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            Abstract
Dopingâ€”the intentional introduction of impurities into a materialâ€”is fundamental to controlling the properties of bulk semiconductors. This has stimulated similar efforts to dope semiconductor nanocrystals1,2,3,4. Despite some successes5,6,7,8,9,10,11, many of these efforts have failed, for reasons that remain unclear. For example, Mn can be incorporated into nanocrystals of CdS and ZnSe (refs 7â€“9), but not into CdSe (ref. 12)â€”despite comparable bulk solubilities of near 50â€‰per cent. These difficulties, which have hindered development of new nanocrystalline materials13,14,15, are often attributed to â€˜self-purificationâ€™, an allegedly intrinsic mechanism whereby impurities are expelled. Here we show instead that the underlying mechanism that controls doping is the initial adsorption of impurities on the nanocrystal surface during growth. We find that adsorptionâ€”and therefore doping efficiencyâ€”is determined by three main factors: surface morphology, nanocrystal shape, and surfactants in the growth solution. Calculated Mn adsorption energies and equilibrium shapes for several nanocrystals lead to specific doping predictions. These are confirmed by measuring how the Mn concentration in ZnSe varies with nanocrystal size and shape. Finally, we use our predictions to incorporate Mn into previously undopable CdSe nanocrystals. This success establishes that earlier difficulties with doping are not intrinsic, and suggests that a variety of doped nanocrystalsâ€”for applications from solar cells16 to spintronics17â€”can be anticipated.
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                    Figure 1: 
                        Theoretical binding energies for individual Mn adsorbates on various semiconductor surfaces.
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Figure 2: 
                        Equilibrium crystal shape for cubic systems, as determined by the ratios of their surface energies.
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Figure 3: 
                        Photoluminescence data and theoretical doping model for ZnSe nanocrystals doped with Mn.
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Figure 4: 
                        Mn doping of zinc-blende and wurtzite CdSe nanocrystals.
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Doping the undopable
The properties of bulk semiconductors can be modified by doping, the intentional incorporation of impurities. The same method applied to semiconductor nanocrystals has had only limited success. Now a microscopic explanation of how dopants are incorporated into growing semiconductor nanocrystals provides pointers as to how these problems might be overcome. Doping efficiency depends on the initial adsorption of impurities on the surface of the crystal, and by close attention to growth conditions, namely surface morphology, crystal shape and surfactants, â€˜undopableâ€™ nanocrystals such as CdSe may soon become â€˜dopableâ€™ for use in applications such as solar cells and spintronics.
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