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concentrations were determined by applying secondary ion mass spectrometry
(SIMS) analysis. In this approach, a key
factor is concentrating the metals into thin
surface layers, as the bulk concentrations
are usually below the detection limits of
the SIMS analysis. The gettered concentrations were found to be 3–4 orders of
magnitude higher than those in the bulk
(depending on the thickness of the wafer
and ﬁlms).[15,16] Ref. [15] also compared the
gettering efﬁciencies of plasma-enhanced
chemical vapor-deposited (PECVD) SiNx
ﬁlms and typical phosphorus diffusion
gettering, and showed that the SiNx ﬁlm
is an effective gettering layer for metal
impurities.[16] In this work, we will apply
this approach to a cast-grown monocrystalline-like (cast-mono) Si ingot, and use the
SiNx ﬁlm as the gettering layer.
The wafers were from a B-doped p-type cast-mono silicon
ingot cut from the central part of the original ingot provided
by ECM Greentech. In comparison with the edge of the original
ingot, lower concentrations of impurities might be expected in
the central part considering the in-diffusion of impurities from
the crucible.[13] Six 15.6  15.6 cm wafers from different solidiﬁed fractions g in the range of 0.23–0.79 were chosen for this
study. The corresponding doping levels [B] were in the range
of 9.7  1015 to 1.2  1016 cm3, as determined by dark conductance measurements. Two 4  4 cm square wafers were cut from
two corners of each large wafer using a laser cutter. The small
wafers were divided into two groups: the lifetime group included
one small wafer from each solidiﬁed fraction (six wafers), while
only three wafers, from the bottom (g ¼ 0.23), middle (g ¼ 0.54),
and top (g ¼ 0.79), were included in the SIMS group. All nine
wafers were saw damage-etched. The thickness W of the wafers
after etching was 180–190 μm. Then they were RCA-cleaned
(including HP dips after each of RCA1 and RCA2), followed
by the deposition of a 70-nm PECVD SiNx ﬁlm on each side,
in a Roth and Rau AK400 chamber. The temperature of the sample stage during deposition was about 300  C. More details of the
deposition process can be found in Ref. [16].
After passivation, the dissolved interstitial Fe and Cr concentrations ([Fei] and [Cri]) in the wafers in the lifetime group were
determined with the following procedure: a) The wafers were
kept at 53  C in the dark on a hotplate for >3 days to fully associate both FeB and CrB pairs,[17,18] before the lifetime τassoc was
measured using a Sinton Instruments WCT-120 quasi-steady-state

The concentrations of Cr, Fe, Ni, and Cu in a cast-monocrystalline silicon
ingot grown for solar cell applications are reported. Wafers taken from along
the ingot are coated with silicon nitride ﬁlms and annealed, causing mobile
impurities to be gettered to the ﬁlms. Secondary ion mass spectrometry is
applied to measure the metal content in the silicon nitride ﬁlms. The bulk
concentrations of the gettered metals in samples along the ingot are found to
be: Cr (3.3  10 10 –3.3  10 11 cm 3), Fe (3.2  1011 –2.5  10 12 cm 3), Ni
(1.5  10 12 –1.3  10 13 cm 3 ), and Cu (7.1  10 11–3.2  10 13 cm 3). For each
metal, the lower limit is measured on the wafer from the middle of the ingot,
and the higher limit is measured on wafers from the bottom or the top. The
results are compared with similar data recently measured on a highperformance multicrystalline silicon ingot. The results provide insights into
the total bulk concentrations of the metals in cast-grown ingots.

Metallic impurities are commonly found in photovoltaic-grade
silicon materials. They reduce the carrier lifetime of silicon materials
in both the dissolved state and the precipitated state, and are thus
detrimental to silicon solar cells.[1–3] Knowledge of the metal concentrations in silicon materials is also signiﬁcant for the studies
of other defects, including light and elevated temperature-induced
degradation,[4,5] decorated crystal defects such as dislocations and
grain boundaries,[6] copper-related light-induced degradation,[7]
boron-oxygen-related defects,[8,9] ring defects,[10,11] and so on. The
metal concentrations in multicrystalline silicon (mc-Si) ingots
have been successfully determined by applying neutron activation analysis in previous studies.[12–14] However, as the ingot
growth techniques have become much cleaner in recent years,
some of the previous data are out of date. In a recent study,[15]
metals in the bulk of high-performance (HP) mc-Si wafers were
gettered into thin layers on the surface, and the gettered
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photoconductance lifetime tester. b) A ﬂashlight was used to
illuminate the samples to fully dissociate the FeB pairs, and
the lifetime was measured. The illumination does not dissociate
CrB pairs.[18] This lifetime measured after illumination, where
FeB pairs were fully dissociated but CrB pairs were fully
associated, was denoted as τls. [Fei] was determined using
[Fei] ¼ C1(1/τassoc  1/τls),[19] with the recombination parameters
of Fei and FeB taken from Ref. [20]. c) The wafers were then
annealed at 260  C in the dark for 8 min and subsequently
quenched in cold water. This process can effectively dissociate
>95% CrB pairs in all the wafers.[18] After quenching, the samples were illuminated again with the ﬂashlight for a short time to
make sure that the FeB pairs remain dissociated, before the
lifetime τquench was measured. The predicted CrB dissociation
fraction fdissoc was taken into account when calculating [Cri] using
[Cri] ¼ C2(1/τls–1/τquench)/fdissoc.[21] The recombination parameters of Cri and CrB were taken Ref. [18].
SiNx gettering was then performed on all the wafers from both
groups. They were RCA-cleaned (without HF dips to keep the
SiNx ﬁlms) and annealed at 700  C for 90 min in N2 in a highly
clean quartz tube furnace. The samples were loaded and
unloaded at 700  C, and were cooled down in air after unloading.
The temperature and duration were chosen to allow >99% Cri
(which has a lower diffusivity compared with Fei, Nii, and
Cui), to move to the surfaces.[1,15] Note that as conﬁrmed in previous works,[15,16] the preparation or gettering process of the
samples does not introduce extra contamination that can be
detected by SIMS. After gettering, SIMS measurements were
conducted on the three wafers from the SIMS group to determine the concentrations of Cr, Fe, Ni, and Cu in the SiNx
ﬁlm and the silicon bulk near the interface as a function of depth.
The SIMS measurements were conducted by Evans Analytical
Group Laboratories, and greater detail can be found in the
previous studies.[15,16] The step size of data collection was
1.4–1.8 nm. The data collection area is a circle with 60 μm in
diameter for Cr and Fe, and 30 μm in diameter for Ni and
Cu. For the wafer from the top that is more mc-Si-like, defective
areas with large densities of dislocations and highly-concentrated
metals were observed during the measurement, and were
avoided, to ensure the repeatability of the analyses. For the wafers
in the lifetime group, the annealed SiNx ﬁlms were removed due
to the lost passivation effects after annealing, and fresh SiNx
ﬁlms were deposited. The thermal budget of the re-passivation
process was negligible compared with gettering annealing.
The lifetime was then measured when FeB and CrB were fully
associated.
Figure 1 shows the lifetimes measured before and after gettering. Improvements of lifetime were observed on all the wafers,
indicating reduced concentrations of impurities in the bulk. The
improvements were more pronounced in wafers from the bottom and top than those from the middle.
The results of SIMS measurements are shown in Figure 2. The
SiNx ﬁlm and silicon bulk were differentiated by monitoring the
raw ion counts. The detection limits for the metals in both silicon
and SiNx are shown in the ﬁgure. A steep decrease in concentrations in the ﬁrst 40–50 nm was related to unwanted surface contamination.[16] Following a steep decrease, the concentration peaks
around the SiNx/Si interface corresponded to the metals gettered
to the interface. The mechanism of aggregation of the metals at
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Figure 1. Lifetime at Δn ¼ 1  1015 cm3 before and after SiNx gettering,
as a function of solidiﬁed fraction g. Fei and Cri were in the associated state
during measurements.

the interface is not fully understood at this stage, but is likely a
segregation gettering mechanism.[16,22] The result that the metals
were gettered to the interface is consistent with what was observed
on HP mc-Si wafers in Ref. [15]. However, in Ref. [16] where Fe was
the only main contaminant in the wafers, Fe was gettered to the
bulk of the SiNx ﬁlms during annealing. As speculated in Ref. [15]
the preferential gettering sites of the metals might be affected by
the difference in the amounts of gettered metals, and the interaction of multiple metals during precipitation. In silicon, both
fast diffusers, Cu and Ni, can precipitate via a homogeneous
nucleation mechanism at the interface.[1] The precipitates act
as a further diffusion source into the SiNx ﬁlm, and also form
nuclei for other impurities, including Fe and Cr, which usually
tend to precipitate via a heterogeneous nucleation mechanism.[1]
This co-precipitation behavior of the metals may explain why
Fe precipitates at the interface only when certain amounts of
Cu or Ni are present. The reason why Cu and Ni did not precipitate uniformly in the bulk of the SiNx ﬁlms could be partly
attributed to the orders of magnitudes of lower diffusivities in
SiNx than in Si.[23,24]
Each depth proﬁle in Figure 2 was then integrated with respect
to the depth to obtain the metal concentration that was gettered to
the interface on one side (in cm2), [Minterface], with the method
described in Ref. [15]. Both the artifacts near the surface and data
below the detection limits were disregarded in this method. As
the metals should be equally gettered to both surfaces of a wafer,
the bulk concentration (in cm3) of the total gettered metal,
[Mgettered], was then obtained using [Mgettered] ¼ [Minterface]  2/W.
The results of [Mgettered] are summarized in Figure 3, together
with [Cri] and [Fei] in as-cut wafers determined based on lifetime
measurements. As [Cri] in most wafers was too low to be determined, only the maximum values that consider 5% relative error
in the measured lifetimes are shown in the ﬁgure. [Fei] was
found to be lower compared with those reported in the previous
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Figure 2. SIMS depth proﬁles of a) Cr, b) Fe, c) Ni, and d) Cu, in wafers from the bottom, middle, and top of the cast-mono ingot. The wafers were
passivated with 70-nm SiNx ﬁlms on both sides before gettering annealing.

studies.[25,26] The data measured on an HP mc-Si ingot from
Ref. [15] are also shown for comparison. The data were measured
in the intra-grain regions of mc-Si wafers. Note that Ref. [15]
showed the gettered metal concentrations to the SiNx ﬁlm on
one side; the concentrations were doubled and are shown in
Figure 3.
As shown in the ﬁgure, the gettered metal concentrations and
[Fei] in the as-cut wafers were mostly very comparable in both
ingots. For the HP mc-Si ingot, some data points at the bottom
and middle parts of the ingot were missing because the metal concentration was below the detection limit in these cases.[15] In fact,
the high concentrations of crystal defects, such as grain boundaries,
in HP mc-Si wafers reduced the gettered metal concentrations
measured by SIMS because: a) the crystal defects act as internal
gettering sites for the metals,[12] and thus reduce the concentrations
gettered externally by the interface and SiNx ﬁlms; b) crystal defectrich regions with highly concentrated metals were avoided during
the SIMS analysis to ensure the repeatability of results in both
Ref. [15] and this work. For the same reasons, the gettered metal concentrations in the wafer from the top, where there are more crystal
defects, could be reduced. Comparing different positions of the
cast-mono ingot, we can see that higher concentrations of metals
were gettered in the wafers from the top and bottom than those
from the middle. This is consistent with the lifetime measurements
shown in Figure 1. It indicates higher concentrations of metals in
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the as-cut wafers from the top and the bottom. The distribution of
the metals along the ingot can be affected by several factors, including segregation at the solid/liquid interface during solidiﬁcation, indiffusion from the crucible, and diffusion in the solid state during
ingot cooling.[13]
For both Cr and Fe, the gettered concentration was much
higher than the interstitial concentration in almost all the wafers,
indicating that the majority of the gettered metals were from the
dissolution of precipitates. This was also expected to be the case
for Ni and Cu as they were mainly precipitated in silicon at room
temperature. As the dissolution of precipitates may not be complete, the gettered concentration might be only a fraction of the
total bulk concentration, as discussed in the previous studies.[15,27] An exception was Fe in the bottom wafer, where [Fei]
was very close to the gettered [Fe], indicating that Fe was mostly
dissolved in this wafer before gettering. This could be caused by a
low concentration of crystal defects acting as precipitation sites
for Fe in this wafer.
In conclusion, SiNx gettering was performed on wafers from
along a cast-mono silicon ingot, to concentrate the metal impurities from the wafer bulk into the SiNx ﬁlms. The depth proﬁles
of the gettered Cr, Fe, Ni, and Cu concentrations were then
determined by SIMS measurements. The results showed that
the metals were gettered to the SiNx/Si interface. The bulk concentrations of the gettered metals were calculated, providing
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Figure 3. Bulk concentrations of a) Cr, b) Fe, c) Ni and Cu that were gettered to the SiNx ﬁlms on both surfaces. Error bars indicate the relative
error (50%, þ100%) of SIMS measurement. Green, ﬁlled symbols are
data of the cast-mono silicon ingot from this work. Red, open symbols
are data of an HP mc-Si ingot (measured in intra-grain regions) from
Ref. [15]. The maximum [Cri] in the cast-mono ingot that considers 5%
relative error in the measured lifetime is shown in (a). [Fei] in as-cut samples from both ingots is shown in (b), and error bars account for 5% relative error in the measured lifetime.

insights into the total bulk concentrations and chemical state of
metals in the as-grown ingot.
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