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Research results during the second quarter of Phase III of NREL Subcontract ADJ-2-30630-23 are reported.  During this quarter we have continued collaborations with Penn State University on comparisons of ESR and optical absorption and with NREL on tritiated a-Si:H.  In this quarter we have made the greatest progress on the ESR measurements on light soaked and annealed samples of a-Si:H in collaboration with the group at Penn State University.  In the light soaked sample we have observed a dependence on light soaking time that is consistent with the absorption peaks measured by dual beam photoconductivity at both 0.9 and 1.1 eV.  

Despite over twenty-five years of scientific studies on light induced defects in hydrogenated amorphous silicon (a-Si:H) materials and solar cells there are still unanswered questions regarding their nature.  It was found early on that light induced degradation created dangling bonds. These defect states, and in particular that of the neutral dangling bond (D0) which can be identified and its densities measured with electron spin resonance (ESR), has received the most attention. There are, however, copious results reported on a-Si:H thin films and solar cells which clearly point to the presence of multiple light induced defects in a-Si:H. These include: A disproportion between light-induced changes in the defect densities as determined by optical absorption and those by ESR [1]; absence of consistent correlations between the changes in electron mobility-lifetime ((() products and those in optical absorption below the band gap [α(E)] [2,3,4]; and isochronal annealing between the recoveries of μτ and α(1.25eV) [5,6]. The presence of “fast” and “slow” defect states has been well established by the studies on the recoveries of the fill factors after degradation with high intensity illumination [7,8]. These studies also showed that those states created faster also anneal out faster. The presence of such defect states is also reflected in the degradation kinetics of cells and films under 1 sun illumination where the initial and subsequent regimes exhibit distinctly different dependence on temperature [9].  There is also evidence in the results on optical absorption below the band gap for the presence of multiple light induced defects indicated by their changes not only in magnitude but also in their spectra [4].  Recently two distinctly different light induced defect states around and below the middle of the optical gap were identified from the comparison of changes in optical absorption spectra obtained for a-Si:H films with large differences in their microstructure [10,11]. This differentiation was obtained by analyzing the spectra not just in terms of a single defect state, as is generally done, but by taking into account the presence of multiple defect states. To further characterize these light induced gap states a study was undertaken on hydrogen-diluted a-Si:H that exhibits “superior” stability and reaches a degraded steady state under 1 sun illumination in < 100 hours. 

In this Quarterly Progress Report we describe preliminary comparisons between the light induced changes in electron mobility lifetime (μτ) products, the electron occupied states obtained from optical absorption measurements below the gap using dual beam photoconductivity, and the densities of D0 states measured with electron spin resonance (ESR). 

The a-Si:H materials with a bandgap of ~1.8eV, were deposited by the group at Penn State University using a hydrogen to silane dilution ratio of 10 by plasma enhanced chemical vapor deposition (PECVD [12]. The 0.8μm films were deposited onto n+ contacts in order to establish Ohmic behavior in photocurrents over a wide voltage range even in the annealed state. A reproducible annealed state was obtained after 4 hours at 170˚C.  Photoconductivity and sub-gap absorption (measured by deal beam photoconductivity) measurements were performed at Penn State University.  The dual beam photoconductivity system allowed reliable measurements of the absorption coefficient up to 0.7eV from the conduction band.  The ESR experiments were conducted at the University of Utah with a Bruker Instruments ESR spectrometer with samples deposited on quartz substrates utilizing the first harmonic detection technique [13].  The measurements were carried out several days after light soaking. However, insight was obtained because no evidence for long term relaxation in ESR spin density has been observed at room temperature [14].
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Figure 1. kN(E) at 0.9eV and 1.15eV as a function of 1 sun illumination time (left axis) and ESR bulk spin density (right axis)  as a function of 1 sun illumination time.

In order to differentiate between the evolution of the states centered around 0.9eV and 1.15eV, the absorption coefficients measured by dual beam photoconductivity {kN(E) values, which for the purposes of this Quarterly Progress Report we take as a measure of the optical absorption [4,10,11]} at these energies are plotted in Fig. 1 as a function of 1 sun illumination time (left axis). Also, on the right axis the bulk spin densities measured by ESR are shown for 1, 10, and 100 hour illumination times. Also shown in the figure are the values in the annealed state.  The key features of the evolution of the optical absorption for both these energies are the very large increase from the annealed values in the first hour of degradation and a much slower subsequent evolution to a nearly saturated state. These features are also reflected in the ESR results. However, the similarity among the evolutions of the three results precludes at this time any conclusions as to which states can be directly related with D0.  The preliminary results on the kN(E) spectra, nevertheless, are consistent with fast and slow components to the creation of the optical absorption for both defect peaks (0.9 and 1.1 eV). 

The evolution of light induced gap states centered around the middle of the optical gap and around 1.15eV from the conduction band has been characterized.  The large increases in the kN(E) spectra in the first hour of degradation are found for both the gap states and the ESR with subsequently much slower changes that approach a saturated density of states.  The similarity of the kinetics in all three cases precludes any determination of which states correspond to D0.  From these preliminary results it has not been possible to draw reliable conclusions about either the actual densities or the nature of these states. Further more comprehensive experiments are planned to tie the ESR to one of the two absorption peaks.  

In addition to our collaborative studies with the group at Penn State University of the comparison of the growth of ESR and optical absorption peaks on light soaking of a-Si:H, we are continuing our 1H NMR studies of the paired hydrogen sites that appear to stabilize the silicon dangling bonds created during the Staebler-Wronski effect.  These experiments are very difficult because of the low signal-to-noise ratios but the results are promising.  We hope to perform measurements on a-Ge:H to compare with the a-Si:H results in the near future.  In addition, we hope to make measurements on samples purposely designed by United Solar to have much greater degradation that the device quality films.  These films will improve our signal-to-noise ratios and therefore allow for more detailed studies of the kinetics.

We are also continuing our collaborations with Weber State University and MVSystems to examine the microcrystallinity of films made by pulsed PECVD.  Finally, we are continuing our collaborative studies with NREL on tritiated amorphous silicon, where the decay of tritium naturally produces defects because the tritium decays to helium, which is contained in the sample interstitially.  These interesting results will be discussed in more detail in a future progress report.

We eventually plan to examine the PL and ESR, in addition to the NMR, in both light-soaked and annealed samples. 
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