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ABSTRACT


This paper summarizes the production of neutral silicon dangling bonds in tritiated a-Si:H as measured by electron spin resonance (ESR).  
1. Objectives


The research addresses important issues relating to the reliability of a-Si thin-film devices and the fundamental understanding of a-Si and related alloys in order to improve module performance and reliability.  Of critical importance is the possibility of eliminating or greatly reducing the losses due to the Staebler-Wronski effect in a-Si materials.  Eliminating the Staebler-Wronski effect is critical to improving the efficiencies of PV modules based on a-Si and thin-film (< 50 μm) Si.

  
2. Technical Approach


The research employs several spectroscopic techniques, such as NMR, ESR, infrared absorption, photo-luminescence (PL) and optically detected magnetic resonance (ODMR) to evaluate the structural and electronic properties of a-Si:H, microcrystalline hydrogenated silicon (μc-Si:H), and related alloy systems.  The experimental arrangements have been designed specifically for thin film geometries in order to investigate films, multiple layer structures and prototype devices.
3. Results and Accomplishments

The major accomplishments are (1) the observation of a specific paired-hydrogen defect linked to the Staebler-Wronski effect in hydrogen diluted a-Si:H using 1H NMR [collaboration with United Solar], (2) measurement of the temperature dependence of the metastable, paired-hydrogen defect, (3) the observation of room-temperature annealing of silicon dangling bonds by monitoring the production of production of silicon dangling bonds by decay of bonded tritium in a-Si:H [collaboration with NREL], and (4) measurement of the 1H NMR lineshape for silicon dihydride (SiH2) bonding sites to compare with the metastable paired-hydrogen defect.  The first 
accomplishment represents the identification of a second defect associated with the Staebler-Wronski effect in a-Si:H, a paired-hydrogen defect that stabilizes the silicon dangling bonds created after optical excitation.  The second accomplishment is important because it suggests that the paired hydrogen sites may be undergoing local motion at temperatures above about 10 K.  However, the exact nature of these metastable paired-hydrogen defects remains unknown.  The third accomplishment, which utilizes a novel method for investigating the production and annealing of silicon dangling-bond defects, provides the first direct evidence for thermal annealing of silicon dangling bonds at room temperature.  This accomplishment is important because it may provide insight into a mechanism to reduce the Staebler-Wronski effect by increasing the room temperature annealing process.   The fourth accomplishment is important because the separation of the hydrogen atoms in the metastable paired-hydrogen defect is similar to that speculated for SiH2 bonding sites.  

For many years hydrogen diffusion has been invoked to explain the kinetics for the production and annealing of the Staebler-Wronski effect.  Here we provide direct evidence for the diffusion of hydrogen to heal the production of a large density (approximately 1021 cm-3) of silicon dangling bonds.  Some of the diffusion might be essentially athermal and occur even at very low temperatures.  Together these two results – the diffusion of hydrogen and the annealing of a large density of silicon dangling bonds – greatly enhance our understanding of the Staebler-Wronski effect, which is the quintessential metastability in all of the tetrahedrally coordinated amorphous semiconductors.  Our results have a major impact on the two classes of models [1, 2] that have been proposed to explain the Staebler-Wronski effect because both classes invoke the motion of only a small density of hydrogen atoms, about one per defect created, to stabilize the defects.
Because of the presence of silicon-tritium bonds, one expects the tritium decay to accumulate Si dangling bond defects after the samples have been deposited. The density of these defects should follow approximately the number of decayed tritium atoms per unit volume. Since our first measurements were made seven years after deposition, the density of decayed tritium was about 6x1020 cm-3 or a few at. %.  Surprisingly, both electron spin resonance (ESR) measurements of the neutral silicon dangling bond density and photothermal deflection spectroscopy (PDS) measurements of the absorption of both neutral and charged defects yielded densities that were lower by about 3 orders of magnitude (5 x 1017 cm-3 and 4 x 1017cm-3 for films deposited at 150 oC and 225 oC, respectively).  In addition, most of these defects annealed at temperatures between about 150 and 200 oC with kinetics similar to that observed for the optically induced defects created in the Staebler-Wronski effect.  The residual spin densities in the samples kinetics similar to that observed for the optically induced defects created in the Staebler-Wronski effect.  The residual spin densities in the samples after annealing at the highest temperatures, near the deposition temperatures, were 9 x 1016 cm-3 and 2 x 1016 cm-3 for samples deposited at 150 and 225 oC, respectively.  For the film deposited at 225 oC, Fig. 1 shows the fraction of metastable defects that remains after 30 min at several stepwise annealing temperatures, TA (open circles).  The defect densities are normalized to their saturated values before annealing.  A typical annealing curve for the optically induced defects in non-tritiated a-Si:H is also shown in Fig. 1  by dark circles. This film, deposited at the University of Chicago by PECVD at 230 oC was exposed at room temperature to uniformly absorbed cw light of intensity 4x1021 photons-cm-3s-1 for one week.  At the end of this exposure, the density of defects was approximately 4x1016 cm-3. The similarity of the annealing curves for tritiated and non-tritiated samples suggests similar distributions of defect annealing energies. 
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FFig. 1. Fraction of defects, NS, remaining after stepwise annealing for 30 min at each temperature TA . Open circles represent the annealing of a tritiated sample of a-Si:H made at a substrate temperature of 225 oC and stored 7 years at room temperature.  Filled circles represent the annealing of light-induced defects in (non-tritiated) a-Si:H created by a one-week exposure to light.

After the final annealing, new defects begin to accumulate in these tritiated samples in the dark.  The accumulation kinetics depends on the temperature at which the samples are stored.  Figure 2 shows the number of newly created defects as a function of time after the final annealing for the sample grown at 225 oC.  Data are shown for the accumulation of defects at 25, 77, and 300 K.  PDS measurements were performed for the samples kept at room temperature.  Because the sample deposited at  225 0C was only 0.26 μm thick, a considerable portion of the spin density in the annealed state is likely due to surface or interface defects.  Therefore, the annealed spin density was subtracted from the total spin density to get the concentrations NS of newly created defects shown in Fig. 2.  The large scatter in the 300 K data at short times in Fig. 2 is indicative of the inherent error in the measurements.
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Fig. 2. Kinetics of the accumulation of new defects, ΔNS, after annealing at 180 oC in a sample of tritiated a-Si:H deposited at 225 oC.  Open circles and triangles represent ESR measurements on the sample kept at 77 K and 25 K, respectively.  Solid symbols indicate the same sample kept at room temperature, with the solid circles and diamonds representing ESR and PDS measurements, respectively.  The dashed curve is a linear fit to the 77 K data, and the solid curve shows the calculated number of tritium decays in the sample after the annealing.  

4. Conclusions

 In summary, we have shown direct evidence for the diffusion of hydrogen to heal the production of a large density (approximately 1021 cm-3) of silicon dangling bonds.  Some of the network healing mechanisms, which follow tritium decay, are essentially athermal and occur even at very low temperatures.
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