







    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



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 26 August 2015



                    Substitutional doping in nanocrystal superlattices

                    	Matteo Cargnello1Â na1Â nAff7, 
	Aaron C. Johnston-Peck2Â na1, 
	Benjamin T. Diroll1Â na1, 
	Eric Wong3, 
	Bianca Datta4, 
	Divij Damodhar4, 
	Vicky V. T. Doan-Nguyen4, 
	Andrew A. Herzing2, 
	Cherie R. Kagan1,4,5 & 
	â€¦
	Christopher B. Murray1,4Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 524,Â pages 450â€“453 (2015)Cite this article
                    

                    
        
            	
                        19k Accesses

                    
	
                        171 Citations

                    
	
                            44 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Electronic devices
	Molecular self-assembly
	Nanoparticles


    


                
    
    

    
    

                
            


        
            Abstract
Doping is a process in which atomic impurities are intentionally added to a host material to modify its properties. It has had a revolutionary impact in altering or introducing electronic1,2, magnetic3,4, luminescent5,6, and catalytic7 properties for several applications, for example in semiconductors. Here we explore and demonstrate the extension of the concept of substitutional atomic doping to nanometre-scale crystal doping, in which one nanocrystal is used to replace another to form doped self-assembled superlattices. Towards this goal, we show that gold nanocrystals act as substitutional dopants in superlattices of cadmium selenide or lead selenide nanocrystals when the size of the gold nanocrystal is very close to that of the host. The gold nanocrystals occupy random positions in the superlattice and their density is readily and widely controllable, analogous to the case of atomic doping, but here through nanocrystal self-assembly. We also show that the electronic properties of the superlattices are highly tunable and strongly affected by the presence and density of the gold nanocrystal dopants. The conductivity of lead selenide films, for example, can be manipulated over at least six orders of magnitude by the addition of gold nanocrystals and is explained by a percolation model. As this process relies on the self-assembly of uniform nanocrystals, it can be generally applied to assemble a wide variety of nanocrystal-doped structures for electronic, optical, magnetic, and catalytic materials.
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                    Figure 1: Characterization of doped monolayer superlattices.[image: ]


Figure 2: Characterization of doped multilayered superlattices.[image: ]


Figure 3: Direct-current conductivity characterization of PbSe nanocrystal superlattices doped with varying amounts of Au/Ag nanocrystals.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterization of starting building blocks.
a, b, Representative TEM images; c, d, ultravioletâ€“visible spectra; e, f, small-angle X-ray scattering (SAXS) patterns, of Au nanocrystals (a, c, e) and CdSe nanocrystals (b, d, f). For Au, the SAXS data include the fit to particle size and size dispersion (solid black trace), providing an estimated particle diameter of 6.85 Â± 0.45 nm (95% confidence, including organic ligand shell).


Extended Data Figure 2 Long-range large-area ordering in doped nanocrystal superlattices.
Low-magnification TEM image of CdSe superlattices doped with Au, showing the large areas (at least 5 Âµm2) of ordered assemblies formed onto TEM grids. Inset, digital diffraction pattern showing the hexagonal long-range ordering in the superlattices.


Extended Data Figure 3 Voronoi analysis of doped monolayer superlattices.
aâ€“d, Representative TEM images of mixed Au/CdSe ordered monolayers with different densities of Au nanocrystals: a, 66 nanocrystals Âµmâˆ’2; b, 128 nanocrystals Âµmâˆ’2; c, 183 nanocrystals Âµmâˆ’2; d, 317 nanocrystals Âµmâˆ’2. e, Corresponding larger-area Voronoi diagrams. f, Associated particleâ€“particle distance histograms. g, Average number of edges.


Extended Data Figure 4 Segregation of dopants.
Superlattices assembled from oleylamine-capped Au nanocrystals and oleic-acid-capped CdSe nanocrystals. Au nanocrystals tend to segregate and agglomerate at grain boundaries instead of mixing with CdSe nanocrystals. The grain boundary between two assembled regions of CdSe nanocrystals is highlighted by a dashed white line.


Extended Data Figure 5 Segregation of Au nanocrystals owing to size mismatch.
Assembly of 6.5-nm PbSe nanocrystals and 5.5-nm Au nanocrystals (NCs) at the liquidâ€“air interface. Arrows point to grain boundaries or regions on top of the PbSe superlattices (SLs) where Au nanocrystals segregate preferentially.


Extended Data Figure 6 PbSe superlattices doped with Au/Ag nanocrystals.
The images show the assembly of PbSe superlattices doped with different Au/Ag concentrations by volume at the liquidâ€“air interface.


Extended Data Figure 7 Segregation of dopants in multilayers.
TEM images showing preferential segregation of Au nanocrystals to regions of CdSe multilayers rather than monolayers. Grain boundaries are highlighted with dashed white lines.


Extended Data Figure 8 Characterization of ligand-exchanged doped superlattices.
a, b, Representative TEM images of Au/Ag-doped PbSe films following ligand exchange of the long, alkyl ligands with compact thiocyanate ions. Extensive cracks are formed, especially where the grain boundaries were present. c, Selected area electron diffraction pattern of Au/Agâ€“PbSe assemblies, showing a low degree of preferential orientation of the crystallographic axes. d, e, Auâ€“CdSe films before (d) and after (e) ligand exchange, showing that the order is preserved to a large extent, given the presence of hexagonal close-packed patches in the sample. f, High-resolution STEM of an Au/Agâ€“PbSe film after ligand exchange. g, h, TSAXS and GISAXS analysis of the films before (g) and after (h) ligand exchange.


Extended Data Figure 9 Substrates for conductivity measurements.
Optical microscopy images of the patterned substrates covered with the doped superlattices for conductivity measurements.


Extended Data Figure 10 Temperature-dependent conductivity models.
aâ€“d, Fitting of different temperature-dependent conductivity models to data obtained for samples of PbSe doped with 16.5% Au/Ag. The best single fit out of several possibilities over the entire temperature range is a modified form of the Efrosâ€“Shklovskii variable-range hopping with Tâˆ’2/3 dependence, shown in b. The observation of this behaviour in sub-percolation doped superlattices is to be expected, because conductivity is constrained by hopping to non-nearest neighbours. The good fit obtained using the general Tâˆ’1 expression for near-neighbour hopping, shown in a, not surprisingly still describes the system quite well, given that the composition is close to the percolation threshold. However, a reduced activation energy analysis also suggests that the transport behaviour is in best agreement with modified Efrosâ€“Shklovskii hopping. The original Efrosâ€“Shklovskii variable-range hopping dependence with Tâˆ’1/2 shown in c was found in the past to describe CdSe solids well; however, the presence of Au nanocrystal dopants clearly changes the behaviour in our system compared with the behaviour of pure quantum dot solids. The Mott variable-range hopping with a dependency of Tâˆ’1/4, shown in d, clearly does not describe the system, probably because of the increased density of states in the solid owing to the presence of the Au nanocrystal dopants.





Supplementary information
Tomography reconstruction of multilayer doped superlattices
Video showing a YZ slice progression of the reconstruction volume of Au NC-PbSe NC doped superlattices reported in Figure 2 of the main text. Au NCs appear as bright spots in the ordered layers and are then isolated as single yellow spheres in the final reconstruction. (MP4 7850 kb)
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Doping â€” widely used in semiconductors, diluted magnetic materials and phosphors â€” is a process in which extraneous atoms are introduced into a host material in order to improve or create new electronic, magnetic and optical properties. Christopher Murray and colleagues introduce the concept of substitutional doping in nanocrystal superlattices, where artificial atoms (uniform nanocrystals) are used instead of atoms. They demonstrate the random incorporation of gold nanocrystals into a semiconductor (CdSe or PbSe) nanocrystal superlattice, where one nanocrystal can be replaced with another of the same size but different composition. The conductivity of the resulting material is modulated by metallic percolation pathways controlled by the density and distribution of the dopants. The use of self-assembly means that this novel technique should be widely applicable to a range of different materials and compositions.
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