







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 27 May 2020



                    Seeded growth of large single-crystal copper foils with high-index facets

                    	Muhong Wu1,2,3Â na1, 
	Zhibin ZhangÂ 
            ORCID: orcid.org/0000-0002-9303-97931Â na1, 
	Xiaozhi XuÂ 
            ORCID: orcid.org/0000-0003-1067-95904Â na1, 
	Zhihong ZhangÂ 
            ORCID: orcid.org/0000-0002-8718-45482Â na1, 
	Yunrui Duan5,6, 
	Jichen Dong5, 
	Ruixi Qiao2, 
	Sifan You2, 
	Li Wang1,7, 
	Jiajie Qi1, 
	Dingxin Zou8, 
	Nianze Shang1, 
	Yubo Yang9, 
	Hui Li6, 
	Lan Zhu10, 
	Junliang SunÂ 
            ORCID: orcid.org/0000-0003-4074-096211, 
	Haijun YuÂ 
            ORCID: orcid.org/0000-0003-0204-99439, 
	Peng GaoÂ 
            ORCID: orcid.org/0000-0001-9868-21152, 
	Xuedong BaiÂ 
            ORCID: orcid.org/0000-0002-1403-491X7, 
	Ying JiangÂ 
            ORCID: orcid.org/0000-0002-6887-55032,12, 
	Zhu-Jun WangÂ 
            ORCID: orcid.org/0000-0002-8227-732313, 
	Feng DingÂ 
            ORCID: orcid.org/0000-0001-9153-92795,14, 
	Dapeng Yu8, 
	Enge Wang2,3,15 & 
	â€¦
	Kaihui LiuÂ 
            ORCID: orcid.org/0000-0002-8781-24951,2Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 581,Â pages 406â€“410 (2020)Cite this article
                    

                    
        
            	
                        29k Accesses

                    
	
                        117 Citations

                    
	
                            9 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Materials science
	Nanoscience and technology


    


                
    
    

    
    

                
            


        
            Abstract
The production of large single-crystal metal foils with various facet indices has long been a pursuit in materials science owing to their potential applications in crystal epitaxy, catalysis, electronics and thermal engineering1,2,3,4,5. For a given metal, there are only three sets of low-index facets ({100}, {110} and {111}). In comparison, high-index facets are in principle infinite and could afford richer surface structures and properties. However, the controlled preparation of single-crystal foils with high-index facets is challenging, because they are neither thermodynamically6,7 nor kinetically3 favourable compared to low-index facets6,7,8,9,10,11,12,13,14,15,16,17,18. Here we report a seeded growth technique for building a library of single-crystal copper foils with sizes of about 30Â Ã—Â 20 square centimetres and more than 30 kinds of facet. A mild pre-oxidation of polycrystalline copper foils, followed by annealing in a reducing atmosphere, leads to the growth of high-index copper facets that cover almost the entire foil and have the potential of growing to lengths of several metres. The creation of oxide surface layers on our foils means that surface energy minimization is not a key determinant of facet selection for growth, as is usually the case. Instead, facet selection is dictated randomly by the facet of the largest grain (irrespective of its surface energy), which consumes smaller grains and eliminates grain boundaries. Our high-index foils can be used as seeds for the growth of other Cu foils along either the in-plane or the out-of-plane direction. We show that this technique is also applicable to the growth of high-index single-crystal nickel foils, and we explore the possibility of using our high-index copper foils as substrates for the epitaxial growth of two-dimensional materials. Other applications are expected in selective catalysis, low-impedance electrical conduction and heat dissipation.
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                    Fig. 1: Characterization of a Cu(112) single crystal annealed from a commercial polycrystalline foil.[image: ]


Fig. 2: Single-crystal Cu foils of A4 paper size with various facet indices.[image: ]


Fig. 3: Pre-oxidation-guided seeded growth of single-crystal Cu foils with high facet indices.[image: ]


Fig. 4: Facet transfer of single-crystal Cu and characterization of high-index single-crystal Ni foils.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Reconstructed single-crystal XRD images of Cu foils with various indices.
Corresponding to those shownÂ in Fig. 2.Â The white facets are parallel to the Cu foil surfaces.


Extended Data Fig. 2 Atomic surface structures of Cu surfaces with high-index facets.
aâ€“d, Atomic structures of (112) (a), (122) (b), (133) (c) and (223) (d) surfaces (top, side view; bottom, top view). eâ€“h, Corresponding STM images of the single-crystal Cu surfaces shown in aâ€“d. These maps are of the same size. The high-index facets feature a stripe-like structure. The measured â€˜stripeâ€™ spacings are consistent with calculated values from the atomic model. Because the corrugation along the Cu stripe is much smaller than that perpendicular to the stripe, owing to the strong delocalization of electrons along the stripe, the atomic resolution of Cu atoms within the stripe is not very high.


Extended Data Fig. 3 Representative EBSD IPF maps and reconstructed single-crystal XRD image of Cu foil and the calculation model for boundary movement during abnormal grain growth.
a, b, After annealing, the untreated terminal was transformed into Cu(111) (a) and the pre-oxidized part was transformed into Cu(235) (b). The two maps are of the same size. c, Reconstructed single-crystal XRD image of the Cu(235) facet. d, Growth of a large grain by consuming small grains around it.


Extended Data Fig. 4 Characterizations of the oxide layer on the Cu surface and statistics of high-index facets obtained.
aâ€“c, SEM images of Cu cross section after oxidation at 150â€‰Â°C for 2Â h (a), 250â€‰Â°C for 2Â h (b) and 500â€‰Â°C for 1Â h (c). The samples were prepared using the focused ion beam technique, and the polymethyl methacrylate (PMMA) and platinum (Pt) were used as protective layers to prevent damage to the sample from milling with the ion beams. d, Cross-sectional TEM images of Cu oxidized in air at 500â€‰Â°C for 1Â h. An oxidized layer was formed on the Cu surface. e, f, Selected-area electron diffraction patterns of the Cu (e) and the oxide layer (f). Unlike the single-crystal texture of the original Cu (e), the oxide layer has a polycrystalline structure (f). gâ€“i, Statistical sector diagrams of the facet indices obtained by annealing the pre-oxidized Cu foils at conditions corresponding to aâ€“c. The occurrence probability of high-index Cu facets was reduced from ~82% (g; 150â€‰Â°C in air for 2Â h) to ~74% (h; 250â€‰Â°C in air for 2Â h) and ~67% (l; 500â€‰Â°C in air for 1Â h), but remained very high.


Extended Data Fig. 5 Temperature-difference-driven single-seed abnormal grain growth.
a, Simulated temperature distribution in the Cu foil. The upper and lower areas of the central part of the Cu foil have the highest temperature. bâ€“d, Measurement of the temperature difference. Nine pieces of Ag foil were placed into our furnace and were then annealed at 955â€‰Â°C (b), 960â€‰Â°C (c) and 965â€‰Â°C (d). With increasing temperature, different parts melted; the temperature difference was estimated to be ~10â€‰Â°C. The image sizes for bâ€“d are ~40Â Ã—Â 22Â cm2. eâ€“h, Typical single-crystal evolution in our abnormal grain growth with a temperature difference.


Extended Data Fig. 6 Facet transfer and representative XRD spectra of the seed and the Cu foils with transferred facets.
a, In-plane facet transfer by placing a small single-crystal Cu(hkl) piece on polycrystalline Cu foils. bâ€“e, XRD 2Î¸ (b) and Ï† (d) scan data for the seed, and the final Cu foil with the transferred facet (c, e). The 2Î¸ peak for the (245) facet is out of the XRD scan range. f, Reconstructed single-crystal XRD image of the (245) facet, showing that the (245) seed was successfully copied and a new large-size single-crystal Cu(245) foil was produced. g, Reconstructed single-crystal XRD image of the Cu(256) foil.


Extended Data Fig. 7 Simulation of facet-transfer growth.
a, Simulation system. bâ€“g, Structure evolution during the heating and preservation process. Two cross-sections are presented here, marked by dark dashed lines in a. b shows the initial configuration of the system, where the substrate is composed of 64 parts with diverse in-plane orientations. The seed is placed in the middle of the substrate surface. With increasing temperature, the part of the substrate that is in contact with the seed inherits the seed orientation first; then, the seeded grain has an advantage in size over the other grains and the orientation spreads into the entire foil (câ€“g). Different colours in bâ€“g indicate distinct structures, that is, the red parts have a face-centred cubic (fcc) structure; the white parts are grain boundaries; the green parts are stacking faults, twin boundaries or grain boundaries; and the blue parts have a body-centred cubic (bcc) structure.


Extended Data Fig. 8 Crystallographic characterization of high-index single-crystal Ni foils.
a, b,Â SEM images of polycrystalline (a) and single-crystal (b) Ni foils with the same size. câ€“e, Reconstructed single-crystal XRD images of single-crystal Ni foils. The white facets are parallel to the Ni foil surfaces.


Extended Data Fig. 9 Epitaxial growth of graphene and hBN on high-index single-crystal Cu foils.
aâ€“d, SEM images of unidirectionally aligned graphene (Gr) domains on (112) (a), (113) (b), (133) (c) and (223) (d) facets. eâ€“h, SEM images of unidirectionally aligned hBN domains on (013) (e), (014) (f), (025) (g) and (122) (h) facets.


Extended Data Table 1 Surface energy (in eVÂ nmâˆ’2) and facet characterization of single-crystal Cu foilsFull size table
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