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Abstract

:

To exploit the extraordinary property of graphene in practical electrical and optical devices, it is necessary to produce large-sized, single-crystal graphene. Atmospheric pressure chemical vapor deposition (APCVD) on polycrystalline Cu surface is a promising scalable route of graphene synthesis but the unavoidable multiple nucleation limits their reachable domain size. Here, we report that effective suppression of nucleation was achieved by only turning off hydrogen supply before introduction of the carbon source for graphene growth. The density of graphene decreased from 72.0 to 2.2 domains/cm2 by turning off hydrogen for 15 min. X-ray photoelectron spectroscopy and Raman spectroscopy studies show that the Cu surface was covered with 3–4 nm thick highly crystalline Cu2O, which would be caused by oxidation by residual oxidative gasses in the chamber during the turning off period. It was also revealed that elevating the temperature in Ar followed by annealing in H2/Ar before turning off hydrogen led to the enlargement of the Cu domain, resulting in the further suppression of nucleation. By optimizing such growth parameters in the CVD process, a single-crystal graphene with ~2.6 mm in diameter was successfully obtained.
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1. Introduction


Graphene is an atomic sheet of carbon atoms densely packed in a honeycomb structure and has attracted plenty of attention [1,2,3]. The extraordinary performance of graphene in optoelectronic and electronic applications has been shown by theoretical and experimental investigations using mechanically exfoliated graphene [4,5,6]. However, the mechanical exfoliation method has no controllability for the flake size and the layer number of graphene, limiting the practical use. A promising scalable route of graphene synthesis is chemical vapor deposition (CVD) on catalytic metal surfaces (Cu [7,8,9,10,11,12,13,14,15], Ni [14,15,16,17], Pt [18], Ir [19], and Ru [20]). Among these, Cu has prominent advantages in terms of cost of production and the preference formation of a single layer originating from the low solubility of carbon [14]. However, the grown CVD graphene is generally polycrystalline [10,21], and its domain boundaries degrade electronic properties such as carrier mobility [22]. Thus, the growth of large-sized graphene with a single crystal domain is highly needed for practical graphene applications.



A strategy to obtain such a large-sized crystal domain is to reduce the nucleation density of graphene. The nucleation density is strongly affected by the amount of carbon supply during the graphene growth [10,23,24] and the number of active sites for graphene nucleation [25,26]. As for the carbon supply, a reduced supply of carbon sources is required to achieve the effective suppression of nucleation [10,23]. In the latter aspect, atomic steps, point defects, impurities, and the grain boundaries on the Cu surface may act as the potential nucleation sites [26,27]. Many approaches have been performed to reduce the active sites by pretreatment of Cu [13,28], resulting in the growth of millimeter-size single crystal graphene [11,23,24,29,30]. Further increase of domain size was demonstrated by utilizing oxygen in the CVD process. Gan et al. reported that oxygen plays a role to control nucleation seeds in the preheating process, giving subcentimeter single-crystal by controlling the seeding process [31]. Hao et al. reported that surface oxygen plays roles in the passivation of active sites as well as in the acceleration of domain growth by reducing the attachment barrier of carbon to the edge of the domain, resulting in a centimeter single-crystal [32].



Although the technique to grow a large-sized graphene has been steadily advanced, further enlargement in the domain size is desirable for practical use. In addition, the wide variation in domain size, shape, density, and film quality from lab to lab suggests that the growth mechanism of graphene has not been comprehensively understood. Therefore, effective and reproducible methods for suppressing nucleation should be established with understanding of the growth mechanism. Here, we report that the effective suppression of nucleation can be achieved by only turning off hydrogen supply before the introduction of the carbon source for graphene, resulting in the growth of single crystal graphene up to 2.6 mm. The effect of the Ar annealing to the physical property of the substrate surface was studied by depth-profiling X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. It was revealed that a very thin Cu2O (3–4 nm thick) layer was formed after the Ar annealing, suggesting the existence of residual oxidative gasses such as oxygen and water vapor in the CVD chamber. The present report proposes the utilization of the residual oxidative gasses for large size graphene growth, and clarifies the reason for the wide variation in graphene growth from lab to lab. It was also revealed that elevating temperature in the Ar followed by annealing in H2/Ar before turning off hydrogen led to enlargement of the Cu domain, resulting in further suppression of nucleation. The present APCVD process neither requires any special gasses, high quality Cu foils, nor vacuum pumps, which is ideal for mass production of large single crystal graphenes at a low cost.




2. Materials and Methods


The APCVD system for graphene growth consists of an inner 30 mm and outer 36 mm diameter quartz tubes as a sample holder and a chamber, respectively (Figure 1a). The purities of H2 and Ar gasses are higher than 99.99999% (7N), and 99.9999% (6N), respectively. The chamber pressure has been kept at a slightly higher pressure than atmospheric pressure (0.123–0.128 MPa) during the CVD process. Commercially available 100 μm thick Cu foils (#113321, Nilaco, Tokyo, Japan) with a size of ~2.2 cm × 10 cm were used as catalytic substrates for the growth.



The concentration of residual oxygen in the CVD chamber under Ar flow was measured by a zirconia oxygen sensor (LC-750 L, Toray Engineering, Tokyo, Japan). The zirconia oxygen sensor was placed downstream of the heating furnace. Optical microscopy (Digital Microscope VHX-5000, Keyence, Osaka, Japan) and field emission scanning electron microscopy (S4700, Hitachi High-Technologies Corporation, Tokyo, Japan) were used to obtain the density and the size of graphenes. To visualize graphene in the optical image, Cu foils were oxidized in air around 200 °C. Then the graphene nucleation density was measured by counting the amount of graphene in an optical microscope image. The average nucleation densities were obtained from several different optical images on the same sample. Surface analysis of Cu foils was performed by XPS (PHI 5000 VersaProbe II, ULVAC-PHI, Kanagawa, Japan) under a base pressure of ~6 × 10−8 Pa and a monochromatized Al Kα (1486.6 eV) X-ray source. Energy calibration was performed using the position of the primary C 1s peak at 284.8 eV. Atomic concentrations were calculated using the ratio of integrated spectral areas for C1s, O1s, and Cu2p3/2 from high resolution scans and the relative sensitivity factors inherent to the instrument. The accuracy of the atomic concentration is up to 10% of the measured value. Cu foils were sputtered by using accelerated Ar ions with 1 kV for the depth profiling of XPS. The sputtering depth of Cu by 1 kV Ar ions was calibrated by using Cu thin films deposited by vacuum evaporation. We calculated the difference of the expected sputtered depth between low index Cu crystal planes such as (100), (110), and (111) by 1 kV Ar ions as shown in Table S1. As a result, (100) and (111) showed the smallest and the largest depth, and the depth ratio of (100) to (111) is 0.77 to 0.85, indicating that the crystal plane does not largely affect the depths sputtered by 1 kV Ar ions. The transfer from the CVD to the XPS chamber was performed within 10 min to minimize the gradual change of the chemical state of the Cu surface by ambient air and water [33]. Raman microscopy (lnVia Reflex, Renishaw, Gloucestershire, UK) with a 532 nm laser was used to characterize crystal quality of Cu foils and CVD graphene samples.




3. Results and Discussion


A typical CVD process in the present study is schematically shown in Figure 1b. The Cu foil was heated with Ar flow (1000 standard cubic centimeter per minute: (sccm)) until 1000 °C (Ar heating) and with H2/Ar flow (100/500 sccm) until the reaction temperature (1035 °C). The elevation to the reaction temperature from room temperature takes ~50 min. Then the Cu was annealed for 15–45 min with H2/Ar flow (H2/Ar annealing). The hydrogen flow was turned off for 0–20 min before introducing CH4 (Ar annealing). Subsequently, to initiate the growth, the pure Ar flow was replaced by the 10 ppm CH4 diluted in Ar (500–1000 sccm) and the H2 (15–20 sccm). Finally, the CVD chamber was rapidly cooled down to room temperature within 30 min.



Figure 2a–c shows optical microscope images of CVD graphene grown on Cu with different Ar annealing times. The preceding H2/Ar annealing and the subsequent growth time were fixed at 15 and 150 min, respectively. It is obvious that the density of graphene was reduced by increasing the Ar annealing time. Figure 2e shows the dependence of average density of graphene domains on Ar annealing time for two different growth conditions. The numerical values of the average densities of the graphene domains in Figure 2e are summarized in Table S2. Square (corresponding to Figure 2a–c) and circle plots in Figure 2e correspond to 15/500 and 15/1000 for the gas flow ratios of H2 and diluted CH4 in Ar (H2/CH4) during the growth. The density of graphene decreased rapidly with increasing Ar annealing time for both growth conditions (Figure 2e). For instance, the density of graphene decreased from 72.0 to 2.2 domains/cm2 by 15-min Ar annealing for the H2/CH4 of 15/1000. The decrease in the density of graphenes implies that the Ar annealing is effective for suppressing graphene nucleation. Figure 2d shows an optical microscope image of CVD graphene grown after longer annealing in H2/Ar for 45 min without Ar annealing. Since the density of graphene in Figure 2c is smaller than that in Figure 2d, Ar annealing is more effective for suppressing graphene nucleation than extending H2/Ar annealing time.



In addition, the standard errors in Figure 2e were larger in the gas follow ratio of H2/CH4 of 15/1000 than that of 15/500 (see Table S2). The H2/CH4 of 15/1000 was used for the high speed growth. The large standard errors in Figure 2e indicate that the high speed growth results in a large distribution in density of the graphene domain. The variation of the density of graphene obtained by 15/1000 at different locations can be seen in optical microscope images of graphene/Cu in Figures S1–S3.



To understand the suppressed nucleation caused by the Ar annealing, we examined annealed Cu surfaces before growth by XPS. The samples were prepared with a fixed H2/Ar annealing time (15 min) and a different Ar annealing time (0–20 min), and were then cooled down under Ar ambient without growth process. Since the Cu surface is easily oxidized in air and the chemical state gradually changes with time [33], we immediately transferred the annealed Cu foils to the XPS chamber to minimize the effect. Figure 3a,b show high-resolution O1s and Cu2p3/2 XPS spectra taken at different depths (0–4 nm) in the 5 min-annealed Cu foil, respectively. In O1s depth profiling (Figure 3a), the major (530.6 eV) and the second peaks (532.1 eV) at 0 nm (black) represent the Cu2O and hydroxyl (OH−) group due to the humidity in ambient, respectively, which is in good agreement with the previous results [33]. The O1s spectra at 1 nm (red online) showed a single peak at 530.3 eV also corresponding to Cu2O as previously reported in the electrodeposited copper oxide film after Ar sputtering [34]. The observed Cu2p3/2 spectra showed a single peak at 932.6 eV for all depths, corresponding to Cu2O [33,35], consistent with O1s spectra. The formation of Cu2O is consistent with the result of Cu LMM which is shown in Figure S4. Figure 3c shows the dependence of oxygen concentrations on the depth from surface of Cu foils with different Ar annealing times. It was found that the oxygen concentration was increased at deeper positions (1–4 nm) by increasing the Ar annealing time. Wrong call-out order.



To find the reason for Cu2O formation during Ar annealing, we measured the oxygen concentration in the CVD chamber under Ar flow. Figure S5a showed the transition of residual oxygen in the CVD chamber. Ar flowing (1000 sccm) and elevating the temperature were started at 0 and 1 min, respectively. The chamber pressure was kept at ~0.12 MPa. The temperature was reached at 1035 °C after 50 min. The chamber pressure was ~0.12 MPa. The oxygen concentration was suddenly decreased after flowing Ar (Figure S5a). When the temperature was reached at 1035 °C, the oxygen concentration showed ~10 ppm. With continuing heating in the Ar, the oxygen concentration gradually increased as shown in Figure S5b, which is an enlarged graph of Figure S5a. The oxygen concentration increased to ~4.2 ppm for 20 min after reaching the minimum concentration, which is a typical time for Ar annealing. Thus, the residual oxygen concentration during Ar annealing would be 10–20 ppm.



In the gas-phase reaction, the following equilibrium must be considered for Cu2O formation:


4Cusurface + O2 ⇔ 2Cu2O [36].











Based on thermodynamics, the equilibrium oxygen partial pressure is about 0.1 Pa at 1035 °C [37], which is lower than the partial pressure of the residual oxygen (~1 Pa). Therefore, the residual oxygen can provide surface oxidation to form the Cu2O during the Ar annealing. On the other hand, dissociation of Cu2O at the metal oxide interface (Cu2O(s) → 2Cu(s) + O) would also be happening at a high temperature [38,39,40]. In addition, the segregation of oxygen during the cooling process is not likely for the formation of the Cu2O (Figure S6). The observed difference in thickness of the Cu2O in Figure 3c and Figure S7b would imply that surface oxidation is faster than the dissociation of the oxide during the Ar annealing.



To clarify the crystal structure of the Cu2O layer, Raman spectroscopy was performed for a CVD-treated Cu foil with Ar annealing for 20 min (H2/Ar annealing and growth for 45 and 150 min, respectively). However, any peaks of Cu2O were not observed in the Ar-annealed Cu foil since the thickness of the Cu2O layer is too thin to detect by Raman spectroscopy. To gain Raman signals, the CVD-treated Cu foil was intentionally oxidized at ~200 °C for 3 min in air (Oxi-CVD), and was measured by Raman spectroscopy. The thickness of the oxide layer was more than 100 nm which was confirmed by XPS depth profiling. To compare Raman spectra, an oxidized as-received Cu foil was also prepared (Oxi-foil).



Figure 4a shows Raman spectra of the Oxi-foil (red) and the Oxi-CVD (blue). All peaks in Figure 4a can be assigned to the phonon energies of Cu2O: (i)     Γ  25  −     (90 cm−1) and     Γ  12  −     (110 cm−1), which are silent modes [41,42];     Γ  15   −  ( 1 )       (150 cm−1) and     Γ  15   −  ( 2 )       (TO (625 cm−1) and LO (648 cm−1)), which are infrared active [41,42]; (iii)       Γ   25  +     (521 cm−1), which is the Raman-active mode [41,42]; (IV)     2  Γ  12  −     (217 cm−1) [42] and     2  Γ  12  −  +  Γ  25  −     (300 cm−1) [43], which are an overtone and combination of them. The appearances of modes     Γ  12  −     and     Γ  15  −     are derived from the activation by defects or resonance effects [41,44,45]. Thus, the Cu2O formation by oxidation in the air was clearly observed and detectable by Raman spectroscopy for both the Oxi-CVD and Oxi-foil. Figure 4b shows high resolution Raman spectra around the intense peaks of     Γ  15   −  ( 1 )       and      2  Γ  12  −     modes. Table 1 summarizes peak positions and the full width at half maximum (FWHM) of these peaks for the Oxi-CVD and Oxi-foil samples. These statistical data were extracted from 36 Raman spectra with peaks fitted by a mixture of Lorentzian and Gaussian functions. The peak positions of     Γ  15   −  ( 1 )       and      2  Γ  12  −     modes in the Oxi-CVD are nearly the same as that of Oxi-foil. On the other hand, the FWHM of     Γ  15   −  ( 1 )       and     2  Γ  12  −     modes in the Oxi-CVD were smaller than that of the Oxi-foil, indicating the higher crystallinity of Cu2O in Oxi-CVD, as reported by Solache-Carranco et al. [46]. This result indicated that the present Ar annealing formed a Cu2O thin layer with high crystallinity.



Figure S8a,b is a representative SEM image and electron backscatter diffraction (EBSD) orientation map of a Cu surface which was heated at elevated temperatures in Ar following by H2/Ar annealing for 2.5 h. The color in Figure S8b represents the fcc crystalline orientation of Cu as shown in Figure S8c. Figure S8d is the area ratio of low index faces for the annealed Cu obtained by statistical analysis of EBSD orientation maps such as Figure S8b. The major crystal face of Cu is (111), and the second (001) as shown in Figure S8b. It is reported that the oxidation of Cu (111) and Cu (001) results in epitaxial Cu2O [47]. Therefore, the Cu2O formed by the present Ar annealing would be mainly (111) and (001) surfaces.



To gain full understanding of the evolution of the chemical states of the Cu surface, XPS depth profile measurement was performed on Cu foils which were cooled down after a specific CVD process. These Cu foils are “raw Cu”, “H2: 15 min”, “Ox: 10 min”, and “Red: 5 min” corresponding to the timing of #1–4 shown in Figure 1b, respectively. Figure 5a shows the evolution of the depth profile of oxygen in Cu foils by the CVD process. It was found that the “raw Cu” contains abundant oxygen inside the foil. The oxygen signals in the “H2: 15 min” and “Red: 5 min” samples disappeared around 2 nm in depth. Since the oxygen near the surface would come from native oxide formed during the transferring of the sample, the surface of “H2: 15 min” and “Red: 5 min” samples would be completely reduced to the metallic Cu. The “Ox: 10 min” sample showed detectable oxygen signals until 4 nm from surface, being consistent with Figure 3c.



In addition, the initial growth behavior of graphene has been examined. Figure 5b shows a dependence of the average diameter of the graphene domain on growth time for the substrates without and with 20 min annealing in Ar. Incubation times were observed of around 1 and 10 min for the CVD samples with the 0 and 20 min-Ar annealing, respectively. This indicates that the nucleation of graphene is delayed by the existence of a Cu2O layer, probably due to the less catalytic activity of Cu2O for decomposing CH4.



Although we revealed that surface oxidation by Ar annealing is an efficient way to reduce the density of the nucleation of graphene, the role of Ar heating and H2/Ar annealing before Ar annealing remains unclear. To reveal them, the graphene was grown with a fixed Ar annealing time (20 min) after heating and annealing (15 min) in H2/Ar or Ar ambient, and the density of graphene and the morphology of Cu were compared to the present process (Ar heating and H2/Ar annealing followed by Ar annealing). Figure 6a–f show high and low magnification optical microscope images of CVD graphene obtained by Ar heating followed by H2/Ar annealing (Figure 6a,d), heating and annealing in H2/Ar (Figure 6b,e), and heating and annealing in Ar (Figure 6c,f). It can be seen that the present Ar heating followed by H2/Ar annealing (Figure 6a) provided the largest domain of Cu, and the lowest density of graphene among these processes, proving the present process is the best condition of the heating and annealing process. Since the surface oxidation condition (Ar annealing for 20 min) were the same for all samples in Figure 6, the reduction of the graphene density in the present heating and annealing was mainly caused by lowering the number of domain boundaries of Cu, which are active sites for graphene nucleation [26]. On the other hand, the other two processes did not provide the largest domain size of Cu, indicating that the solely H2/Ar or Ar annealing is not an effective way to form a large domain of Cu. Although the detailed mechanism of the large domain formation of Cu is not clear, it would be related to Cu transport, which can be changed by the chemisorption of oxygen [48,49]. The present Ar heating followed by H2/Ar annealing would provide higher mobility of Cu atoms, and resulted in large size Cu domains.



Figure 7a shows an optical microscope image of large-sized graphene domains by a CVD process with the H2/Ar and the Ar annealing for 100 and 35 min, respectively. The isolated hexagonal shape in Figure 7a corresponds to a single crystal domain of graphene [12,23], and single crystal with a size of up to 2.6 mm in diameter was obtained. The single crystallinity of the hexagonal domain was also experimentally confirmed by low-energy electron diffraction (LEED) pattern (Figure S9). Figure 7b shows a Raman spectrum of a millimeter scale CVD graphene transferred to a SiO2/Si substrate, where G’, G, and D peaks were observed around 2685, 1590, and 1345 cm−1, respectively. The higher intensity of G’ than G and negligible small D peak indicated the single layer formation and high quality crystallinity of the graphene, respectively [50,51,52]. Thus, the present modified CVD process successfully demonstrated a large-sized, single-layer graphene formation with high quality.



From the aforementioned results, the evolution of the Cu surface is schematically summarized in Figure 8. At the beginning, the as-received Cu foil has abundant oxygen inside Cu (“Initial” in Figure 8, and #1 in Figure 1b). During H2/Ar annealing at 1035 °C for 15 min, the oxygen concentration in the Cu suddenly decreases and the crystallization of Cu occurs (“H2/Ar annealing” in Figure 8, and #2 in Figure 1b). Subsequent Ar annealing provides surface oxidation (“Ar annealing” in Figure 8, and #3 in Figure 1b). The thin layer Cu2O formed by Ar annealing has high crystallinity since it was formed on crystalline Cu, as observed by Raman spectroscopy (Figure 4 and Table 1). After the initiation of the growth process, the reduction of the surface is started again due to the presence of H2, and is completed within 5 min (“Incubation time” in Figure 8, and #4 in Figure 1b). Finally, the nucleation of graphene occurs after the supersaturation of active carbons [8], and then domain growth is started (“Growth” in Figure 8).



The most important process for suppressing nucleation is Ar annealing, which provides surface oxidation. The surface oxidation was reported to remove carbon impurities [53,54] and to passivate active sites [32], resulting in suppressed graphene nucleation. The removal of carbon impurities happens not only from the surface, but also in the bulk Cu through the dissociation of Cu2O and the diffusion of dissolved atomic oxygen [54]. The highly crystalline Cu2O observed in the present study may also be attributed to the passivation of active sites, since structural defects in the preformed Cu2O layer would not possess a sufficient passivation effect. By prolonged Ar annealing, both the removal of carbon impurities and the passivation effects are enhanced, resulting in suppressed graphene nucleation. In addition, Ar heating followed by H2/Ar annealing contributes to the enlargement of the Cu domain, resulting in the additional suppression of nucleation by reducing active sites such as domain boundaries of Cu.




4. Conclusions


We investigated the effect of turning off hydrogen (Ar annealing) before the growth process on Cu, and engineered it for large size graphene growth. We first revealed that the Ar annealing oxidizes the Cu surface by residual oxidant, which results in the effective suppression of graphene nucleation. The enlargement of the Cu domain by Ar heating, followed by H2/Ar annealing before Ar annealing was ascribed to the extra suppression of graphene nucleation. Finally, single crystal graphene of ~2.6 mm diameter was successfully grown by utilizing the Ar annealing. This study demonstrated that a large-sized single crystal graphene can be grown by utilizing oxidative gasses in the CVD chamber. We expect that the existence of the oxidative gasses is one of the reasons for the wide variation in graphene growth from lab to lab. It is also noted that our modified APCVD process requires neither vacuum pumps nor high-quality Cu, and it is compatible for industrial scale mass production of large-sized single crystal graphene.
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Figure 1. (a) A schematic illustration of the CVD setup; (b) A schematic illustration of a typical CVD growth process. The Cu foil was heated with Ar flow (1000 sccm) until 1000 °C (Ar heating) and with H2/Ar flow (100/500 sccm) until the reaction temperature (1035 °C). The heating process takes ~50 min to elevate the temperature until reaching 1035 °C. The annealing process can be divided by Ar heating, H2/Ar annealing, Ar annealing, growth, and cooling. 
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Figure 2. Effect of Ar annealing on density of graphene domains. (a–c) Optical microscope images of CVD graphene on Cu with different Ar annealing time (0, 5, and 15 min), while H2 annealing time was fixed at 15 min; (d) CVD graphene grown after H2/Ar annealing for 45 min without Ar annealing; (e) Dependence of average density of graphene domains on Ar annealing time with two different flow rates for the growth. Square (black) and circle (red) plots correspond to the gas flows of 15/500 and 15/1000 sccm of H2/diluted CH4 in Ar (H2/CH4), respectively. Density of graphene domains is drastically decreased by Ar annealing for both growth conditions. 
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Figure 3. XPS analysis of annealed Cu foils without growth of graphene. (a,b) High-resolution O1s and Cu2p3/2 XPS depth profiling of Cu foils with Ar annealing for 5 min; (c) Dependence of oxygen concentration on depth from surface of Cu foils with different Ar annealing time. 
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Figure 4. Raman spectroscopy of Cu foils after intentional oxidization in air. (a) Raman spectra of the Oxi-foil (red line) and the Oxi-CVD (blue line). The Raman spectrum of the Oxi-CVD was taken at the Cu surface uncovered by grapheme; (b) High resolution Raman spectra around the peaks of 150 and 217 cm−1. Vertical broken lines and cursors are eye guides to compare Raman peaks. 
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Figure 5. (a) Evolution of an XPS depth profile of oxygen in Cu foil by CVD process. Cu foils of “raw Cu”, “H2: 15 min”, “Ox: 10 min”, and “Red: 5 min” were obtained after cooling down at #1–4 shown in Figure 1b, respectively; (b) Dependence of the average domain diameter of graphene grown with Ar annealing for 0 and 20 min on growth time. 
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Figure 6. Effect of gas ambient on the heating and annealing process before Ar annealing on the morphology of Cu and the density of graphene. Low (a–c) and high magnification (d–f) optical microscope images of CVD graphene on Cu obtained by the Ar heating followed by H2/Ar (a,d); heating and annealing in H2/Ar (b,e); and heating and annealing in Ar (c,f). 
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Figure 7. (a) Optical microscope image of large-sized single-crystal graphene. The graphene was grown by a CVD with the H2/Ar and the Ar annealing for 100 and 35 min, respectively; (b) Raman spectrum of a millimeter scale CVD graphene transferred on a SiO2/Si substrate. 
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Figure 8. Schematic illustration of the evolution of the Cu surface during the CVD. The initial, H2/Ar annealing, Ar annealing, and incubation time correspond to the CVD process at #1–4 in Figure 1b, respectively. 
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Table 1. Comparison of Raman peaks in Figure 4b.
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Sample

	
    Γ 15  − ( 1 )     

	
2Γ12




	
Peak Position (cm−1)

	
FWHM (cm−1)

	
Peak Position (cm−1)

	
FWHM (cm−1)






	
Oxi-CVD

	
149.6

	
5.0

	
216.1

	
13.8




	
Oxi-foil

	
149.9

	
5.7

	
216.9

	
17.9
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