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Dear Ken,

During the past quarter, we made progress in several areas as outlined below.  For additional information: http://www.physics.colostate.edu/groups/photovoltaic
which has copies of recent publications and submissions, including those referred to in this report.

Cadmium Telluride Cells

CdTe Device Model.  We have had a key objective to formulate a comprehensive device model to explain several features commonly seen in the J-V curves of thin-film CdTe cells.  Carrier lifetimes and back-contact barrier are key factors that determine the type of J-V behavior found in CdTe solar cells. Jun Pan and Markus Gloeckler have shown that the carrier-lifetime/back-barrier space can be divided into four regions with four different types of J-V characteristics.  When the back barrier is sufficiently low to have little effect, the features can be divided between: (a) high recombination in the space-charge region resulting in reduced fill factor due to low carrier lifetimes, and (b) high electron current and enhanced fill factor due to high carrier lifetimes.  When the back-contact barrier is large enough to affect the current transport, J-V features are significantly altered. Under high SCR-recombination conditions, region (c), the photocurrent is limited by the hole current at the back contact, which saturates in forward bias, and the resulting J-V curve is  referred to as rollover.  With larger lifetime, however, region (d) shows qualitatively different J-V, namely a back-contact- enhanced electron current that results in a significant reduction in Voc. and major crossover of light and dark curves.  Overlap of front and back space-charge regions leads to similar J-V curves, but is not a requirement for reduced Voc.  A manuscript, “Majority-current impedance and minority-current enhancement by back-contact barriers in CdTe thin-film solar cells” remains under preparation.  

In a parallel project directly tied to NREL CdTe cells, Samuel Demtsu has expanded the two-diode model of a CdTe solar cell with a back-contact barrier.    In this work, the CdS/CdTe solar cell with a CdTe/metal back-contact barrier is modeled by two opposite polarity diodes in series.  Analytic simulations are fitted to the measured current-voltage curve, the voltage distribution between the two diodes is shown under different conditions, and the back-contact barrier height is extracted.  A manuscript, “Effect of back-contact barrier on thin-film CdTe solar cells,” has been submitted to Thin Solid Films.
Cu in the Back Contact.  Samuel Demtsu, working David Albin at NREL, has investigated the variations in CdTe performance with the amount of copper used to form the back contact.  Current-voltage at different temperatures and intensities, quantum efficiency under light and voltage bias, capacitance-voltage, and drive-level capacitance profiling (DLCP) were used to analyze devices made with varying amounts of Cu.  The results showed that Cu enhances device performance, but excess Cu can lead to significant collection losses.  An optimal amount of Cu increases the hole density of the CdTe by forming deep acceptor states.  However, Cu also forms mid-gap defect levels that act as recombination centers that lower the lifetime and consequently reduce Voc and FF.  The presence of Cu in the CdS layer is responsible for the dark/light crossover and for apparent quantum efficiencies larger than unity. Under one-sun illumination, the Cu in the CdS layer is relatively benign, but may increase the series resistance of the cell.  An abstract, “Cu role in the performance of CdS/CdTe solar cells,” has been submitted for the 4th World PV Conference.

Back-Illuminated LBIC.  Tim Nagle has measured the back-illuminated current uniformity of relatively thin CdTe cells made at both IEC and Sampath’s group at CSU.  The IEC cells used a TCO back-contact layer.  The CSU cells had varying amounts of Cu (none, normal, and excessive) and a ZnTe layer deposited at NREL.  Back-illumination LBIC (light-beam-induced current) showed a peak response at the same wavelength seen at IEC with QE.  As expected, IEC cells made with a thicker Te layer were more uniform with either front or back illumination, and CSU cells made with the “normal” amount of Cu were also more uniform in their LBIC response.
CdTe Photoluminescence.  Caroline Corwine and her NREL collaborators have expanded the PL data set to CdTe cells made by eight combinations of laboratories and deposition processes.  In each case, measurements have been made both before and after CdCl2 treatment of the CdTe and with excitation light entering from both the glass and the CdTe-layer directions.  The 1.456-eV CdTe signature of primary interest is most pronounced after the chloride treatment and when the free CdTe layer is illuminated.  The earlier attribution to a Cui-OTe donor-complex with energy about 150 meV below the conduction band appears to remain consistent with the more recent measurements.  Caroline has begun writing her PhD thesis and has completed the initial chapters.  

CIGS Solar Cells

Thin Absorbers/Back Lighting.  Ana Kanevce has calculated the performance one should expect with thin CIGS absorbers illuminated from either the front or the back side.  In the course of this work, Ana modified SCAPS so that she can simulate front lighting, back lighting, or both simultaneously.  Her results confirm what one would expect intuitively, and they are consistent with Tokio Nakada’s experimental results.  Back lighting only makes sense for thin-absorber films, and front and back illumination will converge to the same J-V curves in the low thickness limit.  The maximum efficiency should occur at a thickness of about 0.7 micron, as Nakaka’s cells showed.  Both front and back lighting require an electron reflector, such as that produced by additional Ga near the CIGS back surface, to produce respectable efficiencies below one micron.  If one assumes high-efficiency parameters for a thin-CIGS cell, the back-light maximum efficiency should be about 12% near 0.7 micron.

CIGS Collaborations.  During the past quarter, Alan Davies collaborated with Nanosolar on the characterization and analysis of their CIGS cells on both glass and foil.  The measurements here included standard J-V, QE, and C-V, as well as LBIC for non-uniformities.  In the same time period, Ana Kanevce did similar work on Cu(In,Ga)(S,Se)2 cells from FSEC.  Reports of their results have now been sent to each of those laboratories.  Finally, Tim Nagle continues to assist ISET by phone with their Labview measurement-control and data-collection system that he helped set up.
Effective Module Efficiency.  

The joint project with Prof. Marko Topic of the University of Ljubljana in Slovenia to determine the effective efficiency of photovoltaic modules from different manufacturers under field conditions has been completed.  The primary conclusions are that it is not difficult to calculate the effective field efficiency of a PV module and that there can be 10% variations in how well this value tracks STC ratings.  Data from the manufacturer, preferably the current-voltage curves at different illumination levels and temperatures are needed, especially with CdTe and a-Si, where Gsh may vary with irradiance.  The distribution of annual solar energy as a function of irradiance for a specific location is also needed, but effective efficiency results are only weakly dependent on the specific location, the tilt angle of the module, or normal variations in spectral distribution. They will depend on the average annual daylight temperature, but only very weakly on its distribution. The two key module parameters that control the effective efficiency are the series resistance and leakage conductance of the module.  The quantitative relationships derived should offer guidance on the cost-effectiveness of possible modifications to the production process.  A manuscript, “Effective efficiency of photovoltaic modules under field conditions,” has been submitted to Progress in Photovoltaics, and an abstract has been submitted for the 4th World PV Conference. 

Additional Updates

Students.  During the past quarter, PhD graduates Alex Pudov and Markus Gloeckler began industrial careers at Nanosolar and First Solar, respectively.  Both appear to be off to a good start.  In addition, Jun Pan passed her preliminary exam, which included a presentation on her work explaining why diverse CdTe J-V curves observed, and is now formally admitted to PhD candidacy.  

Publications.  Two papers submitted earlier (and available on our web site) were published in the Journal of Applied Physics during the past month:

   (1) “Grain-Boundary Recombination in Cu(In,Ga)Se2 Solar Cells,” J. Appl. Phys. 98, 113704, 10 pp (2005).  M. Gloeckler, W.K. Metzger, and J.R. Sites.

   (2) “Potential of Sub-micrometer Thickness Cu(In,Ga)Se2 Solar Cells,” J. Appl. Phys. 98, 103703, 7 pp (2005).  M. Gloeckler and J.R. Sites.

Presentations.  I prepared the summary of our work for the DOE review panel and answered a number of questions at the SETP review in November.  I also presented a poster and short manuscript on thin-CIGS possibilities.

Facilities.  We have only made minor upgrades during the past quarter.  One of those was to store the raw reference cell and measurement data from each QE scan.  That has allowed us to better track the stability of our reference and to quickly track down the cause of any irregularities.  The apparatus for conveniently varying the wavelength of the LBIC probe beam has now been fully tested and is in routine use. 





Sincerely,







James R. Sites







Professor
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