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G
raphene, amonolayer of sp2-bonded
carbon atoms packed into a two-
dimensional honeycomb lattice, has

attracted tremendous interest because of its
unique linear energy band near the Fermi
energy and concomitant novel physical and
chemical properties.1�7 Graphene has very
high carrier mobility and perfect optical
transparency (up to 90%), which makes it
an ideal material for various applications
such as transparent electrodes, transistors,
and spintronic devices. For these applica-
tions, it is still challenging to produce large-
area uniform graphene with low defects
and controlled thicknesses. An affordable
and practical chemical vapor deposition
(CVD) method has been recently developed
to prepare graphene on Cu foils through the
decomposition of methane at high tem-
perature. The limited solubility of carbon
into Cu results in perfect monolayer gra-
phene with dimensions even up to tens of
inches.8�15 The capability of transferring
CVD graphene onto arbitrary substrates
promotes its wide applications.
Investigations on the continuity and the

microscopic feature of graphene prepared
with various methods are very crucial for
understanding their novel physical proper-
ties, such as the transport property. Scan-
ning tunneling microscopy (STM) can be an
ideal analytical method, by which the atom-
ic-scale structures of exfoliated graphene
transferred onto SiO2 and epitaxial gra-
phenemade under high vacuum conditions
have been reported in recent works.16�22

With reference to graphene on Cu, only
two typical results were presented using

STM.23,24 The low-pressure CVD growth was
incorporated into the high-vacuum STM to
prepare graphene on single-crystalline Cu-
(111) substrates.23 Preferred orientations of
graphene flakes are confirmed by high-re-
solution STM observations, which accounts
for relative strong coupling of graphene with
Cu(111). A more recent work focused on the
structure of graphene on multiple facets of
polycrystalline Cu, where both honeycomb
lattices and Moir�e patterns were obtained.24

Obviously, theunpolished surface ofCu foils is
very different from the above two cases, and
the above graphene growth should be
strongly influenced by the substrate effect.
Up to now, no atomic-scale STM studies have
been performed on the widely used CVD
graphene on the Cu foil system.
In this work, we demonstrate system-

atic STM observations of as-grown CVD
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ABSTRACT Understanding of the continuity and the microscopic structure of as-grown graphene

on Cu foils through the chemical vapor deposition (CVD) method is of fundamental significance for

optimizing the growth parameters toward high-quality graphene. Because of the corrugated nature

of the Cu foil surface, few experimental efforts on this issue have been made so far. We present here

a high-resolution scanning tunneling microscopy (STM) study of CVD graphene directly on Cu foils.

Our work indicates that graphene can be grown with a perfect continuity extending over both

crystalline and noncrystalline regions, highly suggestive of weak graphene�substrate interactions.

Due to thermal expansion mismatch, defect-like wrinkles and ripples tend to evolve either along the

boundaries of crystalline terraces or on noncrystalline areas for strain relief. Furthermore, the strain

effect arising from the conforming of perfect two-dimensional graphene to the highly corrugated

surface of Cu foils is found to induce local bonding configuration change of carbon from sp2 to sp3,

evidenced by the formation of “three-for-six” lattices.
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graphene on Cu foils. The continuity of graphene over
macroscopic scales was studied. It is found that gra-
phene patches can span over several micrometers
inside a single domain, and the domain orientation
shows almost no relation with the substrate symmetry.
The microscopic structures of monolayer graphene,
such as hexagonal carbon lattices, wrinkles, and rip-
ples, which cannot be fully recognized by other surface
analysismethods, were achieved. The different thermal
expansion behavior between graphene and Cu is
considered to induce residual strains through thermal
quenching, released by the formation of wrinkles or
ripples. In addition, the strain effect originating from
the conforming of the two-dimensional graphene to
the corrugated surface of Cu foils is thought to result in
local bonding change of carbon from sp2 to sp3. Small
patches of “three-for-six” lattices evolve among normal
hexagonal lattices. Moreover, the initial growth of
bilayer graphene was also examined through atom-
ically resolved STM observations. The AB stacking
geometry of the bilayer region is identified.

RESULTS AND DISCUSSION

The growth of large-scale uniform monolayer gra-
phene was completed by cracking methane over Cu
foils at a high temperature of ∼1000 �C followed by
thermal quenching. As the growth temperature is very
close to themelting point of Cu (∼1083 �C), adsorption
of carbon fragements and desorption of Cu atoms can

bring about dramatic changes of the surface morphol-
ogy. This has been verified by a recent in situ low-
energy electronmicroscopy (LEEM) investigation at the
growth state, where considerable Cu sublimation oc-
curs, leading to corrugated Cu surfaces.25 Note that the
imaging scale of LEEM is usually limited to 1 μm, by
which the microscopic structure of graphene cannot
be revealed at the as-grown state.
Here, STM is utilized to show the surface morphol-

ogy of graphene after CVD growth. Figure 1a (1500 nm
� 1500 nm) presents some stripe-like structures with
lateral dimensions of several hundred nanometers.
Close-up views of the region usually show terraces
and steps, as is comparable with that of single-crystal
surfaces. Clear transitions from crystalline to noncrys-
talline states can be observed from similar large-scale
STM images, as exemplified in Figure 1b (1500 nm �
1500 nm). In order to know the surface crystallization
feature, powder X-ray diffraction patterns are recorded
and displayed in Figure 1c, where the (111) and (100)
facets can be found to orient in the vertical direction.
These preferred facets should correspond to the crys-
talline regions presented in Figure 1a,b. Since the two
low-index facets have a hexagonal or a cubic atomic
arrangement, the above graphene growth should be
strongly influenced by the different symmetries. A
zoom-in image reveals the terraces of Cu but with
limited sizes (Figure 1d). The height of the terrace is
measured to be a multiple of∼0.26 nm by STM height

Figure 1. (a,b) Large-scale STM images of Cu foils after CVD growth (1500 nm � 1500 nm; VBias = �0.45 V, IT = 3.7 nA). (c)
Powder X-ray diffraction pattern of the sample surface. (d) Graphene growth on terraced Cu(111) (750 nm � 750 nm;
VBias =�0.002 V, IT = 4.0 nA) confirmed by the hexagonal carbon lattice in (f) (3.8 nm� 3.8 nm). (e,g) Formation of square-shaped
Moir�e patterns on terraced Cu(100): (e) 30 nm � 30 nm) and (g) 11.5 nm � 11.5 nm (VBias = �0.05 V, IT = 5.0 nA). (h) Schematic
diagram showing the formation of hexagonal carbon lattices and Moir�e patterns on (111) and (100) facets of Cu, respectively.
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profiles. In an atomic-scale STM image captured on the
terrace (Figure 1f), a hexagonal lattice with a lattice
constant of ∼0.246 nm appears to show a perfect
agreement with the known lattice constant of mono-
layer graphene. This is a result of the relative match
of the lattice constants of graphene (0.246 nm) and
Cu(111) facets (0.256 nm). It is worthy to note that
relative rotations of the two lattices to form Moir�e
patterns are probable, while this is not seen in this work.
Besides, the height profile along the horizontal line in
Figure 1f presents a surface roughness of∼0.05nmover
a lateral distance of ∼5 nm (not shown here).
A novel large-period superstructure having a nearly

quadrilateral lattice (0.8 nm � 0.4 nm) can also be
observed frequently on step bunching regions
(Figure 1e,g), where the terrace size is limited to only
several square nanometers. Interestingly, the appear-
ance of this superstructure depends on the applied
bias. A close tip�sample condition or a low bias usually
results in a perfect imaging of the hexagonal lattice
(not shown here). The origin of this periodic modula-
tion on monolayer graphene can be attributed to the
formation of so-called Moir�e patterns caused by inter-
ference effects between upper carbon lattices and
(100) facets of Cu, as was similarly reported for gra-
phene growth on multiple facets of polycrystalline
Cu.24 As a summary, a schematic diagram is given in
Figure 1h to illustrate the formation of hexagonal
carbon lattices and rectangular Moir�e patterns on Cu-
(111) and Cu(100), respectively.

Besides the observation of carbon lattices on ter-
raced regions, other obvious surface features that can
be easily imaged are some striped contrasts of several
hundred nanometers long. Figure 2a demonstrates
two linked striped contrasts on the noncrystalline sur-
face, which manifests an average height of ∼6 nm
and a width of 10�20 nm. The striped contrasts have
dimensions corresponding well with that of the
wrinkled structures in graphene growth, thus called
wrinkles in this work. At the transition regions from
crystalline to amorphous states around the step
boundaries, some line-shaped STM contrasts (∼0.5 nm
in height and ∼10 nm in width) can also be obtained
with their dimensions readable from the height profile
measurement as listed below (Figure 2b). These line-
shaped structures have a limited height (usually <1 nm,
andmostly∼0.5 nm), which is in line with the so-called
ripple as reported before.16�18,26�28 It is interesting to
see that wrinkles of several nanometers high can also
evolve around the transition regions, as exemplified in
Figure 2c. Moreover, themultistep boundary prefers to
be occupied by wrinkles or ripples than other amor-
phous regions, and a ripple formation is presented in
Figure 2d. On the basis of the above results, it can be
summarized that graphene growth on the highly
corrugated surface regions of Cu tends to be buckled
up from the background, resulting in the formation of
wrinkles or ripples (Figure 2b�d). A three-dimensional
schematic map is provided in Figure 2e to correlate the
substrate configurations with the positions of wrinkles

Figure 2. (a) STM morphology of crooked wrinkles (300 nm � 300 nm) on amorphous Cu substrates and its height profile
along the line direction (case 1). (b,c) Striped ripples and wrinkles evolving along the boundaries from crystalline to
noncrystalline states (cases 2 and case 3): (b) 150 nm � 150 nm and (c) 300 nm � 300 nm. (d) Ripples appearing on step
boundaries of crystalline Cu (case 4) (370 nm� 370 nm). All of the STM images are capturedwith VBias =�0.2 V, IT = 2.0 nA. (e)
Sketch map showing the positions of wrinkles and ripples with substrate states.
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and ripples. Statistically, the density of wrinkles and
ripples is approximately 1/μm2.
The formation of wrinkles and ripples is believed to

be closely related to the different in-plane thermal
expansion behaviors between graphene and Cu. As
reported before, the big difference in thermal expan-
sion coefficients between metal substrates and gra-
phite can result inmore contraction ofmetals than that
of graphite during thermal quenching, and the release
of such compressive stress leads to the formation of
wrinkles and ripples.29 As is known, the thermal expan-
sion coefficient of graphite changes from �1.25 � 10�6

to 1.25 � 10�6/K in a temperature range from 293 to
1293 K. This indicates a nearly zero net uniaxial contrac-
tion of graphene during thermal quenching. The net
uniaxial expansion (ΔL/L293) of Cu at 1200 K with respect
to that at 293 K approaches 1.834%.30 When the lateral
dimension of a wrinkle is considered (∼15 nm), the
wrinkles having an average height of 6 nm need to be
separated by ∼1050 nm from each other. This is con-
sistent with the experimental data (1/μm2). This good
coincidence may support our deduction that the driving
force for the formation of wrinkles and ripples is the
thermal expansionmismatch between graphene and Cu.

It is worth noting that these wrinkles can act as
indicators for the formation of continuous graphene
flakes since they can be easily identified from large-
scale STM images. More importantly, as reported
before, the local electronic structure or the local elec-
tric potential around the wrinkled regions can be sub-
stantially modulated.20 It is meaningful to reduce
the density of winkles and ripples so that the two-
dimensional electronic property of graphene can be
maintained.
Sufficient knowledge of the atomic-scale structure

of graphene on rough Cu foils, as shown in the sketch
map of Figure 3a, is highly necessary because the
binding configuration of graphene may be altered by
the rough surface of Cu foils. One of the typical STM
morphologies with a scale of 1000 nm � 1000 nm is
presented in Figure 3b. According to the line profile
measurement, the surface roughness can be divided
into two cases. It either attains ∼1 nm in height over
several tens of nanometers in the lateral distance or
approaches several nanometers in height within the
same lateral scale.
Magnified images on the lower left corner of

Figure 3b (region 1) are captured in Figure 3c, in which

Figure 3. (a) Schematic drawing of graphene growth on amorphous surfaces of Cu foils. (b) Large-scale STM morphology
(1000 nm� 1000 nm). (c) Zoom-in of relative flat regions (region 1) (29.2 nm� 29.2 nm). (b,c) Captured with VBias =�0.002 V,
IT = 9.2 nA. (d) Atomic-scale image (3.0 nm � 3.0 nm; VBias = �0.002 V, IT = 14.8 nA) on the flat area of (c) with a hexagonal
lattice.
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the height profile plot illustrates a maximum height
fluctuation of ∼0.4 nm over a lateral distance of
∼29.2 nm. In this relative flat region, it is probable to
gain perfect hexagonal lattices with a lattice constant of
∼0.246nm, as exemplified in Figure 3d (3.0nm� 3.0 nm).
What merits our special attention is that the atomic
structure can only be obtained under an ultimate
condition of VBias =�0.002 V, IT = 14.8 nA. Why is this
extreme condition essential? In general, the ob-
served hexagonal contrast by STM originates from
both the electronic feature and the physical contour
of the carbon lattice.31 The substrate electronic
structure can also imply strong effects on STM ima-
ging. To avoid the substrate effect, a very close
tip�sample distance is needed.
Further careful STM examinations indicate that not

all of the CVD graphene presents perfect hexagonal
lattices on rough surfaces of Cu foils. A typical STM
result of the rough region (such as region2of Figure 3b)
is displayed in Figure 4a, with an image scale of 14.6 nm
� 14.6 nm. The height profile (Figure 4b) along the line
in Figure 4a illustrates a surface roughness of∼1.5 nm
over a lateral distance of ∼14.6 nm. Evidently, this
surface area is more corrugated than the one men-
tioned above (a maximum height fluctuation of
∼0.4 nm over a lateral distance of ∼29.2 nm). A

sequential zoom-in STM image in a three-dimensional
(3D) form is displayed in Figure 4c (5.1 nm � 5.1 nm),
which provides a visual impression of the up-and-
down surface. Its 2D image (Figure 4d) demonstrates
a distinct lattice distortion from upper to lower parts.
Except for lattice distortion, small graphene patches
of hexagonal (upper left) and “three-for-six” lattices
(lower right) appear alternatively, which are shown in
Figure 4e,f (3.7 nm� 3.7 nm). In order to illustrate this,
the two phases are divided by a dashed line in
Figure 4e and differentiated by hexagonal and trian-
gular grids in Figure 4f.
In published results, this lattice configuration trans-

formation on graphene is explained by film curvature
changes or charge traps.16,20 The former case is re-
ported only on ∼3 nm high wrinkles for exfoliated
graphene transferred onto SiO2 substrates. The in-
creased local curvature and the associated strain is
regarded as the possible reason for breaking the six-
fold symmetry and degenerating the electronic state of
graphene, followed with the bonding feature altera-
tion from sp2 to sp3. This mechanism should also be
suitable for our graphene on Cu foil system. As men-
tioned above, graphene on a smooth Cu terrace only
presents a total roughness of∼0.05 nm, a typical value
for the apparent height of the carbon lattice, while in

Figure 4. (a) Typical STM topography of graphene on highly corrugated surface regions (14.6 nm� 14.6 nm; VBias =�0.002 V,
IT = 2.5 nA). (b) Corresponding section view along the indicated line. (c,d) Three-dimensional and two-dimensional close-up
images demonstrating clear lattice distortions (5.1 nm � 5.1 nm; VBias = �0.002 V, IT = 4.9 nA). (e,f) Lattice configuration
change from hexagons to triangles on the same regions as that of (a) (3.7 nm� 3.7 nm; VBias =�0.002 V, IT = 5.0 nA). The two
cases are separated by a dashed line in (e) and indicated by triangles and hexagons in (f).
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Figure 4b, the corrugation of ∼1.46 nm over a lateral
distance of∼14.6 nm should be related to the undula-
tion of the amorphous substrate. The conforming of 2D
graphene to the highly corrugated substrate surface
should lead to uneven strain effects and breaking of
the six-fold symmetry of the carbon lattice. Three of the
six atoms are lifted up to be out of the hexagonal ring,
resulting in the unique “three-for-six” patterns in STM
topographies. Note that this is the first demonstration
where the corrugated surface associated strain can
induce universally existing triangular carbon lattices.
These regions with dimensions of several square nano-
meters interweave with the normal hexagonal lattices,
leading to the formation of graphene domains over
several micrometers. Graphene with “three-for-six”
patterns deviates from the ideal two-dimensional state
with slight three-dimensional components, evidenced
by the bonding configuration change from sp2 to sp3.
The local density of states (LDOS) for the “three-for-six”
pattern is expected to be modified, as has been
observed on the wrinkles of exfoliated graphene hav-
ing “three-for-six” lattices with the appearance of mid-
gap states by scanning tunneling spectroscopy
(STS).20,32�35 Here, due to the limitation of the STM
apparatus, it is hard to get perfect STS spectra of the
novel triangular lattice, but it is highly necessary and
will be pursued in future works.
Understanding of the boundaries and the orienta-

tions of CVD graphene flakes is very crucial for further
improving the uniformity of graphene and illustrating
the limited carrier mobility of CVD graphene. Large-
scale STM morphology (Figure 5a) is deliberately
captured around two defect lines connecting three

graphene patches. A close-up image on one of the
defect lines demonstrates hexagonal lattices on both
sides (Figure 5b). Their orientations (d1 and d2) can be
judged by atomic-scale STM images, which are rotated
by ∼11� with respect to each other. The broken
continuity at the defect line can also be identified by
the occurrence of the (

√
3 � √

3)R30� interference
pattern (Figure 5b), having an orientation (Int2) rotated
by 30� with d2.36,37 To illustrate this, a schematic
drawing is provided in Figure 5c, with atomic-scale
images on both sides of the domain boundary inserted.
Note that the electron scattering effect around the
domain boundary can substantially reduce the carrier
mobility of graphene. Decreasing the amount of do-
main boundary should be a key step for further
enhancing the quality of CVDgraphene.More systema-
tic STM investigations indicate that the rotation angles
between graphene flakes usually fall in the range of
11�30�, and no special orientation is more preferred
than others, while the orientations of CVD graphene on
single-crystal Cu(111) are usually strictly aligned or
slightly misoriented with the substrate lattice.23 As a
result, an interaction of graphene with Cu foils that is
weaker than that with Cu(111) can be inferred. That is
why CVD graphene can be prepared with tenths of
inches in size.
The CVD growth of graphene on Cu foils is widely

considered to be dominated by a self-terminated
process, where bilayers or trilayers contribute only a
small portion of the surface (less than 5%). A recent
effort confirmed the capability of achieving bilayer
graphene of high homogeneity and wafer-scale
size.14 The bilayer nature was confirmed by Raman

Figure 5. (a,b) Merging ofmonolayer graphene (1L) patches at line-shaped defects: (a) 20 nm� 20 nm and (b) 10 nm�10 nm
(VBias =�0.002V, IT = 2.5 nA). The orientations of the graphenepatches are indicatedwith d1 andd2 in (b). The direction of the
interference pattern (Int2) at the domain boundary is rotated by 30� with respect to d2. (c) Schematic diagram showing two
graphene flakes with different orientations. The insets are the atomic-scale STM images on both sides of the defect line in (b).
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spectroscopy, atomic force microscopy, and so on.
Even so, other surface-sensitive analyses need to be
supplied, such as atomically resolved STM, to explore
its atomic structures and the stacking geometry. In this
research, themorphology of the initial bilayer growth is
shown in Figure 6a,b, which is mainly composed of
high and low STM contrasts with unclear boundaries.
Section-view measurements along the indicated lines
give an average height difference of∼1.0 nm between
the two typical contrasts. This value ismuch larger than
a conventional interlayer distance of graphite or bi-
layer graphene (∼0.34 nm). If the brighter regions are
ascribed to the bilayers, the much wider interlayer
distance is believed to originate from either the corru-
gated feature of the substrate or the electronic effect
under the extreme scanning conditions.
In addition to height profile analysis, the existence of

bilayers can be reconfirmed by high-resolution STM
images. The atomic-scale STM images of the low-
contrast regions usually reveal hexagonal lattices (not
shown here), while on the brighter regions, triangular
lattices typical for AB-stacked bilayer graphene can be
noticed, as exemplified in Figure 6c. Themeandering of
molecule rows and the above uneven contrasts can be
attributed to the influence of the corrugated surface of
Cu foils. Moreover, on the basis of large-scale STM
morphologies and height profile analysis, the bilayer
regions can be estimated to be ∼50 or ∼90% of the
scan areas (Figure 6a,b), respectively. A more quanti-
tative evaluation of the bilayer area can be realized

either by capturing more STM images and making
statistics or by transferring graphene to other arbitrary
substrates (like SiO2) and using other methods such as
Raman spectroscopy and optical microscopy.
Due to the low solubility of carbon into Cu, the

growth of monolayer graphene mainly involves sur-
face diffusion and nucleation processes. Once gra-
phene flakes are formed, they expand their sizes and
connect with other ones. This applies to the bilayer
growth, hereby decreasing the nucleation site and
increasing the surface mobility of carbon fragments
should lead to larger domain sizes. The different
thing is that the second carbon layer interacts with
monolayer graphene by π�π interactions, which is a
little bit stronger than that of monolayer graphene
with Cu foils. Consequently, the diffusion of graphene
fragments should be limited, as evidenced by the ap-
pearance of very small graphene flakes and the ran-
domly distributed pits at the initial growth stage
(Figure 6a,b). In order to increase the continuity or
the domain size of bilayers, some parameters, such as
growth temperature, vacuum, cooling rate, andgrowth
rate, need to be optimized. In a recent publication,
increasing the activity of Cu catalysts was proven to be
another candidate.24

CONCLUSION

High-resolution STM observations have been ac-
complished on as-grown CVD graphene on Cu foils.
We find that graphene is weakly coupled with the

Figure 6. (a,b) STMmorphologies of the initial growth of bilayer graphene (2L) and their height profiles along corresponding
lines (14 nm � 14 nm; VBias = �0.002 V, IT = 2.5 nA). (c) Atomic-scale resolution image of 2L areas with triangular lattices
(3.7 nm � 3.7 nm; VBias = �0.002 V, IT = 12.5 nA). (d) Sketch map of the stacking behavior of bilayer graphene patches.
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underlying Cu substrate, evidenced by its extra cap-
ability to span over crystalline and amorphous sub-
strate regions. In order to release strain effects from the
different thermal expansion behaviors between gra-
phene and Cu, CVD graphene tends to be buckled up
with the formation of wrinkles and ripples on highly
corrugated surface regions. We also detect that inter-
esting three-for-six lattices tend to form on high
curvature surfaces to show another scope for releasing
strain effects. In addition, we demonstrate atomically

resolved STM investigations of the bilayer area and
confirm its AB-stacking geometry.
Since the carrier mobility of graphene, a good para-

meter for judging its quality, can be strongly reduced
by defects such as domain boundaries, point defects,
and so on, adequate knowledge of the microscopic
features of as-grown graphene is crucial for future
experimental explorations about the novel physical
and chemical properties, as well as reliable device
applications.

EXPERIMENTAL SECTION
The graphene samples used in this work were prepared with

∼25 μm thick Cu foils as substrates. The CVD growth method
was described elsewhere.8 The nominal monolayer graphene is
actually composed of both monolayer patches (∼90%) extend-
ing up to several micrometers in dimension and a few bilayer or
trilayer patches (∼10%) of very small domain sizes. This was
confirmed by Raman spectroscopy measurements after chemi-
cal transferring graphene onto SiO2 substrates. The bilayer
sample was prepared by an epitaxial method with monolayer
graphene as substrates.38

The atomic-scale characterization was realized using an
ultrahigh vacuum (UHV) variable-temperature STM, equipped
with molecular beam epitaxy (MBE) and low-energy electron
diffraction (LEED) facilities. In order to achieve more stable STM
images, annealing of the air-transferred sample was performed to
remove the physisorbed organics and water. All of the STM images
were captured with STM working at room temperature.
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