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Innovative Characterization of Amorphous and Thin-Film Silicon for Improved Module Performance
Research results during the first quarter of Phase I of NREL Subcontract XXL-5-44205-09 are reported.  During this quarter we have initiated collaborations with United Solar Ovonics Corporation on defects that contribute to the Staebler-Wronski effect in modules made using a-Si:H and a-SixGe1-x:H intrinsic layers.  We are continuing our collaborations with NREL on defects generated in tritiated a-Si:H.  In this quarter we have made the greatest progress on some important details of the paired hydrogen site that our nuclear magnetic resonance (NMR) measurements have tentatively identified as the defect that stabilizes the silicon dangling bonds that are generated after light exposure (Staebler-Wronski effect).  We are currently preparing  this work for publication.  

We have previously reported an 1H NMR signal in a-Si:H that occurs only after light soaking for 600 hours [1].  This signal, which is attributed to a pair of hydrogen atoms, exhibits similar annealing kinetics to that of the defects created during light-soaking, and the concentration of these sites is comparable to that of the defects measured by electron spin resonance (ESR). The distance between the two hydrogen atoms in the pair is about 2.3 Å.  Preliminary data on the temperature dependence of the lineshape suggested that the pair may undergo some form of local motion as the temperature increases [1], but the evidence was not compelling.  In addition, our earlier measurements could not exclude the possibility that the additional lineshape was due to a hydrogen triplet with the central peak masked by the narrow line from bonded hydrogen.  We have recently investigated the lineshape of this 1H NMR feature in further detail as well as its temperature dependence at a magnetic field, B0, of 3.5 T.  

We have found that the spin-lattice relaxation time (T1) of the doublet has a strong temperature dependence, which may indicate a thermally activated motion.  However, this dependence cannot be explained by a simple thermally activated, random diffusive process, such as that described by the Bloembergen, Purcell, and Pound model (BPP model).  In particular, for temperatures between 6.5 and 20 K we find no evidence that the doublet lineshape is narrowed due to motional effects as would be expected if the simplest BPP model applied.


These experiments were performed on a light-soaked, thin film of a-Si:H, which was originally made at BP Solar in a large area deposition system by DC plasma enhanced chemical vapor deposition (PECVD).  The film was light-soaked for 600 hr with a solar simulator.  We have published the details of the sample preparation elsewhere [1,2].  Details of the NMR measurements can also be found elsewhere [1].  We have used our standard technique to suppress the much stronger signal from hydrogen bonded to silicon atoms, namely, a Jeener-Broekaert three-pulse sequence [3].  The NMR line shapes are obtained by recording the stimulated echo after the Jeener-Broekaert sequence.  The echo intensity I( is given by [4]
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where and are the separations between the first and second pulses, and the second and third pulses, respectively.  T2 and T1D are the spin-spin relaxation time and the dipolar spin lattice relaxation time, respectively.  A typical pulse width for the 90o pulse is about 2 s.


At a 1H NMR frequency MHz and at low temperatures, the values of T1 for the hydrogen, which is bonded to silicon (bonded hydrogen), are too long for these hydrogen sites to fully recover using a practical pulse repetition rate.  Therefore the signal from the bonded hydrogen is suppressed due to partial saturation.  The dependence of the NMR signal I on the delay time between two scans, Td, is,
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where I0 is the amplitude of the fully relaxed signal.  The inverse of Td is the rate at which the three-pulse sequence is repeated (repetition rate).  When 
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Figure 1 shows the temperature dependence of the NMR line shapes at B0 = 3.5 T.  The lineshape obtained earlier [1] at B0 = 2 T and T = 7 K is also shown for comparison.  [In all line shapes shown in this paper the Zeeman frequency has been subtracted so that the peaks are centered about zero.]  The composite line shapes contain a narrow line (~ 4 kHz FWHM) and a broad line (~ 25 kHz FWHM) as is always seen in typical a-Si:H samples prepared by the PECVD technique.  The narrow line is attributed to randomly occurring hydrogen atoms that are bonded to silicon, hereafter termed “dilute” hydrogen.  The broad line is attributed to hydrogen atoms bonded to silicon in a clustered configuration, hereafter termed “clustered” hydrogen.  In addition, a small doublet occurs with a splitting kHz as indicated by the dashed lines.  As can be seen from Fig. 1,  is constant for B0 = 2 T and B0 = 3.5 T.  At B0 = 3.5 T,  remains the same, within the experimental error, at T = 7 K and T = 10 K.  The doublet is less obvious at T = 6.5 T and T = 20 K.  As we will discuss below, this behavior is attributed to the different temperature dependences of the T1’s for the bonded hydrogen and the doublet.  A detailed comparison of the composite lineshape shows that no motional narrowing of the doublet occurs for temperatures up to 20 K.

Figure 2 shows the temperature dependence of T1 for both the bonded hydrogen and the doublet, plotted as log(T1) against 1000/T.  Open circles denote the data for bonded hydrogen.  Solid circles denote the data for the doublet.  The lines are aids to the eye.  The value of T1 for bonded hydrogen, hereafter denoted as T1(B), at 4.2 K is an extrapolation from the data at 92.5 MHz [3], assuming a field dependence of T1 as 
[image: image5.wmf]2

1

v

µ

T

.  As can be seen in Fig. 2, T1 of the doublet, hereafter denoted as T1(D),  increases much more rapidly than T1(B), as the temperature decreases.  For temperatures below about 6 K, T1(D) > T1(B).  This relationship means that at the
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Figure 1.  1H NMR line shapes from the light-soaked sample at different temperatures and at two magnetic fields, B0 = 2 T and B0 = 3.5 T.  The two dashed lines indicate where the doublet appears.

lowest temperatures the signal from the bonded hydrogen will recover faster than that of the doublet, resulting in an apparent suppression of the signal from the doublet.  On the other hand, at T = 20 K, T1(B) is short enough compared to the pulse repetition rate so that most of the signal from bonded hydrogen fully recovers, and once again effectively reduces the signal from the doublet.  In short, the doublet only becomes visible when the signal from bonded hydrogen is drastically reduced by the dipolar echo sequence (due to a much more rapid T1d) and also reduced by partial saturation (due to a much longer T1).

Figure 3 shows the comparison of the lineshape at 7 K, with a recovery time Td = 5 s, and the lineshape at 20 K with Td = 0.5 s, in which the signal from the bonded hydrogen has relaxed and the signal from the doublet is effectively suppressed.  Solid circles and open circles represent the data at 7 K and 20 K, respectively.  The solid line represents a subtraction of the 20 K data from the 7 K data, and the dashed line is a fit to this subtraction with a Pake doublet powder pattern that is broadened isotropically by a Gaussian whose width is approximately 10% of the splitting between the two divergences.  The sharp negative spike near the center is an artifact due to small phase errors in the complex Fourier transforms.  The splitting between the two divergences is about 16 kHz.  This value is consistent with that previously estimated from measurements at a lower frequency [1].
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Figure 2.  Temperature dependence of  T1 for the hydrogen doublet and the bonded hydrogen.  The open circles represent the data for bonded hydrogen.  The solid circles represent the data for the hydrogen doublet.  The lines are aids to the eye.  The dashed-dotted line is a straight line with a slope of 100 K. See text for details. 
The most interesting result of this study is the strong temperature dependence of the spin-lattice relaxation time of the doublet.  In particular, for temperatures between 6.5 K and 20 K, the values of T1 for the doublet are shorter than those of the bonded hydrogen.  Since most of the intensity in the doublet line is well outside the width of the narrow line, the dipole-dipole coupling between the doublet and the dilute hydrogen should be rather weak.  Therefore, if the relaxation mechanism were the same (spin diffusion of the energy to a molecular hydrogen relaxation center) the T1 for the doublet should, if anything, be longer than that of the bonded hydrogen.  Since the T1 of the doublet is actually shorter, there must be a different relaxation mechanism.  Specifically, there must be a relaxation center close to the hydrogen doublet that is more efficient than spin diffusion to molecular hydrogen.  A paramagnetic “impurity”, such as a silicon dangling bond, is one possibility, but in this case one must explain why this paramagnetic center does not also shorten the T1d of the doublet and why the doublets occur preferentially near such a relaxation center.  

A second possibility is thermally activated local motion of the hydrogen pairs.  The simplest case is the BPP-type relaxation, in which the atoms jump randomly between different sites due to thermal activation.  The local dipolar field experienced by the nuclei is modulated, and therefore induces relaxation of the nuclei.  If one assumes a thermally activated hopping of hydrogen atoms, the hopping time  can be expressed as
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where Ea is the activation energy and  is a pre-factor that is, on the order of a phonon frequency.  




[image: image9.wmf]Frequency (kHz)

-40

-20

0

20

40

Amplitude (arb. unit)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4




Figure 3.  1H NMR line shapes from the light-soaked sample at different temperatures and at a magnetic field B0 = 3.5 T.  Solid circles represent data at 7 K taken with Td = 5 s.  Open circles represent data at 20 K taken with Td = 0.5 s.  The solid line represents the difference between the data at 7 K and 10 K.  The dashed line is a fit using a Pake doublet powder pattern broadened isotropically by about 2 kHz, with a splitting between the two divergences of 16 kHz.  See text for details.

In the BPP model T1 is given as
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where  is on the order of the dipolar line width and  is the Zeeman frequency.  In our case, eq. 5 does not appear to hold because the dependence of T1on  is weaker than quadratic.  In addition, for reasonable choices of and  the observed values of T1 imply that the doublet lineshape should be motionally narrowed, which is also not the case.  Earlier works have suggested that if there exists a distribution of which is very likely in disordered materials, then one might be able to fit the observed temperature dependence of T1 consistently ; however, even if this is the case, the observed lineshape will be a sum of the line shapes with hydrogen atoms at different sites, and one would again expect a change in lineshape with temperature.  Therefore, if the hydrogen pairs are undergoing local motion, it must be some form of correlated motion that maintains the distance between the two hydrogen atoms in a pair.  


The second issue is the absence of motional narrowing of the doublet lineshape.  From T = 6.5 K up to T = 20 K, the doublet lineshape remains unchanged.  In the case of the random hopping of the atoms, motional narrowing of the NMR line occurs when  = (, where  is the line width.  For the doublet, = 16 kHz, which gives a value of  between 10 –5 and 10-4 s.   Our calculation shows that the temperature at which the narrowing should occur is below 6 K, but we observe no narrowing between 6.5 K and 20 K.  The microscopic mechanism for the spin lattice relaxation of the hydrogen doublet is currently unknown.  

In summary, we have investigated the temperature dependence of the paired hydrogen site that is associated with light-soaking.  We find that the spin-lattice relaxation time of these paired hydrogen atoms strongly depends on temperature between 6.5 K and 20 K.  A simple model assuming that hydrogen atoms are hopping randomly between different sites cannot explain this dependence.  For temperatures between 6.5 K and 20 K, we do not observe motional narrowing.  A subtraction of the spectra at 7 K and 20 K provides an approximate lineshape for the site associated with light soaking and supports the attribution of this site to a pair of hydrogen atoms, which are approximately 2.3 Å apart.

In addition to our collaborative studies on tritiated samples with NREL, we are continuing our 1H NMR studies of the paired hydrogen sites with United Solar Ovonics Corporation.  We hope eventually to perform measurements on a-Ge:H to compare with the a-Si:H results, but because of poor signal-to-noise ratios, we will start by investigating the quality of a-Ge:H samples supplied by United Solar Ovonics Corporation using electron spin resonance and photothermal deflection spectroscopy.  If these experiments are successful, we will plan the NMR measurements on large-area samples.  In addition, we are in the process of measuring samples purposely designed by United Solar Ovonics Corporation to have much greater degradation than the device quality films.  In the as-grown state these films appear to show a hydrogen doublet that is different from the metastable doublet discussed in this progress report.
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