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“Quantum Coaxial Cables” for Solar Energy Harvesting (2007)
Lin-Wang Wang, Lawrence Berkeley National Laboratory; 
Yong Zhang and Angelo Mascarenhas, National Renewable Energy Laboratory
Computational materials scientists have designed core-shell semiconductor nanowires that function as “quantum coaxial cables,” providing a highly desirable but not readily available feature—efficient charge separation—that could increase power output in solar cells and improve the efficiency of hydrogen fuel production. Beyond the renewable energy applications, quantum coaxial wires could have numerous other applications ranging from quantum computing to nanoelectronics.
U.S. Department of Energy scientists have designed a nanowire with the potential of generating electricity more efficiently than many conventional materials currently used for solar cells.

The researchers have modeled a nanowire made with gallium nitride and gallium phosphide—a “quantum coaxial cable” analogous to conventional coaxial cables—that overcomes several key problems encountered today in bulk material solar cells and in hydrogen generation via photoelectrochemical water splitting (Fig. 1).

“Bulk materials have lots of impurities, which compromise the electric current generation in a solar cell application,” said lead researcher Lin-Wang Wang of Lawrence Berkeley National Laboratory. “The chances of having impurities are less in nanomaterials.”

Silicon crystal, for example, is a common bulk material for thin film solar cell devices, with the film being a few microns thick. Purifying silicon is possible, but that makes the material more expensive for the commercial market.

Wang and his research partners, Yong Zhang and Angelo Mascarenhas of the National Renewable Energy Laboratory, chose gallium nitride and gallium phosphide because the two, when put to work together, yield attractive properties. They also are abundant on earth and resistant to corrosion.

Using computational modeling on a NERSC supercomputer, the scientists configured the two materials as a nanowire that could increase power output by making electrons more readily available during electricity production. For the first-principles electronic structure calculations, they used a 
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Fig. 1. (a) Schematic of the cross section of a conventional coaxial cable. (b) Cross-section view of a coaxial cable using gallium nitride as the core and gallium phosphide as the shell, and with a hydrogen passivation shell (blue = nitride, yellow = phosphide, magenta = gallium, white = hydrogen).
planewave code named PEtot, and they used a valence-force-field method for the structural relaxation. 

Preventing electrons from recombining with “holes” is a key problem for designing better solar cells. Electrons jump to a higher energy state when excited by light (photons), leaving behind holes in the electrons’ former state. The roaming electrons could recombine with the holes and become unavailable as a source of electricity, however.

The simulated 4-nanometer wire proved to be good at keeping electrons away from the holes and minimizing energy loss. Unlike a conventional coaxial cable, which has an insulator to separate the central copper core from the braided copper conductor in the outer shell, the nanowire designed by Wang and his colleagues does not require an insulating material to keep the charges separate between the core and the shell (Fig. 2).
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Fig. 2. Cross-section views of integrated charge distributions over the wire period for a GaN-GaP core-shell nanowire. 
Using gallium nitride and gallium phosphide together also creates a structure with a smaller band gap than they would otherwise have separately, leading to better solar cell efficiency. Having a smaller energy gap between the conduction and valence bands means the device can utilize a wider spectrum of the sunlight.

However, since the output voltage also depends on the conduction and valence band gap, there is an optimal band gap for solar cell application. The core-shell structure allows the scientists to manipulate the band gap by changing the thickness ratio between the core and the shell.

The scientists also alternated the use of gallium nitride and gallium phosphide for the core and the shell and found both models can produce similar band gaps, around 1.2 eV, which is similar to the band gap of silicon, and ideal for solar cell application (Fig. 3).

The research is far from finished. “We’ll look for different materials and different geometries, and how we can manipulate them,” Wang said.

In addition to the practical and important renewable energy applications discussed above, being a unusual type of quasi one-dimensional system, quantum coaxial wires are expected to open up new avenues in physics and materials science for studying reduced dimensionality, including electronic conductivity, electron-hole correlation, spintronics, and 
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Fig. 3. Cross-section view of charge distributions of the conduction band minimum’s electron state (cyan) and valence band maximum’s hole state (green) in a nanowire. (a) A nanowire with a gallium nitride core and gallium phosphide shell. (b) A nanowire with a gallium phosphide core and gallium nitride shell.

ferroelectricity. Beyond the renewable energy applications, quantum coaxial wires could have numerous other exciting applications ranging from quantum computing to nanoelectronics.
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