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Controlled Nucleation of Graphene Domains on Copper With an Oxide Layer by Atmospheric Pressure Chemical Vapor Deposition
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The lack of effective control of the defects and layers of graphene restricts its advanced technological applications. The synthesis of high-quality graphene requires a low nucleation density. Through the pre-oxidation of a copper foil and subsequent annealing to reduce the atmosphere at different times, the effect of the surface variation on the nucleation density of graphene domains are discussed, as well as the effects on the domain size. The obtained domain is a combination of a sub-millimeter-size single-crystal graphene layer and thick multilayer graphene branches. The formation mechanism of the special structure was explored, as the accumulation of carbon atoms at the surface impurities with the help of oxygen. These results provide directions for the synthesis of controllable high-quality graphene films.
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INTRODUCTION

Due to the extraordinary properties of high-quality graphene, it possesses great potential in realizing nanoelectronic devices with high performance. The growth of graphene through chemical vapor deposition (CVD) is considered to be the most promising strategy for industrial-level fabrication. Among the diverse metal catalysts, copper has attracted much attention because of its proper carbon solubility, and surface self-limited mechanism in the graphene growth, leading to suppressed layers, and relatively high uniformity (Li et al., 2016). However, the random nucleation during the deposition process results in a large number of grain boundaries in the polycrystalline graphene film, degrading the electrical, thermal, and mechanical properties (Cai et al., 2010; Grantab et al., 2010; Tsen et al., 2012).

Great efforts have been made on the growth of single-crystal graphene to reduce the boundary defects. Generally, there are two approaches to achieving this goal. First, well-aligned graphene crystals were precisely controlled in the same orientation for seamless stitching, resulting in a large-area single crystal without grain boundaries (Lee et al., 2014; Nguyen et al., 2015). Second, the nucleation density of graphene domains were suppressed to provide adequate space for the growth of large single crystals, reducing the boundary density. A variety of strategies have been utilized to reduce the nucleation density. The surface roughness, wrinkles and impurities have great disadvantages to graphene quality, as they may act as heteronuclei with low nucleating barriers (Han et al., 2011). It has been demonstrated that the graphene domain density is reduced with copper precleaning (Kim et al., 2013), a polished metal surface (Han et al., 2011), and an extended pre-growth annealing time of the substrate (Wang et al., 2012; Yan et al., 2012). The melting-resolidification pretreatment of the substrate has been reported to obtain a smooth copper surface, limiting the nucleation density in order to grow large-size single-crystal graphene domains (Mohsin et al., 2013). Moreover, monocrystalline substrates have been prepared for the growth of large single-crystal graphene (Wang et al., 2016a; Xu et al., 2017; Jo et al., 2018). In addition, designing the diffusion path of gas to create a low partial pressure of methane is believed to be an effective way to obtain nuclei with low density, such as introducing enclosure-like Cu structures (Li et al., 2011), placing the Cu substrate in a cylinder-shaped quartz tube with its closed end facing the inlet (Song et al., 2015), and using an assembly containing two nested quartz tubes (Shi et al., 2014). However, most of the above strategies are time-consuming and not suitable for mass production. Oxygen has been found to be a Cu surface passivator decreasing the nucleation density efficiently (Gan and Luo, 2013; Hao et al., 2013; Li et al., 2015; Guo et al., 2016; Lin et al., 2016; Wang et al., 2016b; Xu et al., 2016). Introducing oxygen in the growth process can also accelerate the growth rate of graphene domains due to the lower edge attachment barrier of carbon atoms, making it an intriguing approach for the preparation of high-quality graphene materials.

Various routes have been utilized to realize the function of oxygen in graphene growth. Introducing oxygen gas directly into the chamber with methane can suppress the nucleation density tremendously (Guo et al., 2016). The content of oxygen gas could be precisely tuned for controllable graphene nucleation. Most other research has focused on the pretreatment of the Cu substrate before introducing methane for growth, such as injecting a precisely controlled amount of pure O2 to the reaction chamber (Hao et al., 2013; Lin et al., 2016; Chen et al., 2017), annealing Cu in an Ar-only environment for slight oxidation (Gan and Luo, 2013; Li et al., 2015; Sun et al., 2016), introducing a trace amount of H2O gas (Guo et al., 2018), and baking the Cu foil on a hot plate in air (Ding et al., 2017; Wu et al., 2017b; Wang et al., 2018). However, the oxygen passivated Cu surface can easily react with the hydrogen in the carrier gas. The evolution of the Cu surface during the growth process and the effect on the graphene nucleation are still not fully understood.

Here, we prepared graphene domains on pre-oxidized Cu via an atmospheric pressure chemical vapor deposition (APCVD) method. The evolution of the substrate surface was explored through the duration of annealing under an Ar/H2 reducing atmosphere, which plays a vital role in graphene growth. The nucleation density and size of graphene domains were able to be controlled accordingly. The carbon diffusion and growth mechanism were further discussed.

MATERIALS AND METHODS

Pretreatment of Cu Foil

Twenty-Five micrometer-thick Cu foils (99.8%, Alfa Aesar no.13382) were cut into pieces 30 × 50 mm ins size. The substrates were then immersed into hydrochloric acid (5 wt%) for 5 min to remove surface oxides through ultrasonic cleaning. DI water and isopropyl alcohol were utilized for further rinsing, followed by the subsequent blow-drying process using nitrogen. The clean Cu foil was put into the furnace and heated at 200°C for 5 min in the air to oxide the surface.

Growth of Graphene Domains by Chemical Vapor Deposition

The pre-treated Cu foil was put on a quartz support and moved to the center of the furnace. The system was purged by 500 sccm Ar for 15 min, and heated to 1,040°C in 400 sccm Ar. At the setting temperature, 20 sccm H2 was introduced at annealing for some time. Graphene domains were deposited on the substrates in atmospheric pressure by adding 10 sccm diluted CH4 (0.5% in Ar). After growth, CH4, and H2 were shut off. Samples were moved out of the heating zone to rapidly cool in 500 Ar and removed from the tube to room temperature.

Transfer of Graphene Domains

A typical polymer-assistant method was used for the transfer. A thin layer of polymethyl-methacrylate (PMMA, 4 wt%) was first spin-coated on the surface of the graphene domains on Cu foil, followed by solidification at 140°C for 30 min. The sample was floated on an etchant solution to etch away the substrate, and then transferred to a diluted hydrochloric acid solution to remove the residual metal ions. After rinsing twice with DI water, the film was transferred to the surface of Si/SiO2, and dried. Finally, acetone was used to remove the PMMA.

Characterizations

The as-grown samples were baked on a hot plate at 200°C for 5 min. The different colors of graphene domains and the uncovered Cu foil was visible to the naked eye as well as with an optical microscope. The morphology and size of the graphene domains were characterized using an optical microscope (Axio scope A1) and scanning electron microscope (Zeiss MERLIN Compact). The surface feature of substrates was obtained by atomic force microscope (Cypher S AFM). Raman characterization was conducted on a Raman spectroscopy (Horiba Evolution) with the wavelength of excitation laser as 532 nm. The graphene domains were further transferred on the grid by PMMA-assisted wet method for structural information by transmission electron microscope (JEOL JEM 2100 F). Chemical characterization on the surface was carried out with X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi).

RESULTS AND DISCUSSION

Cu substrates were first rinsed and heated in air for the formation of an oxide layer on the surface, with subsequent heating to 1,040°C in Ar-only and annealing in a reducing atmosphere for some time. Figures 1a–f shows the optical images of graphene domain grown for 30 min on Cu foil pre-annealed with different annealing times in Ar/H2. The other parameters for preparation remained constant. Circular domains were observed, with obvious distinctions of nucleation density and lateral size on different substrates. Figure 1g summarizes the variation of nucleation density to the annealing time. The nucleation density of graphene domains decreased at first, with a slight reduction in the first 15 min, then reaching the lowest, ~4.8 mm−2, when the annealing time was 30 min. However, it increased dramatically with a further annealing duration of another 15 min, reaching as high as ~75 mm−2 when the annealing time was 45 min. Then it decreased sharply at 60 min, with a subsequent slight increase for another 30 min. The nonmonotonic change of nucleation density with several rising and falling stages was quite different from that in previous reports, most of which were monotonic (Gan and Luo, 2013; Sun et al., 2016) or in parabolic shape (Guo et al., 2018) with the changed preparation parameter. On the contrary, the variation of domain size with the annealing time was in contrast to that of the nucleation density (Figure 1h). Lower nucleation density provides more growth space for domains, leading to a larger lateral size.
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FIGURE 1. (a–f) Optical images of graphene domains with 30 min growth on Cu foil pretreated with different annealing times in Ar/H2. (a) 0, (b)15, (c) 30, (d) 45, (e) 60, and (f) 90 min. (g,h) Dependence of (g) nucleation density, and (h) graphene domain size on the annealing periods. Inset in g is the enlargement of curves in the red rectangle, showing the error bars in different points.



The surface morphology of Cu foils after annealing for different time periods in a reducing atmosphere was clarified by atomic force microscopy (AFM), as shown in Figure 2. Figure S1 reveals the 3D AFM images, providing a more direct understanding of the topographic evolution of Cu foil substrates. For the pre-oxidized Cu foil without a subsequent annealing period, the substrate exhibited a rather rough surface with the fluctuation as high as 40 nm. (Figure 2a; Figures S1a,b) Annealing in Ar/H2 for 15 min had a smoothing effect on the Cu surface, leaving several big nanoparticles with almost the same fluctuation than that shown in Figure 2a, and smaller nanoparticles at about a quarter of the height (Figure 2b). Further annealing flattened the surface, lowering the size, and height of nanoparticles, as shown in Figure 2c, and Figures S1e,f. The variation trend of nanoparticles on the substrate surface during the annealing process was consistent with that of nucleation density of graphene domains.
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FIGURE 2. AFM images of Cu foil with an oxide layer pretreated with different annealing times in Ar/H2. (a) 0, (b) 15, (c) 30, (d) 45, (e) 60, and (f) 90 min.



However, extending the annealing time caused a uniformly rough surface with small new nanoparticles, which were considered to come from hydrogen etching, consistent with previous observations (Gan and Luo, 2013) (Figure 2d). In contrast to the evolution of nanoparticles in Figures 2a–c, in this stage, further annealing in Ar/H2 promoted the size growth of nanoparticles, as shown in Figure 2e. In the extended annealing time of 90 and 120 min, with a further reduction of surface oxygen, a competition between the smoothing effect of the high temperature and the etching effect of hydrogen occurred. It is clear that most small nanoparticles vanished because of the smoothing effect, while some nanoparticles grew bigger due to the etching effect (Figure 2f; Figures S2a–c). The difference in the evolution of the nanoparticles may be caused by the uneven distribution of the surface oxygen among them.

The atomic ratio of Cu/O on a copper surface during the annealing process was characterized by XPS, as shown in Figure S3. Based on the results, the effect of surface variation on the nucleation density of graphene domains was further explored. Both the surface defects (such as step edges and nanoparticles) and surface oxidation can lower the energy barrier for the dehydrogenation process of the carbon source. Moreover, the latter possesses greater influence than the former (Hao et al., 2016). It has been speculated that in the initial 30 min annealing process (Figures 2a–c), the degradation of the oxide layer resulted in the formation of nanoparticles with high surface oxygen (Figure S2). The key factor that determines the nucleation density appears to be the density of nanoparticles, since the nanoparticles were both the aggregation points of the surface oxygen and the “defects,” with high fluctuation. However, in the process that followed (Figures 2d–f), the nanoparticles came from hydrogen etching and possessed little surface oxygen. There was no strong correlation between the density of surface nanoparticles and graphene nucleation. In this period, it was difficult to confirm the key factor that determines the nucleation density, since a competition between the points with slight surface oxygen, and the etched nanoparticles with different morphology and height.

Figure 3 reveals the optical images of graphene domains transferred on the SiO2/Si surface. The variation of nucleation density and domain size is in accordance with that in Figure 1. However, the big graphene domains are not single-crystalline, exhibiting near-round shapes with dendritic multilayer graphene branches, as displayed in detail in Figures S2d, S4. Raman measurement was conducted to clarify the structure information of graphene domains. Figure 4b shows the Raman spectra of points marked in Figure 4a. The ratio of the 2D band to the G band (I2D/IG) was calculated as 2.16 and 0.66 for the black point and the red point respectively, indicating single-layer round domains and multilayer graphene branches (Sun et al., 2016). Raman mapping of D, G, and 2D peaks of graphene marked by the rectangle in Figure 4a was also performed, as shown in Figures 4c–e. The relatively high ID in the circle comes from the defects in multilayer structure, while the regions with high ID marked by the black arrows in Figure 4c, were considered to be the result of contaminations on the domain surface. The color contrast in Figure 4f further reveals the layer information in the region, showing the relative uniformity of the single-layer graphene area, and multilayer graphene branches.
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FIGURE 3. Optical images of graphene domains with 30 min growth after being transferred on the SiO2/Si surface. The corresponding substrate was Cu foil with an oxide layer pretreated with different annealing times in Ar/H2. (a) 0, (b)15, (c) 30, (d) 45, (e) 60, and (f) 90 min.
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FIGURE 4. Raman characterization of the obtained graphene domains. (a) Optical image of graphene domains transferred to the SiO2/Si surface. (b) Raman spectra of the black point and the red point marked in a. (c–f) Raman intensity mapping results of (c) D, (d) G, (e) 2D, and (f) G/2D bands of the region marked by red rectangle in (a).



In addition, the crystalline nature of graphene domains was further elucidated by TEM. A domain with a lateral size of about 160 μm was observed after its transfer to a holey carbon supported grid, as shown in Figure 5a. A series of selected area electron diffraction (SAED) patterns were collected. (Figures 5b–h) The layer number was further confirmed by the intensity of the diffraction spots along the line. In region C and D, marked in Figure 5a, the intensity of spots of the outer hexagon is twice or more than that of the inner hexagon, indicating the bilayer (Wu et al., 2017a) or multilayer (Hernandez et al., 2008) stacking of graphene (Figures 5d,e). It was observed that the 6-folded symmetrical SAED patterns of other regions were almost the same, with the intensity ratio of spots in the outer hexagon to the inner hexagon >1, revealing the single-crystal nature of the detected areas (point A,B,E,F,G) (Hernandez et al., 2008). SAED patterns of another domain reveals similar results, as shown in Figure S5. B analyzing the optical images, Raman spectra, and TEM characterization of the obtained graphene domains, it is clear that the structure is composed of a big compact single crystal with near-round shape, and multilayer dendritic structure.
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FIGURE 5. TEM characterization of a graphene domain. (a) SEM image of a graphene domain suspending on a holey carbon supported grid. (b–h) SAED patterns collected from the labeled regions in (a). Inset figures in the upper right are peak intensity profiles from the line marked by two red arrows in the SAED patterns, indicating the stacking style of graphene.



To investigate the formation mechanism of this composite structure, a series of experiments were done, to try eliminate the dendritic graphene branches to obtain pure single crystals. Because hydrogen in the growth duration plays the role of an etching reagent to the graphene edges (Vlassiouk et al., 2011), high H2-to-CH4 ratios were employed by decreasing the proportion of methane for a stronger etching effect with less carbon supply. The optical images of the obtained graphene domains and parameters for preparation are shown in Figure S6, Table S1, respectively. An extremely low domain density was observed with half the flow rate of methane, with only one domain in several fields of view (Figures S6a,e). Graphene domains were difficult to find using optical microscopy after the complicated polymer-assistant transfer process. Moreover, the graphene domains were smaller than 30 μm after growth for 30 min, exhibiting ultralow growth rates compared with other oxygen-assistant methods (Gan and Luo, 2013; Hao et al., 2013; Wu et al., 2017b). Therefore, the growth protocol was not suitable for practical preparation. In addition, reducing the molecular ratio of methane did not seem to decrease the proportion of multilayer graphene branches (Figures S6f,g). The time evolution of graphene domains was also observed, as shown in Figure S7. It is clear that the multilayer graphene branches still exist with a high coverage proportion when the growth time is halved (Figure S7d), revealing that they emerge at the initial stage, rather than being a phenomenon caused by carbon aggregation with the extension of time.

Furthermore, the dendritic graphene branches always attached to the single-crystalline layer and did not exist independently. Together with the above-discussed fact that the growth protocol has little effect on the presence of multilayer graphene branches, it is clear that the surface diffusion of carbon-based species underneath the single crystal plays a vital role in the formation of graphene branches. It has been speculated that in the substrate ramping, and annealing process, the oxide layer on the Cu surface changes the carbon solubility and growth kinetics of graphene (Hao et al., 2016; Sun et al., 2016). The oxide layer possibly also contributed to the accumulation of impurities such as residual metals (Huet and Raskin, 2018). During the growth process, the first single-crystal graphene layer was attributed to the adsorbed carbon atoms on the surface (Gan and Luo, 2013; Hao et al., 2013; Guo et al., 2018), while the multilayer graphene branches formed by active C species passing through the edge of up-layer graphene domains due to the catalytic activity of accumulated residual metal impurities (Zhang et al., 2014; Wu et al., 2017a), or by the diffusion of carbon atoms through the Cu bulk (Hao et al., 2016; Sun et al., 2016). The growth of the single-crystal graphene domains and the multilayer graphene branches was almost synchronous.

The influence of growth temperature on the nucleation density and lateral size of graphene domains was examined, as shown in Figure 6, with the plotted lines shown in Figure S8. The nucleation density decreased from ~4.8 mm−2 to ~2.4 mm−2 with an increasing growth temperature. (Figure S8a), Correspondingly, the size of graphene domains increased with the growth temperature, with the average lateral dimension as large as ~400 μm at 1,070°C (Figure S8b). Moreover, it is obvious that the edge of the domains gradually change from dendritic to compact, as indicated in Figures 6d–f. It has been reported that temperature has a significant influence on the amount and distribution of O species on the surface of the Cu foil (Wang et al., 2016b). At the same time, the proportion of multilayer graphene branches in the domains decreased, possibly due to the modified distribution of residual metal impurities on the surface. With the optimized temperature, extending the growth time to 60 min reveals a large domain size with lateral dimension of ~720 μm (Figure S8c). Further extending the growth time to 120 min lead to the connection of domains, with nearly no space for further lateral dimension growth (Figure S8d).
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FIGURE 6. Optical images of the obtained graphene domains prepared with different growth time. (a,d) 1040°C, (b,e) 1060°C, (c,f) 1070°C. Inset in (d) is the SEM image of the dendritic domain edge.



CONCLUSIONS

In summary, graphene domains have been synthesized on Cu foil with pre-oxidation, and pre-annealing, composed of a near-round single-crystal layer and dendritic multilayer graphene branches. The dependence of nucleation density and domain size on the Cu surface evolution in the annealing duration in Ar/H2 was clarified. Furthermore, a systematic study in the effect of gas ratio, time, and temperature on graphene domain was undertaken to explore the formation mechanism of the special structures, as impurities such as residual metal impurities accumulated near the Cu surface due to the existence of the oxide layer. The results provide a better understanding of the growth behavior of graphene domains on the Cu surface with an oxide layer originating from the native existence or artificial treatment, paving the way for the synthesis of high-quality graphene films.
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