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ZnO semiconductor structures are of outstanding current research interest for a broad range of applications including transparent flexible electronics, visible light emitters, mechanical transducers and energy converters, and solar energy conversion.  The ability to form a variety of nanostructure morphologies from ZnO has excited particular interest in the realization of nanoscale devices and circuit components using ZnO.  However, a pervasive underlying theme in ZnO research has been the difficulty of achieving p-type doping, which is essential for ZnO-based visible light emitters and bipolar transistors.  In addition, p-type doping is required for realization of complementary circuits based on ZnO field-effect transistors – the ZnO analog of the silicon circuits that today power essentially all microprocessors and many communications circuits.  
In recent research
 partly supported by this NIRT program, we have succeeded in synthesizing p-type ZnO nanowires and p-channel ZnO nanowire field-effect transistors using phosphorus as an acceptor species.  The ZnO nanowires are grown on sapphire substates by chemical vapor deposition in a custom-built reactor, yielding dense arrays of ZnO nanowires as shown in Figure 1(a).  By introducing phosphorus into the ZnO nanowires during growth and using a post-growth annealing process, p-type conductivity is obtained with phosphorus acting as the acceptor species.  Photoluminescence studies confirmed the presence of electrically active acceptors in the ZnO nanowires after annealing.  ZnO nanowire field-effect transistors were also fabricated, and the electrical characteristics of these transistors, shown in Figure 1(b), confirmed that p-type electrical conductivity has indeed been achieved.
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Figure 1.  (a) Scanning electron micrograph of p-ZnO nanowire array; scale bar is 200nm.  (b) Current-voltage characteristic of ZnO nanowire FET at gate voltages of 40V to -40V showing p-channel conduction.
These results represent a significant breakthrough in both nanowire research and material synthesis generally, as successful realizations of p-type ZnO nanowires have implications not only for nanowires but for other ZnO nanostructure morphologies and thin films as well.  Our results are expected to enable a broad range of advances in exploitation of ZnO nanowires for electronics, optoelectronics, and other applications.
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