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The extraction of metal impurities during phosphorus diffusion
gettering (PDG) is one of the crucial process steps when
fabricating high-efficiency solar cells using low-cost, lowerpurity silicon wafers. In this work, we show that for a given
metal concentration, the size and density of metal silicide
precipitates strongly influences the gettering efficacy. Different
precipitate size distributions can be already found in silicon
wafers grown by different techniques. In our experiment,
however, the as-grown distribution of precipitated metals in

multicrystalline Si sister wafers is engineered through different
annealing treatments in order to control for the concentration
and distribution of other defects. A high density of small
precipitates is formed during a homogenization step, and a
lower density of larger precipitates is formed during extended
annealing at 740 8C. After PDG, homogenized samples show a
decreased interstitial iron concentration compared to as-grown
and ripened samples, in agreement with simulations.
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1 Introduction A new generation of kerfless Si wafer
materials is evolving with the potential advantage of being
more cost-effective than ingot-grown wafers mainly due to
reduced energy consumption and material loss during
growth [1]. With the variety of silicon-based materials
growing, a deeper understanding of the optimum processing
regimes available to each – and the defects that limit
them during processing – is required to produce the highest
efficiencies and to compete in the difficult solar market.
For example, it is known that ingot- and ribbon-grown
wafer materials respond differently to solar cell processing,
in particular to phosphorus diffusion gettering (PDG) [2, 3].
Generally, the improvement of material performance during
industrial PDG processes seems to be more pronounced on
ingot-grown materials than on ribbon wafers. One reason
for the different response is the large variation of impurity
and structural defect concentrations that can be found
in different materials [4, 5]. A second reason, however,
might be different size distributions of metal-silicide
precipitates that have been found by X-ray fluorescence
microscopy studies [6]. One of the main reasons for varying

metal silicide size distributions is the different cooling
rates after crstyallization for different materials and growth
methods. The formation of different size distributions as a
function of the cooling rate and of available precipitate
nucleations sites has been modeled by Haarahiltunen
et al. [7].
It was first suggested through simulations by Plekhanov
et al. [8] that the gettering efficacy strongly depends on
precipitate size and density in the as-grown wafer. In this
work, we perform a computational and experimental study
the efficacy of PDG as a function of the average size
distribution of metal-silicide precipitates in the as-grown
material. In the following, with the help of simulation, we
first study the kinetics and evolution of iron interstitials,
Fei, and iron-silicide precipitates during PDG for different
average precipitate sizes. Then, we test our theoretical
findings experimentally. The precipitate size distribution
in a set of multi-crystalline Si (mc-Si) sister wafers is
manipulated by means of pre-annealing treatments. Finally,
the reduction of the Fei concentration after PDG in the
different wafers is tested.
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Simulation The concentration evolution of precipitated and interstitial iron during PDG was simulated with the
help of the I2E simulation tool [9, 10], a freely accessible
online applet. The underlying model accounts for the indiffusion of P into the Si, the dissolution and growth of
precipitates, and the diffusion and segregation of interstitially dissolved iron atoms, Fei, to the P-diffused layer as a
function of the applied time-temperature profile.
A PDG step of 40 min at 840 8C followed by a 10 min ramp
to 800 8C and finally, an exponential cooldown to room
temperature with a time constant of 6 min was simulated. As
initial conditions, a total iron concentration of 2  1014 cm3,
an interstitial iron concentration of 5  1011 cm3 and an
as-grown precipitate radius of 16, 19, and 21 nm, respectively,
were assumed.
2.1 Iron concentration evolution during
PDG Figure 1a shows the simulated evolution of the
average Fei concentration in the wafer bulk as a function of
time during PDG for three different as-grown precipitate
radii, r0. The corresponding precipitate densities, N, have

Figure 1 (online color at: www.pss-a.com) Simulated evolution of
(a) the average Fei concentration and (b) the total iron concentration
in the wafer bulk as a function of time during 40 min PDG at 840 8C
followed by a 10 min ramp to 800 8C and an exponential cooldown
to room temperature for three different as-grown precipitate radii,
r0; corresponding precipitate densities, N, are also given.
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

been calculated by dividing the total iron concentration
by the number of iron atoms per precipitate and are also
given. The solid solubility of iron in Si at 840 8C is about
1  1013 cm3 [11], much higher than the Fei concentration
in the as-grown wafer. Consequently, iron-silicide precipitates instantly start dissolving during the high temperature
step and in all three cases the Fei concentration increases
from its as-grown value up to concentrations above
1  1012 cm3. However, before the solid solubility concentration is reached, the Fei concentration starts to decrease
after a few minutes. This decrease is due to gettering of
interstitially dissolved iron to the P-diffused layer. A quasi
steady-state equilibrium of the average bulk Fei concentration is established, determined by a balance between
dissolution of iron-silicide precipitates and gettering of
interstitially dissolved iron. During cooldown after the
40 min PDG step, a sharp drop in the Fei concentration is
observed. The solid solubility of iron in Si decreases with
decreasing temperature and at the same time, the segregation
coefficient in the P-diffused layer increases. This results
in a higher driving force for interstitially dissolved iron to
diffuse toward and segregate in the P-diffused layer so that
the average bulk Fei concentration is significantly reduced
during cooldown.
Figure 1b shows the simulated evolution of the average
total iron concentration in the wafer bulk as a function of time
during PDG for three different as-grown precipitate radii.
The iron concentration steadily decreases with time for all
three cases. But it decreases faster for the smallest precipitate
radius of 16 nm and slowest for the largest radius of 21 nm.
After 40 min PDG during cooldown, the iron concentration
keeps on decreasing and then remains constant. During the
first minutes of cooldown, the solid solubility and diffusivity
are still high enough so that an appreciable amount of iron
is still gettered. When the temperature drops below about
600 8C, the iron concentration in the wafer bulk remains
nearly constant. The final iron concentration in the wafer
bulk for an as-grown precipitate radius of 16 nm is about one
order of magnitude lower than for the larger as-grown radii
of 19 and 22 nm.
2.2 Final iron concentration after PDG of
varying duration To further investigate the variation in
final iron concentration for different as-grown radii, we
now look at how the gettering efficacy varies for different
process times. In Fig. 2a the post-processed Fei concentration
is shown as a function of the as-grown precipitate radius
for three different gettering times. After the shortest
gettering time of 20 min, the post-processed Fei concentration decreases with increasing as-grown precipitate
radius. After 30 and 40 min PDG, however, it shows a
maximum for intermediate precipitate sizes, decreasing
strongly for precipitates 917 nm after 40 min PDG.
Figure 2b shows the corresponding plot of the postprocessed total iron concentration as a function of as-grown
precipitate radius for three different gettering times. For all
gettering times, the total iron concentration decreases with
www.pss-a.com
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furnace tube had been cleaned in dilute HF to minimize
external contamination.
After annealing, the two annealed wafers were RCAcleaned and HF-dipped, and all three wafers were silicon
nitride (SiNx)-coated on both sides for surface passivation.
The electron lifetime was measured by means of Quasi
Steady-State Photoconductance (QSSPC) and the concentration of interstitial iron, Fei, was measured via Fe-B pair
dissociation [12].
After pre-characterization, SiNx was removed, wafers
were RCA-cleaned and HF-dipped again, and the three sister
wafers, the homogenized, the as-grown, and the ripened
sample were subjected to PDG at 840 8C during 40 min
followed by a 10 min ramp down to 800 8C and finally, an
exponential cooldown to RT. Finally, the P emitter was
etched off, wafers were RCA-cleaned again, SiNx-coated
on both sides and the final electron lifetime and Fei
concentration were measured.

Figure 2 (online color at: www.pss-a.com) Simulated postgettered (a) Fei concentration and (b) total iron concentration in
the wafer bulk as a function of as-grown precipitate radius after P
diffusion gettering at 840 8C for three different plateau times followed by a 10 min ramp to 800 8C and an exponential cool down to
room temperature.

4 Experimental results ICP-MS measurements
revealed that iron is the predominant metal impurity in
the mc-Si under investigation, while Cr, Ni, and Cu were
detected in lower concentrations. A total iron concentration
of 2.2  1014 cm3 was measured in the as-grown sample,
while only 2.6  1011 cm3 of iron was measured to be
present in interstitially dissolved form.
The effective electron lifetime measured on the asgrown sister wafer was 37 ms, while somewhat lower
lifetimes of 18 and 26 ms were measured on the homogenized
and on the ripened sister samples, respectively. After PDG,
the electron lifetime on all samples increased, up to 58 ms
on the previously as-grown sample, and up to 46 and
48 ms on the previously homogenized and ripened sample,
respectively.
Figure 3 shows the Fei concentrations measured before
(dark blue) and after PDG (turquois). In comparison to
the as-grown sister wafer, a higher Fei concentration of
5.1  1011 cm3 was measured on the homogenized sample

decreasing precipitate radius. This means that the removal of
iron from the wafer bulk is faster the smaller the precipitates
are for a given initial iron concentration.
3 Experimental Three p-type mc-Si sister wafers of
180 mm thickness and 1.8 V cm1 resistivity originating
from about 80% up the ingot of a center brick were
chemically polished, RCA-cleaned, and dipped in HF.
Another sample from the same ingot height was subjected
to the same cleaning procedure and ICP-MS was performed
to measure the as-grown concentrations of different metals.
One sister wafer was subjected to a homogenization step, a
3 min annealing at 950 8C followed by a fast cooldown to
room temperature (RT). A second sister wafer was subjected
to a ripening step, an extended annealing for 18 h at 740 8C
followed by a slow exponential cooldown to RT with a time
constant of 210 min. The third wafer remained as-grown.
Both annealing steps were conducted in nitrogen atmosphere. Prior to annealing, all quartz glassware including the
www.pss-a.com

Figure 3 (online color at: www.pss-a.com) Interstitial iron concentration measured on the homogenized, the as-grown, and the
ripened mc-Si sister wafer before (dark blue) and after (turquois)
40 min PDG at 840 8C.
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and a lower concentration of 9  1010 cm3 on the ripened
sample after pre-annealing but before PDG. After PDG,
the trend is reversed: the lowest Fei concentration of
6  1010 cm3 was measured on the previously homogenized sample, the next highest concentration of 1  1011 cm3
was measured on the previously as-grown sample and the
highest concentration of 1.5  1011 cm3 was measured on
the previously ripened sample.
5 Discussion The aim of the reported experiment was
to create three different average size distributions of ironsilicide precipitates in three otherwise very similar wafers,
containing the same total amount of iron. Two different preannealing steps were performed on two different mc-Si sister
wafers and a third sister wafer remained as-grown. On the
first sister wafer a homogenization step was performed at
950 8C where the solid solubility of iron is 1.4  1014 cm3
[11]. Since the solid solubility is close to the total iron
concentration in the material at this temperature, the majority
of iron silicide precipitates are assumed to dissolve. During
fast cooldown to room temperature, iron is assumed to
either remain in interstitially dissolved form or that a high
density of very small precipitates forms. The dissolution
of more than 50% of metal silicide precipitates during a
20 s annealing at 1000 8C has been previously observed by
Buonassisi et al. through m-XRF analysis [13]. As shown in
Fig. 3, an increased Fei concentration was actually measured
on the homogenized sample in comparison to the as-grown
sample. However, the Fei concentration is still far below the
total iron concentration of 2.2  1014 cm3 in the sample.
This indicates that dissolution of iron-silicide precipitates
took place during high-temperature annealing but that
most of the dissolved iron re-precipitated during the
fast cooldown, presumingly in a larger density of smaller
precipitates.
The second sister wafer was annealed at 740 8C, a
temperature at which the solubility limit of iron was recently
reported to be around 1  1012 cm3 [14], i.e., well below the
total concentration of iron in the wafers. During the 18 h
annealing at 740 8C, Ostwald ripening is presumed to
occur [15], meaning that small iron-silicide precipitates
dissolve while larger precipitates grow. As a result, the
average precipitate size in the second sister wafer is assumed
to increase while the density of precipitates decreases.
Figure 3 shows that a decreased Fei concentration was
measured on the second sister wafer after ripening. This
reduction might be due to an internal gettering of iron
interstitials to iron-silicide precipitates or crystalline defects
during slow cooling.
After 40 min PDG, the lowest Fei concentration is
measured on the previously homogenized sister wafer and
the highest Fei concentration is measured on the previously
ripened sample. This means that the interstitial iron
concentration decreases with decreasing precipitate size,
assuming that we successfully engineered precipitate size
distributions during pre-annealing. This experimental trend
is consistent with simulation results shown in Fig. 2a for asß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

grown precipitate radii 918 nm. As-grown radii roughly
between 7 and 30 nm and a median value of about 17 nm have
been found experimentally in mc-Si wafers [16].
Despite of the lower Fei concentration in the previously
homogenized samples after PDG, the electron lifetime was
not improved over the lifetime in previously as-grown
samples. This indicates that the lifetime in these wafers was
not limited by interstitial iron after PDG. However, we
expect the behavior of Fei demonstrated here to apply in
cases where the wafer is limited by Fei after PDG. Many
industrial PDG processes are significantly shorter than the
one applied here which increases the relative importance of
Fei after processing as seen in Fig. 2a.
The observed trend in the Fei concentration after PDG
can be explained when comparing its the evolution for
different as-grown precipitate radii shown in Fig. 1a: it is
observed that the highest quasi steady-state equilibrium Fei
concentration establishes for the smallest as-grown precipitate
radius of 16 nm (solid line). The dissolution effect is stronger
for smaller precipitates due to larger surface-to-volume ratio.
However, as shown in Fig. 1b the faster dissolution of small
precipitates also allows a faster reduction of total iron
concentration in the wafer bulk, leading to a steeper decrease
of the Fei concentration with time. After a certain gettering
time between 35 and 40 min as seen in Fig. 1a, there is a
cross-over point where the average bulk Fei concentration for
smaller as-grown precipitates drops below the Fei concentration for larger as-grown precipitate sizes.
Our findings may help to understand precipitate kinetics
during high temperature processing and to customize the
time-temperature profile of PDG to as-grown materials. As
mentioned in the introduction, a high density of small
precipitates, comparable to the homogenized sample in our
experiment, is usually found in Si ribbon materials directly
grown from the melt. In these types of materials, a longer
PDG time or higher temperature might be beneficial for
a more complete removal of iron from the wafer. In ingotgrown samples with larger precipitates, however, a much
longer PDG step would be necessary for complete iron
removal. Therefore, a longer high-temperature plateau
during PDG does not seem to have a large impact on
improving material performance. As first suggested by
Plekhanov et al. [8], later by Seibt et al. [17], and recently
tested experimentally by Schön et al. [18], a two-step
variable temperature profile might be beneficial in some
cases: the emitter formation is performed in a shorter time at
higher temperature in order dissolve all precipitates while
longer time is spent for cooldown or low temperature
annealing, during which the Fei concentration is decreased
significantly.
6 Conclusions Simulations and experimental results
indicate that the reduction of the precipitated and interstitial
iron concentration during PDG strongly depends on the
precipitate size distribution. Smaller precipitates dissolve
faster and therefore, in Si materials with smaller as-grown
precipitate size, this may result in a higher Fei concentration
www.pss-a.com
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if gettering is incomplete. However, a complete removal of
iron from the wafer bulk in these materials is potentially
possible if the gettering time is long enough.
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