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We report the results of our research activities under NREL Subcontract ADJ-2-30630-17 during the third quarter of Phase II.  During this quarter we have carried out projects primarily related to the Narrow Gap Materials reporting umbrella.  


We have been continuing work on the microcrystalline Si samples that we previously received from United Solar Ovonics Corp.  We will continue to refer to this material in our reports as nc-Si:H.  During the past Quarter we have begun studying the degradation properties of this material.  The primary sample studied to date has been a 3-layer sandwich consisting of a 700nm thick nc-Si:H layer clad between two 200 to 250nm thick a‑Si:H layers in a SS/n+/a‑Si:H/nc-Si:H/a‑Si:H structure upon which we deposited a semitransparent Pd Schottky barrier contact.  More recently Baojie Yan at United Solar sent us 3 additional samples with the same 3-layer sandwich structure but varying levels of H-dilution.  These will be examined in the near future.

This sample was exposed to red filtered ELH light at an intensity of 1W/cm2 for periods of 1, 3, 10, 30, and 100 hours.  After each exposure the sample was characterized using photocapacitance spectroscopy at 3 measurement temperatures (200K ,280K, and 320K) and at a frequency of 1.1kHz.  We also carried out drive-level capacitance (DLCP) measurements at a series of temperatures after each exposure.  

As we noted in our previous Quarterly Report, the photocapacitance spectra changed markedly with measurement temperature due to the varying minority carrier collection fraction of the nanocrystalline component.  At the lowest measurement temperatures the nanocrystalline component dominates the spectrum because it has the higher volume fraction within the sample.  However, at higher temperatures, the nanocrystalline component signal becomes suppressed because the vast majority of minority carriers are able to escape the depletion region during the photocapacitance measurement time window.  In contrast, the minority carriers generated in the amorphous silicon component of the sample do not move so easily and so this component of the spectrum dominates the overall spectrum above 300Keven though its volume fraction is low.  Thus, as displayed in Fig. 1, the State A photocapacitance spectrum at 320K appears very similar to a pure a‑Si:H spectrum while, at 200K for the same sample, the spectrum appears quite consistent with Si sub-band-gap spectra as reported previously in the literature.

In Figs. 2 and 3 we compare spectra at these two temperatures in State A with spectra obtained after 3hrs and 30 hrs of light soaking.  In both temperature ranges we observe a general increase in the magnitude of the photocapacitance spectra.  The corresponding spectra obtained for the intermediate temperature of 280K are displayed in Fig. 4 for reference; however, at this measurement temperature both the a‑Si:H and nc-Si:H components contribute with similar magnitudes and so are much more difficult to distinguish.  Thus, for the remainder of this report, we will focus our discussion on the spectra obtained at 200K and 320K.




	FIG. 1.  Comparison of sub-band-gap spectra at two measurement temperatures for United Solar sample 14140 in its annealed state.  At the lower temperature we obtain a sub-band-gap spectrum typical of c-Si:H.  However, at the higher temperature (320K), due to the suppression of the nanocrystalline component of the signal,  the spectrum appears essentially identical to spectra obtained for pure a‑Si:H.  Thus we can infer an Urbach energy of 56meV (solid line) and a deep defect density below 1016 cm-3 for the amorphous silicon component of this predominantly nanocrystalline Si sample.  
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	FIG. 2.  Comparison of 200K photocapa​citance spectra in State A and after 2 periods of light soaking.  We believe that the increase in the magnitude arises primarily from a decrease in the hole carrier collection.
	FIG. 3.  Comparison of 320K photocapa​citance spectra in State A and after 2 periods of light soaking.  Note the increase in the defect band region of these spectra (the region below optical energies of 1.4eV).


	FIG. 4.  Comparison of 280K photocapacitance spectra in State A and after 3 and 30 hours of light soaking.  The changes that occur with degradation for these spectra are appear quite complex.  This is in part due to the similar magnitudes of the photocapacitance signals arising from the nc-Si:H and a-Si:H components of this sample.  
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For the 200K spectra we observe that the photocapacitance spectral magnitude increases markedly above 1.0eV following the first hour of light soaking but, thereafter, does not change very much.  We believe that the increase in this case is due to a further suppression of the hole carrier collection in the nc-Si:H component of the sample.  That is, even at 200k in State A there is still some suppression of the photocapacitance signal in the nc-Si:H component of the sample because a substantial fraction of the photogenerated holes are able to escape the depletion region on the 100ms timescale of the photocapacitance measurement.  However, once the sample has been light soaked even a short time, the fraction of holes escaping is reduced to a small percentage.  In contrast, at 320K most of the holes in the nc-Si:H component continue to be able to escape, even after 100 hours of light soaking.  For this reason, the nc-Si:H photocapacitance signal continues to be suppressed and the a‑Si:H component dominates the 320K spectra at all stages of light soaking.

We thus believe that the 200K spectra are giving us primarily a picture of the optical transitions characteristic of the nc-Si:H component of the sample.  Unfortunately, we are not at the present time able to examine the region below 0.8eV where deep defect transitions associated with nc-Si:H might be observed.  We hope to extend our measurements to this wavelength regime in the near future.  One of the most interesting aspects of the data in Fig. 2, however, is what appears to be an Urbach tail associated with the microcrystalline component extending between 1.2eV to below 1.0eV.  These data indicate a characteristic energy for this nc-Si Urbach tail near 40meV, and this is much narrower than that exhibited by the a‑Si:H component of the film as displayed in Fig. 1. 

	


FIG. 5.  Dependence of the integrated defect portion of the 320K photocapacitance spectra with light soaking time.  There is roughly a 25% uncertainty on the values displayed.  If this integrated signal is an indication of the defect density in the a‑Si:H component of the sample, it suggests a very large degree of degradation with very little evidence of saturation.
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The 320K spectra of Fig. 3 are presumably giving us primarily a picture of the a‑Si:H component of this sample.  In this case we observe a considerable increase in the deep defect band region of these spectra with light soaking.  To attempt to quantify the change in magnitude of this defect band with light soaking we have aligned these spectra in the upper bandtail regime and then integrated the spectra in the energy regime 1.0 to 1.4eV.  The result of this procedure is displayed in Fig. 5, and indicates a dramatic and nearly linear increase of the signal in this portion of the spectrum with time, with no indication of saturation even after 100 hours of light soaking.  

	FIG. 6.  Drive-level capacitance profiles taken at 1.1kHz and 320K for State A and the various stages of light soaking indicated.  These densities exhibit only relatively minor changes with light exposure and probably primarily reflect the effective doping level within the nc-Si:H component of the sample.
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Clearly, there are potential ambiguities interpreting the 320K photocapacitance spectra in this manner.  For example, we cannot be entirely certain that all of the effects of the nc-Si component is absent from these spectra.  Thus, it may be that the signal in the 1.0 to 1.4eV region of these spectra is also being affected by changes in the hole collection fraction in the nc‑Si component of this sample.  However, independent of the exact interpretation, it is nonetheless clear that substantial changes in the opto-electronic properties are occurring with light soaking in these samples even out to rather substantial exposure times.  

Finally, in Fig. 6, we display the results of drive-level capacitance profiling (DLCP) measurements on this sample in State A, and after 1, 3, 10, and 30 hours of light soaking.  In these profiles very little change is observed.  However, typically under the experimental conditions employed (1.1kHz and 320K) these measurements would only be sensitive to defect states shallower than about 0.60eV.  Therefore, it likely misses any response from deep states within the a‑Si:H component.  Instead these profiles probably mostly reflect the shallow states of the nc-Si component that give it its n-type character.  This effective doping level is apparently only very slightly modified by whatever light-induced changes are taking place within the sample.
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