The resistivity map for IC5 is shown in figure 4.24 and resembles the one for I1C4.
Lifetime decreases with ingot height and towards the crucible sidewall. A notable difference
is the size and distribution of the lower lifetime zones in the upper ingot region. At the upper
ingot region, the resistivity zones are arranged in layers that stretch all the way to the ingot
center. The area with the lowest resistivity is triangular and stretching towards the ingot
center. This is in contrast with resistivity zones in IC4, where they have a more radial
distribution from the upper left side.

Another notable feature is that resistivity in IC5 as a whole is lower than in IC4. Even
when accounting for the shunting effect on the edges, the resistivity is at most 3.8364 .cm

and approaches 1.8965 Qcm at the upper right area.

Figure 4.24: Mapping of resistivity in IC5 by eddy currents.
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4.43 1C6

Figure 4.25 presents the lifetime map of 1C6, which was grown in the NBSN crucible.
As is shown in the figure, the seeding layer used when producing this ingot was much larger
than in those that preceded. Additionally, the red zone appears to be large both in the bottom
and near the crucible sidewalls. The blue zone is considerably more diffuse than in ingots 1C4
and IC5, both with respect to the boundary separating the blue and red zones, as well as the
degree of integrity. Towards the upper region, the blue zone becomes increasingly concave.
Defects or impurities do not appear to pervade the blue zone, but some irregularities in the form
of sites with lower lifetime are present.

Including the diffuse blue region, IC6 is set apart from the earlier ingots by the fact that
the red zone manages to invade the upper boundary of the blue zone. The total lifetime is also

lower, as it reaches 6.21 s in the blue zone.
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Figure 4.25: Mapping of carrier lifetime in IC6 by uPCD.
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The resistivity mapping of 1C6, shown in figure 4.26, is not comparable to the preceding
ingots. The immediately observable difference from the other ingots thus far is the acute
decrease in resistivity after the seeding layer. Additionally, there resistivity gradient that was
found in IC4 and IC5 is not present in this ingot to the same extent. Just above the seeding layer,
the resistivity remains uniform throughout most of the main body. 1C6 also stands apart from
the preceding ingots by having a resistivity profile that appears to increase slightly towards the
crucible sidewalls.

Due to the lack of a clear gradient, it is hard to discern to what extent the resistivity
decreases towards the upper right, as it did for IC4 and I1C5. Despite this, the lowest resistivity
was measured in this area with a value of 0.24063 Qcm. High resistivity was almost exclusively
confined to the seeding layer, and was maximized at 6.815 Qcm. The majority of the ingot
displayed a resistivity approaching 1 Qcm, which is in agreement with the measurements

performed with FPP.

B 0.24063 Ohmern NN T csisotmem W

Figure 4.26: Mapping of resistivity in IC6 by eddy currents.
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4.4.4 I1C7

The carrier lifetime map for IC7 is shown in figure 4.27. The carrier lifetimes and zones
are highly irregular compared with earlier results. First of all, the red zone growing from the
seeding layer appear to be uneven, deformed and invades into the blue zone from both the
bottom and upper part of the ingot. The degree of invasion from above is particularly
interesting, as seems to annihilate the blue zone while permeating into the ingot along grain
boundaries. Compared to the other ingots, the grain boundaries in IC7 are clearly visible due to
the low lifetime at these sites. They are especially visible in the blue zone, which clearly has
achieved a concave shape after approximately 50% solidification. Consequently, the red zone
also occupies more of the ingot’s volume near the crucible sidewalls.

Another interesting feature is the orientation of the grains and how it changes by crucible
height. At the lower and upper blue zone, the density of low lifetime sites appears to be
particularly high. This is depicted in the blue zone as yellow regions with intermediate lifetimes.
In both the upper and lower blue region in IC7, these intermediate lifetimes do not appear at

grain boundaries but rather cover entire grains.
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Figure 4.27: Mapping of carrier lifetime in IC7 by uPCD.
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The resistivity map for IC7 is shown in figure 4.28. The resistivity distribution is
comparable to that of IC5, in the sense that it becomes increasingly lamellar towards the upper
surface. Because the sample was analyzed as a complete cross section of IC7, the tendency for
low resistivity to be segregated towards the crucible wall during the late solidification stage is
now more clearly observed.

Interestingly, the high resistivity associated with the seeding layer appears to be unique
in IC7, relative to the previous experiments. The horizontal, slightly concave outline of a
seeding layer can be discerned from figure 4.28, but the resistivity in parts of this section is
actually comparable to that of the upper ingot. This is represented as a yellow or green hue in
the figure.

It should be noted that the black area seen in both figure 4.26 and 4.28 is due to the
bounds imposed on the analysis programme. If the upper bounds were set to a higher value, for
instance 4 Qcm in figure 4.28, it would be at the loss of details for the lower bound. Because
the primary interest for this thesis is in the ingots as a whole, the resistivity resolution near the

seeding layer was sacrificed.
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Figure 4.28: Mapping of resistivity in IC7 by eddy currents.
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4.5. Scheil plots

This section presents the Scheil plots made for each ingot to qualitatively verify how
well resistivity measurements correlate with the Scheil model. The data points presented in each
plot are the resistivity measurements obtained by FPP, whereas the pink line in each figure is
the Scheil curve for resistivity.

The Scheil curves in this section are regression curves constructed by first using the
ingot dimensions to calculate a mass fraction f,, for the silicon load, which is analogous to the
solidification fraction fs. The Scheil model, given by equation 2.14, was then used together
with fj; to calculate values for resistivity with respect to boron segregation with
ko, = 0.78. By using the least square method and a measured resistivity near the seeding layer
as an initial value, the model was fitted and optimized to the measurements. However, in order
to obtain a reasonably good fit to the model, it was required to omit some of the resistivity
measurements that were taken from the seeding layer. The error bars for each data point were
calculated as the sum of squared difference the measurements and the mean.

The yellow line in each plot represents the ingot solidification fraction f;, starting from

the seeding layer.
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Figure 4.29: Scheil plot with the mean resistivity of IC4. Measurement length was 105 mm.
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4.5.2 IC5
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Figure 4.30: Scheil plot with the mean resistivity of IC5. Measurement length was 110 mm.
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Figure 4.31: Scheil plot with the mean resistivity of IC6. Measurement length was 110 mm.
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4.5.4 IC7
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Figure 4.32: Scheil plot with the mean resistivity of IC7. Measurement length was 115 mm.

4.6. Gas chromatography

In situ gas chromatography was performed during the melting and solidification of all
ingots. By investigating the relative composition of evaporates from the melt, it was hoped that
the extent and knowledge of ingot contamination by dissolving and back-diffusing gasses could
be better understood. Gases were measured not as partial pressures, but rather as number of
detected molecules at a given time. As is shown in the figures 4.33 to 4.36 in this section, the
number of detected molecules does not increase linearly with time but rather oscillates. This
oscillation is caused by periodic venting of the furnace.

However, as is shown in figures 4.33 to 4.36, only figure 4.33 represents accurate
chromatography of the DS process. The staff responsible for DS growth of ingots 1C4-1C7
experienced technical difficulties in using gas chromatography, thus resulting only in
satisfactory results for IC4. Although the gas chromatography for IC5 may be concluded to be
inaccurate due to the oscillating measurements, it does still provide some insight into the
relative amount of present gases.

As can be seen in figure 4.34, the amounts of gases in IC5 resemble those found during

gas chromatography of IC4. In both solidification processes, the oxygen partial pressure
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increased past the 5000 mark within the first hour of operation, before diminishing to 200 in
IC4 and 120 in IC5 after the first venting cycle. CO followed the same trend in both processes
by increasing to 2900 within the first hour before eventually being reduced under 100. This
reduction took 6 hours for IC4 and less than 30 minutes for IC5. In 1C4, the N2 gas phase
steadily increased from 800 to over 1100 throughout the process, even despite adhering to the
venting schedule. In IC5, the N2 gas phase was stable at 500 through the whole process. In both
processes, CO appears to be the gas phase most affected by the venting cycle as demonstrated
by their undulating chromatography curves. 1C4 experienced the most emission of CO, peaking
at 2500 after 8 hours of processing, followed by a cyclic decrease to 300 after 42 hours. In
comparison, CO emission in IC5 was modest as it peaked at 1000 after 5 hours of processing
before decreasing to 300 at end of ingot growth. Due to the unsatisfactory gas chromatography
of IC5, the measurements were ended after only 15 hours of solidification.

The gas chromatography of samples IC6 and IC7, shown in figure 4.35 and 4.36, are
not comparable. Both figures show that the gas chromatograph detected species that were not
present in the preceding solidification processes, such as Hz2 and CHa. The gas chromatography
for ingot 1C7, shown in figure 4.36, also detected argon gas although it is indented as an
undetectable mobile phase for the other species. Consequently, these figures are deemed as
erroneous and do not represent the actual gases present in the furnace. In all likelihood the gases
that were present during solidification in NBSN crucibles would be identical to those found
during solidification in SisNs-coated SiO2 crucibles, although with a different profile. The gas
chromatography profiles for 1C6 and IC7 were merely included in this thesis to provide an
argument as to why no successful identification of gases was obtained from the respective

solidification processes.
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Figure 4.33: In situ gas chromatography of 1C4.
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Figure 4.34: In situ gas chromatography of I1C5.
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4.6.3 IC6
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Figure 4.35: In situ gas chromatography of 1C6.
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Figure 4.36: In situ gas chromatography of IC7.
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5. Discussion

5.1. Degree of wetting on oxidized NBSN

Figure 4.1 and 4.3, respectively, show the contour of spherical silicon droplets solidified
on uncoated and coated substrates of pre-oxidized NBSN. Although the contact angles are
difficult to distinguish with certainty due to the absence of any automated goniometer, it was
measured that silicon, in this case, exhibits higher contact angles on the uncoated substrate
compared with the coated one. Stated more succinctly: by displaying contact angles between
87° and 93° on the coated NSBN surface, the coating would appear to exhibit slightly wetting
contact with liquid silicon. On the other hand, the uncoated NBSN substrate forms clearly non-
wetting contact by achieving 97° and 106 ° angles with silicon. The behaviour seems to
contradict the coating’s functions which are, as exemplified in a paper by Drevet et al.("), to
act as a barrier against crucible wetting and infiltration by silicon, while also acting as a means
of detachment between crucible and ingot.

However, Drevet et al. also remarked in the same paper that the initial contact angle 8,
between liquid silicon and an oxidized SisN4 substrate was found to be 6, = 92° + 3°, which
decreased to 6, = 45° + 3° after allowing the droplet to spread. This spreading and subsequent
decrease in contact angle was attributed to deoxidation of the substrate by formation of SiO(g).
Considering how the contact angle in this thesis was stabilized at 8, = 101,5° + 4,5° for the
uncoated substrate and remained unchanged even from initial silicon melting, this could be an
argument against appreciable substrate deoxidation during the directional solidification
process. Drevet et al. also remarked that the presence of impurities such as carbon, as well as
porosity, will act as agents for deoxidation and subsequently contribute to contact angle
reduction.

Schneider et al.*, who specifically investigated the wetting action of silicon on
oxidized NBSN, reported that the contact angle remained constant on the uncoated substrate if
it had been pre-oxidized prior to wetting, as opposed to unoxidized samples where the angle
decreased from 120° to 60° over the course of 3 hours. Their reported constant wetting angle
would appear to correlate well with the wetting behaviour displayed in this thesis. Moreover,
Schneider observed that the measured contact angle increased with substrate oxidation
temperature and oxygen content in the atmosphere during preparation. The maximum angle

was reported as 149°, which was observed on a substrate oxidized at 1200 °C and in an
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atmosphere of 20,9 vol% O.. The angular difference between Schneider’s results and those
presented in this thesis could indicate that pre-oxidation of the uncoated NBSN substrate was
either not performed in a sufficiently oxygen-enriched atmosphere, or at sufficiently high
temperatures.

By reviewing figure 4.1 and 4.3 with respect to the degree of formation of the film or
smear on the substrate, it is confirmed that the coating does reduce adhesion between silicon
melt and substrate. The silicon film covering the substrate is considerably reduced for the coated
substrate, both in terms how much surface area has been covered by the running liquid and the
penetration depth. Admittedly, the latter observation is only confirmed visually by observing
the change in coloration and texture, and has not been further investigated by any form of
microscopy. This reduction in film penetration and coverage may appear counterintuitive with
respect to the observed contact angle in each sample, but could be explained by how SisN4
coating decreases the interface surface energy due to its porosity being much higher than the
substrate. This is caused by the submicron grains that form oxidized channels, which prevent
capillarity, after having been fused during drying at temperatures®*) such as those in table 3.2.
Consequently, both the penetration of silicon into the substrate and pull on the outer liquid layer
on the droplet is reduced.

Two curious artefacts raise some concern for the interaction between substrate and
silicon. The first anomaly was the observed vibration that occurred during liquefaction of
silicon, while the other was the formation of an outgrowth or “hat” on the droplet as it solidified.
The exact cause of their existence is unclear, but it is worth noting that they both appear more
vividly in the sessile drop situated on the uncoated substrate. The suspected cause to this
behaviour was attributed to deoxidation of the oxidized NBSN surface by reaction with silicon,
thus creating SiO) or SiOzg) at the interface. This unintentional reaction could potentially
explain why the droplet was displaced slightly towards the substrate edge during the course of
melting, as shown in figure 4.2, by partially detaching it from the substrate. However, no
increase or oscillation in oxygen partial pressure was detected while this displacement occurred.

Regardless whether release of oxygen does plays an important role in the displacement,
the fact that both anomalies were observed to appear more vigorously on the uncoated substrate
suggests that oxygen remains an important factor for this behaviour. As for the outgrowth
during droplet cooling, it is well known that silicon is one of the few materials that expands
during solidification. Because the solid silicon cannot force itself through the substrate during
expansion, the path of least resistance would be the droplet surface. It is therefore suggested

that some dissolved oxygen remains and has failed to evaporate from the droplet surface prior
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to solidification. When cooling, the droplet solidifies radially inwards and entraps the dissolved
oxygen, thus forcing it upwards. The combined effect of radial solidification, thermal expansion
and oxygen evaporation forces the outgrowth to form.

However, it should be clarified that without any means or incentive to study the sessile
drop microstructure, this is merely a postulation to the reason for discrepancy between uncoated
and coated NBSN substrates.

5.2. Impurity distribution in the ingot

Impurity concentrations and distributions in the ingots were primarily investigated by
FTIR with respect to interstitial oxygen and substitutional carbon. Although other impurities
such as transition metals were undetectable by FTIR, their presence was qualitatively evaluated
by UPCD and eddy current mapping by taking into consideration their segregation coefficient,
diffusivity and effect on carrier lifetime. However, the inability to precisely determine the
concentration of transition metals and other elements that function as trapping and

recombination sites makes their distribution in the ingot more speculative.

5.2.1 Oxygen contamination

One of the greatest motivations for investigation NSBN crucibles as a valid alternative
to silica crucibles is due to the adverse effect that oxygen has on ingot conductivity. Although
oxygen complexes only reduce mc-Si solar cell efficiency by a few percent, the formation of
larger precipitates may induce shunting and structural weakness in the ingot. As mentioned in
section 2.2.4, the incorporation of oxygen into the silicon ingot originates at the melt-crucible
interface where oxygen either diffuses into the melt or is dissolved by melt that manages to
invade past the silicon nitride coating layer. Consequently, oxygen inclusion into the ingot must
be reduced as much as possible, either by minimizing its content in the crucible or by preventing
dissolution and diffusion reactions.

The interstitial oxygen concentration profiles, which were measured by FTIR and
shown in figure 4.19, depict that oxygen is largely confined to the seeding layer during ingot
growth. This is especially the case for IC4 and IC5, which were grown in conventional silica
crucibles. Interstitial oxygen confinement to the seeding layer is ideal for mc-Si as it is the

center body (blue zone) which is extracted and further processed. This confinement effect
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exhibited in ingots grown from silica crucibles might be explained by oxygen’s segregation
coefficient being higher than unity, as shown in table 2.1. Because it exceeds unity, the oxygen
profile cannot be accurately predicted by the Scheil model. This causes oxygen to prefer
segregation in solid silicon over the liquid phase, thereby allowing it to diffuse into the seeding
layer before the entire silicon load has been melted down. As shown in figures 3.1 to 3.4, all
ingot temperature profiles display a holding stage before directional solidification is initiated.
This would allow oxygen to diffuse further into the seeding layer and accumulate at preferential
sites like grain boundaries, of which the seeding layer contains has in dense abundance.
Subsequently, the oxygen is largely inhibited from diffusing back into the receding melt phase
by the temperature gradient at the growth interface.

As a consequence of this oxygen confinement into the seeding layer and the
implemented venting system, it would appear that evaporated oxygen has not diffused back to
the ingot through the melt meniscus in an appreciable extent. If this was the case, the oxygen
concentration distribution in figure 4.19 would have been less uniform at higher ingot height.

In figure 4.19, the ingots 1C6 and IC7, which were both grown in NBSN crucibles,
display a markedly different concentration profile from their predecessors. Especially 1C6 is
distinguished by its oxygen distribution, which suggests that a confinement effect towards the
seeding layer was not present during ingot growth in NBSN crucibles. This could possibly be
explained by the fact that temperature profiles for IC6 and IC7, shown in figures 3.3 and 3.4,
do not include an annealing stage after solidification. Annealing stages are holding stages at
high temperatures, commonly used to reduce defects and dislocation in solids, thus reducing
the number of preferential impurity sites as an added benefit. However, annealing at high
temperatures just after solidification could possibly cause the seeding layer to contaminate the
ingot further by internal diffusion, rather than forcing oxygen transport towards the seeding
layer.

Another explanation to the less confined oxygen profile in figure 4.19 would have been
that ingot 1C6 was grown too quickly, thus oxygen would not have been allowed sufficient time
to diffuse into the seeding layer. This explanation would have made sense, but a quick review
of figures 3.1 to 3.4 indicates that the temperature change near the seeding layer during
solidification is comparable for all ingots.

The interstitial oxygen concentration for IC7 may provide a clue as to why oxygen in
IC6 is so different from IC4 and IC5. First of all, recall that IC7 was grown in the NBSN
crucible reused from IC6. As shown in figure 4.19, its concentration profile resembles the ones

from IC4 and IC5. Judging by its concentration drop at an ingot height comparable to those of
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IC4 and IC5, it even exhibits an oxygen confinement to the seeding layer. In addition, by
considering the area under each concentration curve, it appears that the total amount of oxygen
in IC7 is considerably lower than in IC6. Based on these considerations, the change in oxygen
concentration profile and oxygen content suggests that IC6 was supersaturated by oxygen, even
after melting the entire silicon load. As ingot growth was initiated, the saturation level was
reduced and oxygen could segregate into the growing ingot.

Because it is well known that the crucible is the primary source of oxygen contaminants
during melt formation, as explained in section 2.2.4, this high level of oxygen contamination in
the first ingot suggests that the silicon melt actively invades past the silicon nitride coating and
reaches the crucible. The invading melt proceeds to dissolve the outer protective oxide layer of
the NBSN crucible’s porous channels, before transporting the oxygen back to the melt by
natural convection. Following this oxide dissolution is a reaction pathway for evaporating
oxygen, as detailed in section 2.2.4 via equations 2.16 to 2.18. Because less oxygen is readily
available in the next ingot solidification, the oxygen contamination decreases in IC7.

The interesting question to ask is perhaps not why the oxygen contamination occurs in
IC6 despite using a NBSN crucible in lieu of a conventional silica crucible, but rather why the

contamination is so much higher compared to 1C4 and IC5.

5.2.2 Carbon contamination

The ingot contamination by substitutional carbon is shown in figure 4.20. As compared
to oxygen and given in table 2.1, carbon has a much smaller segregation coefficient and is
therefore expected to behave more in accordance with the Scheil model. This means that carbon
distribution in silicon should follow figure 2.18, that is to say increase with ingot height. As
mentioned in section 4.2.2, the carbon concentrations appear to adhere reasonably well with the
model. However, the ingots IC6 and IC7 are again distinguished from IC4 and IC5 by
displaying exceedingly high carbon content. For instance, 1C4 only experiences a modest
concentration increase from approximately 1,5 ppma to 12 ppma from seeding layer to ingot
top, whereas IC6 increases from 6,4 ppma to 21,4 over the same length. However, both cases
are still above the 7 ppma carbon limit that is imposed on conventional silicon solar cells.

This increased carbon concentration in ingots solidified in NBSN crucibles is likely
caused by the co-dependence that carbon manifests with oxygen during ingot growth. By yet
again consulting section 2.2.4 and the governing gas flow reactions present in the furnace, it

would appear that carbon incorporation is directly proportional to evaporation rate of oxygen
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from the melt surface. Because the oxygen supersaturation in IC6 causes more oxygen to
evaporate and react with carbon from the heating element, more CO would likely have the
opportunity to dissolve into the melt before being evacuated by the venting system.
Interestingly, the carbon concentration and distribution in IC7 appears to be comparable with
the ones measured in IC6, even when considering that the oxygen content in IC7 is less and
should indicate less oxygen evaporation.

5.2.3 Carrier lifetimes and ingot resistivity

Carrier lifetime maps in section 4.4, which were collected by UPCD, show clear
differences between reference ingots cast in silica crucibles and the experimental ingots cast in
NBSN crucibles.

As the grains grow from the seeding layer, any notable grain boundary mismatch
between adjacent grains will cause strain and ultimately dislocations as they collide. Carrier
lifetimes are reduced considerably at collision points, either as a result of the dislocations
themselves acting as recombination sites or in conjunction with impurities, possibly in the form
of precipitates.

Fortunately, both 1C4 and IC5 were nearly identical with respect to definition and shape
of the high-lifetime region, as well as in terms of maximum measured carrier lifetime. The
regularity of both the surrounding red zone and lack of low-lifetime artifacts inside the high-
lifetime region are indicative of a low mechanical strain on the ingots as a whole. As seen in
both figures 4.21 and 4.23, no grain boundary inclined towards the ingot center can be seen in
the red zone parallel to the crucible sidewall. This absence of notable thermal strain owes to the
joined thermal expansion between ingot and the silica crucible. It is well known in the mc-Si
solar cell industry that silicon expands when undergoing a phase transition from liquid to solid.
Consequently, if the surrounding crucible has a comparable thermal expansion, the dislocation
generation can be greatly reduced. In this respect silica is well suited for ingot growth, but the
expansion does cause crucible fracture which inhibits subsequent use.

The mismatch between thermal expansion in silicon and NBSN is the most likely reason
for thermal strain in IC6 and IC7. Silicon nitrides are mechanically rigid and less expansive
with increased temperature, thus imposing strain on solidifying silicon.

Additionally, the higher thermal conductivity could possibly explain the orientation and
size of the red zone along the NBSN crucible sidewall. Figure 4.27 implies that silicon was

nucleation on the crucible sidewall already in the initial stages of solidification. As directional
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solidification is caused by a vertical temperature gradient, this inclined nucleation at the
sidewall could possibly mean that the main cause for grain mismatch and thermal strain is the
growing ingot is a horizontal heat leak through the sidewall.

Another feature worth remarking is the low lifetimes shown in the upper region in figure
Figure 4.27, colored red. These are likely dissolved carbon that invades the center ingot.

6. Conclusion

In comparison with the reference ingots solidified with silica crucibles, the mc-Si ingots
directionally solidified in NBSN crucibles display elevated concentrations of both oxygen and
carbon, particularly in the seeding layer. While oxygen concentrations were below the standard
values of 5-10 ppma in all sample ingots, the carbon distribution in both I1C6 and IC7 exceed
the 7 ppma limit at approximately 50% solidification.

In terms of purity with respect to oxygen, the ingot contamination was reduced to the
point of being comparable with conventionally cast ingots after only one NBSN crucible reuse.
However, only a marginal reduction in carbon content was detected in IC7, which could
possibly be linked to an alternative contaminant reaction pathway involving SiC formation.
Furthermore, as shown by eddy current measurements, the decrease in resistivity was
concentrated towards the crucible sidewall at higher solidification. This suggest that mobile
species, such as boron and carbon, are accumulated towards the crucible sidewall by melt
convection. This distribution of impurities by melt convection would agree with the gradual
reduction of Marangoni vortices, as discussed in section 2.2.7.

The reduction in oxygen contamination between reuse of NBSN crucibles is considered
attributable to the dissolution of available oxide covering NBSN pore structures. As only two
NBSN ingots were produced and investigated, it is uncertain what the ramification of this oxide
dissolution will have on crucible reusability. However, the extent of non-wetting contact and
stability has been confirmed in other research as displaying a certain proportionality with
oxidation of internal pores.

The main detriment in reusing the NBSN crucible appears to be the increased thermal
strain imposed on the ingot, which generates dislocations. In order for NBSN crucibles to be
commercially feasible, it is imperative to reduce horizontal heat leak through the crucible
sidewall while improving melt convection. The distorted high-lifetime region in 1C6 and IC7,
as shown in section 4.2.5 and 4.2.6, are possibly induced by a slightly concave ingot
solidification front caused by strong melt convection and high solidification rate.
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7. Further work

The primary aim of this thesis was to investigate the possibility of reusing a NBSN
crucible and how the reused crucible affects ingot properties with respect to carrier lifetime,
resistivity and impurity content. It was discovered that reuse of NBSN crucibles is feasible, as
impurity content of O; reduces and the integrity of the crucible is preserved. However, the Cs
reduction in a new ingot was marginal and the suspected dissolution of oxide covering the
crucible microstructure was attributed to the increased thermal strain that was observed in IC7
by UPCD. Unfortunately, no conclusive data could be extracted from in situ gas

chromatography due to technical difficulties.

At the time of concluding this thesis, the Ecosolar project has managed to successfully
growth 1C9 in the same NBSN-crucible used in this work. In other words, the reusability of a
single NBSN crucible has been confirmed for at least 3 consecutive solidifications. Ideally,
further work should seek to reduce horizontal heat leak during solidification as this caused
considerable thermal strain in ingot IC7. This could possibly be done by altering the crucible
composition by increasing SOz content, thus preferably creating an amalgamated crucible that
exhibits sufficient structural integrity to allow reuse, while at the same time attaining a

thermal expansion coefficient and thermal conductivity that approaches silica.

Further research might also want to consider how silicon microstructure changes with
NBSN crucible reuse, either through investigation by electron microscope or infrared
transmission microscope. The latter would provide insight in the distribution of and density of

silicon nitride fibers in the ingot.

90



10.

11.

12.

13.

14.

15.

16.

Bibliography

YangY, Yu A, Hsu B, Hsu W, Yang A, Lan C. Development of high-performance multicrystalline silicon for
photovoltaic industry. Progress in Photovoltaics: Research and Applications. 2015;23(3):340-51.

Green MA, Emery K, Hishikawa Y, Warta W, Dunlop ED. Solar cell efficiency tables (Version 45). Progress
in photovoltaics: research and applications. 2015;23(1):1-9.

Cuevas A, Kerr MJ, Samundsett C, Ferrazza F, Coletti G. Millisecond minority carrier lifetimes in n-type
multicrystalline silicon. Applied Physics Letters. 2002;81(26):4952-4.

Atkins PW, Friedman RS. Molecular quantum mechanics: Oxford university press; 2011.

Streetman BG, Banerjee S. Solid state electronic devices: Prentice Hall New Jersey; 2015.

McEvoy A, Castaner L, Markvart T. Solar cells: materials, manufacture and operation: Academic Press;
2012.

Sgndenad R, Sgiland A-K, Angelskar H, Holt A. Light induced degradation in mc-Si based on compensated
silicon. Energy Procedia. 2012;27:70-5.

Kayamori Y, Dhamrin M, Hashigami H, Saitoh T, editors. Rapid initial light-induced degradation of
multicrystalline silicon solar cells. Photovoltaic Energy Conversion, 2003 Proceedings of 3rd World
Conference on; 2003: IEEE.

Autruffe A, Vines L, Arnberg L, Di Sabatino M. Coincident site lattice bi-crystals growth—Impurity
segregation towards grain boundaries. Journal of Crystal Growth. 2015;416:8-11.

Callister WD, Rethwisch DG. Materials science and engineering: an introduction: Wiley New York; 2007.
92-107 p.

Lan C-w, Hsu C, Nakajima K. Multicrystalline Silicon Crystal Growth for Photovoltaic Applications.
Handbook of Crystal Growth: Bulk Crystal Growth. 2015:373-411.

Scheel HJ, Capper P, Rudolph P. Crystal Growth Technology: Semiconductors and Dielectrics: John Wiley
& Sons; 2011.

Li TF, Huang HC, Tsai HW, Lan A, Chuck C, Lan CW. An enhanced cooling design in directional
solidification for high quality multi-crystalline solar silicon. Journal of Crystal Growth. 2012;340(1):202-
8.

LiJG, Hausner H. Wetting and adhesion in liquid silicon/ceramic systems. Material Letters. 1992(14):329-
32.

Dr. Bert Geyer, Gerd Schwichtenberg, Miiller DA. Increased wafer yield in silicon ingots by the
application of high purity silicon nitride coating and high purity crucibles. IEEE Journal of Photovoltaics.
2005:1059 - 61.

Li JG. Wetting of Ceramic Materials by Liquid Silicon, Aluminium and Metallic Melts

Containing Titanium and Other Reactive Elements: A Review. Ceramics International. 1994;20:391-412.

91



17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Drevet B, Pajani O, Eustathopoulos N. Wetting, infiltration and sticking phenomena in Si3N4 releasing
coatings in the growth of photovoltaic silicon. Solar Energy Materials and Solar Cells. 2010;94(3):425-
31.

Bellmann MP, Meese EA, Syvertsen M, Solheim A, Sgrheim H, Arnberg L. Silica versus silicon nitride
crucible: Influence of thermophysical properties on the solidification of multi-crystalline silicon by
Bridgman technique. Journal of Crystal Growth. 2011;318(1):265-8.

Richard J. Phillips, Steven L. Kimbel, Aditya J. Deshpande, Shi G. Coating compositions. United states
patent. 2012.

Chandra P. Khattak D, Schmid F. Reusable crucible for silicon ingot growth. United states patent. 2004.
Rune Roligheten, Gjertrud Rian, Julsrud S. Reusable crucibles and method of manufacturing them.
United states patent. 2009.

Zhao L, Lv T, Zhu Q. Si3N4/fused quartz composite crucible with enhanced thermal conductivity for
multicrystalline silicon ingot growth. Journal of Crystal Growth. 2015;415:51-6.

Schneider V, Reimann C, Friedrich J, Miller G. Nitride bonded silicon nitride as a reusable crucible
material for directional solidification of silicon. Crystal Research and Technology. 2016;51(1):74-86.
Schneider V, Reimann C, Friedrich J. Wetting and infiltration of nitride bonded silicon nitride by liquid
silicon. Journal of Crystal Growth. 2016;440:31-7.

Morita K, Miki T. Thermodynamics of solar-grade-silicon refining. Intermetallics. 2003;11(11-12):1111-
7.

Bellmann MP, Meese EA, Arnberg L. Impurity segregation in directional solidified multi-crystalline
silicon. Journal of Crystal Growth. 2010;312(21):3091-5.

Macdonald D, Cuevas As, Kinomura A, Nakano Y, Geerligs L. Transition-metal profiles in a
multicrystalline silicon ingot. Journal of Applied Physics. 2005;97(3):033523.

Gao B, Chen XJ, Nakano S, Kakimoto K. Crystal growth of high-purity multicrystalline silicon using a
unidirectional solidification furnace for solar cells. Journal of Crystal Growth. 2010;312(9):1572-6.
Raabe L, Patzold O, Kupka I, Ehrig J, Wiirzner S, Stelter M. The effect of graphite components and crucible
coating on the behaviour of carbon and oxygen in multicrystalline silicon. Journal of Crystal Growth.
2011;318(1):234-8.

Trempa M, Reimann C, Friedrich J, Miller G. The influence of growth rate on the formation and
avoidance of C and N related precipitates during directional solidification of multi crystalline silicon.
Journal of Crystal Growth. 2010;312(9):1517-24.

Arafune K, Ohishi E, Sai H, Ohshita Y, Yamaguchi M. Directional solidification of polycrystalline silicon
ingots by successive relaxation of supercooling method. Journal of Crystal Growth. 2007;308(1):5-9.
Nakano S, Gao B, Kakimoto K. Relationship between oxygen impurity distribution in multicrystalline solar
cell silicon and the use of top and side heaters during manufacture. Journal of Crystal Growth.
2013;375:62-6.

G. L. Miller, D. A. H. Robinson, Wiley JD. Contactless measurement of semiconductor conductivity by

radio frequency-free-carrier power absorption. Review of Scientific Instruments. 1976;47(7).

92



34. Selzer A, Brizé V, Voytovych R, Drevet B, Camel D, Eustathopoulos N. Chemical stability of silicon nitride
coatings used in the crystallization of photovoltaic silicon ingots. Part I: Stability in vacuum. Journal of

the European Ceramic Society. 2016.

93



