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High purity natural quartz is used as raw material for the manufacture of quartz glass crucibles for solar-
grade silicon ingots production. One key challenge for cost-effective ingot pulling is to maximise the
ability of the crucible to withstand the process conditions (i.e., silicon load and temperature about 1500 °
C) without deformation. In order to improve this glass property, aluminium was coated into the raw
quartz materials. Our results showed that an addition of up to 1000 wt ppm Al substantially reduces
deformation of glass and improves viscosity at high temperatures. This is likely due to the reduction of
stability of OH groups in the quartz glass as well as a trapping effect of aluminium on oxygen vacancies.
This hypothesis is also supported by atomistic models. In the presence of Al, formation energies of
silanol groups (Si-O-H) were much higher than without. Furthermore, the presence of Al in the
structure significantly reduces mobility of the oxygen vacancies. It was also found that formation of
oxygen vacancies hinders cristobalite crystallisation, on the other hand, Al atoms themselves induce local
weakening of the Si—O bond which accelerates the kinetics of the reconstructive phase transition from

rsc.li/rsc-advances

Introduction

Quartz is one of the most abundant minerals in the earth's crust.
Nevertheless, it is rare to find high purity sources of this mineral.
Zoned pegmatite bodies are considered to have the lowest level of
metal lattice contaminants® and it is often a source of raw ore for
production of high purity quartz (HPQ) which is used in the
photovoltaic and semiconductors industry. Besides high purity of
ore, pegmatite bodies consist of other minerals, like feldspar and
mica, which need to be removed during several steps of pro-
cessing like flotation, sorting, magnetic separation, and leach-
ing.> Processed HPQ products with lattice metal impurities
content of about 20 wt ppm? are used for quartz fused crucibles,
which are then used for pulling monocrystalline silicon ingots for
photovoltaic application. Such a glass purity is needed to assure
the best long term mechanical stability of the crucible glass, as
well as good quality in terms of electrical properties of silicon
ingots. The costs of silicon ingot production are reduced by ‘hot
charging’ i.e. refilling of the crucible several times with hot/
molten silicon which places even longer working time require-
ments on crucibles in the hot zone. For instance, 24” diameter
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glassy state to crystalline phase. This was also confirmed experimentally in our study.

crucibles are often kept for 100 h at 1500 °C, while 32" diameter
crucibles may have a working life of more than 350 h.*

Hydroxyl groups (OH) and water inclusions are another type
of impurities in quartz structure. These groups are often present
at interfaces, in defects and in inclusions.>” The presence of
water inclusions is important since it can lead to reduction of
mechanical properties of fused crucibles by lowering the glass
viscosity. The structure of the glass is weakened by hydrolysis of
Si-O bonds."*"
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Often this “water weakening” is responsible for deformation
of crucibles (sagging) under the conditions required for the
pulling of silicon ingots.

The relationship between OH content and viscosity in fused
quartz and synthetic fused silica at 1200 °C was measured by*>
Kikuchi et al. They found that the viscosity () decreased with
increasing OH content according to the empirical eqn (1) where
a =12.30 and b = 0.0457 for the fused silica:

log(p) = a{l — bllog(Com)*} 0

Another challenge is that the presence of water or OH groups
in glass at high temperatures trigger formation of gasses. These
can contribute to the formation of bubbles, which often reduce
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Table 1 Elemental analysis data (concentrations in ppm with about 10% uncertainty) of the studied samples

Sample name Na K Li Al Ca Fe Ti Co Cr Cu Ni Mn B Mg
Al1000 1.3 0.3 0.4 1032 1.5 5.51 1.9 0.01 1.55 0.07 0.55 0.15 0.09 0.19
Al500 1.8 0.9 0.4 574 2.9 7.81 1.9 0.01 2.33 0.09 0.84 0.20 0.11 0.17
Al100 0.9 0.3 0.4 154 0.6 7.06 2.26 0.01 2.11 0.07 0.75 0.17 0.12 0.09
Al50 1.1 0.7 0.4 104 1.2 6.5 1.9 0.01 1.56 0.06 0.55 0.16 0.13 0.18
Al20 1.1 0.6 0.4 50 1.8 5.28 1.9 0.01 1.41 0.05 0.5 0.13 0.23 0.22
Reference 0.7 0.5 0.4 12 0.6 0.22 1.3 <0.01 <0.01 0.02 <0.01 0.01 <0.10 0.01

the quality of the silicon product due to the formation of defects
in silicon, as well as reducing the production yield.*>**

High purity of the glass significantly increases viscosity and,
thus, mechanical properties. However, it was also discovered that
the viscosity of the quartz glass could be increased by the intro-
duction of aluminium™ even at low concentrations. Furthermore,
other researchers pointed out that in ceramics and glass the ratio
between Al and alkaline metal cations also strongly correlates with
viscosity,">'® which was the highest when the ratio between Al and
Na was close to one. The authors suggested that the negative effect
of alkaline metal and hydrogen cations (breaking Si-O bonds) is
compensated by the presence of Al, i.e., the positive charge of Na
and H is compensated by negative charge of an AlO, cluster. In
addition Al reduces viscous flow by increasing « - relaxation
time.* This is attributed to higher flow activation energy when Al
is present. This results in a slower reorientation of these domains,
and thus an increased viscosity.

Furthermore, it was shown that aluminium ions trigger devit-
rification or crystallization of glass at high temperatures. When
heated, the crystal lattice breaks down into a melt and takes on the
random configuration of a liquid. However, when the glass is kept
at temperatures below melting point, the molecules crystallize
back into the same three-dimensional network in which they were
arranged before melting. It is shown in literature that this process
is relatively slow, however with the presence of a modifier, like
AL O3, ZrO, or K,O it could be significantly faster."”” On the other
hand, presence of oxygen vacancies may hinder devitrification.™

Besides experimental work, several modelling research
studies have been performed. For instance, Liu at al." showed
that small amounts of interstitial Al in the quartz network
increased the bond strength of the Si-O bonds, which would
imply a strengthening of the overall quartz network and thereby
a positive effect on the viscosity. However, it is not well estab-
lished whether Al resides as an interstitial or substitutional
impurity in the quartz network.

In this work, glass samples prepared with different aluminium
additions from 20 wt ppm up to 1000 wt ppm were investigated
using various methods such as softening point measurements and
viscometry. Furthermore, an atomistic model was developed to
predict the local interactions of aluminium within the quartz glass.

Experimental
Materials

Aluminium doped high purity quartz (HPQ) samples used in
this work were prepared at Glatt (Weimar, Germany) in
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cooperation with The Quartz Corp (Drag, Norway) by coating
with an aluminium precursor. Quartz sand used during the
coating has been produced at the TQC plant from ore origi-
nating from the Spruce Pine deposit, North Carolina, USA. In
order to obtain the required quality product (with purity about
99.998%), a series of controlled processing steps like crushing,
flotation, acid leaching, and thermal treatment were imple-
mented. Particle Size Distribution (PSD) of the product were:
D90 about 400 pum, D50 about 230 um and D10 120 um based on
laser diffraction.

The original quartz samples were doped with 5 different
levels of aluminium: 20 ppm, 50 ppm, 100 ppm, 500 ppm and
1000 ppm. The doped quartz has similar PSD as the original
pure quartz product. The trace element content determined by
inductively coupled plasma mass spectrometry (ICP-MS, Agilent
8900 QQQ) after dissolution in HF are shown in Table 1.

Glass samples were fused under vacuum as well as at near
atmospheric pressure. For vacuum fusion, a Nabertherm SVHT
09/20-W furnace at Krakow Institute of Technology in Poland
was used. The samples were fused in molybdenum crucibles at
1900 °C for 1 h. The same doped quartz was fused under inert
gas in the Motzfeldt furnace at The Quartz Corp production
facility at Drag, Norway. Molybdenum crucibles were filled up
with approximately 10 g of quartz sand. The hydrogen and
helium (1:10) mixture at 660 mbar pressure was used during
the fusion. The fusion process took about 35 minutes in total,
including the heating and the cooling. The fusion temperature
was around 2000 °C.

Methods

Fourier transform infrared (FTIR) spectroscopy. The
concentration of the OH groups was investigated using Fourier
transform infrared spectroscopy (FTIR). The experiments were
performed using a Vertex 80v spectrometer (Bruker) fitted with
a transmission stage. FTIR spectra were acquired by averaging
100 scans at 4 cm™ " wavenumber resolution using a liquid
nitrogen cooled Mercury Cadmium Telluride (MCT) detector.
Collected reflectance spectra measured at different tempera-
tures were divided by a reference spectrum of KBr powder (FT-IR
grade, Alfa Aesar) measured at room temperature. The baseline
of these normalised spectra was fitted with polynomial which
was then subtracted. Finally, the spectra were converted to
absorbance. For analysis absorbance spectra measured at room
temperature were used within the range between 4000 cm™ ' and
3000 cm ™ *. The integral intensities of OH peaks were calculated
using Fityk software.”®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SEM EDS. The samples were characterized by scanning
electron microscopy (SEM) using a Hitachi Model S-3400N.
Variable Pressure Scanning Electron Microscope
equipped with Oxford instruments EDS add-on.

Glass softening. The sessile drop furnace was designed to
observe the behaviour of the sample on a 10 mm diameter
substrate at high temperature up to 1800 °C. All the heated
furnace parts, including the element and heat shields, are
constructed of graphite, allowing both extremely fast and slow
heating in both an inert and separately a reducing atmosphere.

In the current work, the 5 x 5 x 5 mm cubic glass quartz
sample was placed on the graphite substrate (10 mm diameter
and 3 mm hight) and heated under Ar 0.1 nL. min ™" atmosphere
to 900 °C in about 3 min, then heated with a constant rate of
50 °C min~* to 1500 °C, and 5.5 °C min * further to 1750 °C,
and held until it is melted. Images were recorded and analysed
afterwards to determine the:

e Softening point

e Deformation rate

The softening point was defined as the temperature when
the corners of the analysed cubic glass started to round, while
the deformation rate was correlated to an edge curvature after
30 min of heat treatment at about 1750 °C (See Fig. 1).

Viscosity measurements. The surface of the viscosity
samples with cylindric or rectangular shape was sanded with
320 grit and/or 500 grit SiC paper on both surfaces. After
sanding, the samples were cleaned in an ultrasonic ethanol
bath.

The setup for viscosity measurements has been described
elsewhere.” It consists of an open-air furnace with an alumina
support upon which the sample is placed and heating elements
along two of the chamber's walls. The change in the position of
the indentation rod is measured and provides a quantification
of the penetration depth at 1500 °C. From room temperature to
1500 °C the heating rate was 400 °C h™" and at 1500 °C it is held
for 3 hours. The cool-down rate was about 300 °C h™" until it
reached 40 °C.

Viscosity was calculated using eqn (2):*

_ 2(1*1/)130 1
[ )

system

Fig. 1 Measurement of the deformation rate by determination of
edges curvature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where, vq in an indenter penetration velocity, v is Poisson's ratio
for quartz glass, kf denotes indenter coefficient, d is indenter
diameter, and u is glass viscosity.

Atomistic modelling. Atomistic modelling was performed to
gain more insight into the effects of Al impurities on the quartz
network. Calculations were performed with the VASP
software”* within the GGA approximation, using the PBEsol
exchange-correlation functional.® The electronic wave func-
tions were expanded using the projector augmented wave (PAW)
method with a plane wave energy cutoff of 550 eV. 2 x 2 x 2 72
atom crystalline quartz supercells were used and a 2 x 2 x 2
Gamma cantered k-point grid was used to sample the Brillouin
zone. Oxygen vacancy formation energies were calculated by

Eform = Evo — Estoich T Mo, Where uo where set to —5 eV.

Results and discussion
Samples preparation

The quartz sand samples were prepared by coating pure quartz
sand (NC4A type, The Quartz Corp, Norway) raw material.
During the formulation, sand particles were in contact with
steel parts of the equipment which caused contamination of the
samples. As shown in Table 1, the iron and chromium levels of
the coated samples were about 5-7 ppm and 1-2 ppm respec-
tively. These values are too high to meet specifications for using
this material for crucibles, since this will cause contamination
of the silicon during the Czochralski process. Nevertheless, this
contamination should not affect mechanical properties of glass
and it is sufficient for tests purposes.

Samples morphology after coating

The size and shape of the grains did not change substantially
after coating. The aluminium precursor covered all grains as
shown in SEM EDS map (Fig. 2). The coating did not affect
particle size distribution which was the same for modified and
quartz.

Al Kal

Fig. 2 SEM EDS image of sample Al1000.
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Fig. 3 SEM (left) and EDS (right) micrographs of sample Al1000
mounted in epoxy (the scale bar in both images is 1 um).

Every grain was covered with a layer of alumina precursor, as
shown in Fig. 3. In the SEM image the upper part is the resin
used to mount the sample, and lower part is quartz grain, and in
the middle, there is the coated layer. One can see in the EDS
image that aluminium precursor is homogenously distributed
in the layer.

Influence of Al concentration on glass properties

Properties of fused quartz glass samples. After fusion (in
vacuum and using helium/hydrogen mixture) all samples
formed transparent glass. There were no visual differences
between the samples. FTIR measurements however revealed
difference in the concentration of OH groups (Fig. 4).

The samples fused in vacuum showed negligible content of
OH groups, while samples melted in helium/hydrogen mixture
exhibited much higher concentration. Moreover, a clear trend
between OH content and Al level, Fig. 4B, was observed. In this
case hydroxyl concentration decreases with aluminium content.
This behaviour could be explained by the lowering of the
stability of OH groups when Al is present in the fused glass.
Atomistic modelling which supports this hypothesis is shown in
Section Role of OH groups on the Al doped quartz viscosity. The
discrepancy between the samples fused in helium/hydrogen
mixture and vacuum is likely related to much higher stability
of OH groups in the presence of hydrogen due to hindering of
the condensation reaction between Si-OH and Si-H groups in
which hydrogen is formed.

Role of Al on fused quartz viscosity. Viscosity of the samples
was measured from penetration depth of the alumina indenter
into the glass samples at 1500 °C (Fig. 5). The sample height, the
indenter diameter and weight were optimised in order to obtain
only partial penetration into the samples. In all cases the
measurements conditions were similar. The results show that
the penetration was highest for samples with no added
aluminium.

The corresponding viscosity results are shown in Fig. 6. It
has been shown that all aluminium doped samples showed
increased viscosity. Moreover, samples melted under vacuum
showed higher values compared to samples melted under an
H,/He atmosphere. This behaviour is likely related to a lower
concentration of OH groups in the glass when Al is present.
Nevertheless, samples melted under vacuum have very low
hydroxyl group content, and therefore the viscosity of all this

13672 | RSC Adv, 2024, 14, 13669-13675
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Fig. 4 FTIR spectra (A) and calculated OH content (B) in Al modified
fused samples. Short dashed line on (A) and black dot on (B) represents
sample Al 20 fused in vacuum.

series of samples should demonstrate higher viscosity than all
samples fused under the H,/He atmosphere if OH was the only
influencing factor. However, this is not the case. Another
explanation could be that the higher viscosity of Al doped
samples is caused in part by the trapping effect of oxygen
defects. According to Doremus,* viscosity of silica is related
strongly to mobility of the defects — therefore any trapping effect
of Al will substantially reduce that property and thus likely
viscosity. It should be also noted that viscosity is quite similar
for all doped samples, this means that even slight Al addition
results in substantial structural changes which lead to higher
viscosity. An atomistic modelling results related to oxygen
vacancies trapping phenomena is discussed in Section Role of
oxygen vacancies on the Al doped quartz viscosity.

10 mm

Fig. 5 Images of samples melted at vacuum (top) and at normal
pressure (bottom) after viscosity tests. From left: ref, Al20, Al100,
Al500.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Viscosity results of samples melted under vacuum and normal
conditions with different Al content.

After the viscosity tests formation of cristobalite was
observed on the exposed surfaces of the samples. The layer was
thickest in the sample with 500 ppm of Al doping, and thinnest
for 20 ppm and 50 ppm Al doping.

One explanation of this behaviour could be related to the
formation of oxygen vacancies in the glass. The presence of such
vacancies has been shown to hinder cristobalite formation.™®
Moreover, since aluminium also causes a local weakening of the
Si-O bond, this could accelerate the kinetics of the recon-
structive phase transition from glassy state to crystalline phase
in the case when the concentration of Al is larger than 100 ppm.

Influence of Al concentration on glass softening. In Fig. 7
screen shots from softening tests are presented.

When heating started, the sample was stable without any
changes until about 1450 °C when bubbles inside the glass
started to shrink (Fig. 7 top), and then at above 1500 °C cris-
tobalite started to form (Fig. 7 middle). When the temperature
reached about 1690 °C, samples started to soften and all the
cristobalite layer was melted (Fig. 7 bottom).

The edge deformation (radius) of the samples due to treat-
ment at 1744 °C for 30 min are presented in Fig. 8. The radius
correlates clearly with Al concentration as well as OH level in
glass. Samples with higher OH and/or lower Al content showed
smaller radius which means that they deformed more
substantially.

Deformation above the melting temperature of glass could
not be straightforwardly correlated with viscosity at 1500 °C,
however, similar correlation with the OH group content in the
glass was observed. These results are in line with previous
studies®*”*® and viscosity tests described in Section Role of Al on
fused quartz viscosity.

Modelling

Role of OH groups on the Al doped quartz viscosity. In order
to gain more insight into the possible mechanism by which Al
impurities affect the OH content, atomistic modelling by DFT
simulations was done. Substitutional Al (on Si site) was calcu-
lated to be more stable than interstitial Al, and therefore
imposed in the simulations.

The effect of Al on the hydrolysis of water to form OH groups
was then studied. Fig. 9 shows the energy difference of the
hydrolysis reaction in the presence of Al compared to in pure

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Screen shots from the softening experiments at 1450 °C (top),
at 1570 °C (middle) and at 1690 °C.

SiO, quartz. Three different sites are considered for the hydro-
lysis reaction relative to the Al atom. In the presence of Al, the
hydrolysis enthalpy is found to increase, implying that Al
impurities suppress the hydrolysis reaction. The increased
hydrolysis enthalpy in the presence of Al is found to be
a consequence of the effective negative charge associated with
the Al substitution. Since the Al defect is effectively negatively
charged [AlO,], it forms attractive electrostatic bonds with the
hydrogen in the water, reflected in an increased polarization of
the hydrogen. Thus Al, serves as a trapping site for the water.
This could explain the experimental observation that increased
Al concentration results in a decrease in the measured OH
concentration.

n

2

OH content [ppm]

Radius of circle [mm)]

0 100 200 300 400 500 600

Aluminium content [ppm]

Fig. 8 The deformation radius and OH group content vs. aluminium
concentration.
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Fig.9 Si—OH groups formation energy (a) of silica models (b) with and
without aluminium.

Based on viscosity results shown in Section Role of Al on
fused quartz viscosity, it seems that the OH level is not the only
factor that influences viscosity of doped glass.

At 1500 °C cristobalite is the thermodynamically stable
phase so there will be the thermodynamic driving force for
transition from glassy state to cristobalite. On an atomistic
level, this phase transition is reconstructive, which means that
to transform from the glassy state to cristobalite, Si-O bonds
must be broken and then re-formed in order for the crystalli-
zation to happen. Therefore, in this case the kinetic energy
barrier is related to breaking of Si-O bond.

The DFT simulations show that the presence of Al in the
quartz structure induces a local volume expansion with slight
elongation of the Si-O bonds. This is true regardless of whether
Al is in interstitial or substitutional position, although simula-
tions show that substitutional position is more favourable. This
is because Al is slightly larger than Si. The consequence of this
is a local weakening of the Si-O bonds. This weakening could
again speed up the kinetics of the reconstructive phase transi-
tion from glassy state to cristobalite.

Role of oxygen vacancies on the Al doped quartz viscosity.
Increased stability of oxygen vacancies close to Al dopants was
shown by atomistic modelling. In Fig. 10 formation energies of
oxygen vacancies in the silica structure are shown, in the

13674 | RSC Adv, 2024, 14, 13669-13675
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Fig.10 Formation energies (a) of oxygen vacancies in silica models (b)
with and without aluminium.

absence of Al and for different configurations in the presence of
one Al atom. In all various configurations, the presence of Al
reduces the vacancy formation energy, with most favourable site
in a nearest neighbour position. This means that it is preferable
for the vacancy in the presence of Al in the structure.

These findings are in line with experimental data from
literature'* where the authors showed correlation between the
oxygen vacancies as well as Al concentration and viscosity in
amorphous silica glass. They also match the observations made
in this work (see Fig. 5), since a low addition of Al hinders
cristobalite formation, which we observe in samples containing
20 ppm and 100 ppm of Al. However, samples with 500 ppm
have significantly thicker cristobalite layer than other samples
with lower Al content. In this case the mechanism described in
Section Influence of Al concentration on glass properties is
dominant.

Conclusions

In order to improve glass stability at silicon ingot pulling
conditions (i.e., silicon load and temperature about 1500 °C), an
aluminium precursor was coated into quartz raw materials. Our
results showed that an addition of up to 500 ppm Al substan-
tially increases viscosity of glass formed from the doped quartz

© 2024 The Author(s). Published by the Royal Society of Chemistry
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powder at high temperatures. The maximum viscosity was
reached at as low as 20 ppm of Al addition. This is likely due to
the reduction in stability of OH groups in the quartz glass, as
well as formation of trapped oxygen vacancies, which was
confirmed by atomistic modelling. Formation of oxygen
vacancies also hinders cristobalite crystallisation. On the other
hand, Al atoms themselves induce local weakening of the Si-O
bond which accelerates the kinetics of the reconstructive phase
transition from glassy state to crystalline phase. These two
opposing phenomena are observed in our results: Al content
below 500 ppm hinders crystallisation while higher concentra-
tions (e.g. 500 ppm) resulted in a thick cristobalite layer being
formed.

Our findings are an important step forward for the devel-
opment of new high strength crucibles for silicon solar cells
applications.
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