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Dear Ken,

During the past quarter, we made progress in several areas as outlined below.  I am particularly pleased that the two students who completed their PhD this year have accepted R&D positions in the US thin-film photovoltaic industry.  Alex Pudov starts at Nanosolar in Palo Alto this week, and Markus Gloeckler will be joining First Solar in Toledo in early October.  

Cadmium Telluride Cells

CdTe Device Physics.  Jun Pan and Markus Gloeckler have formulated a comprehensive device model to explain several features commonly seen in thin-film-CdTe J-V curves.  The possibilities for CdTe solar cells are different from other cells in that they generally have both a significant back-contact barrier and a low absorber carrier density.  This combination leads to two competing mechanisms that can distort the J-V characteristics of the cell in two major ways.  One is a majority (hole) current limitation in forward bias that appears experimentally as a “rollover” that reduces the fill-factor.  The second is a high minority-carrier (electron) contribution to the forward diode current that is enhanced by high back barriers and has the experimental consequence of reduced open-circuit voltage.  CdTe solar cells are particularly prone to the latter, since the combination of a wide depletion region and impedance of light-generated holes at the back contact increases the carrier injection at the front diode.  In addition, full electrostatic depletion of the absorber layer, also often referred to as “reach-through,” can lower the built-in potential of the diode and further increase the minority carrier current.  The reach-through, however, is not a requirement for the minority current to contribute substantially to the forward current. The simulated J-V curves illustrating the two major effects are in good agreement with several features that have been observed experimentally in recent years.  These simulations have allowed us to divide the barrier-height/carrier lifetime space into regions of (a) normal J-V, (b) reduced fill-factor due to rollover, (c) reduced voltage due to high minority currents, and (d) additional minority-current enhancement and voltage reduction with larger back barriers.  A manuscript, “Majority-current impedance and minority-current enhancement by back-contact barriers in CdTe thin-film solar cells” is under preparation.  Additionally, Samuel Demtsu has been expanding the two-diode model of a CdTe solar cell with a back-contact barrier, and Alan Fahrenbruch is investigating how the choice of TCO affects the J-V curves.
CdTe Stability.  Samuel Demtsu, working with Alan Davies at CSU and Dave Albin, Tom McMahan and Joel Pankow at NREL, has investigated the impact of film thickness, back-contact material, and pre-contact etching on the stability of CdTe cells. In the first study, two device sets were made with Ag and Ni deposited on a Cu-doped graphite layer.  In two other sets, the graphite layer was removed before the application of the Ag or Ni.  Significantly greater device stability was observed when the graphite was present.  In the absence of graphite, the Ag contact degraded faster due to the fast diffusion of Ag and the formation of metastable resistive shunts.  Ni metal contacts, in contrast, were plagued by Ni3Te2 phase formation that helped minimize Ni diffusion, but contributed to a loss in fill factor.  The second stability study compared cells with different thicknesses of CdS and CdTe.  It also compared stability following CdCl2 treatments with and without oxygen, and it compared stability with and without a nitric-phosphoric (NP) etch.  With elevated-temperature stress, all devices exhibited a reduction in open-circuit voltage and fill-factor.  It was found that devices with thinner CdS were more susceptible to forming resistive shunts and that oxygen during the anneal reduces this effect.  It was also found that the NP etch, which improves stability in thicker-CdTe cells, may be too aggressive for thinner ones.  A manuscript entitled “Stability of CdS/CdTe Solar Cells with Ag and Ni Back Contacts” by Demtsu, Albin, Pankow, and Davies has been submitted to Solar Energy Materials and Solar Cells, and “Film Thickness and Chemical Processing Effects of the Stability of CdS/CdTe Solar Cells,” by Albin, Demtsu, and McMahon has been submitted to Thin Solid Films.

CdTe Photoluminescence.  Caroline Corwine, working closely with Tim Gessert and others ar NREL has now made measurements on CdTe layers deposited at IEC and USF for further comparison with her earlier results on single crystal, NREL thin films and devices, and First Solar material.  The focus continues to be on the 1.456-eV CdTe signature that is present in all good-quality cells and is likely the result of a Cui-OTe donor-complex with energy about 150 meV below the conduction band.  The newer results were consistent with the earlier ones, and Caroline is moving towards bringing all the results together for her dissertation.  

LBIC Wavelength Scan.  Tim Nagle and Wolfgang Timko, a visiting intern from Regensburg, Germany, have installed a Stirling cooler (that was acquired at a very deep discount thanks to an alert from our NREL colleagues) to vary the wavelength of a diode laser and allow easy scan through the CdTe band gap.  Tim has been working with IEC to look for spatial variations in their bifacial cells.  Results to date indicate no major non-uniformities and a wavelength dependence similar to that reported by IEC at the last team meeting.  We also discovered that backlighting with shorter wavelengths produces a significant photocurrent response near the perimeter of the cell, presumably due to internal reflection onto the front surface.

CIGS Solar Cells

Thin CIGS Absorbers.  We had earlier concluded that the efficiency improvement of standard-thickness CIGS absorbers from band-gap grading alone was quite modest, and in some circumstances negative, but there could be a substantial positive effect for absorbers below one micron [Gloeckler and Sites, J. Phys. Chem. Solids, in press].  As a follow-up, we calculated the enhanced potential of sub-micron-thickness CIGS absorbers if band-gap grading were optimized.  The conclusions were (1) there is no fundamental reason why nearly all of a cell’s efficiency cannot be maintained down to thicknesses of 0.3 micron, (2) a well-designed electron reflector is more important than optical improvements, and (3) the practical reasons for low efficiency at small thickness are most likely related to non-uniformities.  A manuscript describing the results, “Potential of Sub-Micrometer Thickness Cu(In,Ga)Se2 Solar Cells,” by M. Gloeckler and J.R. Sites, is attached and has been submitted to J. Appl. Phys.

One aspect of thin absorbers is the increased potential for backlighting or for bifacial cells.  Recent experimental results from Tokio Nakada have shown respectable performance, but also some puzzling trends.  Following from the front-lighted thin CIGS project described above, Ana Kanevce is calculating the expected response of back lighting.  The goals are to see what performance might be expected, how it should vary with thickness and other cell parameters, and how to deduce the band-gap grading principles that would optimize such a configuration.

ISET Characterization.  We have a small side project to help ISET to upgrade its characterization capabilities, particularly quantum efficiency, by transferring some of the approaches we have found successful.  To make this happen, Tim Nagle is at ISET this week, and is working with their equipment to set up Labview measurement-control and data-collection systems similar to ours.
Effective Module Efficiency.  

A joint project with Prof. Marko Topic of the University of Ljubljana in Slovenia has been to determine the effective efficiency of photovoltaic modules from different companies and different vendors under field conditions.  The procedure is to use information from the companies’ data sheets to calculate efficiency vs. temperature and irradiance for a specific module, to collect the annual local temperature and irradiance data, and to combine the two mathematically.  Detailed evaluation has shown the reasonable assumptions can simplify the process.  We found that the effective efficiency is highly dependent on the module’s series resistance, leakage conductance, and average operating temperature, but only weakly dependent on the temperature profile or spectral effects.  Variations of 10% in the ratio of effective efficiency to efficiency under standard conditions are common among manufacturers, but do not seem to be systematic between technologies.  A manuscript is under preparation.




Sincerely,







James R. Sites
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