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SHEET THICKNESS CONTROL

Field

This invention relates to sheet formation from a melt and, more particularly, to

reducing the thickness of a sheet formed from a melt.
Background

Silicon wafers or sheets may be used in, for example, the integrated circuit or solar
cell industry. Demand for solar cells continues to increase as the demand for renewable
energy sources increases. There are two types of solar cells: silicon and thin film. The
majority of solar cells are made from silicon wafers, such as single crystal silicon wafers.
Currently, @ major cost of a crystalline silicon solar cell is the wafer on which the solar cell
is made. The efficiency of the solar cell, or the amount of power produced under standard
illumination, is limited, in part, by the quality of this wafer. As the demand for solar cells
increases, one goal of the solar cell industry is to lower the cost/power ratio. Any reduction
in the cost of manufacturing a wafer without decreasing quality will lower the cost/power
ratio and enable the wider availability of this clean energy technology.

The highest efficiency silicon solar cells may have an efficiency of greater than 20%.
These are made using electronics-grade monocrystalline silicon wafers. Such wafers may
be made by sawing thin slices from a monocrystalline silicon cylindrical boule grown using
the Czochralski method. These slices may be less than 200 pm thick. To maintain single
crystal growth, the boule must be grown slowly, such as less than 10 um/s, from a crucible
containing a melt. The subsequent sawing process leads to approximately 200 ym of kerf
loss, or loss due to the width of a saw blade, per wafer. The cylindrical boule or wafer also
may need to be squared off to make a square solar cell. Both the squaring and kerf losses
lead to material waste and increased material costs. As solar cells become thinner, the
percent of silicon waste per cut increases. Limits to ingot slicing technology may hinder
the ability to obtain thinner solar cells.

Other solar cells are made using wafers sawed from polycrystalline silicon ingots.
Polycrystaliine silicon ingots may be grown faster than monocrystalline silicon. However,
the quality of the resulting wafers is lower because there are more defects and grain
boundaries and this lower quality results in lower efficiency solar cells. The sawing process
for a polycrystalline silicon ingot is as inefficient as a monocrystatline silicon ingot or boule.

Another solution that may reduce silicon waste is cleaving a wafer from a silicon
ingot after ion implantation. For example, hydrogen, helium, or other noble gas ions are
implanted beneath the surface of the silicon ingot to form an implanted region. This is
followed by a thermal, physical, or chemical treatment to cleave the wafer from the ingot

along this implanted region. While cleaving through ion implantation can produce wafers
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without kerf losses, it has yet to be proven that this method can be employed to produce
silicon wafers economically.

Yet another solution is to pull a thin ribbon of silicon vertically from a melt and then
allow the pulled silicon to cool and solidify into a sheet. The pull rate of this method may
be limited to less than approximately 18 mm/minute. The removed latent heat during
cooling and solidifying of the silicon must be removed along the vertical ribbon. This
results in a large temperature gradient along the ribbon. This temperature gradient
stresses the crystalline siticon ribbon and may result in poor guality multi-grain silicon. The
width and thickness of the ribbon also may be limited due to this temperature gradient.
For example, the width may be limited to less than 80 mm and the thickness may be
limited to 180 um.

Horizontal ribbons of silicon that are physically pulied from a melt also have been
tested. In one method, a seed attached to a rod is inserted into the melt and the rod and
resulting sheet are pulied at a low angle over the edge of the crucible. The angle and
surface tension are balanced to prevent the melt from spilling over the crucible. Itis
difficult, however, to initiate and control such a pulling process. Access must be given to
the crucible and melt to insert the seed, which may result in heat loss. Additional heat may
be added to the crucible to compensate for this heat loss. This additional heat may cause
vertical temperature gradients in the melt that may cause non-laminar fluid flow. Also, a
possibly difficult angle of inclination adjustment to balance gravity and surface tension of
the meniscus formed at the crucible edge must be performed. Furthermore, since heat is
being removed at the separation point of the sheet and melt, there is a sudden change
between heat being removed as latent heat and heat being removed as sensible heat.
This may cause a large temperature gradient along the ribbon at this separation point and
may cause dislocations in the crystal. Dislocations and warping may oceur due to these
temperature gradients along the sheet.

Production of thin sheets separated horizontally from a melt, such as by using a
spillway, has not been performed. Producing sheets horizontally from a melt by separation
may be less expensive than silicon sliced from an ingot and may eliminate kerf loss or loss
due to squaring. Sheets produced horizontally from a melt by separation also may be less
expensive than silicon cleaved from an ingot using hydrogen ions or other pulled silicon
ribbon methods. Furthermore, separating a sheet horizontally from a meit may improve
the crystal quality of the sheet compared to pulled ribbons. A crystal growth method such
as this that can reduce material costs would be a major enabling step to reduce the cost of
siticon solar cells. The sheet, however, may be of an incorrect thickness or may have

impurities or solutes included within its crystal lattice. Accordingly, there is a need in the
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art for an improved method of sheet formation from a melt and, more particularly, a
method of reducing the thickness of a sheet formed from a melt.
Summary

According to a first aspect of the invention, a method of forming a sheet is provided.
The method comprises cooling a melt of a material and forming the sheet of the material in
the melt. The shest has a first thickness. The sheet is thinned from the first thickness to a
second thickness. The second thickness is smaller than the first thickness.

According to a second aspect of the invention, an apparatus for forming a sheet is
provided. The apparatus comprises a vessel defining a channel configured to hold a melt
of a material. A cooling plate is disposed proximate the melt. The cooling plate is
configured to form the sheet of the material on the melt. The apparatus alsoc has a
radiative heater.

According to a third aspect of the invention, method of forming a sheet is provided.
The method comprises cooling a melt of a material in a first stage. The cooling in the first
stage has a first parameter. A first layer of the sheet of the material is formed in the melt.
The first layer of the sheet has a first thickness and a first solute concentration. The melt
is cooled in a second stage. The cooling in the second stage has a second parameter
different from the first parameter. The sheet is increased from a first thickness to a
second thickness and a second layer of the sheet is formed. The second layer between the
first thickness and the second thickness has a second solute concentration higher than
the first solute concentration. The sheet is thinned from the second thickness to the first
thickness.

Brief Description of the Drawings
For a better understanding of the present disclosure, reference is made to the

accompanying drawings, which are incorporated herein by reference and in which:

FIG. 1 is a cross-sectional side view of an embodiment of an apparatus that
separates a sheet from a melt;

FIG. 2 is a cross-sectional side view of an embodiment of an apparatus that pulls a
sheet from a melt;

FIG. 3 is a cross-sectional side view of thinning within a melt using the apparatus of
FIG. 1;

FIG. 4 is a cross-sectional side view of thinning within a melt using the apparatus of
FIG. 2;

FIG. 5 is a cross-sectional side view of thinning with a heater using the apparatus of

FIG. 1;
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FIG. 6 is a cross-sectional side view of thinning with a heater using the apparatus of
FIG. 2;

FIG. 7 represents a concentration profile over time in the melt and solid near the
sheet-melt interface;

FIG. 8 is a cross-sectional side view of thinning and purification using the
apparatus of FIG. 1;

FIG. 9 is a cross-sectional side view of thinning and purification using the
apparatus of FIG. 2;

FIG. 10 is a cross-sectional side view of capturing impurities during sheet growth;

and

FIG. 11 is a cross-sectional view of heating a sheet.
Detailed Description

The embodiments of the apparatus and methods herein are described in
connection with solar cells. However, these also may be used to produce, for example,
integrated circuits, fiat panels, or other substrates known to those skilled in the art.
Furthermore, while the melt is desctibed herein as being silicon, the melt may contain
germanium, silicon and germanium, gallium, gallium nitride, other semiconductor materials,
or other materials known to those skilled in the art. Thus, the invention is not limited to the
specific embodiments described below,

FIG. 1 is a cross-sectional side view of an embodiment of an apparatus that
separates a sheet from a melt. The sheet-forming apparatus 21 has a vessel 16 and
panels 15 and 20. The vessel 16 and panels 15 and 20 may be, for example, tungsten,
boron nitride, aluminum nitride, molybdenum, graphite, silicon carbide, or quartz. The
vessel 16 is configured to contain a melt 10. The melt 10 may be silicon. The melt 10
may be replenished through the feed 11 in one embodiment. The feed 11 may contain
solid silicon. The melt 10 may be pumped into the vessel 16 in another embodiment. A
sheet 13 will be formed on the melt 10. In one instance, the sheet 13 will at least partly
float within the melt 10. While the sheet 13 is illustrated in FIG. 1 as floating in the melt
10, the sheet 13 may be at least partially submerged in the melt 10 or may float on top of
the melt 10. In one instance, only 10% of the sheet 13 protrudes from above the top of
the melt 10. The melt 10 may circulate within the apparatus 21.

This vessel 16 defines at least one channel 17. This channel 17 is configured to
hold the melt 10 and the melt 10 flows from a first point 18 to a second point 19 of the
channel 17. In one instance, the environment within the channetf 17 is stili to prevent
ripples in the melt 10. The melt 10 may flow due to, for example, a pressure difference,

gravity, a magnetohydrodynamic drive, a screw pump, an impeller pump, a wheel, or other
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methods of transport. The melt 10 then flows over the spillway 12. This spillway 12 may
be a ramp, a weir, a small dam, or a corner and is not limited to the embodiment iliustrated
in FIG. 1. The spillway 12 may be any shape that allows a sheet 13 to be separated from
the meit 10.

The panel 15 is configured in this particular embodiment to extend in part below
the surface of the melt 10. This may prevent waves or ripples from disturbing the sheet 13
as it forms on the melt 10. These waves or ripples may form due to addition of meit
material from the feed 11, pumping, or other causes known to those skilled in the art.

In one particular embodiment, the vessel 16 and panels 15 and 20 may be
maintained at a temperature slightly above approximately 1687 K. For silicon, 1687 K
represents the freezing temperature or interface temperature. By maintaining the
temperature of the vessel 16 and panels 15 and 20 to slightly above the freezing
temperature of the meit 10, the cooling plate 14 may function using radiation cooling to
obtain the desired freezing rate of the sheet 13 on or in the melt 10. The cooling plate 14
in this particular embodiment is composed of a single segment or section but may include
multiple segments or sections in another embodiment. The bottom of the channel 17 may
be heated above the melting temperature of the melt 10 to create a small vertical
temperature gradient in the melt 10 at the interface to prevent constitutional supercooling
or the formation of dendrites, or branching projections, on the sheet 13. However, the
vessel 16 and panels 15 and 20 may be any temperature above the melting temperature
of the melt 10. This prevents the melt 10 from solidifying on the vessel 16 and panels 15
and 20.

The apparatus 21 may be maintained at a temperature slightly above the freezing
temperature of the melt 10 by at least partially or totally enclosing the apparatus 21 within
an enclosure. If the enclosure maintains the apparatus 21 at a temperature above the
freezing temperature of the melt 10, the need to heat the apparatus 21 may be avoided or
reduced and heaters in or around the enclosure may compensate for any heat loss. This
enclosure may be isothermal with non-isotropic conductivity. In another particular
embodiment, the heaters are not disposed on or in the enclosure and are rather in the
apparatus 21. In one instance, different regions of the vessel 16 may be heated to
different temperatures by imbedding heaters within the vessel 16 and using multi-zone
temperature control.

The enclosure may control the environment where the apparatus 21 is disposed.
In a specific embodiment, the enclosure contains an inert gas. This inert gas may be

maintained at above the freezing temperature of the melt 10. The inert gas may reduce
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the addition of solutes into the melt 10 that may cause constitutional instabilities during
the sheet 13 formation process.

The apparatus 21 includes a cooling plate 14. The cooling plate 14 allows heat
extraction as the sheet 13 forms on the melt 10. The cooling plate 14 may cause the
sheet 13 to freeze on or in the melt 10 when the temperature of the cooling plate 14 is
lowered below the freezing temperature of the melt 10. This cooling plate 14 may use
radiation cooling and may be fabricated of, for example, graphite, quartz, or silicon carbide.
The cooling plate 14 may remove heat from the liquid melt 10 quickly, uniformly, and in
controlled amounts. Disturbances to the meft 10 may be reduced while the sheet 13
forms to prevent imperfections in the sheet 13.

The heat extraction of the heat of fusion and heat from the melt 10 over the
surface of the melt 10 may enable faster production of the sheet 13 compared to other
ribbon pulling methods while maintaining a sheet 13 with low defect density. Cooling a
sheet 13 on the surface of the melt 10 or a sheet 13 that floats on the melt 10 allows the
latent heat of fusion to be removed slowly and over a large area while having a large sheet
13 extraction rate.

The dimensions of the cooling plate 14 may be increased, both in length and width.
Increasing the length may allow a faster sheet 13 extraction rate for the same vertical
growth rate and resulting sheet 13 thickness. Increasing the width of the cooling plate 14
may result in a wider sheet 13. Unlike the vertical sheet pulling method, there is no
inherent physical limitation on the width of the sheet 13 produced using embodiments of
the apparatus and method described in FIG. 1.

In one particular example, the melt 10 and sheet 13 flow at a rate of approximately
1 cm/s. The cooling plate 14 is approximately 20 cm in fength and approximately 25 cm in
width. A sheet 13 may be grown to approximately 100 um in thickness in approximately
20 seconds. Thus, the sheet may grow in thickness at a rate of approximately 5 um/s. A
sheet 13 of approximately 200 ym in thickness may be produced at a rate of
approximately 10 m2/hour.

Thermal gradients in the melt 10 may be minimized in one embodiment. This may
allow the melt 10 flow to be steady and laminar. It also may allow the sheet 13 to be
formed via radiation cooling using the cooling plate 14. A temperature difference of
approximately 300 K between the cooling plate 14 and the melt 10 may form the sheet 13
on or in the melt 10 at a rate of approximately 7 ymy/s in one particular instance.

The region of the channel 17 downstream from the cooling plate 14 and the under
the panel 20 may be isothermal. This isothermal region may allow annealing of the sheet

13.



10

15

20

25

30

35

WO 2010/019695 PCT/US2009/053588

After the sheet 13 is formed on the melt 10, the sheet 13 is separated from the
melt 10 using the spillway 12. The melt 10 flows from the first point 18 to the second
point 19 of the channel 17. The sheet 13 will flow with the melt 10. This transport of the
sheet 13 may be a continuous motion. In one instance, the sheet 13 may flow at
approximately the same speed that the melt 10 flows. Thus, the sheet 13 may form and
be transported while at rest with respect to the meit 10. The shape of the spillway 12 or
orientation of the spillway 12 may be altered to change the velocity profile of the melt 10
or sheet 13.

The melt 10 is separated from the sheet 13 at the spillway 12. In one
embodiment, the flow of the melt 10 transports the melt 10 over the spillway 12 and may,
at least in part, transport the sheet 13 over the spillway 12. This may minimize or prevent
breaking a single crystal sheet 13 because no external stress is applied to the sheet 13.
The mett 10 will flow over the spiliway 12 away from the sheet 13 in this particular
embodiment., Cooling may not be applied at the spillway 12 to prevent thermal shock to
the sheet 13. In one embodiment, the separation at the spillway 12 occurs in near-
isothermal conditions.

The sheet 13 may be formed faster in the apparatus 21 than by being pulled
normal to the meit because the melt 10 may flow at a speed configured to allow for proper
cooling and crystallization of the sheet 13 on the melt 10. The sheet 13 will flow
approximately as fast as the meit 10 flows. This reduces stress on the sheet 13. Pulling a
ribbon normal to a melt is limited in speed because of the stresses placed on the ribbon
due to the pulling. The sheet 13 in the apparatus 21 may lack any such pulling stresses in
one embodiment. This may increase the quality of the sheet 13 and the production speed
of the sheet 13.

The sheet 13 may tend to go straight beyond the spillway 12 in one embodiment.
This sheet 13 may be supported after going over the spillway 12 in some instances to
prevent breakage. A support device 22 is configured to support the sheet 13. The support
device 22 may provide a gas pressure differential to support the sheet 13 using, for
example, a gas or air blower. After the sheet 13 is separated from the melt 10, the
temperature of the environment where the sheet 13 is located may slowly be changed. In
one instance, the temperature is lowered as the sheet 13 moves farther from the spillway
12.

In one instance, the growth of the sheet 13, annealing of the sheet 13, and
separation of the sheet 13 from the melt 10 using the spiliway 12 may take place in an

isothermal environment. The separation using the spillway 12 and the approximately
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equal flow rates of the sheet 13 and meit 10 minimize stress or mechanical strain on the
sheet 13. This increases the possibility of producing a single crystal sheet 13.

In another embodiment, a magnetic field is applied to the meit 10 and sheet 13 in
the sheet-forming apparatus 21. This may dampen oscillatory flows within the melt 10 and
may improve crystallization of the sheet 13.

FIG. 2 is a cross-sectional side view of an embodiment of an apparatus that pulls a
sheet from a melt. In this embodiment, the sheet-forming apparatus 23 pulls the sheet 13
from the melt 10. The melt 10 may not be circulating in a channel 17 in this embodiment
and the sheet 13 may be pulled using a seed. A sheet 13 may be formed through cooling
by the cooling plate 14 and the resulting sheet may be drawn out of the melt 10.

Both the embodiments of FIGs. 1-2 use a cooling plate 14. Different cooling
temperatures across the length of the cooling plate 14, different flow rates of the melt 10
or pull speeds of the sheet 13, the length of the various sections of the sheet-forming
apparatus 21 or sheetforming apparatus 23, or the timing within the sheet-forming
apparatus 21 or sheet-forming apparatus 23 may be used for process control. If the melt
10 is silicon, a polycrystalline sheet 13 or single crystal sheet 13 may be formed in the
sheet-forming apparatus 21. In either the embodiment of FIG. 1 or FIG. 2, the sheet-
forming apparatus 21 or sheet-forming apparatus 23 may be contained in an enclosure.

FIG. 1 and FIG. 2 are only two examples of sheet-forming apparatuses that can
form sheets 13 from a melt 10. Other apparatuses or methods of vertical or horizontal
sheet 13 growth are possible. The embodiments of the methods and apparatuses
described herein may be applied to any vertical or horizontal sheet 13 growth method or
apparatus and are not limited solely to the specific embodiments of FIGs. 1-2. The sheet
13 formed using the embodiments of FiGs. 1-2 may be too thick or have incorrect
dimensions. The sheet 13 also may not have a smooth surface. Thus, the sheet 13 may
be thinned to, for example, the correct thickness or to smooth its surface.

FIG. 3 is a cross-sectional side view of thinning within a melt using the apparatus of
FIG. 1. The melt 10 flows over the spillway 12. The sheet 13 forms in the melt 10 when
the melt 10 freezes using the cooling plate 14. The sheet 13 is thinned downstream of the
cooling plate 14 but upstream of the spillway 12 in the region 30. This thinning will change
the dimensions of the sheet 13 from a first thickness to a second thickness prior to the
spillway 12. The heat from the melt 10 will melt at least a portion of the sheet 13 back
into the melt 10 as the sheet 13 flows toward the spillway 12,

In one particular instance, the meit 10 or sheet 13 flow speed is approximately 1
cm/s. A laminar flow may be used in this particular embodiment. The temperature of the

vessel 16 may be approximately 2 K above the freezing temperature of the sheet 13. The
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difference between the temperature of the cooling plate 14 and the temperature of the
melt 10 may be approximately 300 K. The melt 10 in the region 30 is approximately 1 cm
in depth. The rate that the sheet 13 is thinned back to the melt 10 in the region 30 is
approximately 1 um/s. Thus, the thinning rate of the sheet 13 along the direction of the
melt 10 or sheet 13 flow between the first point 18 to the second point 19 is
approximately 1 um/cm. The region 30 may have a length of approximately 0.5 m in the
direction of the melt 10 or sheet 13 flow to thin the sheet 13 from a thickness of
approximately 150 pym to a thickness of approximately 100 pm. This length of the region
30 may be reduced by increasing the temperature of the vessel 16, but this may require
the cooling plate 14 to operate at a lower temperature. In another embodiment, the sheet
13 is thinned from a thickness of approximately 200 um to a thickness of approximately
100 pym.

To have a uniform thinning process, temperature gradients should be sufficiently
low to avoid nonuniform or unsteady buoyancy-driven convection to the sheet 13.
Unsteady convection is a nonuniform heat flux and, therefore, overall energy transport is
difficult to control in a uniform manner. This may lead to a nonuniform thickness in the
sheet 13. If the temperature difference in the sheet 13 and the melt 10 is less than
approximately 5 K and the depth of the melt 10 in the region 30 is relatively shallow, then
buoyancy-driven convection may not cause problems. The depth of the melt 10 in the
region 30 may be, for example, less than approximately 1.22 cm or may be approximately
0.97 cm. However, convection in the melt 10 may be acceptable in some embodiments.
Other conditions or parameters are possible and this is only one example of a thinning
process. This embodiment is not solely limited to the conditions listed in the exampte
above.

FIG. 4 is a cross-sectional side view of thinning within a melt using the apparatus of
FIG. 2. Thinning a sheet 13 in the region 30 also can be applied to sheet-forming
apparatus 23 as well as the sheet-forming apparatus 21 of FIG. 3. Here the sheet 13 is
thinned from a first thickness to a second thickness after being formed using the cooling
plate 14 and prior to the sheet 13 being pulled from the melt 10.

FIG. 5 is a cross-sectional side view of thinning with a heater using the apparatus of
FIG. 1. The sheetforming apparatus 21 includes a heater 50 and a fluid bearing 51. Both
the heater 50 and fluid bearing 51 are inclined with respect to the formation of the sheet
13 on the melt 10 in this particular embodiment. The sheet 13 flows from a first point 18
to a second point 19 and over the spillway 12. After the sheet 13 goes over the spillway

12, the sheet 13 is thinned using the heater 50. The sheet 13 is thinned from a first
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thickness to a second thickness. For example, the sheet 13 may be thinned from
approximately 200 um to approximately 100 ym.

Separating the forming of the sheet 13 with the cooling plate 14 and the thinning
the sheet 13 with the heater 50 may allow freezing of the sheet 13 with smali temperature
gradients. Any portion of the sheet 13 that is melted from the sheet 13 using the heater
50 may flow back along the sheet 13 and into the melt 10 or may drip into a collection
device. This is at least partly due to the angle of the sheet 13. The portion of the sheet 13
that is melted from the sheet 13 may be solute-rich in one specific embodiment.

In this particular embodiment, the heater 50 is a radiative heater. Other heaters or
a radiative heater with a convective component also may be used. The heater 50 may
allow uniform thinning of the sheet 13 and may only supply the latent heat of melting
without altering the temperature of other parts of the sheet-forming apparatus 21.

The fluid bearing 51 inclines the sheet 13 at an angle in this particular
embodiment. The angle may be shallow to prevent stress to the sheet 13. While a fluid
bearing 51 is illustrated, an air bearing, roller, or another sheet 13 movement mechanism
may be used. In another embodiment, the sheet 13 remains fevel and the fluid bearing 51
does not incline the sheet 13 at an angle. Any melted portion of the sheet 13 in this
instance drips off.

While this embodiment is illustrated having a distance between the cooling plate
14 and the spillway 12, this distance can be minimized. For example, the cooling plate 14
may be placed in close proximity to the spillway 12. Rather than allowing the melt 10to
thin the sheet 13 after formation, the heater 50 can predominantly thin the sheet 13. In
another embodiment, though, the heater 50 works in conjunction with the melt 10 to thin
the sheet 13.

FIG. 6 is a cross-sectional side view of thinning with a heater using the apparatus of
FIG. 2. Thinning a sheet 13 with a heater 50 also can be applied to sheet-forming
apparatus 23 as well as the sheet-forming apparatus 21 of FIG. 5. Here the sheet 13 is
thinned from a first thickness to a second thickness after being formed using the cooling
plate 14 and after the sheet 13 is pulied from the melt 10.

In another embodiment, the sheet 13 is thinned and the melt 10 is purified or has
a solute level reduced. This is related to the segregation coefficient of the solutes, which
provides the relationship between the concentration of impurity atoms (solutes) in the
growing crystal sheet 13 and the melt 10. Many solutes have a segregation coefficient of
less than one, which results in a solid sheet 13 with a lower concentration of solutes than
the liquid melt 10. Thus, as the sheet 13 forms, the solute concentration in the melt 10

increases because the solutes preferentially stay in the melt 10. This may cause

10



10

15

20

25

30

35

WO 2010/019695 PCT/US2009/053588

constitutional instabilities during the crystallization process of the sheet 13 and may result
in a poor-quality sheet 13 or a sheet 13 with dendrites, or branching projections, on its
surfaces.

in this particular embodiment, purification of the melt 10 is accomplished during
the sheet 13 formation and thinning process. This purification may allow the use of a less
pure melt 10 feedstock or less melt 10 feedstock overall because the melt 10 is purified
while the sheet 13 is formed. FIG. 7 represents a concentration profile over time in the
melt and solid near the sheet-melt interface. Solute segregation is dependent in part on
the freezing process of the sheet 13 being performed slowly enough for the solutes to
diffuse in the melt 10. However, if crystallization of the sheet 13 is performed quickly, then
the segregated solute has no time to diffuse into the melt 10. Thus, the solutes ¢an be
captured in the solid sheet 13.

As seen in FIG. 7, the sheet 13 may be formed in at least two stages. In this
particular embodiment, the stages are labeled as stage 70 and stage 71. The stage 70
may be referred to as “slow” and the stage 71 may be referred to as “fast.” The growth of
the sheet 13 in the stage 70 occurs slower than the stage 71 or at, for example, a normal
speed to produce a purified or high-quality crystal sheet 13. The stage 70 may grow the
sheet 13 at a rate of between approximately 5 um/s and approximately 10 pm/s in one
example. The growth of the sheet 13 in the stage 71 occurs faster than the stage 7010
capture solutes rejected in the stage 70. The stage 71 may be configured to prevent
stress to the sheet 13. This may require the stages 70, 71 to be different lengths or to
operate at different temperatures. For example, the temperature at in the stage 70 may
operate at approximately 100 K below the crystallization temperature of the sheet 13 and
the stage 71 may operate at approximately 500 K below the crystallization temperature of
the sheet 13.

In FIG. 7, the crystallization is occurring slowly at t1 and t2, which allows the
segregated solute in the liquid melt 10 to diffuse away. At ts the crystallization occurs
rapidly enough that the high concentration edge gets captured in the formed crystal sheet
1.3, thus raising the solute concentration in the crystal sheet 13. At ts and ts the solute
level decreases in the melt 10 because it was captured in the crystal sheet 13. This may
be represented by the formulas:

k=Cs./CLs

kerr=Co/CLs
wherein k represents the equilibrium segregation coefficient, which equals Csu divided by
Cis. keitis @ nonequilibrium segregation coefficient due to movement of the interface and

Co is the concentration away from the freezing edge. ke takes into account the higher
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concentration near the freezing edge of the sheet 13. kerapproaches k as interface
velocity approaches zero. At the solid-iquid interface, Csi is the concentration of the solute
in solid and Cis is the concentration of the solute in liquid. The flow of the sheet 13 or melt
10 is represented by y.

In this instance, the first 50 ym of the sheet 13 is formed during the stage 70. This
allows an effective segregation coefficient of less than 1, meaning that the diffusion of the
solute, such as iron, in the liquid melt 10 is faster than the freeze velocity. The next 150
um of the sheet 13 is formed during the stage 71. A high concentration layer of solutes is
captured in the sheet 13. To avoid an increase of solute concentration in the melt 10, this
captured layer is melted off the sheet 13 after the sheet goes over a spillway 12 in one
embodiment. In another instance, the stage 70 forms a sheet 13 with a first thickness of
100 pm and the stage 71 adds another 100 uym thickness to the sheet 13 to form a
second thickness of 200 um. Other thicknesses also are possible.

Using the stages 70, 74 followed by thinning can remove the solute-rich layer that
forms on the sheet 13 during the stage 71. FIG. 8 is a cross-sectional side view of thinning
and purification using the apparatus of FIG. 1. The cooling plate 14 has at least two
segments: first segment 80 and second segment 81. The first segment 80 and second
segment 81 correspond to the stages 70, 71. As seen in FIG. 8, the first segment 80 and
second segment 81 are different lengths with respect to the flow of the sheet 13 and melt
10. In another instance, the first segment 80 and second segment 81 operate at different
temperatures. The sheet 13 flows from a first point 18 to a second point 19 and over the
spillway 12.

After the sheet 13 goes over the spiliway 12, the sheet 13 is thinned using the
heater 50. The sheet 13 is thinned from a first thickness to a second thickness. The
heater 50 may be, for example, a radiative heater. Other heaters or a radiative heater with
a convective component also may be used. The heater 50 may allow uniform thinning of
the sheet 13 and may only supply the latent heat of melting without altering the
temperature of other parts of the sheet-forming apparatus 21.

The fluid bearing 51 inclines the sheet 13 at an angle in this particular
embodiment. The angle may be shallow to prevent stress to the sheet 13. Thesheet 13 is
angled by the fluid bearing 51 so that the angle 82 is external the melt 10. While a fluid
bearing 51 is illustrated, an air bearing, roller, or another sheet 13 movement mechanism
may be used. In another embodiment, the sheet 13 remains level and the fluid bearing 51
does not incline the sheet 13 at an angle. Any melted portion of the sheet 13 in this

instance drips off.
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Any of the sheet 13 that is thinned and melted from the sheet 13 by the heater 50
witl flow back along the sheet 13 to the angle 82. There this melted sheet 13, or waste
melt, will drip into, for example, a bilge 83. This collects and separates the melted sheet
13 and prevents the melted sheet 13 from returning to the melt 10. This bilge 83 may be
connected to a melt 10 circulation or purification system. In one embodiment, the
contents of the bilge 83 are purified and this purified melt 10 is recycled back to the melt
10. This prevents the solute-rich bilge 83 contents from contaminating the melt 10. This
thinning of the sheet 13 combined with purification will remove solutes, maintain a high-
purity melt 10, and maintain a high-efficiency of melt 10 feedstock while lowering melt 10
waste.

In one example, the apparatus of FIG. 8 will take a sheet 13 formed by the cooling
plate 14 with a thickness greater than 200 um and thin it to a thickness of 100 pm or less.
The removed or thinned portion of the sheet 13 may be returned to the melt 10 to avoid
material losses or the equivalent to “ketf loss.” The thinning method of FIG. 8 also may
smooth any protuberances on the surface of the sheet 13 besides removing impurities or
solutes from the sheet 13.

FIG. 9 is a cross-sectional side view of thinning and purification using the
apparatus of FIG. 2. Use of a cooling plate with a first segment 80 and second segment 81
and thinning a sheet 13 with a heater 50 also can be applied to sheet-forming apparatus
23 as well as the sheet-forming apparatus 21 of FIG. 8. Here the sheet 13 is thinned from
a first thickness to a second thickness after being formed using the cooling plate 14 and
after the sheet 13 is pulled from the melt 10.

FIG. 10 is a cross-sectional side view of capturing impurities during sheet growth.
This is a close-up view better illustrating the process involved in FiGs. 7-9. The cooling
plate 14 has a first segment 80 and a second segment 81 that correspond to the stages
70 and 71. The sheet 13 formed will have a first layer 90 and a second layer 91. Inone
example, the first layer 90 corresponds to a first thickness and the second layer 91 with
the first layer 90 combined correspond to a second thickness. The first layer Q0 is
primarily formed using the first segment 80 and has a relatively low solute concentration.
The second layer 91 is primarily formed using the second segment 81 and has a higher
solute concentration compared to the first layer 90. Much of the solute rejected from the
sheet 13 during formation by the first segment 80 could be captured during sheet 13
formation by the second segment 81 because the boundary layer may be thin. Thus, the
second layer 91 may capture the solutes and impurities. In one instance, the solute
concentration in the first layer 90 may be approximately 10-10 atoms/cc and the

concentration of solutes in the second layer 91 may be approximately 108 atoms/cc. The
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second layer 91 is removed or thinned using the heater 50 of FIGs. 8-9. The first segment
80 and second segment 81 have different operating parameters, such as lengths or
temperatures.

A horizontal sheet 13 growth method may benefit from the thinning methods
illustrated in FiGs. 3-10 for an additional reason. Some data suggest that there may be a
limit to how thin a sheet 13 may be produced horizontally. If it is pulled or grown too thin,
the sheet 13 may “cut” off or break apart. This may be due to instability in the melt 10 or
the sheet 13. Another suggestion is that this may be caused by the high surface tension
and low viscosity of the melt 10. Thus, it is possible that the meit 10 may be prone to the
Marangoni effect. The Marangoni effect is mass transfer along an interface due to surface
tension. A liquid with a high surface tension will pull more strongly on the surrounding
liquid than a liquid with a low surface tension. The presence of a gradient in surface
tension will cause the liquid to flow away from regions with low surface tension. Mass
transfer on or in the liquid may occur due to these surface tension differences. A thicker
sheet 13 may be more stable or less prone to breakage or being “cut” off. By growing a
sheet 13 with a thickness of approximately 200 pm or more and then thinning the sheet
13 to a thickness of approximately 100 um or less, the Marangoni effect or other growth
problems may be avoided. If the thinned portion of the sheet 13 is returned to the melt 10,
there is no loss of material.

The methods and apparatuses for thinning illustrated in FIGs. 3-10 may be
combined together or used separately. Additionally, other thicknesses of the sheet 13 are
possible than those listed in the embodiments disclosed herein.

The thinning illustrated in FIGs. 3-10 may be controlled by altering parameters.
These parameters may be, for example, the temperature of the cooling plate 14, the
temperature of the melt 10, the operating temperature of the heater 50, the temperature
of the vessel 16, or the flow or pull speed of the sheet 13 or melt 10. The parameters may
be altered by a controller in response to signals from measurement devices.

FIG. 11 is a cross-sectional view of heating a sheet. in the embodiments disclosed
herein, smoothing of a sheet 13 may occur using, for example, a heater 50 or the heat
from the melt 10 that melts the sheet 13. The local absorbed heat is proportionat to the
local surface area of the sheet 13, thereby preferentially melting protuberances, dendrites,
or other irregularities 92 that form on the surface of the sheet 13. Thus, the heat flux 93,
which may be from the melt 10 or radiation, melts the protuberances, dendrites, or other
irregularities 92 prior to the rest of the sheet 13. Thus, thinning the sheet 13 will forma

smoother sheet 13 with smaller or no protuberances, dendrites, or other irregularities 92.
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The uniformity of the surface of the sheet 13 may be relative to the size of the
protuberances, dendrites, or other irregularities 92.

The present disclosure is not to be limited in scope by the specific embodiments
described herein. Indeed, other various embodiments of and modifications to the present
disclosure, in addition to those described herein, will be apparent to those of ordinary skill
in the art from the foregoing description and accompanying drawings. Thus, such other
embodiments and modifications are intended to fall within the scope of the present
disclosure. Furthermore, although the present disclosure has been described herein in the
context of a particular implementation in a particufar environment for a particular purpose,
those of ordinary skill in the art will recognize that its usefulness is not limited thereto and
that the present disclosure may be beneficially implemented in any number of
environments for any number of purposes. Accordingly, the claims set forth below shouid
be construed in view of the full breadth and spirit of the present disclosure as described

herein.
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What is claimed is:

1. A method of forming a sheet comprising:

cooling a melt of a material,

forming a sheet of said material in said melt, said sheet having a first thickness;
and

thinning said sheet from said first thickness to a second thickness, said second
thickness being smaller than said first thickness.
2. The method of claim 1, wherein said melt is selected from the group consisting of
silicon, silicon and germanium, gallium, and gallium nitride.
3. The method of claim 1, wherein said thinning occurs in said melt after said forming.
4. The method of claim 3, wherein said thinning occurs at a rate of at least 1 pm/s.
5. The method of claim 1, wherein said thinning cccurs after said forming using a
radiative heater.
6. The methad of claim 5, further comprising separating said sheet from said melt
using a spillway, said separating occurring prior to said thinning.
7. The method of claim 1, wherein said first thickness is 200 pm and said second
thickness is 100 uym.
8. The method of claim 1, further comprising smoothing a surface of said sheet by
said thinning.
9. The method of claim 1, further comprising controliing said second thickness by
altering a parameter of said thinning.
10. An apparatus for forming a sheet comprising:

a vessel defining a channel configured to hold a melt of a material;

a cooling plate disposed proximate said melt, said cooling plate configured to form
a sheet of said material on said melt; and

a radiative heater.
11. The apparatus of claim 10, wherein said melt is selected from the group consisting
of silicon, silicon and germanium, gallium, and gallium nitride.
12. The apparatus of claim 10, further comprising a spillway disposed in said channel,
said spillway disposed within said melt and configured to separate said sheet from said
melt wherein said melt flows away from said sheet.
13. A method of forming a sheet comprising:

cooling a melt of a material in a first stage, said cooling in said first stage having a

first parameter;
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forming a first layer of a sheet of said matérial in said melt, said first layer of said
sheet having a first thickness and a first solute concentration;

cooling said melt in a second stage, said cooling in said second stage having a
second parameter different from said first parameter;

increasing said sheet from a first thickness to a second thickness and forming a
second layer of said sheet, said second layer between said first thickness and said
second thickness having a second solute concentration higher than said first solute
concentration; and

thinning said sheet from said second thickness to said first thickness.
14. The method of claim 13, wherein said melt is selected from the group consisting of
silicon, siticon and germanium, gailium, and gallium nitride.
15. The method of claim 13, wherein said first thickness is between 50 pm and 100
um and said second thickness is between 150 pym and 200 pm.
16. The method of claim 13, further comprising reducing a solute concentration in
said melt by said increasing and said thinning,
17. The method of claim 16, wherein a waste melt from said thinning is collected and
separated from said melt.
18. The method of claim 16, wherein a waste melt from said thinning is collected and
then purified and recycled.
19. The method of claim 13, wherein said thinning occurs after said forming and said
increasing using a radiative heater.
20. The method of claim 1.3, wherein said first parameter and said second parameter

are selected from the group consisting of a length and a temperature.
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