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CRUCIBLE AND METHOD FOR THE PRODUCTION OF A (NEAR ) MONOCRYSTALLINE
SEMICONDUCTOR INGOT.
[0001] FIELD OF THE INVENTION

The present invention generally relates to the production of semiconductor crystals, such as
silicon, for use in photovoltaic applications. In particular, it concerns a specific crucible suitable
for the production of monocrystalline or near-monocrystalline semiconductor ingots for the
production of semiconductor wafers, having a particularly advantageous cost to quality ratio.
[0002] BACKGROUND OF THE INVENTION

Semiconductor wafers, such as silicon, are widely used in photovoltaic applications to convert
photonic energy into electrical energy. Ideally, monocrystalline semiconductors, like
monocrystalline silicon (MCS) are used, yielding an electrical conversion ratio of the order of 18
19%. The production of semiconductor monocrystals is, however, rather slow and expensive,
typically using Czochralski drawing process. The Czochralski drawing process described e.g., in
EP18979786, US2011/214603, and WO2011/083529, consists of drawing and crystallizing an
ingot out of a pool of molten semiconductor. The drawing conditions must be strictly controlled
to minimize the formation of defects and, in particular, the drawing rate of the ingot must be very
low which increases the production cost beyond what the photovoltaic industry is ready to pay
for. Semiconductor wafers produced by the Czochralski drawing process are therefore generally
used in electronic applications and seldom in photovoltaic applications.

[0003] As described e.g., in US2007/0227189, FR-A1-2509638 or EP-A2-949358, a much
cheaper type of semiconductor wafer is polycrystalline, such as polycrystalline silicon (PCS),
generally produced using a Bridgman growth technique, wherein a pool of molten semiconductor
material contained in a crucible is cooled in a controlled manner to solidify the material from the
bottom of the crucible and moving up the crystal-liquid front towards the top of the crucible. To
carry out such process a crucible is positioned in an oven and filled with a semiconductor
feedstock. The oven is activated to melt the whole mass of feedstock. Heat is then extracted
through the bottom floor with a heat sink positioned below the crucible; generally the heat sink
comprises a gas flowing in pipes. By varying the gas flow rate, it is possible to control the heat
extraction rate from the feedstock. As the temperature within the feedstock layer in contact with
the floor reaches the crystallization temperature, crystals will start growing from the bottom floor
and extend upwards, as the crystallization front proceeds. A careful control of the heat flow and
adhesion of the ingot to the crucible side walls during the Bridgman process is required to
prevent generation of cracks in the ingot. For example, it is proposed in FR2509638 to provide
the crucible with a top layer consisting of a flexible fabric of ceramic fibres having a low heat
capacity, and able to receive directly a batch of molten silicon, such that the top layer can be
heated very rapidly to the silicon temperature upon contact with the latter. In EP949358, a
release top layer of sintered fused silica powder of size not more than 100 pm is provided on top

of a sintered coarse fused silica layer of particle size of 500 to 1500 pm, which readily releases
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from the latter upon shrinking of the crystallized ingot. Batches of up to 500 kg can be produced
using the Bridgman technique compared with about 100 kg batches with the Czochralski drawing
process. When the cost of polycrystalline semiconductor ingots produced by the Bridgman
technique is about a third of the one of monocrystalline ingots produced with the Czochralski
technique, the conversion ratios of about 14 16% obtained with polycrystalline wafers are quite
low compared with the ones obtained with monocrystalline wafers.
[0004] Recent studies have shown that monocrystalline or near monocrystalline semiconductor
ingots could be produced using the Bridgman technique by tiling the floor of a crucible with
monocrystalline seeds, which are a few millimetre to centimetre thick slabs of monocrystalline
semiconductor material, obtained e.g., by the Czochralski technique. Such results are presented
for example in FR2175594, W0O2010/005705, US2011/0146566, and US2010/0003183. The top
surface of the seeds, in contact with the feedstock, should melt with the latter. Heat must be
extracted from the bottom of the crucible before the bottom surface of the seeds starts melting,
so that a monocrystalline ingot may grow from the partially melted seeds, taking care to maintain
a stable solidification front as crystallization proceeds. The temperature profile within the
crucible must therefore be controlled very accurately.
[0005] A first limitation of the (near-) monocrystalline growth of a semiconductor ingot using a
Bridgman process is that, besides the unidirectional crystals, X|;, growing from the floor,
transverse crystals, X;, grow from the lateral walls of the crucible in a direction transverse to the
general growth direction of the monocrystal as illustrated in Figure 3(a). The length, t{, of these
transverse crystals may reach several cm, which may create defects in the adjacent
unidirectional crystal lattice and must be trimmed off the ingot and melted again as they are not
fit to be used for photovoltaic applications, to the detriment of the efficacy of the process. A
second limitation of such process is that the temperature profile required for carrying out the
crystallization relies on the temperature control of relatively large furnaces. In spite of
substantial progress made on the temperature control of such ovens, they still lack the accuracy
required for such delicate process.
[0006] The present invention proposes a solution for producing a (near) monocrystalline
semiconductor ingot by a Bridgman process with transverse crystals growing from the lateral
walls of the crucible of thickness substantially lower than henceforth achieved. The present
invention also allows compensating for unwanted, albeit unavoidable, temperature gradients
within a given furnace, such that a stable, convex crystallization front proceeds anyway. These
and other advantages of the present invention are presented in continuation.
[0007] SUMMARY OF THE INVENTION
The present invention is defined by the attached independent claims. The dependent claims
define preferred embodiments. |n particular, the present invention concerns a crucible for the
production of crystalline semiconducting material ingots, such as silicon, said crucible comprising
peripheral side walls and a floor at least a portion of said floor being coated with a top layer,

characterized in that, said top layer has a thickness, 8, of at least 500 um and in that, at a
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deformation temperature below 1400°C said top layer is plastically or viscously deformable.
[0008] The top layer may comprise one or more of silicon nitride (SigNy), sialon, silicon
oxynitride, siloxane, silazane, fused quartz or fused silica, synthetic silica, alumina, natural or
synthetic CaO-, SiOo-, AloO3-, MgO-, ZrOs-based ceramic materials in the form of:

- a low density layer, like a foam, of density preferably comprised between 0.3 and 1.6
g/cm?3, more preferably between 0.8 and 1.3 g/cm?, or

- particulate, such as non-woven fibres, hollow shells, nanoparticles, meso-spherous
particles.
[0009] Each of the foregoing materials preferably have an Fe content of less than 20 ppm ,
more preferably less than 5 ppm, most preferably less than 1 ppm. The density of the top layer
is preferably at least 20% lower than the density of the inner surfaces of the other walls defining
the inner volume of the crucible.
[0010] The top layer may comprise one layer only or, alternatively, it may comprise two, or
more layers of different materials. If there are several layers, it is preferred that the uppermost
layer is made of, or comprises silicon nitride (SigNy).
[0011] The top layer preferably has a thickness greater than 0.6 mm, preferably greater than
0.8 mm, more preferably greater than 1.0 mm, most preferably greater than 2.0 mm and has a
thickness of preferably not more than 20.0 mm, more preferably, not more than 10.0 mm, most
preferably, not more than 5.0 mm.
[0012] If the floor of the crucible joins the side walls thereof forming an edge having a radius, R,
then the thickness, 8, of the top layer is preferably larger than the radius, R, so that the floor may
be tiled with seeds forming a flat covering up to the very edges of the crucible.
[0013] The deformable top layer has the advantage of offering an optimal base for laying the
crystallization seeds. At least one crystallization seed can thus be impressed in the top layer.
Of course, it is preferred that the whole floor be covered with seeds, and at least two
crystallization seeds must then be impressed side by side in the top layer, with their top surfaces
being substantially co-planar. It is nearly impossible to ensure a homogeneous temperature
throughout the whole volume of an oven of the size required for carrying out a Bridgman process
industrially. For ensuring that the heat flow through the seeds and bottom floor of the crucible be
homogeneous in spite of the local temperature variations characterizing a given oven, it is
possible to locally use thinner or thicker seed plates to accelerate or slow down the heat flow
between the top surface of the seeds and the heat sink.
[0014] The seeds are preferably monocrystalline. It is possible, however, to use polycrystalline
seeds, having a particular grain orientation or size to form a polycrystalline ingot. The present
crucible is particularly suitable for growing silicon ingots.
[0015] The present invention also concerns a process for producing an oriented crystalline
semiconductor material ingot, preferably a mono- or near mono-crystalline ingot, comprising the
following steps:

- providing a crucible as discussed supra,
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- laying at least one crystallization seed onto the top layer;

- bringing the temperature of the top layer to the deformation temperature thereof;

- applying a pressure onto the at least one crystallization seed to impress it into the top
layer such that it sinks at least partially into the deformable top layer;

- filling the crucible with a load of semiconductor material feedstock;

- raising the temperature in the crucible to melt completely the feedstock and to melt the
top surface of the at least one crystallization seed;

- extracting heat through the floor of the crucible to prevent the bottom surface of the at
least one crystallization seed from melting and to initiate the oriented crystallization of the
feedstock.

[0016] The pressure to impress the at least one crystallization seed may be applied by the own
weight of the feedstock as temperature in the crucible is rising above the deformation
temperature. It is, however, preferred that the pressure be applied onto the at least one seed in
a controlled manner, preferably with an appropriate tool, ensuring that the final position of the
seed be reproducible. In particular, the pressure can be applied to the at least one crystallization
seed by controlling the length of a rigid vertical stem from a first end thereof contacting one
crystallization seed to a fixed point, such as the upper edge of the crucible, or any fixed point
inside or outside the crucible.

[0017] In practice, it is particularly preferred that the top layer covers the whole area of the
crucible floor, and that two or more crystallization seeds be tiled side by side to cover
substantially the whole area of the top layer. The two or more crystallization seeds should be
impressed onto the top layer such that their top layers be substantially coplanar.

[0018] As discussed above, in spite of the extensive studies for developing ovens capable of
controlling the heat flow quite accurately, the accuracy thus achieved is generally insufficient to
control the heat flow such as to obtain an optimal crystallization front shape and advancing rate.
To solve this problem, the process of the present invention, may further comprise the following
steps: (a) for a given furnace, the temperature distribution over the area of the top surface
of the at least two crystallization seeds is characterized during the heat extraction step;

(b) a mapping of hot and cold spots is established over the whole top surface area
of the seeds as a function of the position of each of the at least two crystallization seeds;

(c) the thickness of each of the at least two crystallization seeds is determined such
as to allow the homogenization of the temperature distribution over the whole top surface area of
the seeds during the heat extraction step in said furnace;

(d) tile the crucible floor with the at least two crystallization seeds of thus
determined thicknesses in their corresponding positions;

(e) load the crucible with a feedstock and carry out the necessary steps for melting
and crystallizing the feedstock to form an oriented crystalline semiconductor material ingot.
[0019] In a preferred embodiment of the process of the present invention, the one or more

crystallization seeds are silicon, preferably monocrystalline silicon, and the feedstock is
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composed of silicon and doping materials used in the production silicon ingots. The thus
obtained ingots can then be cut into wafers, which can then be further treated to produce solar
cells.
[0020] A crucible as discussed above may be manufactured by a process comprising the
following steps:

(a) manufacturing a crucible made of a silicon oxide based refractory material and
comprising a floor and side walls;

(b) optionally applying one or more coatings to the inner surfaces of the floor and/or
side walls of said crucible;

(c) applying to the floor by spraying, rolling, casting, brushing, or any combination
thereof, a top layer of thickness, 8, of at least 500 pm, said top layer being plastically or
viscously deformable at a deformation temperature below 1400 °C.

[0021] BRIEF DESCRIPTION OF THE FIGURES.

Various embodiments of the present invention are illustrated in the attached Figures.

Figure 1: shows schematically four steps of a process according to the present invention
for the crystallization of a semiconductor ingot.

Figure 2: shows schematically how to correct for temperature gradients within a given
oven, such as to obtain a desired temperature profile within the crucible,

Figure 3: schematically shows the crystalline structure, X;, growing transverse to a
unidirectional ingot from the side walls of a crucible (a) of the prior art, and (b) according to the
present invention.

Figure 4: schematically shows (a) a stress vs. strain curve typical of a plastically
deformable material, and (b) stress vs. strain rate curves typical of viscously deformable
materials.

[0022] DETAILED DESCRIPTION OF THE INVENTION

As can be seen in Figure 1(a), a crucible (1) according to the present invention is quite similar to
crucibles used in the art for growing (near-) monocrystalline ingots of e.g., silicon, using a
Bridgman technique. It comprises a bottom floor (1a), and side walls (1b) made of a silicon
oxide based refractory material, such as quartz. It may have a circular base, but it generally has
a square or rectangular base. The floor and sidewalls may comprise a coating as generally used
in the art of a few micrometer thick layer of, e.g., silicon nitride. The floor (1a) of the crucible
may be tiled with crystallization seeds (3) preferably covering substantially the whole area of said
floor. A crucible according to the present invention distinguishes itself from crucibles of the prior
art in that the floor (1a) comprises a top layer (2) having a thickness, 8, of at least 500 pm which,
as illustrated in Figure 1(b), is plastically or viscously deformable at or above a deformation
temperature, Tqeformation: SUch that the crystallization seeds (3) may be impressed, at least
partially sinking into the top layer (2) upon application of a pressure, P, there upon. The
deformation temperature shall be lower than 1400°C. The lower the deformation temperature,

the easier is the handling and positioning of the crystallization seeds, and it may perfectly well be
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[0023] As well known by the persons skilled in the art, a plastically deformable material is a
material undergoing irreversible deformation upon application of a load. This is to be opposed to
an elastic deformation which is reversible. Usually, plastic deformation occurs at loads higher
than the so called yield strength, oy, below which the deformation is generally elastic. An
example of stress (o) vs. strain (g) curve of a plastically deformable material is illustrated
schematically in Figure 4(a).

[0024] Viscous deformation, on the other hand, is the characterized by the relationship between
deformation and strain rate which is proportional to viscosity. As illustrated in Figure 4(b), the
viscosity, 1, may vary during deformation. When viscosity is independent of stress and strain
rate, like water, the fluid is said to be Newtonian. If the viscosity decreases with increasing stress
and strain rate, the material is said to be shear thinning or in some cases thixotropic, like
ketchup. On the contrary, when viscosity increases, the material is said to be shear thickening.
A Bingham plastic is a material that behaves as a solid at low stresses but flows as a viscous
fluid at high stresses. A viscously deformable top layer is herein meant to refer to a top coating
having a viscosity of at least 500 mPa.s, preferably at least 1 Pa.s, more preferably, at least 5
Pa.s, more preferably at least 20 Pa.s, wherein the viscosity is measured with parallel plates
rotating at 1 Hz at a temperature between the deformation temperature and 1400°C.

[0025] The top layer (2) may typically comprise one or more of silicon nitride (SigNy), fused
quartz or fused silica, synthetic silica, silica gel, alumina, natural or synthetic CaO-, SiO5-,
AloO3-, MgO-, ZrOo-based ceramic materials in the form of:

- a low density layer, like a foam, of density preferably comprised between 0.3 and 1.6
g/cm?3, more preferably between 0.8 and 1.3 g/cm?, and being most preferably of density at least
20% lower than the density of inner surfaces of the other walls defining the inner volume of the
crucible. Or

- particulate, such as non-woven fibres, hollow shells, nanoparticles.

[0026] The particulate material preferably comprises a binder to stabilize the coating. The
binder should preferably be deformable at low temperature, or be present in a low enough
amount such that the top layer may still yield as a crystallization seed is impressed thereupon.
The binder may itself be a foam or display a plastic, viscous or viscoelastic behaviour to yield
upon application of a pressure onto a crystallization seed. For example, the binder may be a
silica gel or colloidal silica. The material(s) of the top layer (2) should have an Fe content of less
than 20 ppm , more preferably less than 5 ppm, most preferably less than 1 ppm, as iron is
detrimental to the crystallization of most semiconductors, in particular silicon. The top layer (2)
may comprise several layers, the combination of layers forming a deformable top layer. For
example, it may have a base layer of silicon particles, or porous silica and a top layer of silicon
nitride (SigNy). For its advantageous properties in combination with silicon, it is preferred that
the uppermost layer comprise silicon nitride (SigNg).

[0027] The top layer (2) must have a thickness of at least 500 pm. It can of course have a
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greater thickness, such as a thickness greater than 0.6 mm, preferably greater than 0.8 mm,
more preferably greater than 1.0 mm, most preferably greater than 2.0 mm. For economical
reasons as well as for heat extraction efficacy, however, it is preferred that the top layer (2) have
a thickness of not more than 20.0 mm, more preferably, not more than 10.0 mm, most
preferably, not more than 5.0 mm.
[0028] A crystallization seed (3) is a plate of thickness of about 5 to 25 mm, preferably, 8 to 15
mm, more preferably 10 to 12 mm. A thinner seed is advantageous in terms of cost, in particular
if it is monocrystalline, and in terms of heat extraction rate. It is, however, more problematic to
control that the upper surface of the seed be molten, whilst not the bottom, as the thickness of
the seed decreases. The optimal thickness of the crystallization seeds for a given application
therefore depends on the skill of the operator, and on the equipment used.
[0029] By the process used to manufacture crucibles for growing semiconductor ingots and to
prevent the formation of high stress concentrations in the refractory material —for example
quartz, the floor (1a) normally joins the side walls (1b) of the crucible forming a radius, R, as
illustrated with reference number (1¢) in Figure 3. The radius, R, of the inner edges of a crucible
is generally of the order of 5 to 20 mm, particularly 8 to 15 mm. The crystallization seeds must
lie flat on the bottom floor (1a), and can therefore cover the floor only where it is flat.
Consequently, the perimeter formed by the tiled seeds must be separated from the side walls
(1b) by a distance at least equal to R (cf. Figure 3(a)). As heat is being evacuated through the
bottom floor, crystals, X, will grow upwards starting from the molten surface of the seeds (3),
but crystals, X;, will also grow sideward starting from the side walls (1b). The advancing thermal
front is controlled such as to have a flat or, preferably convex shape (cf. Figure 1(d)) which
promotes the growth of the vertical crystals, X|;, to the detriment of the lateral crystals, X;, but
the latter may still grow over a distance, t{, of a few centimetres, It follows that each lateral side
of an ingot must be trimmed over a few centimetres before cutting wafers therefrom, which
represents a serious limitation to the efficacy of the process.
[0030] |If the top layer (2) has a thickness, 8, greater than the radius, R, of the curved inner
edges (1c) of the crucible (1), the seeds (3) may cover substantially the whole area of the floor
(1a), quite close to, if not in contact with the side walls (1b) as illustrated in Figure 3(b). In these
conditions it has been observed that the size, to, of the lateral crystals, X;, was substantially
smaller than the crystals size, t4, obtained with prior art crucibles (compare Figures 3(a)&(b)).
The size reduction of the lateral crystals, X;, represents a substantial economy over the prior art
process, because the thickness an ingot must be trimmed is controlled by the largest of the
lateral crystals, X; and the amount of high value scrape material is reduced accordingly. It is
clear that the scrape material can be re-used as feedstock and melted again, but this process is
quite energy consuming.
[0031] As can be seen in Figure 3(b), the crystallization seeds (3) are impressed into the top
layer (2), i.e., it is partially embedded in the top layer (2). This has a first advantage in that the

planarity of the top surfaces of the tiled crystallization seeds (3) can be ensured easily by
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controlling the pressure applied thereon to impress the seeds into the top layer. The
smoothness of the floor (1a) of the crucible is therefore not so critical any more. |n prior art
crucibles, the seeds are laid directly onto the floor or on top of a thin coating, and any defect on
the floor affect the planarity of the seeds. The floor must therefore be machined and polished
quite finely, which is a labour and cost intensive operation. This operation is not necessary
anymore with a crucible of the present invention, which reduces substantially the cost thereof.
Another advantage of the top layer of the present invention, is that, contrary to the imperfect
contact between a seed and the refractory floor of a crucible, the contact between the seed and
top layer is quite intimate. The thermal conductivity is enhanced accordingly and the heat flow
rate obtained therewith can even be higher than the one obtained with a poorly polished floor, in
spite of the additional thickness of the top layer (2).
[0032] As illustrated in Figure 2(a) most Bridgman type apparatuses, comprising an oven and a
heat sink, cannot provide temperature profile homogeneity as accurate as required by the tight
crystallization conditions of the process. In Figure 2, the temperature at the surface of tiled
seeds is measured at five points, T1 T5, and schematically represented in the temperature-
position plot underneath. Because a given apparatus will have specific cold and hot spots, the
temperature profile at the top of the seeds is deformed and does not provide for optimal
crystallization conditions. The crystallization front separating (near) unidirectionally crystallized
material (5b) from the molten material (5a) is biased accordingly, creating defects in the crystal
lattice.
[0033] By using crystallization seeds (3) of varying thicknesses at places of differing
temperatures, it is possible to correct the temperature profile within the crucible and the shape of
the crystallization front, in spite of the oven/heat sink thermal inhomogeneity. As illustrated in
Figure 2(b), if a thicker seed (3) is used at locations T4 and T5, where the oven/heat sink
revealed a cold spot (cf. temperature-position plot of Figure 2(a) at positions T4&T5), the
cooling rate can be locally reduced at locations T4&T5 and the temperature measured at the top
surface of the seed at said locations can be levelled with the temperatures measured at
locations T1 and T2. Of course, instead of using a thicker seed to slow down the heat flow
across the seeds and crucible floor, it is also possible to use thinner seeds to increase the heat
flow to compensate for local hot spots. By levelling the temperature profile within the crucible,
the crystallization front is levelled too, so that a crystal with substantially less lattice defects can
be formed. The deformable top layer (2) permits to tile the floor (1b) with crystallization seeds of
different thicknesses and still forming a planar surface, by impressing the thicker seeds deeper
into the top layer than the thinner seeds. A planar top surface of the tiled seeds is preferred. It
is, however, not always possible, if the difference in thicknesses between two seeds is too large,
to compensate the thickness differences by varying the impressing depth. A difference of levels
of the top surfaces of the seeds is acceptable as long as they are parallel to each other. The
correction of the temperature front can still be achieved in these conditions. It is, however,

preferred that the top surfaces of the seeds be coplanar, in particular if the crystallization seeds



WO 2013/064626 PCT/EP2012/071711

10

15

20

25

30

35

are monocrystalline.

[0034] A (near-) monocrystalline ingot can therefore advantageously be produced with a
process according to the present invention comprising, as schematically illustrated in Figure 1,
the following steps:

(a) providing a crucible as discussed above, comprising on its floor (1a) a top layer
(2) of thickness, 8, of at least 500 pm and being plastically or viscously deformable at a
deformation temperature below 1400°C; it is preferred that the deformation temperature be lower
than 200 °C, more preferably lower than 100°C, more preferably around room temperature;

(b) laying at least one crystallization seed (3) onto the top layer (2) (cf. Figure 1(a));
it is much preferred that substantially the whole area of the crucible floor (1a) be tiled by at least
two crystallization seeds positioned side by side, with their top surfaces preferably substantially
parallel to each other, and more preferably coplanar;

(c) bringing the temperature of the top layer to the deformation temperature thereof;

(d) applying a pressure onto the at least one crystallization seed to impress it into
the top layer (2) such that it sinks at least partially into the deformable top layer (cf. Figure 1(b));

(e) filling the crucible with a load of semiconductor material feedstock;

(f) controlling the temperature in the crucible to ensure that the feedstock is
completely molten (5a) and the top surface only of the at least one crystallization seed is molten
too (cf. Figure 1(c)); furnaces specifically designed for a Bridgman process and provided with a
heat sink and accurate temperature control systems are available on the market;

(9) extracting heat through the floor of the crucible to prevent the bottom surface of
the at least one crystallization seed from melting and to initiate the oriented crystallization (5b) of
the feedstock (cf. Figure 1(d)).

[0035] The pressure in step (d) can be applied by simply putting weights on top of each
crystallization seed (3). This rather simple solution, however, does not permit to ensure that the
top surfaces of all the seeds are parallel to each other, let alone coplanar. Coplanarity can be
somehow improved —though not ensured— by first laying a plate on top of the whole surface
tiled by the crystallization seeds, and apply thereupon a pressure, e.g., by weights. This
solution, however, cannot be applied in case seeds of different thicknesses lie on a top layer (2)
of thickness insufficient for absorbing the differences in thicknesses of the seeds. In a preferred
embodiment, a levelling device is used to impress the crystallization seeds into the top layer.
The levelling device can be fixed to the upper edges of the crucible, or can be mounted on a
frame comprising a receiving portion for accommodating a crucible. The levelling device
preferably comprises as many stems as there are crystallization seeds, and are mounted such
as to contact the centre of each seed. The contacting end of each stem is preferably provided
with a planar plate extending normal to the stem and of smaller or same dimensions as the
seeds. The stems with their contact plates can be moved with accuracy along the vertical
direction with e.g., a threaded system. Pressure can be applied to each seed by controlling the

length of each stem (position control) or by controlling the force applied by each stem, such as
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with a helicoidal spring or other resilient means.
[0036] To account for any temperature inhomogeneity in a given furnace + heat sink system
used to control the temperature within a crucible, the following steps can be carried out:

for a given furnace, the temperature distribution over the area of the top surface of the at
least two crystallization seeds is characterized during the heat extraction step; this can be done
either by placing a number of thermocouples at different spots of the top surface of the seeds (cf.
Figure 2(a), bottom plot), or alternatively with an infrared camera;

- a mapping of hot and cold spots is established over the whole top surface area of the
seeds as a function of the position of each of the at least two crystallization seeds; the mapping
may include various stages of the cooling step, as the heat sink is activated at different rates of
heat extraction;

- the thickness of each of the at least two crystallization seeds is determined such as to
allow the homogenization of the temperature distribution over the whole top surface area of the
seeds during the heat extraction step in said furnace; this can easily be calculated approximately
taking account of the heat conductivity and dimensions of each material or, more accurately, by
finite element modelling (fem);

- tile the crucible floor (1a) with the at least two crystallization seeds of thus determined
thicknesses in their corresponding positions;

- load the crucible with a feedstock and carry out the necessary steps for melting and
then crystallizing the feedstock to form an oriented crystalline semiconductor material ingot as
discussed above and illustrated in Figures 1(d) and 2(b).

[0037] A crucible according to the present invention can be manufactured easily by a person
skilled in the art, as it suffices to:

- manufacture a crucible made of a silicon oxide based refractory material and
comprising a floor (1a) and side walls (1b), in a conventional manner;

- optionally apply one or more coatings to the inner surfaces of the floor (1a) and/or side
walls (1b) of said crucible, as known by a person skilled in the art; and

- apply to the floor (1a) by spraying, rolling, casting, brushing, or any combination
thereof, a top layer (2) of thickness, 8, of at least 500 um, said top layer being plastically or
viscously deformable at a deformation temperature below 1400 °C.

[0038] The application of a top layer (2), though novel, can easily be carried out by a person

skilled in the art.
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11

Crucible (1) for the production of crystalline semiconducting material ingots, such as
silicon, said crucible comprising peripheral side walls (1b) and a floor (1a) at least a
portion of said floor being coated with a top layer (2), characterized in that, said top layer
(2) has a thickness, 8, of at least 500 pm and in that, at a deformation temperature

below 1400°C said top layer is plastically or viscously deformable.

Crucible according to claim 1, wherein the top layer (2) comprises one or more of silicon
nitride (SigNy), sialon, silicon oxynitride, siloxane, silazane, fused quartz or fused silica,
synthetic silica, alumina, natural or synthetic CaO-, SiOo-, AloO3-, MgO-, ZrOo-based
ceramic materials in the form of:

- a low density layer, like a foam, of density preferably comprised between 0.3 and 1.6
g/cm?3, more preferably between 0.8 and 1.3 g/cm?, or

- particulate, such as non-woven fibres, hollow shells, nanoparticles, meso-spherous
particles,

each of the foregoing materials preferably having an Fe content of less than 20 ppm ,

more preferably less than 5 ppm, most preferably less than 1 ppm.

Crucible according to the preceding claim, wherein the top layer comprises at least two

layers of different materials, the uppermost layer being preferably made of silicon nitride
(SigNg)-

Crucible according to any of the preceding claims, wherein the density of the top layer
(2) is at least 20% lower than the density of the inner surfaces of the other walls defining

the inner volume of the crucible.

Crucible according to the preceding claim, wherein the floor (1a) joins the side walls (1b)
of the crucible forming a radius, R, and wherein the thickness, 8, of the top layer (2) is

larger than the radius, R.

Crucible according to any of the preceding claims, wherein at least one crystallization
seed (3) is impressed in the top layer (2) and preferably at least two crystallization seeds
(3) are impressed in the top layer (2), with their top surfaces being substantially co-

planar.

Crucible according to the preceding claim, wherein the at least two crystallization seeds
have a different thickness and are preferably silicon seeds, more preferably

monocrystalline silicon seeds.

Process for producing an oriented crystalline semiconductor material ingot comprising
the following steps:

- providing a crucible according to any of claims 1 to 7,
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- laying at least one crystallization seed (3) onto the top layer (2);
- bringing the temperature of the top layer to the deformation temperature thereof;
- applying a pressure onto the at least one crystallization seed to impress it into the top
layer (2) such that it sinks at least partially into the deformable top layer ;
- filling the crucible with a load of semiconductor material feedstock;
- controlling the temperature in the crucible to melt completely the feedstock and to melt
the top surface only of the at least one crystallization seed;
- extracting heat through the floor of the crucible to prevent the bottom surface of the at
least one crystallization seed from melting and to initiate the oriented crystallization of

the feedstock.

Process according to the preceding claim, wherein pressure is applied to the at least
one crystallization seed by controlling the length of a rigid vertical stem from a first end
thereof contacting one crystallization seed to a fixed point, such as the upper edge of the

crucible, or any fixed point inside or outside the crucible.

Process according to claim 8 or 9, wherein the top layer (2) covers the whole area of the
crucible floor (1a), and at least two crystallization seeds are tiled side by side to cover
substantially the whole area of the top layer (2), such that the top surfaces of said at

least two crystallization seeds are substantially coplanar.

Process according to the preceding claim, wherein,

- for a given furnace, the temperature distribution over the area of the top surface of the
at least two crystallization seeds is characterized during the heat extraction step;

- a mapping of hot and cold spots is established over the whole top surface area of the
seeds as a function of the position of each of the at least two crystallization seeds;

- the thickness of each of the at least two crystallization seeds is determined such as to
allow the homogenization of the temperature distribution over the whole top surface area
of the seeds during the heat extraction step in said furnace;

- tile the crucible floor (1a) with the at least two crystallization seeds of thus determined
thicknesses in their corresponding positions;

- load the crucible with a feedstock and carry out the necessary steps for melting and

crystallizing the feedstock to form an oriented crystalline semiconductor material ingot.

Process according to any of claims 8 to 11, wherein the one or more crystallization
seeds are monocrystalline and the ingot thus crystallized is substantially monocrystalline

or near monocrystalline.

Process according to any of claims 8 to 12, wherein the one or more crystallization
seeds are silicon, preferably monocrystalline silicon, and the feedstock is composed of
silicon and doping materials used in the production silicon ingots, and wherein the

crystalline silicon ingot thus obtained is further treated to produce solar cells.
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Process for manufacturing a crucible according to any of claims 1 to 7 comprising the
following steps:
- manufacturing a crucible made of a silicon oxide based refractory material and
comprising a floor (1a) and side walls (1b);
- optionally applying one or more coatings to the inner surfaces of the floor (1a) and/or
side walls (1b) of said crucible;
- applying to the floor (1a) by spraying, rolling, casting, brushing, or any combination
thereof, a top layer (2) of thickness, 8, of at least 500 um, said top layer being plastically

or viscously deformable at a deformation temperature below 1400 °C.



