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Bolko’s e-mail from Wednesday raises the issue of whether we can expect the efficiency to go much higher than 16.5% with CdTe.  He makes several observations and suggestions, with the implication that significant progress will likely require more outside-the-box thinking.  We will give our observations and suggestions below.  Some of them overlap with Bolko’s, but more importantly, we agree that major efficiency improvements will likely require more radical approaches.

CdTe Status in Context.  The difference between 16.5% for CdTe and 19.5% for CIGS lies primarily in the voltage.  The best CdTe voltages are about 600 mV below the band gap, while the smallest CIGS difference is under 450 mV.  (For comparison, the smallest silicon difference is about 410, and the smallest GaAs difference is about 350.)  In fact, if the best CdTe voltage were increased by 150 mV (to make it equivalent to CIGS), the efficiency would be over 20%.  The CdTe record-cell current, adjusted for band gap, is better than the record CIGS, but the best fill-factor, also adjusted for band gap, is poorer.  

Temperature Dependence of Voltage.  Voltage for high-quality CdTe cells increases at lower temperatures in a well-behaved fashion.  The back-contact barrier, however, increasingly limits the fill-factor, it generally prevents any large increase in efficiency, and it is the likely reason behind Bolko’s observation that low fill-factor accompanies higher voltage at low temperature.

CdTe Voltage Limitations.  There are several possible reasons why CdTe voltage, scaled to band gap, is inferior to CIGS.  Especially given the first two, we do not find it particularly surprising that, scaled to the band gap, there is a 150-mV voltage difference between CdTe and CIGS.

(1) Hole density.  The CdTe hole density is at least an order of magnitude lower than that of CIGS, and this difference has both voltage and a current consequences.  First, the Fermi level is fairly far from the valence band, which will reduce the voltage.  Second, the heavy compensation responsible for the low carrier density is symptomatic of a large number of trapping states, which likely enhance forward-current recombination, hence lower voltage, and reduce the diffusion length, hence lower red collection.

(2) Conduction-band offset.  The offset for CdS/CdTe is slightly in the “cliff” direction, or very nearly zero for practical purposes.  This situation allows considerable interfacial recombination, which reduces voltage.  CIGS at 1.15 eV has a near-optimal offset (a 0.3 eV “spike”) with CdS, which minimizes interfacial recombination without impeding photocurrent.  

(3) Grain-boundary electronics.  In CIGS, the grain boundaries are remarkably benign, due in our opinion to copper depletion, and resulting downward shift in the valence band, near those grain boundaries.  Predictions about the electronics of CdTe grain boundaries should be revisited.  We are not prepared at this time to say whether or not they are also relatively benign.

(4) Back-contact barrier.  If it is large and the cell is thin, the interaction of front and rear depletion regions will lower the voltage.  Even if the back-barrier is modest, it will enhance recombination by attracting minority electrons.  The latter is more important if the main-junction depletion is small, and it primarily affects fill factor.

(5) Absorber band-gap grading.  Although the CIGS band gap can be graded by varying the gallium-to-indium ratio, we do not think this is a significant advantage unless the absorber thickness is below a micron.  Our calculations, and a reasonable interpretation of experiments, show that the benefit of grading is, by itself, modest at best and can easily be negative.

Current/Voltage Tradeoff.  Quite often, as Bolko points out, a tradeoff between JSC and VOC is observed, i.e., a change that increases one will decrease the other.  There are several possible reasons for this tradeoff, and it is important in each experimental case to identify which reason is dominant.

(1) Band-gap.  If it is increased, voltage should go up and current down.  Optimal band gap should be 1.4-1.5 eV, but for CIGS, it appears to be near 1.15 eV.

(2) Carrier density.  Higher density should mean higher voltage, but with a narrower depletion region, collection of red photons will likely go down.

(3) CdS thickness.  The Golden-Photon results are a classic example.  The CdS layer was made so thin that after processing that it had essentially all alloyed with the CdTe.  The resulting current was a record for many years, but the voltage, presumably due to what we might now call weak-diode effects, was low.

(4) A positively charged grain boundary will in some circumstances enhance current and reduce voltage.

Strategies.  Our list is by no means complete, and is seriously lacking in specific advice.  Nevertheless, we suggest:

(1) Explore ways to lift the compensation and hence increase hole density.

(2) Understand CdTe grain boundaries.  They are likely to be linked to the doping limitations that have been experienced to date.

(3) Document and strive to eliminate non-uniformities.  Those associated with grain boundaries may be inherent, but there are several other types on non-uniformity that should be addressable.

(4) Find an alternative window material to establish a favorable “small-spike” conduction-band offset to limit interfacial recombination.  Possibilities include mixed-oxide systems and Zn- or In-(S,O) systems, where the offset can be tuned by adjusting the mixture.

(5) Similarly, alloy CdTe to reduce band to the 1.2-eV range.  (Mercury sounds scary, but would likely reduce the flak about cadmium.)

(6) Decrease problems associated with the back contact by a better contact material, or by an electron mirror (graded or highly doped layer) that reduces fill-factor losses and “reach-through”.

