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            Abstract
Large-area single-crystal monolayers of two-dimensional (2D) materials such as graphene1,2,3, hexagonal boron nitride (hBN)4,5,6 and transition metal dichalcogenides7,8 have been grown. hBN is considered to be the â€˜idealâ€™ dielectric for 2D-materials-based field-effect transistors (FETs), offering the potential for extending Mooreâ€™s law9,10. Although hBN thicker than a monolayer is more desirable as substrate for 2D semiconductors11,12, highly uniform and single-crystal multilayer hBN growth has yet to be demonstrated. Here we report the epitaxial growth of wafer-scale single-crystal trilayer hBN by a chemical vapour deposition (CVD) method. Uniformly aligned hBN islands are found to grow on single-crystal Ni (111) at early stage and finally to coalesce into a single-crystal film. Cross-sectional transmission electron microscopy (TEM) results show that a Ni23B6 interlayer is formed (during cooling) between the single-crystal hBN film and Ni substrate by boron dissolution in Ni. There are epitaxial relationships between hBN and Ni23B6 and between Ni23B6 and Ni. We also find that the hBN film acts as a protective layer that remains intact during catalytic evolution of hydrogen, suggesting continuous single-crystal hBN. This hBN transferred onto the SiO2 (300â€‰nm)/Si wafer acts as a dielectric layer to reduce electron doping from the SiO2 substrate in MoS2 FETs. Our results demonstrate high-qualityÂ single-crystalÂ  multilayered hBN over large areas, which should open up new pathways for making it a ubiquitous substrate for 2D semiconductors.
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                    Fig. 1: Growth of single-crystal trilayer hBN on Ni (111).


Fig. 2: Crystal structure of trilayer hBN on Ni23B6/Ni (111).


Fig. 3: The mechanism of trilayer hBN growth.


Fig. 4: Peel-off test of hBN/Ni23B6 and a FET built with hBN as a dielectric.



                


                
                    
                
            

            
                Data availability

              
              The data that support the findings of this paper are available in the paper. Source data are available in the paper.

            

Code availability

              
              All computational data are presented in the manuscript. All density functional theory calculations were performed using the Vienna Ab initio Simulation Package (VASP), which is commercially available at https://www.vasp.at/.
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Extended data figures and tables

Extended Data Fig. 1 Growth method and annealing protocol for growth of single-crystal trilayer hBN on Ni (111).
a, Electron backscatter diffraction inverse pole figure map in the normal direction of Ni (111) foil produced by the contact-free annealing method. b, Schematic diagram of high-temperature and low-pressure CVD for the growth of hBN on Ni (111). c, Temperatureâ€“time profile for hBN growth. d, Photograph of a 2â€‰cmâ€‰Ã—â€‰5â€‰cm as-grown single-crystal trilayer hBN film on Ni (111).


Extended Data Fig. 2 Uniformity of aligned growth of hBN flakes on Ni (111).
a, b, Large-area SEM images of as-grown unidirectionally aligned hBN flakes on Ni (111) substrate after growth for 30â€‰min. AFM images of trilayer hBN islands for growth times of 30â€‰min (c) and 45â€‰min (d). The insets in c and d show height measurements taken at the position of the yellow lines. The average thicknesses of hBN islands at growth times of 30â€‰min (total 25 flakes) and 45â€‰min (total 17 flakes) are 1.03â€‰Â±â€‰0.06 and 1.05â€‰Â±â€‰0.03â€‰nm, respectively. It suggests uniform thickness of the trilayer hBN film over large areas.
Source Data


Extended Data Fig. 3 Thickness uniformity of trilayer hBN film transferred onto SiO2 (300â€‰nm)/Si.
Photograph of 2â€‰cmâ€‰Ã—â€‰5â€‰cm hBN film transferred onto the SiO2 (300â€‰nm)/Si substrate and AFM images obtained at the eight marked positions. Insets show representative height profiles at the film edges. The mean and standard deviation of AFM thickness at 24 positions is 1.27â€‰Â±â€‰0.06â€‰nm.
Source Data


Extended Data Fig. 4 The effect of cooling rate on hBN thickness.
AFM images of hBN film transferred onto SiO2/Si for cooling rates of âˆ’30â€‰Â°Câ€‰minâˆ’1 (a) and âˆ’5â€‰Â°Câ€‰minâˆ’1 (b) (cooling from 1,220â€‰Â°C to 620â€‰Â°C in both cases).
Source Data


Extended Data Fig. 5 Atomic distributions, cooling rate effect and time evolution of hBN/Ni23B6/Ni.
EF-TEM mapping of hBN/Ni23B6/Ni. a, Cross-sectional TEM image (upper left) and EF-TEM maps of boron (red), nitrogen (green) and nickel (blue). b, An image of overlaid EF-TEM maps for all elements. The effect of cooling rate for cooling from 1,220â€‰Â°C to 620â€‰Â°C. Cross-sectional TEM images of as-formed Ni23B6 alloy for cooling rates of âˆ’60â€‰Â°Câ€‰minâˆ’1 (c), âˆ’30â€‰Â°Câ€‰minâˆ’1 (d) and âˆ’5â€‰Â°Câ€‰minâˆ’1 (e). f, Proposed mechanism for escape of B atoms during cooling. Slow cooling causes escape of more B atoms, and the thickness of Ni23B6 alloy decreases. gâ€“i, schematic diagrams (upper panels) and cross-sectional TEM images (lower panels) at different growth times of 30â€‰min (g), 45â€‰min (h) and 60â€‰min (i) at 1,220â€‰Â°C. Cross-section TEM images show the Ni23B6 surface near the boundary of Ni23B6/Ni and Ni surface after growth for 30â€‰min.


Extended Data Fig. 6 Growth of hBN on Ni (111) at different growth temperatures.
SEM images of hBN grown on Ni (111) for 30â€‰min at 1,020â€‰Â°C (a), 1,120â€‰Â°C (b), 1,170â€‰Â°C (c), 1,220â€‰Â°C (d), 1,270â€‰Â°C (e) and 1,320â€‰Â°C (f). The average thickness of hBN islands at 1,170â€‰Â°C is 1.05â€‰Â±â€‰0.04â€‰nm. The inset of a shows the SAED pattern of the hBN film grown at 1,020â€‰Â°C.


Extended Data Fig. 7 Analysis of the crystal orientation of single-crystal trilayer and polycrystal multilayer hBN films with LC-assisted POM.
Schematic of LC alignment on hBN (a) and a corresponding photograph (b). Areas 1, 2 and 3 in b are pieces (1â€‰cmâ€‰Ã—â€‰1â€‰cm) broken from a large hBN film (2â€‰cmâ€‰Ã—â€‰5â€‰cm) on SiO2 (300â€‰nm)/Si. c, Representative POM images of LC-coated hBN film as a function of the polarized light angles from 0 to 180Â° at Area 1 in b. POM images of Areas 2 and 3 are the same as Area 1. d, POM images of LC-coated polycrystal hBN film as a function of the polarized light angles from 0 to 180Â°. The inhomogeneous colour contrast is shown as a function of the polarized light angles.


Extended Data Fig. 8 Analysis of crystalline domains with polarized SHG imaging and PL spectra.
Optical micrographs of â€˜single-crystalâ€™ trilayer hBN (a) and polycrystalline multilayer hBN (b) films. Raster scanning images of SHG intensity ratio, (Icross/Ipara)0.5, which is governed by the crystallographic orientation: single-crystal trilayer hBN (c) and polycrystalline multilayer hBN (d) films. Ipara and Icross denote the SHG signals parallel and perpendicular to the polarization of the fundamental 950-nm beam, respectively. The images were obtained within the blue squares of a and b. Histograms in e and f show the ratio distribution of c and d, respectively. AÂ single domainÂ could be inferred in e, whereas four grains in f. Note that the centre-to-centre distance in trilayer hBN islands in Fig. 1 and Extended Data Fig. 2 is less than 20â€‰Î¼m. The results indicate that the trilayer hBN sample in a is a single crystal and, thus, does not have any grain boundaries, unlike the polycrystalline hBN sample in b. g, PL spectra of single-crystal trilayer and polycrystalline hBN (h) films on SiO2 (300â€‰nm)/Si substrate. Spectra were measured at ten different positions for each sample and all of them showed essentially the same result. The excitation wavelength is 340â€‰nm (140â€‰fs 80â€‰MHz, 1.3â€‰mW). Although the PL emission of polycrystalline hBN appears at 565â€‰nm (about 2.19â€‰eV), that of single-crystal trilayer hBN film is the same as from the SiO2 (300â€‰nm)/Si substrate.
Source Data


Extended Data Fig. 9 Growth and characterizations of bilayer and five-layer hBN films.
a, Photograph of 5â€‰mmâ€‰Ã—â€‰5â€‰mm bilayer hBN film on a SiO2 (300â€‰nm)/Si substrate after transfer. b, Raman spectra at the 16 positions indicated in a. c, Comparison of Raman spectra of bilayer and trilayer hBN. The absolute Raman intensity of bilayer hBN (197.1â€‰Â±â€‰17.4) is 1.6 times lower than that of trilayer hBN (314.4â€‰Â±â€‰23.5). This is consistent with the results reported for the ratio of Raman peak intensities for mechanically exfoliated trilayer and bilayer hBN (ref.â€‰52). d, AFM images show four edges of the bilayer hBN film transferred onto the SiO2 (300â€‰nm)/Si substrate. Representative height profiles are shown in the insets. The average AFM thickness at 12 positions is 0.91â€‰Â±â€‰0.04â€‰nm. e, POM images of LC-coated bilayer hBN film as a function of the polarized light angle (from 0 to 180Â°). f, Photograph of 5â€‰mmâ€‰Ã—â€‰5â€‰mm five-layer hBN film on a SiO2 (300â€‰nm)/Si substrate after transfer. g, Raman spectra at the 16 positions indicated in f. h, Comparison of Raman spectra of trilayer and five-layer hBN. The absolute Raman intensity of five-layer hBN (515.6â€‰Â±â€‰24.1) is 1.64 times higher than that of trilayer hBN (314.4â€‰Â±â€‰23.5). This is consistent with the result for the ratio of Raman peak intensities for mechanically exfoliated five-layer and trilayer hBN (ref.â€‰52). i, AFM images show four edges of the five-layer hBN film transferred onto the SiO2 (300â€‰nm)/Si substrate. Representative height profiles are shown in the insets. The average AFM thickness at 12 positions is 1.93â€‰Â±â€‰0.11â€‰nm. j, POM images of LC-coated five-layer hBN film as a function of the polarized light angle (from 0 to 180Â°). As we demonstrated above, we could control the thickness of hBN film with different calculated specific binding energies by changing flows of reactant gases, which affects chemical equilibrium and chemical potential. Our standard condition leads to commonly observed single-crystal 3L hBN in a broad range of borazine gas flow rates, and we need to substantially change the amount of borazine or to add another precursor, N2, as a feedstock to change the chemical equilibrium to tune the hBN thickness. Finally, we found bilayer hBN when borazine gas flow was reduced from 0.1â€‰sccm to 0.025â€‰sccm. hBN thicker than trilayer was observed when large N2 gas flow (50â€‰sccm) was added.
Source Data


Extended Data Fig. 10 Configurations of a hBN nucleus (N7B6) at different sites of vicinal Ni (111) substrates.
The calculated binding energies are shown below with a unit of eV.





Supplementary information
Peer Review File




Source data
Source Data Fig. 1

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Ma, K.Y., Zhang, L., Jin, S. et al. Epitaxial single-crystal hexagonal boron nitride multilayers on Ni (111).
                    Nature 606, 88â€“93 (2022). https://doi.org/10.1038/s41586-022-04745-7
Download citation
	Received: 27 May 2021

	Accepted: 08 April 2022

	Published: 01 June 2022

	Issue Date: 02 June 2022

	DOI: https://doi.org/10.1038/s41586-022-04745-7


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Multilayer 2D insulator shows promise for post-silicon electronics
                

                
	Soo Ho Choi
	Soo Min Kim



                
    
        
            Nature
        
        News & Views
        
        
            01 Jun 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








