Characterization of Sputtered CdTe Thin Films with Electron Backscatter Diffraction and Correlation with Device Performance
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Abstract


The performance of polycrystalline CdTe photovoltaic thin films is expected to depend on the grain boundary density and corresponding grain size of the film microstructure. However the electrical performance of grain boundaries within these films is not well understood, and can be beneficial, harmful, or neutral in terms of film performance. Electron backscatter diffraction (EBSD) has been used to characterize the grain size, grain boundary structure, and crystallographic texture of sputtered CdTe at varying deposition pressures before and after CdCl2 treatment in order to correlate performance with microstructure. Weak fiber textures were observed in the as-deposited films, with (111) textures present at lower deposition pressures and (110) textures observed at higher deposition pressures. The CdCl2 treated samples exhibited significant grain recrystallization with a high fraction of twin boundaries. Good correlation of solar cell efficiency was observed with twin-corrected grain size while poor correlation was found if the twin boundaries were considered as grain boundaries in the grain size determination. This implies that the twin boundaries are neutral with respect to recombination and carrier transport. 
Introduction

The effects of grain boundaries in polycrystalline films on solar-cell performance are not well understood. Grain boundaries can act as recombination sites, reducing performance [Visoly-Fisher et al., 2004]. However grain boundaries can also form a localized electric field, either through structural or impurity effects, which can improve majority and minority carrier separation, and collection and thus improve performance [Li et al., 2014]. Enhanced photocurrent has been observed at grain boundaries [Li et al., 2014; Visoly-Fisher et al., 2003; Visoly-Fisher et al., 2006]. Grain boundaries could also act as localized collection sites for defects, improving the carrier collection within the interior of the neighboring grains [Li et al., 2014]. Grain boundaries can also act as diffusion pathways during the CdCl2 annealing treatment and facilitate high-efficiency devices.   
Grain boundary density would be expected to influence device performance and therefore average grain size could be a useful metric for correlation with device performance. Major et al. (2010) found a linear correlation between efficiency and grain size in CdTe when the close spaced sublimation (CSS) growth rate was controlled by pressure. Eisenbarth et al. (2009) found limited correlation for CIGS with grain size dependent on the Ga/In ratio. However these studies have not attempted to classify the electrical performance of different grain boundary types. The grain size of magnetron-sputtered CdTe films can be controlled with the sputter gas pressure as well as with growth temperature. In this work we have used the sputter gas pressure to control the as-deposited film characteristics and a standard CdCl2 treatment that produces considerable grain recrystallization. Whereas the 8 µm thick CSS films with average grain sizes below ~2µm [Major et al., 2010] showed poor cell performance, the 2.3 µm thick sputtered films in this study with average grain sizes of 500 nm perform similar to the CSS films with larger ~4 µm grains. This implies that the electrical properties of the grain boundaries depend on the growth method.

Prior to CdCl2 treatment, the cell performance is poor. Therefore this study focuses on the relationship between the cell performance and the film properties after the “activation” treatment. After CdCl2 activation the films exhibit a large number of twin boundaries, and we are particularly interested in how these twin boundaries will exhibit different electrical and diffusional properties relative to random high-angle grain boundaries [Abou-Ras et al., 2009].  
To characterize the grain boundary structure and differentiate twin boundaries from random high-angle grain boundaries, electron backscatter diffraction (EBSD) was used to characterize the CdTe films to correlate measured microstructural features with device performance. Electron backscatter diffraction (EBSD) allows for the concurrent measurement of the grain size, crystallographic texture, and grain boundary character distribution of a material [Schwarzer et al., 2009]. These results also aid in understanding the active mechanisms of film deposition and growth as well as recrystallization and grain growth accompanying the CdCl2 treatment.  
Materials and Experimental details

Three sets of CdTe films were grown using radio frequency (RF) magnetron sputtering. Two sets were used for EBSD characterization and another set was used for cell performance characterization. The EBSD-characterized films were grown on a commercial SnO2:F (Pilkington TEC7) glass substrate while the performance-characterized films were grown on a TEC15 + HRT (high resistivity transparent) substrate. The different substrate choice was incidental and based on prior experience we expect the different substrates not to affect the grain growth. The substrates were approximately 76 mm x 76 mm x 3 mm. For all sets, a 0.11 µm thick CdS layer was sputter deposited at 18 mTorr Ar pressure and an RF power of 35 W at a rate of 9 nm/min. The Ar gas pressure during CdTe deposition was selected as the primary variable. The films were deposited at constant RF power of 20 W and substrate temperature of 250 oC and with pressures (deposition rates) of 5 mTorr (21 nm/min), 18 mTorr (16.5 nm/min) and 30 mTorr (13 nm/min). The small variation in final CdTe film thickness is not expected to influence device performance [Plotnikov et al., 2009]. One set of the EBSD-characterized films was kept in the as-grown state. The other EBSD set and the set used for cell fabrication received a 30 min 387 ºC CdCl2 treatment in air. The films received a methanol rinse but no chemical etching. Cells were made by evaporating back contacts through a mask using 3 nm of Cu and 20 nm of Au and heat treating at 150 ºC for 45 min. Prior to both EBSD and device characterization, samples were cut into approximately 5 mm x 10 mm pieces, and samples from the center and edge of the deposition area were analyzed to investigate any effects of lateral inhomogeneity. Further details on the sputtering procedure are given elsewhere [Shao et al., 1996; Compaan, 2006; Gupta & Compaan, 2004 ].  

Initially both the as-grown and CdCl2 treated films were examined with EBSD in the as-deposited condition without any EBSD-specific surface preparation. While some EBSD patterns were observed in this state, surface roughness caused signal shadowing problems and the overall EBSD pattern indexing rate (as described below) was below 50%, which was considered too low for accurate characterization. A number of different EBSD preparation techniques for CdTe films have been described previously [Moutinho et al., 2008]: in this work, low-incidence surface-milling (LISM) was used [Zaefferer et al., 2008]. An FEI Quanta 3D FEG Dual Beam instrument equipped with both electron and focused Ga+ ion beams (FIB) was used to cut a flat analysis plane at 1.5º to the surface prior to EBSD. This angle is smaller than the 10-20º typically reported for LISM but was required due to the thickness of the CdTe thin films and resulted in better resolution through the depth of the film. A mill box of 30 µm x 1.5µm x 2.0µm was positioned on the film surfaces and milled at 30 kV beam energy and 1 nA of beam current with an approximate milling time of 10 minutes. In this geometry, the Z-depth of the milling box essentially controls the length of the cut on the sample surface. While the 30 kV ion beam energy cuts produced high-quality EBSD patterns from these (and other) CdTe films, it has been previously reported that high-energy FIB milling can affect EBSD pattern quality in semiconducting materials [Michael et al., 2007; Matteson et al., 2002], and other authors have observed a strong dependence of EBSD pattern quality with FIB milling energy on some CIGS PV thin films [Bhatia et al., 2010; Hlaing et al., 2011].  
While the samples could be analyzed with EBSD using the dual beam instrument, in this work the samples were transferred to an FEI XL-30 FEG SEM to maximize sample throughput. This SEM was equipped with an EDAX-TSL Hikari EBSD detector running OIM Data Collection version 5.32. The samples were tilted so that the milled analysis plane was at 15º relative to the vertical electron beam. Note that the 1.5º incident angle of the FIB cut results in a slight offset of the measured orientation relative to the film surface normal orientation, which was corrected during post-processing data analysis. The EBSD patterns were collected at 20 kV and an approximate beam current of 3 nA at a 14 mm working distance. The EBSD detector was set at 100 EBSD patterns per second acquisition at a resolution of 96x96 pixels and the camera gain set to a value of approximately 5 dB to optimize the signal intensity. For mapping, EBSD patterns were automatically collected and analyzed at a rate of 100 points/sec from an 18.5µm x 18.5µm area using a hexagonal sampling grid with a 25 nm spacing resulting in approximately 6.4x105 measurements in 107 minutes. Prior to map collection, the region of interest was imaged for approximately 30 minutes under the same beam conditions to allow the instrument and sample to stabilize and avoid any drifting issues. The mapping location was positioned so that the bottom of the EBSD images was the FIB-etched area nearest the CdTe surface that was completely smooth after milling. Thus we avoided the transition region between the as-processed surface and the prepared surface.  
The collected EBSD mapping data was analyzed using EDAX-TSL OIM Analysis version 5.31.  The EBSD indexing rate, which is the percentage of measurement points that are analyzed correctly, was determined by the fraction of points with a confidence index (CI) greater than 0.2 after a grain CI standardization procedure [Field, 1997;  Nowell & Wright, 2005] relative to the total number of points collected. A systematic noise-reduction routine was also applied.  Low-confidence points remaining after these steps were excluded from subsequent analysis.  
Results and discussions
As-grown CdTe films

Figure 1 shows an EBSD Image Quality (IQ) map [Wright & Nowell, 2006] from the center region of the as-grown film deposited at 30 mTorr, which is generally representative of the microstructure observed in all the as-grown films. Figure 1a shows the entire collection area, where clearly many grains have been observed while Figure 1b shows a magnified region within the sampled area highlighting that the 25 nm step size used is adequate to resolve the observed microstructure. The total numbers of grains measured, excluding edge grains for more accurate grain size measurements, are 7,868 for 5 mTorr pressure, 6,377 for 18 mTorr pressure and 3,392 for 30 mTorr pressure for the center regions. While these numbers of grains are lower than the >10,000 typically desired for statistically reliable texture analysis, comparisons of the measured textures from samples prepared by FIB with larger area analyses performed on broad ion-beam-prepared samples [Nowell, 2002] of the same films with >100,000 grains measured show good correlation and are deemed acceptable. In this work, grains are defined by boundaries with an angular misorientation greater than 5º and must contain at least 2 pixels of similar orientation. The 2 pixel minimum gain threshold was selected to maximize spatial resolution performance with the 25 nm sampling step size, and when used in conjunction with only high CI data was deemed acceptable. Further details are given elsewhere on quantitative texture measurements [Wright et al., 2007] and on the determination of grains [Wright et al., 2000] using EBSD. The indexing rate for these films was approximately 80-90%. The lower confidence regions were primarily located between well-defined and indexed grains. This may be due to a disordered region arising between adjacent grains during coalescence [Nalwa, 2002]. A disordered crystallographic structure would inhibit EBSD pattern formation and result in low-confidence data points. However, based on experience with Cu(In,Ga)Se2 films, it is possible that a lower energy FIB mill would improve pattern quality between the defined grains [Bhatia et al., 2010].

Figure 2a shows the average grain size (diameter, GS) and texture index (TI) of the films as a function of deposition pressure and sampling location (center or edge). TI, as defined by Bunge, allows numerical characterization of the degree of preferred orientation without detailing the specific orientation distribution [Bunge, 1993]. This approach was used because the films exhibited different preferred orientations. The texture index values vary between 1 for completely random orientation distributions to ∞ for an ideal single crystal. The texture indexes for these as-sputtered films are distributed approximately between values of 1.15 to 1.6 indicating generally weak textures. For comparison, we have measured a PVD (physical vapor deposited) CdTe film deposited at 325 ºC and PVD aluminum film that both showed the canonical strong (111) fiber textures with TI(9.  
The lateral heterogeneity in film microstructures was examined by collecting data from the center and edge of the films. The texture index of the edge of samples was lower than the TI for the center of samples for all deposition pressures. The difference in grain size center to edge depended on pressure, however, the average grain size at 5 mTorr was ~175 nm with little variation across the film. At 18 and 30 mTorr, the grain size at the edge remained ~175 nm but the grain size at the center increased with pressure to 300 nm at 30 mTorr. Since film thickness is about 15% less at the edges, the growth rate is lower; this would predict larger grains at the edges. This indicates that the higher ion and atom bombardment in the center is playing a role in nucleation and/or grain growth although the details are not understood [Gupta & Compaan, 2004].    

Figure 2b presents the data for grain size and texture index as functions of depth through the films. The shallow 1.5o angle of the LISM preparation allows the EBSD data to be partitioned according to depth with reasonable statistics. Since the bottom of the images correspond to 75-100 nm below the CdTe surface, the top represents a depth of about 500 nm. Both the grain size and texture index values decrease with depth below the surface. Grain sizes decrease by 10-15% in 400 nm. This is consistent with a selected oriented growth in which the grains with faster growth gradually dominate. Longer FIB milling times could be used to study the full film thickness but this was not the focus of this study.  

The observed weak texture in the films of this study is also observed using the maximum values of the (111) and (110) pole figures, as shown in Figure 3a and 3b for three deposition pressures. The pole figures are presented normalized to the statistically-expected texture values for random grain orientations. The films deposited at 5 mTorr have a weak (111) fiber texture while the films deposited at 18 and 30 mTorr have weak (110) fiber textures. These were confirmed with the initial measurements made on the as-received samples without LISM. The presence of two primary textures, while low in strength, suggests two different microstructural evolution processes. While the textures of the underlying CdS layers were not measured, all CdS layers were deposited at 18 mTorr, which should eliminate CdS orientation effects as a cause of this difference. X-ray diffraction measurements show evidence of in-plane compressive stress producing strain in the growth direction that is 0.5% at 5 mTorr diminishing to 0.1% at 30 mTorr. The (111) texture typically develops due to surface and interface energy minimization effects [Thompson & Carel, 1995; Thompson & Carel, 1996]. The (111) texture present in the 5 mTorr film is stronger than the (110) texture in the other films. While deposition temperature and RF power were held constant for all films, both the rate and kinetic energy of atoms impinging on the growth interface at 5 mTorr will be higher due to the lower gas pressure and fewer gas collisions. For CSS CdTe films [Major et al., 2010] a similar decrease in (111) texture was observed as growth rate was reduced at higher pressures. This was interpreted as due to greater competition from the faster-growing (111) grains because of the higher nucleation density at faster growth rates. The larger impinging atom energy produces more strain and may also play a role in the development of the (111) texture, but the strain energy will affect the recrystallization during CdCl2 treatment discussed later. Consonni et al. (2008) have reported evolution of (110) textures driven by strain energy minimization in 1000 µm thick CdTe films but it is not clear that strain effects are great enough to affect our 2 µm films. 
EBSD can also be used to characterize small angle misorientations within grains [Brewer et al., 2009]. Here we used the metric of local orientation spread (LOS), where a kernel (3rd nearest neighbors in this case) is centered on each point [Wright et al., 2011]. The misorientation between each point and every other point in the kernel is then calculated (excluding values greater than 5º corresponding to high-angle grain boundaries). The average value for the kernel is then calculated and assigned to that point.  The average LOS values for the central region were 0.90º for 5 mTorr, 0.71º for 18 mTorr, and 0.65º for 30 mTorr. These results again suggest that the increased ion bombardment and kinetic energy of the sputtered material associated with lower pressures cause a measureable change in the crystalline microstructure. These misorientation defects could influence device performance by inducing charge carrier traps.   
CdCl2 treated CdTe films
Figure 4 shows EBSD image quality and secondary electron (SE) SEM signal maps from the CdCl2 treated center region samples. These structures are vastly different than the as-deposited microstructures, and show that recrystallization and grain growth has occurred as has been observed for other low-temperature grown CdTe films [Zoppi et al., 2006; Romeo et al., 2000]. The near-vertical lines in the SE images are due to curtaining effects during the FIB preparation. The EBSD indexing rates are significantly higher for the treated films, with >98% indexing for the 18 and 30 mTorr deposition pressures and >92% for the 5 mTorr films. The interfaces between adjacent grains are much sharper than the as-deposited films.  
Voids are visible for these CdCl2 treated films in both types of images, although they are more clearly seen in the SE image. AFM measurements were used to confirm that these were voids rather than, for example, secondary phases of differing conductivity. The observation of voids via SEM examination of the treated films away from the FIB-prepared area for EBSD analysis confirmed that these defects were not artifacts of the FIB preparation. These voids were also not observed in the as-deposited state prior to CdCl2 treatment when imaging the FIB-milled surface.  The area fractions of voids calculated using SE gray-scale image thresholding were 14.5%, 1.6%, and 3.9% for the 5, 18 and 30 mTorr deposition pressures respectively. The larger fraction of voids within the 5 mTorr films explains the lower indexing rate relative to the other samples. The fact that the EBSD indexing rates and void fractions do not total 100% is explained by the fact that indexable EBSD patterns are still obtained from some portions of the surface identified as voids by SE image intensity value.  
Figure 5 shows pseudo-grain maps for the 18 mTorr center region sample. Typically grain maps have randomly colored grains to highlight grain size and morphology. In this work, the random color maps have been transformed into a 12-bit gray scale image using ImageJ [Abramoff et al., 2004]. To visually delineate adjacent grains that may have similar grayscale values, black lines have been drawn around each determined grain. It is apparent from this image that CdCl2-treated microstructures also contain high fractions of twin boundaries, indicating that twinning occurs during the recrystallization process. Using EBSD mapping to characterize the grain boundary character distribution (GBCD) allows categorization of grain boundaries as low-angle grain boundaries (5-15º misorientations), twin boundaries (Σ3 or Σ9 coincident site lattice or CSL boundaries in this case), or random high-angle grain boundaries (misorientations >15º not meeting CSL criteria).  Misorientations <5º are considered using the local orientation spread metric and not included in the GBCD. In these films, the percentages of twin boundaries are 48.6, 52.0, and 45.2% for the 5, 18, and 30 mTorr pressures respectively. Further details on twin characterization with EBSD are detailed elsewhere [Wright & Larsen, 2002; Wright, 2002]. In Figure 5a, all grain boundaries >5º misorientation (i.e. all grains comprising the GBCD) have been included in the grain calculations. In Figure 5b, the twin boundaries have been selectively ignored during the grain calculations to produce what is termed here a twin-corrected (TC) grain structure. The average grain size distributions for both the standard and twin-corrected grain structures are shown in Figure 6 as a function of deposition pressure and sample location (center or edge). Note in all cases the grain sizes, defined with or without twins, are significantly larger in the centers of the samples than at the edge locations.  
The fiber textures initially present have disappeared in the CdCl2 treated films, and the textures have generally weakened and become less recognizable as was shown in the pole figures (Fig. 3). Although fewer grains were examined than with the as-deposited films (typically between 1,500-3,000 grains), the measured textures were again compared against broad ion beam-prepared areas with >150,000 grains and good correlation found. The texture weakening is not unexpected with the amount of twinning observed, but it was not possible to systematically retrace the observed orientations back to the original deposited textures using twinning relationships, as has been done previously in CIGS films [Abou-Ras et al., 2007]. However the textures were generally weak in both the as-deposited and treated samples. Because of this, it is difficult to determine if selected orientation grain growth (and twinning) is occurring or if new recrystallized nuclei are being generated and then proceeding to grow and twin. For CdTe, new recrystallized nuclei appear to explain regrowth for low-temperature-grown films [Moutinho et al., 2008; Moutinho et al., 1998], but not if the film growth was done at high temperature ( ≥550oC) [Zoppi et al., 2006; Romeo et al., 2000; Manivannan et al., 2008]. The textures at the edge of the treated samples are again weaker than those in the center region, but there is little correlation between the textures unlike the as-deposited films.  
The local orientation spreads of the treated films were significantly lower than the as-deposited films, with values of 0.49º, 0.41º, and 0.39º for the 5, 18, and 30 mTorr deposition pressures respectively for the center regions. This result is consistent with the deposition pressure-dependent strain providing an additional driving force for recrystallization resulting in different retained orientation spreads after recrystallization and grain growth.  
Correlation of device performance with measured microstructures
The second set of CdCl2 treated samples received 3 mm diameter back contacts to complete an array of solar cells and their performance was characterized. To correlate performance with the EBSD-characterized microstructure, the four dot cells nearest the center and nearest an edge of each film were chosen to obtain averages. In rare cases for which such a dot cell appeared anomalous compared with the other 140 cells on the film, an adjacent cell was chosen to average. 
The averaged power-conversion efficiency and fill factor (FF) as functions of either standard or twin-corrected average grain size are shown in Figures 7a and 7b, respectively. Six independent grain-size data points are created with three deposition pressures and center and edge locations for each.  Note that this assumes that the major variable is grain size and that, e.g., sputter pressure is of secondary importance. The correlation of performance with standard grain size (uncorrected for twinning) is poor, however a general trend of increasing device efficiency and fill factor with grain size emerges once the twin boundaries are ignored in the grain boundary angular distributions. The general trend is analogous to an inverse Hall-Petch-type relationship with efficiency and fill factor increasing as twin-corrected grain size increases. This is consistent with twin boundaries exhibiting different recombination properties than random high-angle grain boundaries – in fact it suggests that the twin boundaries do not contribute to non-radiative recombination at low carrier generation levels. Cathodoluminescence measurements (corresponding to high injection conditions) on CIGS films have shown similar correlation with EBSD grain boundary type [Abou-Ras et al., 2009]. Twin boundaries typically have lower grain boundary energies than random high-angle grain boundaries and are expected to have different diffusional properties that may affect doping and passivation mechanisms. Also twin boundaries are likely to have lower densities of recombination site defects. In 8 µm thick films grown by CSS, a plateauing of efficiency versus grain size was reported at the point at which series resistance is no longer dominated by grain boundaries but rather by the contacts [Major et al., 2010]. Our data for these 2 µm sputtered films show a similar plateau only with twin-corrected grain size. The observed 100-200 nm voids as well as electronic defects likely to occur at points having large local orientation spread could also be limiting the cell performance.  

While these results show a general correlation of cell performance with microstructure, this work represents a statistical approach characterizing a large number of grain boundaries. Also, random high-angle grain boundaries are expected to have varying properties leading to varying cell performance. Enhanced photocurrents have been observed by two groups at some grain boundaries [Li et al., 2014; Visoly-Fisher et al., 2003; Visoly-Fisher et al., 2006; Smith et al., 2004]. While these enhanced boundaries have not been characterized in terms of misorientation relationships, the present work suggests using a FIB-prepared sample for EBSD crystallographic characterization to develop a structure versus performance matrix beyond the general grain boundary characterization methodology used in this work. It would be desirable to characterize grain boundaries according to those which are advantageous, disadvantageous, and neutral to cell performance. This would of course lead to the ability to engineer specific grain boundaries to improve performance [Fraas et al., 1978; Randle et al., 2010], which has been discussed for thin films previously [Park & Field, 2006; Park et al., 2005; Field et al., 2005].  
Summary and conclusions

CdTe films sputtered at three different deposition pressures were characterized before and after CdCl2 treatment with electron backscatter diffraction (EBSD) in order to correlate microstructural measurements with photovoltaic cell performance. A LISM FIB sample-preparation technique allowed for measurements of microstructure as a function of film depth during EBSD. This revealed an increase of grain size and texture strength during film growth suggesting an oriented growth process. The CdCl2-treated samples had a recrystallized microstructure with a larger grain sizes and weakened fiber texture relative to the as-deposited films. A high-fraction of twin boundaries was observed in all of the CdCl2-treated films. Weak fiber textures were observed in all of the as-deposited films with a (111) texture observed for lower deposition pressures and a (110) texture observed for higher deposition pressures. The (111) texture arises at the higher growth rates that occur at lower pressure as seen also with other low-temperature growth of CdTe. However, the texture development is likely to be influenced also by the substantial strain in the low-pressure-grown films.      

An important aspect of this work was the establishment of correlations were observed between increasing twin-corrected grain size and improved efficiency and fill factor which were absent if the standard grain size was considered. This is attributed to the twin boundaries being much less active in carrier recombination and presenting lower barriers to carrier transport than do random high-angle grain boundaries.
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Figure Captions:
Figure 1:  EBSD image quality map from center region of as-deposited 30mTorr film showing a) full region of interest and b) magnified region of interest.
Figure 2: Average grain size (GS) and texture index (TI) versus deposition pressure for the as-deposited films at a) different lateral locations and b) as functions of depth in the film.    
Figure 3: CdTe (111) and (110) pole figures for deposition pressures of 5 mTorr, 18 mTorr, and 30 mTorr for: a) as-sputtered films and b) CdCl2-treated films.
Figure 4: EBSD image quality (a-c) and SEM secondary electron (d-f) images for CdCl2 treated films at 5, 18, and 30 mTorr deposition pressures respectively. Voids are more easily visible in the secondary electron images. [Note: sampling was taken from the center piece of the sputtered film].
Figure 5: EBSD grain maps a) including (standard grain size) and b) excluding twin boundaries as grain boundaries (twin corrected) from the center of the 18mTorr CdCl2 treated sample. Grain boundaries are drawn as solid black lines. [Note: sampling was taken from the center piece of the sputtered film].
Figure 6: Average grain size and twin-corrected (TC) grain size versus deposition pressure for CdCl2 treated samples. 
Figure 7: a) Average efficiency and fill factor versus non-twin-corrected average grain size for CdCl2 treated samples. b) Average efficiency and fill factor versus twin-corrected grain size for CdCl2 treated samples. The performance parameters shown in Figs. 7(a) and 7(b) are corresponding data points of three pressures and two locations shown in Fig. 6.
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