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Abstract. In multicrystalline silicon for photovoltaic applications, high concentrations of iron are
usually found, which deteriorate material performance. Due to the limited solubility of iron in silicon,
only a small fraction of the total iron concentration is present as interstitial solute atoms while the
vast majority is present as iron silicide precipates. The concentration of iron interstitials can be ef-
fectively reduced during phosphorus diffusion gettering (PDG), but this strongly depends on the size
and density of iron precipitates, which partly dissolve during high-temperature processing. The dis-
tribution of precipitated iron varies along the height of a mc-Si ingot and is not significantly reduced
during standard PDG steps. However, the removal of both iron interstitials and precipitates can be
enhanced by controlling their kinetics through carefully engineered time-temperature profiles, guided
by simulations.

Introduction

To date, multicrystalline silicon (mc-Si) is the preferred material for solar cell producers with a mar-
ket share of more than 50% in 2012 [1]. The main advantage of mc-Si over conventional monocrys-
talline Si ingot growth is the considerably lower production cost. However, in comparison to mono-Si,
mc-Si wafers contain a higher density of crystalline defects, like dislocations and grain boundaries,
and a higher concentration of metallic impurities. Iron is one of the most abundant metallic impuri-
ties, which, in combination with its electrical and kinetic properties, renders it one of the principal
lifetime-limiting defects in many silicon materials [2, 3]. In addition, the recombination-activity of
other prominent defects in silicon like dislocations and oxide prepitates is strongly enhanced by iron
decoration [4, 5]

The as-grown concentration and distribution of iron strongly varies throughout mc-Si ingots. Dur-
ing ingot growth, only a small fraction of metallic impurity atoms segregates to the solidified crystal
whereas the vast majority remains in the liquid fraction and is driven to the ingot top [6]. After sili-
con solidification, iron contained in the quartz crucible and crucible lining material diffuses into the
solidified crystal and deteriorates the bottom and the border regions [7, 8]. Furthermore, after com-
plete solidification, iron from the very top fraction that solidified last diffuses back into the ingot and
deteriorates the upper part of the ingot [6]. As a result, iron concentrations of around 10*® cm~3 in
the center and up to 10'®> cm~3 in the top and border regions have been measured by inductively cou-
pled plasma mass spectroscopy (ICP-MS) in commercial mc-Si ingots [8, 9]. Iron concentrations up
to 10'® cm™3 have also been found in silicon ribbon materials [2]. Iron concentration profiles from
literature measured along the height of intentionally Fe-contaminated and commercial mc-Si ingots
are plotted in Fig. 3(a).
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Fig. 1: Sketch of a cross-section of a mc-Si wafer containing iron interstitials and FeSiy precipitates
located along structural defects. The dissolution of precipitates and the diffusion of iron interstitials
to the gettering layer during P diffusion and cool-down are indicated by arrows (adapted from [16]).

Due to its limited solid solubility, usually only 0.1 - 10% of iron is interstitially dissolved in the
Si matrix while the rest is present in the form of second-phase precipitates, mainly 3-iron silicide,
[3-FeSi, [10]. The small fraction of interstitially dissolved iron, Fe;, however, has a large detrimen-
tal effect on material performance and is the lifetime-limiting defect in most as-grown p-type mc-
Si wafers [11, 12]. Iron silicide precipitates have also been found to be recombination-active [13],
but since they are present in a much lower density [14], their net effect on lifetime is usually much
lower, in particular in cast mc-Si materials. However, due to the incomplete dissolution and removal
of iron silicide precipitates during standard phosphorus diffusion gettering (PDG) [15], precipitated
iron has a large indirect effect on lifetime forming an internal source of iron interstitials and increas-
ing their concentration during high-temperature processing. A sketch of a mc-Si wafer cross section
showing iron interstitials and precipitates along structural defects is shown in Fig. 1. A typical PDG
time-temperature profile is also shown and the kinetics of iron interstitials and precipitates during
processing is indicated by arrows.

In several different experiments [15, 17, 18, 19, 20, 21], the evolution of the interstitial iron con-
centration and of (3-FeSi, precipitates during different solar cell processing schemes has been mea-
sured by Fe;-B; pair dissociation in combination with lifetime measurements [22] and synchrotron-
based X-ray fluorescence microscopy (n-XRF). Experimental trends have been compared to and
predicted or confirmed by simulation results obtained with a semi-empirical 1D gettering model
[16, 23, 24, 25]. The development of different P diffusion and gettering models over the last two
decades [26, 27, 28, 29, 30, 31, 32] has recently culminated in the existence of very sophisticated 2
and 3D models and simulations that capture many details of the physics behind the complicated PDG
process. Most experimental trends, however, are well-described by a faster, simpler 1D model which
allows mapping of a large parameter space in a short time, necessary for process optimization. In this
paper, we summarize our learnings and conclusions drawn from the different simulations and experi-
ments to date. In combination with the revised solubility and diffusivity parameters of iron in silicon
at lower temperatures [33, 34], these learnings shall enable the design of processing guidelines for the
effective management of iron-related defects in different mc-Si during solar cell processing.

Interstitial iron

In most as-grown p-type silicon materials, up to 10'3 atoms/cm? of iron are present in interstitially
dissolved form, generally forming pairs with the p-type dopant atoms (e.g. Fe;-B; pairs). As men-
tioned above, these dilute iron atoms only comprise a small fraction of the total iron concentration
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Fig. 2:(a) Simulated Fe; concentration as a function of the total as-grown iron concentration: as-grown
(dashed line) after standard PDG (solid line) and after extended PDG (dash-dotted line); triangles are
experimental data points from [35]; (b) simulated Fe; concentration after 20, 30, and 40 min PDG at
840 °C as a function of as-grown FeSi, precipitate radius

in most materials, but due to their large capture cross section they are usually the principal elec-
tron lifetime-limiting defect. During PDG, the Fe; concentration can be decreased, but its final value
strongly depends on the density and size of iron silicide precipitates, which partly dissolve during
high-temperature processing.

Post-gettered interstitial iron as a function of the total iron concentration

It has been observed experimentally that the Fe; concentration in mc-Si samples taken from dif-
ferent heights of an intentionally iron-contaminated ingot decreases after standard PDG, but that the
post-processed Fe; concentration strongly increases toward the bottom and the top of the ingot [35].
Gettering simulations have shown that the Fe; concentration after standard PDG strongly depends on
the total concentration of iron [24], which, as mentioned above, is comprised of over 90% FeSi, pre-
cipitates. In Fig. 2(a), the Fe; concentration at several ingot heights after standard PDG as measured
by Coletti ef al. [35] is plotted as a function of the total iron concentration at the respective ingot
heights. Also shown is the simulated Fe; concentration after 15 min PDG at 850 °C as a function of
the total iron concentration. The as-grown Fe; concentration at room temperature has little impact on
the post-gettered Fe; concentration in the presence of precipitated iron since it immediately increases
with increasing solid solubility when going to higher temperature. Therefore, for all the simulations,
we assumed that 10'? iron atoms/cm?® were present in interstitially dissolved form in the as-grown
wafer while the rest of iron was homogeneously distributed on spherical FeSi, precipitates of 25 nm
radius, approximately corresponding to the largest precipitates that had been found in this material
[15]. Both experimental and simulation results show that the post-gettered Fe; concentration increases
with increasing total iron concentration up to 10*® cm~3. For total iron concentrations >10'® cm™3, the
simulation suggests that the Fe; concentration decreases due to enhanced re-precipitation of interstitial
iron during cooldown in the presence of a high precipitate density.

Also shown is the simulated Fe; concentration as a function of the total iron concentration for an
extended PDG step when the 15 min P diffusion at 850 °C is followed by a slow exponential cool down
to room temperature at a time constant of 210 min. The simulated curve suggests that the Fe; concen-
tration is decreased below 10° cm™ for all total iron concentrations. It has been shown by different
groups than such an extended PDG can achieve much lower Fe; concentrations than the standard PDG
[17, 36, 37, 38, 39, 40]. Recent experimental results confirm that such low Fe; concentrations can be
systematically achieved over a large range of total iron concentrations up to 10 cm™3 [41].
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Fig. 3:(a) Total Fe concentration measured by ICP-MS along the height of several mc-Si ingots grown
from intentionally Fe-contaminated melt and along one non-contaminated ingot (black diamonds)
[6, 9, 44]; (b) number of Fe atoms per precipitate measured by p-XRF along the 53 and 200 ppmw
ingot from [6] (adapted from [15]); each data point represents one precipitate measured.

Post-gettered interstitial iron as a function of the precipitate size As first pointed out by Plekhanov
et al. [42], the post-gettered Fe; concentration depends not only on the total iron concentration , but
also on the average size and density of iron silicide precipitates [20]. Fig. 2(b) shows the simulated Fe;
concentration after PDG at 840 [°!C as a function of the precipitate radius for different high-temperature
plateau times of 20, 30, and 40 min. Simulations suggest that the post-gettered Fe; concentration
strongly depends on the precipitate radius, especially for longer plateau times. Experimental results of
Fe,; concentrations measured confirm the simulated trend. Three mc-Si sister wafers were subjected to
different pre-annealing treatments before PDG to engineer the precipitate size distribution [20]. The
trend of decreasing post-gettered Fe; concentration with presumably decreasing precipitate radius was
observed after a 40 min PDG process at 840 °C.

Simulations and experiments suggest that smaller as-grown precipitates allow for a faster dissolu-
tion due to a higher surface energy and a larger interface area, providing a situation where gettering is
limited by the diffusion of iron interstitials rather than by the dissolution of FeSi, precipitates. In this
diffusion-limited case, larger amounts of iron can be gettered in a given time and the potential exists for
nearly complete iron removal during gettering, e.g., in ribbon materials. However, the post-processed
Fe,; concentration strongly depends on the plateau time of PDG, which has to be long enough so that all
dissolved iron can diffuse to the P-diffused gettering layer. In the dissolution-limited case, only small
total amounts of iron are getterable in a reasonable process time and the Fe; concentration is relative
insensitive to the plateau time during standard PDG. Larger precipitates dissolve more slowly and
gettering is limited by precipitate dissolution. In this case, longer plateau times do not considerably
increase gettering efficacy, as also confirmed by experimental results [43].

Precipitated iron

As mentioned in previous sections, more than 90% of the total iron concentration in as-grown mc-
Si is present in form of FeSi, precipitates. Precipitates themselves are recombination-active [13] and
therefore decrease minority carrier lifetime. However, they are usually present in a much lower density
than iron interstitials in cast mc-Si, and therefore represent a much lower density of recombination
centers. Such precipitates found by pu-XRF measurements typically consist of about 10* cm=3 up to
10" cm~3 iron atoms in cast mc-Si where the lower bound is determined by the detection limit of
the method. For a total iron concentration of 10'* cm™3, these measured precipitate sizes result in
precipitate density between 107 cm~3 and 10'° cm~3,
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Despite having a lower direct impact on minority carrier lifetime, FeSi, precipitates are indirectly
detrimental to material performance when they dissolve during high-temperature processing steps and
therefore increase the concentration of recombination-active iron interstitials. Therefore, the amount
and distribution of precipitated iron has to be taken into account when high-temperature steps during
the solar cell process are optimized for different types of Si materials.

As-grown precipitate distribution To investigate the as-grown precipitate distribution (size and den-
sity) as a function of the total iron concentration, spatially resolved p-XRF measurements have been
performed at three different heights of two intentionally Fe-contaminated ingots (53 and 200 ppmw
Fe in the melt) [15, 35]. As an example, the p-XRF map measured on an as-grown sample from 88%
height of the 53 ppmw ingot is shown in Fig. 4(a).

The number of Fe atoms/precipitate of all detected precipitates is plotted in Fig. 3(b) as a function
of ingot height. A higher precipitate density was found at the top in comparison to the center and
bottom of the ingot, i.e., the density increases with increasing total iron concentration (compare to
Fig. 3(a)). Similar but slightly increasing average precipitate sizes were also found with increasing
total iron concentration.

Precipitate distribution after standard gettering Generally, the concentration of transition metal
impurities in the wafer bulk is believed to be effectively reduced during PDG, which generally trans-
lates into an increase in minority carrier lifetime. This lifetime improvement, however, is mainly
achieved through the reduction of disso/ved metal impurities in the wafer bulk. It has been observed
experimentally that the Fe; reduction and lifetime improvement can be offset during subsequent high-
temperature processes, e.g. firing for contact formation [19, 45]. As mentioned previously, simulations
show that, depending on the process temperature, gettering may be limited by the dissolution of FeSi,
precipitates and large amounts of iron may remain in the material after gettering in precipitated form
[23, 24]. These remaining precipitates further dissolve during subsequent high-temperature steps, in-
creasing the concentration of iron interstitials, and leading to the observed re-degradation of carrier
lifetime.

To confirm simulation results experimentally, the size and density of FeSi, precipitates after PDG
were measured by p-XRF on wafers taken from the three heights of the two intentionally Fe- con-
taminated ingots. The P - gettered wafers were sister wafers to the as-grown ones mentioned in the
previous section. The u-XRF map recorded at 88% height of the 53 ppmw ingot after standard PDG
is shown in Fig. 4(b). A very similar density and size of FeSi, precipitates has been found in all gett-
tered samples after standard PDG in comparison to the as-grown sister samples. This means that most
precipitates cannot be dissolved and only a very small fraction of total iron is removed from the wafer
bulk during standard PDG. Finally, a u-XRF map was recorded on a third sister sample from 88%
height of the 53 ppmw ingot after standard PDG followed by a faux-firing step in the absence of metal
contacts (Fig. 4(c)). Again, a similar size and density of FeSi, precipitates is observed as in the as-
grown and gettered sister wafers, meaning that the precipitated iron is not significantly altered during
the contact-firing step either.

Precipitate distribution after alternative gettering In another experiment, the impact of standard
PDG and low temperature annealing (LTA) steps on the precipitate distribution was investigated in
the highly iron-contaminated "red zone" of a commercial mc-Si ingot close to the crucible wall [18].
Consistent with results obtained at different ingot heights on the intentionally contaminated ingots,
the precipitate size and density in the "red zone" was found not to change significantly neither after
standard PDG nor after an LTA step [40].

However, very recently, a significant reduction of precipitated iron was observed after PDG at
higher plateau temperatures up to 1000 °C [21, 46]. In [21], enhanced reductions in precipitate iron
were also observed when introducing a high-temperature peak before the actual PDG step at standard
plateau temperature.
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(a) As-grown (c) After PDG and firing

Fig. 4: u-XRF maps along a grain boundary in three mc-Si sister wafers from the top of the intention-
ally 53 ppmw Fe-contaminated ingot showing the presence of FeSiy precipitates of similar size and
density at different steps in the solar cell process; pixel size is 200 x 200 nm (adapted from [15]).

Finally, the impact of continuously ramping PDG profiles on the final iron distribution and lifetime
has been studied. Instead of keeping a constant temperature plateau during PDG, the temperature is
ramped up to a high peak temperature and then immediately ramped down again. Compared to a stan-
dard process, simulations predict that such a continuously ramping profile more effectively reduces
both precipitated and interstitial iron while keeping the same sheet resistance and process time [47].
First experimental results indicate that both processes are equally effective at reducing the Fe; con-
centration and increase lifetime [48]. The impact on the concentration of precipitated iron is subject
to further studies.

Interaction of metals with structural defects

In addition to iron interstitials, dislocations are one of the principal lifetime-limiting defects in mc-Si
for solar cells. While the recombination at iron interstitials is generally well-described by the Shockley-
Read-Hall model, the existing models to quantify the impact of the dislocation density on charge
carrier lifetime [49, 50] include the background lifetime in the dislocation-free semiconductor and
the so-called recombination strength of dislocations as fit parameters. The recombination strength of
dislocations was found to vary among different dislocation clusters [51] and nano-XRF studies have
shown that a higher recombination activity seems to be correlated with metal decoration [52].

We have recently hypothesized that the recombination strength of dislocations may be correlated
with the Fe; concentration in their vicinity in P-gettered mc-Si wafers [53]. A direct correlation be-
tween the spatially varying dislocation density and Fe; concentration in mc-Si has been observed
before [50, 54]. An experimental investigation of the spatially resolved electron lifetime as a function
of measured Fe; concentration and dislocation density to quantify this correlation is ongoing. First
results, as shown in Fig. 5 show that dislocation clusters showing lower lifetime are correlated with
higher concentration of Fe; (region A) while dislocation clusters showing higher lifetime are correlated
with a lower Fe; concentration (region B).

In a parallel experiment detailed in [43, 55], the Fe; concentration in highly dislocated areas has
been observed to increase systematically with increasing PDG plateau temperature. Dislocations rep-
resent favorable nucleation sites for second-phase particles [56], e.g., FeSi, precipitates, which likely
exist in a higher density in highly dislocated regions. The observed increase of the Fe; concentration
in highly dislocated regions is therefore well-explained by an enhanced dissolution of FeSi, particles
during higher temperature processing.

Lastly, it has been observed in recent experiments that the interaction between dislocations and
impurity atoms during gettering seems to be reciprocal: On the one hand, the strain field around dis-
locations and their provision of heterogeneous nucleation sites favor segregation of impurity atoms
and the nucleation of second phase particles and impede their effective removal during standard PDG.
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Fig. 5: Calibrated photoluminescence images of the electron lifetime (us), Fe; concentration (cm™?)
and dislocation density map (cm~?) calculated from etch pit counting in a mc-Si wafer after standard
PDG; dislocation cluster in region A shows a lower lifetimes correlated with higher concentration of
Fe; while dislocation cluster B shows higher lifetime and a low Fe; concentration

On the other hand, the apparent density of dislocations (etch pits) has been observed to decrease after
PDG in several experiments [55, 57], suggesting that the dissolution and gettering of metallic impu-
rities during PDG may have an impact on dislocation kinetics even at relatively low temperatures.

Conclusions

We reviewed the role of iron-related defects in silicon, iron interstitials and iron silicide precipitates,
during standard and alternative P gettering processes and their respective impact on material perfor-
mance. Their interaction with dislocations has also been briefly discussed. While the efficacy of stan-
dard PDG processes to reduce iron interstitials strongly depends on the precipitated iron concentration
and distribution, they usually fail to significantly reduce the concentration of precipitated iron in mec-Si
wafers. Alternative gettering processes with tailored time-temperature profiles guided by simulation,
however, have shown the potential to decrease the overall concentration of interstitial and precipitated
iron in mc-Si materials. Nevertheless, the effective "cleaning" of dislocations from decorating metals
is still a topic of active investigation. The complete removal of precipitated and interstitial iron by a
combination of higher-temperature PDG plateau followed by a slow cool down or low temperature
annealing may bear the potential to increase carrier lifetimes in highly dislocated areas.
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