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Summary

The main objective of the present work is the removal of inclusions from silicon scrap
and metallurgical grade silicon. To reach this goal, two various routes are investigated.
First, settling of SiC particles from molten silicon followed by directional solidification
is reported in this thesis. Then, removal of SiC and SisN, inclusions in silicon scrap by

filtration with foam filters and wettabilities of silicon on graphite materials are studied.

To supply the increasing needs of the photovoltaic industry it is necessary to produce a
low cost silicon feedstock. One of the many routes established from the industry is the
Solsilc project. This project aims to produce solar-grade silicon by carbothermal
reduction of silicon, based on the use of very pure raw materials. The high carbon
content of about 700 mass ppm of the silicon in the form of SiC particles, needs to be
removed before the Solsilc silicon could be used as a feedstock to PV industry. Settling
of SiC particles in molten silicon was investigated. This part of the work was in
cooperation with SINTEF Materials & Chemistry. Two experiments were conducted
and the cast silicon ingots were analyzed by light microscopy and LECO carbon
analyzer. The results showed that the number of inclusions in the middle of the ingots
was less than in the bottom and top. The removal efficiency was above 96% in the
middle part of an ingot and the total carbon content measured by LECO was < 25 mass
ppm. The difference in density between the particles and the melt gives the SiC particles
a relatively high settling velocity leading to a high removal efficiency. Pushing and
engulfment of SiC particles by solidification front was also studied. Directional
solidification of silicon that followed settling pushes the particles to the top of the ingot.
The presence of SiC particles in the middle of the ingot is explained by engulfment.

Top-cut silicon scrap represents a considerable loss of the PV silicon. Removal of

inclusions from the silicon scrap would make it possible to recycle it to feedstock in the

PV cell production. This was carried out by filtration with ceramic foam filters.
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Carbon and SiC foam filters with various pore sizes were employed in the
filtration experiments. They were provided by Eger-Serensen, a Norwegian company
and Foseco AB in Sweden. The top-cut silicon scrap came from REC-Scan Wafer.

Characterization of inclusions in silicon scrap before and after filtration
experiments took place. Two techniques were developed and used in this work. First,
extraction of inclusions by acid dissolution of the silicon was carried out. The SiC and
Si3Ny particles collected afterwards were analyzed and counted by automated light
microscopy. In the second technique, silicon samples were ground and polished with
diamond paste. Microscopic analysis consisted of measuring the surface area of the
inclusions found in the silicon samples. Results show that inclusions in top-cut solar cell
silicon scrap are needle-like SizN4 particles and round SiC inclusions. The removal
efficiency for a 30 ppi SiC filter is more than 99%. The inclusions remaining after
filtration are mainly SiC particles smaller than 10 pm. The experiments show that the
filtration efficiency increases with decreasing filter pore size. Some filter cakes that
mainly consist of large Si3N4 inclusions are found on the top surface of the filter.

Deep bed filtration is the mechanism responsible for the removal of small
particles. After taking into consideration various models for the foam filters the main
conclusion is that interception seems to be the main removal mechanism of inclusions in
silicon. Settling appears to play a minor role for our system. A new model named
branch model explains better the experimental results. Due to the low wetting angle
between molten metal and the filter material, capillary forces drive the melt through the
filter. Therefore, the melt velocity through the filter is high. This justifies the usage of

potential flow in the branch model.

It is shown that molten silicon may be contaminated in contact with the refractories.
Since purity for solar cell silicon is crucial, contamination must be minimized. Graphite
crucibles may be a source of relatively high levels of Al, Fe, and P. In the filtration
process, wettability of the molten silicon with the filter material is very important. Thus,
spreading and infiltration of molten silicon into the graphite substrates were also
investigated in this thesis. Five different graphites were provided by Svenska Tanso AB.
They are in use as refractories in the PV industry and vary from each other in porosity,

density, and average pore size. The sessile drop technique is employed to study the
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wetting behavior of molten silicon on the graphite materials. The measured contact
angles show that molten silicon does not initially wet carbon materials. However, due to
the chemical reaction between Si and C, a SiC layer is formed in the interface between
molten silicon and the graphite. Formation of this layer lowers the contact angles finally
reaching equilibrium wetting angles of molten silicon with SiC materials. Spreading of
molten silicon is affected not only by the reaction formed SiC layer, but also by the
surface finish. The final contact angles, also called equilibrium contact angles, decrease
with increasing surface roughness of the graphites. Infiltration of silicon into graphites
is mainly related to the average pore size of graphite materials. Materials with large
pores are penetrated deeper by the liquid silicon. Zero contact angles of the silicon with
graphites are found in materials with both high surface roughness and large average
pore size. These results indicate that graphites for use in the PV industry should have a
small average pore size. The surface of the graphite in direct contact with silicon should

be smooth (low roughness).
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Chapter 1

INTRODUCTION

Solar cells have been an attractive technology for power generation due to its

clean and non-polluting nature [Sarti & Einhaus, 2002]. The photovoltaics (PV)

industry has grown fast in the recent years. Forecasts for the average global growth give

a 48% increase for the PV market up to 2012, with the global market volume of newly
installed PV systems rising from 4 GW in 2008 to 125 GW in 2020 [Sarasin, 2008].

2000

2010 2020

Annual energy production

2100
[Eda]

1.600

1.400
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Wind
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Nuclear Energy

Figure 1.1: Prediction from the scientific council of the German federal government for

the future annual energy production [www.solarwirtschaft.de].



Introduction

Is it predicted that much of the energy production for next the decades will be
solar energy produced by photovoltaics as shown in Figure 1.1 [solarwirtschaft.de].
Wafer-based crystalline silicon, including multicrystalline silicon and monocrystalline
silicon, is the dominant PV technology by far with a market share of 91% in 2005
[Wyers, 2007b], [Swanson, 2007]. The overriding goal of the PV industry nowadays is
to generate energy at competitive price. This can be achieved by lowering the
production cost for Si modules.

Silicon accounts for approximately 25 — 50% or more (depending on the
technology and the type of silicon used) of the cost of processed solar cells [Istratov et
al. 2006]. The cost of raw silicon is determined by its purity and the current silicon
shortage has focused the spotlight on poly silicon [Wyers, 2007b]. While metallurgical
grade (MG-Si) silicon costs not more than US$ 1 — 1.50 kg™, semiconductor grade
poly-crystalline silicon can cost anywhere from US$ 35 to 200 depending on the market
conditions [Istratov et al. 2006].

To supply the increasing needs of the photovoltaic industry it is necessary to
develop a low cost silicon feedstock. An approach to produce solar grade silicon is to
upgrade metallurgical grade silicon [Flamant et al. 2006]. This has been a subject of
worldwide research. Several companies (Elkem, FerroAtlantica, Dow Corning, Fesil
and others) claim to have developed a metallurgical route to produce low cost SoG-Si
[Weernes et al. 2005]. This route for production can be five times more energy efficient
than the conventional Siemens process that uses more than 200 kWh kg™ [Braga et al.
2008].

The Solsilc project aims to produce solar-grade silicon by carbothermal
reduction of silicon, based on the use of very pure raw materials. The raw materials for
this process are ultrapure quartz and carbon black. This could give silicon with low
boron content (controlled in the selection of the quartz) and a low concentration of
phosphorus. A limitation of the process is the residual carbon originating from the
reduction process [Braga et al. 2008]. This carbon is in the form of SiC particles which
should be removed from the silicon before it can be used as a feedstock to PV industry.

This can be accomplished by settling of the inclusions and by subsequent directional
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solidification. Settling of SiC particles in molten silicon and the effect of pushing and
engulfment of these particles by the solid/liquid interface were studied here.
Multicrystalline silicon is cast in a silicon nitride (SisNg)-coated quartz crucible
and is subsequently directionally solidified. Crystallization is realized by slowly moving
downward the liquid silicon-containing crucible out of the inductively heated hot zone
of the process chamber, as shown in Figure 1.2. This is the so-called conventional
Bridgman technique that still is mainly used for the fabrication of multicrystalline
ingots. A SisN, coating which prevents the adhesion of the silicon ingot to the quartz
crucible walls, is the source of the silicon nitride inclusions in the silicon ingot. The
lining refractory and graphite heating elements may be an additional source for SiC

particles.

[

. liquid
/./, silicon

[ |

[

inductive heating
~

™.
columnar ~ ™~ liquid / solid

crystallised silicon ‘ interface

Figure 1.2: Conventional Bridgman technique for multicrystalline silicon production
[Bultman & Geerligs, 2005].

After directional solidification the parts containing solid particles are cut off
from the top of the ingot. Usually slices of 10 - 20 mm depth are removed. These
regions have a high concentration of impurities such as iron, aluminium, SiC, SizNy, etc.
While the bottom and sides are recycled and used again in the solidification process, the
top-cut is sold as low value scrap [Koch et al, 2003]. If SiC and Si3N, particles can be
removed from the top-cut scrap, the silicon scrap can be mixed with pure silicon from
Siemens process and thus, can be used as feedstock in fabrication of multicrystalline
ingots for PV cell production. Filtration with ceramic foam filters has already proved to

be efficient in removing harmful particles from liquid aluminum, magnesium and steel.
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The main goal of this thesis was to investigate the removal of solid inclusions in the
top-cut silicon scrap by filtration with ceramic foam filter.

In the filtration process, wettability of the molten silicon with the filter material
IS very important. A systematic and comprehensive investigation of the wetting
behavior in the liquid-silicon/solid-carbon system is still lacking. The reason for this
might be difficulties of studying the system, because wetting is accompanied by
chemical reaction between silicon and carbon with the formation of solid silicon carbide
at the silicon/carbon interface, leading to an irreversible change in the physico-chemical
nature of interface [Li & Hausner, 1996]. If the molten metal did not wet the filter, the
inclusions are less likely to be removed by the filter. In such conditions it may be
difficult for the melt to flow through the filter pores, particularly when filters with
relatively small pore size are employed. Good wetting of the filter material by liquid
silicon is an important requirement for efficient filtration.

The wettability of ceramics by liquid metals is also a key factor in many fields of
high temperature materials science and engineering [Yuan et al. 2004]. In the processes
developed for refining and casting of silicon, crucibles, dies, and substrates of various
materials may be used. Graphite is a common material used for the production of
crucibles in the PV industry [Dezellus et al. 2005]. Due to the open porosity, the molten
silicon infiltrates into the graphite material. The infiltration depth depends on the
physical properties of the graphites. It is a prerequisite that the infiltration of molten
silicon into the refractory materials be kept to a low level so that the re-contamination of
the liquid silicon stays at a minimum [Deike & Schwerdtfeger, 1995]. For these reasons,

wetting and infiltration of molten silicon with graphite materials are also studied here.



Chapter 2

LITERATURE REVIEW

This Chapter consists of the literature review needed to interpret and discuss the
results of the study. Solubility of carbon and nitrogen in liquid and solid silicon are
given first. Then, impurities in silicon with the emphasis on the SiC and SizN4
inclusions and their effect on the PV cells follow. Inclusions removal by settling,
directional solidification, pushing and filtration are treated separately. Finally, the
literature on wetting of molten silicon with graphites and silicon carbide materials is

presented.

2.1 Solubility of carbon and nitrogen in silicon

2.1.1 Solubility of carbon in liquid silicon

The solubility of carbon in liquid silicon has been investigated by several
researchers. They agree that the only phase to be considered besides liquid and solid
solution is B-SiC and that the three-phase equilibrium, is eutectic [Durand & Duby,
20001].

By measuring the amount of dissolved carbon in the silicon at different

temperatures, a relation for the carbon solubility as a function of temperature is
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obtained. A number of researchers have studied the solubility of carbon in liquid silicon.
They have often used various experimental set-ups and different analyzing techniques
which resulted in a considerable variation in the measured carbon level. The results,
reviewed by Seiland [2004], are summarized in Figure 2.1 in addition to the latest
results. Carbon is slightly soluble in liquid and solid silicon, and according to Nozaki et
al. [1970] the solubility in liquid Si at the melting point is 4 x 10'® atoms cm™ (34 mass
ppm). Durand & Duby [2000] claim that there is a problem concerning the
determination of the C content in the samples. According to them, infrared
measurements do not take into account the C present in the form of precipitates formed
after solidification or particles resulting from an eutectic solidification step. On the
other hand, the wet chemical analyses are considered to give overestimates of the C
solubility since they give the total carbon content. Table 2.1 summarizes the
experimental results on solubility of C in liquid Si; the method for determining the C
content is indicated, together with the material used as a container, and the way the C is

added to the liquid.
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Figure 2.1: The solubility of carbon in liquid silicon as function of temperature

[Seiland, 2004].
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Table 2.1: Experiments on solubility of carbon in liquid silicon, review by Durand &

Duby [2000], and Seiland [2004] and including the latest results.

Year Reference Container  Analyzing technique Solub. at m.p.
[mass ppm]

1958 Hall Silica Mass loss 41

1958 Dash Si-pedestal Mass loss 56

1959 Scace & Sclack Graphite Mass of residue 16

1960 Dolloff Graphite Wet chemical analysis

. Charged particle act.

1970 Nozaki i analysis + IR absorption 34

1971 Bean & Newman - IR absorption 55

1987  Oden & McCune  Graphite Combustion + gas 5.7

analysis
1993 Kleykamp & Zirkonia Combustlog + gas
Schumacher analysis

1993 Ottem Silica Mass loss 56

1993 Tguchi & Narushima  SiC Combustion IR 123
absorption

1997 Yanaba St Combustion IR 79
absorption

2000 Durand & Duby - - 110

2008  Dalaker & Tangstad Graphite Combustlgn IR 65
absorption

2.1.2 Solubility of carbon in solid silicon

Data on carbon solubility in solid silicon are given by Davies & Newman [1994]
in a review updating data collected by Bean & Newman [1971]. This solubility is
limited by the formation of B-SiC precipitates. Measurements were performed by
infrared absorption techniques. The calibration constant for the infrared measurements
is modified following subsequent work by Endo et al. With this correction, the

solubility of C in solid Si is given by:

X $ (in atoms cm™) = 3.31 x 10** exp (%) (2.1)
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with AHgg = 2.3 + 0.25 eV/atom = 221.900 J/mol. Extrapolation to the melting point of

Si gives the maximum C concentration in solid solution, for T = 1414 °C = 1687 K:

X$E=4.5x10" atoms cm™ = 3.8 mass ppm (2.2)

Nozaki et al. [1970] reported the solubility of carbon in solid silicon to be 3.5 x 10"
cm™ (3 mass ppm) at the melting point. Bean & Newman [1971] found that the solid
solubility C; varies with temperature as:

Cs=4 x 10 exp(-2.4eV/kT) (2.3)
which, at the melting point of silicon, gives 2.7 x 10'" atoms cm™ (2.3 mass ppm).
Narushima et al. [2002] measured the carbon solubility in solid silicon at 1673 K to be
24 + 13 mass ppm which is very high compared to the data reported from the others.
This high value of carbon solubility could be explained by oxygen content in silicon.
Their experiments were performed in Ar-5%CO atmosphere at 1673 K. According to
Newman [1996] carbon solubility is enhanced by the presence of oxygen atoms in

silicon crystals which expand the lattice of the silicon crystal.

2.1.3 Solubility of nitrogen in liquid and solid silicon

Nitrogen is an important impurity in crystalline silicon and its properties have
been extensively studied. There are four methods of doping silicon with nitrogen:
melting of silicon with Si3Ny, melting silicon in an atmosphere which includes nitrogen
or ammonia, annealing silicon in nitrogen gas, and ion-implantation.

The solubility of nitrogen in silicon has mainly been studied by the first two
methods. It was first studied by Kaiser & Thurmond [1959] by melting silicon in an
atmosphere which included nitrogen or ammonia. They determined the solubility of
nitrogen to be about 10" atoms cm™ (100 mass ppm) in molten silicon by vacuum
fusion gas analysis. Yatsurugi et al. [1973] determined it using the floating zone method
of hemicylindrical silicon rods sandwiching SizNs. The solubility of nitrogen in the
liquid silicon was determined to be about 6 x 10" atoms cm™ (60 mass ppm) by
charged particle analysis. Narushima et al. [1994] measured nitrogen solubility at the
melting point of silicon to be around 4 x 10" atoms cm™ (4 mass ppm), which is one

order of magnitude smaller than the reported values by Kaiser & Thurmond [1959] and,
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Yatsurugi et al. [1973]. The latest results reported by Dalaker [2008] give that the
solubility of nitrogen at the melting point of silicon is 42 mass ppm.

Nitrogen solubility in solid silicon reported by Yatsurugi et al. [1973] is (4.5 +
1.0) x 10"° atoms cm™ (about 45 mass ppb).

2.2 Impurities in silicon

Impurities in silicon influence solar-cell properties in a variety of ways. For
example, crystal growth can be perturbed resulting in defects, inclusions, precipitates, or
poly-crystalline structure. The bulk properties of the silicon may be altered by
electrically active impurity centers which reduce the minority-carrier diffusion length
either by increased re-combination or by scattering-induced mobility loss. Additionally,
impurities may induce contact and contact interface degradation, series- or shunt-
resistance effects, as well as precipitation and other junction defect mechanisms [Davis
et al. 1980].

A vast number of impurities are present in commercial multi-crystalline (mc) Si.
Light elements such as oxygen, nitrogen and carbon are the impurities present at by far
the highest levels, generally in the ppm range [Stokkan, 2004]. However, these
impurities are not the predominant sources of lifetime degradation. Transition metal

3 . .
1n most me-Si

impurities, which are found in concentrations as high as 10" - 10'® cm™
materials, play a large role in decreasing mc-Si device performance relative to single-
crystalline (sc) Si. In mc-Si materials, grain boundaries are now understood to be the
locations where metals are found in the highest concentrations, aside from isolated
inclusions [Buonassisi et al, 2006], [Mjas, 2006]. Veritable lifetime killers are wolfram,
molybdenum and titanium. These are also slowly diffusing elements, which mean they
are difficult to remove by gettering. Fortunately they are not often present in the
production environment, and they segregate efficiently during crystallization. Iron is
considered the most important metallic impurity as it has a pronounced lifetime limiting

effect. Usually it is present in large quantities and is in a middle range with regards to

diffusivity [Stokkan, 2004].
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2.2.1 SIC and Si3N,4 particles in me-silicon and their impact on solar

cells

The major sources of carbon contamination in Si crystals are the graphite
support (an extruded or molded graphite cylinder into which the SiO; crucible is placed)
and accessories such as heat shields which may react with O,, H,O or SiO gases or the
SiO; crucible itself to form gaseous carbon compounds that are incorporated into the
melt through vapor phase transport.

The carbon impurities are generally found on substitutional sites. Even though
carbon is electrically inactive, it may influence the behavior of oxygen, e.g. by
inhibiting thermal donor formation at 450°C and enhancing SiO, nucleation and
precipitation rates. If the carbon level exceeds the solubility in dislocation-free crystals,
SiC particles may form and produce polycrystalline growth. The maximum solubility of
carbon in oxygen-rich pulled ingots may be ~10'® cm™ (8.5 mass ppm), and it is found
that SiO, and Si3Ny precipitates may act as nucleation sites for SiC precipitation.
Precipitation may also occur during the crystallization process if the liquid phase is
enriched in carbon. In multi-crystalline material, SiC may form during the casting
process. Moeller et al. [2008] reported massive SiC and Si3N4 precipitates from the melt
in form of filaments, tubes, needles and spherical precipitates along the growth

directions. A picture is shown in Figure 2.2.

10
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Figure 2.2: SiC and SisN4 precipitates in forms of filaments, tubes, needles and
spherical precipitates along the growth directions. (Foto taken with IR microscopy)

[Moller et al. 2008].

Carbon precipitation in edge-defined-film-fed-growth (EFG) material has been
connected to twinning formation [Moeller et al. 2008]. Formation of SiC layers in twin
boundaries at the melt interface has been observed. The reason for that might be
accumulation of carbon by diffusion in the melt. SiC that has precipitated during this

process generates high internal stresses in the material.

2.2.1.1 Electrical effects of SiC and SizN, inclusions

Hari Rao et. al. [1976] observed directly the electrical effects of SiC inclusions
in silicon using a scanning electron microscope (SEM) operated in the electron-beam-
induced current (EBIC) mode. The EBIC analysis displayed the recombination effects
around the particles. Both point source and linear recombination centers are distributed
around the SiC particles. Both the maximum power output per unit area and the fill
factor displayed a nearly linear dependence on SiC particle density, whereas the short
circuit current and the reverse leakage currents appear to be relatively independent of
the SiC particle density. The open-circuit voltage of the solar cells is only slightly
influenced by SiC particle density up to a density of three particles per solar cell beyond

which a dramatic reduction in the voltage is noted with increasing particle density.

11
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Experimental observations of electrical effects associated with SiC particles suggest that
in addition to the possible direct effect of the particles in functioning as local regions of
low resistivity, the more detrimental effect of the particles is their influence on the
distribution of lifetime killing impurities in the silicon. The data on cell performance as
influenced by particles suggest that the specific detrimental effects of the SiC particles
are almost entirely due to the accumulation of impurities around the particles, rather
than due to the particles themselves. According to Maller et al. [2008] SiC inclusions
create more shunting than SizN4 because SiC are more conductive.

Areas with a high number of dislocations are known to reduce the free carrier
lifetime severely. Solid inclusions are one of the sources that create dislocations.
Dislocations are punched out during cooling from around an inclusion with a different
thermal expansion coefficient than the surrounding matrix. The nucleation of
dislocations results from the stress produced around the inclusion due to the different
contraction of the crystal and the inclusion [Ryningen et al. 2008]. Ryningen et al.
[2008] observed more dislocations around the SiC particles than around Si3Ny4 particles
thus, concluding that SiC is more detrimental than Si3N4 when it comes to nucleation of
dislocations. Figure 2.3 shows dislocation clusters around a SiC particle and Figure 2.4
shows a Si3N4 particle surrounded by dislocations in a multicrystalline silicon wafer

[Ryningen et al. 2008]. The wafer was polished and etched in Sopori etch.

Figure 2.3: SEM image of a dislocation cluster around a SiC inclusion. The wafer is

polished and etched in Sopori etch [Ryningen et al. 2008].

12
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Figure 2.4: SEM image of dislocations around a Si3N inclusion. The wafer is polished

and etched in Sopori etch [Ryningen et al. 2008].

2.2.1.2 Effects of SiC and SizN,4 in wire sawing

Du et al. [2008] studied the effect of SiC and Si;N, inclusion in wire sawing
process of me-silicon. The presence of SiC particles is responsible for the formation of
wire-sawing defects on the mc-Si wafers, while Si3N4 rods can be readily sawed across
without introducing wire-sawing defects during the wire-sawing process. The
dimension of the SiC clusters and Si3N4 rods was found to be up to hundreds of
micrometers, and they can extend from one surface of a mc-Si wafer to the other [Du et

al. 2008]. A sawing wire could break due to the presence of SiC particles.

2.3 Removal of elements and solid particles

2.3.1 Settling of inclusions

Settling in molten metals is one of the refining steps for removal of harmful
inclusions. Inclusions may be lighter than the molten metal (this situation is usually
found in steelmaking and ferroalloys), or they may be heavier than the melt as is often
the case for aluminum. The inclusions that float up are collected by a slag or dross

phase while heavy inclusions accumulate as slurry in the lower parts of the furnace (a

13
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holding or settling furnace). In either case the removal mechanism is gravity coupled
with the density difference (negative or positive) between the particle and the
surrounding melt. The term “settling” in this thesis is used only when particles sink. The
gravity force acting on a particle is given by:

Fe=(ps- POV 2.4)
where V and p; is the volume and density of the particle, pjis the density of the liquid
metal, and g is the acceleration of gravity. The drag force F4 on the particle is usually
calculated in terms of an empirical friction factor ¢:

Fa= pu;A¢ (2.5)
Uy is the relative velocity between the surrounding melt and the particle. The terminal

settling velocity of a particle is determined by the balance between the opposing forces

F, and Fg:

(ps- PGV = pu;Ag (2.6)
which can be arranged in the form:
i = L)Y 2.7
oA,
For spherical particles
V = nd’*/6, A,=nd*4 and ¢=12/Re if Re<2 (2.8)

Re = u,dp/u. Thus, for spherical particles under laminar flow conditions, we get the
Stokes’ equation:

2
g, = =) (2.9)
18u
where d is the diameter of the spherical inclusion and y is the viscosity of the liquid

metal.

2.3.2 Directional solidification of mc-Si

Directional solidification is a well known method for producing multicrystalline
silicon for the PV industry. In this method a planar front, achieved during solidification,
results in a clearly defined interface between the solid and the liquid phase. The

solubility of major impurities is higher in the liquid than in the solid phase. Therefore,

14
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directional solidification will work as a purification process where the impurities are
retained in the liquid phase. The maximum purification is given by Scheil equation:
C =C,-(1-f)"" (2.10)
where C, is the concentration of impurities in the liquid phase at a given fraction solid f;,
Co is the concentration of impurities when solidification begins. Ky is the partition ratio
defined by kg = Cs / C;, where Cs is the impurity concentration in the solid phase.
Equation 2.10 assumes thermodynamic equilibrium at the solid-liquid interface, no
diffusion of impurities in the solid phase and complete mixing in the liquid phase. For
most systems the assumption of equilibrium at the solid-liquid interface and no
diffusion in the solid are fulfilled. However, in a relatively stagnant melt, mixing in the
liquid is only partial. Impurities will build up in a boundary layer close to the
solidification front with increased concentration of impurities. These various effects
tend to give a reduced “effective” value of Ko, Ke:
— kO
off — ko (- ko)e-(vs/ol)

(2.11)

Where Vv is the growth rate, oJ'is the thickness of the boundary layer and D; is the element
diffusivity in silicon. It is seen that when v — 0, ket — ko. Data on partition ratio, ko and

diffusivity for carbon and nitrogen are given in Table 2.2.

Table 2.2: Properties of carbon and nitrogen in silicon

Property C N Ref.
(=3.1/kgT) (=3.29/kgT)
Diffusivity, D, 1‘9[2528_1] 0'87[21525-1] [Scase & Slack 1959];
Partition ratio, ks, 0.07 + 0.01 7% 10 [Nozaki et al. 1974];

[Yatsurugi et al. 1973]

Kvande et al. [2005] and Ryningen et al. [2008] investigated the carbon content
in two multicrystalline silicon cast ingots. These ingots were directionally solidified
with different cooling rates after solidification was completed, 190°C/hr and 50°C/hr.
Substitutional carbon concentration as a function of ingot height was measured by
Fourier transform — infra red spectroscopy (FTIR). The results were compared with the

carbon values calculated from the Scheil equation with a partition ratio of 0.058
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suggested by Kolbesen & Miihlbauer [1982] (see Figure 2.5). The start concentration
was set at 1.7 ppma. Their results show that the carbon distribution in the two ingots
was similar with a concentration of about 4 ppma in the middle of the ingots. The
measured carbon concentrations fit well with the concentration profile calculated from

Scheil equation.

Carbon distribution
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Figure 2.5: Carbon content as a function of vertical position in ingot measured by FTIR

and calculated from Scheil equation using a partition ratio of 0.058 [Kvande et al. 2005].

2.3.3 The solid liquid interface

The form of the solid-liquid interface during solidification has considerable
influence on the material quality. If the interface breaks up and columnar cells start to
grow, both grain size and impurity distribution will be largely influenced. Solidification
velocity, temperature gradients in the melt and, impurity concentrations are the growth

conditions which may cause interface breakdown [Kvande, 2008].

2.3.3.1 Interface breakdown

The original concepts for understanding interface instabilities are contained in
the work of Rutter & Chalmers [1953]. They studied the formation of the cellular
substructure found in slightly impure metals. The cellular substructure consists of a
honey-comb-like structure, elongated in the growth direction, with a more or less

regular hexagonal pattern on the interface. According to Rutter & Chalmers [1953], this
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structure results from an instability of the interface. Due to the fact that the boundary
layer near the interface is rich in impurities rejected by the growing crystal, the melting
point of the liquid at the interface is depressed. Therefore, the liquid ahead of the
growing interface could be supercooled even though it is at a higher temperature than
the interface. They suggested that this condition caused the instability and named it
Constitutional Supercooling [Rutter & Chalmers, 1953]. Since k < 1, the solute element
will be rejected into the liquid and be enriched at the solidification front. A
concentration gradient will then develop in front of the interface causing a local
variation of liquidus temperatures. The diffusion process in the liquid ahead of the
interface is treated in a one-dimensional coordinate system moving with the interface
[Jackson, 2004]. The equation for steady-state diffusion in a one-dimensional
coordinate system moving with the interface at a velocity V is:
d’C, dC,
+v—-

D
' dz? dz

=0 (2.12)

where C, is the composition in the liquid, D, is the diffusion coefficient, and z is the
distance from the interface. The concentration distribution which is a solution to this

equation is:

1 VZ
C=C_+C |—-1 - 2.13
. w(ko jexp( D.J @.13)

where C, is the initial concentration of the liquid, and K, is the partition ratio. The

concentration distribution given by equation (2.13) is illustrated in Figure 2.6.

solid liquid

front

composition

distance

Figure 2.6: The steady-state concentration distribution ahead of a moving interface

[Jackson, 2004].
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Under conditions of directional solidification the stable-solid liquid interface is
planar. Above a critical velocity, U;, the plane front breaks down to form cellular
patterns. Further increase of U, results in the development of dendritic microstructures
and finally, at very high rates, in a reverse transition from dendrites to cells and finally
to plane front [Kurz & Fisher, 1989], [Ludwig & Kurz, 1996].

Boettinger & Warren [1999] studied the solid-liquid (SL) interface breakdown
during directional solidification of a binary alloy. The build-up of solute in the liquid
ahead of the interface was the main reason for planer front breakdown. As it can be seen
from Figure 2.7 the interface becomes a cellular front. The concentration of the solute
above the solidification front as well as the profile produced in the solid, are shown.
Perturbations of the interface begin to be amplified in Figure 2.7b. By Figure 2.7f, a

quasi-steady cellular structure has been formed.
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Figure 2.7: Computer simulation of the interface breakdown from planar into cellular.
The concentration profile of the solute is shown in atomic fraction. The solidification

growth velocity is 0.5 cm/s [Boettinger & Warren, 1999].

Fujiwara et al. [2002] observed the crystal growth behavior of low undercooled

silicon melt using a confocal scanning laser microscope. The morphology of the
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interface changed from planar to facet (Figure 2.8) and the measured critical velocity,

U., was approximately 30 pum/s.

70um

Figure 2.8: a) Planar interface of mc-Si cooled at 3 K/min with a growth rate of 32
um/s; b) facet interface of mc-Si cooled at 25 K/min with a growth rate of 167 um/s
[Fujiwara et al. 2002].

2.3.4 Pushing of inclusions by directional solidification front

The behavior of solid particles at the solid/liquid (S/L) interface of an advancing
solidification front is a phenomenon of practical importance in metallurgy. Location of
the particles with respect to grain boundaries at the end of solidification, metal matrix
composites produced by casting or spray forming techniques, inclusion management in
steels etc. are some of the issues concerned with this phenomenon. When a liquid
containing an insoluble particle is solidified, three distinct interaction phenomena have
been observed: engulfment of particles, continuous pushing, and particle pushing
followed by engulfment [Catalina et al. 2000]. When the solidification front is cellular
or dendritic, entrapment of the particles may happen. The term “engulfment” is used to
describe incorporation of a particle by a planar interface, and the term “entrapment” is
used for particle incorporation by a cellular or dendritic interface, because the
mechanisms are rather different (see Figure 2.9). Indeed, for entrapment to occur,
particles must be pushed by the growing dendrites into the interdendritic regions

[Juretzko et al. 1998].
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Figure 2.9: Schematic representation of particle-interface interaction as a function of

interface morphology [Juretzko et al, 1998].

Numerous models for particle behavior at the S/L interface have been proposed.
The basic assumptions of most kinetic models assume spherical and inert particles and a
macroscopically planar S/L interface [Dhindaw, 2000]. All the models agree that there
exists a critical velocity of the planar S/L interface, below which particles are pushed
ahead of the advancing interface and above which particle engulfment occurs. This
velocity is a function of the solidification velocity and some material parameters.

Seiland [2004] calculated the critical velocity for pushing / engulfment, Uc, as a
function of particle radius for the system Si-SiC based on the model of Stefanescu et al.
[1988] (see Figure 2.10). According to this model the critical velocity for pushing /

engulfment of particles is:

oo 6(ﬁi0§;1R (2 _%] o
where Aoy is the surface tension difference, Ao, = oy - Op1 - Ois, Uo is the interatomic
distance in the melt, Y is viscosity of the melt, R is the particle radius, 4, is the
thermal conductivity of the particle and 4 is the thermal conductivity of the melt and,
n is equal to 2. The parameter values used by Segiland [2004] are shown in Table 2.3.

Based on these calculations, at a growth velocity of 5.55 um/s, which is the
common growth rate in industry, engulfment will occur for a particle with radius 1296

pm or above.
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Table 2.3: Parameter values used by Sgiland [2004] in Equation (2.14) in calculating V.

Parameter Value
1 9.4 x 10* Nsm™
AGy 0.1 Nm™
do 26x10%m
Ao 24 Wm'K!
A 55 Wm'K!
105 E LB R ERLLI] T T T T T TT7TTmg
106 L

C engulfing
103 3

10? |

10"

Critical velocity / um s
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Particle radius / um

Figure 2.10: u. as a function of particle radius for the system Si(1)-SiC(s). Dashed line

represents a mean growth rate in industry (5.55 pm/s) [Seiland, 2004].

In many instances the particles form agglomerates in the melt which are then
distributed within the grains or at the grain boundaries. Sen et al. [1999] suggested a
modified model of that given by Stefanescu et al. [1988] and [1998] to predict u. for a
particle cluster or agglomerate:

1 Ay,a;n, R v

u, = [ETR—J (2.15)

where U is expressed now as a function of the agglomerate orientation, n; and its shape

factor R¢, Ay is the surface energy difference between particle/solid and particle/liquid,
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ao is the atomic diameter, K' = Ao/ A) 1s the ratio between the thermal conductivity of the
particle and of the liquid. The presence of the particles in the melt affects the melt

viscosity:
,u=,uo(1+2.5¢p+10¢5§) (2.16)

where 1 1s the viscosity of the melt without the particles, ¢, is the volume fraction of
the particles [Kim & Rohatgi, 1998].

The interaction of particles with the S/L interface is significantly altered by
convective flow in the vicinity of the interface. Numerous experimental results clearly
suggest the presence of lift forces due to fluid flow. The flow in the case of pure
materials is attributed to density gradients in the melt, which in turn are caused by
thermal gradients. For alloys, there is an additional contribution from solute effects
[Mukherjee & Stefanescu, 2004]. Han and Hunt [1995] developed a model to calculate
the critical flow rate required to push the particles ahead of the interface and compared
the results with experiments. In their model, particle pushing is considered to be a result
of fluid flow rather than surface energy interactions. However, the pushing / engulfment
transition has been observed in experiments performed under microgravity conditions
[Stefanescu et al. 1998], where liquid convection effects are negligible. This suggests
that surface energy interactions cannot be neglected. The full implications of the surface
energy have been recently discussed by Kaptay [2001]. Under normal gravity
conditions, liquid convection effects play a dominant role and have to be considered
along with the pushing force exerted on the particles due to surface energy interactions.
Mukherjee & Stefanescu [2004] considered the liquid convection effects on the pushing
/ engulfment of particles and gave an expression for the liquid velocity profile ahead of
S/L interface. They showed that the level of convection determines the behavior of the
particles. For high-convection levels (Re > 0.6), the particles are swept away from the
S/L interface and there is no interaction between the particles and the S/L interface
because the lift forces are much greater than the interface force. For moderate-
convection levels (0.1 < Re < 0.6), the critical velocity of engulfment increases with the
increase in convection level. When the convection level further decreases, the system
can be considered to be in the low-convection regime (Re < 0.1), in which the critical

velocity for engulfment is independent of the convection level. In this regime, the lift
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forces due to liquid convection are negligible compared to the interface pushing force
[Mukherjee & Stefanescu, 2004]. As a conclusion to their model three distinct

convection regimes were identified:

High convection regime no particle-interface interaction ~Re > 0.6
Moderate convection regime  increased critical velocity 0.1<Re<0.6
Low convection regime no effect on critical velocity Re <0.1

2.3.5 Filtration of inclusions with ceramic foam filters
Filtration in metallurgy is a process of removing inclusions by forcing molten
metal through a porous material. The most important characteristic of a filter is the

filtration efficiency E defined by:

E=1-—2 (2.17)

where Ci, is the number of inclusions per unit volume that enters the filter, while ¢y is

the number per unit volume that leaves [Engh, 1992]. It is verified that filtration

efficiency follows an exponential law given by Equation 2.18 [Lae et al. 2006]
E=1-exp(-4,H) (2.18)

where /Ay is the filtration coefficient which depends on the properties of the filter and the
inclusions, and H is the filter thickness or depth.

Ceramic foam filters (CFF) are commonly used in industry for filtering a variety
of molten metals, including aluminum, iron, magnesium and copper [Lae et al. 2006],
[Wieser, 1988], [Apelian & Choi, 1988], [Uemura et al. 1992]. The excellent thermal
shock resistance facilitates their use for metal melt filtration. Ceramic foam filters
improve molten metal casting quality by removing non metallic inclusions. Typically,
ceramic foam filters exhibit high porosities (70 — 90%) with non uniform cells
connected to each-other by ligaments. The foam is characterized in terms of the pore
diameter or pore per inch (ppi) density. Typically pore diameters range between 0.01 to
2 mm [Sharafat et al. 2006]. Ceramic foam filters with 10, 20 and 30 ppi are commonly
used for metal filtration with a trend to use finer pores filters (50, 60, 80 ppi). Figure
2.11 shows three - and two — dimensional images of a ceramic foam filter [Gauckler et

al. 1985].
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No reports on filtration of liquid silicon with ceramic foam filters seem to have
been published. However, the extensive literature on the filtration of liquid aluminum

and steel has been used.

Figure 2.11: Three - and two — dimensional images of a ceramic foam filter [Gauckler

et al. 1985].

When discussing the removal mechanism of particles we speak of cake filtration
and deep-bed filtration. The filter mechanisms are illustrated in Figure 2.12. In cake
filtration, the filter medium acts as a screen so that particles are retained by the filter
material, resulting in the formation of filter cakes. In this case, the particles will remain
on the top surface of the filter and the first deposited particles will act as a filter for the
last particles approaching the filter. In contrast, in deep bed filtration, separation is
effected through the particle deposition throughout the entire depth of the filter.
Consequently, cake filtration is also known as surface filtration while deep bed filtration
is often referred to as depth filtration [Tien & Ramarao, 2007].

The most important factor in determining cake formation is the relative filter
pore size to particle size. Empirical evidence indicates the occurrence of cake formation
if the particle size and the filter pore size are of the same order of magnitude. Cake
formation commences immediately if the particle size is 1/3 of the size of the medium
pore [Tien & Ramarao, 2007]. According to Engh [1992], even if the inclusions are
much smaller than the pore size, the section of the filter closest to the inlet gradually

fills up and the mechanism will more and more resemble cake mode filtration. The
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behavior of the cake depends on the size and size distribution of the inclusions and the
pressure gradient experienced by the inclusions in the cake. The pressure drop is very
great in a cake. In chemical engineering systems where pressures of many atmospheres
can be applied, cake filtration is important. In high temperature metallurgical
applications usually only a pressure drop of less than 1 atmosphere is available. Then
filtration must be based on removal down through the filter (deep bed filtration) [Engh,
2008].
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Figure 2.12: Deep bed filtration in a ceramic foam filter with the beginning of cake

formation which will block filtration.

Filter capacity is defined as the quantity of deposited particles (usually expressed
in grams or kilograms) which the filter is capable of accumulating before reaching a
certain pressure drop (loss of metallostatic head). The filter capacity clearly depends on
the type and size of the particles [Engh 1992]. During operation, a ceramic foam filter is
expected to undergo three different stages [Bakke et al. 1994]:

e The priming period,

e The depth filtration period,

e The cake filtration period.
During the priming period, which is expected to be short in comparison with the others,
the metal enters some or all of the filter pores. The fraction of the filter pores infiltrated

depends on filter pore size, surface tension of the melt and pressure head. During this
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period, the metal flow through the filter increases from zero up to a stationary value.
During the depth filtration stage, flow remains approximately constant. Build-up of
inclusions does not seem to affect the overall resistance in the filter. In the last stage,
when cake filtration starts, the metal flow decreases and finally terminates. The reason
is the deposition of the inclusions at the top of the filter which gives a high resistance

[Bakke et al. 1994].
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Figure 2.13: Flow rate as a function of time for filtration by ceramic foam filters

[Bakke et al. 1994].

Various models have been developed to explain particle attachment at or on the
filter media and to give a better understanding of the physical parameters that affect the
removal efficiency of deep bed filtration. The main physical parameters that govern
depth filtration efficiency include [Conti & Netter, 1992]:

e texture of the porous medium, pore size distribution, and filter porosity,

o filter depth,

e viscosity of molten metal,

e particle size distribution,

e particle density,

e flow rate through porous medium,

e interfacial properties between inclusions, metal, and filter.
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Inclusion capture in deep bed filtration is considered to be a result of two
sequential events [Raiber et al. 1995], [Hiibschen et al. 2000], [Cao & Jahazi, 2005]:
e transport of the particles from the bulk melt to inner parts of the filter pores,

e attachment of the particles to the pore walls.

A number of mechanisms are considered to be responsible for the particle
transport among which impingement (direct collision), interception (fluid flow
transport), sedimentation (gravity), diffusion (or Brownian movement), and
hydrodynamic effects are the most important [Gauckler et al. 1985], [Ahmad &
Marshall, 2004]. Figure 2.14 shows a sketch of transport mechanism of a particle in
deep bed filtration. When the difference in density between the liquid metal and the
particle is high, the sedimentation forces will be the main actors to affect particle
transport. If the difference decreases, sedimentation will become negligible and

interception will become the dominant factor [Hiibschen et al. 2000].

brownian
movement
direct
interception
gravity
forces
hydro-
inertial dynamic
forces effects

Figure 2.14: Transport mechanisms of a particle in deep bed filtration ( — trajectory
line) [Gauckler et al. 1985].

Fluid flow conditions are very important for the filtration efficiency. Particles
are transported by the fluid that forms a recirculatory pattern inside the pores, towards
the filter wall where they can contact with the internal surface of the filter and attach to
it [Acosta & Castillejos, 2000a; 2000b]. However, large particles are less sensitive to
this recirculatory pattern. Ali et al. [1985] suggests for steel that mechanical entrapment

is responsible for filtration of inclusions larger than 30 um, whereas surface forces are

27



Literature Review

responsible for the retention of inclusions smaller than 30 um. The primary mode of
transport of inclusions smaller than 30 um to the filter walls is due to flow dynamics
[Ali et al. 1985]. At the same time, the fluid flow can be responsible for dragging out
the captured inclusions. Under the same fluid flow conditions, higher filtration
efficiencies and a more consistent performance are obtained when using filters with a
small pore size, i.e., those in which the distance from the bulk to the wall is short.
Deposition of inclusions on the wall decreases exponentially with depth [Engh, 1992],
[Lae et al. 2006], [Bradford et al. 2004], [Syvertsen et al. 1999], which is typical of
depth filtration.

Particle attachment can be a result of forces developed through pressure,
chemical, or van der Waals effects. The relative dominance of each mechanism is a
function of particulate type and size, fluid approach velocity, as well as temperature and
media characteristics. The probability that a particle will be attached on the filter walls
depends on many factors [Hiibschen et al. 2000], such as:

e Filter: Depth, chemical composition, microporosity, topography, and

wettability.

e Inclusions: Composition, density, size, and morphology.

e Melt: Flow rate of metal through the filter, and fluid flow pattern inside the

pores.

The forces at the three interfaces (interfacial tensions) between the melt and
filter material, melt and inclusions, and inclusions and filter play an important role in
filtration. Also a gas or vacuum phase formed between the filter material and inclusion
may influence the filtration properties [Engh, 1992]. According to Raiber et al. [1995]
when the particle is transported to the filter wall, attachment occurs as a result of the
reduction of energy in the local system. Figure 2.15 shows the situation of a particle

attached to the filter wall under non-wetting conditions.
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Figure 2.15: Particle approach (a) and adhesion (b) under non-wetting conditions
[Raiber et al. 1995].

In the filtration process, wettability of the molten metal with the filter material is
important. If the liquid does not wet the filter, then the inclusions are less likely to be
removed by the filter. In such conditions it may be difficult for the liquid to flow
through the filter pores, particularly when a filter with relatively small pore size is
employed. Good wetting of the filter material by liquid silicon is a requirement for
efficient filtration. The ferrostatic pressure head, Ah, required for filling a pore of the
diameter D, is determined by the interfacial energy and can be calculated using equation
2.19 [Raiber et al. 1995]:

_4.0%-cosd
£-9-D

Ah (2.19)

where 6 is the contact angle of molten metal on the filter material, o' is the surface
tension of the liquid phase, p is the density of molten metal, and g is the gravity
constant.

Inclusions can also interact with each other. The fluid flow profile plays an
important role in this mechanism [Lee & Koplik, 2001]. Inside a pore there are regions
with turbulent flow and regions with laminar flow. It is thought that the turbulent flow
allows very small particles to agglomerate and then be attached in the regions with
laminar flow. Strongly attached particles improved the filtration efficiency by trapping
more incoming particles and evolving into so-called "dendrites". Particles that move
along the undisturbed streamlines have higher probability to intercept. This can lead to

the formation of bridges across filter pores in the uppermost part of the filter.
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De-attachment of the particles from the filter walls can happen during filtration
process. The filter efficiency and the product quality are greatly affected by the re-
entrainment of inclusions. However, the mechanism of the particle de-attachment is
complex and not fully understood yet [Kocaefe et al. 2004a, 2004b]. According to
Kocaefe et al. [2004a] the filter media can not retain all the deposited inclusions and
their re-entrainment happens due to the hydrodynamic effects during the continuous
operation of the filter. If the viscous drag on the particle is not higher than the forces

that cause attachment, the inclusion will remain inside the filter [Hiibschen et al. 2000].

2.4 Wettability of molten silicon at high temperatures

The wettability of ceramics by liquid metals is a key factor in many fields of
high temperature materials science and engineering [Yuan et al. 2004]. During the last
10 years, considerable effort with respect to production of low cost solar cells has been
directed at developing alternative processes for refining and crystallization of silicon. In
these processes crucibles, dies, and substrates of various materials may be used. It is a
prerequisite that the reactions with these refractory materials be kept to a low level so
that the contamination of the liquid silicon stays at a minimum [Deike & Schwerdtfeger,
1995].

Often graphite is employed as a material for the production of crucibles and dies.
At the graphite/silicon interface a layer of silicon carbide forms. Particles of silicon
carbide in silicon have detrimental effects on the semiconductor properties and must be
avoided. Although some wetting experiments have been performed, a systematic and
comprehensive investigation of the wetting behavior in the liquid-silicon/solid-carbon
system is still lacking. The reason for this might be difficulties of studying the system,
because wetting is accompanied by chemical reaction between silicon and carbon with
the formation of solid silicon carbide at the silicon/carbon interface, leading to an
irreversible change in the physico-chemical nature of interface. Generally speaking, the
wetting process in reactive metal/ceramic systems is controlled by the chemical reaction
which takes place at the metal/ceramic interface. Consequently, analyses of reactive

wetting require a more detailed understanding of the mechanism and kinetics of the
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interfacial reaction [Li & Hausner, 1996]. Silicon carbide, SiC, on the other hand is one
of the silicon based ceramics, thus, the wettability of liquid-silicon/SiC-materials is
reported by many authors [Whalen & Anderson, 1975], [ Yupko & Gnesin, 1973], [Li &
Hausner, 1991], [Zhou & Singh, 1995], [Naidich et al. 1998].

The wetting of a solid by a liquid drop is characterized by the contact angle, 6,
defined in Figure 2.16 [Stelen & Grande, 2004]. The condition for mechanical
equilibrium gives the so called Young-Dupré equation:

sg 8l
cosg="—7 (2.20)
(o2

where: *® is the surface energy between solid and gas phases

7;1 is the surface energy between solid and liquid phases

o is the surface tension of the liquid phase
We usually distinguish between wetting (8 < 90°) and non-wetting (€ > 90°) liquids. If
the contact angle is zero, the liquid is considered to be perfectly wetting.

The experimental equipment used by most of the authors to measure the contact
angle by the sessile drop method consists essentially of a dense alumina tube whose
central part is located inside a high-temperature furnace. Windows are fitted at each end
of this tube; the drop on the substrate is illuminated by a high-intensity xenon lamp and
can be photographed by a camera system. The tube is connected to a gas feed system
and a vacuum device. The experiments are conducted in purified argon (purity of
99.998%) at a pressure of one atmosphere [Li & Hausner, 1996], [Zhou & Singh, 1995].
The temperature is measured by a Pt/Pt+ 10% Rh thermocouple located in the

immediate vicinity of the sample.
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Figure 2.16: Contact angle € of a liquid drop resting on a solid surface [Stelen &
Grande, 2004].

2.4.1 Wettability of silicon with solid carbon

Wettability and infiltration of molten silicon in carbon materials is widely
studied. Silicon used in these studies has high purity (99.999%). Various types of
carbon materials such as glassy or vitreous carbon, pyrolytic graphite, and natural
graphites are employed as substrates with known open porosity and pore size [Deike &
Schwerdtfeger, 1995], [Dezellus et al. 2005], [Li & Hausner, 1996], [Zhou & Singh,
1995].

Melting (t = 0) starts at the contact points between the silicon and the substrate
once the melting point (1414°C) of silicon is attained (Figure 2.17b). During melting the
part of the silicon in the liquid state spreads on the substrate (Fig.2.17c) (Complete
melting is usually achieved after 1.5 min). The contact angle & generally takes relatively
high values at the moment of complete melting of the metal, but decreases rapidly with

time to stabilize at relatively low values after about 10 min [Li & Hausner, 1996].
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Figure 2.17: Schematic representation of melting process of silicon and its spreading on

the graphite substrate. (a) before melting; (b) start of melting; (c) during melting; (d)
complete melting; (e) during spreading and (f) stabilization [Li & Hausner, 1996].

Li & Hausner [1995] used commercial graphite materials with various surface
roughnesses as substrates, and the contact angles were measured at 1430°C. The effect
of substrate roughness on the wettability in metal/ceramic systems has been the object
of several studies. Wetting and flow in well-wetted (usually reactive) systems is
enhanced by roughening, while that of poorly wetted systems (non-reactive) is impeded
by roughening [Naidich, 1981]. As can be seen from Figures 2.18 and 2.19, surface

roughening enhances the wetting of graphite materials by molten silicon.

1 1

30 4 min. 60

Figure 2.18: Time-dependent variation of the contact angle of silicon on graphite N
with different surface roughness R,. (a) R, = 0.005 pm; (b) R, = 0.30 um; (¢) R, = 1.70
pm and (d) R, = 3.18 um [Li & Hausner, 1995].
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Figure 2.19: Stationary contact angle of silicon on graphite N as a function of substrate

roughness R, [Li & Hausner, 1995].
The infiltration of silicon into the graphite takes place within a depth noted by H.

In addition, a lateral infiltration (see Figure 2.20) is observed, and the infiltrated

distance measured from the solid-liquid-vapor three phase line is noted by D.

e D

‘W/n} 7

Figure 2.20: Schematic presentation of the cross-section of the silicon/graphite

interface.

The measured values of H and D from a number of samples with different
porosities and pore sizes are plotted in Figure 2.21 as a function of the stationary
contact angles. The vertical infiltration depth H is about 0.9 + 0.15 mm and seems to be
independent on the contact angles. The vertical infiltration depth is different for
different types of graphite materials (Table 2.4). These results seem to indicate that the
vertical infiltration depth increases as the porosity (or pore size) of the graphite
materials is increased [Li & Hausner, 1995]. The lateral infiltration distance D increases

as the contact angle € decreases. Similar results were also achieved with other graphite
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materials. The lateral infiltration distance-versus-contact angle relationship follows the
curve shown in Figure 2.21. Table 2.5 shows a summary of the results from various

authors for graphite and glassy carbon materials.

Table 2.4: Mean values of the open porosity, pore size of various graphite materials, and the
vertical infiltration depth H (lower and upper limit values) of the materials by silicon [Li &

Hausner, 1995].

Graphite Porosity [%0] Pore size [um] Depth H [mm]
CB620 17.02 0.05 0.40-0.75
UTS87 17.72 0.07 0.80-0.95
EK77 18.65 0.10 0.95-1.25

N 17.77 0.06 0.85-1.05
15
E
1 ‘ o L) . ‘ o .. . [ ]

D.imm) ,

r

0 20 Bst, (deg) ]

Figure 2.21: Vertical infiltration depth H and lateral infiltration distance D of silicon
into the graphite N as a function of the stationary contact angles [Li & Hausner, 1995].
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Table 2.5: Equilibrium contact angles of liquid silicon on carbon materials. The average

roughness R, is indicated when reported by authors.

Li & Hausner Dezellus Whalen & Naidich
[1995], [1996] [2005] Anderson [1975]  [1998]
Glassy 10 - 40° (R, < 0.005 36° (Ra=5
40 - 50°
carbon pum) nm)
Graphite 3° (R, =3.18 um) 35 -40° 5-15° 15°

35° (Ra=0.005 um)  (Ra=2-4nm) (pyrolytic
graphite)

2.4.2 Wettability of silicon with silicon carbide

Wetting properties of molten silicon with silicon carbide materials have been
shown great interest and widely studied by many authors. Nikolopoulos et al. [1992]
has employed the following SiC materials as substrates in their study:

(a) High-dense sintered a-SiC;

(b) a-SiC single crystals;

(c) B-SiC deposited by the CVD method on graphite substrate.
In situ formation of sessile drop technique measurements of the contact angle 6, were
carried out in a purified argon atmosphere. In the system SiC-Si with various silicon
carbide substrates, a good wettability is observed and the contact angle is independent
of annealing time (Figure 2.22). For mono- as well as polycrystalline a-Si the & values
are quite similar, i.e. about 38° at temperatures near the melting point of silicon. This
value agrees reasonably well with results reported by Wahlen & Anderson [1975] (40 £
5° in vacuum at 1750 K), Naidich et al. [1998] (36° in vacuum at 1750 K) and, Yupko
& Gnesin [1973] (33 - 37° in vacuum at 1720 K). The same value for the contact angle
is reported by Li & Hausner [1991], [1992] too (38° at 1703 K).

Some deviation from this value, i.e. 41.5°, is observed for the B-SiC
[Nikolopoulos et al. 1992]. This material was produced by the chemical vapor

deposition (CVD) process with a roughness R, = 0.5 um.
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Figure 2.22: Time dependence of the contact angle for Si on various SiC substrates

[Nikolopoulos et al. 1992].

Mukai & Yuan [2000] and Yuan et al. [2004] reported a low value for the contact angle
of 8% at 1693 K under argon gas (F, = 10%' MPa). The contact angles for the

Si(1)/SiC(s) are shown in Table 2.6.

Table 2.6: Contact angle of liquid silicon on SiC

Material Temp [K] 6 [°] Reference
a-SiC 1683 - 1770 38 Nikolopoulos
1750 40+ 5 Wahlen and Anderson
1750 36 Naidich
1720 33 -37 Yupko and Gnesin
1703 38 Li and Hausner
B-SiC 1740 41.5 Nikolopoulos
1693 8 Mukai and Yuan
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Chapter 3

EXPERIMENTAL PART: MATERIALS, METHODS
AND EQUIPMENT

In this chapter, the experimental set-up for settling, filtration and wetting
experiments and the experiments carried out are presented. Methods and techniques
employed to characterize the top-cut silicon scrap, Solsilc silicon, and graphites
materials are given here together with the respective results. They include
characterization by light and electronic microscopy, EPMA, etching procedures. A brief
overview of the devices for chemical analysis including GDMS and LECO is also

included.

3.1 Equipment

3.1.1 Furnaces and experiments
3.1.1.1 Settling experiments — Crystalox furnace

Two settling experiments were performed in a pilot scale Crystalox DS 250
furnace (Heliosi), shown in Figure 3.1. About 12 kg of Solsilc silicon was melted in

each experiment, producing two cylindrical ingots named FS4A and FS4B with a
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diameter of 250 mm and a height of about 100 mm. Silica crucibles with the inner
crucible walls coated with silicon nitride were used. Since silica becomes soft at high
temperatures, the crucible is supported by a graphite plate beneath and a graphite ring at
the side. Heat is transferred to the silicon charge by graphite susceptors, positioned as
shown in Figure 3.1, which are heated by an induction field. A thermocouple which is
used for controlling the power input (susceptor temperature) is placed in the vertical
susceptor. The temperature is also measured in the pedestal beneath the crucible
(pedestal temperature). The susceptor is surrounded by carbon fiber insulation to reduce

temperature losses to the surroundings.

Argon gas inlet/pyrometer
Susceptor thermocouple
Silica crucible

Suport ring

Insulation

Suport plate

Pedestral thermocouple

Variable heat leak
Water-cooled copper plate

Figure 3.1: a) A sketch of the Crystalox furnace; b) view of the furnace [Kvande,
2008].

The detailed heating program that was conducted during the settling experiments
is:
1. The furnace is evacuated to a pressure of 0.08 mbar.
2. Heating to 1000°C at 200°C /hr. The susceptor temperature is kept constant
for about one hour.
3. Argon industrial grade 4.0 (99.99% pure) is purged into the furnace at a rate

of 2 1/min to reach atmospheric pressure. The argon atmosphere is retained
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during the experiment. The gas in the furnace is continuously replaced by
clean argon gas. The temperature is raised to 1200°C at a rate of 300°C/hr.

4. Temperature is raised to 1510°C at a rate of 250°C/hr.

5. Temperature is raised to 1535°C at a rate of 20°C/hr and is kept at this
temperature for two hours. At the end of this period, all the silicon in the
furnace has melted.

6. The settling starts. The temperature is increased to 1550°C at a rate of about
15°C/hr and is kept at this temperature for one hour.

7. Temperature is reduced at 15°C/hr until reaching 1475°C. At the end of this
period the directional solidification from the bottom of the crucible starts.

8. This is the transition period during the solidification step when the
temperature is reduced to 1425°C at a rate of about 5°C/hr.

9. Temperature is reduced at a rate of 5°C/hr to 1380 °C. Solidification is
completed and is either detected by pyrometer readings (automatically) or by
studying the power consumption.

10. Temperature is reduced to 1385°C at a rate of 50°C/hr.

11. Temperature is reduced to 1100°C at a rate of 200°C/hr and is kept at this
temperature for one hour (annealing).

12. Temperature is reduced to 1080°C at a rate of 100°C/hr. When this

temperature is reached, the power is turned off.

The temperature profile together with the melting, settling and the solidification
periods are shown in Figure 3.2. Settling takes place for about 9 hours, and directional
solidification of the silicon from the bottom of the crucible to the top follows. Reduction
of the temperature is accomplished by opening a variable heat leak (VHL) beneath the
crucible. The VHL consists of two identical insulating carbon-fiber disks with holes
which are placed on top of each other. In closed positions the holes in the two discs do
not coincide. By rotation of the bottom disk the openings are gradually revealed. Below
the VHL is a water-cooled copper plate, and by opening the VHL the cooling from

below becomes more effective.
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Figure 3.2: Susceptor temperature profile in the furnace during experiments.

3.1.1.2 Furnace for filtration experiments

In the filtration experiments a high vacuum furnace was employed. Figure 3.3
shows two pictures from the furnace, one from outside of the furnace and the other
inside the furnace chamber. The furnace is equipped with a rotary pump and a diffusion
pump which serve to give high vacuum. In our experiments, vacuum of 1 x 10~ mbar is
reached only using the rotary pump; therefore the diffusion pump is not employed.
Temperature is measured by thermocouples placed inside the crucible while the heat
generating current supplied in the furnace is adjusted manually at the power supply
control (Figure 3.3-a). As it is seen from Figure 3.3-b), the furnace houses the heating
coil where a graphite crucible wrapped with carbon felt is placed. The furnace has
windows for observing the crucible during the experiments. The furnace is water cooled
to prevent the induction coil and the walls of the furnace from over-heating. The
crucible is designed to hold the filter with the silicon pieces placed above the filter.
After filtration the molten silicon passes through a hole with diameter 8 mm at the
bottom of the crucible and is collected in a cold copper bowl. The copper bowl causes
silicon to solidify immediately. The design of the crucible allows removal of the filter

after the experiment so that the crucible can be reused. The crucible is designed not to
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crack due to movement and expansion of the silicon pieces during heating and melting.
This is why the crucible gets narrower at about the middle of its depth where the

diameter of the hole equals that of the filter. A sketch of the filter unit that shows the

arrangement of the filter and the silicon pieces inside the crucible is shown in Figure 3.4.

ey
A
—

Heating

coil =
WCU bowl J
| ' :

=y

Figure 3.3: a) View of the furnace showing the furnace chamber, power and vacuum
control; b) view from the inside of the furnace chamber showing the arrangement of the

heating coil, crucible and copper bowl.

Silicon scrap

Heating coil

105 mm

Graphite crucible

Foam filter

47.5 mm

Figure 3.4: A sketch of the filtration experimental set-up showing the arrangement of

the crucible, silicon and the filter.
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The detailed experimental procedure followed during the filtration experiments

is:

1. The crucible with the filter placed inside (see Figure 3.4) and the silicon
pieces placed on top of the filter is mounted inside the heating coil of the
furnace.

2. Using a rotary pump, a vacuum of 1 x 10~ mbar is reached in the furnace
chamber.

3. The furnace is filled with argon gas up to a pressure of about 650 — 700
mbar.

4. The power is turned on, and the temperature is raised to 1450 - 1500°C.

5. The silicon melts, flows through the filter and is collected in the copper
bowl. When the crucible is empty, the power is turned off.

6. After about one hour the furnace is opened, and the filtered silicon is taken

from the cupper bowl.

3.1.1.3 Furnace for wettability experiments — Sessile drop technique

To study the wetting properties of the molten silicon with various refractories
the sessile drop method is employed. The experimental equipment used to measure the
contact angle by the sessile drop method consists essentially of a graphite tube which is
located horizontally inside a high-temperature furnace. Figure 3.5 shows the open
furnace with the element in the centre. A schematic diagram of the experimental set up
is also shown in Figure 3.6. All of the heated furnace parts, including the element and
heat shields, are constructed of graphite, allowing both extremely fast and slow heating
or cooling rates. It is possible to heat the sample to 1600°C in 1 minute in either a
vacuum, inert or reducing gas. The maximum temperature of the furnace is 2400°C, and
it is controlled using a Keller PZ40 two color pyrometer operating from 900 to 2400°C
focused on the edge of the graphite sample holder. A fire-wire digital video camera
(Sony XCD-SX910CR) with a tele-centric lens (Navitar 1-50993D) is used to record
images from the sample at 960 x 1280 pixels. A Cambridge Sensotec Rapidox 2100
(with accuracy from 10" ppma to 100% O,) was used to continually measure the

partial pressure of oxygen in the gas outlet during the experiments.
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The furnace was designed to study the contact angle and the interaction between
a small liquid sample and a substrate with the maximum size of 10 mm in diameter and
2 to 5 mm height. The liquid drop must be small enough to sit on top of the substrate

without touching the edges, with a typical sample mass of 10 - 50 mg.

Figure 3.5: a) View of the wettability furnace used for measuring of contact angles, b)

Silicon piece on a graphite substrate, c) Sample holder (photos: M. Gaal).

graphite

zasallodrop radijtion shield

camerallens
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substrate graphi(e
element

vacuum chamber

Figure 3.6: Sketch of the wettability furnace and experimental set-up.
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Scientific grade argon gas (6.0), with 99.9999% Ar, was purified by an Alltec
gas purifier All-Pure N2 Purifier PN 7009 combined with a Hydro Purge II type. This
has the ability to remove moisture, oxygen and hydrocarbons. The content of water and
oxygen in the outlet is stated to be < 1 ppb. Afterwards the argon gas runs through a
furnace with Mg turnings at a temperature of 400°C which reduces further the oxygen
content. The purified argon at a flow rate of 500 ml/min was used as the inlet gas to the
vacuum chamber. The experiments were carried out at a pressure of 80 — 100 mbar. At the
melting point of silicon the oxygen levels ranged from 5.0 x 10 ** bar to 1.0 x 107 bar.

The procedure used in the wetting experiments is:

1. The substrate was placed in the graphite sample holder and a silicon particle
was positioned on the substrate.

2. The furnace chamber was evacuated initially down to a pressure of 2 x 107
mbar and then backfilled flushing purified argon till the O, level in the
atmosphere reached a value of 10" atm.

3. The furnace was heated to 900°C in approximately 6 minutes.

4. A constant heating rate of 30°C/min is applied till the temperature of 1400°C
is reached. At this temperature the O, level reaches 103 atm.

5. The heating rate is changed to 5°C/min till the temperature of 1500°C is
reached, and there the temperature was kept constant for 20 - 30 minutes.

6. The power was turned off, and after one hour the sample was removed from

furnace.

3.2 Characterization and analyzing techniques

3.2.1 Mechanical preparation of the samples

Before submitted to light and electronic microscopy, samples from Solsilc
silicon before and after settling experiments and from top-cut silicon before and after
filtration experiments were taken randomly, molded into resin, ground with SiC papers
(mesh 80 to 4000) and polished with diamond paste of 1 um. Afterwards, the samples

were cleaned with soap, water and ethanol and were dried in hot air.
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After the wetting experiments, the graphite substrates with the silicon drop on
the top surface were cut in half after being molded in resin. The cutting plane passes
through the middle of the substrate and the silicon piece as shown in Figure 3.7. Then
the part of the sample called “observation plane” was ground and polished through the

same procedure as mentioned before for silicon samples.

resin
Si

substrate 20

Figure 3.7: Sketch of sample preparation for wetting experiments analysis.

3.2.2 Etching and dissolution of silicon

It was necessary to study the morphology and structure of the inclusions inside
the top-cut silicon scrap before and after filtration experiments and also inside the filter
material. Therefore, the silicon samples were etched in an acid mixture. The standard
leaching agent already established for etching and dissolving solid silicon consists of
HF (40%), HNOs (65%) in a ratio of 1:3 parts in volume. This acid mixture dissolves
silicon whereas the solid particles of SiC and Si3Ny are left behind [Seiland, 2004]. The
dissolution of the silicon matrix proceeds by the following reactions:

Si + 4HNOj; = Si0, + 4NO; (g) + 2H,0 (3.1)

Si0, + 6HF = H,SiF (1) + 2H, (g) (3.2)

After being cleaned with distilled water and ethanol and dried with hot air, the
samples were submitted to light and electronic microscopy. No mechanical preparation
of the sample was performed.

For the wettability experiments, the silicon pieces were etched with the same
acid mixture for 1 minute before the experiments. This was done in order to remove the

impurities that may be present at the surface after the mechanical preparation.
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3.2.3 Characterization of inclusions by light microscopes

In this study, the content of solid inclusions (SiC and SisNj particles) in silicon
materials was measured. Two different techniques are employed to measure the particle
size distribution of these particles. The first technique measures the particle size
distribution of the extracted inclusions from the silicon matrix, whereas the second one
measures the inclusions found in mechanically polished silicon samples. These
techniques are described in more detail in the following paragraphs where light
microscopes are employed to measure the equivalent diameter. Equivalent sphere
description based on the particle projected area is employed both for SiC and Si3Ny.
Using light microscopes, the projected area of a particle is measured and is converted to
the equivalent projected area of a sphere. Hence, the diameter of this sphere is the so-

called equivalent diameter of the inclusion.

3.2.3.1 Inclusion count by light automated microscope (Bead Check 830)

The technique consists of dissolving a known quantity of silicon scrap in the
acid mixture as described in Section 3.2.2 and collecting all the inclusions. A light
automated microscope (Bead Check 830, Figure 3.8), designed to analyze size and
shape of particles and granular objects, is used to count the particles. The instrument
consists of a mechanical unit, video camera, optics and software. The system is fully
computerized and is conveniently operated using menu-based commands. The sample is
placed on a glass slide, which is scanned and imaged by the instrument video camera.
This takes from minutes to several hours. The dedicated software of BeadCheck 830
analyzes the images and presents the results on a screen during operation. The results
can be stored for further processing. BeadCheck 830 analyses up to 80000 particles in a
sample. For each particle a picture, measurement and calculations are performed to
present the particles morphological data that include equivalent particle diameter,
length, width, area, roundness and convexity. Results can be presented in a histogram
and as statistical data. From the projected area of the particles, employing equation

(3.3), the diameter of the equivalent spherical particle is calculated.

d, =2\E (3.3)
T
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where: dp is the diameter of the equivalent particle,

S; is the measured projected area of the inclusion.

Linear XY camera motion

Video camera -
\ Segmented particl

Calibration gratin

/éxtracted particle cluster

Video image

Figure 3.8: A schematic presentation of the photo microscope used for particle size

analysis.

However, the procedure of collecting the solid inclusions through acid
dissolution of silicon and then counting and measuring their size has the following
disadvantages:

e The filters used to collect the inclusions have pore size of 2 um. Thus, inclusions
smaller than this size have probably escaped and are not collected.

e Together with the particles, also paper fibers are collected hence, influencing the
inclusion size when measured by the light microscope.

e Since the particles are placed in a glass plate in an open environment other
particles from dust can easily enter and be measured during the analysis thus

influencing the results.
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3.2.3.2 Inclusion count by standard light microscope

For the reasons mentioned above, an additional method is used to measure the
particle size distribution. A standard light microscope is employed to measure the
surface area of inclusions. The silicon scrap samples are randomly chosen and after
being molded to resin and polished with very fine paper using 1 um diamond spray or
paste, they are submitted to light microscopy. Pictures are taken and the surface area of the
inclusions is measured (see Figure 3.8).

In Figure 3.9 two pictures taken with light microscope are shown. Inclusions in
these pictures have a complex shape. Thus, it is very hard to tell what the size of the
particle is. However, their measured surface area is converted to the surface area of a

cross section of a sphere as it is shown in Figure 3.10.
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Figure 3.9: Inclusions in top-cut silicon scrap and their measured surface area.
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Figure 3.10: Two examples from the measurement of the particle average diameter.
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Since in our analysis we have cut our samples, the measured surface area of the
(spherical) inclusion corresponds to the average cross sectional area of a spherical

particle sliced by a plane (see Figure 3.11). This is given by equation (3.4).
Tt 2
S"=— | (R*-x})dx==7R’ 3.4
. 2R£( Jox =2 (34

where: R is the radius of the sphere.

S" is the measured surface area of the inclusion.

From the measured surface area of the inclusion, using equation (3.4), the
equivalent diameter is calculated. Thus, the diameter of the equivalent spherical particle

analyzed d, is:

6S"
6, 2R =% (3.5)
T

Figure 3.11: A spherical particle with radius R sliced by a plane at position x that

creates a cross section area S;" with radius r.

The mass distribution versus mean diameter of inclusions is also calculated using

equation 3.6 for the mass of the particles.
T
Mass=gd; P (3.6)
where: p is the density of the particles.
In this technique all the particles, even those smaller than 2 pum size are

measured. No other particles, such as dust, are measured. However, this technique has

its disadvantages:
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e Only a few samples (surface areas) are investigated, thus the number of particles
measured is small,

e [tis time consuming.

3.2.4 Electron probe micro-analyzer (EPMA)

Mapping of silicon samples is carried out by employing EPMA. This equipment
is basically a scanning electron microscope designed and optimized for X-ray analysis
of elements from very small areas. EPMA is a fully qualitative and quantitative
elemental analysis of micro-sized volumes at the surface of materials, with sensitivity at
the level of ppm (parts per million) by mass. The JXA-8900 used for our analysis is
equipped with 4 wavelength dispersive X-ray spectrometers (WDS) and an energy
dispersive X-ray spectrometer (EDS). This combination can simultaneously analyze up
to 12 elements and collect image signals from backscatter and secondary electron
detectors [Raanes, 2005]. Mapping of silicon samples was carried out only for 4
elements, Si, C, N and O. Samples from SiC and carbon filters are analyzed also for Al

content.

3.2.5 Glow discharge mass spectrometer (GDMS)

A glow-discharge mass spectrometer (GDMS) is employed to analyze the top-
cut silicon scrap for the concentration level of impurities. This apparatus uses argon as
the discharge gas. Argon positive ions are accelerated towards the sample surface at
very high energies resulting in atomization of the upper atom layers of the sample.
Atoms sputtered from the sample surface into the plasma are ionized, and ions exiting
the source are analyzed by a double focusing mass spectrometer. Element
concentrations are determined from the mass separated ion beam currents. This
apparatus can analyze all the elements in the periodic table except H, C, N, O and S

with a sensitivity of 1 ppb (part per billion).
3.2.6 LECO carbon and nitrogen analyzer

In order to measure the carbon and nitrogen content of the silicon samples a

LECO carbon and nitrogen analyzer is employed. The sample is combusted in a high-
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frequency induction furnace, and after that the products of combustion are passed
through a catalyst where any carbon monoxide is converted to carbon dioxide. Carbon
is measured as carbon dioxide in the carbon IR cell. Nitrogen on the other hand is
released as N, from the sample and is detected using a thermal-conductivity detector.

The results are adjusted for mass and calibration factors.

3.2.7 Measurement of surface roughness

Various types of graphite materials are employed as substrates with known open
porosity and pore size. Their average surface roughness, R,, is measured. Surface
roughness is a measure of the finer surface irregularities in the surface texture. R, is
taken as the arithmetic average of the absolute values of the displacement of the surface
valleys and peaks in microns (see Figure 3.12) and it is calculated by the following

equation:

1 n
R, ZHglyil (3.7)

Figure 3.12: R, is calculated as the arithmetic average of the absolute values of the

peaks and valleys of the surface.

The surface roughness of cut and polished samples were measured using a
standard roughness instrument (Mitutoyo SJ. 201 P/M). This instrument has a diamond
needle with a very sharp tip which is in physical contact with the sample surface under a

very low contact force. The roughness measurements were carried out over a length of 3
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mm on the sample surface several times at different positions, and then the average

roughness of each sample (R,) was calculated.

3.3 Materials

3.3.1 Solsilc silicon — raw material for settling experiments
Solsilc is a route to SoG-Si developed by Sintef in cooperation with Fesil. Use of
clean raw materials in SoG-Si production is the key idea in this process. A sketch of the

Solsile process is shown in Figure 3.13.
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Figure 3.13: Sketch of the Solsilc process.

In the Solsilc concept, solar grade silicon is produced from clean raw materials
to give high purity material directly from the reduction furnace. Fe, Ti and Al are
reported to be less than 0.1 ppm by mass. However, a major problem for the final
product is the high content of carbon present as SiC inclusions with size from 1 — 30
um. The SiC inclusions may be removed by settling. To study this, settling experiments
are performed with Solsilc material initially containing about 700 mass ppm of carbon.

Samples from the Solsilc silicon are analyzed with light microscopes, SEM, X-
ray and EPMA. Figure 3.14 shows two pictures taken with a light microscope and SEM.
These pictures show solid inclusions which have precipitated along the grain boundaries
in the silicon. Their size varies from 1 — 30 um and they are round in shape. X-ray
analysis shows that inclusions are mainly SiC particles. However, low concentration
levels of oxygen and nitrogen (see Table 3.1) were also found in these particles. This
suggests that inclusions consist mainly of SiC, and to a lesser extent of SizN4 and SiO,

particles.
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Figure 3.14: Solid inclusions in Solsilc silicon before settling experiments. a) picture

taken with light microscope and b) SEM photo.

Table 3.1: Atomic concentration of elements in several solid inclusions in Solsilc

silicon (EPMA analysis) before settling experiments.

Nr Si C N 0]
1 34.01 55.06 5.64 5.13
2 33.94 54.51 6.95 4.60
3 35.05 56.33 4.80 3.82
4 35.18 55.04 6.34 3.44
5 35.22 53.43 7.19 4.16
6 34.44 49.69 6.90 8.97
7 33.77 52.40 7.67 6.16

Mapping of SiC particles shown in Figure 3.15 was carried out by Eikevik [2008]. It
displays the distribution of C, N and O over SiC particles. As it is seen from the
pictures, nitrogen is found mainly around the particle whereas oxygen appears to cover
the whole surface of a SiC particle. The results of the analysis indicate that SiO, and
Si3N4 might serve as nucleating centers for SiC particles. These particles could have co-

precipitated in the molten silicon.
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Figure 3.15: Mapping of SiC particles in Solsilc silicon by EPMA before settling
[Eikevik, 2008]. The SiC particles contain also oxygen and nitrogen which might

indicate co-precipitation with the SiO; and Si3Na.

Light microscopes are used to count inclusions and measure their surface area
according to the procedure described in Section 3.2.3.2. From the surface area values,
the equivalent diameter of the particle is calculated. The data is used to obtain the
inclusion equivalent diameter distribution by number and by mass. These are shown in

Figures 3.16 and 3.17.
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Figure 3.16: Particle mean diameter distribution by number% before settling

experiments.

As one can see from Figure 3.16, the equivalent diameter of the inclusions
ranges from 0 — 35 um. The majority of the particles have a diameter of 0 — 2.5 um. No
inclusion larger than 35 pm was found. However, when the mass of the particles is
considered, inclusions that lie within 20 — 25 um give the highest contribution (see

Figure 3.17).
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Figure 3.17: Mass% distribution of inclusions versus equivalent diameter before

settling experiments.
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3.3.2 Top-cut silicon scrap — raw material for filtration experiments

Multicrystalline silicon is cast in a silicon nitride (Si3N4)-coated quartz crucible
and is then directionally solidified. Crystallization is realized by slowly moving
downward the liquid silicon-containing crucible out of the inductively heated hot zone
of the process chamber, as shown in Figure 1.3. This is the so-called conventional
Bridgman technique that still is mainly used for the fabrication of multicrystalline
ingots [Koch et al. 2003]. The Si3Ny4 coating, which serves as an anti-sticking layer
preventing the adhesion of the silicon ingot to the quartz crucible walls, becomes a
source for silicon nitride inclusions in the bulk metal. Silicon carbide particles are also
present in the melt due to the previous reaction of silicon with the lining refractory and
graphite heating elements over the gas phase. During directionally solidification the
liquid solidifies slowly from the bottom of the crucible to the top, accumulating
impurities in the liquid silicon. As a result the top of the ingot is highly contaminated
with impurities such as SiC, SisNy, iron, aluminum, etc. For this reason the top of the
ingot is cut and sold as low value scrap.

The top-cut silicon scrap was provided by Scan Wafer ASA, a Norwegian
company that produces multi-crystalline silicon wafers for PV industry. The material
came in square pieces with dimensions of 150 mm x 150 mm with thickness that ranges
from 10 to 20 mm. The silicon scrap pieces were broken into smaller pieces with
surface areas of 1 - 8 cm”. A view of the silicon scrap as used in filtration experiments is

shown in Figure 3.18.
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Figure 3.18: Top cut silicon scrap as used in filtration experiments. The square piece of

silicon scrap was broken into smaller pieces before it was filtered.

3.3.2.1 Characterization of silicon scrap with light and electronic microscopy
A large part of the solid inclusions lie on the very top surface of the silicon
scrap. They usually are large and easy to observe even with the free eye. Figure 3.19

shows photos taken with a SEM without any pre-treatment.

Figure 3.19: Picture of the top surface of the silicon scrap taken by SEM.

Figure 3.20 shows pictures taken by means of a photo microscope, and Figure
3.20 shows pictures taken with a SEM. These pictures present samples from the top
layer of the scrap which has the highest concentration of SiC and Si;Ny inclusions. As it
is seen from these figures, the nitrides grow into large networks. Their size can range

from several micrometers to several hundreds micrometers. They can even become of
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millimeter size but most of them are less than 200 um. As mentioned in Chapter 2, the

nitrides may act as nucleating centers for carbide precipitation. Examples of this are

shown in Figure 3.21 and 3.22.

Figure 3.20: Picture taken with a photo microscope from the top surface of the silicon

scrap.

Figure 3.21: Pictures taken with a SEM from the top surface of the silicon scrap.
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Figure 3.22: Pictures taken with a SEM from the bulk silicon scrap.

In order to observe the structure of the particles inside the silicon scrap, the
samples were etched with the acid mixture as previously described for 1 hour and then,
after being cleaned and dried, were investigated by SEM. Figure 3.22 and 3.23 shows

some of the pictures taken.

Figure 3.23: Pictures taken with a SEM showing inclusion cluster inside the silicon

scrap.
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Table 3.2: X-ray analysis (normalized data) of the inclusion cluster shown in Figure 3.23.

Point (1) Point (2)
Element Weight [%] Atomic [%] Element Weight [%] Atomic [%]
N 50.47 67.14 C 38.67 59.59
Si 49.53 32.86 Si 61.33 40.41
Total 100.00 Total 100.00
Point (3) Point (4)
Element Weight [%] Atomic [%] Element Weight [%] Atomic [%]
C 28.17 47.83 C 37.61 58.50
Si 71.83 52.17 Si 62.39 41.50
Total 100.00 Total 100.00

X-ray analysis was employed to analyze the particles in the clusters, thus,
distinguishing the SiC from the SisNj particles. As an example, an inclusion cluster is
shown in Figure 3.23 where the X-ray analysis is employed at the points denoted with
numbers. The data taken is presented in Table 3.2. Before submitted to SEM the
samples were carbon coated. For this reason the X-ray analysis of some particles gives a
higher concentration of carbon than corresponds to the concentration of carbon in a SiC
particle. On the other hand, the signal that comes from the silicon matrix interferes with
that from the particles thus giving a higher concentration of silicon.

Finally a full dissolution process was carried out where all the silicon material
was dissolved by the acid mixture as described in Section 3.2.2. The particles were
collected on a special paper filter which resists aggressive media. Afterwards, ethanol
was used to wash off the solid particles collected in a glass beaker. When the ethanol
evaporated, the particles were analyzed using light and electronic microscopes to study

the structure. Figure 3.24 shows SEM photos of the inclusions.
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Figure 3.24: SEM pictures from inclusions after total dissolution of the silicon.
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Figure 3.25: Two pictures taken with a photo microscope of the inclusions left after

total dissolution of silicon scrap.
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Some of the largest clusters found were analyzed by a photo microscope. Two
pictures are shown in Figure 3.25. From the pictures in Figure 3.24 and 3.25 one can see
that SisNy particles are rods with a hexagon base. One may note the golden color of
Si3Ny particles. It is reported [Herrmann & Goeb, 2001] that this color comes from
impurities such as Ti. SiC has a dark grey to black color. XRD analysis reported from
Seiland [2004] has shown that they are B-SiC particles.

Other samples from the silicon scrap were randomly chosen, cut and molded into
resin. Afterwards, they were ground with SiC paper and polished with diamond paste
down to 1 pum. Light microscope and electron probe micro analyzer (EPMA) were

employed to study these samples (Figure 3.26 and 3.27).

Figure 3.26: Pictures showing inclusions in the silicon scrap.

As already seen, the inclusion clusters in the silicon scrap consist of many
particles, both carbides and nitrides. They have a complex shape, and it is hard to
distinguish the carbides from nitrides as they tend to sinter together. Even the shape is
not of much help since many small particles make up the large ones. Thus, EPMA is
used for mapping of the inclusion clusters. Some of the results are shown in Figure
3.27. In this figure, mapping of the observed area shows the distribution in mass% of C,
N and Si. From the results one can easily recognize the carbides and nitrides and tell the

difference between them. On the right hand side of the picture in Figure 3.27, the
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concentrations of the respective elements are given in mass %. The results are more of a

descriptive than quantitative nature.
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Figure 3.27: Mapping of clusters of inclusions inside the material. A) view of the
inclusions cluster, B) distribution of carbon in the surface (SiC particles), C)
distribution of nitrogen in the surface (SizN4 particles), D) distribution of silicon.

Distributions are given in mass percent (EPMA).

3.3.2.2 Particle size distribution by number and mass

Several samples of top-cut silicon scrap were dissolved in the acid mixture as
shown in Section 3.2.2, and all the inclusions collected after dissolution were analyzed
with the photo microscope Bead Check 830. The inclusion size distribution given as
number of particles in percentage versus equivalent diameter is shown in Figure 3.28.

From this distribution we can see that the maximum size of the particles lies in the
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range size of 5 — 10 um. Table 3.3 gives analysis data such as minimum and maximum

size, means size etc.
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Figure 3.28: Inclusion equivalent diameter distribution by number for the first

dissolved sample in Table 3.3.

Table 3.3. Results from the particle size analysis carried out for 6 dissolved samples by

automated photo microscope Bead Check 830.

Total No. M{l:nslllze M[a:ni;ze Mean [pum] Median [pum] (SN _r°1 ([;;/:;L)
10000 2.5 188.8 14.1 9.6 335
10000 2.6 240.9 13.6 8.9 36.5
36723 2.1 226.8 13.5 10.7 28
2470 3.0 184.3 16.5 12.1 31.5
2608 3.1 115.3 15.3 11.1 34
2315 3.5 117.7 16.3 12.0 33.5
Mean 2.8 179.0 14.9 10.8 32.8
STDV 0.5 53.0 1.3 1.3 2.9

A particle size analysis is also conducted by a standard light microscope.
Hundreds of pictures were taken and the surface area of a total of 1331 inclusions and
inclusion clusters were measured. From this data, the mean diameter of the particles is

calculated as explained in the Section 3.2.3.2. The results are presented in Figure 3.29
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where the inclusion size distribution in number% versus equivalent diameter is shown.
As it is seen from this figure, this fits well with results from the first technique. About
72 % of the particles fall in the size range of 0 — 25 pm indicating that the majority are
small inclusions. The calculated average size of the particles is about 25 um and only 5

% are large inclusions with size > 75 um.
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Figure 3.29: Inclusion size number distribution analyzed by light microscope.

Figure 3.30 presents the mass % of the inclusions versus their equivalent
diameter. Notice that the y-axis is in logarithmic scale. The density of the SiC particles
(psic) is 3.16 g/em® and the density of SisNy ( Psin, ) 18 3.17 g/em’. Assuming that half
of our particles are carbides and the other half are nitrides, the density of the inclusions

is taken 3.165 g/cm’. Using the simple formulas in equations (3.5) and (3.6), we can

calculate the inclusion mass. Table 3.4 shows the statistical data for this analysis.

Table 3.4. Analysis data of the inclusion size distribution in silicon scrap samples

analyzed by light microscope.

Total No. Min size [um] Max size [um] Mean [um] Median [um] STD
1331 0.8 295.3 254 13.0 36.0
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From Figure 3.30, we can see that, even though the majority of the particles are
small, the contribution of the large inclusions to the mass balance is much greater. More
than 90 % of the total mass has a size > 75 um. This clearly indicates the importance of

large inclusions in the mass distribution.

1

100.000 -7

10.000

0.001
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 >75

inclusion size [um]
Figure 3.30: Mass % distribution of inclusions present in the silicon scrap by light

microscope.

The results from the two different techniques employed to analyze the particle
distributions generally agree. The curves of the particle size distributions given in
Figure 3.28 and 3.29 have the same shape. They both show that the maximum of the
number of particles lies in a size 5 to 10 um. However, the first analysis (Table 3.3)
shows that about 33% of the particles lie in this range while the other technique shows
25%. This variation may be explained by the difference in the sampling and analyzing

techniques employed in each case.

3.3.2.3 Chemical analysis of the silicon scrap
Samples from the top-cut silicon scrap were analyzed by GDMS for the level of

impurities present in the scrap. The results of the chemical analysis are shown in Table 3.5.
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Table 3.5: Concentration of the main impurities present in top-cut silicon scrap analyzed by

GDMS.

Element P Ca Ti Fe Zr Mg Al
Concentration o5 ¢/ (02 028 ] 001 124
[mass ppm]

The results from the LECO analyzer for carbon and nitrogen concentrations in
top-cut silicon scrap are shown in Table 3.6. Three different runs were carried out and

the average values are calculated.

Table 3.6: Concentration of carbon and nitrogen present in top-cut silicon scrap analyzed by

LECO.
C-content / Mean C-content N-content / Mean N-content
[mass ppm] (STDV)/[mass ppm] [mass ppm] STDV /[mass ppm]
138/96/70 101.3 (34.3) 43/37/59 46.3 (11.4)

3.3.3 SiC and carbon filters

Filtration experiments were carried out using ceramic foam filters. They were
provided by Eger-Serensen AS, a Norwegian company and Foseco AB, a British
company. These filters are used in filtration of molten aluminum and molten iron and
are commercially available in the market. They consist of silicon carbide (SiC), carbon
and binders. The brand, material, pore size and maximum service temperature are

shown in Table 3.7.

Table 3.7: The brand, material, pore size and maximum service temperature of the

filters.
. Pores per  Capacity Max. temp.
Brand Material inch [ppi] ke Jem?] [-C] Producer
STELEX Pro Graphite (65%) 10 1.95-2.90 1680 Foseco AB
SEDEX SiC (65%) 10, 20, 30 4.0 1500 Foseco AB
Nil SiC (85%) 10, 20, 30 ; 1500 Eg”r'igsrensen
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Figure 3.31 shows photos of SiC and carbon filters. SiC filters with 10, 20 and
30 pores per linear inch (ppi), and carbon filters with 10 ppi were used in our

experiments.

SiC filters (10 and 20 pp1) Carbon filter (10 ppi)

Figure 3.31: The SiC and carbon filters used in filtration of silicon scrap.

The ceramic foam filters are made by impregnating organic foam, usually
polyurethane foam, with an aqueous slurry containing the main material (silicon carbide
for SiC filter, and graphite for carbon filters) and the corresponding binder. Then,
removing the excess slurry (for example by squeezing the impregnated organic foam),
drying and firing the impregnated organic foam, and cutting or machining the resulting
piece to pieces of the required shape and size takes place afterwards.

The silicon carbide filters consists of 20 - 85% silicon carbide, 20 - 50%
alumina, 1.5 - 5.0% silica derived from colloidal silica sol and 1 - 3% alumino-silicate
fibers by mass.

The carbon filters have 20 — 80% graphite, 1 — 10% wollastonite, 1 — 20% silica,
and 1 — 10% an alkali phosphate glass by mass.

The exact composition of the filters used in our experiments was not provided
from the producers. However, the SiC filters from Foseco AB contain 65% by mass SiC
while the filters provided from Eger-Serensen AS have 85% by mass SiC. Light
microscopic pictures shown in Figure 3.32 display the inner structure of SiC filters. The
SiC particles that compose the filters appear in white color. From these pictures it is

seen that the filters from Foseco AB have a low quantity of SiC and consist mainly of
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binder even though the claim is 65% in mass of SiC. For this reason, in our experiments
filters with 65% SiC were used only in introductory experiments. All the results

concerning filtration reported in this thesis are for only 85% SiC filters and carbon

filters.

200 pm

Figure 3.32: a) Ceramic foam filter with 85% SiC (Eger-Serensen AS), b) Ceramic
foam filter with 65% SiC (Foseco AB). SiC particles appear white in the pictures.

A picture taken with light microscope of the carbon filter is shown in Figure 3.33. The
filters samples that were submitted to light microscopy were first molded into resin and

than polished with fine SiC paper.

Figure 3.33: A picture of carbon filter wall taken by a light microscope showing the

inner structure of the filter.
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Mapping of a SiC filter (85% - SiC) and a carbon filter is carried out by EPMA

CPLevel € Come  Q]Conc

1686 30.00 30.00
1618 26.25 26.25
1550 I 22.50 I 22.50
1482 18.75 18.75
1413 15.00 15.00
1345 11.25 11.25
1277 7.50 7.50
1209 I 3.75 I 3.75
1140 0.00 0.00
fAve 1417 Avell.78  Qua19.90
SiConc 0 Cone
60.00 49.00
52.50 35.00
I 45.00 I 30.00
37.50 25.00
. 30.00 20.00
22.50 15.00
15.00 10.00
I 7.50 I 5.00
0._00 0.00

Ave2l.35  fivell. 30

CPLevel C Conc SiClonc

1967 100.60 20.00
1791 87.50 17.50
1675 I 75.00 I 15.00
1559 62.50 12.50
1443 50.00 . 10.60
1327 37.50 7.50
1211 25.00 5.00
1095 I 12.50 I 2.50
960 0.00 0.00

Ave 1309 Ave38.73  Aue 0.74
0 Conc Al Cone

25.00 40.00
21.88 35.00
I 18.75 I 30.00
15.62 25.00
12.50 o 20.00
9.38 15.00

6.25 10.60
I 3.12 I 5.00
0.00 0.00

Ave 5.3% Avel3.22

Figure 3.35: Mapping of a carbon filter wall by EPMA.

As Figure 3.34 shows, the SiC particles that compose the filter are surrounded by the
binder material which consists, as mentioned before, mainly of alumina. The only
purpose of the binder is to serve as glue for the SiC particles. Sintering of SiC particles
does not take place. The situation is almost the same with the carbon filters but in this
case the graphite material is mixed better with the binder so that it almost seems to be

one material. X-ray diffraction analysis carried out for both SiC and carbon filters
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confirms the presence of alumina (Al,O3) and silica (Si0O,) in SiC filters and of alumina

in carbon filters.

3.3.4 Refractory materials — raw materials used in wetting experiments
3.3.4.1 Filter material

A carbon and a silicon carbide (85% SiC) filter were taken and ground to fine
powder using a ball-mill and sieved afterwards with a 41 um mesh. The powder
collected was pressed in shape of a disc with diameter 10 mm and depth 3 mm. These

discs were used as substrates in the wetting experiments with pure silicon.

3.3.4.2 Graphite substrates

Various purified graphite materials were used as substrates in the study of the
wettability of molten silicon with refractories. They were provided by Svenska Tanso
AB, the Swedish branch of Toyo Tanso Company that produces graphites for
metallurgical applications. For the sessile drop experiment a substrate with a flat surface
is needed to be in contact with molten silicon. The graphite materials received were in
the form of blocks. The graphite materials were cut into slices with 3 mm thickness
using a diamond saw with 2 mm thickness at a speed of 10 mm/sec. Then, graphite
discs with a diameter of 10 mm were cut by a core drill from the slices. Afterwards,
different surface roughnesses for the substrates were made by polishing the surface with
silicon carbide emery papers 1200, 2400 and 4000. Table 3.8 shows the properties of

the graphite substrates used in our study.

Table 3.8: The measured properties of the graphite substrates.

Substrate £Z$;gei l[):::] Porosity [%] Bul[lg< g:;ln3s]t ity
IG11° 2.5 18.3 1.742
ISEM3’ 2.72 13.4 1.858
ISO88’ 0.66 12.1 1.885
SIC6 3.2 12.7 1.849
1G610 2.6 12.8 1.814

*Safarian-Dastj erdi [2007].
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3.3.5 Pure silicon for wetting experiments

SoG poly-crystalline silicon with impurity level of ~ 1ppm was used as the
sample in the sessile drop experiments. It was provided by REC-Silicon, which is one of
the main producers of SoG-Si. The silicon samples were prepared as small cubic pieces
with dimensions of 3 x 3 x 3 mm. Before experiments, they were etched for 1 min. in
acid mixture as described in Section 3.2.2 to remove impurities from the sample

surface.

3.4 Experiments

3.4.1 Overview of filtration experiments

An overview on the filtration experiments and other details is given in Table 3.9
and 3.10. The SiC filters used are of 85% SiC material. In experiment number 17 (Table
3.10) the silicon material employed for filtration is pure poly-crystalline silicon
produced by the Siemens process and provided by REC. Table 3.9 also gives an
overview of the previous experiments with 30 ppi SiC filters conducted by
Chithambaranadhan [2005] during his Master thesis, and Table 3.10 gives an overview of

the new experiments carried here.

Table 3.9: Data on filtration experiments carried out by Chitambaranadhan [2005].

Exp. No. Filter Pore size Filter depth InputSi Output Si

[mm] g] [g]
NF1  SiC - Eger Serensen 30 ppi 26 180.6 166.6
NF2 - - - - - 157.5 128.0
NF3 - - - - - 182.5 158.2
NF4 - - - - - 189.8 158.4
NF5 - - - - - 179.4 166.0
NF6 - - - - - 183.6 166.0
NF7 - - - - - 175.4 149.0
NF8 - - - - - 161.5 152.0
NF9 - - - 173.6 159.8
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Table 3.10: Data on new filtration experiments.

Filter depth InputSi Output Si

Exp. No. Filter Pore size [mm] lg] lg]
1 C - Foseco 10 ppi 38 311 193
2 - - - 301 46.6
3 . - . 271 151.5
4 - - - - 248.7 158
5 SiC — Eger Serensen - «- 26 291 104.6
6 . - . 258 231.2
7 - .- -u- 252.1 122.5
8 - - - - 294 248
9 - - 20 ppi - 300.8 252
10 - - - - 300.7 227.8
11 - - - - 268 170
12 - - . - 280 231
13 - - 30 ppi - 258 234
14 - - - - - 285 244
15 - - - - 285.5 250.8
16 - - - - 260 232
17 - - - - 3243 250

3.4.2 Overview of wetting experiments

Several substrates with different surface roughness were prepared from the
refractory materials. Table 3.11 summarizes the wetting experiments. Apart from the
experimental details it also gives the main results, which are the final contact angles and
the maximum infiltration depth of molten silicon in the substrates. Two experiments
were carried out with substrates from the filter materials, one with the carbon filter and
the other one with the SiC filter (85% SiC). Also 28 experiments with five different
graphite materials were performed. The silicon samples were pure poly-crystalline
silicon prepared by the Siemens process. Argon gas was flushed during the experiments
at a flow rate of about 500 ml/min, while the pressure in the furnace ranged from 80 —
100 mbar. The temperature was kept constant at 1450°C and the oxygen level was 5 X

10"%-5 % 10" ppm.
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Table 3.11: Overview of the wetting experiments of molten silicon with various
refractories (see Table 3.8). The results on final contact angles and maximum

infiltration depth are also shown.

Exp. No. Substrate Sample Roughness Final contact Max infiltration

Ra [mm] angle [°] depth [um]
1 C filter (powder)  Si pure - 0 .
2 SiC filter (powder) - «- - 18.7 -
Al IG11 - - 1.27 0 814
A2 - - - - 1.27 - 701
A8 - - - - 0.79 0 872
A24 - - - - 0.14 25.1 614
A40 - - - - 0.09 28 698
Dl ISEM3 - - 1.32 0 1272
D2 - - - - 1.32 0 1355
D8 - - - - 0.56 0 1524
D24 - - - - 0.11 23.8 872
D40 - - - - 0.09 27.2 906
F1 ISO88 - - 0.93 7.0 323
F4 - - - - 0.12 28.9 135
F5 - - - - 0.06 28.0 150
F8 - - - - 0.92 8.4 313
F10 - - - - 0.71 12.0 614
F12 - - - - 0.45 17.2 596
F40 - - - - 0.06 31.1 159
S1 SIC6 - - 0.13 21.4 1060
S8 - - - - 1.00 0 2857
S10 - - - - 0.81 0 3120
S12-1 - - - - 0.69 0 1568
S12-2 - - - - 0.65 0 >1600
S24 - - - - 0.18 14.4 1149
S40 - - - - 0.10 27.1 1161
Z1 1G610 - - 1.54 2.1 1360
78 - - - - 0.46 5.0 1178
712 - - - - 0.25 7.7 1591
740 - - - - 0.10 27.4 785
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Chapter 4

EXPERIMENTAL RESULTS

Experimental results are given in this chapter. Settling of SiC particles in molten
silicon is presented first followed by filtration of inclusions from the silicon scrap and
then, wetting of molten silicon on the graphite substrates.

Light microscopy is employed to analyze the inclusions in silicon samples
before and after settling and filtration. The data achieved is used to quantify the removal
efficiency after each method. SEM and other analyzing techniques such as EPMA, Leco
etc. are also employed to analyze the silicon samples.

At the wetting experiments, focus is placed on the final contact angles and the

infiltration depth of the molten silicon in the graphite materials.

4.1 Settling of SiC particles in molten silicon
Settling experiments were performed in the Heliosi furnace. The material,

Solsilc silicon was supplied by SINTEF Materials and Chemistry. The experimental
procedure is described in Section 3.1.1.2. Ingots after solidification were named FS-4A

and FS-4B. They were round with a height of about 100 mm and diameter of 250 mm.



Experimental Results

4.1.1 Sampling and analyzing techniques

After solidification, the silicon cast ingots were cut in half. Samples were taken
close to the center of the ingot from the top to the bottom as shown in Figure 4.1. To
analyze quantitatively the inclusion content from the bottom to the top, the ingot was
divided into 7 regions as indicated in Figure 4.1. A thin slice with a thickness of 2 mm

was cut at the bottom of the ingot.

4.1.2 Inclusions in the bottom of the ingot

Samples from the Solsilc silicon before and after settling experiments were
analyzed with light microscope, SEM, and EPMA. As mentioned before, a thin slice
with thickness of 2 mm was cut in the bottom of the ingots. Figure 4.2 shows two
pictures taken with a light microscope of the inclusions found in this layer. In this
sample, the concentration of inclusions is very high and they appear in large clusters as
Figure 4.2 shows.

Si cast ingot sampling place
chemical B : microscopic
analysis analysis

1

Figure 4.1: Sampling of the cast silicon ingot.
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Figure 4.2: Inclusions in the bottom of the ingot.
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Figure 4.3: EMPA analysis of two different inclusions clusters inside the 2 mm layer at

the bottom of the ingot showing the presence of SiC and SiOxNy particles.
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As mentioned in Section 3.1.1.1, the bottom of the ingot is in direct contact with
the silicon nitride coating which prevents sticking of the silicon to the quartz crucible.
This layer may be a source for inclusions in the bottom of the ingot. Therefore, mapping
of several areas of the 2 mm-thick layer by EMPA was performed in order to determine
the chemical composition of the inclusions. Figure 4.3 shows the content of C, N, O and
Si in the inclusion clusters. As it can be seen from Figure 4.3, EMPA analysis confirms
the presence of SiC particles and silicon oxy-nitrides (SiOxNy). SiC particles make
about half of the inclusions clusters. While the source of SiOxNy particles is the anti-
sticking silicon nitride layer, the SiC particles are inclusions that have settled during the
experiment.

1 cm? of the 2 mm layer at the bottom of ingot FS-4B is analyzed by light
microscopy. All the particles found inside this area were counted and their surface area
was measured. However, particle size analysis performed with light microscopes, as
described in Section 3.2.3, does not distinguish between the SiC and SizN,4 particles (or
SiOxNy). Therefore, in the calculations of the number and mass distribution, only half of
the particles were considered. This approximation was based on EPMA analysis (see

Figure 4.3). The data are summarized in Table 4.2.

4.1.3 Inclusions along the ingot

Analysis of the inclusion number and mass distribution along the whole height
of the ingot is carried out by means of light microscopy. The sample was divided into 7
regions starting from bottom to the top of the ingot as indicated in Figure 4.1. First, a
surface area of 1 cm? is observed in each region. Then, the samples were ground to a
depth of 0.5 cm in the horizontal direction, and a surface area of 1 cm? was analyzed
again in each region. This procedure was repeated twice thus, allowing us to obtain
information from three different areas in each region. Inclusions found inside these
areas are analyzed according to the procedure described in section 3.2.3.2. The averaged
data for two cast ingots, named FS-4A and FS-4B, are shown in Figure 4.4 and 4.5.
Table 4.1 and 4.2 give the data before and after settling, respectively for the two casts.

In Table 4.2, data for the bottom 2 mm-thick layer are also given.
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From Figures 4.4 and 4.5 it is seen that the concentration of inclusions in Solsilc
silicon before settling is very high compared to after the settling experiments. The mass
of inclusions in the 2 mm-thick layer in the bottom of the ingot is more than 10 times
higher than in the rest of the ingot (see Figure 4.5).

The mass of inclusions is calculated from equation (4.1).

T
mPZE.dg.pSiC (4.1)

where my is the mass of the particle, psic is the density of the SiC particles (3.16
glemd).
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Before 5 17 32 46 63 76 89 100

sett. ingot height [mm]

Figure 4.4: Inclusion mass along the ingot FS-4A (see Table 4.1).
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Figure 4.5: Inclusion mass along the ingot FS-4B (see Table 4.2).
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Table 4.1: Analysis of ingot FS-4A.

Lem? [mm] Nurr_lber of , Surface2 are?, Si Mass2 _Rfemoval
inclusions/cm [mm?/cm?] [ug/cm?]  efficiency, s
Before sett. 375 35149.9 2.51 -
89 - 100 51 8488.9 0.92 75.8%
76 - 89 87 10758.3 0.99 69.4%
63-76 60 5227.4 0.36 85.1%
46 - 63 90 6937.8 0.46 80.3%
32-46 370 7451.5 0.34 78.8%
17 - 32 886 8440.2 0.39 76.0%
5-17 26 2390.4 0.13 93.2%
Table 4.2: Analysis of ingot FS-4B
Lem? [mm] Nurr_1ber of , Surface2 are?, Si I\/Iass2 _Rfamoval
inclusions/cm [mm“/em?] [ug/lcm?]  efficiency, 7sen
Before sett. 376 35149.9 2.51 -
89 - 100 46 7248.3 1.07 79.4%
76 - 89 111 7033.8 0.52 80.0%
63-76 10 733.7 0.03 97.9%
46 - 63 8 494.9 0.02 98.6%
32-46 6 555.9 0.03 98.4%
17 -32 12 1302.9 0.09 96.3%
5-17 6 721.2 0.04 97.9%
2 mm 798 3224225 10.20 -

In the middle of the ingot the content of inclusions is very much lower than in
the top. In Table 4.1 and 4.2 removal efficiency is calculated from the measured surface
area of the particles per cm? before and after settling using equation (4.2).

S S

i beforesett.

S = i after sett. Xloo% (42)

i before sett.

Nsert, =
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Excluding the bottom 2 mm, on average, the removal efficiency is about 80 % in
the ingot FS-4A and about 93 % in ingot FS-4B.

Total carbon content of the samples along the ingot height is analyzed with a
LECO analyzer. The results are shown in Figure 4.6 and 4.7 for the cast FS-4A and FS-
4B respectively. The carbon concentration is given in mass ppm.

180,0
160,0
140,0
120,0
100,0
80,0
60,0
40,0 A

20,0 1

Carbon concentration (mass ppm)

0,0
0 10 20 30 40 50 60 70 80 90 100

Position in ingot (mm)

Figure 4.6: Carbon content in mass ppm along the FS-4A cast silicon ingot.
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Figure 4.7: Carbon content in mass ppm along the FS-4B cast silicon ingot.

The results for cast FS-4A show that concentration of total carbon drops with the

height of the ingot. In cast FS-4B the concentration of total carbon in the middle of the
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ingot is lower than in the bottom and in the top. It is about 25 ppm by mass at locations
15 - 70 mm from the bottom of the ingot. Knowing that the material contained initially

about 700 mass ppm carbon, it shows a removal efficiency of 96.4% on average.

4.2 filtration of top-cut silicon scrap with ceramic foam filters

4.2.1 Inclusions in silicon after filtration

In the previous chapter, the content of solid inclusions in the top-cut silicon
scrap are determined both qualitatively and quantitatively by employing light and
electronic microscopy. The same techniques are employed here to give the content of
inclusions in the silicon after filtration. Samples from filtered silicon after each

experiment were taken randomly for light and electronic microscopy analysis.

¢’ . |

25 ym
e ———

Figure 4.8: Large inclusions in filtered silicon with 10 ppi C filter (left side) from Exp.2
and with 30 ppi SiC filter (right side) from Exp.13.
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2 SIC

Alwg ™

20 pm

Figure 4.9: EPMA pictures from filtered silicon with a) 10 ppi carbon filter (Exp.3), b)
20 ppi SIC filter (Exp.12) and, c) 30 ppi SiC filter (Exp.13) where carbon, SiC and

Si3Ny particles are found.

Figure 4.8 shows two pictures taken with light microscope of some of the largest
inclusions found in filtered silicon with a carbon filter 10 ppi from Exp.2 and with a SiC
filter 30 ppi from Exp.13 and Figure 4.9 shows EPMA pictures of some inclusions in
filtered silicon (Exp.3, 12 and 13). Particles found in filtered silicon with 10 and 20 ppi
were SiC and Si3Ny inclusions, while in silicon filtered with 30 ppi SiC filters only SiC
was found. Pure carbon inclusions were found in filtered silicon (Figure 4.9-a),
indicating that molten silicon might have carried off graphite particles from the crucible

during filtration.
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4.2.1.1 Inclusion count after dissolution of silicon matrix

Several samples from silicon before and after filtration with 10, 20 and 30 ppi
SiC filters were dissolved in the acid mixture of HF and HNOj3 as described in section
3.2.2. Inclusions extracted were carefully collected and counted by light automated
microscope (see section 3.2.3.1). The results from dissolution of silicon scrap before
filtration are shown in Table 4.3 and those for dissolution of silicon after filtration are
shown in Table 4.4. Since in 174 g of silicon scrap before filtration there are 23734

particles, this gives about 13855 particles per 100 g silicon scrap.

Table 4.3: Count of inclusions in silicon before filtration.

Mass dissolved [g] Number of inclusions

14.2 5041

12.7 5842

12.8 1992

13.6 1000

7.5 No inclusions

11.2 7

94 517

7.5 No inclusions

10.0 No inclusions

9.4 No inclusions

9.2 3)

6.9 5

10.2 1

7.8 No inclusions

10.8 No inclusions

9.1 3417

9.0 5907
Total 171.3 23734
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In Table 4.4 the number of particles is for dissolution of 100 g of silicon scrap in
each filtration experiment with various SiC filters. Dissolution of silicon after filtration
with 30ppi SiC filters was carried out by Chithambaranadhan [2005] in preliminary
experiments. Dissolution of 300 g silicon after filtration with 30 ppi SiC filters from
experiments 14, 15 and 16 of this study was also carried out. However, no inclusions
were found after these experiments. Table 4.5 summarizes the results from Table 4.6.

Standard deviation data are placed in brackets.

Table 4.4: Count of inclusions in 100 g silicon after filtration. The experiment from

which the silicon is taken is shown in brackets.

10 ppi SiC 20 ppi SiC 30 ppi SiC”
2470 (Exp.5) 1089 (Exp.9) 48 (NF1)
2608 (Exp.6) 1857 (Exp.9) 21 (NF2)
2315 (Exp.6) 738 (Exp.10) 6 (NF3)
4118 (Exp.7) 470 (Exp.11) 72 (NF4)
1803 (Exp.8) 1649 (Exp.12) 14 (NF5)

“Dissolution of Si after filtration with 30 ppi SiC filters were carried out by
Chithambaranadhan [2005]. The data are corrected for dissolution of 100 g. The

experiment code is shown in brackets.

Table 4.5: Results from dissolution of silicon scrap before and after filtration.

Si before fil. 10 ppi filter 20 ppi filter 30 ppi filter

No. of particles (STDV)
/100 g

Filtration efficiency 80.8 91.6 99.8
s 19 ' | ' '

13855 2663 (869) 1159 (585) 32 (27)

count

Filtration efficiency based on inclusion count, 7%,.; , is calculated from equation
(4.3).

ncount _ Nbefore fil. — Nafterfil. %x100% (4.3)

filter
N before fil.
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As one can expect, filters with smaller pores have higher removal efficiencies.
30 ppi SiC filters remove more than 99% of inclusions from silicon. The graph in

Figure 4.10 gives the number of particles given in Table 4.5.

15000

12500 +
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7500 +
5000 +

2500 + ]

Number of particles in 100 g Si

L]
0 f f f =
Si before 10 ppi filter 20 ppi filter 30 ppi filter

Figure 4.10: Total number of particles in 100 g silicon before and after filtration given
in Table 4.5.

4.2.1.2 Inclusion count by light microscopy

A surface area of 1 cm? from silicon samples after filtration with 10, 20 and 30
ppi SiC filters from Exp.6, 9 and 14 is analyzed by light microscopy according to the
method described in section 3.2.3.2. All inclusions found in this area are measured and
their equivalent diameter is calculated. Particle size distribution of inclusions in silicon
after filtration is shown in Figures 4.11 — 4.13, for 10, 20 ands 30 ppi SiC filters

respectively.

number [%)]

0 25 5 7.5 10 12.5 15 >15
equivalent diameter [um]

Figure 4.11: Size distribution by number% of inclusions after filtration of silicon scrap
with 10 ppi SiC filter (Exp.6).
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Figure 4.12: Size distribution by number% of inclusions after filtration of silicon scrap
with 20 ppi SiC filters (Exp.9).
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Figure 4.13: Size distribution by number% of inclusions after filtration of silicon scrap
with 30 ppi SiC filters (Exp.14).

Figures 4.11 — 4.13 show how the size distribution of inclusions in filtered
silicon changes on changing the pore size of the filter. Almost all particles larger than
7.5 um are removed from silicon scrap when using a 30 ppi filter. It is important to note
that after filtration with a 30 ppi filter, all particles in silicon are SiC round in shape, and
no inclusion cluster is found.

However, there is a discrepancy between the size distributions of inclusions after

filtration with 10, 20 and 30 ppi filters. For example, about 14% of the particles
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measured after filtration with 10 ppi filter have a size from 0 — 2.5 um, and only 3% and
10% of the particles after filtration with 20 and 30 ppi filters fall within this size. This
could be explained with the presence of secondary inclusions in the silicon samples and
it is discussed in the next chapter.

The mass of inclusions mj, is calculated from their equivalent diameter from
equation (4.1) for SiC particles with density psic = 3.16 g/cm®. The data obtained from

the analysis is summarized in Table 4.6.

Table 4.6: Results from light microscopy analysis of silicon scrap before and after

filtration.

Si scrap 10 ppi 20 ppi 30 ppi
before (Exp.6) (Exp.9) (Exp.14)

Number of inclusions/cm? 144 637 212 228
S™ [um?/cm?] 226951 9422 3301 2228
Mass [ug/cm?] 157.6 0.22 0.067 0.038
dp range [um] 0-360 0-15 0-10 0-75
Average d, [pm] 29 4.7 51 4.1
Filt. eff. 75 [%] - 95.8 98.6 99.0

Filtration efficiency based on surface area of inclusions observed before and

surface

after filtration, 77, , is calculated from equation (4.4).

nsurface _ Si before fil. — Si after fil. » 100% (4.4)

filter m
Si before fil.

The graph in Figure 4.14 shows the total surface area and total mass of
inclusions in silicon before and after filtration. The axis for mass values, placed on the
right of the graph with blue color, is in logarithmic scale. Filtration efficiency for all
filters gives high values. 1 cm? surface area of Si samples was observed. In microscopic
image analysis where the surface area and the mass of particles are measured and
calculated, missing one 10 um particle corresponds to missing one thousand particles of

Tum.
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Figure 4.14: Total surface area and total mass of inclusions in 1 cm’ area of silicon

sample before and after filtration.

4.2.2 Inclusions captured by the filter

4.2.2.1 Inclusions captured at the top of the filters

After completing the filtration experiments, both the carbon and SiC filters were
studied using light and electronic microscopy. Samples were prepared from filters with
different pore sizes. After experiments were completed, special care was taken to
remove the filters from the crucible without crating any damage and samples were
analyzed without any mechanical preparation.

Figure 4.15 shows pictures taken with SEM of the top surface of the carbon
filters. Many inclusions forming large clusters are captured at the top pores which are

filled with silicon.
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Figure 4.15: Inclusions captured at the top surface of 10 ppi carbon filters from Exp.3.
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Figure 4.16: Inclusions captured at the top surface of a 10 ppi carbon filter from Exp.3
(picture at the top) and 30 ppi SiC filters from NF3 and NF4 (middle and bottom

pictures).
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After filtration, inclusions were mainly concentrated in certain parts of the top
surface forming cakes as Figures 4.15 and 4.16 show. The particles that compose these
cakes have a size that varies from several micrometers to several hundreds micrometers.
The majority of them are large and their shape suggests that they are mostly SisNg4
particles. An accurate analysis of inclusion size distribution is not possible as these
particles lie one above another. The cake created serves as a filter for other particles that
come later during the filtration process. Small particles can be captured in these cakes

even in the 10 ppi filters.

4.2.2.2 Inclusions captured inside filters

Filters with silicon remaining inside after filtration were cut horizontally and
vertically and then were studied using light and electronic microscopy. The samples
were ground and polished according to procedure described in section 3.2.1. Views of
the upper pores of a 20 ppi SiC filter (Exp.9) are shown in Figure 4.17. The filter was
cut horizontally and mounted in resin. The presence of carbide and nitride particles may
be the reason why some silicon was trapped in the top layer of the filter. The filter pores
were filled with silicon. These pictures show that many inclusions were captured,
mainly SiC but also Si3Ng. In the pictures in Figure 4.17, the SisN4 particles appear
darker than the SiC particles.
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¥ Filter

Filter

Figure 4.17: Inclusions captured at the top surface of a 20 ppi SiC filter (Exp.9).

Pictures of pores along the depth of a 10 ppi carbon filter (Exp.4) and of a 10 ppi
SiC filter (Exp.6) are presented in Figure 4.18. Many SiC particles were found in the
upper pores of the filter (Figure 4.18c and d). Many inclusion clusters were found close
to the filter walls, and several clusters formed bridges that connect the pores of the
filter. Only small SizNy4 inclusions were found collected in the top, as in Figure 4.17.
The larger SizN4 inclusions were too large to enter the pores and thus remained at the
top surface of the filter. In the lower part of the filter, only a few SiC particles were
found (Figure 4.18e and f).
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Filter

SiC_filter

100 pm

Figure 4.18: Inclusion attachment to a 10 ppi C filter (Exp.4) and to a 10 ppi SiC filter
materials (Exp.6). (a) SiC bridges in the upper part of a C filter, (b) SiC particles in the
upper part of the filter, (c) SiC bridges in the middle pores of a C filter, (d) SiC particles
in the middle of a SiC filter, (e) few SiC particles at C filter bottom wall, (d) empty pore
at bottom of the SiC filter.
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SiC inclusions and <300um Si3N4 inclusions were mainly removed in the upper

section of the filter. More inclusions were found in the lower part of the 10ppi filters

than in the 30ppi filters. The SiC inclusions found inside the filter pores may have come

from inclusions in the input silicon or from the filter material itself. If these SiC

inclusions come from the filter materials, Al and O from Al,Os filter binder should also

have been found. Pure SiC particles are most likely the SiC inclusions in the initial

silicon. To clarify this issue, EPMA is used to map the region inside the filter where

inclusions were captured, as shown in Figure 4.19.
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Figure 4.19: EPMA mapping of used filters. (a) 10 ppi C filter (Exp.1), (b) 10 ppi SiC

filter (Exp.6).
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The legend on the right side gives the mass percentage of the elements. For the
SiC filter, it is clear that SiC particles (clusters and bridges) close to the filter materials
are inclusions in the input silicon as no Al is present close to the particles. For the C
filter, the bridges around the filter matrix contains Al and O, which means these bridges
were not 100% original SiC inclusions and dissolution of the carbon filter in the silicon
melt takes place.

To determine the inclusion distribution and their location inside the filter, a 10
ppi SiC filter (Exp.8) was cut vertically and a sample of the whole depth of the filter
was observed using light microscopy. Figure 4.20 shows the distribution and location of
the inclusions inside the filter. The main regions with inclusions are numbered. The SiC
particles are entrapped not only at the upper pores but also in the pores at the bottom of
the filter. This can be explained by the large pore size in comparison with the inclusion
size. Figure 4.20 also shows higher magnified pictures of the main locations where
inclusion clusters and bridges are found The upper pores are more filled with particles
than the lower ones.

To observe the morphology and structure of the inclusion clusters and bridges,
the sample was etched with the HF - HNO3 acid mixture as described in Chapter 3. The
etching solution dissolved the silicon that filled the pores. Figure 4.21 shows the
pictures taken with an SEM. While the silicon was dissolved by the etching solution, the
inclusions were left behind. Although special care was taken to keep the inclusions in
their position, some of them were removed during etching. However, their “prints” were
left in the sample, as shown in Figure 4.21. The inclusions are mainly SiC and a few
Si3N, particles assembled in clusters. As shown previously, the inclusions also form
bridges.

Figure 4.22 shows a vertical cut of a 30 ppi filter (Exp.15). Notice that
inclusions are also found in the bottom pores of the filter. However, their number is

smaller than the number of inclusions captured in the upper pores.
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Figure 4.20: Vertical-cut section of a 10 ppi SiC filter (Exp.8). Right figures show
magnified views of positions 1 - 6 in the left figure.
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s

SiC filter

SiC filter

Figure 4.21: Inclusions captured inside the pores of the 10 ppi SiC filter from Exp.8

(SEM observation of partial etching samples).
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Figure 4.22: Vertical-cut section of a 30 ppi SiC filter (Exp.15). Right figures are
magnified views of positions 1 - 6 in the left figure.
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4.3 Wettability of molten silicon with refractories

4.3.1 Wetting of molten silicon with filter materials

Wetting of molten silicon was investigated on the carbon and SiC filter (85%
SiC) substrates. As shown in Section 3.3.4.1, the filter substrates were prepared by
grinding, sieving the powder and pressing it afterwards into tablets (disc shape) of 10
mm diameter and 2 — 3 mm height. The samples prepared in this way could not be
analyzed for surface roughness as the technique would destroy the surface. Pictures
from different stages of molten silicon above the filter substrates are shown in Figure
4.22 and 4.23. Time and temperature at these stages are also shown in the figure. Time t
= 0 when the melting starts.

The contact angles of the molten silicon on the carbon filter substrate drop
rapidly from about 95° to 0°. It takes only less than 4 minutes for the molten silicon to

fully penetrate into the carbon filter substrate.

(@) T =1400°C (b) T = 1420°C (c) T=1430°C (d) T = 1450°C
t=0s. t=82s t=117s t=197s

Figure 4.22: Stages of the silicon melting on a substrate from the carbon filter material.

~
(@) T =1400°C (b) T =1420°C (c) T=1430°C (d) T =1450°C
t = 0s. t=75s t=120s t = 440s

Figure 4.23: Stages of the silicon melting on a substrate formed from the SiC filter

material.
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The final contact angles of molten silicon on SiC filter substrate are about 18.7°
and the time required to reach the stable value is about 10 minutes. Due to the fact that
the substrate is made of pressed powder, the final contact angle results smaller than it
would in a solid and pure SiC substrate. The molten silicon infiltrated the substrate but,

the infiltration depth could not be measured.

4.3.2 Wetting of molten silicon with graphite materials

Substrates with different surface roughness were prepared from the graphite
materials. The results are presented in Figures 4.24 — 33. Two figures are presented for
each graphite material showing the variation of contact angle with time and the
variation of the final contact angles with surface roughness, R,. From these figures one
can see that it takes 3 to 10 minutes for the molten silicon to reach the final contact
angle, depending on the surface roughness value. When the surface is smooth (R, < 0.1
um) the final contact angle for all the graphites is about 30°. As the surface becomes
rougher, the final contact angle decreases and it can reach even zero. In that case the
silicon is absorbed completely by the graphite material. The average surface roughness
for which the final contact angle becomes zero, is different for different graphite

materials.
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Figure 4.24: Contact angles of molten silicon versus time in 1G11-graphite substrates
with different surface roughness.
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Figure 4.25: Final contact angles versus surface roughness, R,, in IG11-graphite.
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Figure 4.26: Contact angles of molten silicon versus time in ISEM3-graphite substrates

with different surface roughness.
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Figure 4.27: Final contact angle versus surface roughness, R,, in ISEM3-graphite.
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Figure 4.28: Contact angles of molten silicon versus time in 1ISO88-graphite substrates

with different surface roughness.
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Figure 4.29: Final contact angles versus surface roughness, R,, in ISO88-graphite.
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Figure 4.30: Contact angles of molten silicon versus time in SIC6-graphite substrates

with different surface roughness.
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Figure 4.31: Final contact angles versus surface roughness, R,, in SIC6-graphite.
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Figure 4.32: Contact angles of molten silicon versus time in 1G610-graphite substrates

with different surface roughness.
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Figure 4.33: Final contact angles versus surface roughness, R,, in IG610-graphite.
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Table 4.7: Summary of contact angle values and surface roughness for the graphite

materials.

1IG11 ISEM3 1SO88 SIC6 1G610

Ra [um] 6 [°]| Ra[pm] &[] | Ra[um] &[] Ra [um] & [°]] Ra [um] 6 [°]
009 28 | 009 27 | 006 31 | 010 27 | 010 27
014 25 | 011 24 | 012 29 | 013 21 | 025 8
079 0 | 056 0 045 17 | 018 14 | 046 5
127 0 | 132 0 071 12 | 069 0 | 154 2

092 8 | 081 0

093 7 | 100 0

After wetting experiments the samples were molded into resin and cut in half to
analyze their inner structure (see Section 3.2.1). First, maximum infiltration of molten
silicon into the substrate was measured by light microscopy as shown in Figure 4.34.
Figure 4.35 - 4.37 show the average infiltration depth of silicon versus average pore
diameter, porosity and the bulk density of the graphite substrates. The average of the
infiltration depth is calculated from all the values of each graphite material. The
standard deviation data (STDV) are shown in brackets. Table 4.8 summarizes the

results.

graphite

Figure 4.34: Light microscopy pictures that show the measurements of maximum
infiltration depth in the graphite substrates IG11.
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Figure 4.35: Infiltration depth of molten silicon versus the average pore diameter of the

substrates.
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Figure 4.36: Infiltration depth of molten silicon versus the porosity of the substrates.
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Figure 4.37: Infiltration depth of molten silicon versus bulk density of the substrates.
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Table 4.8: Data of the infiltration depth, mean pore diameter and porosity of the graphites.

Substrate

Average pore

Porosity [%0]

Bulk density  Infiltration depth

diameter [um] [gcm™] (STDV) [um]
IG11 2.5 18.3 1.742 740 (103)
ISEM3 2.72 13.4 1.858 1186 (286)
1SO88 0.66 12.1 1.885 352 (202)
SIC6 3.2 12.7 1.849 1802 (847)
1G610 2.6 12.8 1.814 1229 (341)
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Figure 4.38: Maximum

substrate.
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infiltration depth versus surface roughness for each graphite
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From Table 4.8 one can see that the maximum infiltration depth of molten
silicon changes with the surface roughness of the substrates for each graphite material.
To show the variation of maximum infiltration depth versus surface roughness for all
the graphite substrates these data are plotted in Figure 4.38.

Several samples after wetting experiments were submitted to EPMA analysis.
Three pictures from 1G11 and 1SO88 taken with the same magnification are shown for

comparison in Figure 4.39.

g1 —— 200 am 8i_ —— 200 um

Figure 4.39: EPMA analysis of three substrates from IG11 and 1SO88 showing the

infiltration of molten silicon in these graphite materials.

Characterization of the substrates after wetting experiments was carried out
using SEM and light microscopes. Figure 4.40 shows two SEM pictures from 1G11
substrate, sample Al. The first picture shows the upper part of the substrate where the
pores are filled with silicon. In the second picture of this figure, open pores in the
bottom of the substrate are shown.

Figure 4.41 shows two pictures taken with light microscope. In the first picture
(Figure 4.41-a) the molten silicon has fully infiltrated the graphite ISEM3. One can see
the pores of the substrate filled with silicon and transformed into SiC afterwards. The
final contact angle is 0°. Figure 4.41-b shows a picture of the graphite 1ISO88 after the
experiment F5 where the silicon metal, the graphite and the reaction formed SiC layer
can be seen. The microstructure of the SiC layer consists of individual SiC particles and

a thin uniform SiC sub-layer underneath. The SiC particles have a diameter which can
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reach tens of microns and are in direct contact with the silicon metal while the SiC sub-

layer is in contact with the graphite material.

Ll .’-‘- I‘ ':-‘..:\ ;.-’ i P’#‘ s Iy T .
Figure 4.40: SEM pictures from I1G11 substrate (sample Al) showing (a) pores filled

with silicon and (b) open pores.

Figure 4.41: Light microscopy analysis of the substrates after wetting experiments; (a)
ISEMS3, (b) 1SO88.
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Chapter 5

DISCUSSION

Settling of SiC particles in molten silicon, filtration of inclusions in top-cut
silicon scrap and, wettability of molten silicon with graphite materials are discussed.
Several important topics are included. Thus, pushing and engulfment of SiC particles by
a planar S/L solidification front, breakage of the planar S/L front into a cellular S/L
front and its effect on pushing of particles are treated together with settling of SiC
particles in molten silicon.

The mechanisms of filtration for SiC particles includes removal by interception
and settling. Various filtration models are discussed, and a novel model for ceramic
foam filters is developed and compared with experimental data.

Since wetting is important for filtration of molten silicon with the filter material,
and for selection of graphite materials for use as refractories, wetting of graphites by
molten silicon, and formation of a SiC layer in the interface between silicon and carbon
materials is also dealt with. Finally, selection of graphite materials for use in the solar

cell silicon industry is discussed.



Discussion

5.1 Settling of SiC particles and pushing by the solidification
front

5.1.1 Settling of SiC particles in molten silicon

As shown in Chapter 2, settling of solid particles in molten metals is described
employing the Stokes law. In this ideal case particles are taken to be spheres, far enough
from each other so that there is no interaction between them. Wall effects are neglected.
and, it is assumed that there is complete mixing in the liquid.

Settling velocity, u, (Equation 2.9), is taken as the mass transfer coefficient from
melt to solid for the particle size distribution which is then given by the Equation 5.1
[@vrelid et al. 2006].

M@y = exp ——(pSiC _pSi('))gt-dz (5.1)
fy(d,t=0) 18uh

where fy(d, t = 0) is the size distribution of the particles before the settling experiments
at t = 0. fn(d, t) is the size distribution at time t. psic is the density of SiC, psigy is the

density of molten silicon, g is the gravitational constant and, « is the viscosity of molten

silicon.
For a given settling time, Equation 5.1 gives:
In _h(@H =—k-d® (5.2)
fy(d,t=0)
where k (pSiC _IOSi(I))g ¢ (5.3)

18uh

The parameters used in the calculations are presented in Table 5.1. Viscosity of
molten silicon is calculated using equation 5.4 [Rhim & Ohsaka, 2000]. The melting
point of Si, T, is 1414°C.

1=0.75-1.22 x 10 (T - T,) mPa s (5.4)

Density of molten silicon is obtained from the following equation [Handbook of
Chemistry and Physics, 85™ Edition, 2005]:

P() = pn—9.36 x 10 (T - T) (5.5)
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As described in the experimental set-up, the settling step lasted for about 9 hours.
Therefore, this time is considered as the settling time. An average temperature 1487°C

is used in the calculation of viscosity.

Table 5.1: Data used in the calculation of k

Parameter Value
[ 6.6 x 10*kgm™s™
Psi(l) 2502 kg m?
Psic 3160 kg m*
h 0.1m
g 9.8ms?
t 32400s

The particle size distributions in Solsilc silicon before the settling experiments
(Figure 3.34) and after settling experiments shown in Figure 4.4 and 4.5 are plotted in
the graph in Figure 5.1 and 5.2 for the cast FS-4A and FS-4B respectively. Only
particles within the size range of 10 - 30 um from the middle (17 — 76 mm) of the ingots
are considered. This range of particle size is selected since secondary inclusions smaller
than 10 um may be present after settling. Samples are taken from the middle part of the
ingot as the bottom part is contaminated with SizN4 particles from the coating layer of
the crucible, and the top part is enriched with impurities pushed by the solidification
front. Results from the first 2 measurements are summed. Average values of particle

sizes are employed in the graphs.
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Figure 5.1: Plot of size distribution of SiC particles before and after settling

experiments in the middle of the ingot FS-4A.
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Figure 5.2: Plot of size distribution of SiC particles before and after settling

experiments in the middle of the ingot FS-4B.

As it is seen from Figure 5.1 and 5.2 the plot of the experimental data does not
satisfy Equation 5.2 indicating that the removal of SiC does not depend only on settling.

Other mechanisms must play a role. Tables 5.2 and 5.3 give the data plotted in the
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graphs in Figure 5.1 and 5.2 for the ingot FS-4A and FS-4B, respectively. The

theoretical and the experimental values of k are given in Table 5.4.

Table 5.2: Number size distribution of particles in the middle of ingot FS-4A in 2 cm?
before settling and engulfment.

d (range) Before 17-32 32-46 46-63 63-76 Average

[um] settling mm mm mm mm after
125(10-15) 128 18 34 15 16 21
17.5 (15 - 20) 101 13 7 3 13 9
22.5 (20 - 25) 51 7 9 4 9 7
27.5(25-30) 32 8 3 2 3 4

Table 5.3: Number size distribution of particles in the middle of ingot FS-4B in 2 cm?

before settling and engulfment.

d (range) Before 17-32 32-46 46-63 63-76 Average

[um] settling mm mm mm mm after
125(10-15) 128 7 4 1 7 5
17.5 (15 - 20) 101 4 3 2 3 2
22.5 (20 - 25) 51 3 1 0 1 1
27.5 (25 -30) 32 1 0 0 0 0

Table 5.4: The calculated and experimental values of k.

k Value [m?]
Calculated 1.8 x 101
FS-4A 2 x 10°
FS-4B 2 x 10°

For ingot FS-4B, k is two orders lower than the value calculated from the
Equation (5.3). This indicates that removal of SiC inclusions by settling is less efficient
than Stokes’ law predicts. The molten silicon was directionally solidified, and indication
is that SiC particles are pushed back by the solidification front towards the top of the
ingot. Both pushing and engulfment are discussed in the following.
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5.1.2 Pushing and engulfment of SiC particles by solidification front

As described in section 2.3.3, when a solidification front intercepts a solid
particle, it can either push it or engulf it. Engulfment occurs through growth of the solid
over and around the particle, followed by enclosure of the particle in the solid. As
suggested in calculations from Sgiland [2004] (Section 2.3.3), SiC particles with size
smaller than 1.2 x 10 m are pushed by the planar solidification moving with a velocity
of 5.5 x 10° m s™. In the Equation (2.15) formulated by Stefanescu et al. [1988] and
used by Sgiland [2004] to calculate pushing of SiC particles by a planar S/L front, the
critical velocity, uc, is derived from the interaction of two forces, the repulsive force
between a particle and a S/L interface, F, and the drag force of a fluid on the particle,
Fg. Thus, the Stokes force exerted on the particles and the lift force produced by the
liquid flow parallel to the interface are not considered. The model is valid for non-
terrestrial experiments under zero gravity and for very pure metals. Terrestrial
experiments give rise to three additional forces on the particle which often mask the
influence of those two fundamental forces, F, and F4, [Bune et al. 2000]. First, the
gravitational (buoyancy) force on the particle is determined by the difference in density
between the particle and the melt, Ap and the g-level. Secondly, the particle experiences
a lift force known as the Saffman force, Fs, due to the difference in melt velocity in the
gap between the particle and the interface and that on the opposite side of the particle.
Finally, the particle can experience an additional lift force due to particle rotation. This
force is defined as the Magnus force, Fy [Bune et al. 2000], [Mukherjee et al. 2004].

Shangguan et al. [1992] argue that under the influence of gravity forces, the
velocity of the particle itself does not significantly affect the critical velocity, because
the particle velocity is very small compared to the critical interface velocity. The
settling velocities for SiC particles within the size range of 1.0 x 10°-4.0 x 10°m (1 -
40 um) are given in Table 5.5. Comparing these velocities with the respective critical
interface velocities, uc, as calculated by Sgiland [2004] (see Figure 2.10), we conclude that
for particles larger than 15 um the particle velocity affects the critical velocity of the
pushing / engulfment process. Therefore, the critical velocity it is lower than what the

model predicts.
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The difficulty in verifying and applying the models by experiments lies in the
fact that these models are valid for pure metals. Predictions made by the models fail in
the case of impure matrices as the critical velocity suffers an extreme reduction even for

impurities in the ppm region [Hecht & Rex, 1997].

Table 5.5: Settling and critical velocities of SiC particles in molten silicon calculated

for experimental conditions.

d [m] ur [ms™] Uc [m s
1x10° 5x 107 7 x10°
5x 10° 1x10° 1x10°
1.0 x 107 5x10° 7 x 10
1.5 x 107 1x10™ 5x 10
20x10° 2x10™ 4 x10*
3.0 x 107 5x 10™ 2 x 10
4.0 x 107 9x 10 1x10™

The main metallic impurities present in the Solsilc silicon are Al, Fe and Ti, but
exact data on their concentration levels is missing. The carbon content is around 700
mass ppm. The partition ratio for these elements is given in Table 5.6. These impurities
together with the SiC inclusions pushed by the solidification front will accumulate in
the upper part of the ingot.

Table 5.6: Partition ratio for the main impurities in Si [Hull, 1999].

Element Ko
C 0.07
Al 2.0x10°
Fe 8.0 x 10
Ti 3.6 x 10
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When the concentration of impurities ahead of the S/L interface reaches a certain
level, engulfment of particles will occur. The situation will resemble that of an alloy
where the critical interface velocity is much lower than for the pure melts [Kim &
Rohatgi, 1998]. The difference in thermal conductivity, which is the driving force for
pushing of particles in pure melts, will not have any effect in pushing of the particles in
alloys because it is much higher than the diffusivity of the solute in the liquid.
According to Schvezov & Weinberg [1985] the thermal gradient at the S/L interface has
no measurable effect on the critical velocity when the particle size is smaller than 5 x
10 m (500 pum).

If the planar solidification front breaks down into cells, two solidification fronts
can converge on the particle. In this case, if the particle is not engulfed by one of the
fronts, it will be pushed in between the solidification fronts at the tips of the cells, and
finally be entrapped at cell boundaries (see Figure 2.9) [Stefanescu et al. 1988]. The
results for cast FS-4B are shown again in Figure 5.3 together with a picture of a vertical
cut of ingot FS-4B. The pattern of the grain boundaries that can be seen from this
picture indicates that the breakage of solidification front from planar to cellular has
occured in the upper 3 centimeters of the ingot. In this region the content of SiC
particles is high.

Figure 5.4 shows the aluminum and iron precipitates in the upper part of the
ingot, giving another proof of the breakage of the S/L interface from planar to cellular.
As mentioned in Section 2.3.3.1, the interface breaks down due to accumulation of
dissolved elements [Juel, 2008] and pushed particles ahead of solidification front.

Figure 5.5 shows a SiC particle entrapped between two cellular fronts in ingot FS-4B.
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Figure 5.3: Breakage of the planar solidification front to cellular front in the upper 2
centimeters of the ingot FS-4B.
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Figure 5.4: Precipitates of impurities, mainly Al and Fe, along grain boundaries in the
top of the ingot FS-4B.
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25 ym

Figure 5.5: Entrapment of a SiC particle in the cell boundaries

This could explain the presence of SiC particles in the upper part of the ingot.
All the particles counted and measured in the middle of the ingot (17 — 76 mm from the
bottom of the ingot) are considered to be engulfed particles. All the particles counted
and measured in the top of the ingot (76 — 100 mm from the bottom of the ingot) are
considered as pushed by the S/L interface.

Taking into consideration settling, pushing and engulfment, a mass balance of

the SiC particles could be formulated. Collision and growth of particles are neglected.

Mass of the particles before refining = Mass of settled particles (found in the bottom) +
Mass of pushed particles (found in the top) + Mass of the engulfed particles (found in
the middle of the ingot)

In terms of particle size distribution we have:
fn(d) = f, settting(d) + f, pushing(d) + i, enguifment(d) (5.6)
The number size distribution of the particles at the top of the ingot (76 — 100 mm) in 2
cm’ observed area are given in Table 5.7 and 5.8 for the ingot FS-4A and FS-4B
respectively. Size distributions of the particles that have settled in the bottom of the
ingots are not possible to measure because the SiC particle have agglomerated and
formed clusters together with SisN,4 particles as shown in section 4.1.2, Figure 4.3. Data
from 2 cm? of the samples before and after refining are given in Table 5.9 and 5.10.
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Table 5.7: Number size distribution of pushed particles in 2 cm? of the upper part in the
ingot FS-4A.

d (range) [um] 76-89mm 89 -100 mm Average

12.5 (10 - 15) 33 16 25
17.5 (15 - 20) 11 9 10
22.5 (20 — 25) 12 6 9
27.5 (25 - 30) 4 5 5

Table 5.8: Number size distribution of pushed particles in 2 cm? of the upper part in the
ingot FS-4B.

d (range) [wum] 76-89mm 89-100 mm  Average

12.5 (10 - 15) 13 13 13
17.5 (15 - 20) 5 5 5
22.5 (20 - 25) 8 4 6
27.5 (25 - 30) 2 1 2

Table 5.9: Number size distribution of particles before and after refining in ingot FS-4A.

d (range) [um] Before settling engulfed pushed

12.5 (10 - 15) 128 21 25
17.5 (15 - 20) 101 9 10
22.5 (20 — 25) 51 7 9
27.5 (25 - 30) 32 4 5

Table 5.10: Number size distribution of particles before and after refining in ingot FS-4B.

d (range) [um] Before settling engulfed pushed

12.5 (10 - 15) 128 2 13
17.5 (15 - 20) 101 2 5
22.5 (20 — 25) 51 1 6
27.5 (25 - 30) 32 0 2
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Tables 5.9 and 5.10 indicate that pushing is more important than engulfment for
the systems studied. The difference of the particles before settling and the particles

pushed + engulfed by the S/L interface gives the settled particles.

5.1.3 Precipitation of SiC particles during solidification

The calculated value of k is 3 orders higher than the experimental value of ingot
FS-4A (Table 5.4) indicating that for the ingot FS-4A removal of particles by settling is
far less efficient than Stokes’ law predicts. One of the reasons might be the SiC
precipitates found in the ingot FS-4A. According to Mdller et al. [2008] if the carbon
content at the SL interface is above the maximum solubility limit, ~ 5 x 10*® cm™ (~ 43
mass ppm) then SiC particles will precipitate at the SL interface. Méller [Méller et al.
2008] argue that there is formation of SiC planar layers along the grain boundaries. In
the light microscopic analysis of the samples from the ingot FS-4A, many such SiC

precipitates are observed. These are shown in Figure 5.6.

Is
3

20 pm
—

Figure 5.6: SiC precipitates along grain boundaries in the ingot FS-4A.

The presence of SizN, particles introduces an error in the measurements. As
shown in Section 3.3.1 SiC particles are in many cases are found together with SizN4
ones. This takes place in both ingots, but more often in ingot FS-4A. Figure 5.7 shows
two pictures from ingot FS-4A where SisN,4 particles are present both as separated
particles and as clusters with SiC inclusions. An estimate of the effect of this error on

our results was not attempted.
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Figure 5.7: SisN,4 particles present in ingot FS-4A both as separated particles and as

clusters with SiC inclusions.

5.2 Particle size distribution of inclusions in silicon
In particle size analysis often only a single property of the particle is measured

and usually this property refers to a sphere [Rawle, 2008]. Then, the diameter of the
sphere is calculated. This is often called “equivalent diameter” of the particle and the
method is named as equivalent sphere theory. Many particle sizing techniques are based
in this principle. They measure mass, volume, surface area, projected area, etc. of the
particles and as a result give the equivalent diameter (size) or the particle [Etzler, 2004].
A summery on some common techniques used in particle size analysis is given in Table
5.11 [Shekunov et al. 2007].
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Table 5.11: Characteristics of some commonly used particle sizing techniques
[Shekunov et al. 2007].

Technique Method Equn(/quent particle Effective measuring Most representative
lameter range [um] PSD
Optical image Direct imaging Projected area 3-150 Number-weighted
SEM Direct imaging Projected area 0.01-150 Number-weighted
LD _ Low-_ang[e (Fraunhofer) Ar_lgular-averafged 0.5 — 1000 Volume-weighted
diffraction ring measurement linear (Feret’s)

Measurement of light
DLS intensity correlations from Hydrodynamic 0.003-3 Volume-weighted
particles in Brownian motion

Coulter counter Electrical zone-sensing Volume 0.6 - 1200 Volume-weighted
TOF Mgasgrement OT part.lcle Aerodynam'l . 0.5-200 Number-weighted
velocity in expanding air flow ultra-Stokesian
Inertial particle impaction as Aerodynamic, i
Cl a function of air velocity ultra-Stokesian 0.5-10 Mass-weighted

SEM Scanning electron microscope; LD laser diffraction; DLS dynamic light scattering; TOF time-of-flight; Cl cascade impactor.
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The shape of the particles is very important for the size distribution [Harker et
al. 2002], [Etzler, 2004]. For particles whose shape differs significantly from that of the
sphere, for example needles and discs, the equivalent calculated diameters may vary
using different techniques. An example of such particles is given in Figure 5.8. A
picture of acetaminophen (AP) particles, and the data on the mean equivalent diameter
on by three different techniques are shown. The large discrepancy in the mean

equivalent diameter may be due to the fact that the instruments operate on different

physical principles and are calibrated for spherical, nonagglomerated particles
[Shekunov et al. 2007].

40 -

OTOF
LD
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— ]
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(b) AP
Figure 5.8: (a) Particle morphology of needle-like crystals of acetaminophen (AP) and
(b) its mean volume equivalent diameter measured by time of flight (TOF, AeroSizer™
with AeroDisperser, TSI Inc, USA), laser diffraction (LD, Helos/Rodos, Sympatec
GmbH, Germany) and Coulter counter (Coulter Multisizer Il, Coulter Electronics
GmbH, Germany) instruments [Shekunov et al. 2007].

Among the techniques widely used, microscopy is often applied as an absolute
particle sizing method because this is the only method where the individual particles can
be observed, measured and their shape determined [Shekunov et al. 2007]. As shown in
Chapter 3, light microscopes are employed to analyze the particle size distribution of

inclusions in silicon. They measure the equivalent diameter based on the projected area
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of the particles. As mentioned previously, the main error in the measurement of the
equivalent diameter is due to the shape of the particle which differs from that of a
sphere. Fortunately, SiC particles found in top cut silicon scrap and in Solsilc are almost
round in shape. Therefore, their shape does not introduce a significant error in the
particle size analysis. On the other hand SisN, inclusions found in top-cut silicon scrap
before filtration have a needle-like shape. The equivalent sphere theory applied in this
case is problematic to use and the equivalent diameter does not properly reflect their
size. Considering that about half of the inclusions in top-cut silicon scrap before
filtration are SizN4 particles, the error in the particle size analysis of inclusions in scrap
is quite large. However, SisN,4 particles are removed successfully by filtration of silicon
already with 30 ppi SiC filters. Hence, determination of their accurate size distribution
does not seem to be of great importance in this study. Nevertheless, it should be noted
that another technique must be developed to analyze needle-like particles if it is

desirable to obtain correct data on their size distribution.

5.3 Filtration of silicon with ceramic foam filters
The results shown in Section 4.2.2.1 suggest that the size and shape of the SizN4

particles favor cake-type formation on the top surface of the filters. Due to the small
quantity of the filtered silicon, the cakes cover only small parts of the top surface. If
greater amounts of top-cut silicon scrap were to be filtered, the presence of SizN,4
particles would finally lead to blockage of the filter and the filtration process would
stop. Figure 5.8, for filtration of magnesium, shows in a (m, t/m) diagram the typical
behavior of ceramic foam filters [Bakke, 1992]. m is the filtered mass and t is the time
required for that mass to pass through the filter. In the beginning t/m is constant, until a
certain critical mass is filtered. Then, a sudden change occurs on the t/m curve
corresponding to start of the cake build up in the top surface of the filter [Bakke, 1992].
To attain satisfactory filtration if a high pressure drop is not possible, cakes
should not develop, and the inclusions must be deposited within the filter. This deep bed
filtration may be the only practical route to remove inclusions from molten silicon [Engh,
1992]. Thus, ideally, the SisN4 particles should be removed in a previous separation
stage. One way to prevent formation of cakes is to use sandwich type filters with a large

130



Discussion

pore size on the top. Below a filter with smaller pores is required to remove the small

inclusions.
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Figure 5.9: Inverse average flow as a function of filtered mass in filtration of
magnesium with 20 ppi CFF [Bakke, 1992].

To describe removal of inclusions from ceramic foam filters we here focus only
on the SiC particles. In this treatment it is assumed that SiC inclusions are spheres and
that once they touch the wall of the filter, they adhere to it. A number balance over a

differential depth of the filter gives (see Figure 5.10):

Flow of inclusions through the surface at position z = Flow of inclusions through the

surface at position (z + Az) + Number of inclusions transferred to the collector between

zand (z + Az) in unit time

or
c(z)Aus =c(z+Az)Aue +k.ca (AAZ)e (5.7)

where c is the inclusion content in the melt per unit volume, u is the mean particle

velocity in the z-direction, as is the surface area of collector per unit volume of melt, ¢is

the void fraction (porosity), A is the interfacial contact area, AAz is the control volume
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and AAze is the melt volume. k; is the coefficient for transfer of particles to the filter
wall [Engh, 1992]. Equation (5.7) neglects collision of inclusions. The coefficient for
transfer of particles to the filter wall, k;, can be written:

ki = nub (5.8)
where b is the ratio of the collector surface area projected in the z-direction to the total
collector surface area and 7 gives the fraction of the particles moving towards the
collector that are removed.

As already mentioned in Chapter 2, sedimentation (settling) and interception are
the main mechanisms to affect inclusion transport to filter wall. For large particles
settling is important. For small particles, settling will become negligible and

interception will become the dominant factor.
flow direction

:=H . : A

¥

Figure 5.10: A differential slice (control volume) in a CFF filter.

Several researchers [Gauckler et al. 1985], [Conti & Netter, 1992], [Burganos et
al. 1994], [Acosta et al. 1995], [Keegan et al. 1999], [Acosta et al. 2000a, 2000b] [Ni et
al. 2006] approximated the geometry of the foam filter unit cell to that of two spherical
pores overlapping each other (Figure 5.11). By considering the fluid flow inside these
pores they attempted to predict the particle trajectory inside the filter and the sites where
these particles are captured. Engh [1992], used the isolated sphere model to predict
filtration efficiency for a filter made of a packed bed of spheres. Tien and his coworkers
[Tien & Ramarao, 2007], used the constricted-tube model to describe deep bed

filtration. Here we discuss all these models applying them to ceramic foam filters and
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finally, develop a new model which should describe better the removal efficiency of

foam filters.

interception >» ._j:

Figure 5.11: Schematic representation of unit cell for foam filters [Acosta et al. 1995].

Particle deposition by interception occurs because particles are finite in size. If
all the forces acting on a particle in a fluid stream are negligible the particle will move
along with the streamlines as shown in Figure 5.11. It is assumed that for the melt, any
particle will be deposited that comes within one particle radius from the wall.
Consequently, only those particles sufficiently close to the pore surface will be collected
[Tien & Ramarao, 2007]. If we use the isolated sphere model (Figure 5.12) and assume
potential flow, the collision efficiency for the interception mechanism [Engh, 1992]

becomes:

3a
77iE = —_— (5'9)

Figure 5.12: Model of interception mechanism used by Engh [1992] and Tien &

Ramarao [2007] for the transfer of spherical particles to a spherical collector.
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Tien & Ramarao [2007] for creeping flow suggest that the single-collector
efficiency due to interception for the isolated sphere model is:

- =%N§ (5.10)

where Nr = dy/dq (d, is particle diameter = 2a, dg is grain (collector) diameter = 2R.

Tien & Ramarao [2007] also used the constricted-tube model to represent filter
media (Figure 5.13). The use of various geometries gives rise to different flow fields
within the unit collector. This difference may be important in the application of the
various geometries for the study of particle deposition in granular filters [Pendse &
Tien, 1982]. In the original formulation of Payatakes et al. [1973a], the wall geometry
of the constricted-tube is assumed to be parabolic. Fedkiew & Newman, [1977]
proposed the sinusoidal geometry while Venkatesan & Rajagopalan, [1980] the
hyperbolic geometry. Pendse & Tien [1982] estimated the flow field that corresponds to
three different tube configurations and their results showed that for all three
configurations the constricted-tube model give consistent values of 7. Moreover, 7; is
insensitive to minor variations of the flow field expressions [Pendse & Tien, 1982]. As

a result, for creeping flow, the collector efficiency for this mechanism is:
2
0 =N (i—%—'\'—ﬁ} (5.11)

where dc is the constriction diameter as shown in Figure 5.13 and d. is the

dimensionless constriction diameter defined as d./<dg> (or dw/D) [Pendse & Tien,
1982], [Tien & Ramarao, 2007].

atr DT -
p‘ ) o

Figure 5.13: Schematic representation of the interception mechanism in the constricted-

tube collector model [Tien & Ramarao, 2007].
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The other collision mechanism that may be important is gravity. Since the
particle density is different from that of the melt, inclusions will settle in the direction of
the net gravitational force [Tien & Ramarao, 2007]. The settling velocity, given by
Stokes’ law, is already discussed in Section 5.1.1. For the isolated sphere model, the

single-collector efficiency attributable to settling, 7, is:

uzR? u
SRV v (6.12)

S

where u, is the settling velocity of particles as given in Equation (2.9), v is the relative
velocity between the melt and collector [Engh, 1992], [Tien & Ramarao, 2007].
To estimate the velocity of the melt through the filter, v, we initially use the

following equation valid for a tube with inner radius R:

_Q
V=—s3 (5.13)

where Q is the volume rate of flow given by Hagen-Poiseuille law [Bird et al. 2007]:

7zR4APh

5.14
8H (5.14)

Q=

Knowing that AP, = pgAh and using Equation (2.20) for the pressure head, Ah, required
to fill a pore with diameter D, we get the expression for the relative velocity, v:

e R°AR, _ R® 40°cos¢  1Ro"cosd

_ _ 5.15
8uH  8uH pgD 074 uH (5.15)

where « and H are the viscosity of molten silicon and filter depth respectively. Using
the data given in Table 5.12 for the calculations of the velocity of molten silicon
through the 30 ppi SiC ceramic foam filter we get v = 8.67 m s™. The viscosity value
given in Table 5.12 is the average of the values reported in the literature by Sato et al.
[2003], Sasaki et al. [1995], Zhou et al. [2003] and Rhim & Ohsaka [2000].

135



Discussion

Table 5.12: The parameters used in calculations for filtration of molten silicon with

30ppi SiC ceramic foam filter.

Parameter Value
Mean filter pore diameter, D = 2R, (dg, dmax) 0.00206 [m]"
Mean filter window diameter, d, (dc) 0.00093 [m]"
Mean filter branch diameter, d, (%4, of D) 0.00020 [m]
Mean pore height, | 0.00184 [m]
Filter depth, H 0.026 [m]
Porosity of 30 ppi CFF, & 0.88"
Surface tension of molten Si, &' 0.80 [ m?]
Wetting angle of Sigy in SiC), 8 (cos 6) 38°(0.79)
Density of molten Si at m.p. 2570 [kg m™]
Viscosity of molten Si at m.p., u 7.0 x 10” [kg m™* s™]

" Data taken from Acosta et al. [1995].

The velocity calculated by Equation (5.15) is valid only for a straight round tube.

The friction factor, f, for flow in conduits is [Bird et al. 2007]:

f :E(R) AR (5.16)
4\ H ) oV
The velocity then can be written:
1D AR Y
v=|Z——"h (5.17)
2H pf

The Reynolds Number (Re) for our system is equal to 6.6 x 10* if we use v=8.7 ms*

(Re = Dvpol/u). For this value the friction factor is equal to 0.008 [Bird et al. 2007].
Using this value for friction factor in Equation (5.17) the melt velocity through the filter
becomes equal to 1.53 m s™. For our calculations we use the melt velocity value of 1.5
m s. The high value of melt velocity through the filter can be explained by the
capillary force. This force is basically described by two parameters: the radius of the
capillary (pore in our case) and the interfacial surface energies of the solid-liquid-gas
interface. The last parameter is characterized by the contact angle of molten silicon with

filter material. The contact angle value for Si-SiC system is 40° indicating good wetting
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(see Section 5.5). Therefore, it is good wetting of molten silicon with SiC filters that
enables the melt to run fast through the filter. However, a better way to calculate the
melt velocity through a ceramic foam filter should be found.

Table 5.13 gives calculated data on the collision efficiencies for interception and
sedimentation mechanisms for various particle sizes. This is carried out in order to

estimate the relative importance of each mechanism on removal of inclusions.

Table 5.13: Calculated data of ", i, 77, and 5, for various particle sizes.

T P

d [m] n 7 T, 73
1x10%@pm) 15x10° 35x107 46x10° 3.0x107
5x10°(Gum) 75x10° 88x10° 12x10* 7.6x10°
1x10°(@10um) 15x10? 35x10° 46x10* 3.0x10°
2x10°(20pm) 3.0x10% 14x10* 1.8x10° 1.2x10*
3x10°(30pum) 45x10° 32x10* 41x10° 28x10*
5x10°(50 pm) 7.5x10% 88x10* 1.1x10% 7.6x10®
1x10*(100 um) 1.5x10% 35x10° 41x10% 3.1x10°

The settling velocity of SiC particles is much smaller than the melt velocity
through the filter. This is the reason why the collision probability due to settling has
small values. Nevertheless, Table 5.13 shows that removal due to settling is comparable
to the collision probability due to interception for the isolated sphere model with
creeping flow. Therefore, removal probability by settling has to be considered. Taking
into account both mechanisms and assuming that they are independent of each other, the

total collision probability, 7, can be written:

=1+, (5.18)
Inserting Equation (5.8) into Equation (5.7) and for Az — 0 we obtain:
0= Eﬁtnasbc (5.19)
dz

which is a first order homogeneous differential equation. After integration over the filter
depth H we get:
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Ci — exp(-n7a,bH) (5.20)

This gives the filtration efficiency [Engh, 1992]:
E=1-"=1—exp(-na,bH) (5.21)

So far, there are three models described based on the constricted-tube
configuration and on the isolated sphere collector. The last one is used for the cases of
two different flow regimes, potential flow [Engh, 1992] and creeping flow [Tien &
Ramarao, 2007]. Based on Equation (5.21) the filtration efficiency that results from
each of these cases is discussed separately in the following paragraphs.

For the isolated sphere model the void fraction is & and the collector diameter is
2R. Hence, the specific surface area is [Engh, 1992]:

3(1-¢

%= (Re :

Finally, introducing the total removal probability for the isolated sphere model with

(5.22)

potential flow, 72" and knowing that for spheres b = ¥ we obtain:

sphere

3(3a u \(1-¢)
Epot. flow =l—exp| 2| =4 X _Z"/H 5.23
sphere p 4\ R v Re ( )

For the isolated sphere model with creeping flow the removal

efficiency, ES*- ™" "hecomes:

sphere

2 _
Eqrer. ™" =1—exp _3[3Ng U 1d=9) 5.24)
4\ 2 vV ) Re

The product asb can be written:

_ Surface area of collector _ Surface area in direction of flow

ab X
Volume of melt Surface area of collector

S

_ Surface area of collector g Volume of collector y Surface area in flow direction
Volume of collector Volume of melt Surface area of collector

(5.25)

For the constricted-tube model where the unit cell is a one-sheeted hyperboloid

a.b

S

the volume of collector is (see Figure 5.13):

138



Discussion

1 . d? d?
V, =gl (=4 o 5.26
h 372'(2 4) ( )

where | is the pore height and the porosity can be written:

Volume of melt

£ = (5.27)
Volume of melt + VVolume of collector
which then gives:
Volume of collector _ l-¢ (5.28)

Volume of melt £
After calculating the surface area in flow direction and replacing Equations
(5.26) and (5.28) in Equation (5.25) we have:

T2 2
Z(dmax_dc) l—¢
ab= X
1 ,(d> dZ &
A I
3 4 2
2 A2 _
or: asbzg (ddzmax d;)  1-¢ (5.29)
(2°+dnzmjl ¢
Now we can write the expression for filtration efficiency for this model:
3(4NZ 4NS Ni& u ) (d2,—d?) (1-¢)
Econs—tubez:l'_exrJ _E(T*;_T*SR_CI;S 7] H (530)

d—°2+d2 ls
2 max

The parameters used in the three models described above are employed for the 30 ppi

ceramic foam filter. Thus, dmax is equal to D, d. is equal to d,, and | is the pore height =
JD?—d? (see Figure 5.11 and 5.13). Table 5.12 summarizes the parameters used in the

calculations for the filtration efficiencies.

In the models described above the collectors of the particles are considered as
spheres and tubes. However, ceramic foam filters, as seen in Figure 5.14, do not consist
of spheres, tubes or empty pores as depicted in Figure 5.11. Looking closely at the
structure of the filter it seems to be reasonable to assume that the filter consists of many

small branches that form a network. These branches, which collect the particles, are
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considered as cylinders. For a cylinder with diameter d, (= 2Rp) and height L the stream
function for potential flow is [Bird et al. 2007]:

w(r,d)=v_sin H(r—RT"Z) (5.31)

where v, is the approach velocity of flow, r is the distance from the axis and & is the
polar angle. The curves w = constant are streamlines and for r = Ry, w = 0. The flow of
liquid towards the cylinder is 2L . Particles with radius a will collide with the branch if
they lie within a distance r = R, + a. The volume flow approaching the branch is

2v,.RpL. Thus, the collision probability due to interception, 7", is:

~==sing 5.32
R (5.32)

i

H 2
2Ly _2vas|ne(Rb+a_ R j 2a

"2URL  2vRL R, +a

For 6= n/2 — sin 8= 1, thus:

,_2a

. 5.33
; R (5.33)

Figure 5.14: View of a SiC ceramic foam filter used in filtration experiments (photo M.
Gaal).

According to Equation (5.25), the product asb can be written:
ab- 2Rb2L xl—g _ 2(l-¢)
TRL ¢ 7R,&

(5.34)

Finally, Equation (5.21) for this model becomes:
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nRle

E, :1—exp(—M Hj (5.35)
This time we do not need to consider the collision probability due to gravity as it is
much smaller than the interception.

All the four models are plotted in Figure 5.15 as filtration efficiency versus
particle size together with experimental results. The experimental data are given in
Table 5.14 and give the number size distribution of inclusions before and after filtration
with the 30 ppi SiC filter. Analysis of all the samples after filtration showed a very high
content of particles smaller than 10 um. By comparing it with that in silicon before
filtration we conclude that these particles are secondary inclusions created during
filtration experiments. Therefore the results for particles smaller than 10 um are not
plotted in the graph. As the Figure 5.15 shows, filtration efficiency given by Equation
(5.35) agrees reasonably well with the experimental results for particle sizes larger 2.5 x
10° m (25 pum). Engh [2009] argues that the model may be optimistic because it
considers the branches as lying perpendicular to the melt flow. Also the effect of the
boundary layer is neglected. A boundary layer reduces the filtration efficiency.
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Figure 5.15: Curves of filtration efficiencies versus particle size for various models and

experimental results.
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Table 5.14: Particle size distribution of inclusions before and after filtration with 30ppi SiC

filter in 1 cm? surface area.

(ragg;?im) F:?flfgtrign Exp.13 Exp.14 Exp.15 Exp.16 a1':\t/r|e erafrill' Efficiency

5x10° (0 - 10) 41 227 314 - - - -
15x10°(10-20) 43 1 37 5 7 12.5 0.71
2.5x10°(20-30) 26 0 0 0 5 1.25 0.95
3.5x10° (30-40) 12 0 0 0 2 0.5 0.96
45x10°(40-50) 4 0 0 0 0 0 1.00
55x10° (50-60) 5 0 0 0 0 0 1.00
6.5x10° (60-70) 4 0 0 0 0 0 1.00

A problem with this model is that it does not consider the presence of a
boundary layer on the cylinder walls. This layer is formed because the fluid in contact
with the filter walls must have zero velocity. Removal efficiency will depend on the
thickness of the boundary layer. For a cylinder of radius R, the boundary layer thickness
as given by Faber [1995] is:

R

0% (y)~11.6
(Z) Re

X(x) (5.36)

where Re is the Reynolds Number (= 2pRpV/ 1) and where

3 5
(&-cosy+3cos’ y—icos® y)

X ()= (5.37)

sin® y
y is the polar angle (0 < y < r). At y = 0 the boundary layer is zero and for small y it is
independent of . Figure 5.16 gives an idea of the boundary layer behavior. Beyond y =
115° its value is scarcely relevant because, normally before y reaches 115°, the
boundary layer is found in practice to separate from the cylinder. Since interception is
maximum at the equator (y = n/2) in potential flow, it is important to know the

boundary layer thickness here. Taking Ry = 1 x 10 m (¥, of the pore radius), y = 90°
and for Re = 1112, the boundary layer thickness is 5= 7.5 x 10°® m (7.5 um). Therefore,
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the removal efficiency for particles smaller than 7.5 um is smaller than what our model

predicts.

8=7.5pum

Figure 5.16: The boundary layer (lighted shaded area) with a thickness ¢ described by
Eq. (5.36) for flow past a cylinder with radius R.

5.4 Contamination of silicon from the crucible and the filter

The graphite crucible used in filtration may be a source of contamination of silicon.
Solid particles and various elements such as Al, Fe and C may enter the liquid silicon
during the filtration process creating inclusions and contaminating the silicon (see Figure
5.17). Pure graphite particles have been found inside the matrix of the silicon indicating that
molten silicon has torn off graphite particles from the crucible. The content of several
elements before and after filtration is shown in Figure 5.18 and Table 5.15. The SiC filters
used in the study contains 85% SiC with the rest being a binder mainly composed of Al,Os.
Thus, contamination from the filter may occur and alumina particles may find their way to

the filtered silicon.
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a) b)
Figure 5.17: Inclusions inside the filtered silicon. (a) Carbon inclusion; (b) Fe and Al.

Table 5.15: Impurities in silicon scrap before and after filtration with various filters

(GDMS analysis).
Element Before Cfilter  SiCfilter  SiCfilter  SiC filter

[mass ppm] filtration 10ppi 10ppi 20ppi 30ppi
P 0.089 5.042 0.356 0.449 0.540

Ca 0.842 45.115 0.114 0.602 12.356

Ti 0.018 - 0.009 0.090 0.616

Fe 0.267 2.094 0.273 1.328 27.037

Zr - 2.021 0.003 0.005 0.032

Mg 0.007 10.078 0.029 0.165 0.850

Al 1.244 168.431 0.468 14.267 38.874
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Figure 5.18: Plot of impurity data given in Table 5.16.

To study the contamination of silicon from the graphite crucible and the filter,
pure poly-crystalline silicon was filtered with a 30 ppi SiC filter. GDMS results are
given in Table 5.16.

Table 5.16: Impurity content in poly-crystalline silicon before and after filtration with
30ppi SiC filter (GDMS analysis).

Element Before After fil.
[mass ppm] filtration  10ppi SiC

P 0.025 0.531
Ca 0213 0229 % Br st

Ti 0.002 0.014 :

Fe 0.004 0830 5

zr 0.000 0006

Mg 0.016 0030 8 _
Al 0.148 2.359

Elements
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As can be seen from Figure 5.17, carbon filters introduce more impurities in
silicon than SiC filters. Contamination in silicon increases with increasing ppi number
(or decreasing filter pore size). This is due to the fact that residence time of silicon in
the filter increases with decreasing filter pore size. Therefore, impurities have more time
to diffuse into molten silicon.

The number of inclusions in silicon after filtration is more than in silicon scrap
before filtration (see Table 4.6). Almost 75% of these inclusions are SiC particles within
the size range 0 - 5 um. This leads to conclusion that molten silicon, in contact with the
graphite crucible is saturated with carbon. According to Dalaker & Tangstad [2008],
saturation of silicon with carbon is very fast, about 1 min. The dissolved carbon, after
cooling down of silicon, has precipitated as small SiC particles. This is confirmed from
filtration with the pure poly-crystalline silicon since large numbers of SiC particles
within that range are found after filtration of poly-crystalline silicon (see Figure 5.17).
Silicon samples after filtration are analyzed by LECO for the total carbon content.
Results are given in Table 5.17. Assuming that all the SiC particles in top-cut silicon
scrap are removed, then the total carbon content measured in silicon after filtration is
the carbon dissolved in molten silicon at 1414 - 1450°C. This is another way of
measuring solubility of carbon in silicon. Taking the average value from all
experiments, carbon solubility in top-cut scrap silicon scrap at 1414°C — 1450°C is

about 100 mass ppm according to this approach.

Table 5.17: Total carbon content in silicon after filtration (LECO-Analyzer).

Exp.6 Exp.7 Exp.8 Exp.9 Exp.15 Exp.16

10ppi 10ppi 10ppi 20 ppi 30ppi 30ppi
c 82 /83 /106 97 /98 /86 78 /102 /92 93 /76 /97 160 /99 /92 105 /98 /105
[mass ppm]
Average 90 94 91 89 150 103
STDV 14 7 12 11 47 4
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100 pm

Figure 5.17: Secondary SiC particles in pure poly-crystalline silicon after filtration with
a 30 ppi SiC filter.

5.5 Wetting and infiltration of silicon in graphite materials

As mentioned in the previous section, wetting of silicon with filter material is
important for the filtration process. Good wetting of filters by molten metal lowers,
removes or gives a negative pressure head and increases the adhesion of the inclusions
with the filter walls.

Wettability of silicon with refractories is another important factor that has to be
considered in metallurgical refining of silicon. The materials most frequently used to
date in contact with molten silicon are fused silica (commonly referred to as quartz) and
various carbons and graphites. The carbon and graphite is usually chosen because of
ease of machining, high temperature stability and moderate ease of purification. During
the preliminary filtration experiments, noted as NF1 to NF9 in Chapter 4, it was hard to
collect the filtered silicon in the copper bowl. Due to very good wetting of silicon with
the graphite, after flowing through the hole at the bottom of the crucible, the silicon did
not fall straight to the copper bowl. Instead, it leaked at the bottom surface of the
crucible and dripped outside afterwards. Dalaker [2008] have reported similar problems

due to good wettability of silicon with graphite materials. In his experiments, the molten
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silicon reached to the top of the crucible and dripped outside. In spite of these technical
problems, the main issue is the contamination of silicon by graphite materials.

Molten silicon is very corrosive, even to the point of being labeled a “universal
solvent”. A major problem with molten silicon contact materials is dissolution, which
results in detrimental levels of impurity contamination of the silicon and reaction to
form silicides. In order to avoid severe contamination, ideally inert refractories that are
not wetted by silicon should be used. However, in the absence of such materials, one
should try to minimize wetting and infiltration of molten silicon into the refractories.
Graphite crucibles are commonly used in silicon industry. As shown in Section 4.2.3
wetting and infiltration of silicon depend on the physical properties of materials and on
their surface finish. Here we discuss the results with the aim to gain more information
on wetting, spreading and infiltration of molten silicon on the graphite substrates.

The system C-Si is a reactive one [Dezellus et al. 2005], [Eustathopoulos, 1998].
Initially molten silicon does not wet carbon materials. The initial contact angles
measured in this study are approximately 120° as shown in Section 4.23. Several
researchers have reported even higher contact angles (~ 146°) [Dezellus et al. 2005], [Li
& Hausner, 1996]. As soon as silicon melts, it starts to react with C to form -SiC. The
contact angles decline with time and spreading of silicon on the graphite surface occurs.
In the end, a final value of wetting angle is reached often called equilibrium value.
Eustathopoulos [1998] claims that for reactive systems the Young’s equation for contact

angle can be written:

Pg Pl
CosS . =cos b, =L 7 (5.31)

o
where 6 is the final contact angle, & is the contact angle of the reaction product, ¢ is
the surface tension of liquid silicon, #° is the surface energy between the reaction
product (solid state) and gas phase, 7 is the surface energy between reaction product
(solid state) and liquid phase [Landry et al. 1997]. An example of an analogous to C-Si
system is CusSi alloy on vitreous carbon [Landry et al. 1996]. Pure copper does not wet
vitreous carbon (at 1150°, & = 137°), but a Cu — 40at.% Si alloy wets this surface very

well due to the formation of a continuous, submicron layer of SiC at the interface. In the

experiments with glassy (vitreous) carbon as substrate, the final contact angles are
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reported to be between 30 - 50° [Li & Hausner, 1996], [Whalen & Anderson, 1975],
[Dezellus et al. 2005]. These values agree with the contact angles of Si-BSiC system.
For Si-BSiC system the reported contact angles are around 40°.

For graphite materials (monocrystal, pyrolitic graphite, or polycrystalline
graphite), the equilibrium contact angle value should be the same as in the case of
glassy carbon because it is characteristic of the liquid silicon on SiC reaction product
layer. However, most studies in the literature performed with carbon materials report
equilibrium contact angles of between 5° and 35° [Li & Hausner, 1995, 1996], Dezellus
et al. 2005]. Our experimental values of & are in agreement with the reported values in
the literature. The contact angle values obtained for the graphites studied can be
explained by:

e the average roughness R, of the substrates that ranges from 0.06 um to 1.5 um.
High values of & are reported for low R,. Li & Hausner [1995] reported a
contact angle value of about 30° for R; = 0.005 um. For the graphite 1SO88 and
for a surface roughness of R, = 0.06 um, this value is 31°. Dezellus et al. [2005]
have reported a value of 8= 35° for R, = 0.005 pum.

e asseen in the results (Section 4.2.3) and reported in the literature [Li & Hausner,
1995, 1996], [Zhou & Singh, 1995], [Deike & Schwerdtfeger, 1995], [Dezellus
et al. 2005] liquid silicon infiltrates the substrates thereby decreasing the volume
of liquid silicon remaining above the surface. Therefore, in this case, receding

rather than advancing contact angles are measured.

Graphite materials are characterized by high porosity. Liquid silicon penetrates
into the graphite and reacts to form silicon carbide in the pores. Li & Hausner [1995]
argue that the open porosity is the main difference between graphites. According to
them, this difference is reflected in the depths of penetration which is ~1000 um in a
graphite with 11% porosity and ~200 um in a graphite with 8% porosity. Results here
show that even in graphite with high porosity, such as 1SO88 (porosity = 12.1%)
infiltration depth is relatively low, about 350 um. Leipold et al. [1980] suggests that it is
necessary to use polycrystalline graphite with a density greater than 1750 kg m™ to
prevent infiltration of the silicon into the graphite pores. Results here indicate no clear
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dependence of substrate density with infiltration depth. Infiltration happens to occur
also for substrate 1G11 which has a density of 1742 kg m™. The main factor that seems
to affect infiltration depth of silicon in graphite materials is the average pore size (see
Figure 4.35). For the graphites with both high average pore size and high values of R,,
final contact angles & = 0 are measured. In these cases, all the silicon on top of the
substrate penetrated into the graphite material.

Singh & Behrendt [1992] argue that the infiltration depth depends not only on
the physical properties of the graphite materials but also on the wetting behavior of the
molten silicon. Since the surface roughness is the main actor that affects the wettability
of the molten silicon on carbon materials, then, one would expect it to affect the
infiltration depth too. The graphs in Figure 4.38 show the variation of the infiltration
depth with the surface roughness. For the graphite SICB, it is clear that the infiltration
depth increases with increasing surface roughness. Results published by Li & Hausner
[1995] (see Figure 2.21) show that the infiltration depth does not depend on the final
contact angle.

At the interface between the graphite and the silicon the formation of the silicon
carbide crystals began immediately after melting the silicon. For short reaction times,
up to 20 min, the silicon carbide crystals grow nonuniformly in the form of islands. The
silicon carbide formed in contact with graphite is present in two different morphologies
[Deike & Schwerdtfeger, 1995].

e One form exists at the interface with graphite and within the pores of the
graphite. The silicon carbide particles are very fine and intimately associated
with silicon.

e The other form is found at the interface with the liquid silicon. Here, compact
and large silicon carbide crystals are formed. Individual crystals may reach far
into the silicon, or may even seem to be free, being surrounded completely by
the silicon phase. Often, there are spaces between neighboring crystals filled
with silicon [Deike & Schwerdtfeger, 1995].

Observations of the substrates after wetting experiments agree well with the reported
results. Figure 4.41-b shows the morphology of the reaction formed SiC layer.
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A full understanding of the reaction kinetics and mechanisms is important.
However, there are only a few published data on the reaction Kinetics, and the
mechanisms are still far from being well understood. Fitzer & Gadow [1983] proposed a
diffusion mechanism and derived a mathematical model to describe the rate of growth
of SiC, which was based on the various mass transfer processes, such as mass transfer
through the boundary layer in molten silicon, diffusion across the solid SiC layer, and
reaction at the SiC/Si interface.

Spreading of silicon droplets on the carbon surface is reported by several authors
[Eustathopoulos, 1998], [Eustathopoulos et al, 1999], [Dezellus et al. 2005]. For the Si-
C system, chemical Kinetics at the triple line should be rate-limiting because diffusion
within the droplet is comparatively rapid [Eustathopoulos et al, 1999]. If the reaction
does not change the global drop composition significantly so that the environment of the
triple line is constant with time and if steady-state is established at the triple line during
wetting, then the rate of reaction U (8) and hence the triple line velocity are constant
with time [Landry et al. 1996], [Dezellus et al. 1998]. This appears to be the case for the
Si-C system [Dezellus et al. 1998], [Dezellus et al. 2005]. According to Dezellus et al.
[2005] the spreading rate varies roughly as the cosine of the instantaneous contact angle

with opposite sign:

Uy (3 (coso, -
%_kw(ﬂ) (cos 6, —cos6) (5.32)

where F(#)is a function of #and ky a kinetic constant related to the process of carbon
atom transfer occurring at the C/Si interface. Figure 518 gives two experiments for the
spreading rate U divided by F(&) versus the cosine of the contact angle for liquid
silicon on glassy carbon at 1430°C.

The data agree with the linearity of predictions of Equation (5.32) in a wide
range of contact angles from & ~ 102° to 50°. Extrapolating to zero spreading rate gives
a & around 30°, which is in good agreement with the equilibrium contact angle values
measured for molten silicon on SiC. For graphite substrates this graphic representation

cannot be made because of the roughness effect and liquid infiltration.
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Figure 5.18: Experimental results of spreading rate U(#) divided by the
function F (&) versus the cosine of contact angle for two experiments performed with

liquid silicon on glassy carbon at 1430°C under vacuum [Dezellus, 2005].

Zhou & Singh [1995] placed emphasis on investigation of the reaction kinetics
and mechanisms in the Si-C reaction over a temperature range of 1430° to 1510°C.
They studied the reaction kinetics of liquid silicon with solid carbon using a variety of
carbon materials including polycrystalline graphite and glassy carbon. Reaction of
liquid Si with polycrystalline graphite showed that liquid silicon physically penetrated
into the pores of the graphite and reacted with the graphite. Once the surface pores of
the graphite were closed upon the formation of SiC, the penetration of liquid silicon
stopped, but the reaction carried on to make this layer grow due to the diffusion of
reactants through the reaction-formed SiC barrier layer. Obviously, two independent
processes of infiltration and reaction were involved in this reaction. In practice,
however, these two processes were not separable at the temperature of this study, which
made it impossible to study only the kinetics of the Si-C reaction. Therefore, the
graphite materials make it difficult to study the reaction kinetics [Eustathopoulos,
1998], Dezellus et al. [2005].

Glassy carbon plates, with a density of 1420 kg m™, were used by Zhou & Singh
[1995] as a carbon source for a kinetics study of reaction with pure Si melt. The
variation in the thickness of the reaction-formed SiC layer with exposure time is used as
a measure of the reaction kinetics. The continuous solid SiC layer formed on the carbon

surface prevents the molten silicon from directly contacting carbon. Therefore, either
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silicon or carbon has to diffuse through the SiC layer to sustain the reaction. Since the
reaction of carbon with the silicon melt proceeds extremely fast compared to the
diffusion in solid, the diffusion of the silicon and/or the carbon is considered to be the
rate-limiting step for the whole process. The growth rate of the continuous SiC layer

seems to obey a ¥, -power rate law for the reaction of glassy carbon with a pure Si melt.
The ¥, -power rate law can be expressed as:

5 — ktl/4
where Jis the average thickness of the continuous SiC layer, t is the reaction time, and k
Is a constant [Zhou & Singh, 1995]. In the temperature range of 1430° to 1510°C, k is

almost always equal to 3 for the Si-C system, which indicates that the temperature has

little influence on the reaction kinetics [Pampuch et al. 1986].
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Chapter 6

CONCLUSIONS

The goal of this study was to gain a deeper understanding of the removal of
inclusions from silicon. One aim was to allow metallurgical silicon to be refined to
feedstock for photovoltaics. Then, two different processes were considered: removal of
SiC by settling followed by directional solidification, and removal of SiC and SizNy4
particles by filtration with ceramic foam filters. Wetting was studied due to its

importance for filtration and in the use of graphite refractories in the PV industry.

Removal of SiC inclusions by settling; effect of pushing and engulfment

Settling is an effective way to remove SiC inclusions from molten silicon. The
number of inclusions in the middle of the ingots was less than in the bottom and top. A
light microscopic study showed a removal efficiency of above 96% in the middle part of
an ingot. The difference in density between the particles and the melt gives the SiC
particles a relatively high settling velocity leading to a high removal efficiency.

Directional solidification of silicon pushes the particles to the top of the ingot.
Even though the calculated critical velocity for engulfment of SiC particles in silicon is
higher than the SL interface velocity, some engulfment of the large particles takes place.

This may explain the presence of SiC particles in the middle of the ingot. Small SiC
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precipitates that form during and after solidification (secondary inclusions) were found
in the ingots.

Accumulation of impurities and solid particles ahead of SL interface will
increase the chances for engulfment and may even cause breakage of the interface. In
this case SiC particles could be entrapped between two solidification fronts. Therefore,
both engulfment and entrapment may occur leading to a high content of SiC particles in
the top 2 — 3 cm of the ingot.

Results from two ingots differ from each other by a factor 5 to 10, indicating the
need for further experiments. Investigation of removal by settling should be studied

separately from the pushing / engulfment process that takes place during casting.

Filtration of silicon with ceramic foam filters

The current study investigated the removal of inclusions from top-cut solar cell
silicon scrap by filtration with ceramic foam filters. Inclusions in top-cut solar cell
silicon scrap are needle-like SisN,4 particles and round SiC inclusions. A high filtration
efficiency of more than 99% for 30 ppi SiC filters is achieved. In filtration with 30 ppi
filters, no SizNy4 inclusions are found. The inclusions remaining are mainly SiC particles
smaller than 10 um. There are probably secondary inclusions formed during
solidification. Experiments show that the filtration efficiency increases with decreasing
filter pore size. Some filter cakes that mainly consist of large SisN4 inclusions are
found. They may entrap particles that come later by cake mode filtration. Since a high
pressure drop can not be provided, cake filtration is not an alternative. Therefore
inclusions must be removed by deep bed filtration. SisN4 inclusions and most SiC
particles attach directly to the inner walls of the filter and may even create bridges
around the filter material. They will then favor entrapment of other inclusions by the
filter.

Two mechanisms for the removal of inclusions by deep bed filtration are
investigated. The main mechanisms that play a role in deep bed filtration seem to be
interception and sedimentation (settling). Various models were considered to estimate
removal efficiency of foam filters by these mechanisms. They include the isolated
sphere model with potential flow and creeping flow, the constricted-tube model with

creeping flow and a novel one here named branch model with potential flow.
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The first conclusion that can be drawn after study of the models is that
interception seems to be the main removal mechanism of inclusions in silicon. Settling
appears to play a minor role for our system. It should be considered only in the isolated
sphere model with creeping flow and in the constricted-tube model. The reason for such
a weak affect of settling can be explained by the high melt velocity of molten silicon
inside the filter which results in a very small collision probability attributable to settling
(= ur/v). Due to the low wetting angle between molten metal and the filter material,
capillary forces drive the melt through the filter. Hence, good wetting of molten silicon
with SiC filters (6= 40°) is the reason for the high velocity.

Among the models treated in this thesis, the proposed branch model gives the
highest filtration efficiency, and agrees best with the experimental results. The single
sphere model and the constricted-tube do not seem to apply successfully to filtration
with high void fraction foam filters. The potential flow assumption is justified by the
high melt velocity through the filter. High melt velocity increases the Reynolds number
of the system which in turn decreases the boundary layer thickness thus approaching
potential flow case. Potential flow gives a high removal efficiency.

A boundary layer thickness of say 7.5 um will strongly reduce the removal
efficiency of particles with size < 7.5 um. It is desired to remove inclusions in solar cell

silicon down < 1 um. Smaller pore size filters should be used.

Wettability of molten silicon and contamination by graphite refractories

It is shown that molten silicon may be contaminated in contact with the
refractories. Since purity for solar cell silicon is crucial, contamination must be
minimized. Graphite crucibles may be a source of for relatively high levels of Al, Fe,
and P.

Spreading and infiltration of molten silicon into the graphite substrates was
investigated. Molten silicon does not initially wet carbon materials. However, due to the
chemical reaction between Si and C, a SiC layer is formed in the interface between
molten silicon and the graphite. Formation of this layer lowers the contact angles finally
reaching equilibrium wetting angles of molten silicon with SiC materials. Spreading of
molten silicon is affected not only by the reaction formed SiC layer, but also by the
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Conclusions

surface finish. The final contact angles, also called equilibrium contact angles, decrease
with increasing surface roughness of the graphites. For a smooth surface (R, < 0.1 pum)
the final contact angle is about 30° which is in agreement with the literature published.
As the surface becomes rougher, the final contact angle decreases down to 0°.
Infiltration of silicon into graphites is mainly attributed to the average pore size
of graphite materials. When molten silicon enters the pores, it reacts with carbon and
forms SiC. After a time this SiC layer will block the pore. Materials with large pores are
penetrated deeper by the liquid silicon. Zero contact angles of the silicon with graphites
are found in materials with both high surface roughness and large average pore size.
These results indicate that graphites for use in the PV industry should have a
small average pore size. The surface of the graphite in direct contact with silicon should

be smooth (low roughness).
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