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other inhomogeneities in the as-grown wafer such as the low-
lifetime “red zone” in wafers from the borders and edges of the
ingot.

We have recently suggested [38] that the contrast between
grain boundaries and intragranular regions in as-grown lifetime
maps or PL images may serve as sorting criteria for customized
gettering processes. As observed in as-grown lifetime maps
in Fig. 2, the measured electron lifetime in both intragranular
regions and around grain boundaries gradually decreases with
increasing ingot height. The intragranular lifetime is presum-
ably dominated by point defects and, therefore, degrades with
increasing Fei concentration toward the ingot top. The lifetime
measured at grain boundaries also seems to decrease, but, due
to the limited spatial resolution of the measurement, it is con-
voluted with the lifetime in the surrounding area. Thus, the life-
time measured at grain boundaries, which may depend on grain
boundary type, orientation, and metal decoration, is assumed to
be largely lost in the lifetime signal from a narrow region around
the boundary that is denuded of Fei due to internal gettering to
the boundary [39], [40]. The existence of a denuded zone be-
comes visible in lifetime maps of as-grown wafers from above
94% ingot height. Interestingly, it is exactly these wafers from
≥94% ingot height that benefit from an extended PDG step.

Concluding from these observations, in as-grown wafers
from the ingot top in which grain boundaries show a
lower lifetime than intragranular regions, i.e., a contrast
PLboundaries/PLgrains < 1, maximum postgettering perfor-
mance can be achieved through a high-throughput standard PDG
step. However, in as-grown wafers that show a denuded zone
around grain boundaries with higher lifetime than intragranular
regions (PLboundaries/PLgrains > 1), an extended PDG is re-
quired to achieve equally high material and device performance.
This criterion is assumed to be applicable to wafers with similar
high total iron concentrations from the borders and bottom part
of the ingot as well, but further experiments on wafers from
these parts of the ingot (and from other ingots) may be required
to verify this assumption.

It is also readily observable in Fig. 2 that no significant
electron-lifetime improvement seems to be achieved in regions
of high dislocation density or along grain boundaries during
extended PDG in comparison to standard PDG. It is likely that
the electron lifetime there is limited by charge-carrier recom-
bination at FeSi2 precipitates or at metal-decorated structural
defects [41], [42].

The impact of different processing schemes on FeSi2 pre-
cipitates in highly iron-contaminated mc-Si has been inves-
tigated by means of X-ray fluorescence microscopy (μ-XRF)
[14], [16]. μ-XRF results confirm that both standard and ex-
tended PDG mainly act on the concentration of interstitially
dissolved iron but hardly affect the distribution of precipitated
iron. As a consequence, during subsequent high-temperature
processes, the dissolution of these remaining precipitates can
offset the Fei reduction achieved during standard and extended
PDG if the peak temperature is chosen too high, e.g., during
metal-contact firing. However, it has been shown in [43] that the
selection of a low peak temperature can prevent degradation dur-
ing firing, and the addition of a short low-temperature plateau

after the temperature peak can even lead to an additional Fei
reduction.

The effective gettering of regions with high structural defect
density is subject to ongoing investigations. PDG at higher tem-
peratures up to 920 ◦C has recently been shown to lead to an
enhanced size reduction of FeSi2 precipitates at grain bound-
aries [44]. It was also found that the reduction of precipitated
iron through a high-temperature peak during PDG reduces the
detrimental effect of Fei increase during metal-contact firing,
even at a relatively high peak temperature of 900 ◦C [45].

In previous work, we found that the gettering efficacy not only
depends on the as-grown concentration of precipitated iron, but
also on its distribution, i.e., the size and density of iron FeSi2
precipitates [46], [47]. We also observed that the average pre-
cipitate size and density varies along the height of a cast mc-Si
ingot. However, the variation over an ingot is small compared
with the variation between mc-Si and other c-Si materials (e.g.,
ribbon and Czochralski). Thus, simulations suggest that the im-
pact of the as-grown total iron variation on the Fei concentration
after standard PDG is larger than the impact of the observed pre-
cipitate size variation within a mc-Si ingot [16].

In materials with a very different thermal history than conven-
tional cast mc-Si ingots, e.g., Si ribbon materials that undergo a
much faster cooling after crystallization, the size and density of
FeSi2 precipitates can be very different [48]. This will change
the dissolution kinetics of precipitates during high-temperature
processing [47] and the effectiveness of internal or relaxation
gettering during cooldown. Therefore, the ideal sorting criterion
for customized PDG will likely be different for other crystalline
silicon materials and may also evolve with increasing mc-Si
ingot quality.

V. CONCLUSION

The impurity content and material quality in mc-Si varies
over the ingot; thus, it seems natural to customize phospho-
rus gettering to the different regions to extract the maximum
efficiency potential from each wafer and expand the range of
usable material. Present results indicate that in cast mc-Si, the
efficacy of standard PDG to reduce the Fei concentration and,
therefore, to potentially increase the electron lifetime and solar-
cell efficiency, largely depends on the total concentration of
iron in the as-grown wafer. High-throughput standard PDG
effectively decreases the Fei concentration in the majority of
wafers from a cast mc-Si ingot with total iron concentration
<1 × 1014 cm−3 . However, advanced time-temperature pro-
files are required to extract the full-lifetime potential of wafers
from the very top of the ingot, where the total iron concentration
exceeds 1 × 1014 cm−3 .

Besides the as-grown total iron concentration, the contrast
between grain boundaries and intragranular regions in electron
lifetime maps appears to be a fairly accurate metric to sort as-
grown p-type cast mc-Si wafers from the top of the ingot for
standard and advanced PDG processes: An advanced getter-
ing profile should be applied to wafers in which grain bound-
aries show a denuded zone with higher electron lifetime than
intragranular regions. Additional experiments are required to



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

HOFSTETTER et al.: SORTING METRICS FOR CUSTOMIZED PHOSPHORUS DIFFUSION GETTERING 7

test if the sorting criterion can be further generalized, e.g., if it
applies to wafers from the bottom of the ingot.

Tailored processing would allow solar-cell manufacturers to
achieve an optimum tradeoff between material performance and
processing throughput for different types of material. A resulting
tighter efficiency distribution with a higher mean could narrow
the gap between solar cell and module efficiencies, reducing the
cost of crystalline Si photovoltaics.
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versus external gettering of iron during slow cooling processes for silicon
solar cell fabrication,” Solid State Phenom., vol. 156–158, pp. 387–393,
2010.

[11] M. Rinio, A. Yodyunyong, S. Keipert-Colberg, Y. P. B. Mouafi,
D. Borchert, and A. Montesdeoca-Santana, “Improvement of multicrys-
talline silicon solar cells by a low temperature anneal after emitter diffu-
sion,” Prog. Photovoltaics. Res. Appl., vol. 19, pp. 165–169, 2010.

[12] D. Macdonald, A. Cuevas, A. Kinomura, Y. Nakano, and L. J. Geerligs,
“Transition-metal profiles in a multicrystalline silicon ingot,” J. Appl.
Phys., vol. 97, pp. 033523-1–033523-7, 2005.

[13] T. Buonassisi, A. A. Istratov, M. Heuer, M. A. Marcus, R. Jonczyk, J.
Isenberg, B. Lai, Z. Cai, S. Heald, W. Warta, R. Schindler, G. Willeke,
and E. R. Weber, “Synchrotron-based investigations of the nature and
impact of iron contamination in multicrystalline silicon solar cells,,” J.
Appl. Phys., vol. 97, pp. 074901-1–074901-11, 2005.

[14] D. P. Fenning, J. Hofstetter, M. I. Bertoni, S. Hudelson, M. Rinio,
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