of 30� for an E-field of �0.5 eV/Å. In
absence of the E-field, no difference in the charge distribution of
the flat and step regions could be observed. However, if an E-field is
applied to the PCGS, the charge density in the step region became
lower than in the flat region [Fig. 6(a)] in the energy window be-
tween EF�0.5 eV < E < EF. Conversely, for the energy window be-
tween EF< E< EFþ 0.5 eV in Fig. 6(b), the charge density is higher in
the step region than in the flat region. Inhomogeneities of the
charge distribution was reported in rippled graphene monolayers
on the Ru (0001) surface by using an STM experiment [38]. The
spatial variation in the DOS of the graphene structures with step
regions can be observed by STM experiments [21]. Fig. 6(c) shows
two-dimensional map of the electric potentials of the PCGS with a
slope of 45� under an applied E-field. To ensure a good represen-
tation of the total electronic potential, we choose the PCGS with a
slope of 45�. One can obviously find that the potential profile has a
local variation due to the presence of the step regions.

To understand the difference between the C-AGNR and the PCGS
in modification of the LDOS, we terminate the boundary of the
PCGS with hydrogen atoms, and change the system to a C-AGNR
with the vacuum region being about 35 Å thick in the direction of
the x-axis. For this model system, we do not find any substantial
variation in the LDOS of the C-AGNR, depending on the external E-
field. Our results show that the electronic structure of the C-AGNR
is influenced mainly by the ribbon edge, whereas the PCGS is
influenced by the curved structure at the step. In addition, we also
consider that the PCGS has multiple k

!
vectors in the x-axis, while

C-AGNR has only one k
!

( k
!¼ 0). Therefore, some k

!
vectors ( k

!
s0)

may be strongly influenced by the curvature and external E-field in
the PCGS.

Graphene can be corrugated by interaction with supporting
substrates. The electronic structure of corrugated graphene can be
influenced by changes in the distances between neighboring car-
bon atoms, relative rotations of the pz orbitals, and a rehybridiza-
tion between p and s orbitals [39,40]. Such origins may give rise to
weak spatial variations in our LDOS plots for the C-AGNR and the
PCGS in the absence of an applied E-field. On the other hand, an
external E-field gives rise to symmetry reduction to the C-AGNR
and the PCGS because of the corrugation. Especially,
Fig. 6. Simulated constant-current STM images of the PCGS with a slope of 30� for (a)
Ec ¼ EF�0.5 eV and (b) Ec ¼ EF þ 0.5 eV for the E-field of �0.5 eV/Å, respectively. (c)
Two-dimensional map of the electric potentials of the PCGS with a slope of 45� under
an applied E-field.
inhomogeneity of the E-field direction is found to strongly affect
the local electronic structure of the PCGS structure. In terms of
electronic transport, electrical resistivity of graphene is higher as
the terrace of the substrate is narrower [24]. This means that
multiple scattering near the step edges is enhanced as neighboring
step edges are closer.

4. Conclusions

In summary, the effect of step edges in carpetlike graphene
sheets and nanoribbons has been investigated by using DFT cal-
culations. In the absence of external E-field, no practical modifi-
cation is found in the LDOS of the flat and step regions in both types
of graphene structures (C-AGNR and PCGS). In the presence of
external E-field, however, the PCGS shows a significant variation in
the LDOS, whereas C-AGNR could not find a striking variation.
Predicted DOSmodification can be verified by the STM experiments
as described above. In addition, the scanning gate microscopy
technique can be considered for studying the spatial variation in
the LDOS of the graphene step region. One can locally alter the
electronic bands of curved graphene regions by a bias voltage from
the sharp tip of an atomic force microscope, and obtains current
maps corresponding to the local electronic properties.
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