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A. Motivation and objectives of research

Crystalline silicon (c-Si) accounts for over 90% of the total photovoltaic (PV) production
worldwide and fuels the average 30% industry-wide growth rate. Solar cells produced from high-
purity single-crystalline silicon have achieved nearly 25% laboratory efficiencies; high-purity
multicrystalline silicon (mc-Si) material has achieved about 20%, whereas mc-Si produced from
lower-quality feedstock, although much cheaper, typically results in solar cells with efficiencies
between 12-15%. To be competitive on the energy market dominated by hydroelectric, nuclear,
and fossil fuel power plants, the price per kWh of the installed PV modules should continue de-
creasing. To achieve the lowest possible production cost combined with acceptable efficiency,
many PV companies prefer to work with the low-cost mc-Si, cognizant that the loss of efficiency
relative to single-crystalline silicon is offset by the lower production cost of solar cells.

The lower efficiency of mc-Si solar cells is caused by the presence of impurities and
structural defects, which severely degrade the electrical properties of the material. If control over
efficiency-limiting defects in mc-Si were to be achieved without substantially raising the produc-
tion costs, then a significant reduction of cost per kWh could be realized. Such an improvement
would further increase the competitive advantage of mc-Si, hastening the introduction of PV into
the mainstream energy market. A formidable challenge to removing or passivating efficiency-
limiting defects, especially metal-related ones, lies in the fact that until very recently, a compre-
hensive understanding of their chemical state, distribution, and impact on cell efficiency was
lacking. This was mainly because these defects can be very small (often tens or hundreds of na-
nometers in size) and separated by comparatively large distances (often several microns), making
their study very challenging for conventional analytical techniques.

The objective of this subcontract was to gain fundamental physical understanding of the
transition metal related defects in PV-grade multicrystalline silicon through elucidating the
pathways of their introduction into solar cells, their chemical state and distribution within mc-Si,
and their interaction with structural defects. The further objective was to assess the possibilities
of reduction of detrimental impact of these defect clusters on the cell performance via defect en-
gineering.

B. Approach

The approach used in this subcontract was to use unique analytical tools available at
Berkeley to perform systematic fundamental physical studies of distribution and chemical state
of metal clusters in a variety of multicrystalline silicon materials.

Two analytical techniques were essential for the success of this project. The total metal
concentration in the areas of multicrystalline silicon with high and low lifetime was determined
by neutron activation analysis, the technique which involves irradiation of the samples with neu-
trons in a nuclear reactor and analysis of its residual radioactivity. The distribution and chemical
state of metal clusters was characterized by synchrotron radiation based x-ray microscopes avail-
able at the Advanced Light Source (Beamlines 10.3.1 and 10.3.2) at Lawrence Berkeley National
Laboratory and Advanced Photon Source (Beamlines 2-ID-D and 20-ID-B) at Argonne National
Laboratory. At these beamlines, x-rays can be focused into spot sizes of 200 nm to 5 um in di-
ameter. 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. For typical experimen-



tal conditions with a 200 nm diameter beam and an accumulation time of 1 second, we have de-
tected 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. After metal-rich clusters of interest were located
via microprobe x-ray fluorescence (u-XRF), their chemical state (e.g., oxide vs silicide) was as-
sessed 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 spec-
trum of the metal particle was compared against the absorption spectra of commercially available
standard materials such as metal-oxides or metal-silicides. Recombination activity of metal clus-
ters could be assessed by in-situ x-ray beam induced current measurements (XBIC).

We analyzed and compared mc-Si materials grown using different technologies, includ-
ing samples of sheet, cast, and ribbon-grown mc-Si, as well as multicrystalline silicon grown by
the float zone technique at NREL. From these data, we were able to identify statistically mean-
ingful trends, those material-specific as well as those generic to all mc-Si materials, in the distri-
bution and properties of metal clusters, and their response to heat treatments and gettering.

C. Summary of major accomplishments

C.1. Identification of the dominant metal impurities in bad regions; Comparison of different
erowth techniques on terms of metal contamination (fasks I and 3 of the phase 1 of the project).

Neutron activation analysis (NAA) was used to determine the total metal content in three
types of commercially available multicrystalline silicon — Astropower sheet material, Baysix cast
material, and EFG ribbon. Besides determination of the average metal concentration in each of
these three types of material, we compared the metal contents of samples cleaved from the areas
with relatively high (“good regions™) and relatively low (“bad regions”) minority carrier diffu-
sion length for each of the three materials.

The NAA results are presented in the Tables I-IV below. The dominant metal impurities
were found to be Fe (6x10' cm™ to 1.5x10'® cm™, depending on the material), Ni (up to
1.8x10" em™), Co (1.7x10" cm™ t0 9.7x10" cm™), Mo (6.4x10'? cm™ to 4.6x10"* cm™), and Cr
(1.7x10" cm™ to 1.8x10" ¢cm™) (see Table I). The primary contaminants in all three materials
were Fe, Ni, and Cr, which may be an indication of contamination with stainless steel. Copper
was also detected (less than 2.4x10" cm™), but its concentration could not be accurately deter-
mined because of a very short decay time of the corresponding radioactive isotope.

Remarkably, the total concentration of transition metals observed in all three mc-Si mate-
rials was much higher than necessary to explain the minority carrier lifetime degradation in these
materials: the average concentration of iron alone was at least ten times higher than it would be
sufficient, if all iron were in the interstitial state, to account for the carrier recombination respon-
sible for the measured minority carrier diffusion length. Therefore, either transition metals are
present in relatively recombination inactive chemical/structural state, or they are extremely in-
homogeneously distributed in the wafer, or both.

Analysis of samples cleaved from the areas with high and low minority carrier diffusion
length (Tables II-IV) revealed that the difference in metal concentration in “good” and “bad” ar-
eas is small. Only gold was consistently found in the “bad” areas in 1.5 to 5 times higher concen-
trations than in the “good” areas of all three materials. The rest of the metals detected by NAA
showed either no trend at all, or, in some cases, metals were even found in slightly higher con-



centration in the “good” areas. Therefore, it is likely that it is not the total metal content but
rather a variation in the spatial distribution and/or chemical/structural state of metals that leads to

a change in their recombination properties.

Table |I. Average metal concentration found by neutron activa-
tion analysis of three types of multicrystalline silicon material:
Astropower (sheet technology), BaySix (cast), and EFG (ribbon

growth). DL stands for “detection limit”.

Table lll. Metal concentration in BaySix wafers with relatively
high (middle of the ingot) and relatively low (bottom of the ingot)
minority carrier diffusion length. DL stands for “detection limit”.

Sample A (middle of
the ingot, better cell

Sample B (bottom of the
ingot, lower cell per-

ASTROPOWER
Element (cm™) BaySix (cm®) | EFG (cm™)
Fe 1.50x10" 4.00x10™ 6.00x10™
less than DL | less than DL
Ni 1.80x10"° (3e14) (1.1e14)
Co 9.70x10" 2.10x10" 1.70x10"
less than DL
Cu (7.8x10") <2.4x10" <1.3x10"
Cr 1.80x10"® 1.00x10" 1.70x10"
less than DL less than DL
Hf (1.8x10™) 7.80x10" (6.8x10")
Mo 4.60x10" 1.50x10" 6.40x10"
less than DL | less than DL
w 2.00x10" (2.2x10") (8x10)
Au 4.80x10" 6.50x10"° 2.00x10"
less than DL
As 4.70x10" 3.40x10" (9.3x10")
Sb 2.40x10" 1.70x10" 1.20x10""
Ga 2.50x10" less than DL | 9.00x10"

Table Il. Metal concentration in the areas of EFG samples with
higher than average (“good regions”) and lower than average
(“bad regions”) minority carrier diffusion lengths. Due to different
irradiation and counting conditions, the detection limits of this
measurement run were lower than of the runs presented in Ta-
bles I, Ill, IV. Therefore, iron and some other metals were below

the detection limits.

Element | performance) (cm™) [formance) (cm™)
Ag 3x10" less than DL (5x10"")
Cr 1.9x10" less than DL (3x10")
Fe 4.7x10" less than DL (4.5x10™)
Ni_ |less than DL (3x10") | less than DL (2.3x10™)
Co 8x10" 2.80x10"
As 3.80x10" 2.90x10"
Sb 3.70x10" 3.20x10"
W | less than DL (1x10"") | less than DL (3.6x10"")
Au 1.50x10"° 1.20x10"
Zr 3.3x10™ 3.5x10"
Hf 1.40x10" less than DL (1.1x10")
Cu <1.6e14 <3.2x10"
Se 2x10" 4x10"
Mo 1.50x10" less than DL (5.4x10")

"Good" areas ["Bad" areas
Element|(cm™) (cm™)
Cr 2.97x10"?  |5.94x10"
Mo 7.09x10"  [6.00x10™
Sb 8.20x10"°  [9.00x10"
Au 5.00x10""  [3.00x10™

Table 1V. Metal concentration in Astropower wafers with rela-

tively high (“wafer A”) and relatively low (“wafer B”) minority
carrier diffusion length areas.

Wafer A (better cell per- | Wafer B (lower cell per-

Element formace) (cm™) formance) (cm™)

Cr 3x10" 5x10"

Fe [1.6x10" 8.7x10"

Ni 2.8x10" less than DL (5e15)

Co 1.3x10" 6.1x10"

Cu less than DL (5e12) less than DL (1e13)

Ga 2x10" less than DL(3e12)

As 9x10" 3.5x10"

Zr | less than DL (1.5x10") | less than DL (4x10"°)

Hf | less than DL (1.1x10"®) | less than DL (3x10")

Mo 6x10" 3x10"

Sb 2x10" 5x10"

w 2x10" 2x10"

Au 3.5x10" 4x10"




C.2. Removal of metals from mc-Si by aluminum gettering; metals in bad regions which cannot
be removed by aluminum gettering (phase 1, task 2).

700 pm-thick CZ sample containing 10° cm™ oxygen precipitates was intentionally con-
taminated with copper at 1200°C. A 5 um aluminum layer was evaporated onto one surface of
the sample through a wire mesh. Gettering anneal was performed at 800°C for 2 hours in form-
ing gas ambient.

a) Optical Microscope|

Fig. C.2.1. (a) Optical microscope image of the surface of a Cu-
contaminated CZ-Si sample with 10° cm™ oxygen precipitates.
This sample was annealed at 800°C for 2 hours after squares of
aluminum were evaporated onto the surface through a wire
mesh. (b) Cu-Ka x-ray fluorescence microscopy image for the
region highlighted in (a) shows the high concentration of Cu
gettered to the thick Al squares (note log XRF scale), and the

XRF cts fine dusting of Cu in tiny Al particles between the squares, in-
w00l _ fau) dicative that even a tiny bit of Al is a very effective getter of Cu.
4338 The dashed arrow denotes location of p-EXAFS scans in Figure
w BOO{® Eﬁ% C22

& 258
5 767
12004 ng‘gg
; 25 i
16001 A Esggé

2000 T T T
a 800 1200 1600

microns

Cu in thick Al gettered layer
Standard: Dilute Cu in Al
1.59 Standard: 8-Al,Cu

Fig. C.2.2. EXAFS of Cu gettered to thick regions of Al (dashed
arrow in Fig. C.2.1b). Notice the good agreement with the stan-
dard material of dilute Cu dissolved in Al

Ky (k)

p-XRF mapping of the aluminum layer (Fig. C.2.1) revealed that copper was present only
where aluminum was deposited through the wire mesh. Chemical identification performed by p-
XAS revealed that copper gettered to the thicker regions of Al (indicated by a dashed arrow in
Fig. C.2.1b) had formed a dilute Cu solution in Al (Fig. C.2.2) identified in [M.A.Marcus and
J.E.Bower, J.Appl.Phys. 82, 3821 (1997)]. This confirms that the mechanism of segregation in alu-
minum is a higher metal solubility in the liquid phase.

The segregation coefficient of Cu in aluminum, k=C,,/C, , , was derived from the p-

XRF map in Fig. C.2.1b as at least (1-2)x10°.



Despite the high segregation coefficient in Al, not all metal clusters can be removed by
gettering of solar cell materials. Figure C.2.3 shows an example of results obtained on as-grown
Astropower sheet material which was subject to a backside aluminum gettering sequence for 4
hrs at 800°C. A coarse XBIC scan over the front surface 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, and (b) localized intra-
granular defects, appearing as dark dots within the grains.

u-XRF point spectra revealed that Fe was present en masse at both these locations, with a
small contribution from Cr in the case of certain intragranular defects. It was found from high-
resolution u-XRF maps that the intragranular defects are irregular in shape and consist of an ag-
glomeration of many nanoparticles, as shown in Figs. C.2.4a and C.2.4b. The grain boundaries
were also decorated by Fe-rich nanoparticles, as shown in Fig. C.2.4c. The chemical states of
these particles were measured by pu-XAS; by comparison with standard material, it was deduced
that Fe was in the form of iron silicide, as shown in Fig. C.2.4d. The spacing and average size of
the iron silicide precipitates along the grain boundaries of this material were significantly homo-
geneous. The particle density along the surface of the grain boundary was determined to be
within the range of (1-2)x10” cm™. The average iron content of each of these precipitates at the
grain boundaries was determined to be (0.69-2.1)x10° Fe atoms; if these precipitates assumed to
be spherical, they would have radii of approximately 23+5 nm.

Fig. C.2.3. 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.

150 Fig. C.2.4. (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. C.2.3. These defects
1 consist of irregularly-shaped, micron-sized clusters of Fe

microns

W-XRF:
Fe-Ka (clsis)| | C

8

20.8{ —FeSiz Std

710 7172 733 7.4
Energy (keV)

nanoparticles, and make the largest contribution to the total
metal content in this sample. (c) p-XRF map of Fe nanopar-
ticles within a typical grain boundary, shown in 3D (above)

| TEs¥a /!;‘Fe&z and in 2D prgjection (bel(?w). Although eacl} Fe ngnoparti-
208 tipy | A7 cle at the grain boundary is only ~234+5 nm in radius, these
o A nanoparticles are also believed to contain a sizeable fraction
%02, /’f’-"}j of the total Fe in this sample, due to their high spatial den-
[ a4

sity. (d) The chemical state of the Fe particles shown in (a-
c) is revealed by p-XAS to be most similar to FeSi,.



There are four possible explanations to the question why some metal clusters cannot be
removed by gettering.

The first one is a high binding energy of metals in clusters of metal-oxides or metal-
silicates [S.A. McHugo et al., Physica B 273-274, 371 (1999)]). Our data presented in Section C.4 of
this report confirmed that such precipitates were observed in some types of mc-Si. However, the
numerical majority of precipitates found in our experiments in mc-Si wafers both before and af-
ter gettering were metal-silicides.

The second mechanism, suggested by Plekhanov and Tan [P.S. Plekhanov et al., J. Appl.
Phys. 86, 2453 (1999)], is kinetically limited precipitate dissolution, which is observed when metal
solubility at the gettering temperature is much lower than the total metal concentration in the
sample. This mechanism implies that the precipitates can be gettered, but it may take many
hours.

The third mechanism is stabilization of metal clusters either by lattice strains of structural
defects [R. C. Dorward and J. S. Kirkaldy, J. Mater. Sci. 3, 502 (1968); M. Kittler and W. Seifert, Solid
State Phenom. 95-96, 197 (2004)] or due to limited diffusivity of silicon self-interstitials which are
needed to counterbalance the volumetric shrinkage associated with the dissolving Cu;Si precipi-
tates [S.A.McHugo et al., J.Appl.Phys. 91, 6396 (2002); N.Li et al., 14-th NREL workshop (Winter
Park, CO, 2004), p.238].

Finally, the fourth possible mechanism is the limited capacity of the gettering layer. With
the estimated segregation coefficient & = 2x10° and typical solar cell parameters for wafer thick-
ness d = 240 um and Al layer thickness w =1 pm, one can use the following equation:

[Cu] in Bulk After Gettering ¢y, _ Chulk _ 1
[Cu] in Bulk Before Gettering ¢, [cbulk d + ¢, 'WJ 14w
d d

to predict that an upper limit of about 90% of the total metal content can be gettered from the
bulk by segregation to the Al layer with k=10°.

While all four mechanisms can play a role in limiting the efficiency of gettering of mc-Si,
our experimental data suggest that main contributions are due to the fourth, second, and third
mechanisms.



C.3. Role of metal impurities in the formation of shunts (phase I, task 4).

Shunts were analyzed in two types of solar cells, cast and RGS. The samples were pre-
characterized with lock-in thermography and LBIC. The areas of interest for u-XRF analyses
were found by in-situ XBIC by correlating LBIC and XBIC maps. Upon a p-XRF analysis at the
shunt location (shown as a small black box in Figs. C.3.1a,b,c), high concentrations of silver
(Fig. C.3.1d) and titanium (Fig. C.3.1e) were detected. These metals are used to form the contact
fingers of the metallization grid. Despite being found at the shunt location a millimeter away
from the nearest contact finger, these metals were present in nearly the same proportions as in
the contact strips themselves, which are visible in the lower part of Figures C.3.1d and C.3.1e.

Fig. C.3.1. The procedure followed to determine the
presence of metals at a shunting location in a fully-
processed cast multicrystalline solar cell: A lock-in
thermography map (a) of a 7x9 mm® region of the solar
cell containing two shunts is correlated with LBIC (b).
At the synchrotron, an XBIC map (c) is made over the
same region. X-ray fluorescence microscopy (d & e) is
performed on the small sub-region containing one shunt
(denoted by the box in a, b, and c). Silver (d) and tita-
nium (e) appear in quantities comparable to their con-

S B centrations in the contact strips (visible at the bottom of
0 500 1000 0 Om;)g‘ = E;';S;r the u-XRF maps). Residues of the contact metallization
Coordinates in microns. are likely the cause of this shunt.

These facts indicate that this shunt is most likely a process-induced defect that was
formed during metallization grid deposition, which may form if silver or palladium is deposited
directly on the surface of the wafer without a properly-placed titanium buffer layer, or in an
event of overfiring. Such a process-induced defect, while not material-specific, can be especially
deleterious for solar cells with shallow emitters.

The second group of experiments was performed on RGS material containing current col-
lecting channels. These channels are unique to RGS material and are known, when present in
high concentration, to have detrimental effect (lower fill-factor and open-circuit voltage) similar
to shunting. The current collecting channels, observed in LBIC with large light penetration depth
and as heat-generating spots in thermography maps (see Fig. C.3.2), were found in XBIC maps
and analyzed with u-XRF. As shown in Fig. C.3.3, copper and iron were found to be present at
the current collecting channel (bounded between the dashed lines). Lower bounds for the peak
metal concentrations (measured in the units of metal atoms per cm” of the sample surface) were
determined to be 1.7x10"* cm™ for Fe and 1.5x10'* cm™ for Cu, by assuming the metals lie very
near to the wafer surface. The width of the iron peak is close to the diameter of the incident x-ray
beam, which indicates that iron formed precipitates localized within a diameter equal to or
smaller than the beam size. The copper peak is much broader than the iron peak, indicating that
copper more likely forms a colony of small precipitates that appear to decorate an extended de-
fect.
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Fig. C.3.2. Detail of a shunt area in an RGS sam-
ple. The features evident in the 54 Hz lock-in ther-
mography image taken at 0.52V forward bias (a)
resemble those of the 980 nm LBIC (b) and XBIC
(c) maps of this area taken at zero bias, indicating
that the shunting current is generated at or near the
current collecting channels. The oval marker evi-
dent in (a) was placed on the surface of the solar
cell to mark the region of interest.

Fig. C.3.3. An x-ray fluorescence microscopy line
scan reveals an increase of copper and iron concen-
trations at a current collecting channel (between
vertical dashed lines, identified by XBIC). A lower
bound for the peak Fe concentration is 1.7x10'
cm?, and Cu 1.5x10" cm™. This result suggests
that current collecting channels are effective getter-
ing sites for transition metals, which may play a
role in shunt formation.



C.4. Chemical nature of metal precipitates formed after heat treatments and interaction of metals
with lattice defects and oxygen (phase 2, tasks 1 and 3).

Chemical state of iron and copper clusters was studied in a variety of materials to deter-
mine whether these metals form gettering-resistant chemical compounds, such as oxides and sili-
cates.

Copper-rich clusters were studied in four types of silicon materials with varying amounts
of oxygen: (“sample 1”) Float zone silicon intentionally contaminated with (3-4)x10'® Cu/cm™
during crystal growth; (“sample 2”’) Misfit dislocation heterostructure, consisting of a 2 um thick
n-type SigosGep o2 middle layer between a 2.5 um n-type silicon bottom buffer layer on a (001)
silicon substrate and a 2.5 um thick n-type silicon cap layer, intentionally contaminated with Cu
at 800°C; (“sample 3”) Czochralski silicon containing approximately 1.8x10° cm™ oxygen pre-
cipitates and approximately 1.5x10" ¢cm™ boron intentionally contaminated with Cu at 1200°C;
(“sample 4”) As-grown, cast mc-Si wafer extracted from near the bottom of the cast mc-Si ingot,
where the interstitial oxygen concentration can be as high as 10'® cm™. Prior to u-XAS analyses,
each Si sample was mapped with pu-XRF to reveal the precise distribution of Cu-rich clusters.

Cu K-edge pu-XANES scans of the copper-rich clusters in all four samples yielded strik-
ingly similar spectra to CusSi standard material (Fig. C.4.1). No indications of Cu clusters in
chemical state other than copper-silicide was found in these samples.
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Fig. C.4.1. up-XANES showing the spectra of standard materials (a), and then the excellent match of Cu-rich clusters
in a variety of silicon materials with the Cu;Si standard (b,c, taken at different beamlines).

Iron-rich clusters were characterized in as-grown and processed cast mc-Si. XBIC maps
revealed certain grain boundaries with exceptionally high recombination activity. Multiple iron-
rich clusters were detected by u-XRF at these locations, as the maps in Fig. C.4.2 and Fig. C.4.3
demonstrate. These iron-rich clusters populating grain boundaries can be divided into two dis-
tinct types, with distinct physical properties. Firstly, while the vast majority of iron-rich clusters
are small (e.g. P1, P3, and P4 in Fig. C.4.2b, and all particles in Fig. C.4.3b), some rare clusters



have nearly two orders of magnitude higher u-XRF Fe counts (e.g. P2 in Fig. C.4.2b; 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,O3), as shown in Fig. C.4.4a and C.4.4b, respectively.
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Fig. C.4.2. (a) Typical XBIC image of a cast mc-
Si sample. The arrow in (a) points to a recombi-
nation-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). Note the
log scale of p-XRF Fe-Ka signal intensity, indi-
cating that P2 has approximately two orders of
magnitude higher counts than the others.

Fig. C.4.3. (a) Large area XBIC and (b) high-
resolution pu-XRF map of the iron distribution at
a grain boundary in as-grown cast me-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.

Fig. C.4.4. u1-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 u-XRF image Fig. C.4.2.

Fig. C.4.5. Typical p-XRF point scans for the
two types of Fe-rich clusters in cast mc-Si: (a)
Smaller FeSi, clusters, without detectable quanti-
ties of other metals, and (b) larger Fe,O; parti-
cles, wherein iron is accompanied by other ele-
ments reminiscent of ceramics, dirt, and stainless
steel.

The compositions of these clusters also differ, as determined by the u-XRF point scans.
While the Fe,O; clusters typically show appreciable amounts of other contaminants such as Cr,
Mn, and Ca (Fig. C.4.5b), the smaller FeSi, clusters generally show none of these above the p-
XRF detection limit (Fig C.4.5a). 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.
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Additionally, the morphologies and orientations of these two types of cluster are very dis-
tinct. The large Fe;Os clusters do not appear to be preferentially oriented along the grain bound-
ary or the crystal growth direction. In contrast, the FeSi, particles are elongated along the grain
boundary only in the direction of crystal growth, by a factor of at least 3-4.

The distributions of these clusters also differ. While the large Fe,Os clusters are inho-
mogeneously distributed, the smaller FeSi, clusters appear to be more regularly spaced. Taking
into account the attenuation length of the Fe-Ka fluorescence in Si, one calculates a FeSi, pre-
cipitate density of (1.5-2)x10° per cm® of grain boundary surface area in Fig. C.4.3, resulting in
an average spacing between precipitates of 7-8 um along the grain boundary.

In the past, it has been suggested that oxidized metallic precipitates may form within sili-
con because many species of metal atom, e.g. Cu and Fe, have higher binding energies to oxi-
dized compounds such as silicates and oxides than to silicides [see, e.g., S.A. McHugo et al.,
J.Appl.Physics 89, 4282 (2001), S.A.McHugo et al., J.Appl.Phys. 91, 6396 (2002)]. While it is true that
metals bond strongly to oxygen, the same can also be said for silicon, and thus an analysis of
whether a metallic oxide, silicate, or silicide will form should take this competitive oxidation po-
tential into consideration. It is known that oxygen can form a very stable and electrically inactive
interstitial complex with silicon (O;), not to mention SiO,. Table V reproduces the enthalpy of
formation per oxygen atom (the figure of merit in a balanced equation) from individual elements
for a selection of oxidized species, demonstrating that when [Si] >> [O] > [Cu], equilibrium
thermodynamics predicts that silicon will be the predominant oxidized species.

While the precise values of enthalpies of formation cited in Table V do not reflect the ad-
ditional detailed calculations necessary to account for the formation of a species within a silicon
lattice, Table V indicates that in the presence of silicon, a strong competitor for oxygen, Cu and
Fe will likely be reduced or remain unoxidized. Based on these observations and our pu-XAS
measurements, it is concluded that both Cu and Fe in the presence of Si with [O] << [Si] will not
tend to form stable chemical bonds with oxygen, and thus will likely either form non-oxidized
precipitates, out-diffuse, or remain dissolved if solubility permits.

Table V. The enthalpies of formation per mol per oxygen atom at 298.15K for various oxidized metal species. It is
shown that the binding energy of oxygen to silicon is far greater than that of oxygen to iron or to copper. The same is
not true for all metals, e.g. hafnium. Data are from CRC Handbook of Chemistry and Physics, 84th Edition (CRC
Press, 2003).

Compound AH°
(kd/mol)
1/2 HfO, -572.4
1/2 ZrO, -550.3
1/2 TiO, -472.0
1/2 SiO, -455.4
1/4 Fe,SiO, -370.0
1/4 Fe;0, -279.6
1/3 Fe203 -274.7
Cu,O -168.6
CuO -157.3
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C.5. Recombination activity and thermal stability of complexes which metals form in mc-Si
(phase 2, task 2).

In the course of our research, we had numerous confirmations of high recombination ac-
tivity of metal clusters in mc-Si. For example, Fig. C.5.1 gives an example how pu-XRF maps,
characteristic of metal distribution in solar cells, correlate with XBIC maps, characteristic of mi-

nority carrier diffusion length.
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The impact of transition metals on cell
efficiency is determined by their spatial distribu-
tion. This can be understood by considering a
hypothetical silicon sample with 10" ¢m™ iron-
boron pairs (Fe;-Bs) or interstitial iron (Fe;). The
minority carrier diffusion length in such a sam-
ple would be approximately 20 pm or 10 pum,
respectively [A.A. Istratov et al. Appl. Phys. A 70,
489 (2000)]. Now, let us assume these iron atoms
are allowed to diffuse towards one another and
form precipitates of iron-silicide. If we ap-
proximate the new minority carrier diffusion
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diffusion length would be ~180 um, etc. One
can quickly see the pattern: with increasing av-
erage 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 the mc-Si cell
efficiency.

The iron-rich clusters analyzed in this study can be divided into two distinct groups, lar-
ger particles and smaller precipitates. Larger particles (diameter > 1 um) are present in rather low
spatial densities and are believed to be inclusions originating from foreign sources, e.g. the feed-
stock, growth surfaces, 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. Smaller (dia. < 800 nm, typically < 100 nm)
iron silicide precipitates are observed 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" cm™) is estimated to
be contained in these iron silicide nanoprecipitates due to their high spatial density. Copper was
found primarily in small copper-silicide precipitates; no oxidized copper particles was observed.

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 ob-
served in numerous XBIC images presented in our quarterly reports, publications, and in this re-

microns

Fig. C.5.1. (a) x-ray beam induced current and (b)
Cu-Ka x-ray fluorescence microscopy maps of float
zone silicon contaminated with (3-4)x10'® Cu cm™
during crystal growth. Notice the strong correlation
between the presence of copper-rich clusters (b) and
the decrease of current collection efficiency (a).
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port, and the presence of metal silicide precipitates separated by distances of only a few microns.
A model developed by [A. Fedotov et al., J. Cryst. Growth 104, 186 (1990)] 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 model agrees with our observations. Similarly,
much lower diffusion lengths were observed in grains which contained higher density of metal
clusters at intragranular defects.

Iron-oxide particles are expected to be very stable at typical gettering temperatures, and
are extremely difficult to remove. However, due to their low spatial density, they have limited
impact on device performance. Smaller metal-silicide particles, usually present in much higher
density, have much more serious lifetime limiting effect. Additionally, interstitially and substitu-
tionally dissolved metals, even if present in minute concentration, can greatly impact the solar
cell performance. Metal-silicide precipitates are relatively easy to dissolve. However, due to the
large total amount of metals found in these precipitates, the kinetics of gettering is limited by the
solubility and diffusivity of metals. Since gettering involves dissolution of metal clusters, i.e., a
conversion of precipitated metals into potentially even more recombination active interstitial /
substitutional metal atoms, incomplete gettering may lead to no observable improvement or even
degradation of minority carrier diffusion length.

Partial dissolution of metal-silicide precipitates during short high temperature heat treat-
ments was demonstrated in the following experiment. One sample from a set of sister wafers
from near the bottom of a cast mc-Si ingot was subject to a rapid thermal anneal (RTA) at
Fraunhofer ISE for emitter diffusion at 1000°C for 20 seconds. The same grain boundary in the
processed sample, as well as the as-grown material, was analyzed by u-XRF. In the as-grown
material (Fig. C.5.2a), large iron clusters could be seen at grain boundaries accompanied by de-
nuded zones (Fig. C.5.2c). Also copper and nickel clusters were detected, although in a lower
density (not shown). In the sample processed at 1000°C for 20 seconds, neither copper nor nickel
could be detected, while the iron clusters contained only 50% their original iron content. The de-
crease of iron content at the precipitates corresponds with decreasing material performance.
XBIC and LBIC maps indicate a large increase of intragranular recombination activity (Fig
C.5.2d), as well as the lack of denuded zones around the grain boundaries. The iron, copper, and
nickel dissolved from the precipitates are believed to have diffused into the grains at high tem-
peratures, and re-precipitated at structural defects during cooling. The short high-temperature
anneal combined with a rapid cooling rate probably exacerbated the delocalized iron precipita-
tion within the grains, and deteriorated the material properties.

(a) Fe distribution, as-grown (c) RTA (1000°C for 20 sec.) Fig. C.5.2. 40 x 6 umz u-XRF maps of the iron
e o'sl | distribution in grain boundaries of cast mc-Si sis-
o0 ter wafers: (a) as-grown and (b) rapid thermal
annealed at 1000°C for 20 sec. A comparison of
higher resolution p-XRF maps of numerous pre-
cipitates in both samples reveal a 50% reduction
in Fe content as a result of high-temperature proc-

essing. This dissolved Fe is believed to be respon-
(b) XBIC map of as-grown (d) XBIC c:,lfengl'EgA (1000°C, 20s.)  sible for the degradation in minority carrier diffu-
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C.6. Pathways of formation of gettering-resistant clusters during mc-Si ingot growth (phase 3,

tasks 1 and 2).

Experimental evidence obtained in this study enabled us to conclude that the origins of
metals in most mc-Si materials 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. Figure C.6.1 is a pictorial representation of the mechanisms of incorporation of
metals into solar cells. Each of these mechanisms is discussed briefly below.
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Silicon Fe Dissolved L of Metal . . R . . .
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The hypothesis that foreign particles (originating from the feedstock, production equip-
ment, 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 um). All of these large particles ob-
served 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 and (b) an oxidized chemi-
cal state. This last point is a significant indicator of foreign particles being included in the melt,
as oxidized iron and copper compounds are not thermodynamically favored to form under equi-
librium conditions within silicon, as discussed in sec. C.4. However, an Fe,Os particle inserted
into the silicon melt should retain its structural integrity for a limited time, as the melting tem-
perature of Fe,O; is approximately 1565°C, about 150°C above the melting temperature of Si.
Oxidized Cu particles will dissolve very quickly, as the low melting temperatures of both Cu,O
(1235°C) and CuO (1326°C) is lower than the melting point of silicon (1414°C). Experimental
evidence up to this point has shown no evidence for oxidized Cu-rich clusters inside silicon crys-
tals.

The possibility that metals found in cast me-Si could diffuse from the crucible walls is
supported by the fact that iron and other metals are typically present in the silicon nitride crucible
lining typically in concentrations as high as parts per million (metal oxides are often added to
densify and harden silicon nitride).

As shown in Fig. C.6.1, besides (a) direct incorporation of incompletely dissolved foreign
metal-rich particles into the crystal as inclusions, there are several other mechanisms of incorpo-
ration of metals into the crystal: (b) direct precipitation of locally supersaturated iron from the
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melt (the mechanism suggested in [P.S. Ravishankar et al., J. Crys. Growth 71, 579 (1985); J. P.
Kalejs et al., J. Crystal Growth 109, 174 (1991)]), (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, due to the segregation effect between the melt and the
crystal, and to a limited diffusion length of metals within silicon. Mechanism (c) is discussed
separately in Section C.7.

The density and size of metal precipitates can be expected to depend on cooling condi-
tions. 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 dis-
tribution of metals along structural defects, either atomically or as smaller precipitates. This de-
pendence was observed experimentally in our studies: cast mc-Si which is cooled very slowly
contained relatively larger particles with larger spacing in between, whereas sheet material,
which is grown and cooled comparatively quickly, exhibited precipitates of closer spacing and
smaller average size despite a total Fe content 1-2 orders of magnitude higher than cast mc-Si.
The distribution of metal clusters between grain boundaries and intragranular defects is likely to
depend both on the cooling regime and the availability and type of nucleations sites within
grains.

Quantitative analysis of p-XRF maps allowed us to estimate the total iron concentration
in Astropower sheet material as (0.1-3)x10'® Fe/cm® at intragranular defects and (0.4-2)x10"
Fe/cm® at grain boundaries. In cast material, the majority of iron clusters were observed at grain
boundaries; the estimated iron concentration in these clusters was (0.5-3)x10'* Fe/cm’. 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 mc-Si. Hence, the amount of Fe contained in these
samples in iron silicide nanoprecipitates is comparable to the total amount of Fe in these sam-
ples, as measured by NAA. The iron silicide nanoprecipitates — especially those dispersed homo-
geneously along the grain boundaries — are extremely difficult to detect with most standard ana-
lytical techniques, due to their small spatial dimensions and comparatively large distances sepa-
rating 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.
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C.7. Segregation of metals at structural defects (additional topic, not on the task list; extends
phase 3, topic 2 and phase 2, topic 2).

Simple equilibrium segregation models alone cannot account for the fact that 10'*'® cm™

of Fe and other transition metals (Sec. C.1) are present in mc-Si materials. Were the amount of
metals incorporated into the final crystal determined simply by their segregation into single-
crystalline regions (described by the segregation coefficient (the ratio of Fe solubilities in single
crystalline silicon and in the melt) which typically ranges from 10” to10” cm™ [S. Mahajan and K.
S. S. Harsha, Principles of Growth and Processing of Semiconductors (WCB/McGraw-Hill, USA, 1999)]), this
would imply that the melt at the solid-liquid interface contained as much as 0.001%-1% of tran-
sition metals! If in fact this high metal concentrations 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 me-Si.

Incorporation of large oxidized particles could account for a fraction of the total metal
content of mc-Si, but according to our estimates this fraction is small.

One of the mechanisms, which in our opinion could play an important role in incorpora-
tion of metals in mc-Si, is segregation of metals to structural defects. It is known that the solubil-
ity of metals in polysilicon is higher than in single-crystalline silicon [segregation of Cu was
studied by R. C. Dorward and J. S. Kirkaldy, J. Mater. Sci. 3, 502 (1968)], which is a consequence of
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. A higher metal solubility in mc-Si would lead to a
lower effective segregation coefficient and incorporation of a higher metal concentration in the
mc-Si ingots.

To determine how the solubility of iron in mc-Si differs from that in single-crystalline Si,
we used a structure consisting of a thin polysilicon layer deposited on a CZ-grown silicon wafer.
The advantage of polysilicon is that it has a high density of grain boundaries which is practically
homogeneous on a macroscopic scale, and it can easily be deposited on a CZ substrate which can
then be used as in-situ reference. The sample analyzed in Fig C.7.1 consisted of 11 pm of nomi-
nally undoped polysilicon deposited on top of a p~ silicon substrate. The sample was contami-
nated from the backside by scratching with an iron wire, annealed in a vertical furnace at 1150°C
in Ny + 5% H; ambient for 90 min, and quenched in silicone oil.

A decrease in the iron concentration in the substrate towards the interface with polysili-
con stems from relaxation gettering of iron during the silicone oil quench, whereby supersatu-
rated iron diffuses from the substrate to the polysilicon layer. The total amount of iron that was
gettered in the poly-Si layer due to a combination of segregation and relaxation mechanisms can
be determined, in the units of Fe atoms per cm” of the sample surface, by integrating the area
“A” of the plot in Fig. C.7.1a between the SIMS data in polySi and the equilibrium iron solubil-
ity. The total amount of iron that diffused into the polysilicon layer during cooling driven by re-
laxation can be calculated by integrating the area “B” in the substrate. By performing the integra-
tion, one obtains A=1.44x10" cm™ and B=2.52x10"* cm™. Since the area A is 6.4 times greater
than the area B, relaxation gettering alone cannot account for all iron accumulated in concentra-
tion above its equilibrium solubility in the area B. The segregation coefficient k£ can be deter-
mined as follows: k= S(poly)/S(substrate) = (Fe.,+(A-B)/d)/Fe., ~ 2.6, where Fe,, is the equilib-
rium Fe solubility in silicon at the diffusion temperature, d is the thickness of the poly-Si layer,
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Fig. C.7.1. Secondary ion mass spectroscopy depth
profile of iron diffused in 11 pm polySi/Si structure at
1150°C and quenched in silicone oil. (a) depth profile
plotted using a linear concentration scale. The solid
horizontal line is the equilibrium iron solubility at the
diffusion temperature. (b) The same depth profile plot-
ted on a logarithmical scale together with the results
of numerical modeling. The solid line represents the
best fit, the dashed lines are variations of the nr, prod-

and S(poly) and S(substrate) are the solubili-
ties of iron in polysilicon and in the substrate.
A similar value (k=2.2) was obtained from
computer modeling of gettering of iron during
cooling.

Another experiment was performed
with 1.1 microns thick polysilicon layer,
which was quenched in 10% NaOH after an-
neal at 1100°C. In this case, no visible tran-
sient in iron concentration in the substrate was
observed, and the segregation coefficient ex-
tracted from the ratio of iron concentrations in
the substrate and in the poly was approxi-
mately 4. An experiment with a different
structure (370 nm poly-Si on 197 nm SiO, on
Si substrate) yielded k ~16 at 1020°C. It is
important to note that polysilicon (and to even
greater extent multicrystalline silicon) is very
inhomogeneous and contains both grain
boundaries with significant lattice strain which
segregate the impurities and relatively un-
stressed silicon within the grains which has no
segregation effect. Hence, the macroscopic

uct.

1y

N e

Fig. C.7.2. LBIC map of a 2x1 cm’
region in a Evergreen string ribbon
solar cell.

segregation coefficient observed in the ex-
periments should depend not only on the microscopic
structure of grain boundaries (such as misorientation of
the grains forming the boundary), but also on the grain
size and could vary depending on the thickness and
growth conditions of the layer.

The amount of segregation of Cu in multicrystal-
line silicon observed by Dorward and Kirkaldy was very
substantial at low temperatures, around 3 orders of mag-
nitude at 700°C, and dropped to a factor of two or less at
temperatures above 900°C. Our studies of segregation of
iron in polysilicon were performed at high temperatures,
over 1000°C, and resulted in segregation coefficients
from 2.6 to 16 which are similar or higher than the values
observed by Dorward and Kirkaldy for copper in the
same range of temperatures.

It is instructive to make a simple estimate of the
capacity of grain boundaries. The sample mapped by

LBIC in Fig. C.7.2 is 2 by 1 c¢m in size, 0.25 mm thick. We counted 40 grain boundaries within
this sample, the average length of each boundary is 1.7 cm. The total area of all boundaries can

be estimated as 1.7 cmz, or 0.85 c¢cm?
boundaries is 1 metal atom per 500

per cm” of the surface area. If the metal density at the
silicon atoms, the segregated Fe concentration will be

8.5x10"" cm™ areal density, or 3.4x10" cm™ volume density.
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C.8. Impact of the cooling rate on metal distribution in mc-Si (not on the task list, expands phase
2, topic 1, and phase 3, topic 2)

For this study, samples of mc-Si were intentionally contaminated with Fe, Cu, and Ni.
Slowly cooled” samples were cooled to room temperature inside of the furnace. “Quenched/re-
annealed” samples were quenched in silicone oil, etched to remove surface metal-silicides, in-
serted into a preheated furnace running at 655°C, annealed for 2.5 hours, and then slowly cooled
in the furnace within approximately 12 hours. In the slowly cooled mc-Si samples (see our article
in the August 2004 NREL workshop proceedings for details) Cu and Ni formed just a few local-
ized precipitates along the grain boundaries and oxygen precipitates. Despite its higher solubility,
copper formed lower density of precipitates than nickel, which agrees with a higher barrier for
precipitation of Cu than of Ni.

The precipitation behavior of Cu and Ni in “quenched /reannealed” samples was found to
be completely different. In me-Si (Fig. C.8.1) all grain boundaries and dislocations were evenly
decorated. Once the samples were inserted back into preheated furnace running at 655°C,
quenched-in metals got mobile and at the same time remained highly supersaturated. Supersatu-
ration of metals determines the energy gained by a metal when it precipitates and therefore the
height of potential barrier for precipitation which it can overcome. In such conditions metals can
precipitate at sites which would be unfavorable at lower supersaturation levels, when the driving
force for precipitation is low.

These observations confirm that faster cooling of ribbon/sheet/ingot is likely to lead to a
higher density of small metal precipitates. Slow cooling would stimulate formation of a lower
density of larger metal precipitates, which are likely to affect the minority carrier diffusion
length to a lesser extent than high density of small precipitates. These results suggest that it
might be possible to engineer the distribution of metals in an mc-Si wafer by a properly designed
heat treatment.
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Fig. C.8.1. XBIC, nickel u-XRF, and copper p-XRF maps of mc-FZ samples which were intentionally contaminated
at 1200°C, quenched and re-annealed at 655°C.
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C.9. Differences and similarities between metal clusters in mc-Si materials from different
manufacturers (not on the task list, expands phase 2, topic 1, and phase 3, topic 2).

Cast, sheet, ribbon, and mc-FZ materials were compared in terms of distribution of metal
clusters to determine the features which are common to all these materials and to identify the dif-
ferences, specific to a particular material.

Similarities: Metals in all samples exhibited a tendency to precipitate at structural de-
fects, especially two-dimensional defect surfaces such as grain boundaries. In certain materials,
metals were also concentrated at intragranular locations, presumably associated with structural
defects. Often several metals (e.g., Fe and Cu) were found to precipitate at the same location
(within the limits of the spatial resolution of the technique, which varies between 200 nm and 2
pum, depending on the beamline used).

The large majority of metal-rich clusters observed in all materials were in a metal-silicide
chemical state. Only very few large metal clusters were oxidized. Those particles, judging from
their elemental composition and size, appear to be introduced into the melt from a foreign source
(such as impurity particles in the feedstock), and before fully dissolving, they are incorporated
into the final silicon crystal as inclusions. Dissolved metals from these particles are likely to be
the source of the smaller and more distributed metal-silicide nanoparticles observed at grain
boundaries and in intragranular defect clusters in sheet material.

Differences: the most significant differences between the different types of materials
were in the size and spatial distribution of metal-rich precipitates. For example, micron-sized
clusters of metal-rich particles are found at intragranular locations in sheet material, while only
isolated intragranular metal-rich nanoparticles have been observed in cast material. In addition,
the sizes and distances of metal-rich particles at grain boundaries in as-grown cast mc-Si and
sheet material differs as well. In a sheet material sample scanned with high-resolution pu-XRF,
iron silicide particles roughly 23 nm in radius are separated by 2-3 um, while in a cast mc-Si
sample, these particles were roughly 30 nm in radius and separated by 8-9 um. In other words,
metal-rich particles may be larger in average size and spaced by larger distances, or smaller in
size and closer together. These distributions are material-specific.

There are also differences in distribution observed within the same material, e.g. cast mc-
Si. Whereas at the bottom of the ingot relatively larger and more isolated Cu- and Ni-rich clus-
ters were observed at a grain boundary, smaller and more homogeneously distributed clusters
were found at the top of the ingot. This could be due to differences in the cooling rates of the two
areas of the ingot.

It is known that the metal distribution in mc-Si can be affected by a combination of one
or more of the following factors: (a) feedstock impurity content, (b) crucible and crucible lining
impurity content, (c) contamination by foreign particles during growth, and (d) growth parame-
ters. Variations between different materials analyzed in this study are believed to be due to one
or more of these factors. Variations are even expected from run to run within one type of mate-
rial, as parameters such as the feedstock impurity content may vary. As this affects the final solar
cell device performance, strict control of all variables is required to meet production quality
standards.
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D. Summary and Relevance to the photovoltaic community

Average metal content of solar cells. Neutron activation analysis was performed to determine the
total metal content of solar-grade multicrystalline silicon. The dominant metal impurities were
found to be Fe (6x10" cm™ to 1.5x10'® cm™, depending on the material), Ni (up to 1.8x10"
cm™), Co (1.7x10" em™ to 9.7x10" cm™), Mo (6.4x10'* cm™ to 4.6x10"” cm™), and Cr
(1.7x10" ecm™ to 1.8x10"° cm™). Copper was also detected (less than 2.4x10'* cm™), but its con-
centration could not be accurately determined because of a very short decay time of the corre-
sponding radioactive isotope. The total metal concentration of the wafers would be sufficient to
decrease the average minority carrier diffusing length to several microns or less, if all metals
were in the interstitial or substitutional state.

Metal content of good and bad regions. No systematic differences were found between the metal
content of “good” and “bad” regions, except for a consistently higher gold concentration in
“bad” regions. Some metals were even found in slightly higher concentration in the “good” re-
gions than in the “bad” regions. This implies that the “good” and “bad” regions differ not by the
amount of metals, but by their spatial distribution and by the recombination activity of clusters
and point defects which these metals form.

Shunts and transition metals. We demonstrated that transition metal contamination is one of pos-
sible mechanisms of shunt formation. We observed precipitates of Ag and Ti at a shunt location
in cast mc-Si cell, which indicated a possibility of process-induced shunt. Clusters of iron and
copper were found near the current-collecting channels in RGS material. These channels are
unique to RGS material grown under certain conditions and are known to have detrimental effect
(lower fill-factor and open-circuit voltage) similar to shunting.

Chemical state and distribution of iron clusters in mc-Si. The iron-rich clusters analyzed in this
study can be divided into two distinct groups: 1) 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, 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. 2) Smaller (dia. < 800 nm, typically < 100 nm) iron silicide precipitates, observed in
much higher spatial densities and separated by as little as a few microns. Despite their small size,
a large amount of iron (up to 10"*"* ¢cm™) is estimated to be contained in these iron silicide nano-
precipitates, due to their homogeneous distribution and high spatial density along structural de-
fects.

Chemical state and distribution of copper clusters in mc-Si. All Cu clusters observed in our ex-
periments were copper-silicide; no copper-oxide or copper-silicate particles were observed. Cop-
per was shown to precipitate predominantly at extended defects such as grain boundaries and dis-
locations. The distribution of copper depends on the cooling rate (i.e., on the Cu supersaturation
level).

Interaction of metals with oxygen and formation of gettering-resistant clusters. Thermodynamic
considerations indicate that metals are unlikely to form complexes with oxygen dissolved in sili-
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con wafers because the binding energy of oxygen to silicon is greater than that of oxygen to most
transition metals. Particles in which metals were found in oxidized state were found in very low
density and were concluded to be incompletely dissolved inclusions trapped from the melt.

Segregation of metals at grain boundaries and structural defects. We obtained experimental evi-
dence that iron aggregates at structural defects due to a combination of relaxation and segrega-
tion mechanisms. Similar effect has been earlier reported for copper. Segregation at grain
boundaries and dislocations is likely to be one of the mechanisms of incorporation of high metal
concentrations in mc-Si ingots from the melt.

Sources and pathways of metal contamination in solar cell materials. The chemical and elemental
composition of large metal-rich clusters in mc-Si suggests that metal contamination originates
from metal-rich particles or dissolved metals in the growth surfaces, feedstock, and/or production
equipment. Large amounts of metals can be incorporated into mc-Si primarily via three mecha-
nisms: (a) the inclusion of incompletely dissolved foreign metal-rich particles, (b) the direct pre-
cipitation of locally supersaturated metal at the solid-liquid interface in the vicinity of structural
defects, and (c) the segregation of metals to structural defects. Once inside the crystal at elevated
but decreasing temperatures, dissolved metals can form metal-silicide nanoprecipitates.

Gettering of metals in solar cells. We demonstrated that short heat treatments may partially dis-
solve metal clusters and lead to a minority carrier diffusion length degradation within the grains.
The majority of metal clusters observed in our studies are in the state of metal silicide which is
relatively easy to dissolve. As suggested by Plekhanov and Tan, gettering may take a long time if
metal solubility at the gettering temperature is much less than the total metal content of the wa-
fer. Segregation coefficient of Cu in Al was found to be greater or equal than S(Cu in Al)/S(Cu
in Si)= 2x10°. The difficulties with gettering of metals in mc-Si appear to be primarily due to
high metal content of mc-Si and limited capacity of the gettering layers. Due to the limited ca-
pacity of a standard 1-2 microns thick Al layer, only 90% to 95% of Cu can be removed from a
solar cell. Incomplete gettering may result in no visible improvement in minority carrier diffu-
sion length.

Impact of the cooling rate. Our data indicate that cooling rate has a significant impact on precipi-
tation behavior of Cu and Ni: they can either very selectively precipitate at certain locations at
grain boundaries and oxygen precipitates, or evenly decorate all boundaries and dislocations.
This implies that properly chosen heat treatments can be used to engineer the distribution of
metal clusters in the samples.

Analysis of metal clusters in a wide variety of mc-Si materials. It was confirmed that while the
density and spatial distribution of metal clusters depends on the feedstock quality and growth
conditions, the chemical state and general trends in distribution of metal clusters are similar for
all me-Si materials.

Possible practical solutions for decreasing impact of metals on solar cells. Solar cells can tolerate
much higher amounts of precipitated metals compared to interstitially/substitutionally dissolved
metals in the lattice. The recombination properties of metals vary depending on their chemical or
structural state and spatial distribution. The total metal content of mc-Si materials is typically so

21



high that it is not feasible, due to the kinetic constraints and limited gettering layer capacity, to
remove all these metals by gettering within a temperature cycle compatible with solar cell pro-
duction cycle. One the other hand, instead of removing the metals from the cells it is sufficient to
convert them to a less recombination efficient state. This approach can be called metal passiva-
tion through defect engineering.
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