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When a photon with an energy larger than the band gap of the absorber in a conventional single junction solar cell is absorbed, the carriers it creates typically relax quickly to the conduction and valence band edges by giving off heat before being collected.  This is a major source of inefficiency in the photovoltaic conversion of solar energy into electrical energy.  Architectures which allow collection of hot carriers before they relax are under active investigation.  A critical step in developing hot carrier devices is finding materials systems that allow carriers to be transferred from an absorbing material to a current collecting region on a time scale faster than the thermal relaxation time.  Nanostructured materials are a likely place to demonstrate hot carrier transfer both because interfaces are much closer to the location of photoexcited carriers and because relative carrier relaxation rates can be modified through purely quantum mechanical effects. 


Taylor, Collins, and Madun within the Renewable Energy Materials Research Science and Engineering Center(REMRSEC) have observed such a hot carrier transfer process in a somewhat surprising place, within nanocrystalline silicon.  Nanocrystalline silicon is a blend of silicon nanocrystals in an amorphous silicon matrix.  This materials system is already in use in tandem photovoltaic solar cells that use stacked amorphous and crystalline silicon absorbers.  

In the present study, films with approximately 50% nanocrystalline content and  ~20nm nanocrystal size and separation as illustrated schematically in the figure were studied using optically excited electron spin resonance (ESR).  The ESR signatures were compared to pure amorphous silicon and nanocrystalline silicon with a much higher density of nanocrystals.  In amorphous silicon, carriers created at energies well above the mobility gap relax to localized states below the mobility edge which exhibit a characteristic ESR signature.  With high density nanocrystalline silicon, most of the optically excited carriers are created in the nanocrystalline regions and the ESR spectrum shows a different signature which is likely associated with carriers trapped at defects on the nanocrystal surface.  In the 50% material, the ESR signature was that of nanocrystalline silicon.  No amorphous silicon signature was observed. This indicates that carriers created in amorphous regions were transferring to crystalline regions before relaxing thermally to the band edges.  


This materials system in its present form is not suitable for high efficiency hot carrier devices because carriers are transferring from a higher band gap to a lower band gap material. It is, however, an ideal test bed for understanding hot carrier transfer and in particular whether the nature of vibrational and electronic states in an amorphous system reduces the relative rate of hot carrier relaxation.  In this sense, these results point to an entirely new direction to take based on disordered materials in developing hot carrier solar cells. It also noteworthy that one of the key REMRSEC participants on this project is an industrial participant in the Center (Arun Madan, MVSystems, Inc.).
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A hot-carrier relaxation process has been discovered that may eventually be used to increase the electrical output voltage from a solar cell based primarily on nano-composite films of silicon. Using a technique called electron spin resonance, Center members Taylor and Collins of the Colorado School of Mines and Madan from MVSystems, Inc. have found that electrons and holes generated in amorphous silicon regions can transfer to the nanocrystalline regions before losing their excess energy to heat.
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