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Research results during the first 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 1H NMR measurements on light soaked and annealed samples of a-Si:H made under hydrogen dilution.  In the light soaked sample we have observed the hydrogen doublet that we first observed in the sample grown without hydrogen dilution.  

In previous Quarterly Status Reports, we have described the first direct evidence for optically induced changes in the local environment of a subset of the hydrogen atoms at densities comparable to those of the silicon dangling bonds that contribute to the Staebler-Wronski effect.  We report here similar effects in samples of a-Si:H made by a technique (hydrogen dilution of silane in a PECVD reactor) that reduces the saturated densities of these defects.  After optical excitation, the nuclear magnetic resonance (NMR) of 1H exhibits a hydrogen “doublet” that corresponds to a site with two hydrogen atoms spaced approximately 2.3 Å apart.  This hydrogen “defect”, whose density is between 1017 and 1018 cm-3, can be thermally annealed with kinetics that generally match the annealing of the silicon dangling bonds.  Although a detailed microscopic picture of this defect remains elusive, the direct tie to hydrogen is a critical first step that places severe constraints on existing microscopic models for the Staebler-Wronski effect.

The films of a-Si:H were made at BP Solar in a large area deposition system by DC plasma enhanced chemical vapor deposition of silane (SiH4) [
].  The pressure in the reactor was 0.5 Torr; the power density was ~50 mW/cm2; and the substrate temperature was ~200 C.  These conditions represent those used in standard photovoltaic devices for which the electronic and optical properties are very well known.  The films were deposited on Al foil and half of the area of each film was irradiated with a solar simulator for 600 hr (light-soaked sample).  Four NMR samples were made from the irradiated and un-irradiated areas by dissolving away the Al foils in dilute hydrochloric acid and placing the cleaned powders in quartz tubes.  The NMR measurements were made near 7 K using a standard pulsed spectrometer [
].  The stimulated echo from a Jeener-Broekaert three-pulse sequence [
] was employed to measure the 1H NMR signals.  This pulse sequence probes the decay of dipolar order among the hydrogen nuclei in the sample.  Since the amplitude of the stimulated echo depends sensitively on the local environments of the hydrogen atoms or molecules, one can emphasize specific hydrogen sites by choosing the two pulse separations judiciously.  This technique has been used effectively to measure the concentrations of hydrogen molecules in films of a-Si:H [2].  At large values of the separation between the second and third pulses one can emphasize any hydrogen site that interacts only weakly with silicon dangling bonds.  After measuring the light-soaked state, the samples were annealed in a nitrogen environment.  

In Fig. 1 we show the standard 1H NMR lineshape for the hydrogen bonded to silicon in a-Si:H.  The Zeeman frequency has been subtracted from this spectrum so that zero represents the NMR response in the absence of any solid-state interactions.  The slight positive/negative asymmetry in the figure is an artifact due to phase errors in the Fourier transform of the data.  The narrow Lorentzian line, whose full width at half maximum is approximately 3 kHz, is attributed to hydrogen atoms bonded to silicon atoms at random positions in the amorphous lattice.  The broad line, whose full width at half maximum is approximately 25 kHz, is attributed to hydrogen atoms bonded to silicon atoms in a clustered environment, such as would occur at a “divacancy” or small void in the lattice.  The Jeener-Broekaert pulse sequence greatly suppresses these lines.  
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Figure 1.  1H NMR lineshape for hydrogen bonded to silicon in a-Si:H. 

We have performed similar experiments on samples of a-Si:H that were made using hydrogen gas to dilute the silane gas during growth.  This procedure is known to decrease the degradation considerably in solar cells.  The doublet also appears in these samples after light soaking as shown in Fig. 2.  The top trace represents the half of the film that was irradiated in the solar simulator, and the bottom trace represents the unirradiated half of the film.  The two arrows indicate the positions of the doublet peaks.  As expected the signal-to-noise ratio of the doublet is not as good as in the undiluted sample because the density of doublet sites is smaller by at least a factor of three.  
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Figure 2.  1H NMR echo lineshapes in a hydrogen-diluted sample of a-Si:H before (bottom trace) and after (top trace) irradiation with light.  The arrows show the appearance of a paired hydrogen site that appears only after optical excitation.  The top trace is displaced vertically for clarity. 

The interaction of the hydrogen doublet sites with the rest of the hydrogen bonded to the silicon lattice is very weak.  This fact is determined from measurements of the spin-lattice relaxation rates for the doublet, which are at least an order of magnitude slower that those of the bonded hydrogen below about 7 K [
].  If the doublet sites were closely coupled to the bonded hydrogen, then the rate would follow that of the bonded hydrogen due to rapid spin diffusion.  The probable cause for the lack of coupling is that for some reason the doublet sites are physically removed from the bonded hydrogen.  Because there are so few doublet sites, the separation may simply be a random occurrence.  The temperature dependence of the spin-lattice relaxation rates is also much more rapid than that of the bonded hydrogen.  The reason for this anomalous temperature dependence is not known.

Because hydrogen has long been implicated in the Staebler-Wronski effect, many scenarios have been suggested to provide the metastable hydrogen complexes assumed to accompany the light induced production of metastable silicon dangling bonds [
].  We can rule out many of the specific suggestions.  First, we can eliminate any models in which the sites do not involve paired hydrogen atoms.  Zafar and Schiff [
] first suggested the presence of electrically inactive, paired hydrogen sites to explain the optically induced production of metastable silicon dangling bonds, and Branz has also proposed the existence of paired hydrogen sites [
].  

There remain several specific paired-hydrogen sites that are at present consistent with the data.  Since the separation between the hydrogen atoms is consistent with SiH2, or dihydride bonding, one cannot rule out this site as a possibility [
,
].   Several other specific sites have been proposed, including the analog in a-Si:H of the H2* defect that occurs in crystalline silicon [
], molecular hydrogen [
], and a surface dimer at a fully hydrogenated multivacancy [
].  We can rule out these specific examples because the hydrogen atoms are too far apart, too close together, or too close to bonded hydrogen atoms, respectively.  

In addition to the dihydride site, several other specific sites are consistent with the hydrogen-hydrogen separation of 2.3 Å.  One site proposed by van de Walle and Tuttle [11], albeit as an intermediate state and not as the stabilizing defect, is a five-fold-coordinated silicon atom with two Si-H bonds.  In order for this site to be correct, the stability must somehow be enhanced in the amorphous environment over that which is the case in crystalline Si.  Recently, Chadi has suggested two closely spaced Si-H bonds (H2**) formed by distortion of an H2* configuration [
].  It remains to be seen which, if any, of these models is correct.  

In addition to our studies in a-Si:H of the hydrogen doublet site that stabilizes the silicon dangling bonds produced by the Staebler-Wronski effect, we are continuing our collaboration with Penn State University on light induced defects where we currently are re-evaluating samples that have been light soaked by the Penn State group.  The samples have been light-soaked for 10 hours and 100 hours and the ESR increases have been compared with increases in the optical absorption at low and high energies.  Although these experiments are proving to be very difficult because of the inability to obtain thick samples, especially those grown with strong hydrogen dilution, the results are promising.  We are hoping to determine whether the ESR increases scale with only one of the components of the optically induced absorption.  To date the results are inclusive because the changes in the ESR are small, and the changes in the optical absorption could be due, at least in part, to changes in the optical matrix elements on light soaking.

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 are still planning a new series of NMR experiments on a-Si:H films with larger initial dark spin densities and therefore larger metastable increases in the spin densities on light soaking.  We will also do NMR experiments on a-Ge:H now that we have established that the Staebler-Wronski effect occurs in this material.  These samples will be supplied by United Solar Ovonics because of the changes at BP Solar.  We eventually plan to examine the PL and ESR, in addition to the NMR, in both light-soaked and annealed samples. The delivery of the samples has been delayed due to the change in the supplier.  
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