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Fig. 1 | Schematic of the fabrication process of single-crystal Cu(111) film from commercial 
polycrystalline Cu foil on Al2O3(0001). The as-received polycrystalline Cu foil was 
electrochemically polished and the Al2O3(0001) was cleaned by an oxygen-plasma treatment. 
The Cu foil was then pressed onto the surface of Al2O3(0001). After that, this heterostructure 
was placed into the CVD system and long-term annealed at 1350 K, 750 Torr, 50-sccm H2, and 
50-sccm Ar. The grain size of the Cu(111) oriented facets continuously increased until a single 
Cu(111) crystal occupied the entire area. 
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Fig. 2 | Optical micrographs of the Cu film surface (after oxidization treatment) for various 
annealing times. a-i, Samples from different annealing times from 0 to 25 h (at 1350 K, 750 
Torr, 50-sccm H2, and 50-sccm Ar). The growth of 111 grains is easily observed. The number of 
Cu grains gradually decreased and the size of the largest grain increased until it filled the entire 
film. 
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Fig. 3 | Photograph of the Cu foil surface (non-oxidization treatment) annealed on various 
substrates. a, Quartz, b, m-plane Al2O3(10-10), c, a-plane Al2O3(11-20), d, c-plane 
Al2O3(0001). Cu grain-size distributions were collected from 10 samples of each substrate. For 
comparison, the same annealing (1350 K, 750 Torr, 50-sccm H2, and 50-sccm Ar) was done 
using various substrates for 20 h. Only the c-plane Al2O3(0001) substrate yielded a continuous 
single crystal Cu(111) film. This is likely due to the large lattice mismatch of the Cu(111) with 
Quartz, m-plane Al2O3(10-10), and a-plane Al2O3(11-20).    
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Fig. 4 | Photographs of large-scale Cu films on Al2O3(0001) after oxidization treatment. a-d, 
Photographs of 2-inch Cu foil for annealing times from 5 to 30 hours. The color contrast 
indicates different Cu crystal grains. e, Cu foils annealed on a 4-inch Al2O3(0001) wafer for 5 
hours showing a variety of relatively small grains. f, The Cu foil annealed for 35 hours on a 4-
inch Al2O3(0001) wafer; a Cu(111) crystal occupies almost its entire area including the portion 
along the 72 mm long diagonal shown. Annealing conditions for a-f: 1350 K, 750 Torr, 50-sccm 
H2, and 50-sccm Ar.  
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Fig. 5 | Surface morphology of Cu film on Al2O3(0001) along with various annealing times. 
a-b, SEM images of the Cu foil annealed for 5 hours. Grain size ~ 100 microns. c-d, SEM 
images of the Cu foil annealed for 30 hours. Almost no grain boundary can be observed in the 
large view (c) area. Annealing done in a 3-inch CVD system (1350 K, 750 Torr, 50-sccm H2, and 
50-sccm Ar). 
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Fig. 6 | Thickness measurements of annealed Cu foils. a, Cross-section SEM images of Cu 
foils (films) for annealing times from 0 to 32 hours (1350 K, 750 Torr, 50-sccm H2, and 50-sccm 
Ar). b, Measured thickness of the center position versus annealing time. The thickness of Cu foil 
is decreased proportional to the annealing time, suggesting loss of Cu by evaporation (and/or 
reaction with H2(g) to generate gas phase CuHx species). This data is why 25-μm Cu foil instead 
of sputtered and much thinner Cu films were chosen. We found that we needed to select a thick 
enough Cu foil to avoid its complete evaporation during the annealing process and also to allow 
it to thin substantially but also not completely disappear, during the MPE-CVD process. 
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Fig. 7 | XRD characterization of non-annealed polycrystalline Cu foil and single-crystal 
Cu(111) film on Al2O3(0001). a, Photograph of non-annealed polycrystalline Cu foil pressed 
onto an Al2O3(0001) substrate. b, XRD pattern of polycrystalline Cu foil shown in (a). Note the 
Cu(111), Cu(200), and Cu(220) peaks. c, Photograph of annealed polycrystalline Cu(111) foil 
(now, a film) on Al2O3(0001) substrate (30 h; 1350 K, 750 Torr, 50-sccm H2, and 50-sccm Ar). 
d, XRD pattern of annealed Cu(111) film shown in (c).   
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Fig. 8 | Electron microscopy and energy dispersive spectroscopy (EDS) of a region of the 
Cu(111)/Al2O3(0001) interface. a-b, Line intensity profiles along the red and blue lines marked 
in Fig. 1g in the main text. c, High-resolution cross-sectional transmission electron image of the 
Cu(111)/Al2O3(0001) interface. d, SAED pattern obtained from the Cu region in (c). e, SAED 
pattern obtained from the Al2O3 region in (c). f, Cross-sectional HAADF-STEM image of the 
Cu(111)/Al2O3(0001) interface in the region marked in (c). g, The corresponding elemental 
mapping by EDS of the Cu(111)/Al2O3(0001) interface.   
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Fig. 9 | Comparing fast CVD growth with unannealed Cu/Al2O3 and annealed Cu(111) 
/Al2O3. a, Schematic illustration of the graphene formation by edge-diffusion growth mode in 
CVD when the gap of Cu/Al2O3 is large. b, A photo of unannealed Cu/Al2O3 before graphene 
growth. c, An optical micrograph of the graphene formed on the back surface of Cu foil after 
peeling off. d, The Raman signal of graphene detected from the position marked by the red cross 
in (c). From the results, the graphene islands were formed with high nucleation density and small 
island size. e, Schematic illustration of the no entrance for methane at the edges due to the 
atomically abrupt interface between the annealed Cu(111) film and the Al2O3(0001) substrate. f, 
A photo of annealed Cu(111)/Al2O3 before graphene growth. g, An optical micrograph of the 
back surface of Cu foil. No graphene was observed on the back surface of the Cu(111) foil after 
peeling it off. h, For example, only a Cu fluorescence Raman signal can be detected in the region 
marked with a blue cross in (g). 
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Fig. 10 | Surface roughness measurements of the Cu foil. a-c, AFM characterizations of the 
top surface of the Cu foil (a), the bottom surface of the Cu foil (b), and the surface of the 
Al2O3(0001) substrate (c) after the long-term annealing process. The height profile figures were 
set to the same y-axis for comparisons. d-f, The photographs of the annealed Cu/Al2O3(0001) 
sample. The top surface is rough, and the bottom surface is smoother. From the image in (f), a 
mirror-like surface can be seen from the backside of the Al2O3(0001) substrate, which suggests 
the bottom surface is very smooth and also tightly adhered to the Al2O3(0001) substrate (no sign 
of oxidation of it). g-h, After annealing: The optical micrographs of the upper surface and of the 
lower surface of Cu (that is interfaced to Al2O3(0001). The Cu was completely oxidized on its 
upper surface (dark yellow color), but no CuOx is seen in the lower surface except for some 
regions at the edge. From the enlarged image, it seems the oxidization can only happen in the 
non-closely adhered area, supporting an atomically abrupt interface between Cu(111) and 
Al2O3(0001). 
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Fig. 11 | Atomic structure of the Cu(111)/Al2O3(0001) interface. a, 3D schematic illustration 
of the interface of Cu(111) and Al2O3(0001). b, 2D view of interface after C atoms diffused 
through the Cu(111) and formed graphene at the interface. 
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Fig. 12 | Schematic of the MPE-CVD Growth Processes. a, Schematic showing Cu(111) 
surface and through Cu(111) film diffusion of carbon atoms (C): methane decomposes and some 
C atoms diffuse on the top surface of the Cu(111) foil while others have dissolved into the 
Cu(111) film and can rapidly diffuse through it to the interface with Al2O3(0001). b, C atoms on 
the top surface of Cu(111) can nucleate and form graphene islands. C atoms diffusing through 
the Cu(111) film are likely not soluble in Al2O3(0001) and when reaching the interface can 
nucleate graphene. The detailed process of this nucleation and growth of graphene at this 
interface must involve the creation of sufficient space between the Cu(111) and the Al2O3(0001) 
for graphene to “be accommodated”, and we suggest that deriving detailed understanding of the 
mechanism(s) of nucleation and growth of graphene islands at this interface is a topic for future 
study. (Note: the long time annealing step in the presence of H2(g) ensures that there is no 
dissolved C in the Cu(111) film prior to the start of the MPE-CVD). c, Schematic of plasma 
cleaning: The graphene islands on the top surface will gradually cover the Cu surface, 
eliminating methane decomposition that can then only occur on remaining bare Cu(111) surface 
regions, and also blocking diffusion of C atoms (that come from methane) to the interface. A 
hydrogen-argon plasma was used to remove this surface graphene (plasma power: 200 W, 30-
sccm H2 and 50-sccm Ar). By repeating the growth cycle from (a) to (c), the graphene islands at 
the interface continue to grow with epitaxy and join to form an adlayer-free single-crystal 
graphene film. d, After the growth process, the sample is removed and inserted into a chamber 
that can then be filled with liquid nitrogen, followed by rapid transfer to a hot zone at 500 C. It is 
found that this process creates bulges and gaps between the Cu(111) film and the  Al2O3(0001). 
The Cu(111) film is then peeled off with tweezers and the “interface” graphene is found to 
remain on the surface of the Al2O3(0001). 
  



 
 

15 
 

Fig. 13 | D-SIMS spectra of carbon intensity in Cu foils. a-b, D-SIMS depth profiles of 
polycrystalline Cu foils before annealing (0 min) and after annealing for 1 min, 30 min, and 30 h. 
There is a decrease in the carbon content inside the Cu foil with an increase in the annealing 
time. c-d, D-SIMS depth profiles of the carbon intensity inside the Cu(111) film before graphene 
growth (i.e., before exposure to methane), after graphene growth on the top surface of the 
Cu(111) film, and after the plasma treatment that was found to remove the surface graphene. 
There is a notable increase in carbon content after the graphene growth, and a significant 
decrease in that carbon content after plasma treatment.  
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Fig. 14 | Plasma etching experiments along with various time and distance. a-d, Optical 
micrographs of the graphene (white) island distribution as a function of plasma treatment time. 
The Cu foil (film) was oxidized for higher contrast between the graphene islands and the bare Cu 
regions (that are converted to copper oxide). e-f, Comparison of the conventional Cu-substrate 
graphene sample (without sapphire) before plasma treatment and the same sample after a 3-min 
plasma treatment (Power: 100 W, 20 sccm H2, and 80 sccm Ar). The graphene has been totally 
removed, as shown in (f). g, Optical micrograph of the graphene (white) distribution along with 
the distance to the center of the plasma unit after 1-minute plasma treatment. The right edge is 
the center position of the plasma unit. The Raman spectra corresponding to selected points 
marked by colored crosses in (g) are shown at the bottom. 
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Fig. 15 | Comparison of the PMMA-transfer method and the ‘liquid-nitrogen-assist 
separation method’. a, Schematic flowchart of the conventional PMMA transfer method, which 
is typically used for transfer of graphene or h-BN transfer from Cu foil to a target substrate. b, 
Schematic flowchart of sample immersion in liquid nitrogen followed by rapid transfer to a hot 
zone; we designed and assembled the system that allows for this process to be done. The 
Cu(111)/graphene/Al2O3(0001) sample was loaded into the liquid-nitrogen cooling chamber and 
thus held at 77K for 30 minutes to reach the thermally stable state. Then, the sample was 
transferred into the high-temperature chamber (at 500 ℃ (773K)) within 3 seconds. After that, 
the sample was cooled slowly to room temperature (details in next figure, Fig. 16). The Cu(111) 
film is detached in places (“bulges”) from the graphene/Al2O3(0001) and can be peeled off such 
as with tweezers. We found, thereby, uncontaminated and epitaxial graphene on the 
Al2O3(0001).   
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Fig. 16 | Schematic illustration of the molecular nitrogen-assisted separation process and 
related photos. a, After the MPE-CVD growth process the Cu(111)/graphene/Al2O3(0001) 
sample was placed in a quartz boat connected to an electromagnetically driven quartz rod. On the 
left is a schematic illustration, and on the right is a photo of the sample and quartz boat at room 
temperature. b, A quartz tube with a hole for the injection of liquid nitrogen was designed, made, 
and installed. The sample was loaded into the liquid-nitrogen cooled region in the quartz tube, 
and the entire quartz boat and its surrounding space was then filled with liquid nitrogen. Given 
the immersion in liquid nitrogen for 30 minutes, the Cu(111)/graphene/Al2O3(0001) sample 
reached, and was held at, 77 K for a significant fraction of the 30 minutes. The inset in the photo 
shows the sample inside the liquid nitrogen. c, during the cooling process, an adjacent tube 
furnace was pre-heated to 500 ℃. After the 30 minutes immersion, the sample was quickly 
loaded (transferred within 3 seconds) into the 500 ℃ zone of this furnace and thus rapidly 
heated, to, and held at, 500 ℃ for 10 minutes (thus, at 773K). The 11-fold increase in absolute 
temperature, if we assume ideal gas behaviour (for simplicity) and assume 1 atm pressure at 77K 
in the gap region filled with N2 molecules in either a liquid-like or perhaps gas-like state), would 
cause an increase in pressure to about 11 atm (or roughly 11 Bar). This increase in pressure 
evidently causes bulging of the Cu(111) foil. d, After cooling to room temperature, the sample 
was taken out, and the deformed Cu(111) foil was easily peeled off by tweezers. The graphene 
on the surface of the Al2O3(0001) substrate was then further studied. 
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Fig. 17 | The Cu(111) foil “bulges” from expansion of N2 molecules “trapped” in the region 
between it and the sapphire substrate. a, 3D and 2D schematic illustration of the 
Cu(111)/graphene/Al2O3(0001) sample and its immersion into liquid nitrogen. Liquid nitrogen 
penetrates into the gap region between the Cu(111) foil and the sapphire wafer, perhaps as a thin 
liquid layer. b, 3D and 2D schematic illustration of the Cu deformation process when the sample 
was quickly transferred to a high-temperature zone at 500 ℃. The rapid 11-fold increase in 
absolute temperature causes volume expansion of the (liquid) nitrogen and the stress from the 
increased pressure deforms the Cu(111) film yielding “bulged” regions. c, Schematic of the 
Raman measurement at the interface between the Cu(111) film and sapphire substrate. To test 
whether N2 molecules are present in the gap region between the Cu foil and sapphire, we 
immersed the sample into liquid nitrogen for 30 minutes, then very quickly (within 2 seconds) 
removed it and placed it (sapphire side facing up) for Raman measurement. (The focal plane of 
the Raman light was previously set at the sapphire-Cu interface, so that the system was “pre-
configured” to be focused at this interface.) All of these Raman measurements were done in an 
Ar(g) environment to try to avoid the influence from the air (as attempts without the Ar(g) led to 
the fairly fast formation of ice on the sample). d-e, Photograph and micrograph of the sample in 
this experiment in which the Cu(111) foil is tightly adhered to the sapphire. f, Raman spectra 
detected from the interface between the Cu(111) film and sapphire from the sample before 
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dipping into the liquid nitrogen (green spectrum) versus after the rapid transfer from the 30 
minute immersion in liquid nitrogen (blue spectrum; note the peak of at 2330 cm-1 from N2 
detected at the interface). Note that by “rapid transfer” we are here not referring to transfer to the 
hot zone, but instead to the Raman spectrometer.  
 
 
More discussion on the deadhesion of Cu(111) foil. During the long-term Cu foil annealing 
process at 1075 ℃, the Cu foil was observed to thin substantially (and we note that the resulting 
Cu(111) film becomes even thinner after the long-time MPE-CVD graphene growth process with 
its many cycles), and the polycrystalline Cu foil is found to transform to single-crystal Cu(111) 
foil on the Al2O3(0001). According to the DFT calculation, there is a 1.9 Å separation between 
the oxygen atom layer of Al2O3(0001) and the Cu(111). We suggest it is likely that the Cu(111) 
film "completely conforms" with perfect epitaxy on the Al2O3(0001) given the 2.1 Å separation 
obtained by HRTEM on cross sections) interface spacing. However, when the sample is cooled 
to room temperature (25 ℃) from high temperature (1075 ℃), the Cu foil would (if not 
"adhered" everywhere to the sapphire) contract by about 2.0% (biaxial contraction)1,2. 
Meanwhile, the sapphire substrate would contract (about 0.73% biaxial contraction) if it were 
also considered as "freely floating"3, that is, not hindered in its contraction by adhesion to 
another material. When the Cu(111)/graphene/Al2O3(0001) sample is cooled from 1075 ℃ to 25 
℃, an interfacial stress of roughly 1.5 GPa would be built up at the interface, if deadhesion did 
not happen in some or in fact many regions at the interface. (The value 1.5 GPa is obtained by 
multiplying the Young’s modulus of Cu, about 120 GPa4 , by the difference of biaxial strain 
values of 0.020 for copper and 0.0073 for sapphire.) The sapphire is 1 mm thick and has a 
Young’s modulus of about 340 GPa5. It is not going to deform. In contrast, the Cu(111) film is 
only a few microns thick, and interfacial stress "build up" readily leads to deadhesion through its 
plastic deformation in various regions. The tensile stress that will plastically deform Cu(111), 
particularly at temperatures in the range, say, from 500 ℃ to 1075 ℃ is in the MPa range, and 
probably a fraction of 1 MPa. It is well known that plastic deformation occurs readily in single 
crystal copper due to “easy slip” between “slip planes”; such plastic deformation directly 
contributes to deadhesion that causes gaps between the Cu(111) foil and Al2O3(0001) substrate.
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Fig. 18 | Control experiments with PMMA-coated samples. a-b, Schematic illustration of the 
samples with the (a) PMMA sealed edges and (b) PMMA coated surface. c, Raman spectra 
detected from the interface between Cu(111) and sapphire of the two samples in (a) and (b) 
following rapid transfer from immersion in liquid nitrogen, to the Raman spectrometer. In an 
attempt to more deeply understand how the N2 molecules get into the gap region, we did two 
control experiments. In the first, by taping the Cu(111) in a particular pattern, and then coating 
with PMMA followed by removing the tape, we "sealed" the four 10-mm long edges of the 
Cu(111) foil--that is the PMMA sealed the gap at the edges between the Cu(111) film and 
sapphire. In the second, we instead taped just the edges, so that the PMMA was coated onto just 
the top surface of the Cu(111) foil, leaving its edges (and any gaps to the sapphire), uncoated. 
We then repeated the process of immersion in liquid nitrogen followed by rapid transfer to our 
Raman spectrometer. For the sample with "edges not sealed" we observed the N2 Raman peak at 
2330 cm-1, but for the other sample with "edges sealed" no N2 peak was observed. We thus 
suggest the liquid nitrogen (in any case, molecules of nitrogen--if not liquid per se) enters from 
these 4 edges into gaps that are present between the Cu(111) film and sapphire. 
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Fig. 19 | MPE-CVD growth. a, Schematic illustration of the MPE-CVD system that consists of 
a conventional CVD system, plasma unit, precise pressure control system, and a computerized 
intelligent automatic control system. b, Description of growth process: First, we loaded the long-
term-annealed Cu(111)/Al2O3(0001) in the MPE-CVD system. Next, the system was heated to 
1075 ℃ and the gases H2 and Ar were flowed at a rate of 50 and 350 sccm, respectively, at a 
controlled pressure of 3 torr. Then, CH4 with a flow rate of 10 sccm was purged into the tube 
during the carbon diffusion process. 60 min later, the system was cooled to 1050 ℃ in 30 min to 
reach the optimal growth temperature of high-quality graphene with the same gas mixture 
condition. Next, a dilute 10 sccm CH4 gas (0.1 % diluted in Ar) was purged into the system with 
10 sccm H2 and 50 sccm Ar flow at 0.5 torr for 30 min. The purpose of diluted CH4 instead of 
pure CH4 in this period was to keep a high gas-flow ratio of H2/CH4 that decreased the net 
growth rate of the graphene islands on the Cu(111) film surface, ensuring that the graphene film 
did not cover much or all of the Cu(111) film surface and thus did not block both decomposition 
of methane and also dissolution of carbon atoms into the Cu(111) film. We found that a 
continuous flow of diluted CH4 ultimately provided C atoms for growth of graphene at the 
Cu(111)/ Al2O3(0001). After the growth process, the system was slowly cooled down to 300 ℃ 
in 20 min to avoid the quick shrinking of the Cu film. Then, the CH4 gas flow was stopped and 
the flow of H2 was increased to 30 sccm; the plasma unit (200 W) was moved to the sample 
position and switched on for 3 min to clean the graphene on the Cu upper surface. Meanwhile, 
the tube furnace was moved to the left side of sample position and re-heated to 1075 ℃. After 
the plasma-etching process, the H2 and CH4 gases were turned off and the furnace was quickly 
moved back to the sample position. If was found that the sample was reheated to 1075 ℃ within 
5 seconds and we infer that this rapid heating prevented the (possible) etching of graphene 
islands at the Cu(111)/ Al2O3(0001) interface, that otherwise might occur from H atoms diffusing 
through the Cu(111) film during a much longer heating process. After one cycle as described 
above, the system repeated this entire growth cycle (over and over) until the whole growth 
process finished.   
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Fig. 20 | Parameters of Cu annealing and graphene MPE-CVD growth. a, Time-evolution 
diagram of gas flow and temperature for the MPE-CVD process for one growth cycle. The inset 
shows the computer record of gas flow and temperature for a 15-growth-cycle MPE-CVD 
process. b, Growth parameters of temperature, pressure, time, and gas flows in the MPE-CVD 
system. 1st period: 1075 ℃, 3 torr, 60 min; 50 sccm H2, 10 sccm CH4, and 350 sccm Ar. 1st to 
2nd period: T from 1075 ℃ to 1050 ℃ (linear with time) and total time = 30 min. 2nd period: 
1050 ℃, 0.5 torr, 30 min; 10 sccm H2, 10 sccm diluted CH4, and 50 sccm Ar. 2nd to 3rd period: 
T from 1050 ℃ to 300 ℃ over 20 min. 3rd period: 300 ℃, 1 torr, Plasma = 200 W for 3 min; 30 
sccm H2 and 50 sccm Ar. 3rd to 1st (next cycle) period: T from 300 ℃ to 1075 ℃ in 5 s.  
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Fig. 21 | Graphene islands grown on Al2O3(0001). a, Large-field optical micrograph of 
graphene islands found on Al2O3(0001) substrates after the growth of graphene at the Cu(111)/ 
Al2O3(0001) interface as described in the main text and in Figure 20 above. The graphene islands 
can be seen as white dots. The uniformly distributed grid shadows in this figure are caused by the 
microscope system when the single images are stitched together. b, Enlarged monochrome image 
of graphene domains in (a). The bright dots are the as-grown graphene islands. c, Micrograph of 
as-grown graphene island in the region shown in (b). d, Raman spectra selected from the point 
marked in (c). The sharp G and 2D peaks indicate a high crystalline quality of the as-grown 
graphene. 
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Fig. 22 | Raman maps of as-grown graphene islands on sapphire. a, Raman map of the D-
band intensity of graphene islands. A weak D-band signal is present at the edge regions of the 
graphene islands. b, Raman map of G-band intensity of the graphene crystals. c, Raman map of 
2D-band intensity of the graphene crystals. d, Raman spectrum of graphene at the selected 
position marked in (a-c) by crosses. Again, a small D peak is observed at the graphene island 
edge. 
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 Fig. 23 | Conventional CVD growth of graphene. a, Schematic of traditional CVD growth 
system. b, Time-evolution diagram of gas flow and temperature for the CVD process. The 
conventional process of CVD includes: (i) heating and annealing process: polycrystalline Cu 
foils are placed on a quartz boat, which is then pushed into the tube chamber. The chamber was 
then depressurized from 105 pa to 0.8 pa. Next, the chamber was heated up to 1030 ℃ by a 
furnace with H2 flow; (ii) growth process: graphene grew on a Cu foil with a mixture of CH4 and 
H2 flow. (iii) cooling process: The tube chamber was cooled rapidly with the mixture gas, which 
was the same as that used in (ii). c, The Cu-substrate-grown petal-shaped graphene islands and 
the Raman spectra (left); and the Cu-substrate monolayer graphene film and the Raman spectra 
(right). 
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Fig. 24 | Oxygen-plasma etching and chemical-assisted grain-boundary oxidization 
experiments. a, Schematic illustration of the oxygen plasma etching experiment. b, 
Monochrome micrograph of the graphene on the Al2O3 surface. Graphene was damaged 
uniformly by the weak oxygen-plasma. c, Monochrome micrograph of a transferred 
polycrystalline graphene on the Al2O3 surface. d, Raman spectra, taken from the graphene (red 
cross in (c)) and damaged areas (blue cross in (b)). e, Schematic illustration of chemical-assisted 
grain-boundary oxidization. The direct-grown single-crystalline graphene and on the Cu 
substrate grown polycrystal graphene were transferred to polished Cu foil. The oxidization 
treatment was conducted in a salt-humid environment. f, Monochrome micrograph of the 
graphene grown at the Cu(111)/ Al2O3(0001) interface and transferred from the sapphire to a 
polished Cu foil. Almost no grain boundaries were observed in this (thus, nearly) single-
crystalline graphene. g, The micrograph of the Cu-substrate-grown polycrystalline graphene. 
Note the many grain boundaries have been etched and CuOx formed in those regions in this 
polycrystalline graphene. h, Raman spectra, taken from the no-CuOx area (blue cross in (f)) and 
CuOx area (red cross in (g)). 
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Fig. 25 | LEED characterization of the graphene film (grown at the at the Cu(111)/ 
Al2O3(0001) interface) on Al2O3(0001). a-b, LEED patterns were obtained from two regions (4 
mm apart) of the graphene film on the Al2O3(0001) surface. Both images show an identical 
hexagonal pattern with the same orientation, indicating that the as-grown graphene is single 
crystalline and commensurate with the Al2O3(0001) surface. c, tilted LEED measurement with 
overlaid simulations (applying geometric scattering theory) featuring the lattice vectors of the 
Al2O3(0001) and its expected spot positions (red), and the expected spot positions for the 
epitaxial graphene (purple). All images are depicted contrast inverted. 
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Fig. 26 | STM characterization of the graphene film on Al2O3(0001). a-b, Atomic resolution 
STM images. c-d, FFTs of the respective STM images overlaid with the reciprocal graphene 
lattice vectors and some corresponding spot positions (purple) with several Moiré spots being 
also highlighted (magenta). 

 
  



 
 

32 
 

Fig. 27 | Height histograms measured by AFM from 24 selected areas (10 µm ×10 µm in 
each area) on a graphene film on an Al2O3(0001) wafer. The surface height distributions are 
selected from the 24 regions that are marked by red squares on the optical micrograph. These 
height distributions, along with the average RMS roughness over these 24 regions of 0.879 nm, 
shows that this graphene on Al2O3(0001) is both very flat and very smooth.  
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Fig. 28 | Atomic structures and DFT simulations of Cu on Al2O3 after relaxation. a, Top and 
side views of the atomic structures of Cu(110), Cu(100), and Cu(111) on Al2O3(0001) after 
relaxation. b, Stacking energies of Cu(100), Cu(110), and Cu(111) on Al2O3(0001). c, Top and 
side views of the atomic structures of Cu(110), Cu(100), and Cu(111) on Al2O3(10-10) after 
relaxation. d, Stacking energies of Cu(100), Cu(110), and Cu(111) on Al2O3(10-10). e, Top and 
side views of the atomic structures of Cu(110), Cu(100), and Cu(111) on Al2O3(11-20) after 
relaxation. f, Stacking energies of Cu(100), Cu(110), and Cu(111) on Al2O3(11-20). Cu, Al, and 
O atoms are shown in gold, blue, and red color, respectively.  
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Fig. 29 | Atomic structures and DFT simulations of Cu(111) on Al-terminated and O-
terminate Al2O3(0001). a, Comparison of the atomic structures of 𝟐𝟐 × 𝟐𝟐 × 𝟏𝟏 Cu(111) on Al-
terminated Al2O3, √𝟑𝟑 × √𝟑𝟑 × 𝟏𝟏 Cu(111) on Al-terminated Al2O3 𝟐𝟐 × 𝟐𝟐 × 𝟏𝟏, Cu(111) on O-
terminated Al2O3, and √𝟑𝟑 × √𝟑𝟑 × 𝟏𝟏 Cu(111) on O-terminated Al2O3 after relaxation. Cu, Al, 
and O atoms are shown in gold, blue, and red color, respectively. b, Stacking energies per Cu 
atom in the abovementioned models.  
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Fig. 30 | Finite element simulations of the Cu annealing process. a, Finite element simulations 
of the carbon atom-diffusion process in a Cu foil (20 µm thick) at 1030 and 1075 °C for different 
diffusion times based on Fick’s laws and convection-diffusion equations. The carbon diffusion 
coefficient in Cu is temperature-dependent and extracted by the Arrhenius diffusion equation: 
𝐷𝐷Carbon = 𝐷𝐷0exp (−𝐸𝐸𝑎𝑎/𝑘𝑘𝐵𝐵𝑇𝑇). We use the diffusivity 𝐷𝐷0 = 5.55 × 10−7 𝑚𝑚2𝑠𝑠−1, which is an 
intrinsic parameter of the materials involved; then we use the activation energy 𝐸𝐸𝑎𝑎 = 0.93 𝑒𝑒𝑒𝑒.6 
The carbon diffusion coefficients were calculated as 𝐷𝐷Carbon1030 = 1.41 × 10−10 𝑚𝑚2𝑠𝑠−1 and 
𝐷𝐷Carbon1075 = 1.50 × 10−10 𝑚𝑚2𝑠𝑠−1. b, Variations in carbon concentration in the bottom surface of 
the Cu foil for different diffusion times and temperatures. c, Distribution of carbon concentration 
at different depths from the upper Cu surface after 1000 ms of diffusion for different 
temperatures. d, Distribution of carbon concentration at different depths from the upper Cu 
surface as a function of the change in diffusion time at 1030 °C. e, Carbon concentration at 
different depths from the upper Cu surface for different diffusion times and temperatures.   
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Fig. 31 | Atomic structures and DFT simulations of Cu(111) and graphene on Al-
terminated and O-terminated Al2O3(0001). a, Comparison of the atomic structures of 
graphene between Cu(111) and O-terminated Al2O3 and of graphene between Cu(111) and Al-
terminated Al2O3 after relaxation. Cu, Al, O, and carbon atoms are shown in gold, blue, red, and 
black color, respectively. b, Binding energies per carbon atom in the abovementioned models. c, 
Stacking energies per Cu atom in the abovementioned models. We note the distances (in 
parentheses) from Cu(111) to graphene (3.182 Å) and graphene to O-terminated Al2O3 (2.779 Å); 
and from Cu(111) to graphene (3.351 Å) and graphene to Al-terminated Al2O3 (3.517 Å). 
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Fig. 32 | Moiré patterns of stacked graphene, Cu(111), and Al2O3(0001). a, Moiré patterns 
formed by graphene/Cu(111), graphene/Al2O3(0001), Cu(111)/Al2O3(0001), and 
Cu(111)/graphene/Al2O3(0001) with 0° and 60° twist angles. b, Moiré patterns formed by 
graphene/Cu(111), graphene/Al2O3(0001), Cu(111)/Al2O3(0001), and 
Cu(111)/graphene/Al2O3(0001) with 30° twist angle. c, Geometrical relationship of the Moiré 
reciprocal lattice vector kMoiré to the original reciprocal lattice vectors kA and kB. d, Changes of 
the Moiré periodicity and Moiré angle as functions of the twist angle between the two layers in 
the four combinations. 
  



 
 

38 
 

 

Fig. 33 | Electronic transport property measurements of various kinds of GFETs. a-d, 
Typical ISD versus VG-VD characteristics measured from GFETs of the graphene grown on Al2O3 

(a), graphene grown on Cu-substrate with a smooth area (b), graphene grown on Cu-substrate 
with wrinkles (c), graphene grown on Cu-substrate with adlayers (d). e-g, Fitting results of Rtol 

versus VG-VD using the widely-accepted constant mobility model. All the measurements were 
conducted at room temperature. According to the fitting results, the carrier mobilities are μhole = 
8.2×103 cm2V−1s−1 and μelectron = 7.0×103 cm2V−1s−1 for (a, e); μhole = 8.0×103 cm2V−1s−1 and 
μelectron = 5.8×103 cm2V−1s−1 for (b, f); μhole = 3.9×103 cm2V−1s−1 and μelectron = 2.0×103 cm2V−1s−1 
for (c, g); and μhole = 2.1×103 cm2V−1s−1 and μelectron = 1.9×103 cm2V−1s−1 for (d, h). 
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Fig. 34 | Synthesis of single-crystal h-BN on the single crystal graphene/Al2O3(0001). a, 
Schematic of h-BN growth by CVD system. During the synthesis process, the borazine (97%, 
Aldrich) was used as the precursor, and it was placed in a secondary chamber. The borazine was 
heated to 90 °C and  its vapor carried into the chamber in an Ar flow. The Cu foil was placed on 
the top of the graphene with the hope that it would act as a catalyst. It was found that aligned h-
BN domains were grown on the surface of the single crystal graphene film. After growth, both 
the furnace and the heating lamp were quickly cooled to room temperature. b, SEM image of as-
grown aligned h-BN islands on a graphene/Al2O3(0001) substrate. c, Optical micrograph of as-
grown h-BN islands on a graphene/Al2O3(0001) substrate. d, Optical micrograph of an as-grown 
h-BN film on a graphene/Al2O3(0001) substrate. e, Raman spectra of h-BN on 
graphene/Al2O3(0001) (red), selected from the position in (d), and the Raman spectra of 
graphene/Al2O3(0001) before growth (blue). f-g, TEM image of the as-grown single-crystalline 
graphene substrate and the SAED. h-i, TEM image of as-grown single-crystal h-BN on the 
graphene substrate. The SAED shows the orientation angle as 30° between h-BN and graphene.  
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Fig. 35 | Synthesis of single-crystal MoS2 on as-grown graphene/Al2O3(0001). a, Schematic 
of MoS2 growth by CVD system. MoO3 powder (99.5%, Sigma-Aldrich) and sulfur powder 
(99%, Sigma-Aldrich) were used as the precursors for MoS2 growth. The MoO3 powder was 
placed in a boat, and the single-crystal graphene/Al2O3(0001) substrate was placed graphene-side 
down on the top of the boat. A separate boat with sulfur powder was placed next to the MoO3 
powder. Then, the reaction chamber was heated to the growing temperature (600–800 °C) at a 
rate of 50 °C min-1. MoS2 islands were grown at 800 °C for 15 min using a carrier gas flow rate 
of 10-sccm Ar. After growth, the heating furnace was quickly cooled down to room temperature. 
b, SEM image of as-grown aligned MoS2 domains on a graphene/Al2O3(0001) substrate. c, SEM 
image of an as-grown monolayer MoS2 film on a graphene/Al2O3(0001) substrate. d, Optical 
micrograph of an as-grown monolayer MoS2 film on a graphene/Al2O3(0001) substrate. The inset 
shows the Raman spectra of monolayer MoS2 on graphene/Al2O3(0001). 
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Table 1. Stacking energies per atom obtained by DFT simulations. 

System Energy per atom 

Cu(110) on O-terminated Al2O3(10-10)  0.59 eV 

Cu(110) on O-terminated Al2O3(11-20) 0.43 eV 

Cu(110) on O-terminated Al2O3(0001) 0.98 eV 

Cu(100) on O-terminated Al2O3(10-10) 0.40 eV 

Cu(100) on O-terminated Al2O3(11-20) 0.15 eV 

Cu(100) on O-terminated Al2O3(0001) 1.33 eV 

Cu(111) on O-terminated Al2O3(10-10) 0.58 eV 

Cu(111) on O-terminated Al2O3(11-20) 0.25 eV 

√3 × √3 × 1 Cu(111) on O-terminated Al2O3(0001) 2.09 eV 

2 × 2 × 1 Cu(111) on O-terminated Al2O3(0001) 1.72 eV 

√3 × √3 × 1 Cu(111) on Al-terminated Al2O3(0001) 1.04 eV 

2 × 2 × 1 Cu(111) on Al-terminated Al2O3(0001) 1.00 eV 

Cu(111) on graphene on O-terminated Al2O3(0001) 0.21 eV 

Cu(111) on graphene on Al-terminated Al2O3(0001) 0.14 eV 

  

*  

Stacking energy per atom of Cu on Al2O3(0001) defined as:  

𝐸𝐸𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = −(𝐸𝐸𝑠𝑠𝑛𝑛𝑛𝑛+𝐴𝐴𝐴𝐴2𝑂𝑂3(0001)
 − 𝐸𝐸𝑠𝑠𝑛𝑛𝑛𝑛 − 𝐸𝐸𝐴𝐴𝐴𝐴2𝑂𝑂3(0001)

 )/𝑛𝑛. 

Stacking energy per atom of Cu on graphene on Al2O3(0001) defined as:  

𝐸𝐸𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = −(𝐸𝐸𝑠𝑠𝑛𝑛𝑛𝑛+𝑠𝑠𝑔𝑔𝑎𝑎𝑔𝑔ℎ𝑒𝑒𝑠𝑠𝑒𝑒+𝐴𝐴𝐴𝐴2𝑂𝑂3(0001)
 − 𝐸𝐸𝑠𝑠𝑛𝑛𝑛𝑛 − 𝐸𝐸𝑠𝑠𝑔𝑔𝑎𝑎𝑔𝑔ℎ𝑒𝑒𝑠𝑠𝑒𝑒+𝐴𝐴𝐴𝐴2𝑂𝑂3(0001)

 )/𝑛𝑛.  
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Table 2. Binding energies per atom obtained by DFT simulations. 

System Energy per atom 

Graphene on Cu(111) 0.20 eV 

Graphene on O-terminated Al2O3(0001)  0.20 eV 

Graphene on Al-terminated Al2O3(0001)  0.09 eV 

Graphene between Cu(111) and O-terminated  Al2O3(0001)  0.30 eV 

Graphene between Cu(111) and Al-terminated Al2O3(0001)  0.08 eV 

  

*  
Binding energy per atom of graphene on Cu(111) defined as: 

𝐸𝐸𝑏𝑏𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠 = −(𝐸𝐸𝑠𝑠𝑛𝑛+𝑛𝑛𝑛𝑛(111)
 − 𝐸𝐸𝑠𝑠𝑛𝑛 − 𝐸𝐸𝑛𝑛𝑛𝑛(111)

 )/𝑛𝑛. 

Binding energy per atom of graphene on Al2O3(0001) defined as: 

𝐸𝐸𝑏𝑏𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠 = −(𝐸𝐸𝑠𝑠𝑛𝑛+𝐴𝐴𝐴𝐴2𝑂𝑂3(0001)
 − 𝐸𝐸𝑠𝑠𝑛𝑛 − 𝐸𝐸𝐴𝐴𝐴𝐴2𝑂𝑂3(0001)

 )/𝑛𝑛. 

Binding energy per atom of graphene between Cu(111) and Al2O3(0001) defined as: 

𝐸𝐸𝑏𝑏𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠 = −(𝐸𝐸𝑛𝑛𝑛𝑛(111)+𝑠𝑠𝑛𝑛+𝐴𝐴𝐴𝐴2𝑂𝑂3(0001)
 − 𝐸𝐸𝑛𝑛𝑛𝑛(111)

 − 𝐸𝐸𝑠𝑠𝑛𝑛 − 𝐸𝐸𝐴𝐴𝐴𝐴2𝑂𝑂3(0001)
 )/𝑛𝑛. 
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Table 3. Average carrier mobilities* for four types of GFETs. 

GFET Type 
Hole Mobilities (103 cm2V-1s-1) Electron Mobilities (103 cm2V-1s-1) 

Maximum  Average Maximum  Average 
                                  

Graphene 
Grown on Al2O3 8.6 8.0 7.4            6.6 

     Graphene 
Grown on Cu 8.5 7.8 6.3 5.7 

     Graphene 
with Wrinkles 5.4 3.8 4.0 3.2 

     Graphene 
with Adlayers 3.6 2.8 3.3 2.5 

     
 
*  
The average mobilities were obtained from one hundred devices for each kind of GFETs with a 
channel length of 100 µm. The performance of all GFETs was measured at room temperature. 
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Table 4. Summary of carrier mobilities of CVD graphene-based FET reported in the literature.  

Growth 
Substrate 

Growth 
temp. (℃) 

Layer 
number Crystallinity Domain 

size (μm) Feature Mobility 
(cm2 V-1 s-1) Ref. 

        
Cu 1030 Monolayer Polycrystalline 0.1−1000 N.A. 4050−6500 [7-9] 

 1050 Monolayer Single-crystal 10.0−50.0 Adlayer-free 
Wrinkle-free 11000 [10] 

        
Glass 160−1000 Few-layer Polycrystalline 0.04−0.05 N.A. 667−1800 [11-13] 

 1100 Few-layer Polycrystalline N.A. N.A. 4820 [14] 
        

SiO2/Si 600−1050 Few-layer Polycrystalline 0.38−10.0 N.A. 43−672 [15-17] 

 1130 Monolayer Polycrystalline 0.20-0.50 Wrinkle-free 4000 [18] 
        

Al2O3 400−1100 Few-layer Polycrystalline N.A. N.A. 100−1600 [19-21] 

 1500 Few-layer Polycrystalline 0.03−0.27 N.A. 3000 [22] 

        
Al2O3(0001) 1050 Monolayer Single-crystal 10.0−30.0 Adlayer-free 

Wrinkle-free 
8.0 × 103 This 

work 
                *  

Data were selected from common values (first line) and the superior values (second line “”) for 
each type of growth substrate, based on the literature survey.  
The performance of all GFET was measured at room temperature. 
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Video 1. Schematic animation of direct growth of single-crystalline graphene on insulating 
substrates by MPE-CVD. This movie contains the (i) single-crystal Cu(111) production, (ii) 
graphene growth process in the MPE-CVD system: carbon-diffusion, graphene growth process, 
hydrogen-argon plasma cleaning process, Cu(111) film separation process, and (iii) GFETs 
fabrication.  

 

Video 2. Schematic animation of the liquid-nitrogen-assisted separation methods. This 
movie contains the schematic process of the liquid-nitrogen-assisted separation method and a 
video of the actual experiment performed in the laboratory. 

 

Video 3. A video recording of the sample immersion in liquid nitrogen followed by its rapid 
heating to 500 ℃. Shows: samples, then a sample immersion in liquid nitrogen, transfer of it 
from the 77K region to the 773K (500 ℃) region, and finally, the use of tweezers to remove the 
deformed (bulged) Cu(111) foil. 
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Discussion part for two experiments done to understand (1) the role of grain boundaries, 
and (2) about the atomically abrupt interface for Cu(111)/Al2O3(0001): 

(I) 1st experiment: 

Description: 
We prepared a not completely transformed Cu sample containing a large-area Cu(111) grain and 
grains with other orientations such as Cu(100) and Cu(110). Using this non-single crystal Cu 
substrate, we ran the MPE-CVD growth process to explore the substrate influence on graphene 
growth. 

Results: 
After MPE-CVD growth, the sample was taken out and characterized. We observed both 
monolayer and multilayer graphene islands on the surface of Al2O3(0001). From their 
distribution, we observed that most of the multilayer graphene domains appeared in the area of 
Cu grain boundaries, and monolayer graphene domains appeared at the inner regions of 
individual Cu grains. We suggest that the carbon atoms tend to diffuse through the Cu-crystal 
grain boundaries during the high-temperature stage, as a “short circuit” to the interface between 
Cu and Al2O3(0001), resulting in faster nucleation and also formation of multi-layered graphene 
domains in these regions. Thus, grain boundaries are “problematic” and the single crystal 
Cu(111) film that is epitaxial to the Al2O3(0001) is preferred.  

 

 
Fig. 36 | MPE-CVD growth on the polycrystalline Cu/Al2O3(0001) substrate. a, Schematic of 
the multi-layered graphene formation at the Cu grain boundary regions. The carbon atoms 
readily diffuse in the grain-boundaries to the interface between the Cu foil and the Al2O3(0001), 
starting nucleation and growth. b, Photograph of polycrystalline Cu/Al2O3(0001) after MPE-
CVD growth. c, Optical image of graphene grown at the Al2O3(0001) surface. The red dash line 
indicates the Cu grain boundary. Most of the multi-layer graphene is formed at the Cu grain-
boundary position. d, Raman spectra of as-grown monolayer, bilayer, and multi-layer graphene 
on Al2O3(0001) selected from the marked positions in (c). 
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(II) 2nd experiment: 

Description: 
After achieving single-crystalline Cu(111) film on Al2O3(0001) using long-term annealing, we 
detached the Cu(111) foil and placed it on the surface of a SiO2/Si substrate; additional annealing 
was performed for 20 h to ensure good contact. Next, we performed the MPE-CVD growth 
process based on this substrate of Cu(111)/SiO2/Si. 

Results: 
After the 3-cycle growth, we took out the sample and characterized it. We learned that the 
Cu(111) foil was easily separated from the SiO2 surface even after additional annealing. The 
lower surface of the Cu foil and the surface of SiO2 were then characterized. We found that a 
monolayer graphene film was grown on the lower surface of Cu(111) foil, but no graphene was 
observed on the SiO2 surface. We analyzed this result and suggest that the reason could be the 
weak interaction between Cu(111) and SiO2. We think it likely that methane entered the gap 
between Cu(111) and SiO2/Si and grew graphene on the lower surface of Cu(111) as happens in 
conventional Cu-substrate CVD growth. In contrast and as explained in depth in the manuscript, 
the interface between a Cu(111) film that is epitaxial to the Al2O3(0001) is an atomically abrupt 
interface and methane cannot enter; graphene is formed at the interface of this Cu(111) film and 
Al2O3(0001) only by diffusion of C atoms through the Cu(111) film.  

Fig. 37 | MPE-CVD growth on the Cu(111)/SiO2/Si substrate. a, Optical micrograph of the 
single-crystal Cu(111) film transferred onto a SiO2/Si substrate. b, Optical micrograph of the 
surface of the SiO2/Si substrate after the MPE-CVD process. No graphene islands were observed 
on the surface of SiO2/Si. c, Optical micrograph of lower surface of the Cu(111) foil. The 
monolayer graphene covered this entire surface of the Cu(111) foil. d, Raman spectra collected 
from the SiO2/Si surface at the position marked in (b), and from the Cu(111) surface at the 
position marked in (c). No Raman signals of graphene can be found from the entire SiO2/Si 
surface. Uniform monolayer-graphene Raman signals were collected on the lower surface of the 
Cu(111) foil. 
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Discussion part for additional supporting experiments: 

(I) Characterizations of graphene on the Cu top surface after Stage-I 

Description: 
In order to verify if the graphene film covered the entire top surface of Cu foils, we cooled down 
the system after MEP-CVD stage-I, then took out the sample for characterization. 

Results: 
After stage-I of MPE-CVD growth, the sample was cooled down to room temperature and then 
characterized. From the results, we observed that (a) there were graphene domains appearing on 
the top surface of Cu foils, but (b) the graphene did not cover the entire top surface of Cu foil. 
This result indicates that the graphene grown on the top surface of the Cu foil would not cover 
the entire surface after stage-I, so the carbon atoms should not be blocked and could 
continuously diffuse through the Cu foil to the interface between the Cu(111) foil and the 
sapphire substrate (Fig. 38 a-d). 

 

(II) Characterizations of graphene on the Cu top surface after Stage-II 

Description: 
We re-conducted the MPE-CVD growth to explore the influence on top-surfaced graphene of the 
re-heating rate (The growth process was stopped after Stage-II). Before the re-heating 
experiments, we characterized the graphene on the top surface of Cu foil by SEM and Raman 
microscopy. 

Results: 
After stage-II of the MPE-CVD growth, the sample was cooled down to room temperature and 
then characterized. We observed that irregular-shaped graphene domains existed on the top 
surface of the Cu foil. After the growth process of Stage-II, the graphene almost completely 
covered the Cu surface, but some domain-gap areas and holes remained as non-graphene 
covered, which could be caused by the high gas ratio of H2:CH4 in stage-II (Fig. 38 e-h). 
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(III) Characterizations of graphene on the Cu top surface after the fast re-heating process 

Description: 
To explore if the fast re-heating process will etch the top-surfaced graphene, we conducted the 
MPE-CVD growth experiment of Stage-II, cooling down the system to 300 ℃, re-heating the 
system from 300 ℃ to1075 ℃ in 5 seconds, finally cooling down and taking the samples out for 
the characterization. 

Results: 
After the fast re-heating process, the sample was cooled down to room temperature and then 
characterized. Compared to the graphene without re-heating, we observed that the domain-gap 
area became slightly wider, and more holes appeared within the graphene domains.  However, 
most of the graphene area remains undamaged and non-etched after the re-heating process. No 
D-peak signals from defected graphene were detected from the Raman spectra, which means the 
high re-heating rate gave a significant degree of protection of graphene from etching during the 
re-heating process (Fig. 38 i-l). 

 

(IV) Characterizations of graphene on the Cu top surface after the slow re-heating process 

Description: 
In order to compare the different influences on graphene of the fast re-heating process and the 
commonly applied slow re-heating process, we also conducted a slow re-heating experiment. 
After MPE-CVD growth of Stage-II, we cooled down the system to 300 ℃, re-heated the system 
from 300 ℃ to1075 ℃ slowly in 40 minutes (common method), finally cooled down to room 
temperature and took out the sample for the characterization. 

Results: 
From the SEM and optical images, we observed almost no graphene remaining on the Cu top 
surface; only some residual graphene appeared. The Raman spectra showed that the residual 
graphene had been damaged and defected. These results indicate that the graphene would be 
etched and removed after the slow re-heating process (Fig. 38 m-p). 
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Fig. 38 | Characterizations of graphene on the Cu top surface. a, Specific growth parameters 
of stage-I in the MPE-CVD system. b-c, SEM and optical images of the graphene on the top 
surface of Cu foil after Stage-I. d, Raman spectra collected from the graphene area at the position 
with the blue marker in (c), and from the Cu area at the position with the red marker in (c). e, 
Specific growth parameters of Stage-I and Stage-II in the MPE-CVD system. f-g, SEM and 
optical images of the graphene on the top surface of Cu foil after Stage-II. h, Raman spectra 
collected from the graphene area at the position with the blue marker in (g), and from the Cu area 
at the position with the red marker in (g). i, Specific growth parameters of the fast re-heating 
experiment. j-k, SEM and optical images of the graphene on the top surface of Cu foil after the 
fast re-heating process. l, Raman spectra collected from the graphene area at the position with the 
blue marker in (k), and from the Cu area at the position with the red marker in (k). m, Specific 
growth parameters of the slow re-heating experiment. n-o, SEM and optical images of the 
graphene on the top surface of Cu foil after the slow re-heating process. p, Raman spectra 
collected from the graphene area at the position with the blue marker in (o), and from the Cu area 
at the position with the red marker in (o). 
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	Fig. 1 | Schematic of the fabrication process of single-crystal Cu(111) film from commercial polycrystalline Cu foil on Al2O3(0001). The as-received polycrystalline Cu foil was electrochemically polished and the Al2O3(0001) was cleaned by an oxygen-pl...
	Fig. 2 | Optical micrographs of the Cu film surface (after oxidization treatment) for various annealing times. a-i, Samples from different annealing times from 0 to 25 h (at 1350 K, 750 Torr, 50-sccm H2, and 50-sccm Ar). The growth of 111 grains is ea...
	Fig. 3 | Photograph of the Cu foil surface (non-oxidization treatment) annealed on various substrates. a, Quartz, b, m-plane Al2O3(10-10), c, a-plane Al2O3(11-20), d, c-plane Al2O3(0001). Cu grain-size distributions were collected from 10 samples of e...
	Fig. 4 | Photographs of large-scale Cu films on Al2O3(0001) after oxidization treatment. a-d, Photographs of 2-inch Cu foil for annealing times from 5 to 30 hours. The color contrast indicates different Cu crystal grains. e, Cu foils annealed on a 4-i...
	Fig. 5 | Surface morphology of Cu film on Al2O3(0001) along with various annealing times. a-b, SEM images of the Cu foil annealed for 5 hours. Grain size ~ 100 microns. c-d, SEM images of the Cu foil annealed for 30 hours. Almost no grain boundary can...
	Fig. 6 | Thickness measurements of annealed Cu foils. a, Cross-section SEM images of Cu foils (films) for annealing times from 0 to 32 hours (1350 K, 750 Torr, 50-sccm H2, and 50-sccm Ar). b, Measured thickness of the center position versus annealing ...
	Fig. 7 | XRD characterization of non-annealed polycrystalline Cu foil and single-crystal Cu(111) film on Al2O3(0001). a, Photograph of non-annealed polycrystalline Cu foil pressed onto an Al2O3(0001) substrate. b, XRD pattern of polycrystalline Cu foi...
	Fig. 8 | Electron microscopy and energy dispersive spectroscopy (EDS) of a region of the Cu(111)/Al2O3(0001) interface. a-b, Line intensity profiles along the red and blue lines marked in Fig. 1g in the main text. c, High-resolution cross-sectional tr...
	Fig. 9 | Comparing fast CVD growth with unannealed Cu/Al2O3 and annealed Cu(111) /Al2O3. a, Schematic illustration of the graphene formation by edge-diffusion growth mode in CVD when the gap of Cu/Al2O3 is large. b, A photo of unannealed Cu/Al2O3 befo...
	Fig. 13 | D-SIMS spectra of carbon intensity in Cu foils. a-b, D-SIMS depth profiles of polycrystalline Cu foils before annealing (0 min) and after annealing for 1 min, 30 min, and 30 h. There is a decrease in the carbon content inside the Cu foil wit...
	Fig. 14 | Plasma etching experiments along with various time and distance. a-d, Optical micrographs of the graphene (white) island distribution as a function of plasma treatment time. The Cu foil (film) was oxidized for higher contrast between the gra...
	Fig. 15 | Comparison of the PMMA-transfer method and the ‘liquid-nitrogen-assist separation method’. a, Schematic flowchart of the conventional PMMA transfer method, which is typically used for transfer of graphene or h-BN transfer from Cu foil to a t...
	Fig. 22 | Raman maps of as-grown graphene islands on sapphire. a, Raman map of the D-band intensity of graphene islands. A weak D-band signal is present at the edge regions of the graphene islands. b, Raman map of G-band intensity of the graphene crys...
	Fig. 23 | Conventional CVD growth of graphene. a, Schematic of traditional CVD growth system. b, Time-evolution diagram of gas flow and temperature for the CVD process. The conventional process of CVD includes: (i) heating and annealing process: poly...
	Fig. 24 | Oxygen-plasma etching and chemical-assisted grain-boundary oxidization experiments. a, Schematic illustration of the oxygen plasma etching experiment. b, Monochrome micrograph of the graphene on the Al2O3 surface. Graphene was damaged unifor...
	Fig. 25 | LEED characterization of the graphene film (grown at the at the Cu(111)/ Al2O3(0001) interface) on Al2O3(0001). a-b, LEED patterns were obtained from two regions (4 mm apart) of the graphene film on the Al2O3(0001) surface. Both images show ...
	Fig. 26 | STM characterization of the graphene film on Al2O3(0001). a-b, Atomic resolution STM images. c-d, FFTs of the respective STM images overlaid with the reciprocal graphene lattice vectors and some corresponding spot positions (purple) with sev...
	Fig. 27 | Height histograms measured by AFM from 24 selected areas (10 µm ×10 µm in each area) on a graphene film on an Al2O3(0001) wafer. The surface height distributions are selected from the 24 regions that are marked by red squares on the optical ...
	Fig. 28 | Atomic structures and DFT simulations of Cu on Al2O3 after relaxation. a, Top and side views of the atomic structures of Cu(110), Cu(100), and Cu(111) on Al2O3(0001) after relaxation. b, Stacking energies of Cu(100), Cu(110), and Cu(111) on ...
	Fig. 29 | Atomic structures and DFT simulations of Cu(111) on Al-terminated and O-terminate Al2O3(0001). a, Comparison of the atomic structures of 𝟐×𝟐×𝟏 Cu(111) on Al-terminated Al2O3, ,𝟑.×,𝟑.×𝟏 Cu(111) on Al-terminated Al2O3 𝟐×𝟐×𝟏, Cu(111) o...
	Fig. 31 | Atomic structures and DFT simulations of Cu(111) and graphene on Al-terminated and O-terminated Al2O3(0001). a, Comparison of the atomic structures of graphene between Cu(111) and O-terminated Al2O3 and of graphene between Cu(111) and Al-ter...
	Fig. 32 | Moiré patterns of stacked graphene, Cu(111), and Al2O3(0001). a, Moiré patterns formed by graphene/Cu(111), graphene/Al2O3(0001), Cu(111)/Al2O3(0001), and Cu(111)/graphene/Al2O3(0001) with 0  and 60  twist angles. b, Moiré patterns formed by...
	Fig. 33 | Electronic transport property measurements of various kinds of GFETs. a-d, Typical ISD versus VG-VD characteristics measured from GFETs of the graphene grown on Al2O3 (a), graphene grown on Cu-substrate with a smooth area (b), graphene grown...
	Fig. 34 | Synthesis of single-crystal h-BN on the single crystal graphene/Al2O3(0001). a, Schematic of h-BN growth by CVD system. During the synthesis process, the borazine (97%, Aldrich) was used as the precursor, and it was placed in a secondary cha...
	Fig. 35 | Synthesis of single-crystal MoS2 on as-grown graphene/Al2O3(0001). a, Schematic of MoS2 growth by CVD system. MoO3 powder (99.5%, Sigma-Aldrich) and sulfur powder (99%, Sigma-Aldrich) were used as the precursors for MoS2 growth. The MoO3 pow...
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	Video 2. Schematic animation of the liquid-nitrogen-assisted separation methods. This movie contains the schematic process of the liquid-nitrogen-assisted separation method and a video of the actual experiment performed in the laboratory.
	Video 3. A video recording of the sample immersion in liquid nitrogen followed by its rapid heating to 500 ℃. Shows: samples, then a sample immersion in liquid nitrogen, transfer of it from the 77K region to the 773K (500 ℃) region, and finally, the u...
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	(II) 2nd experiment:
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	Fig. 37 | MPE-CVD growth on the Cu(111)/SiO2/Si substrate. a, Optical micrograph of the single-crystal Cu(111) film transferred onto a SiO2/Si substrate. b, Optical micrograph of the surface of the SiO2/Si substrate after the MPE-CVD process. No graph...
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	Description: To explore if the fast re-heating process will etch the top-surfaced graphene, we conducted the MPE-CVD growth experiment of Stage-II, cooling down the system to 300 ℃, re-heating the system from 300 ℃ to1075 ℃ in 5 seconds, finally cooli...
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	Fig. 38 | Characterizations of graphene on the Cu top surface. a, Specific growth parameters of stage-I in the MPE-CVD system. b-c, SEM and optical images of the graphene on the top surface of Cu foil after Stage-I. d, Raman spectra collected from the...

