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Abstract

Synchrotron-based microprobe techniques were used to obtain precise and systematic
information about the size distribution, spatial distribution, shape, electrical activity, and
chemical states of iron-rich impurity clusters in multicrystalline silicon materials used for cost-
effective solar cells. These experimentally observed properties of iron-rich clusters allow one to
derive conclusions about the origins of iron contamination, the mechanisms for incorporating
large amounts of Fe into mc-Si, quantitative information about the distribution of Fe in mc-Si and
the impacts of such contamination on solar cell performance. Two distinct groups of iron-rich
clusters have been identified in both materials: (a) the occasional large (diameter > 1 pm)
particles, either oxidized and/or present with multiple other metal species reminiscent of stainless
steels or ceramics, which are believed to originate from a foreign source such as the growth
surfaces, production equipment, or feedstock, and (b) the more numerous, homogeneously
distributed, and smaller iron silicide precipitates (dia. < 800 nm, often < 100 nm), originating
from a variety of possible formation mechanisms involving atomically dissolved iron in the melt
or in the crystal. It was found that iron silicide nanoprecipitates account for bulk Fe
concentrations as high as 10'*"® cm™ and can have a large negative impact on device
performance because of their homogeneous distribution along structural defects. The large (dia. >
1 um) particles, while containing elevated amounts of metals, are low in spatial density and thus
deemed to have a low direct impact on device performance, although they may have a large
indirect impact via the dissolution of Fe, thus assisting the formation of iron silicide
nanoprecipitates. These results demonstrate that it is not necessarily the total Fe content that
limits mc-Si device performance, but the distribution of Fe within the material.



[ Introduction

In terms of peak power, over 50% of the worldwide solar cell market is based on
multicrystalline silicon (mc-Si)." It is known that even minute concentrations (< 1 ppb) of iron
can drastically reduce the minority carrier diffusion length in p-type silicon, the base material for
the vast majority of crystalline silicon photovoltaic (PV) devices. Just ~2x10"? cm™ of interstitial
Fe (Fe;) or ~2x10" of iron-boron (Fe;-Bs) pairs in single-crystalline silicon can reduce the
minority carrier diffusion length to 50 um (T ~ 1 ps), unacceptable for most PV devices of
reasonable efficiencies.” Despite this fact, recent neutron activation analysis (NAA) data on
commercially-available multicrystalline silicon (mc-Si) solar cell material reveals Fe
concentrations of 10 to 10'® cm™ (Refs. **). The question naturally arises as to how mc-Si can
contain so much iron yet manage to achieve reasonable operating efficiencies.

The impact of Fe on device performance is shown herein to depend on the nature and the
distribution of Fe contamination in mc-Si, rather than the total Fe concentration. Up until
recently, a precise experimental determination of the nature and distribution of Fe had been
challenging. Although Fe-rich clusters can have a strong impact on electrical measurements, their
small size (< 100 nm diameter) renders them undetectable to most macroscopic analytical
techniques. In addition, their inhomogeneous spatial distribution and relatively low density can
make them difficult to detect in transmission electron microscopy. In contrast, synchrotron-based
analytical microprobe tools provide both the sensitivity and the large scanning volumes necessary
to detect and characterize multiple metal clusters within a silicon matrix, thus deriving
statistically meaningful data regarding the recombination activity, size, morphology, and
chemical state of nanometer-scale metal impurity clusters with a sub-micron spatial resolution.”®
Since the advent of synchrotron-based analytical microprobe techniques, there have been reports
of Fe-rich clusters in a variety of mc-Si materials*'’, yet little effort has been invested into
systematically characterizing these clusters and drawing meaningful physical trends from the
data.

In this study, synchrotron-based microprobe techniques were applied to draw universal
conclusions about the nature of Fe contamination in mc-Si via the systematic characterization of
iron-rich precipitates and inclusions affecting two very different types of mc-Si solar cell
materials: directionally-solidified cast mc-Si, and AstroPower SiliconFilm™ sheet material.
Directionally solidified mc-Si crystal growth, which includes casting', is currently well-
established and accounts for the vast majority of worldwide mc-Si production.' Despite the
widespread utilization of this material, regions of low minority carrier diffusion length,
characterized by high densities of structural defects such as grain boundaries and dislocations,
continue to be a major source of power and efficiency loss.'*" SiliconFilm™ sheet material is
grown by a different process, involving lower-quality feedstock and high crystal growth rates,
which produces 600-800 um-thick sheets of mc-Si material with grain sizes between 100 um to 5
mm. '*'® While such a high throughput, low-cost process has the potential to significantly reduce
the price of PV, it also results in increased impurity content in the material, including carbon
and oxygen related defects'®'® and transition metals™'®. Through the analysis of Fe-rich
inclusions and precipitates in both cast and sheet mc-Si materials, certain trends were observed,
which elucidate the origins of iron contamination, the mechanisms for incorporating large
amounts of Fe into mc-Si, quantitative information about the distribution of Fe in mc-Si and the
impacts of such contamination on solar cell performance.



[I.MATERIALSAND METHODS:

Cast mc-Si wafers, grown by a commercial supplier, were cut both from vertical and from
horizontal slices of the ingot, as depicted in Fig. 1. Some of these wafers were fabricated into
solar cells and characterized by Laser-Beam Induced Current (LBIC) at the Fraunhofer Institute
for Solar Energy Systems in Freiburg, Germany. Regions of interest towards the bottom of the
ingot were selected because of the low LBIC signal indicating poor material performance.
Samples approximately 1x1 cm? were extracted from these regions of interest in the processed
wafers. Similar samples were also extracted from these same locations in the unprocessed sister
wafers (i.e. wafers extracted from neighboring slices of the ingot). The metallization and anti-
reflection coating of the processed material were removed by etching the samples first in hot
mixture 3:1 HCI:HNOj (at approximately 80°C) and then in a hot phosphoric acid bath (at
160°C). The sheet material used in this study was provided by AstroPower, out of which samples
of approximately 1x2 cm? were extracted. The samples were then etched slightly in a 1:10
HF:HNO; mixture to remove any possible surface contamination.

The synchrotrons utilized throughout this study are the Advanced Photon Source (APS) at
Argonne National Laboratory, and the Advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory. Specifically, ALS Beamlines 10.3.1 (Ref. 1) and 10.3.2 (Ref. *°), and APS
Beamlines 2-ID-D (Refs. 2'%?) and 20-ID-B (Ref. **) were employed in these investigations. At
these beamlines, state-of-the-art analytical X-ray microprobes can achieve spot sizes of 200 nm
to 5 um in diameter. A small beam size, high flux, and ultra-low Bremsstrahlung background
allow one to achieve the high sensitivity necessary to detect very small metal clusters. On the
other hand, given a typical accumulation time at each spot on the order of a second, only small
areas of a sample (typically from several hundreds to several thousands of square microns) can be
mapped if a step size comparable to the beam size is used. Since the area of a solar cell is much
larger, one has to use a complimentary technique to identify the underperforming regions of the
cell for further investigation. This can be done by a large, undersampled (i.e., with a step size
much larger than the X-ray beam spot size) maps of the minority carrier diffusion length taken in-
situ by the X-ray Beam Induced Current technique (XBIC) technique.” This technique measures
the magnitude of the X-ray stimulated minority carrier flux reaching a Schottky diode or pn-
junction. To perform XBIC, aluminum diodes were evaporated onto the front surfaces of the
samples over regions of interest. The aluminum diodes, approximately 20 nm thick, were thin
enough to ensure the unperturbed transmission of X-rays with energies greater than 1 keV. Due
to the similarity of the physical principles of both techniques, XBIC maps can be directly
correlated with LBIC maps.6

After a region of interest in the sample is identified by XBIC, X-ray fluorescence
microscopy (1-XRF) scans are performed with a much smaller step size to search for metal-rich
clusters embedded in the silicon matrix. The detection limit of the p-XRF technique is dependent
upon the spot size, accumulation time, and overall bulk sensitivity of the system, which can
depend on the detector, X-ray flux, and geometry of the system.*" The total number of Fe atoms
contained within one precipitate (Np) located near the sample surface can be determined via the
following equation:

N, (atoms) = M O[Felg, (g/cm®) ODg, (atoms/g) CA (cm®) [1]
su (Cts/s)

Crrec and Cgyy correspond to the measured XRF Fe-Ka counts, normalized to acquisition
time, for the precipitate of interest and standard sample, respectively. [Fe]sq is the areal Fe
density in the standard material, which is typically a NIST 1833 foil for X-ray fluorescence
calibration, provided by the National Institute of Standards and Technology (NIST). While in the



NIST standard the Fe is in metallic form, theoretically a film of any Fe compound in known
concentration could be used, provided it is thin enough such that matrix absorption of Fe-Ka
fluorescence does not occur within the film. Dgy represents the number of Fe atoms per unit mass
of standard material. A is the full width half maximum (FWHM) of the X-ray beam spot size.
Additional corrections (not shown here) may be introduced to account for the depth of the
precipitate from the sample surface, and for the flare, i.e. the percentage of X-rays falling outside
of the FWHM.

To convert Np,. into more meaningful quantities, such as the radius of the precipitate
(Rerec, assuming a spherical geometry), the following equation is used:

1/3
R,.. (cm) = [ %T DD Np,.. (atoms) ] 2]

Where Dpy is the density of the compound composing the precipitate, in terms of Fe
atoms per unit volume. To accurately determine the volume of a precipitate, it is thus necessary
to know its chemical state.

For typical experimental conditions with a 200 nm diameter beam and an accumulation
time of 1 second, we have detected iron silicide clusters of radius 23+5 nm, while the noise-
limited detection limit for the same conditions was estimated to be 16+3 nm for Fe particles near
the sample surface. Because the Fe-Ka fluorescence at 6.4 keV decays exponentially within the
silicon matrix with an attenuation length (decay constant) of approximately 36 um, the sensitivity
of u-XRF decreases for particles embedded deeper within the sample. The depth of the particles
from the sample surface can be determined and taken into account during calculations of the
particle size by either performing a rotation experiment™ or by comparing the relative amplitudes
of the Fe-Ka and Fe-K[3 peaks in the fluorescence spectra. The latter technique utilizes the fact
that Fe-Ka and Fe-K[3 emissions have different energies (6.4 and 7.06 keV, respectively), and
thus different attenuation lengths (36 um and 48 um, respectively). Particles within one
attenuation length from the surface of the sample are easily detected. High-resolution p-XRF
measurements can also elucidate the morphology of these metal-rich clusters, provided they are
comparable to or larger than the beam spot size.

After metal-rich clusters of interest are located via u-XRF, their chemical state is assessed
via X-ray absorption microspectroscopy (u-XAS). By using a monochromator to vary the energy
of the X-ray beam with an energy resolution of 1 eV or better, the X-ray absorption spectrum of
the iron particle is compared against the absorption spectra of commercially-available standard
materials such as Fe,O3 and FeSi,. Powder particles from the standard materials are selected to be
comparable to or smaller than the beam spot size, in order to avoid overabsorption and hole
effects when measuring the u-XAS spectra in fluorescence and transmission modes,
respectively.?

By using this suite of x-ray microprobe analytical techniques, the recombination activity,
size, morphology, and chemical state of iron-rich nano-clusters in silicon can be studied in-situ
with a sub-micron spatial resolution.

(atoms/cm”)

Prec

[11.RESULTS: CAST MC-S  MATERIAL

XBIC maps reveal certain grain boundaries with exceptionally high recombination
activity in both processed (Fig. 2a) and unprocessed (Fig. 3a) material. Multiple iron-rich clusters
are detected by u-XRF at these locations, as the maps in Fig. 2b and Fig. 3b demonstrate. These
iron-rich clusters populating grain boundaries can be divided into two distinct types, with distinct
physical properties. Firstly, while the vast majority of iron-rich clusters are small (e.g. P1, P3,



and P4 in Fig. 2b, and all particles in Fig. 3b), some rare clusters have nearly two orders of
magnitude higher u-XRF Fe counts (e.g. P2 in Fig. 2b; note the log scale of Fe concentration).
An analysis by u-XAS reveals that the clusters with smaller Fe counts are composed of iron-
silicide (FeSi,), while the clusters with much larger Fe counts are composed of oxidized iron
(Fe,03), as shown in Fig. 4a and 4b, respectively.

The average sizes of these two types of iron-rich cluster also show a clear trend, as
revealed by high-resolution p-XRF line scans. These results, which are tabulated in Table I,
indicate that the FeSi, clusters are indeed smaller than the Fe,O; clusters, as their relative p-XRF
Fe count rate in Fig. 2b would suggest.

The compositions of these clusters also differ, as determined by the u-XRF point scans.
While the Fe,Os5 clusters show appreciable amounts of other contaminants such as Cr, Mn, and
Ca (Fig. 5b), the smaller FeSi, clusters show none of these above the u-XRF detection limit (Fig
5a). Only in as-grown material can Ni and Cu be found precipitated in the immediate vicinity of
FeSi, in detectable quantities, but not Cr, Mn, Ti, or Ca.

Additionally, the morphologies and orientations of these two types of cluster are very
distinct. The large Fe,Oj3 clusters do not appear to be preferentially oriented along the grain
boundary or the crystal growth direction, as evidenced by the nearly symmetric values of their
spatial dimensions given in Table I. However, the FeSi, particles are elongated along the grain
boundary only in the direction of crystal growth, by a factor of at least 3-4, as reported in Table I
and depicted graphically in Fig. 6. (Note that a spatial dimension in Table I of 200-300 nm
corresponds to the diameter of the beam, indicating that these values may in fact be much
smaller). The possible nature of these elongated FeSi, particles is discussed in Section V-B.

The distributions of these clusters also differ. While the large Fe,Os clusters are
inhomogeneously distributed, the smaller FeSi, clusters appear to be more regularly spaced.
While high-resolution u-XRF maps (i.e. Fig. 3, showing (a) XBIC and (b) p-XRF maps along a
recombination-active grain boundary of an as-grown horizontal wafer) typically show some
microscopic clustering among FeSi, nanoprecipitates, on a length scale of 100’s of microns, these
nanoprecipitates are fairly regularly spaced. Taking into account the attenuation length of the Fe-
Ka fluorescence in Si, one calculates a FeSi, precipitate density of (1.5-2)x10° per cm?” of grain
boundary surface area in Fig. 3, resulting in an average spacing between precipitates of 7-8 um
along the grain boundary.

IV.RESULTS: SHEET MATERIAL

As only the metal clusters that remain after device processing directly affect the
performance of the solar cell device, a sample from as-grown sheet material was subject to an
aluminum gettering sequence for 4 hrs at 800°C to simulate intense processing. A coarse XBIC
scan (Fig. 7) over the front surface (the side opposite to the growth substrate and aluminum layer,
i.e. closer to the hypothetical pn-junction, were this material to be fabricated into a solar cell) of
the sheet material sample reveals two prominent features of low minority carrier diffusion length
that have persisted despite the Al gettering treatment: (a) strongly recombination-active grain
boundaries, appearing as dark lines in Fig. 7, and (b) localized intragranular defects, appearing as
dark dots within the grains of Fig. 7.

u-XRF point spectra reveal Fe present en masse at both these locations, with a small
contribution from Cr in the case of certain intragranular defects. High-resolution pu-XRF maps
reveal that the intragranular defects are irregular in shape and consist of an agglomeration of
many nanoparticles, as shown in Figs. 8a and 8b. In the spaces between intragranular defects,
where the XBIC signal is higher, no Fe-rich particles are detected. These intragranular defects



may consist of iron precipitated at voids and their associated dislocation bunches, which are
known to exist in this material.'®*" The grain boundaries are also decorated by Fe-rich
nanoparticles, as shown in Fig. 8c. The chemical states of these particles were measured by -
XAS; by comparison with standard material, it is deduced that Fe is most likely to be in the form
of iron silicide, as shown in Fig. 8d.

Again, the spacing and average size of the iron silicide precipitates along the grain
boundaries of this material were significantly homogeneous. The particle density along the
surface of the grain boundary was determined to be within the range of (1-2)x10” cm?, by
counting the number of particles in the u-XRF image of Fig. 8c and considering the extinction
distances of incoming and outgoing X-rays in Si, yielding an average spacing of 2-3 um between
neighboring particles. (Note that this value for the particle density along grain boundaries is
consistent with the value of 2x10” cm™ obtained by Lu et al.'® on a similar sample via etch pit
counting.) The average iron content of each of these precipitates at the grain boundaries was
determined, by comparison with standard material and use of Eq. 1, to be (0.69-2. 1)x10° Fe
atoms. Although cross-sectional samples were not analyzed to determine the real 3-dimensional
shape of the FeSi, grain boundary precipitates, if these are assumed to be spherical, per Eq. 2
they would have radii of approximately 2345 nm.

Another sheet material sample - which was not subject to an aluminum gettering
treatment - was etched severely, removing 25 pm from the front and back surfaces. Large
metallic clusters consisting of Fe, Ni, and Cr could be detected on both sides of the sample by p-
XRF. Large areas (1x2 mm?) of the front and back surfaces were scanned with p-XRF with a
spot size of 5x7 um?, so as to determine the spatial density of the intragranular defects. It was
found that while the relative composition of these particles remains largely the same (see Fig. 9),
their spatial densities are remarkably different. While towards the back surface of the wafer (the
side facing the substrate and the last to crystallize) nearly 30 such particles were observed within
the 1x2 mm® scan area, towards the front surface (the side facing away from the substrate, and
the first to crystallize), less than 10 were detected. In addition, the clusters detected on the front
side appeared less strongly in u-XRF mapping, indicating lower impurity concentrations. This
can also be observed when comparing pu-XRF point spectra (Fig. 9a). It is also worth noting that
this relative concentrations of the three metals shown in Fig. 9a (Cr, Fe, and Ni) are nearly the
same as those detected via NAA analyses on this material.’

The morphology of these (Cr+Fe+Ni)-rich clusters becomes evident through higher
resolution pu-XRF mapping. Shown in Fig. 10 is a high resolution image of one such cluster near
the rear surface of the sample. The clusters typically consist of various smaller particles, each
measuring some <2-5 pm in diameter, which are agglomerated in loosely-packed clusters
measuring up to 50-100 um across. p-XAS measurements on at least five of these clusters
indicate that Fe is present as FeSiy, as shown in Fig. 9b.

It must also be mentioned that one Fe-rich cluster identified by p-XRF mapping deviates
significantly from the others in terms of morphology, composition, and chemical state. This large
Fe-rich particle detected near the rear surface of the as-grown sample measures ~25 pm in
diameter (Fig. 11a), and contains no Cr nor Ni above the detection limit. In addition, the p-XAS
spectrum of this particle clearly indicates the presence of Fe,Os (Fig. 11b). The overall density of
these particles is believed to be rather low, given the sighting of only one such particle in a scan
area larger than 1x1 mm?,

To summarize, in these sheet material samples four classes of Fe-rich particles have been
observed, which can be categorized in accordance with their position within the material and



processing history: Near the front surface of aluminum gettered samples, we observe (1)
nanometer-sized iron silicide particles populating the grain boundaries, and (2) micron-sized
intragranular defect clusters, each cluster consisting of many Fe-silicide nanoparticles. Towards
the back surface of as-grown material, we observe (3) multiple clusters measuring tens of
microns across and consisting of micron-sized Fe-Cr-Ni-rich particles, in which the metal species
are present as silicides, as well as (4) one sighting of a Fe,Oj; particle, ~25 um in diameter,
unaccompanied by other metals.

V. DISCUSSION:

Despite the unique growth methods and process histories of the different mc-Si samples
analyzed herein, one can observe several systematic similarities and differences in the nature of
Fe contamination. For example, the observed Fe-rich clusters can be divided into two distinct
groups: (a) larger (dia. > 1 um), but less common, iron-rich clusters consisting of iron oxide,
and/or accompanied by other (often slowly-diffusing) metals reminiscent of stainless steels or
ceramics, and (b) smaller (dia. ~ 10's or 100's of nm), but more numerous and distributed, iron
silicide particles. Despite these differences, both types of iron-rich cluster were most frequently
observed along grain boundaries and other structural defects.

From such trends, one can infer useful information about the origins of metal
contamination in mec-Si, the physical mechanisms involved in incorporating large amounts of Fe
into mc-Si, and the formation of the iron-rich clusters observed by u-XRF. Fig. 12 presents a
pictorial summary of these processes, which will be explained in detail in the following sections.
Subsequently, a discussion of the quantified distribution of iron-rich clusters in the finished
material is presented, leading to an assessment of the impacts of Fe contamination on solar cell
device performance.

V-A. Origins of metal contamination in mc-Si

Based on experimental evidence herein and on other reports in the literature, one deduces
that the origins of metals in most mc-Si materials likely include some combination of the
following: Metals dissolved in the silicon feedstock, foreign metallic particles introduced with
the feedstock, metals originating from furnace or production equipment, and metals diffusing
from the walls of the crucible or growth surfaces. As indicated by the arrows emanating from the
right-hand side of Fig. 12 and into the melt and warm crystal, metals can be introduced at various
stages of the mc-Si growth process. The following paragraphs explore the experimental evidence
that leads to these conclusions.

The hypothesis that foreign particles (originating from the feedstock, production
equipment, etc.) are incorporated into the melt is substantiated by the u-XRF observations of a
few metal-rich particles of unusually large sizes (typically > 1 pm, see Figs. 10 and 11a, and
Table I). All of these large particles observed have one or both of the following additional
characteristics: (a) the coincidence of iron with large amounts of other (often slowly-diffusing)
metal species (e.g. Ca, Ti, Cr, Mn, Ni, etc.), the relative proportions of which allude to certain
steels or ceramics (e.g. Figs. 5b, 10, 9a) and (b) an oxidized chemical state (e.g. Figs. 4b and 11,
and Table I).

This last point is a significant indicator of foreign particles being included in the melt, as
it is currently believed that oxidized iron compounds are not thermodynamically favored to form
under equilibrium conditions within silicon, since the iron-oxygen binding energy is much
weaker than that of silicon-oxygen, and thus iron cannot "out-compete" silicon for the oxygen.28



(For additional discussion regarding the formation of oxidized metal compounds in Si, see Ref.
29.) However, an Fe,Os3 particle inserted into the silicon melt should retain its structural integrity
for a limited time, as the melting temperature of Fe,Os is approximately 1565°C, about 150°C
above the melting temperature of Si. Nevertheless, because molten Si is a reactive environment,
it is extremely likely that these particles will, over time, be etched away by the melt and lead to
the formation of smaller, more distributed iron silicide particles.

If a limited amount of iron dissolves from iron oxide particles, then it is likely that an
even greater amount of iron should dissolve from large metallic iron and iron silicide particles,
given that (a) the melting temperature of iron-silicon alloys is below that of silicon™, and (b) the
binding energy of iron atoms to a metallic iron or an iron silicide particle is weaker than to an
iron oxide particle.” The large, micron-sized (Fe+Cr+Ni)-rich clusters observed by u-XRF in
sheet material (Fig. 8), the composition of which are very similar to stainless steel (Fig. 9a), were
determined by pu-XAS to be composed of FeSi, (Fig. 9b). One can conclude that this iron was
most likely introduced into the melt as metallic stainless steel particles, given that oxide particles
are expected to survive the rapid crystallization process. It thus seems very plausible that Fe can
dissolve from the micron-sized, unoxidized (Fe+Cr+Ni)-rich clusters during crystal growth and
subsequent processing, contaminating nearby structural defects.

The inclusions of large particles show variations in their chemical and elemental
compositions, indicating a variety of origins. These particles may originate from the feedstock or
furnace parts, as suggested by the observations of stainless steel inclusions. However, those are
not the only possible sources of iron. Recent results by Rinio et al.*! suggest that Fe diffuses in
from the walls of the casting crucible after the cast mc-Si crystal has solidified but before it has
cooled. It must be remembered that iron is present in the silicon nitride crucible lining typically
in concentrations as high as parts per million. Impurities likely diffuse not only into the finished
crystal, but also into the melt, thereby raising the Fe content of the melt, and likely contributing
to FeSi, nanoprecipitate formation.

It is known from previous work that the complete removal of metals precipitated at
structural defects is extremely difficult.”**® There are also indications that while material quality
can be improved significantly via gettering and hydrogen passivation, the original diffusion
lengths of uncontaminated silicon may never be fully recovered.”*** Thus, considerable effort
should be focused on limiting the number of large iron particles entering the melt, either by
identifying and controlling the source of the iron particles (e.g. higher-quality feedstock, crucible
lining materials, etc.), separating them from the feedstock (a challenge for non-magnetic
austenite), or preventing them from melting. Via these improvements, one can limit the amount
of dissolved Fe in the melt, and consequently the concentration of iron silicide nanoprecipitates,
as depicted in Fig. 12.

While impeding the introduction of metals into the melt via the feedstock, production
equipment, and/or growth surfaces will undoubtedly lead to improved materials, often there are
certain limits imposed by economics, materials suppliers, or crystal growth conditions. Other
strategies must be developed in parallel to limit the impact of metals on device performance.
These require a prerequisite understanding of how large amounts of metals are incorporated into
mc-Si, how metal-rich clusters are formed, and how their distribution impacts the electrical
properties of the material.

V-B. Incorporation of large amounts of Feinto mc-Si
As shown in Fig. 12, there are (at least) five pathways for incorporating Fe into the warm
mc-Si material: (a) direct incorporation of incompletely dissolved foreign metal-rich particles
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into the crystal as inclusions, (b) direct precipitation of locally supersaturated iron from the melt,

(c) segregation of metals dissolved in the melt to structural defects, (d) incorporation of dissolved
Fe in the melt into single-crystalline regions of the material as interstitial atoms, and (e) diffusion
of Fe from the growth surfaces into the crystal.

The latter two mechanisms (d and e) are rather limited in their potential to introduce large
amounts of Fe into most mc-Si materials. Mechanism (e) only affects the regions of the finished
material to which the impurity species can diffuse from the growth surface (typically not more
than one cm), thus this mechanism has the potential only to deteriorate the border regions of
ingots.! For ribbon or sheet materials only fractions of a millimeter thick, however, this may be a
motive of concern as the impurity species is more likely to diffuse through the entire thickness of
the material. As far as mechanism (d) is concerned, simple equilibrium segregation models alone
cannot account for the fact that 10'*'° cm™ Fe (Ref. *) is present in mc-Si materials. Were the
amount of Fe incorporated into the final crystal determined simply by the segregation of iron
from the melt into single-crystalline regions (as defined by ks; = 8x10°®, i.e. the ratio of Fe
solubilities in the melt and in single crystalline silicon, from Ref. **), this would imply that the
melt at the solid-liquid interface contained as much as 0.01%-1% Fe! If in fact this much Fe were
present, instability in the solid-liquid interface would arise, and certainly columnar crystal growth
with centimeter-sized grains would not proceed as desired in the case of cast mc-Si.

The first three mechanisms described in the first paragraph of this section (mechanisms a,
b, and ¢) can in fact account for large amounts (parts per billion/million) of iron being
incorporated into mc-Si. Evidence for the inclusion of foreign particles is provided by the p-XRF
and p-XAS observations of oxidized iron and suspected stainless steel particles in the finished
material, as discussed in the previous section. The presence of micron-sized Fe,O; particles at
grain boundaries in cast mc-Si (Fig. 2b and Table I) indicates that under certain conditions,
foreign particles can become trapped at interruptions in the solid-liquid interface caused by
certain structural defects, instead of being pushed forward in the melt by a uniformly advancing
solidification front. It is known that slowly-moving solidification fronts tend to push large
particles in the melt forward rather than incorporate them into the crystal®®, producing a "snow-
plow" effect. Since cast mc-Si growth velocities are on the order of 10 pm/s [Refs. '™*7], it is
unlikely that enormous Fe,;O3 inclusions (with diameters >> 100 um) will be found within the
lower or middle regions of the crystal; any Fe,O; particles of that size in the melt should first
dissolve until they are much smaller in size (e.g. micron-sized), at which point they can be
incorporated into the grain boundaries. Further evidence for this "snow-plow" effect, or
segregation, of large foreign particles during crystal growth is demonstrated in the sheet material
sample, as the (Fe+Cr+Ni)-rich clusters are larger in number and in average size of towards the
back surface (the last to solidify) of the material, as shown in Fig. 9a.

As iron-rich particles in contact with the melt dissolve, the dissolved iron content in the
melt increases. Furthermore, as crystal growth progresses, the segregation of metals from solid to
liquid silicon causes the total metal content in the melt — especially at the solid-liquid interface,
depending on convective flows — to increase.**” When high metal contents are present in the
melt, the following mechanisms (described in the first paragraph of this section) can result in the
incorporation of large amounts of iron into the final crystal: (b) the direct precipitation of locally
supersaturated iron from the melt, and (c) the segregation of metals to structural defects.

The direct precipitation of iron from the melt can only occur in special conditions,
namely, when the impurity concentration in the melt reaches a critical level, as to promote the
onset of a second phase. It is known that when the convective flows in the melt are not sufficient,
the impurity concentration at the solid-liquid interface increases as impurities are rejected from
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the crystal into the melt. Once the impurity concentration at the interface reaches a critical level,
any small perturbation of the interface can result in the precipitation of the metal silicide directly
into the crystal.*®* While the convective flows within the melt during the casting process are not
likely to allow impurities to reach critical levels at the planar interface, this might not be the case
near grain boundaries. It is known from the work of Abrosimov et al.*! that a grain boundary
reaching the solid-liquid interface causes a localized distortion (dip) occur at the solid-liquid
interface. It is conceivable that impurities within this dip may be more sheltered from the
convective flow of the melt, wherein they may be able to reach critical concentrations and
precipitate directly. The morphology of the precipitates, indicating an abrupt onset and a gradual
decay as illustrated in Fig. 6a, may be an indication that locally supersaturated iron at the
solidification front precipitates abruptly and tails off.

The last mechanism enabling large amounts of iron to be incorporated into mc-Si is the
segregation of metals to structural defects. It is known that the solubility of metals in polysilicon
is much higher than in single-crystalline silicon, especially at lower temperatures.*>* This can be
explained by the interaction of metals with dangling or reconstructed silicon bonds in structural
defects (e.g. grain boundaries), as well as the reduction of strain energy from metals settling in a
distorted silicon lattice near the structural defects.**** This latter mechanism was originally
proposed by Cottrell and Bilby® to explain the mechanical hardening of steel by the segregation
of carbon atoms to dislocations, and actually observed by Blavette et al.*® via three-dimensional
atom probe (3DAP) techniques for the case of boron in Fe-Al intermetallics. It is thus concluded
that under certain conditions, metals can form a rather homogeneous coating along certain
structural defects, which is typically only a fraction of a monolayer in concentration. Because of
the homogeneous distribution along a one- or two-dimensional surface of the structural defect,
this concentration of Fe is below the current detection limits of u-XRF microprobes used in this
study, in contrast to easily detected three-dimensional, metal-rich clusters.

The consequence of metal segregation to structural defects is that the total amount of
metals incorporated into the mc-Si crystal can be much higher than in single-crystalline material.
Assuming that iron segregates at grain boundaries at a density of one iron atom per 100-500
silicon atoms (not unreasonable, given experimental observations*) and estimating the average
density of grain boundaries in a typical sample to be 10 cm™ (i.e. an average of 10 cm of grain
boundaries intersecting every 1 cm” of sample surface area), one estimates that the total Fe
segregated at grain boundaries may reach 10" cm™. This estimate is comparable with iron
concentrations on the order of 10" cm™ measured via NAA for cast mc-Si and EFG materials.*

To conclude, large amounts of iron can be incorporated into mc-Si via three primary
mechanisms: the direct incorporation of incompletely dissolved large, foreign metal-rich particles
into the crystal as inclusions, the possibility of direct precipitation of locally supersaturated iron
from the melt at regions of the solid-liquid interface sheltered from the convective flow of the
melt, and the segregation of metals to structural defects. All three mechanisms, and especially the
latter two, indicate that metals should be present at structural defects already during crystal
growth, even before the precipitation of supersaturated dissolved metals.

V-C. Precipitation of dissolved Fe during cooling

As seen in the lower half of Fig. 12, there are multiple direct and indirect pathways
leading to the formation of iron silicide nanoprecipitates. The direct pathways include: (a) during
crystal growth, via precipitation of locally supersaturated metals from the melt (discussed in the
previous section) and (b) during sample cooling, via the precipitation of (supersaturated)
dissolved metals in single crystalline regions or at structural defects. All of these mechanisms
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require high local iron contents in the melt and/or within the warm crystal, at sufficiently high
temperatures for impurity atoms to be mobile.

During sample cooling, supersaturated dissolved metals tend to precipitate at existing
defect clusters, or form new ones.””* The actual processes leading to precigitate formation
during cooling are complex and not entirely understood, but available data** suggest that metals
supersaturate faster (i.e. have a stronger temperature dependence of solubility) within regions of
the material with fewer structural defects compared to regions with elevated amounts of
structural defects. Therefore, a strong driving force exists for supersaturated metals within single
crystalline regions to accumulate at grain boundaries and other structural defects during sample
cooling. Initially, the distributions of metals at structural defects may be very homogeneous, as
described in the discussion on segregation in Section V-B. Eventually however, metals
homogeneously distributed in the vicinities of structural defects will also reach critical
concentrations, inducing precipitation and leading to the formation of iron silicide clusters. With
slow cooling rates and high metal concentrations, a few "large" (10's of nm dia.) metal silicide
precipitates are expected to form. On the other hand, faster cools offer less time for
supersaturated metals to diffuse and form large clusters, thus favoring a more homogenous
distribution of metals along structural defects, either atomically or as smaller precipitates.”® This
dependence of precipitate size on cooling rate is reflected in the two materials analyzed: cast mc-
Si is cooled very slowly and forms relatively larger particles with larger spacing in between
compared to sheet material, which is grown and cooled comparatively quickly, exhibiting
precipitates of closer spacing and smaller average size despite a total Fe content 1-2 orders of
magnitude higher than cast.”

V-D. Estimation of precipitated iron concentration at intragranular defectsand grain
boundaries

Despite their small size, iron silicide nanoprecipitates are typically separated by as little as
a few microns from their nearest neighbor at structural defects. Due to their high spatial density,
it is not unreasonable to propose that they may account for a large percentage of the total iron
content in the material. To confirm this hypothesis, a series of calculations were performed using
XBIC and standard-calibrated u-XRF data from Al-gettered sheet material and as-grown cast mc-
Si, in order to determine the total concentration and distribution of Fe distributed as iron silicide
nanoprecipitates close to the pn junction.

The following equation was used to estimate the average bulk Fe concentration due to
intragranular defects (IGDs) in sheet material:

N, (atoms Fe/IGD)[p,.,. (IGDs/cm*) 3]
L.y (cm)

Where Nigp is the number of Fe atoms per intragranular defect as determined from
standard-calibrated pu-XRF maps, ogp is the two-dimensional intragranular defect density as
determined from XBIC maps, and L. is the effective minority carrier diffusion length. XBIC
maps contain information on recombination-active defects located within a near-surface layer of
a sample with a thickness limited by the attenuation length of the incoming X-rays and by the
effective diffusion length of the photogenerated minority charge carriers (L.s). Since typical
minority carrier diffusion lengths in mc-Si are much lower than the attenuation length of the X-
rays used for these XBIC maps (over 250 pm), the XBIC signal is assumed to be limited only by
L., and thus the IGD concentration per unit volume is simply Oigps/Lett.

[Fe],gp, (atoms Fe/cm®) =
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The value of [Fe]igps was calculated to be in the range of (0.1-3)x10'° Fe/cm®, by
assuming values of Xigp in the range of (0.19-1.6)x10° atoms Fe/IGD as derived from standard-
calibrated pu-XRF maps, ogp of (2.3-3.6)x10* IGDs/cm” as determined from XBIC maps, and
assuming L ranging from 15 to 30 um.

The following equation was used to determine the total bulk Fe concentration distributed
in the form of iron silicide nanoprecipitates along grain boundaries (GBs):

N, (atoms Fe/particle) [P, (particles/em?) (L, (cm) [4]
A(cm?)

NG represents the number of Fe atoms per nanoprecipitate along the grain boundary, as
determined by standard-calibrated p-XRF data and Eq. 1 to be (0.69-2.1)x10° for sheet material
and (2.9-3.6)x10° for cast me-Si. The particle density along the surface of the grain boundary
(Pcs) was determined to be within the range of (1-2)x10’ cm™ for sheet and (1.5-2)x10° cm™ for
cast. The total length of grain boundary at the surface of the sample (Lgg) within a sample surface
area (A) can be determined from XBIC images, such as that in Fig. 3a (an excerpt from a much
larger map showing several grain boundaries) or Fig. 7. With these data, [Fe]gs was estimated to
be (0.4-2)x10"° Fe/cm® for sheet material and (0.5-3)x10"* Fe/cm® for cast.

Previous NAA analyses® on these materials indicate total Fe contents of (0.87-1.6)x10'
Fe/cm® for sheet me-Si and (4.0-4.7)x10'* Fe/cm® for cast me-Si. From Fig. 13, it can be
concluded that the total amount of Fe contained in these samples as iron silicide nanoprecipitates
1s comparable to the total amount of Fe in these samples, as measured by NAA. The iron silicide
nanoprecipitates — especially those dispersed homogeneously along the grain boundaries — are
extremely difficult to detect with most standard analytical techniques, due to their small spatial
dimensions and comparatively large distances separating neighboring particles. Yet, it is
precisely this form of Fe — homogeneously distributed in smaller clusters — that has a strong
negative impact on the device performance.

[Fe],; (atoms Fe/cm®)=

V-E. Impact of iron distribution on minority carrier diffusion length

The same number of metal atoms can have a large number of unique spatial distributions.
By simply changing the distribution of Fe impurity atoms, one can change the volume of material
adversely affected by the impurity atoms, and thus, their impact on device performance.51 This
can be understood by considering a hypothetical silicon sample with 10'* cm™ iron-boron pairs
(Fei-By) or interstitial iron (Fe;). The minority carrier diffusion length in such a sample would be
approximately 20 um or 10 um, respectively.” Now, let us assume these iron atoms are allowed
to diffuse towards one another and form precipitates of iron-silicide. If we approximate the new
minority carrier diffusion length as the distance between neighboring iron silicide clusters, then it
is easy to calculate that if the same amount of iron forms precipitates with diameters of 60 nm,
then the diffusion length would be ~30 pum, if precipitates with diameters 350 nm form, the
average diffusion length would be ~180 um, etc. One can quickly see the pattern: with increasing
average precipitate size (and decreasing density of precipitates), the minority carrier diffusion
length increases. It can thus be concluded that it is the distribution of metals, and not their total
bulk concentration, that affects device performance in mc-Si.

The smaller, more distributed iron silicide clusters are believed to have a large impact on
solar cell device performance, the reason being the small distance separating adjacent clusters.
This is substantiated by the correlation between the recombination active grain boundaries shown
in XBIC images of Figs. 1a and 5, and the presence of metal silicide precipitates separated by
distances of only a few microns (Figs 2b, 3b and 8c). A model developed by Fedotov et al.*
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predicts that when the distance separating neighboring recombination-active clusters along a
grain boundary is less than the minority carrier diffusion length within the grains, the grain
boundary becomes noticeably recombination-active for minority carriers. This appears indeed to
be the case, as the minority carrier diffusion length within the grains of this region of the sample
is determined from LBIC measurements to be >50 um, while the distance separating neighboring
Fe-rich clusters can be as little as a few um. In addition, recent illuminated lock-in thermography
(ILT, Ref. **) or light modulated lock-in thermography (LimoLIT, Ref. >*) measurement
techniques developed simultaneously by Fraunhofer ISE and the University of Konstanz,
respectively, have indicated that grain boundary recombination is one of the most dangerous
power loss mechanisms in me-Si solar cells operating in 1 Sun conditions.”>™ To improve solar
cell device performance, it is of great interest to understand how to effectively passivate or
increase the average distance separating metal-silicide nanopreciptiates as much as possible.
Simultaneously, it is desirable that the density of grain boundaries within one minority carrier
diffusion length of the pn-junction be as low as possible, a modification only possible in certain
materials (e.g. sheet material).

Following similar reasoning, intragranular defects can also have a large negative impact
on the minority carrier diffusion length. On average, the minority carrier diffusion length will be
limited to half the average distance separating adjacent intragranular defects. This effect can be
observed in the XBIC map of Fig. 7, wherein intragranular precipitates (such as those shown in
high resolution pu-XRF in Figs. 8a and 8b) appear as localized dark points. Areas containing
higher densities of these intragranular defects also exhibit lower XBIC signals. As these
intragranular defect clusters appear to consist of iron precipitated at the internal surfaces of voids
and their surrounding dislocation networks'®?’, it may be possible to improve material quality by
inducing the formation of these voids preferentially towards the back surface of the sample, away
from the pn junction.

Much different from the case of iron silicide nanoprecipitates, the micron-sized, isolated
iron-oxide and stainless steel inclusions observed in mc-Si material are believed to have a very
small direct impact on device performance. This is due to the fact that the average distance
separating these large metal clusters is often many tens or hundreds of microns, more than the
minority carrier diffusion length in those bad regions. Despite the small direct impact on device
performance, these micron-sized metal-rich clusters may have a large indirect impact on device
performance, provided that metals can dissolve from these clusters and create the smaller, more
distributed iron-silicide nanoprecipitates.

V1. CONCLUSIONS

While NAA data®* have indicated large metal concentrations in mc-Si, particularly Fe
with concentrations as high as 10"*'® cm™, the high minority carrier diffusion lengths observed in
these materials are contrary to those expected for single crystalline silicon with comparable metal
concentrations.” In this present study, correlations between XBIC and p-XRF maps indicate that
the nature and distribution of Fe plays a large role in determining its impact on the minority
carrier diffusion length. The metal-rich clusters observed in mc-Si materials were thus classified
in a systematic way, elucidating their origins, contamination pathways, formation mechanisms,
distributions, and impacts on the solar cell device performance.

The iron-rich clusters analyzed in this study can be divided into two distinct groups:
Larger particles (diameter > 1 um) which are present in rather low spatial densities and are
believed to be inclusions originating from foreign sources, e.g. the feedstock, growth surfaces,
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and/or production equipment. These inclusions are (a) accompanied by lesser amounts of other
metals such as Cr, Ni, Mn, Ti, S, or Ca, suggestive of stainless steels or ceramics, and/or (b) in an
oxidized chemical state, both indicators of foreign origins. Smaller (dia. < 800 nm, typically <
100 nm) iron silicide precipitates are also observed, but in much higher spatial densities,
separated by as little as a few microns. Despite their small size, a large amount of iron (up to
10'*" ¢m™) is estimated to be contained in these iron silicide nanoprecipitates, due to their
homogeneous distribution and high spatial density along structural defects.

The chemical and elemental composition of large Fe-rich clusters in mc-Si suggest that
iron contamination originates from Fe-rich particles or dissolved iron in the growth surfaces,
feedstock, and/or production equipment. Large amounts of Fe can be incorporated into mc-Si
primarily via three mechanisms: (a) the inclusion of incompletely dissolved foreign iron-rich
particles, (b) the direct precipitation of locally supersaturated iron at the solid-liquid interface in
the vicinity of structural defects, and (c) the segregation of iron to structural defects. Once inside
the crystal at elevated but decreasing temperatures, dissolved iron can form iron silicide
nanoprecipitates via segregation to areas with high densities of structural defects.

Correlations revealing Fe present in regions of lower minority carrier diffusion length
indicate that Fe-rich clusters play a direct role in decreasing the performance of mc-Si solar cell
devices. However, it is the distribution of Fe-rich clusters, and not necessarily the total Fe content
in the samples, that plays a greater role in limiting solar cell device performance. Homogeneously
distributed, recombination-active nanoprecipitates separated by only a few microns have a much
greater impact on the minority carrier diffusion length than do micron-sized clusters separated by
several hundreds of microns. In consequence, it is realized that the iron silicide nanoprecipitates
have the greater direct impact on device performance. While the larger, micron-sized Fe-rich
clusters and inclusions are deemed to have a small direct impact on device performance because
of their low spatial density, they are shown to have a large indirect impact, since dissolved iron
from those larger clusters can contribute to the formation of iron silicide nanoprecipitates.
Improvements to solar cell device performance are expected if metals can be engineered into
distributions that impact device performance less, namely by reducing the spatial density of
metal-related defects (precipitates and point defects) within one minority carrier length from the
pn junction.
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Tablel:

Cluster Label Chemical State X-diameter (nm) Z-diameter (nm)
P1 FeSi, 290 547

P2 Fe 05 1250 892

P3 FeSi, <200 710

P4 FeSi, 275 772

P5 Fe,03 ~1450 ~1800

P6 FeSi, <200 570

Tablel. Dimensions and chemical states of various Fe-rich clusters detected by u-XRF along a

strongly recombination-active grain boundary in cast mec-Si material. Dimensions "X" and "Y"

are perpendicular to the crystal growth direction of the directionally-solidified cast

multicrystalline silicon ingot, while "Z" is parallel to the growth direction, as shown by Fig. 1 and
the insets in Fig. 6. Dimensions were determined by the full-width-half-maximum of the Fe
concentration extracted from high-resolution pu-XRF line scans, while chemical states were
measured with u-XAS. Notice the elongation of FeSi, clusters along the crystal growth direction
(Z-dimension). Clusters P1 through P4 are shown in Fig. 2, and line scans across P3 are shown in

Fig. 6. Note also that the beam spot size is roughly 200 nm, thus dimensions given as 200-300

nm may in reality be much smaller.
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Figure 1: Pictorial representation of the cast multicrystalline silicon ingot. The "Z" coordinate
depicts the crystal growth direction, while the "X-Y" plane represents the solidification front.

From this ingot, vertical (middle) and horizontal (right) wafers can be extracted.

Figure 2: (a) Typical XBIC image of a cast mc-Si sample extracted from a fully-processed
vertical wafer (i.e. parallel to the growth direction of the directionally solidified cast ingot) near
the bottom of the ingot. The arrow in (a) points to a recombination-active grain boundary, a
region of which was analyzed by pu-XRF in (b). Fe-rich clusters are found along the grain
boundary, highlighted by the arrow and the dotted line in (b). Properties of the Fe-rich cluster
labeled "P1" through "P4" are summarized in Table I. Note the log scale of u-XRF Fe-Ka signal
intensity, indicating that P2 has approximately two orders of magnitude higher counts than the

others.

Figure 3: (a) Large area XBIC and (b) high-resolution u-XRF map of the iron distribution at a
grain boundary in as-grown cast mc-Si. Several FeSi, nanoprecipitates are observed. Although
some clustering is evident on a micron-scale, on a larger scale these FeSi, nanoprecipitates are

distributed rather homogeneously.

Figure4: u-XAS data discern two types of Fe-rich cluster in cast mc-Si material: (a) smaller iron
silicide (FeSi,) and (b) larger iron oxide (Fe,O3). Data labels correspond to precipitates viewed in

the p-XRF image Fig. 1b, and parameterized in Table 1.

Figure5: Typical p-XRF point scans for the two types of Fe-rich clusters in cast me-Si: (a)

Smaller FeSi, clusters, without detectable quantities of other metals, and (b) larger Fe;O3
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particles, wherein iron is accompanied by other elements reminiscent of ceramics, dirt, and

stainless steel.

Figure 6: An example of high-resolution pu-XRF line scans across the FeSi, nanoparticles at a
grain boundary in cast mc-Si. In both line scans, the beam size is 200 nm, and step size is 50 nm.
The Z dimension corresponds to the crystal growth direction of the cast multicrystalline silicon
ingot, while X and Y are perpendicular to the growth direction, as shown in Fig. 1. A curious
morphology of these nanoparticles is noted: While the particle appears thin and symmetric in the
dimensions of X (shown in (b)) and Y (not shown), indicating that in these dimensions the
particle is equal to or smaller than the beam spot size of 200 nm, the Z dimension (along the
growth direction) shows a rather abrupt increase followed by a tailing off of the Fe concentration.

A possible formation mechanism for these FeSi, nanoparticles is discussed in the text.

Figure 7: XBIC map of a typical region of Al-gettered sheet material. Features of interest include
recombination active grain boundaries and point-like intragranular defects. Dark regions in the

map correspond to the areas with high recombination activity.

Figure8: (a, b) u-XRF maps of the Fe distribution within typical intragranular defects in sheet
material, noted by points of lower XBIC signal in Fig. 5. These defects consist of irregularly-
shaped, micron-sized clusters of Fe nanoparticles, and make the largest contribution to the total
metal content in this sample. (c) u-XRF map of Fe nanoparticles within a typical grain boundary,
shown in 3D (above) and in 2D projection (below). Although each Fe nanoparticle at the grain

boundary is only ~23+5 nm in radius, these nanoparticles are also believed to contain a sizeable
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fraction of the total Fe in this sample, due to their high spatial density. (d) The chemical state of

the Fe particles shown in (a-c) is revealed by pu-XAS to be most similar to FeSi,.

Figure 9: (a) u-XRF point spectra of Cr/Fe/Ni-rich particles in the front and back sides of an as-
grown sheet material sample. The similar composition of these particles is noted, although the
particle on the back surface yields a larger XRF signal, indicating more metals are present. (b)
The chemical state of the Fe in such particles found on both the back and front surfaces of the
sample is revealed by u-XAS to be FeSi,. The coincidence of these three metals in the observed
proportions suggests contamination by stainless steel; one can conclude from the p-XAS spectra

that these particles were likely introduced in metallic form, and not as oxides.

Figure 10: u-XRF mapping reveals the Fe, Ni, and Cr distributions at a large defect cluster in as-
grown sheet material. The entire defect cluster spans many tens of microns, with a few hundred
microns between clusters. Because metals are concentrated in such clusters, the spaces in
between the clusters can achieve reasonable minority carrier diffusion lengths. It is thus not the

total metal content, but its distribution, that can limit material performance.

Figure 11: (a) u-XRF and (b) u-XAS of an oxidized iron particle in as-grown sheet material.
Note the large size of this particle (dia. ~ 25 um), relative to the iron silicide nanoprecipitates
(Fig. 8). Such a particle, with large size and oxidized chemical state, is most likely to be an

inclusion.

Figure 12: Graphical representation of Sections V-A through V-C, showing the origins of Fe

contamination in mc-Si (Section V-A), the physical mechanisms responsible for incorporating
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large amounts of Fe into the mc-Si material when warm, i.e. temperatures at which impurity
atoms are mobile (Section V-B), and the formation mechanisms of the Fe-rich clusters one
observes in finished mc-Si material (Section V-C). Two types of Fe-rich cluster are observed in
finished material: inclusions of foreign particles introduced into the melt, and iron silicide
nanoprecipitates formed from dissolved iron. Note that the partial or complete dissolution of the

former can contribute to the formation of the latter.

Figure 13: Estimated iron contained in FeSi, nanoprecipitates along grain boundaries (GBs) and
at intragranular defects (IGDs) obtained from quantified u-XRF data for a processed mc-Si sheet
material sample (Fig. 6). Also shown is the total Fe content measured by neutron activation
analysis (NAA) for a comparable sample, from Ref. *. Despite the tiny size of FeSi, precipitates
(typical dia. < 50 nm), which renders them undetectable by most standard characterization

techniques, their high spatial density results in a large bulk concentration.





