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Dear Ken,

During the past quarter, our group made progress in several areas as outlined below. Several of us participated actively in the CdTe and CIS team meetings. I made a trip to IEC in February to give a colloquium and discussion several topics of mutual interest.  Adjacent to that visit, I attended to the DOE PV module-reliability meeting in Baltimore.  I also participated (not at NREL expense) in the DOE’s SAI-input meeting that took place in Chicago in March.  Our primarily work with industrial partners was LBIC measurements on Nanosolar cells and with assistance to Heliovolt in the design of current-voltage and quantum-efficiency measurement systems for their cells.
Cadmium Telluride Cells

CdTe Device Physics.  We made three device-physics presentations at the CdTe team meeting.  The first included refinements by Jun Pan and Markus Gloeckler of their analysis of the combined effects of lifetime reduction and back-contact barrier on calculated CdTe J-V curves.  If one assumes that the hole density is the order of 1014, as implied by many experiments, then record efficiency cells will require a lifetime near 1 ns or higher and a back-contact barrier of 0.4 eV or less.  Low lifetime/low barrier will reduce collection efficiency at maximum power; low lifetime/high barrier will produce “rollover” and reduced fill-factor; and high lifetime/high barrier will allow excessive forward electron current and hence reduced voltage. The results are consistent with experimental observations, and a manuscript has been submitted to the Journal of Applied Physics.
The other two device-physics presentations at the CdTe team meeting were part of a special session on strategies to increase VOC for CdTe cells.  My presentation showed that one route to higher voltage would be an increase in both carrier density and CdTe lifetime.  Such increases could result from the same physical change, a reduction in recombination states, which would increase the lifetime directly and increase the hole lifetime by reducing the number of compensating donor states.  It would, however, take an increase of 2-3 orders of magnitude in carrier density to significantly reduce the voltage deficit compared to a crystalline cell of the same band gap.  Alan Fahrenbruch, in his presentation, pointed out an alternative strategy, basically a p-i-n structure where the back of the CdTe absorber is configured for electron reflection.  The CdTe voltage challenge will be the topic of my invited talk at the E-MRS meeting in Nice.
CdTe Lifetime: Cu Effect.  Samuel Demtsu, working with David Albin, Wyatt Metzger, David Young, and Anna Duda at NREL, compared several lifetime-related experimental properties of CdTe cells made with and without addition of copper in the formation of the back contact.  The results from the different types of measurements were quite consistent.  Time-resolved photoluminescence from the CdTe showed a lifetime near 1 ns when no copper was used, but a drop by a factor of 3 to 5 as different amounts of Cu were employed.  Drive-level capacitance profiles showed Cu led to an increase in CdTe defect density and a small decrease in bulk hole density.  Finally, the long-wavelength decrease in quantum efficiency was slightly greater when copper was used, which again implies an increase in defect density and a reduction in lifetime.  A manuscript has been submitted to Thin Solid Films.  

CdTe Back Contact.  Additionally, Samuel Demtsu completed the part of his PhD thesis work on evaporated back-contact copper.  He found that with the same absorber material, evaporated Cu gave results similar to the Cu-doped graphite paste commonly used at NREL.  He also found that a range of Cu between 5 and 20 nm produced very similar results, while larger of smaller amounts led to lower efficiency.  The choice of metal for the contact following the Cu did make a significant difference.  In particular, silver and aluminum were not stable and had a negative effect on cell performance.  A manuscript of this work has been prepared for the 4th World Photovoltaic Conference.
CdTe Cu-O Complex.  Caroline Corwine, who is also nearing completion of her PhD thesis, has strengthened her arguments that the CdTe photoluminescence line at 1.456 eV, present in all good-quality cells, requires both copper and oxygen and does not involve chlorine.  Her strategy has been to systematically introduce elements and combinations of elements into single-crystal CdTe.  She has shown conclusively that the 1.456 line represents a transition between defect and band.  Hence, her earlier attribution of this line to the Cui-OTe donor-complex, shown theoretically to have an energy approximately 150 meV below the conduction band, appears to be correct.  We also attempted to correlate the density of the complex state with the performance of the cells, but the J-V changes were too small to be conclusive.  Results were presented at the CdTe team meeting.
LBIC Comparison.  Alan Davies used LBIC for uniformity comparisons of CdTe cells made by Sampath’s group at CSU.  The two variables explored were the use or non-use of Cu in the contact and the use or non-use of oxygen during CdCl treatment.  Alan found that the best uniformity, especially after elevated-temperature stress, required both the use of copper and the presence of oxygen during the CdCl process.  This work also was presented at the CdTe team meeting.
CIGS Solar Cells

Thin CIGS Absorbers.  At the CIS team meeting, Markus Gloeckler reviewed his earlier work on expectations for J-V performance as CIGS absorber thickness is systematically reduced.  As reported previously in J. Appl. Phys., it is essential to have an effective electron reflector at the back of the CIGS for reasonable voltage at thicknesses below one micron.  Furthermore, non-uniformities in thickness or other parameters will have a progressively larger impact with thinner CIGS.  Ana Kanevce added the possibility of back illumination and showed (1) that it should achieve maximum efficiency at thicknesses between 0.5 and 0.8 micron, (2) that here also an electron reflector is essential, and (3) that front- and back-illumination J-V curves should converge in the low thickness limit.  A manuscript on the back- illumination work is being prepared for submission to J. Appl. Phys.
Non-CdS Buffers.  Another CIGS project involving Ana Kanevce has been assistance to Raghu Bhattacharya at NREL with the analysis of recent high-efficiency cells made with his CdZnS buffers.  Preliminary results show that current is gained in the short-wavelength region as expected, but that there is a very small deterioration in junction quality.
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