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graphene production is chemical vapor 
deposition (CVD) on metal substrates 
because it is reproducible, scalable, and 
leads to high-quality layers with large 
domain size. Various transition metals 
have been tested as substrates so far[4–10] 
of which copper foils have proven to be 
a suitable substrate for controlled mon-
olayer and bilayer growth due to the low 
carbon solubility.[11–14] Typically, nuclea-
tion of graphene domains on copper foil 
happens with random orientation, leading 
to polycrystalline monolayer graphene 
sheets[15] and even twisted bilayer gra-
phene.[16] Upon coalescence of adjacent 
domains, grain boundaries are intro-
duced, which limit the carrier mobility.[17] 
Using the hexagonal Cu(111) surface as 
a substrate, it was shown that graphene 

nucleation occurs in registry with the substrate lattice, thus 
effectively reducing grain boundaries.[18,19] For applications it is 
necessary to transfer the graphene from the metal substrate to 
a nonmetallic target substrate (e.g., SiO2, SiC). In many cases, 
the quality of the transferred layers lags behind the as-grown 
graphene. It is well known that the choice of substrate might 
influence the graphene properties.[20–22] On the one hand, 
Kraus et al. suggested earlier that facets of the copper substrate 
might be imprinted in the graphene leading to rippled layers 
after transfer even on a flat substrate.[23] On the other hand, it 
was shown that nanoripples in transferred single crystal gra-
phene on SiO2 degrade the electron mobility.[24] Additionally, 
in Bernal stacked bilayer graphene, strain induced dislocation 
lines have been observed on different substrates,[25–27] which 
potentially limit the carrier mobility. These dislocations could 
possibly be present even after the transfer on a target substrate. 
Understanding the formation of these dislocations and the 
influence of the growth substrate would open a route for engi-
neering the properties of bilayer graphene and other stacked 
2D materials.

We utilize low-energy electron microscopy (LEEM) and 
diffraction (LEED) to investigate the thickness and crystal-
linity of CVD grown graphene on the Cu(111) substrate and 
after transfer on an epitaxial buffer layer. We show that the 
substrate surface undergoes a restructuring into facets upon 
graphene growth, which imprint a rippled structure even in 
monolayer graphene. LEEM dark-field measurements reveal 
the role of the substrate facets in the formation of stacking 
domains in bilayer (and trilayer) graphene that are preserved 
during transfer.

The crystallinity of graphene flakes and their orientation with respect to the 
Cu(111) substrate are investigated by means of low-energy electron microscopy 
(LEEM). The interplay between graphene and the metal substrate during 
chemical vapor deposition (CVD) introduces a restructuring of the metal 
surface into surface facets, which undergo a step bunching process during 
the growth of additional layers. Moreover, the surface facets introduce strain 
between the successively nucleated layers that follow the topography in a 
carpet-like fashion. The strain leads to dislocations in between domains of 
relaxed Bernal stacking. After the transfer onto an epitaxial buffer layer, the 
imprinted rippled structure of even monolayer graphene as well as the stacking 
dislocations are preserved. A similar behavior might also be expected for other 
CVD grown 2D materials such as hexagonal boron nitride or transition metal 
dichalcogenides, where stacking relations after transfer on a target substrate or 
heterostructure could become important in future experiments.
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1. Introduction

Although graphene research started with samples obtained by 
mechanical exfoliation of thin flakes from highly oriented pyro-
lytic graphite,[1] graphene synthesis for technological purposes 
requires a scalable low-cost routine. Besides the sublimation 
growth from a SiC surface,[2,3] one promising candidate for 
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2. Graphene on Cu(111)

During the CVD process, graphene growth starts at multiple 
nucleation points, which appear as the center of concentric 
bi- and multilayer domains with size up to several hundreds 
of micrometers. These bi- and multilayer domains are sur-
rounded by homogeneous monolayer graphene covering 
the space between the domains. An overview photoemission 
electron microscopy (PEEM) image of the sample is given in 
Figure S1a in the Supporting Information. Figure  1a shows 
a LEEM image from the corner of an as-grown graphene 
sheet with monolayer graphene (1 LG) in the top right and 
increasing coverage (2 LG and 3 LG) toward the bottom left. 
The local coverage is determined by low-energy electron 
reflectivity spectra (also termed LEEM I–V spectra). Figure 1b 
shows typical spectra for one to three layers of graphene. 
The number of minima in the reflectivity curves is related 
to the number of graphene layers and associated interlayer 
states.[28,29] For 1 LG, one broad minimum is obtained at 
roughly 8  eV corresponding to the interlayer state between 

the graphene layer and the Cu(111) surface.[30] For 2 LG and 
3 LG, we find one (1.7 eV) and two additional minima (0.6 and 
3.0  eV) according to the graphene interlayer states, respec-
tively.[28,29] The energy scale of the spectra is normalized 
with respect to the vacuum energy Evac, which is determined 
from the mirror mode transition by the method described in 
ref. [30]. The mirror mode transition is the electron energy at 
which the majority of electrons overcome the sample potential 
and interact with the surface, leading to a rapid decrease of 
the reflected intensity.

Figure  1c–e shows selected area LEED measurements on 
areas with increasing coverage, i.e., on the domain structures, 
with the same sixfold diffraction pattern independent on the 
coverage. From this we find that all layers nucleate with the 
same rotational alignment (Bernal stacked). The arrows in 
Figure 1c indicate the reciprocal lattice vectors of the graphene 
(Gr) and the Cu(111) surface (Cu), respectively. The slight 
mismatch between the two lattices leads to moiré spots sur-
rounding the specular diffraction spot and the first order dif-
fraction spots, which will be discussed later. At this point, we 

Figure 1. a) LEEM bright-field image (E = 2.2 eV) of CVD grown graphene on Cu(111). A pattern of dark stripes is observed on the graphene covered 
surface, which signals a restructuring of the substrate surface into facets. b) LEEM reflectivity spectra of the individual areas marked in the image allow 
the identification of the local coverage of the substrate with graphene. c–e) Selected area LEED measurements from areas with increasing coverage 
(1 LG, 2 LG, and 3 LG) marked in (a). The arrows in (c) indicate the reciprocal lattice vectors of graphene (Gr) and the Cu(111) surface (Cu).

Adv. Mater. Interfaces 2021, 8, 2002025



www.advancedsciencenews.com
www.advmatinterfaces.de

2002025 (3 of 8) © 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

want to mention that the intensity of these satellite diffraction 
spots decreases for LEED patterns obtained from areas with 
increasing graphene coverage because the contribution from 
the buried substrate gets weaker.

2.1. Faceting of the Cu Surface

The pattern of dark stripes in the 1 LG area in Figure  1 arises 
due to inclined surface planes. A similar behavior was observed 
before for graphene on Cu(100).[16,23] Figure  2a shows a LEED 
image of such a monolayer region. The sixfold diffraction pattern 
of graphene on Cu(111) and the typical moiré spots surrounding 
the first order diffraction spots as well as the specular reflection 
(marked by “horizontal plane”) in the center are clearly visible. 
In addition, a displaced set of diffraction spots with the (00) spot 
marked as “facet” in Figure 2a is observed. The displacement of 
the specular reflection of this facet with respect to that of the 
flat (111) area (“horizontal plane”) is caused by an inclination, 
which is further investigated below. This facet appears dark in 

the LEEM bright-field (BF) image because electrons impinging 
the surface normal to the (111) direction are not reflected parallel 
to the optical axis of the microscope as indicated in Figure 2b. 
The microscope is aligned to the horizontal (111) surface planes, 
which lead to the graphene diffraction spots that are concen-
trically distributed around the (00) spot marked as “horizontal 
plane.” Obviously, the specular diffraction spot of the inclined 
plane is shifted perpendicular to the [110] direction with respect 
to the centered diffraction pattern. From this, we conclude that 
the step edges of the surface facets run along the [110] direction 
or the zigzag edge of the graphene sheet, respectively.

An identification of the tilt angle between the (111) surface 
(“horizontal plane”) and the inclined facets (“facet”) is possible 
by observing the energy-dependent position of its specular dif-
fraction spot. Using the method introduced by Tang et al., we 
determined a tilt angle of (19 ± 1)° (see also the Supporting 
Information).[31] Based on this value and on the orientation of 
the facets along the [110] direction, we therefore suggest that 
the Cu(111) surface undergoes a restructuring into (111) and 
(112) planes.

Figure 2. a) LEED pattern (E = 50 eV) showing two sets of diffraction spot due to graphene on inclined planes. The (00) spot of each pattern is indi-
cated as “horizontal plane” and “facet,” respectively. b) The sketch illustrates the scattering geometry for horizontal (111) planes (blue) to which the 
microscope is aligned and for inclined (112) planes (green) for the same incoming electron beam (black, dashed). From the spot movement (“facet”) 
in reciprocal space for increasing energy, an inclination angle of (19 ±  1)° is determined (see the Supporting Information).

Figure 3. a) The LEEM bright-field image using the (00) spot marked as “horizontal plane” in Figure 2a from the corner of a graphene domain shows 
the stripe pattern due to the surface facets. The local coverage of 1 LG and 2 LG is known from reflectivity data. b) In the dark-field image using the 
(00) spot of the inclined planes (“facet” in Figure 2a), the contrast is inverted.
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Figure 3 compares a LEEM-BF image obtained by using the 
specular reflection of the flat (111) surface (Figure  3a) with a 
LEEM dark-field image obtained with the help of the (00) spot 
of the inclined facets (Figure 3b). While the inclined facets 
appear dark in the former image, they appear bright in the latter 
one. Obviously, the stripe pattern is inverted. This confirms 
the restructuring into large (111) areas and tilted (112) facets. 
A similar stripe pattern was observed by optical microscopy in  
ref. [37] for graphene multilayers on copper substrates, which 
only appeared in areas covered by graphene. Interestingly, the 
density of stripes observed here differs between 1 LG and 2 LG 
areas, where the number of stripes and thus number of facets 
per unit length is lower by a factor of ≈3. This indicates a step-
bunching like process during the growth of the second graphene 
layer such that adjacent (111) terraces merge together. This 
might point toward a strong C–Cu interaction that influences 
the process of reshaping the copper surface during growth.

The diffraction patterns (such as Figure  2a) also show that 
the (00) spot of the graphene covered (111) planes is surrounded 
by six additional satellite spots. Those satellite spots arise due 
to multiple scattering from the graphene and the copper lat-
tice, respectively.[19] The position of the spots corresponds to the 
scattered electron’s wave vector parallel to the surface

k k G G
� � �� ��
� �,out ,in gr Cu 111= + − ( ) (1)

where k
�
�,out  and k

�
�,in are the in-plane components of the wave 

vector of the scattered and incident electrons, and G
��

gr and 
G
��

Cu(111) are the 2D reciprocal lattice vectors of graphene and 
the Cu(111) surface, respectively. Robinson  et  al. found that 
for graphene in rotational alignment with the Cu(111) lat-
tice, the superstructure spots are aligned with the first order 
spots too.[19] Interestingly, the orientation of the satellite spots 
in Figure 2a differs from the orientation of the graphene first 
order spots. In Figure  4a, the magnified LEED pattern from 
a single domain of graphene on Cu(111) shows a 30° rotation 
between the satellite spots and the graphene spots. With the 

help of a simple model where we calculate the position of the 
double-diffraction spots for various rotation angles between 
the graphene (black dots) and Cu(111) (orange dots) reciprocal 
lattice, we are able to reproduce the orientation of the satellite 
spots (blue dots) in Figure 4a. The inset shows the result for a 
1° rotation between the two lattices, which indeed results in a 
30° rotation of the double-diffraction spots. Therefore, the ori-
entation is very sensitive to the graphene–Cu(111) alignment. In 
the magnified LEED pattern of a different domain in Figure 4b, 
the graphene and the satellite spots are equally oriented and the 
inset shows that this is a consequence of a perfect alignment of 
the graphene with respect to the substrate.[19] With the help of 
this model, we find that the sample shows a maximum rotation 
between graphene and Cu(111) of ±1° except for rare cases close 
to larger defect structures.

2.2. Identification of Stacking Domains

Figure  5a shows a LEEM bright-field image of a homoge-
neous bilayer area with the alternating sequence of hori-
zontal Cu(111) and inclined Cu(112) surface planes. The 
image is taken with the (00) spot of the horizontal areas as it 
is indicated in the inset. In contrast, the dark-field image of 
that area (see Figure  5b) using a first order diffraction spot 
of graphene reveals a surface composed of two domains of 
different contrast. The size and shape of these domains is 
similar to the facet induced stripe pattern in the bright-field 
image. Comparable domains in bilayer graphene have been 
observed on copper[25,26] and SiC[27] and were attributed to 
the strain induced formation of dislocation lines. In the dis-
location line, a lateral shift of one CC bond length between 
the two layers is realized, thus leading to relaxed Bernal 
stacking configurations (AB and AC) in between. The inset in 
Figure 5b illustrates the stacking configuration for AB and AC 
stacked bilayer graphene. LEED I–V curves were measured 
by recording the energy-dependent reflectivity in dark-field 
geometry. The spectra obtained from the blue and the orange 

Figure 4. Magnified LEED images (E = 50 eV) show satellite spots due to multiple scattering from the graphene and the Cu(111) surface. Depending 
on the orientation between the graphene and copper lattice, the superstructure spots are a) rotated or b) aligned to the first order diffraction spots.
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box on two different types of domains are shown in Figure 5c. 
While the different domains show the same bright-field reflec-
tivity (due to the same coverage), the LEED I–V spectra are 
clearly distinguishable. Furthermore, the spectra are in excel-
lent agreement with the results of de Jong  et  al. for AB and 
AC stacked bilayer graphene on SiC.[27] From this, we can con-
clude that the bright areas in Figure  5b are AB stacked and 
the darker areas in Figure 5b are AC stacked bilayer graphene.

It was shown by de Jong  et  al. that uniform strain leads 
to triangular shaped domains while elongated domains are 
the result of anisotropic strain,[27] which obviously is the case 
here. From Figure  5a,b, we find that the contrast inversions 
in the dark-field image, i.e., the dislocation lines, occur in 
the vicinity of boundaries between (111) and (112) planes of 
the Cu surface. Considering a model in which the graphene 
layers cover the surface in a carpet-like manner with other-
wise constant structural parameters (interatomic distances 
and layer distances) would not result in the observation of dif-
ferent stacking on the (111) areas of the surface. On the other 
hand it is plausible to assume that the graphene–substrate 
interaction differs for Cu(111) and Cu(112). The latter sur-
face is much more open and shows a stronger corrugation 
of the surface.[32] In addition, the (112) surface has not the 
same symmetry as the (111) surface (see Figure 6). While the 
latter has sixfold rotational symmetry (threefold if the bulk 
stacking is taken into account), the (112) surface has only a 
mirror symmetry with a mirror plane perpendicular to the 
step edges. It is therefore reasonable to assume that the gra-
phene–substrate interaction on the (112) oriented areas of the 
surface induces uniaxial strain in the bottom graphene layer 
of the bilayer stack. From the LEEM image in Figure 5a, we 
determine a width of ≈0.1 to 0.2 µm of the (112) facets, which 
corresponds to ≈103 lattice constants. A switch from AB to 
AC stacking requires a shift of 0.14 nm (CC bond length) 
in a direction perpendicular to the zigzag direction of one of 
the layers over the width of the (112) facet. This corresponds 
to a strain of the order of 0.1%, which is not unlikely in gra-
phene on metal surfaces. As stated above, the steps of the 
(112) facets run parallel to the zigzag direction of graphene, 

which fits to the shift necessary for the AB/AC transition. 
The restructuring of the substrate surface during the growth 
process thus enforces the formation of differently stacked 
domains and might therefore degrade the electronic proper-
ties of the grown layers.

3. Transfer on Epitaxial Buffer Layer

In order to characterize the influence of the substrate-induced 
inhomogeneity on the system after transfer to a target sub-
strate, we investigate the CVD grown layers after transfer on 

Figure 5. a) LEEM bright-field measurement (E = 11 eV) from an area with homogeneous bilayer coverage. Bright and dark stripes are due to horizontal 
and inclined surface planes. b) LEEM dark-field image (E = 37 eV) from the area in (a). Domains of alternating contrast become visible while the con-
trast changes occur close to the inclined (112) planes (compare with (a)). The inset illustrates the difference between the AB and AC Bernal stacking 
configuration. c) LEED I–V spectra measured in the marked areas corresponding to AB and AC Bernal stacking domains.

Figure 6. Schematic of the facetted copper surface with one graphene 
layer on top in top view and side view. Equally colored copper atoms are in 
the same (111) plane. For clarity, only one graphene layer is shown. On the 
(112) planes, a lattice mismatch between the Cu lattice and the graphene 
lattice is introduced. In the side view, the layer sequence of Cu(111) planes 
is indicated (ABC). The unit cell of the Cu(111), Cu(112), and the graphene 
(Gr) lattice is shown in the image.
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an epitaxial buffer layer on SiC(0001). An overview PEEM 
image of the sample after the transfer is given in Figure S1b 
in the Supporting Information. Figure 7a shows a bright-field 
LEEM image from the corner of a graphene domain on the 
buffer layer. The image consists of mainly two areas with dif-
ferent reflectivity separated by a boundary running more or 
less diagonally from the lower left side to the upper right 
side. This is due to a different thickness of the CVD graphene 
transferred as indicated in Figure  7a. In addition, bright 
patches elongated in vertical direction can be observed. These 
correspond to partial epitaxial monolayer graphene (EMLG) 
that nucleates along the SiC step edges.[3] From this observa-
tion, we can derive the important information that SiC step 
edges run in vertical direction in Figure 7a. Next, we observe a 
pattern of thin dark lines running diagonally from the top left 
to the bottom right in Figure  7a. This pattern shows strong 
similarities with the pattern of (111) and (112) facets on the 
copper surface. Both size and shape of the structures are 
very similar and LEED showed that the direction of the thin 
dark lines corresponds to the zigzag direction of graphene as 
discussed above. From these observations, we conclude that 
structural imperfections caused by faceting of the Cu surface 
are indeed imprinted into the CVD grown graphene and are 
preserved during transfer. Previously, Kraus  et  al. suggested 
that the presence of the substrate facets imprinted into the 
graphene would prevent the layers from being flat after the 
transfer onto a flat target substrate[23] leading to a periodically 
rippled surface with limited carrier mobility.[24]

Figure  7b depicts LEEM I–V curves of the different areas 
marked in Figure  7a by differently colored rectangles. As dis-
cussed in the following, the spectra can be used to determine 
the local structure. The different layer sequences in the respec-
tive areas are sketched in Figure  7c–f for clarity. The LEEM 
I–V curve from 1 LG on 6r3 (yellow) shows one minimum as 
it is expected for monolayer graphene on SiC.[28,33] However, 
the reflectivity minimum appears rather flat compared to epi-
taxial monolayer graphene.[34] This could be due to a locally 
varying distance between the buffer layer and the transferred 
layer, which is introduced by the imprinted facets, because the 

position of the reflectivity minimum is highly sensitive to the 
separation.[29] Please note that adsorbates present on the buffer 
layer could also influence the graphene–buffer layer distance 
and the minimum’s energy position. Another point that has to 
be considered is the rotational alignment between the buffer 
layer and the transferred layers that might differ from epitaxial 
graphene. For example, from µ-LEED measurements in the 
discussed area, we find a rotation of (13 ±  1)° between the buffer 
layer and graphene lattice of the transferred layers. However, to 
our knowledge, the effect of the rotational misalignment on the 
energy position of reflectivity minima has not been investigated 
so far. For 2 LG on 6r3 (red), we find two minima in the spec-
trum as expected for epitaxial bilayer graphene on SiC.[28] On 
the EMLG patches, the local coverage is increased by one gra-
phene layer and therefore it is not surprising that we observe 
two minima centered at about 2 eV for 1 LG on EMLG (blue). 
Obviously, the spectrum shows a similar number of dips as for 
2 LG on 6r3 but here both minima are well pronounced, thus, 
pointing toward a cleaner interface between the EMLG and the 
transferred layer. In analogy, for 2 LG on EMLG, we find three 
dips in the I–V curve, of which the low energy dip appears only 
as a shoulder close to the mirror mode transition. As it would 
be expected for epitaxial graphene, the three dips are also cen-
tered at roughly 2 eV, which indicates a symmetric splitting of 
the interlayer states.[35] Thus, on the EMLG patches, we find an 
interface between the substrate and the transferred layers that 
is close to what we find for epitaxial graphene on SiC while the 
interface on the buffer layer is probably affected by adsorbates 
and a locally varying separation. The influence of the ripples 
on the local separation between the EMLG and the transferred 
layers is difficult to address because the EMLG patches are 
rather small. Nevertheless, it is worth thinking about the EMLG 
as a more suitable substrate for further transfer experiments 
because it exhibits a cleaner interface.

Now, we want to address the question: how are the stacking 
domains affected by the transfer? Figure  8a shows a bright-
field image of the transferred graphene layers, where the local 
coverage of 2 LG and 3 LG is determined from the reflectivity 
spectra as it is illustrated in the inset. The dark-field image (see 

Figure 7. a) LEEM bright-field image (E = 11.4 eV) of 1 LG (bottom) and 2 LG (top) after the transfer onto an epitaxial buffer layer (6r3). Reflectivity 
spectra are recorded in the marked areas and shown in (b). c–f) Sketch of the local coverage of 1 LG on the 6r3, 2 LG on 6r3, 1 LG on epitaxial monolayer 
graphene (EMLG), and 2 LG on EMLG, respectively. Here, substrate carbon atoms are black and silicon atoms are blue while transferred graphene 
layers are color-coded as in the respective area and reflectivity spectrum.
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Figure  8b), which was obtained with the indicated first order 
diffraction spot shows domains of alternating contrast as it was 
observed on the copper foil. From the comparison with the 
bright-field image in Figure  8a, it gets clear that the domain 
boundaries caused by the facets of the copper substrate run 
along the dark lines in the bright-field image. The LEED I–V 
spectra measured from a dark and a bright domain on the 2 LG 
and 3 LG area, respectively, are shown in Figure 8c. The orange 
and the light blue spectrum obtained from the bilayer region 
are indeed very similar to what we have measured for AB and 
AC stacked bilayer areas on the copper foil (see Figure 5c). In 
addition, we find comparable spectra on the 3 LG area (pink 
and blue). Here, the stacking configuration for three layers can 
be ABA, ABC, ACA, or ACB. Due to the low information depth 
of electrons in that energy range, the first two and the latter 
two fall into two groups named AB or AC, respectively (see also 
Figure 7c).[27] An unambiguous differentiation between the two 
members of each group was not possible in our experiment. 
The observation of the domain structure consisting of differ-
ently stacked bilayer and trilayer graphene in layers transferred 
on the epitaxial buffer layer clearly demonstrates that these 
structural imperfections, which are caused by the facetted 
nature of the Cu substrate, are robust enough to survive the 
transfer process.

4. Conclusion

In summary, we have used LEEM and µ-LEED to study the 
structure of graphene on a Cu(111) substrate directly after CVD 
and after transfer on an epitaxial buffer layer on SiC. In gen-
eral, the orientation of the graphene layers and the Cu(111) sur-
face was observed to be aligned within ± 1° and no rotational 
disorder was observed for multilayers. A restructuring of the 
substrate into wider (111) oriented planes and narrower (112) 
oriented facets was observed, which occurs during growth. The 
boundaries between the two different orientations give rise to 
stacking domain boundaries in bilayer and trilayer graphene. 
We propose that the latter are the result of an uniaxial strain 

caused by the interaction of the graphene layers with the (112) 
facets. After transfer, identical structures are observed, which 
demonstrates the stability of the structural imperfections 
imprinted by the facet structure of the substrate. We expect 
that the imprinted structure leads to small distance variations 
between the target substrate and the transferred layers leading 
to a rippled structure. Indirect evidence for this is provided by 
the large width of the reflectivity minimum observed for 1 LG 
transferred on the epitaxial buffer layer. Distance variations 
between the graphene layers and the target substrate might 
deteriorate the transport properties due to, e.g., inhomoge-
neous doping. Second, the dislocation network could have a 
negative impact on the electronic transport in the transferred 
bilayer graphene as well. It is worth mentioning that a similar 
behavior might also be expected for other 2D materials such 
as hexagonal boron nitride or transition metal dichalcogenides 
grown by CVD on metallic substrates.

5. Experimental Section
Sample Preparation: Graphene was grown using a 4 in. Aixtron BM-Pro 

cold-wall reactor. An electropolished 25  µm thick Cu foil (Alfa-Aesar 
#46365, 99.8% purity) was used as a substrate and the effective gas flow 
was reduced by means of a sample enclosure.[36] Specifically, growth was 
implemented on a Cu foil suspended over two Cu supports (about 100 µm  
thick) placed on top of the graphite susceptor.[37] The growth process 
consisted of four steps: i) temperature ramp-up, during which the 
furnace temperature was increased up to a value of 1070 °C (calibrated 
according to the melting point of Cu) under Ar atmosphere; ii) annealing 
step carried out at 1070  °C for 10 min under Ar flow; iii) growth step, 
during which H2 and CH4 gases (99.99% purity) were introduced in the 
growth chamber while keeping the temperature at (1070 ± 1) °C for 90 min  
(flow rates were set to 100, 1.1, and 900 sccm, for H2, CH4, and Ar, 
respectively); iv) cool-down step performed in Ar and H2 atmosphere. 
During the whole process, the pressure was maintained at 25 mbar.

Transfer: Transfer of graphene layers was achieved via standard wet 
transfer technique using ammonium persulphate solution (APS). Before 
transfer, the sample was cleaned with isopropanol (IPA) for a few 
minutes and dried. PMMA was spin-deposited on the sample and baked 
at 90 °C for 1 min over a hot plate. Since graphene was obtained on both 
copper sides, the unwanted graphene on the back side was removed by 

Figure 8. a) Bright-field image (E = 2.3 eV) of a graphene flake transferred on a buffer layer. The local coverage of 2 LG and 3 LG was inferred from 
I–V spectra from the marked areas as indicated in the inset. b) Dark-field image (E = 34 eV) of the position in (a), where a first order spot of graphene 
is used for imaging. Domains of alternating contrast become visible in the 2 LG as well as in the 3 LG area. The comparison with (a) shows that the 
contrast switches along the line pattern induced by the faceting of the former substrate. c) The LEED I–V spectra measured in the marked areas for 
2 LG (orange, light blue) and 3 LG (pink, blue) correspond to AB and AC stacking between the top-most graphene layers, respectively.
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reactive ion exchange (RIE) for 1 min in the atmosphere of Ar and O2. 
After this step, the copper was etched overnight in a 0.1 m solution of 
APS. The floating graphene membrane was subsequently rinsed several 
times with deionized water and transferred on buffer layer graphene 
on SiC(0001). The sample was kept for 2 h at room temperature to dry 
and then at 150 °C for 3 h to improve the adhesion of graphene on the 
substrate. Finally, the sample was cooled down and kept in acetone for 
2 h to remove the PMMA and subsequently rinsed in IPA.

Low-Energy Electron Microscopy: LEEM measurements were performed 
using an FE-LEEM P90 (Specs). The diffraction spots for dark-field 
imaging were selected by means of an aperture in the back focal plane 
of the objective lens. By illuminating the sample with a Hg lamp, PEEM 
images were also collected.
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