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Interaction with the substrate plays an essential role in determining the structure and electronic property of

graphene supported by a surface.

We observe a maze-like reconstruction pattern in graphene on flat copper

foil. With functionalized scanning tunneling microscope tips, a triangular three-for-six structure of graphene
and a mixed (2v/2 x \/2) R45° reconstruction of a Cu(100) surface are separately visualized at the atomic scale.
Substrate-induced changes in the structure and electronic property are further illustrated by micro-Raman spec-
troscopy and scanning tunneling spectroscopy. This finding suggests a new method to effectively induce partial
sp® hybridization in a single-layer graphene and therefore to tune its electronic property through interaction with

the substrate.

PACS: 68.65.Pq, 68.47.De, 68.37.Ef

With a single layer of carbon atoms arranged
in a honeycomb lattice,l' ! graphene has become
a prominent candidate for future applications, es-
pecially novel two-dimensional electronic devices,
due to its unique linear energy dispersion at low
energies.['" 11l Significant research progress has been
made to tune the electrical properties of graphene
through electrical gates,['? dopants and defects, !~ ']
local strain,'” 91 and substrates.?°~ 22l Associated
with the electronic property changes, a three-for-six
configuration has been observed on wrinkles of exfoli-
ated graphene layers!'">'%?3] and on strained graphene
layers grown on highly corrugated copper surfaces.!'”!
Some sp3 hybridization is induced in such configura-
tions to effectively open an energy gap and turn the
graphene into a semiconductor or an insulator.!'? 7]
The interaction between graphene and the underly-
ing substrate is crucial in determining the structure
transformation and modification of electrical proper-
ties in graphene. However, it remains a great challenge
to fully understand the graphene-substrate interac-
tion because of the difficulty in probing the atomic
structure of the underlying substrate. In addition,
the observation of new reconstruction patterns due to
graphene-substrate interaction is strongly desired.

In this Letter, we present our investigation of
a maze-like reconstruction in graphene on a copper
surface by using a low-temperature scanning tunnel-
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ing microscope (STM). The reconstruction pattern
is composed of a three-for-six triangular lattice and
an orthogonal lattice, which are separately visualized
with functionalized STM tips. The presence of partial
sp® hybridization in the triangular lattice is verified by
the appearance of a midgap state near the Fermi level
in the local electronic density of states. The orthogo-
nal lattice is illustrated as a mixed (2\/5 X \/§)R45°
reconstruction of a Cu(100) surface as supported by
x-ray diffraction data. Our results suggest a strong
interaction between the graphene and copper surface
that has not been reported up until now.

The graphene sample used in this study is synthe-
sized on Cu foil (50-pum-thick) by the ambient chemi-
cal vapor deposition (CVD) method.[?**°] The growth
is carried out at around 1050°C with CH,4 as the car-
bon stock. The sample is then further annealed at
400°C for 6h in an ultra-high vacuum (UHV) cham-
ber (base pressure <1071 Torr). A scanning electron
microscope (SEM) and a home-built low-temperature
STM are employed to characterize the sample surface.
The local electronic density of states (LDOS) is mea-
sured by recording the STM differential conductance
(dI/dV) signal under open-loop feedback conditions.
The sample bias is modulated at 361.1 Hz with an rms
amplitude of 10mV.

The SEM images in Fig.1 show the morphology
of the sample. The graphene flakes of a size around
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10 ym can be easily distinguished from the bare cop-
per surface with characteristic hexagonal edges. Sec-
ond layer graphene can been seen as smaller dark
patches, which has been confirmed by micro-Raman
studies.[*”?% The surface morphology of the graphene-
covered area is further illustrated by STM images at
the nanometer scale. Two typical topographic fea-
tures are observed. Some areas appear highly corru-
gated, as shown in Fig. 1(b), and some show ordered
steps and flat terraces of micrometer size, as shown
in Fig. 1(c), where the straight steps are several hun-
dreds of nanometers in length and 3-5 atomic layers
in height.

1

Fig.1l. The morphology of graphene on a copper sur-
face. (a) SEM image of the sample, and (b) and (c) STM
topographic images of graphene on a corrugated surface
and on terraces and steps. The images (1 ym X 1 um) are
taken with a sample bias of —0.7V and tunneling current
of 0.1nA for (b), and —0.5V and 0.1nA for (c).

Fig. 2. (a) STM topographic image of a maze-like recon-
struction pattern of graphene on a copper surface. The im-
age (12nm x 12nm) is taken with a sample bias of —0.5V
and tunneling current of 15 pA. (b) FFT of the maze-like
reconstruction pattern. The six-fold diffraction spots are
connected with white lines. The angle between two lattice
sets is about 45°.

When the STM tip is located in the bilayer
graphene region, Moiré patterns of bilayer graphene
with different twist angles have been observed.’” In
the flat region covered with single-layer graphene, a
magze-like reconstruction pattern has been observed, as
shown in Fig. 2(a). The fast Fourier transform (FFT)
of the STM image indicates that the maze-like recon-
struction pattern is composed of a six-fold lattice and
a four-fold lattice. The lattice constant of the six-
fold lattice is 2.5+0.05 A, which is equal to that of
graphene. The four-fold orthogonal lattice constant
is 3.6 = 0.05 A. The angle between two lattice sets is
about 45°, as indicated in Fig.2(b). We notice that
the four-fold symmetry is not perfect since the diffrac-
tion spots in one direction are stronger than those in
the other direction.

By considering the presence of the graphene and
copper substrate in the sample, it is clear that we can

assign the six-fold lattice to the single-layer graphene
and the four-fold lattice to the copper surface. To un-
derstand the interaction between the graphene layer
and the underlying copper surface, atomic resolved
images of both components are strongly desired, but
this is usually very challenging. Fortunately, both the
six-fold pattern and the four-fold pattern can be sep-
arately imaged with functionalized STM tips. Figures
3(a) and 3(c) show the STM images of the same area
with a much clearer six-fold pattern and with a pure
orthogonal four-fold pattern, respectively, as well as
the FF'T of the images. Although the four-fold lattice
is still seen in the FFT image of Fig.3(a), its inten-
sity is significantly reduced as compared with that in
Fig. 2(b), and the four-fold symmetry is barely seen
in the STM image (Fig.3(a)). The FFT image for
the four-fold pattern (Fig.3(d)), on the other hand,
only shows a set of four-fold diffraction spots. Selec-
tively imaging different electronic states has also been
demonstrated in previous STM studies by manipu-
lating the chemical identity at the apex of an STM
tip.?* %% The functionalized STM tips used in our
experiment are generated by a gentle poke into the
surface or by accidental pick-up of atoms during the
scan.

Fig. 3.

The STM topographic image (a) and its FFT
(b) for the six-fold reconstruction pattern, and the STM
topographic image (c) and its FFT (d) for the four-fold re-
construction pattern. The STM images (12nm x 12 nm)
are taken with functionalized tips in the same area, with
a sample bias of —0.36 V and tunneling current of 15pA
for (a), and —0.46 V and 15pA for (c).

High-resolution STM images further illustrate the
details of both patterns at the atomic scale. As
shown in Fig.4(a), a triangular three-for-six pattern
is resolved for the single-layer graphene. In such a
structure, three carbon atoms in a hexagonal ring
are lifted upward relative to the other three atoms,
introducing some sp3 hybridization to the otherwise
two-dimensional sp? configurations. Previously, such
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configuration change was observed only in a highly
corrugated graphene surface or graphene on SiOq
substrates,['” 192 and was attributed to the pres-
ence of strong spatially dependent perturbations such
as local curvature and trapped charges. The sample
surface in our study, however, is flat over 50 nm and
no wrinkles or ripples are observed over a 1 pm square
area. Thus, the origin of the triangular three-for-six
structure observed in our study is distinct from local
curvature or trapped charges as reported in previous
studies.
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Fig.4. (a) High-resolution STM image (3nm X 3nm) of
the triangular three-for-six pattern of the graphene layer,
(b) the dI/dV spectrum of the sample recorded in the
single-layer graphene area, and (c¢) micro-Raman spec-
troscopy of the sample. The laser wavelength is 532 nm,
and the background luminance from the copper substrate
has been subtracted.

The emergence of sp? hybridization and the three-
for-six reconstruction are further illustrated by the
energy-resolved scanning tunneling spectroscopy and
micro-Raman spectroscopy. Figure 4(b) presents the
dI/dV spectrum of the sample by scanning sample
bias from —1V to 1V relative to the tip. The Dirac
point is located at about 0.4eV below the Fermi en-
ergy, indicating the charge transfer from the sub-
strate to the graphene. A depression of LDOS is
observed at zero bias due to the lack of excitation
of the optical phonon mode at a very low energy in
the graphene.l'>'”! By analyzing the second deriva-
tive spectrum, we find that the phonon energy is about
69 meV, which is close to the observation in Ref.[12].

In addition, a sharply increasing LDOS that is almost
above zero bias is observed in the dI/dV curve as well.
The exact nature of this state is not yet clear. Re-
cent theoretical calculations predict that quasi-bound
states localized around defects can induce a bump in
LDOS above the Dirac point in graphene.l*”) Wehling
et al. stated that a midgap state appears as a uni-
versal feature of monovalent impurities bonded to
graphene’s carbon atoms.!*'] The midgap states may
also be formed due to vacancies, cracks, boundaries,
or impurities in the substrate with a high potential
difference with respect to the graphene sheet. On the
other hand, the homogenous three-to-six pattern in
Fig. 4(a) suggests that sp® hybridization is not such
a local effect as that induced by nitrogen doping.!'"]
Thus, one possible cause of such a state is the bond-
ing between copper atoms in the reconstructed surface
and carbon atoms in graphene. To determine the de-
tails of such a state, further experiments and theoret-
ical calculation have to be carried out. Nonetheless,
our tunneling spectroscopy suggests a significant in-
teraction between the graphene single layer and the
reconstructed copper surface, where the copper atoms
underneath the graphene play a similar role to the de-
fects in introducing sp® hybridization and generating
an electronic state near the Fermi level.
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Fig. 5. (a) High-resolution STM image (3nm X 3nm) of
the four-fold pattern, and (b) the X-ray diffraction pattern
of the sample surface.

The existence of strong perturbation from the sub-
strate is also suggested by the micro-Raman spectrum
as shown in Fig.4(c). A strong resonance peak of
the D band at 1347cm™! and a weak D’ band at
1620cm ™! are observed, and these are usually asso-
ciated with the presence of lattice distortion, defects,
or edge states in single-layer graphene.[?”%* The mea-
sured high intensity of the D band, comparable to the
intensity of the G band, is believed to be due to the
three-for-six structure conformation of the graphene
in our sample. The 2D band presents a very sharp
single resonance peak with an intensity greater than
the G resonance, which indicates the existence of a
high-quality single-layer graphene.

Figure 5(a) shows a high-resolution STM image
of the four-fold orthogonal pattern, which identifies
the reconstruction with the aid of an x-ray diffrac-
tion pattern of the sample surface. The x-ray diffrac-
tion pattern, measured after the STM experiment,

056802-3


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 30, No.5(2013) 056802

shows a dominant crystal surface orientation along
the [100] direction (Fig.5(b)). It has been reported
that copper foil crystallizes during the growth pro-
cess in the CVD oven,[*"] since a growth temperature
of 1050°C is high enough to induce the crystalliza-
tion, and graphene can play a significant role during
the crystallization and surface reconstruction. Taking
the fact that the distance between adjacent atoms on
the Cu(100) surface is 2.55 A, the observed orthogo-
nal pattern with a lattice constant of 3.6+0.05A is
then determined as a mixed (2v/2 x v/2)R45° recon-
struction on the Cu(100) surface. A similar mixed
reconstruction was observed with the chemisorption
of oxygen on the Cu(100) crystal surface, as revealed
by low-energy electron diffraction (LEED) and STM
studies.[*”%] For the graphene-covered copper surface
as in our study, the carbon atom in graphene is sug-
gested to play a similar role as the chemisorbed oxygen
in surface reconstruction, which results in a strong in-
teraction between graphene and the copper substrate.

(a)

T Y TrYYY T

Fig.6. Atomic model of the reconstructed graphene-
copper system. The graphene is shown with green balls
and sticks. The copper atom of the (2\/5 X \/i)R45° re-
construction is represented by red and pink balls, while
the copper atoms under the top layer are blue.

An atomic schematic model was constructed based
on the atomic-resolved information, as shown in Fig. 6.
The upper part on the left is a view from the top, while
the lower part is a view from the side and a 3D model
is presented on the right. In the graphene overlayer,
three atoms in a hexagonal ring are pulled towards
the substrate to form the three-for-six configuration.
The structure of the copper substrate is constructed
following the missing-row model by Zeng et al.,[*"! ex-
cept that oxygen atoms are removed for clarity. The
copper atom of the (2v/2 x v/2) R45° reconstruction is
represented by red and pink balls. We are not able
to exclude the existence of oxygen atoms in such a
sample system, even though the oxide layer can be
removed during annealing.!*"!

We note that UHV annealing may play a signifi-
cant role in enhancing the graphene-copper interaction
and generating the observed novel structure pattern
in our sample system. The Raman spectroscopy on
the as-grown sample without UHV annealing shows
no peak of D band resonance, indicating a weak per-
turbation from the substrate. Recent STM stud-
ies on similar graphene systems reported stripe and

rhombic patterns of graphene,!***”] where no appar-
ent three-for-six pattern was observed and a weak
graphene-substrate interaction was concluded. The
nature of various experimentally observed structures
in the graphene-substrate system and the role of UHV
annealing in modulating graphene-substrate interac-
tion needs further investigation, with both experimen-
tal and theoretical calculations.

In summary, prominent interaction between single-
layer graphene and a copper substrate has been
demonstrated in a maze-like reconstruction pattern.
The triangular three-for-six structure in graphene
and a mixed (2\/§ X \/§)R45° reconstruction of the
Cu(100) surface are revealed with functionalized STM
tips. The electronic property of the graphene is mod-
ified as a result of partial sp® hybridization. Be-
sides the methods of introducing external impurity
and internal structure defects, our results suggest an-
other effective way to induce sp® hybridization and
thus to tune the electronic properties of a single-layer
graphene through its interaction with the substrates.
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