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REMOVING A SHEET FROM THE SURFACE OF A MELT USING GAS JETS

FIELD

This invention relates to sheet formation from a melt and, more particularly, to removing
the sheet from the 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. The majority of solar cells are made from silicon wafers, such as single
crystal silicon wafers. Currently, a 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 sclar cells may have an efficiency of greater than 20%.
These are made using electronics-grade monocrystaliine silicon wafers. Such wafers may be
made by sawing thin slices from a monocrystalling silicon cylindrical boule grown using the
Czochralski method. These slices may be less than 200 ym thick. To maintain single crystal
growth, the boule must be grown slowly, such as less than 10 ym/s, from a crucible containing a
melt. The subsequent sawing process leads to approximately 200 um of kerf loss, or loss due to
the width of a saw blade, per wafer. The cylindrical boule or wafer also may need 10 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 celis are made using wafers sawed from polycrystalline silicon ingots.
Polycrystalline silicon ingots may be grown faster than monocrystalline silicon. However, the
guality 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 polycrystaliine
silicon ingot is as inefficient as a monocrystalline silicon ingot or boule,

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 mmy/minute. The removed latent heat during cooling and solidifying
of the silicon must be removed along the vertical ribbon. This resuits in a large temperature
gradient along the ribbon. This temperature gradient stresses the crystalline silicon ribbon and

may result in poor quality multi-grain silicon. The width and thickness of the ribbon also may be
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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 ym.

Producing sheets horizontally from a melt 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 also may be less expensive than a silicon ribbon pulied vertically from a melt.
Furthermore, sheets produced horizontally from a melt may improve the crystal quality of the
sheet compared to silicon ribbons puiled vertically or at an angle from a meit. A crystal growth
method such as this that can reduce material costs would be a major enabling step to reduce the
cost of silicon solar cells.

Horizontal ribbons of silicon that are physically pulled from a melt have been tested. In
one method, a seed attached to a rod is inserted into the melt and the rod and resulting sheet
are pulled at a low angle over the edge of the crucible. The angle, surface tension, and melt level
are balanced to prevent the meit from spilling over the crucible. It is difficult, however, to initiate
and control such a pulling process. First, the angle of inclination adjustment to balance gravity
and surface tension of the meniscus formed at the crucible edge may be difficult. Second, a
temperature gradient along the ribbon at the separation point between the sheet and the melt
may cause dislocations in the crystal if the cooling plate is near this separation point. Third,
inclining the sheet above the melt may result in stress at the freeze tip. This freeze tip may be
where the sheet is thinnest and most fragile so dislocations or breaks in the sheet may occur.
Fourth, a complex pulling apparatus may be needed to obtain the low angle.

The sheet must be removed from the melt surface without spiliing the melt. Thus, the
meniscus between the underside of the sheet and the melt must remain stable or attached to
the vessel. Previously, pressure has been reduced in the melt side of the meniscus to maintain
the stability of the meniscus. In one example, the Low Angle Silicon Sheet (LASS) method
inclined the sheet at a small angle and pulled up on the melt. This created negative pressure in
the melt relative to atmospheric pressure and provided a pressure across the meniscus. In
another example, the melt may be flowed over the edge of a spillway. The drop in fluid in the
nape of the spillway provides a negative pressure in the melt to stabilize the meniscus. However,
there is a need in the art for an improved method of removing a sheet from a melt and, more

particularly, removing a sheet from a melt with local pressure.

SUMMARY
According to a first aspect of the invention, a sheet production apparatus is provided.
The apparatus comprises a vessel configured to hold a melt of a material. A cooling plate is
disposed proximate the melt and is configured to form a sheet of the material that is horizontal
on the melt proximate the cooling plate. A first gas jet is configured to direct a gas toward an

edge of the vessel.
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According 1o a second aspect of the invention, a method of sheet production is provided.
The method comprises translating a sheet of a material horizontally on a surface of a melt of the
material. A gas is directed from a first gas jet at a meniscus of the melt and the sheet is removed
from the melt.

According to a third aspect of the invention, a method of forming a sheet is provided. The
method comprises applying a seed to a melt of a material. A gas is directed from a first gas jet at
a meniscus of the melt formed against the seed. A portion of the melt is frozen to form a sheet

of the material that is horizontal on a surface of the meit. The sheet is removed from the melt.

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 a second embodiment of an apparatus that
separates a sheet from a melt;

FIG. 3 is a cross-sectional side view of meniscus stabilization for LASS;

FIG. 4 is a cross-sectional side view of an embodiment of meniscus stabilization using
gas impingement;

FIG. B is a cross-sectional diagram illustrating pressure distribution from a gas jet;

FIG. 6 is a cross-sectional diagram of an embodiment of meniscus stabilization using gas
impingement with a spillway;

FIG. 7 is a cross-sectional side view of a first embodiment of a gas jet with sheet
formation;

FIG. 8 is a cross-sectional side view of a second embodiment of a gas jet with shest
formation;

FIG. 9 is a cross-sectional side view of a third embodiment of a gas jet with sheet
formation;

FiGs. 10A-D illustrate seeding enabled by gas jet stabilization; and

FIG. 11 is a cross-sectional view of an embodiment of a gas jet.

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, flat
panels, LEDs, or other substrates known to those skilled in the art. Furthermore, while the melt

is described hergin as being silicon, the melt may contain germanium, silicon and germanium,
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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. The vessel 16 may be, for
example, tungsten, boron nitride, aluminum nitride, molybdenum, graphite, silicon carbide, or
guartz. The vessel 16 is configured to contain a melt 10. This melt 10 may be silicon. A sheet
13 will be formed on the melt 10. In one instance, the sheet 13 will at least partly float within
the meit 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. The depth
at which the sheet 13 is located is based partly on the relative densities of the sheet 13 and 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 shest-forming 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. The
melt 10 may flow due to, for example, a pressure difference, gravity, a pump, or other methods of
transport. The melt 10 then flows over the spillway 12. This spillway 12 may be a ramp, a weir, a
ledge, a small dam, or a corner and is not limited to the embodiment illustrated in FIG. 1. The
spillway 12 may be any shape that allows a sheet 13 to be separated from the melt 10.

In ane particular embodiment, the vessel 16 may be maintained at a temperature slightly
above approximately 1685 K. For silicon, 1685 K represents the freezing temperature or
interface temperature. By maintaining the temperature of the vessel 16 to slightly above the
freezing temperature of the melt 10, the cooling plate 14 may function using radiation cooling 1o
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 also may include multiple
segments or sections. 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 may be any temperature above the melting
temperature of the melt 10. This prevents the melt 10 from solidifying on the vessel 16.

The shest-forming 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 sheet-forming
apparatus 21 within an enclosure. If the enclosure maintains the sheet-forming apparatus 21 at
a temperature above the freezing temperature of the melt 10, the need 1o heat the sheet-forming
apparatus 21 may be avoided or reduced and heaters in or around the enclosure may
compensate for any heat loss. This enclosure may be iscthermal with anisotropic conductivity.

In another particular embodiment, the heaters are not disposed on or in the enclosure and are

rather in the sheet-forming apparatus 21. In one instance, different regions of the vesse! 16 may
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be heated to different temperatures by embedding heaters within the vessel 16 and using multi-
zone temperature control.

The enclosure may control the environment where the shest-forming 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 the
addition of solutes into the melt 10 that may cause constitutional instabilities during the
formation of the sheet 13.

The cooling plate 14 allows heat extraction that enables the sheet 13 to form 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. Disturbances to the melt 10 may be reduced while the sheet 13 forms
to prevent imperfections in the sheet 13. Cooling a sheet 13 on the surface of the meit L0 ora
sheet 13 that fioats on the melt 10 aliows the latent heat of fusion to be removed slowly and
over a large area while having a relatively large sheet 13 extraction rate.

After the sheet 13 is formed on the meit 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 fransported while at rest with
respect to the melt 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 spiliway 12. in one embodiment, the
flow of the meit 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 sheet 13
because no external stress is applied to the sheet 13. Of course, the sheet 13 also may be
pulled or have some external force applied. The melt 10 will flow over the spillway 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 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.

Of course, 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 the timing within the sheet-forming apparatus 21
may be used for process control. If the meilt 10 is silicon, the sheet 13 may be polycrystalline or

single crystal sheet using the sheet-forming apparatus 21. FIG. 1is only one examples of a
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sheet-forming apparatus that can form a sheet 13 from a melt 10. Other apparatuses or
methods of horizontal shest 13 growth are possible. The embodiments described herein may be
applied to any horizontal sheet 13 growth method or apparatus. Thus, the embodiments
described herein are not limited solely to the specific embodiment of FIG. 1. For example, FIG. 2
is a cross-sectional side view of a second embodiment of an apparatus that separates a sheet
from a meit. In the sheet-forming apparatus 31, the meit 13 is contained in the vessel 16. A
sheet 13 is pulled from the melt 10 after formation by the cooling plate 14. While horizontal in
FIG. 2, the sheet 13 also may be at an angle with respect to the meit 10. In the embodiments of
FiGs. 1-2, the melt 10 may circulate around the sheet-forming apparatus 21 or sheet-forming
apparatus 31, such as around the sides of the sheet-forming apparatus 21 or sheet-forming
apparatus 31. Of course, the melt 10 also may be stationary during part or all of the sheet 13
formation process.

A meniscus interface forms when a liquid is in contact with a gas. This interface follows

the Young-Laplace Equation. In two dimensions, it takes the form:

AP =

R | Q

where AP is the difference in pressure across the interface, o is the surface tension of the liguid,
and R is the radius of curvature of the surface.

FIG. 3 is a cross-sectional side view of meniscus stabilization for LASS. In terms of the
coordinate system of FIG. 3, the radius of curvature may be expressed in terms of the first and
second derivatives of the line describing the meniscus. The difference in pressure across the
meniscus 27 in FIG. 3 is due to the hydrostatic pressure in the liquid of the melt 10 due to gravity

(pgy). Thus, the Young-Laplace Equation becomes a second order differential equation:

372

oy 1ol a(2)]
o e 5
The concave shape of the meniscus 27 illustrated in Fi(g. 3 is provided by the negative pressure
(P1) relative to the atmospheric pressure (Pamos). This is formed by lifting up and angling the
sheet 13 with respect to the X-axis to allow the higher elevation of the sheet 13 at the edge of
the wall of the vessel 16 while the freezing front of the sheet 13 is lower at the melt 10 height. in

FIG. 3, « represents the contact angle between the melt 10 in the meniscus 27 and the sheet 13
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and 8 represents the contact angle between the melt 10 in the meniscus 27 and the vessel 16.
For a melt 10 composed of silicon and a vessel 16 composed of quariz, 8 is approximately 87.
These angles may vary based on the materials. While the melt 10 level may be at the x axis in
FIG. 3, the melt 10 level may be elsewhere relative to the vessel 16.

Gas jets may be used to stabilize the meniscus by increasing local pressure in the meit.
For example, local pressure on the gas side of the meniscus may be increased. Meniscus
stabilization using the embodiments described herein is independent of any melt flow 50 that
crystal initialization may occur before the melt begins to flow, which simplifies seeding in systems
that use melt flow. The sheet may be grown horizontally using the embodiments described
herein, which eliminates the complicated balance of growth rate (i.e., heat removal) against pull
speed at an angle. Sheet growth may be upstream of the edge of the vessel where separation
from the melt cccurs.

FIG. 4 is a cross-sectional side view of an embodiment of meniscus stabilization using
gas impingement. In this embodiment, the sheet 13 is pulled horizontally. The wall of the vessel
16 is below the level of the surface of the melt 10, which in this instance is at the intersection of
the x and y axes or where the sheet 13 is located. The meit 10 is prevented from spilling by the
formation of the meniscus 27 under the sheet 13. Of course, while not illustrated, the melt 10
may still circulate over the edge of the vessel 18, such as using the spillway 12 illustrated in FiG.
1, and still form a meniscus 27, as illustrated in FIG. 6. Turning back to FIG. 4, The pressure
difference to maintain the concave meniscus 27 is provided by the gas jet 22 under the
meniscus 27, which is angled toward the meniscus 27 or edge of the vessel 16 as indicated by
the arrow leaving the gas jet 22. In such an instance, the Young-Laplace Equation takes the

form:

jw))

2y:

6x_2 ox

Q [~

(“ pgy(x)— P, (x, y))Ll + (@_}_/) j

The Young-Laplace Equation in this case is a second order differential equation that requires two
boundary conditions. In the embodiments of FiGs. 3-4, the meniscus 27 is pinned to the wall of
the vessel 16, so that its location is fixed at x=0. At the other end of the meniscus where it
connects with the sheet 13, the meniscus 27 is not pinned and the angle made with the shest
13 is determined by the surface energy between the solid, liquid, and the gas. For a solid silicon
sheet 13 in contact with its melt 10, the contact angle « may be between approximately Oc and
110, If yo is specified at x=0, the location of the contact point of the meniscus 27 with the sheet
13 and the initial contact angle are determined by the solution to the differential equations.

The magnitude of the pressure at the exit of the gas jet 22 depends on the flow of gas

and the width of the opening in the gas jet 22 that allows the flow of gas. The opening may be,
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for exampile, a siit jet. This may be at least partly estimated using conservation of momentum.

So at the stagnation point where the gas bounces off the meniscus 27, the pressure would be:

| 1 (0 }
P=—pu =—p | =5
7% ft,;a

£
where pg, Ug, and Qg are the gas density, velocity, and volume flow rate, respectively. The
5 following example calculates the flow of argon needed to oblain a pressure of 40 Pa at the
meniscus 27 through an opening in the gas jet 22 that is 0.5 mm in width. The density of the
argon at the temperature of the meit 10, which is 14120C for silicon, is 0.32 kg/m?3.

‘
S
3278 s
2
- 7.9—
ZL =y gap=158— Smm=—3%
L i § m

for 20cm  widesivvon O, = 95 Ipm

The pressure estimated here may only exist at the exit of the gas jet 22, The pressure
10 may fali off axially and transversely. The pressure distribution may be approximated as an

slliptical Gaussian,
P (x,y)=P e~{a(x—xo)2+25(y—yo)z(x—xo)z+c(y—yo>2 )
JIANGE I A |

cos’ @ sin’é
a= +

2 2
207, 20,
b sin26 sin 28
= 2 2
do; 4o,
sin“@ cos’ @
c= — + 5
20, 207,

FiG. 5 is a crosssections! diagram Eiiustratihg pressure distribution from a gas jet. This
soives the equations above. In all cases, Po=40 Pa, xo=6 mm at the exit of the gas jel 22, yo=-4
mm at the exit of the gas jet 22, o=4 mm, 6,=0.8 mm, and y=45°. oy and o, represent the
i5 elliptical distribution of pressure arcund the gas jet 22. Where the meniscus 27 is pinned to the
vassel 16 affects the shape of the meniscus 27. When =119, the meniscus 27 is pinned to the

wall of the vessel 18 at 1 mm below the sheet 13 and 8=17°. When a=119, the meniscus 27 is
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pinned to the wall of the vessel 16 at 2 mm below the sheet 13 and 6=15.87°. When o=119, the
meniscus 27 is pinned to the wall of the vessel 16 at 2.5 mm below the sheet 13 and 8=10.58c.
When a=0°, the meniscus 27 is pinned to the wall of the vessel 16 at 1 mm below the sheet 13
and 6=7.21c.

Thus, by using gas impingement, a stable meniscus 27 can be pinned to the wail of the
vessel 16 at least 2.5 mm below the sheet 13 with a contact angle of approximately 11°. Evenif
the contact angle were as low as 0, a stable meniscus 27 could still be maintained 1 mm below
the wall of the vessel 16. The gas jet impingement also may compensate for any drag caused by
viscous forces. The pressure of the gas jet impingement can be configured to stabilize the
meniscus 27 or assist in maintaining the pinning of the meniscus 27 to the vessel 16.

FiG. 6 is a cross-sectional diagram of an embodiment of meniscus stabilization using gas
impingement with a spillway. The meit 10 flows over the spillway 12. A meniscus 27 forms with
the melt 10 passing over the spillway 12. Of course, other embodiments are possible.

FIG. 7 is a cross-sectional side view of a first embodiment of a gas jet with sheet
formation. This system has a gas jet 22 separate from the support table 23. The support table
23 may use jets of air or some other fluid to support the sheet 13, but also could use rollers or
some other mechanism. In this particular embodiment, two gas jets 22, 25 are used, though
greater or fewer may be provided. The gas jet 22 under the sheet 13 stabilizes the meniscus 27
and may adjust position and angle. The gas jet 25 above the sheet 13 balances any vertical
component of impingement forces from the gas jet 22. The flow from the gas jet 22 and gas jet
25 may be approximately equal in one instance, though other flows are possible. Argon, another
noble gas, another inert gas, or other species known to those skilled in the art may be used with
the gas jet 22 or gas jet 25. The vessel 16 may contain a feature or groove 24 that pins the
meniscus 27 of the melt 10 and allows a large variation in contact angle without drips. While a
surface of the vessel 16 without the feature or groove 24 can have a meniscus 27 pinned to it
the angle of the meniscus 27 before drips occur is limited. For example, this angle may be
approximately 87°. Adding the feature or groove 24 enable the meniscus 27 1o sag or have an
angle of approximately 1770 from the surface of the vessel 16 before drips occur.

FiG. 8 is a cross-sectional side view of a second embodiment of a gas jet with sheet
formation. In this embodiment, the gas jet 22 is incorporated into the support table 23. inan
alternate embodiment, a gas jet above the sheet 13 may be provided to balance vertical
impingement forces as illustrated in FIG. 7.

FIG. 9 is a cross-sectional side view of a third embodiment of a gas jet with sheet
formation. The gas jet 22 is part of a pressure cell 28. There is higher pressure (P2) within the
pressure cell 26 due fo the limited conduction at the edges or seals. The gas in the pressure cell
26 flows as indicated by the arrows. P2 in this instance is greater than atmospheric pressure

{Pawmos). The top section of the pressure cell 16 floats on gas bearings over the bottom section.
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The level of the bottom section may be configured to be matched to the level of the melt 10. The
gaps or seals between the pressure cell 26 and the sheet 13 may be less than 0.5 mm in
dimension in one instance. The meniscus 27 is contained within this pressure cell 26 at least
partly because of the gas jet 22 that is part of the bottom section of the pressure cell 26.

FiGs. 10A-D illustrate seeding enabled by gas jet stabilization. Embodiments disclosed
herein stabilize the meniscus independent of flow within the vessel 16. Thus, crystal initiation
may beagin before the melt 10 begins to flow and simplifies the sheet fabrication process. In FIG.
10A, a seed wafer 28 is inserted. The seed wafer 28 may be, for example, an electronics-grade
silicon wafer approximately 0.7 mm thick with the desired crystal orientation. The level of the
seed wafer 28 is controlled by having it ride above a support table 23 that controls the level of
the seed wafer 28 against the level of the melt 10. The melt 10 may form a mesa 29 or be
above the edge of the wall of the vessel 16 using the surface tension of, for exampile, the silicon
in the melt 10. Thus, before the seed wafer 28 touches the melt 10, a convex meniscus is
formed in the melt 10, as iliustrated in FIG. 10A. The gas jets 22, 25 may be used 1o stabilize this
meniscus before the seed wafer 28 touches the melt 10. Of course, more or fewer gas jels are
possible.

In FIG. 10B, the seed wafer 28 touches the melt 10 after moving in the direction of the
arrow. A meniscus 27 forms beneath the seed wafer 28. This meniscus 27, which may be
concave, bridges the gap between the wall of the vessel 16 and the seed wafer 28. Beyond the
width of the seed wafer 28, the convex meniscus 27 remains attached 1o the wall of the vessel
16. There may be a non-uniform meniscus at this transition between the mesa 29 meniscus and
the concave meniscus 27 beneath the seed wafer 28. This non-uniformity likely will not affect
the thickness uniformity or quality of the sheet 13 because the process occurs in a nearly
isothermal environment.,

The seed wafer 28 is translated in FIG. 10C in the direction of the arrow. This translation
may be caused by a rolier or some other mechanism at an end of the seed wafer 28. The seed
wafer 28 moves under the cooling plate 14 opposite the direction that the seed wafer 28 was
inserted. The cooling plate 14 may be turned off initially or be at a temperature at or above the
temperature of the melt 10. if the cooling plate 14 is located a certain distance upstream of the
wall of the vessel 16 where the meniscus 27 is attached, effects of the meniscus 27 may be
minimized. As the cooling plate 14 is turned on, freezing Is initiated near the seed wafer 28. The
seed wafer 28 pulling motion begins and a sheet 13 is pulled out.

in FIG. 10D, the melt 10 begins flowing using, for example, a pump. The melt 10 may go
over a spillway in an alternate embodiment. The width of the sheet 13 may be increased as the
melt 10 begins to flow. The temperature of the cooling plate 14 and speed of the melt 10 flow or
sheet 13 movement may be adjusted to achieve the desired thickness in the sheet 13. Thus, a

steady-state process may be achieved.
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Meniscus stabilization using gas jets has multiple advantages. It may be appliedtoa
horizontal sheet formation or horizontal ribbon growth (HRG) system and may be used to avoid
LASS in one instance. The sheet 13 may be pulled horizontally in one embodiment, thereby
aliowing the crystal forming region to be upstream of the meniscus 27. This minimizes
perturbations caused by a pulling mechanism from affecting the sheet 13 while it forms. The
meit 10 flow speed may be controlied independently of the speed of the sheet 13. This may
enable a simpler seeding process. Furthermore, spills of the melt 10 may be reduced or
prevented.

FIG. 11 is a cross-sectional view of an embodiment of a gas jet. The gasjet 22 has a
plenum 29 and opening 30. Gas flows in the direction of the arrow. Having a larger plenum 29
than an opening 30 may ensure uniform pressure and flow across the dimensions of the opening
30. In one embodiment the opening 30 has a width approximately equal to the width of the
sheet, such as the sheet 13 in FIG. 4. Of course, other dimensions are possible.

in the embediments disclosed herein, the gas jet 22 may direct gas at g particular
temperature. The gas may be heated to prevent the meniscus from freezing. The gas also may
be cooled to prevent the shaet from being melted or to otherwise cool the sheet.

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 describad herein in the context of a particular
implementation in a particular environment for a particular purpose, thase of ordinary skill in the
art will racognize 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 should 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 sheet production apparatus comprising:
a vessel 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 that is horizontal on said melt proximate said cooling plate; and

10.

11,
12.

13.
14.

15.

a first gas jet configured to direct a gas toward an edge of said vessel.

The apparatus of claim 1, further comprising a pump configured to cause said meit to
flow.

The apparatus of claim 2, wherein said melt is configured to circulate within said vessel.
The apparatus of claim 1, further comprising a second gas jet configured to direct said
gas toward said edge of said vessel, said second gas jet positioned opposite said first gas
jet.

The apparatus of claim 1, further comprising a support table disposed adjacent said first
gas jet, said support table configured 1o support said sheet.

The apparatus of claim 1, further comprising a pressure cell surrounding said sheet and
having a higher pressure than outside said pressure cell, wherein said first gas jet is
within said pressure cell.

The apparatus of claim 1, wherein said material is silicon or silicon and germanium,.

The apparatus of claim 1, wherein said sheet is separated from said melt at said edge of
said vessel and forms a meniscus in said melt, and wherein said first gas jet directs said
gas toward said meniscus.

A method of sheet production comprising:

translating a sheet of a material horizontally on a surface of a melt of said material;
directing a gas from a first gas jet at a meniscus of said melt; and

ramoving said sheet from said melt.

The method of claim 8, wherein said directing is configured to increase a local pressure
within said melt of said meniscus.

The method of claim 9, wherein said sheet and said melt translate at an equal speed.
The method of claim 9, further comprising directing said gas from a second gas jet
whereby a force caused by said directing said gas from said first gas jet is balanced.

The method of claim 9, wherein said material is silicon or silicon and germanium.

The method of claim 9, wherein said gas has a pressure configured to stabilize said
meniscus.

The method of claim 9, wherein said removing comprises separating said sheet from said

meit at a spillway.

12



(93}

10

15

WO 2011/139402 PCT/US2011/026790

18. A method of forming a sheet comprising:
applving & ssad to 3 mel of a material;
directing a gas from a first gas jet at a meniscus of said meit formed adainst said sead;
freezing a portion of said melt 1o form a shest of said material that is horizontal on a
surface of said melt; and
removing said sheet from sald msit.

17. The method of claim 18, further comprising flowing said sheet and said melt at an equal
speed.

18. The method of claim 18, whersain said material is silicon or silicon and germanium,.

18. The method of claim 16, wherein said gas has a pressurs configured o stabilize said
meniscus.

20. The method of claim 16, wherein said removing comprises separating said sheet from
said melt at a spiliway.

21. The method of claim 18, wherein said directing is configurad to increase a local pressure

within said melt of said meniscus.
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