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SINGLE CRYSTALS AND METHODS FOR
FABRICATING SAME

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
madc by reissuc.

CROSS-REFERENCE TO RELATED
APPLICATION(S)

BACKGROUND

1. Field of the Invention

The present invention i1s generally drawn to single crystal
components, and particularly to single crystal sheets, meth-
ods for forming such sheets, and processing equipment used
in connection with the formation of single crystal sheets.

2. Description ol the Related Art

Single crystals such as sapphire have been a material of
choice fordemanding, high performance optical applications,
including various military and commercial applications.
Single crystal sapphire possesses good optical performance
within the 200 to 5000 nanometer range, and additionally
possesses desirable mechanical characteristics, such as
extreme hardness, strength, erosion resistance, and chemical
stability in harsh environments.

While certain demanding high performance applications
have taken advantage of single crystal sapphire, its imple-
mentation has not been widespread partly due to cost and size
limitations duc to forming technologies. In this regard, single
crystal sapphire in the form of sheets is one geometric con-
figuration that holds much industrial promise. However, scal-
ing size while controlling processing costs has been a chal-
lenge 1n the industry. For example, processing equipment has
not been adequaltely developed for the repeatable production
of large-sized sheets, and additionally, processing techniques
have not been developed for reliable manufacture.

A publication entitled “large Diameter Sapphire Window
from Single Crystal Sheets” from the Proceedings of the Fifth
DOD Electromagnetic Window Symposium, Volume I (Octo-
ber 1993) provides a description of sapphire sheet processing
(Co.-authored by the present inventor). However, the technol-
ogy described 1n the paper is confined, particularly limited to
moderate sheet stzes.

In light of the foregoing, the industry continues to demand
large-sized single crystal sheets that can be produced 11 a

cost-effective manner, such that improved size and reduced
cost enable the implementation of sheets in various applica-
tions that, to date, have not been exploited. In addition, there
1s a particular demand for large-sized sapphire sheets.

SUMMARY

According to a first aspect of the present invention, a sap-
phire single crystal is provided. The sapphire single crystal 1s
in the form of a sheet having a length>width>>thickness, the
width not being less than 15 centimeters and the thickness
being not less than about 0.5 centimeters.

According to another aspect, a sapphire single crystal is
provided, in the form of a sheet having a
length>width>thickness, the width being not less than 15
centimeters and a variation 1n thickness of not greater than (.2
centimeters.

According to yet another aspect, a sapphire single crystal is
provided, comprised of an as-grown single crystal sheet hav-
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T

g a main body and a neck. The main body has lirst and
second opposite lateral sides that are generally parallel to
each other, a transition of the neck to the main body being
defined by respective ends or transition points of the first and
second opposite lateral sides. According to a particular fea-
ture, the single crystal sheet has a A, that 1s not greater than

4.0 centimeters. A, 1s the distance by which the first and
second transition points are spaced apart from each other, as
projected along a length segment of the single crystal sheet.

According to yet another aspect, a method of forming a
single crystal is provided in which a melt is provided 1n a
crucible having a die. The thermial gradicnt along the dic 1s
dynamically adjusted, and a single crystal 1s drawn from the
die.

According to another aspect, a method of forming a single
crystal 1s provided, including providing a melt, drawing a
single crystal from the die, and pulling the single crystal
upward from the die and 1nto an afterheater. The afterheater
has a lower compartment and an upper compartment sepa-
rated from each other by an isolation structure.,

According to yet another aspect, a method of forming a
single crystal 1s provided, including providing a melt in a
cruciblc ofa melt fixture. The melt fixturc has a dicopen to the
crucible and a plurality of thermal shields overlying the cru-
cible and the die, the thermal shields having a configuration to
provide a static temperature gradient along the die, such that
temperature is at a maximum at about the midpoint of the dic.
The single crystal 1s drawn from the die.

According to another aspect, melt fixtures are also pro-
vided. In one aspect, the melt fixturc has a shicld assembly
providing a desirable static temperature gradient. In another
aspect, the melt fixture includes an adjustable gradient trim
device.

BRILF DESCRIPTION O TIIE DRAWINGS

FIGS. 1 and 2 illustrate front and side schematic views of a
crystal growth apparatus according to.an embodiment of the
present invention.

FIG. 3 illustrates an end perspective view of a melt fixture
according to an embodiment of the present invention, which
forms a component of the crystal growth apparatus shown 1n
FIGS. 1 and 2.

FIG. 4 1llustrates dimensions of the crucible of the melt
fixture shown in FIG. 3.

FIG. § illustrates an elevated perspective view of the melt
fixture shown 1n FI1G. 3.

FIG. 6 shows two as-grown sapphire single crystals.

DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

According to various embodiments of the present inven-
tion, new sapphire single crystals, a crystal growth apparatus,
particularly, an ERG growth apparatus, and methods tor
growing single crystals are provided. Description of these
various embodiments begins with a discussion of the EFG
growth apparatus 10 illustrated in FIGS. 1 and 2. As used
herein, the term EFG refers to the Edge-Delined-Film-Fed
Growth technique, a technique that 1s generally understood 1n
the industry of single crystal fabricgtion, and particularly
include EFG as applied to sapphire single crystal growth.

Tuming to FIGS. 1 and 2, EFG growth apparatus 10
includes several main components, including a pedestal 12
supporting melt fixture 14, which 1s open to and communi-
cates with afterheater 16. Pedestal 12 is generally provided to
mechanically support the apparatus while thermally 1solating
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the melt fixture 14 from the work surface on which the EFG
apparatus 1s provided, to attenuate heat transmission from the
melt fixture 14 to the work surface. In this context, the ped-
estal 12 1s generally formed of arefractory matenial capable of
withstanding elevated temperatures on the order of 2,000° C.
While various retractory metals and ceramics may be uti-
lized, graphite is particularly suited for the pedestal 12. Vent
holes 16 are provided in pedestal 12 to further improve ther-
mal 1solation.

Turning to melt fixture 14, crucible 20 is provided for
contaiming the melt that 1s utilized as the raw material for
forming the single crystal. In the context of sapphire single
crystals, the raw material 1s a melt from alumina raw material.
The crucible 20 is typically formed of a refractory metal that
1s adapted to be heated through exposure to the field generated
by an inductive heating element 17. The crucible is desirably
formed of molybdenum (Mo) although other materials may
be utilized such as tungsten, tantalum, iridium, platinum,
nickel, and in the case of growth of silicon single crystals,
graphite. More generally speaking, the materials are desired
to have higher a melting point than the crystal being drawn,
should be wet by the melt, and not react chemically with the
melt. The inductive heating element 17 illustrated is an RF
coil, having multiple tums forming a helix. Within the cru-
cible 20, a die 18 is provided, which extends into the depth of
the crucible, the die 18 having a center channel that is open
through a crucible lid 21 (see I'1G. 3) and generally exposed
to afterheater 16 (described in more detail below). The die 18
1s alternatively referred to as a “shaper” in the art.

Further, the melt fixture 14 includes a shield assembly 26
that 1s formed of a plurality of horizontal and vertical shields
discussed in more detail below. The melt fixture 14 is gener-
ally mechanically supported by a support plate 22 overlying
pedestal 12. Thermal 1nsulation 1s provided by bottom insu-
lation 24 as well as insulation layers 32 generally surrounding
the lateral sides and top of the melt fixture 14. The bottom
insulation 24 and the insulation layers 32 may be formed of
graphite felt, for example, although other insulation materials
may be utilized such as low conductivity rigid graphite board
(such as Fiberform from FMI Inc.); other materials are, when
thermodynamically compatible, alumina felt and insulating
matenals; zirconia felt and insulation; aluminum nitride, and
fused silica (quartz). The shield assembly 26 includes hori-
zontal shields 28 and vertical shields 30, which may also be
seen in FIGS. 3 and S.

The next major structural component of the EFG growth
apparatus 10 1s the afterheater 16 that includes a lower com-

partment 40 and an upper compartment 42. The upper and
lower compartments are separated from each other by an
1solation structure. In the particular embodiment shown 1n
FIGS. 1 and 2, the 1solation structure illustrated is formed by
lower 1solation doors 44. For 1llustration, one of the doors 1s
provided in the closed position and the other of the doors in
the open position. A sccond 1solation structurc is also pro-
vided to separate the afterheater 16 from the extermal envi-
ronment. In the embodiment shown 1n FIGS. 1 and 2, the
upper 1solation structure is formed by upper isolation doors
45.

While a more detailed discussion is provided below regard-
ing the growth process and opcration of the EFG growth
apparatus, the process generally calls for lowering a sced
crystal 46 through the afterheater 16 to make contact with the
liquid that 1s present at the top of the die 18, exposed through
the crucible lid and to the alterheater 16. In the embodiment
illustrated, the afterheater 1s passive, that i1s, does not contain
active heating elements. However, the aflerheater may be
active, incorporating temperature control elements such as
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heating elements. After initial growth, the seed crystal 1s
raised and the growing single crystal 48 spreads to form a
neck portion, having a growing width but which 1s less than
the length of the dic. The neck portion spreads to full wadth,
initiating the growth of the full width portion or main body of
the single crystal. The single crystal 1s then raised through the
afterheater, first through lower compartment 40 and then into
upper compartment 42. As the single crystal 48 translates mto
the upper compartment 42, the isolation doors 44 automati-
cally close behind, thereby isolating the upper compartment
42 and the single crystal 48 from the lower compartment 40
and melt fixture 14.

The 1solation structure 1n the form of the lower insulation
doors 44 provides several functions. For example, in the case
of catastrophic failure of crystal 48 during cooling, the result-
ing debris 1s prevented [from impacting the relatively sensitive
melt fixture 14. In addition, the 1solation doors 44 may pro-
vide thermal msulation, to provide a controlled cooling envi-
ronment in the upper compartment 42, thereby controlling
cooling rate in the upper compartment 42.

In further reterence to FIGS. 1 and 2 a gradient trim system
50 is provided. Gradient trim system 50 functions to dynami-
cally adjust a thermal gradient along the length ot the die 18.
The gradient trim system 50 includes upper thermal shields
52 provided at opposite ends of the melt fixture, the thermal
shields being adapted to be positioned at various heights by
manipulating a linkage mechanism to adjust the thermal gra-
dient along the length of the die. The thermal shields 52 may
be embodicd to function as active heating clements through
induction heating by inductive heating element 17, or maybe
embodied to reflect ambient thermal energy. In the latter case,
graphite sheets are particularly usetul such as Grafo1l™ (such
as available from Fiber Materials Inc, (FMI Inc.) of Bidde-
ford. Me.).

Turning to FIGS. 3-§, various features of melt fixture 14 are
ilfustrated. As shown, the melt fixture includes crucible 20
supported by support plate 22. Further, the crucible 20 1s
closed ofl by crucible lid 21, over which the shield assembly
26 is provided. Shield assembly 26 includes the horizontal
shields 28 as illustrated, which are positioned by shield pins
29. Horizontal shields are shown generally as plates having a
planar geometry, although other contours may be utilized.
The horizontal shields are configured to shape the static

(baseline) thermal profile, which can be turther manmipulated
as discussed hereinbelow. The shield¥ may be formed of a

matenial to reflect thermal energy, or may actively be heated
in the presence of the inductive field.

According to a particular feature, the horizontal shields 28
are divided 1nto first and second shield sets respectively posi-
tioned along first and second lateral sides of the die 18. Each
of the shield sets are generally symmetrical about a vertical
central axis. In the embodiment shown 1n FIGS. 3 and 5, the
vertical central axis extends along the central bore of feed
tubes 33, through which the raw material 1s fcd into the
crucible to form the melt. Of particular significance, the hori-
zontal shields 28 form a stepped configuration forming
opposing slopes that are oriented toward the central axis. As
illustrated, adjacent overlying shield pairs are progressively
shorter, to define the sloping and stepped conhiguration.

According to another feature, the crucible has an elongated
structure, that 1s, has a structure in which the horizontal cross
section 1s not circular. In reference to FI1G. 4, the crucible has
a length I, a width w, and a depth d, wherein an aspect ratio
defined as 1:w 1s not less than 2:1. As shown 1n FIG. 4, the
length and width of the crucible 20 are mutually perpendicu-
lar, and represent the internal dimensions ol the crucible.
According to certain embodiments, the aspect ratio 1s not less

n*
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than 3:1, such as not less than 4:1. While the cross-sectional
shape of the crucible 20 1s generally oval, other embodiments

may be rectangular or polygonal, while still maintaining the
foregoing aspect ratio features. The inductive heating element

17 shown in FIGS. 1 and 2 also has an aspect ratio similar to s
that of the crucible, namely being greater than 2:1. A com-
parison of the length of the coils shown in FIG. 1 to the width
of the coils shown in FIG. 2 illustrates this feature.

Now focusing on operation of the EFG growth apparatus
10, typically crystal growth begins with formation of ameltin 10
the crucible. Here, the crucible is filled with a feed material,
Al,O; 1n the case of sapphire. The feed material is generally
provided by introduction through the feed tubes 33. The melt
1s 1ntiated and maintained by inductive heating at a tempera-
ture of about 1950° C. to about 2200° C., by energizing 15
inductive heating element 17 having a plurality of inductive
heating coils. Heating by induction is effected by heating of
the crucible 20, transmitting thermal energy into the material
contained therein. The melt wets the die 18, forming a layer of
hquid at the surface of the die. 20

After formation of a stable melt in the crucible, the seed
crystal 46 1s lowered through the afterheater 16, to contact the
liquid at the die opening. After contact of the seed crystal with
the melt at the die opening, the liquid film of the melt extend-
ing from the die to the seed 1s observed and temperature and 25
temperature gradient {(discussed below) are adjusted to reach
a film height, such as on the order of 0.3 to 2.0 millimeters. At
this point, the seed crystal is slowly raised such that upon
raising the crystal into the lower compartment of the after-
heater 40 the lower temperature causes crystallization of the 30
liquid melt, forming a single crystal. The seed crystal is
generally raised within a range of about 3 to 30 centimeters
per hour, such as within arange of 3 to 15 centimeters per hour
or 3 to 10 centimeters per hour.

At this point in the crystal growing process, a neck is 35
grown, representing a sub-maximun width of the single crys-
tal. Turning briefly to the full-length single crystal 100 shown
in FIG. 6, the single crystal 100 includes a main body 102 and
a neck 104, wheremn the transition from the neck to the main
body i1s labeled I. The initial portion of the neck extending 40
trom the distal end 106 is desired to have a minimum geom-
etry, such as on the order of a few centimeters long, and
having a thickness corresponding to at least one halt the width
of the die. Once assuring that the initial growth of the neck is
desirable, the balance of the neck i1s grown by lowering the 45

pull speed to be on the order of 0.1 cm/hr to about 20 cm/hr,
often times within a range of about 0.1 cm/hr to about 10

cm/hr, more particularly, 0.5 cm/hr to 5 crv/hr. Additionally,
the temperature may be lowered (o be on the order 0of 10° C.
to 100° C. lower, such as 10° C. to 50° C. lower than the initial 50
starting temperature of the process.

Upon continued pulling of the seed crystal 46, the neck
widens to maximum width, which is the length of the die 18.
Of significance, it is desired that the neck spreads uniformly
and symmetrically to opposite ends of the die during the 55
pulling process, such that the height difference between the
in1tiation of the main body portion defined by the transition of
opposite lateral sides of the main body, are within about 4
centimeters ol each other, as projected along the vertical
height of the crystal. 60

Turing back to FIG. 6, an illustration of two difference
crystals is provided, demonstrating a difference in spread
uniformity. The first crystal 80 represents a partial neck por-
tion of a rejected (out-of-spec) single crystal, while crystal
100 represents an as-formed full-length crystal that was 65
acceplable lfor further processing nto useful components.
Crystal 100 includes a main body 102 and a neck 104,

0

wherein the transition from the neck 104 to the main body
during growth happens along transition zone T as labeled.
Generally, the neck 104 has an increasing thickness form the
distal end 106 to the transition zone T. As shown, the main
body 102 includes first and second opposite lateral sides 108,
110 that are generally parallel to each other, wherein the end
point of each of the sides 108 and 110 i1s defined by respective
lateral transitions from the neck 104 to the main body 100,
representing full width. The first lateral side 108 includes an
end point defined by transition point 112, and similarly, lat-
eral side 110 includes an end point defined by transition point
114. The transition points 112, 114 arc projccted perpendicu-
larly along a length segment (or long axis) of the single crystal
sheet and the distance by which the respective transition
points 112 and 114 are spaced apart along that length are
represented by A, representing a diflerence in heights
between transition points of the opposite lateral sides of 108
and 110 of the main body 102. Desirably, A, 1s not greater
than about 4.0 centimeters, such as not greater than about 3.0
centimeters, in particular, not greater than about 2.0, 1.5, 1.0,
0.8, or even 0.7 centimeters. Ideally, A, 15 zero although
practically a zero delta 1s difficult to reproduce.

It the A_.1s greater than a predetermined spec, such as 4.0
centimeters, the crystal 1s pulled free from the melt, dis-
carded, and a growth operation 1s remnutiated. An out of spec
crystal 1s illustrated in FI1G. 6 as crystal 80.

An excessively high A, generally corresponds to undesir-
able thickness variations across the width of the crystal, caus-
ing internal stresses and attendant low yield rates, as well as
processing i1ssues 1 fabrication of optical components from
the crystal. High A, is related to high thermal gradients along
the length of the die. Accordingly, pursuant to a particular
feature, the thermal gradient along the length of the die 1s
adjusted to provide for growth ol a single crystal having a A
that 1s within spec.

Turning back to FIGS. 1 and 2, the thermal gradient may be
adjusted by manipulating the gradient trim system S0 having
first and second heat shields provided at opposite ends of the
die. In the particular embodiment shown in FIGS. 1 and 2,
raising a shield at a particular end raises the temperature at
that end, while lowering the shield lowers the temperature at
that end of the die. Temperature readings (e.g., from a pyrom-
eter or thermocouples) along the length of the die guide the
adjustment of gradient trim system 50. Typically, the thermal
gradient 1s reduced to a value of not greater than about 0.6°
C./cm along a length of the die during the drawing operation.
Other embodiments have an even further reduced thermal
gradient such as on the order of 0.4, or even 0.3° C./cm.
Alternatively, the thermal gradient is reduced to a value of not
greater than about 20° C,, such as not greater than 15° C.
between the first and second opposite ends of the die during

drawing.

The overall temperature profile along the length of the die
1s gencrally such that the center of the dic has the highest
temperature, with temperature falling off to the edges of the
die. Ideally, the curve 1s symmetrnical, where temperature
from the center to each end of the die falls off uniformly,
creating generally similar temperature gradients from the
center of the die to each end of the die. Noteworthy, the shape
of the shield assembly (discussed above), is chosen to provide
the desired static shape of the temperature profile. As such,

the shields, acting as heating elements are typically sym-
metrical about an axis bisecting the die, and have a height that

s at 1ts maximum at the center of the die, gradually decreasing
to a minimum at opposite ends of the die.

Typically, the adjustment is carried out prior to growth of a
single crystal, which includes adjustment between growth of
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mdividual single crystals, such as between the growth of the
first single crystal 80 and the growth of the second single
crystal 100. In either case, dynamic adjustment of the thermal
gradient 1s typically carried out after the formation of the melt

in the crucible. Still further, the thermal gradient may be 3
adjusted during the growth of the single crystal, that s, during
the pulling of the seed crystal so as to grow and draw the
single crystal.

While adjustment of the thermal gradient has been
described herein 1n connection with use of the gradient trim
system 30 that includes thermal shields, other gradient trim
systems may be utilized. For example, thermal shields may be
replaced with heat sinks, which act to draw heat away from
the die. In the manner known in the art, heat sinks may take on
the form of a heat exchanger, such as those that have a fluid
flowing therethrough for carrying thermal energy away from
the heat sink. The amount of thermal encrgy drawn away from
either end of the die may be adjusted by manipulating the
temperature of the fluid flowing through the heat exchanger, 20
such as through use of a thermostat provided in-line within
the fluid flow system, and/or adjusting flow rates. Alterna-
lively, the position of the heat sink may be adjusted to modify
the amount of thermal energy drawn from the respective end
of the dic. 25

Upon the creation of a full-length single crystal having a
Al that 1s within spec, the single crystal 1s broken free from
the melt by pulling, and temperature is stabilized by main-
taimng the single crystal within the lower compartment 40 of
the afterheater 16. Thereafter, the single crystal is pulled to
enter upper compartment 42, during which a controlled cool-
ing of the crystal is effected. Typically, cooling is carried out
at a rate not greater than about 300° C /hr, such as not greater
than about 200, 150, or even 100° C./hr. According to an
embodiment, the cooling rate is not less than about 50° C./hr.,
such as within a range of about 50 to 100° C./hr. The relatively
slow cooling rates are generally dictated by several param-
eters, including the mass of the crystal. Here, in the case of
relatively large single crystals, it 1s not uncommon that the 49
single crystal to have a mass greater than about 4 kg, such as
greater than about 5 or 6 kg, such as on the order of 7 kg.

Following the drawing and cool down of the single crystal,
machinming operations are typically effected. It i1s generally
desired that the single crystal be near-net shape, but often- 45

times machining 1s etfected to form the single crystal into the
desired geometric configurations for commercial use.

Accordingly, grinding, lapping, polishing and the like, or bulk
material removal/shaping such as wire sawing or cleaving
and the like may be utilized to manipulate the single crystal 50

into a desired component or components, such as optical
windows for bar codes scanners, optical windows for infrared

and laser gumidance, sensing and targeting systems in military
opcerations, optical windows for infrared and visible wave-
length vision systems. The optical window i such implemen- 55
tations may function to act as a window that 1s scratch and
erosion resistant while being transparent in the infrared and
visible wavelength spectrums. Other applications include
transparent armor, such as bullet resistant windshields made
of composites that include large sheets ot sapphure. 60
Turning to the single crystal itself, the single crystal 1s in
the form of alumina single crystal (sapphire). Typically, the
single crystal 1s relatively wide, such as having a width not
less than about 15 cm, such as not less than about 17, 20, 22,
25, or even 28 cm. The width corresponds to the length ofthe 65
die duning the drawing operation, the die determining the
desired maximum width of the crystal. Further, according to
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a particular feature, the average thickness 1s not less than
about 0.5 cm, such as not less than about 0.6, 0.7, 0.8, or even
0.9 cm.

Further, the single crystal typically has a relatively con-
fined variation in thickness, having a variation not greater
than about 0.2 cm. Here, variation 1n thickness corresponds to
the maximum thickness variation along a segiment spanning
the width of the main body of the single crystal sheet. Ideally,
the maximum thickness variation corresponds to substan-
tially the majority of all width segments along the main body,
generally denoting a maximum thickness variation along the
majority of main body of the single crystal.

EXAMPLES

Example 1, a crystal having dimensions 305x3x475+10x
9.3+0.8 (WxLxT in mm). The following process flow was
used to form Example 1.

a. Set up furnace with growth components: crucible, die,
shields and insulation package (hotzone).

b. Purge chamber for 2 hours at 40 sctm Argon.

c. Turn on power 150 kW supply. |

d. Ramp power @ 0.625% per minute to a temperature set

point of 1950° C.

e. Manually adjust temperature until melting (I,) 1s
observed.

f. Manually adjust temperature [rom T, to T, +60° C.

g. Start feeder and add 4100 g feed matenal into crucible.

h. Allow melt to stabilize for 1 hour.

1. Lower seed and contact die at mid point.

1. Adjust temperature so that approximately 1 mm of hquid

film separates seed crystal and die (T),).

k. Start upward translation of puller at 75 mm/hr. |

l. Grow neck of crystal for 25 mm, inspect for uniform cross
section and sufficient width, such as approximately V2 the
width of the die. If neck is not uniform, break crystal tree
and adjust temperature gradient and reinitiate growth pro-
cess for a new crystal.

m. Adjust temperatureto T, -40° C. and lower pull speed to 25

mm/hr.

n. Allow crystal to spread to edges of die. If crystal does not
spread uniformly to edges of die, break crystal free and
adjust temperature gradient and reinitiate growth process
for a new crystal

0. Start feeder once 50 mm length of growth has been reached

and add feed material at a rate of 2.2 g/min---for a total of
2250 g over the course of the growth run.

p. Adjust the temperature and/or temperature gradient to
maintain uniform liquid film height of 0.3£0.1 mm at die
interface while growing body of crystal at 25 mm/hr.

q- When full width crystal has reached a length of 485 mm
pull the crystal free of dic by increasing pull rate to 7500

mm/hr for a length of 8 mm.
r. When bottom of crystal reaches 8 mm above die lower the

pull rate to 150 mm/hr until crystal bottom ts 150 mm

above the die.
s. Increase pull speed to 375 mm/hr untit crystal emerges {rom

hot zone at the top of the fumace.

Other Examples

For different size crystals, the amount of raw material fed
into the melt fixture over the growth period changes to accom-
modate the diflerent weight ot the crystal. For example, the

total weight for Example 1 was about 6350 g. For a 230x610x
9.3 the total weight will be 6150 g. So 1n this second example,
the initial charge ts 4100 g and the amount charged 1in would

.
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be 2050 at 1.5 g/min (2050 grams/~24 hour growth (610
nun/25 mmvhr)). Generally, it is desirable to charge the
imcoming raw material generally uniformly through the grow-
ing process, over the whole length of the crystal.

Through use of various features of the embodiments of the
present invention, such as utilization of a high aspect ratio
crucible, high aspect ratio heating element, use of a gradient
trim system, and introduction of a compartmentalized after-
heater, sapphire single crystal sheets having the foregoing
desirable geometric and mass features such as minimum
width, thickness, and thickness variation features may be
successfully formed. More particularly, use of a high aspect
ratio crucible may improve process uniformity and repeat-
ability, which use of a thermal gradient system for dynami-
cally controlling the thermal gradient along the length of the
die can be used to minimize the thermal gradient along the
die, maximum temperature variations along the die, and
accordingly provide for a symmetrical spread along the neck
of the single crystal, contributing to thickness uniformity and
the ability to grow relatively large mass and relatively thick
crystals. While the prior art has reported success in the for-
mation of moderately sized single crystals having limited
width and/or thickness, embodiments of the present invention
provide for improved process control and equipment cnabling
next generation, large sized single crystals, and in particular,
single crystal sheets.

The above-disclosed subject matter 1s to be considered
illustrative, and not restrictive, and the appended claims are
mtended to cover all such modifications, enhancements, and
other embodiments, which fall within the scope of the present
invention. For example, while certain embodiments focus on
growth ot large-sized sapphire, other single crystals may be
fabricated utilizing the process techniques described herein.
Thus, to the maximum extent allowed by law, the scope of the
present invention 1s to be determined by the broadest permis-
sible interpretation of the following claims and their equiva-
lents, and shall not be restricted or limited by the foregoing,
detailed description.

What 1s claimed is:

1. A sapphire single crystal, comprising;:

a single crystal sheet having a length, width and thickness,
wherein length >width>thickness, the width is not less

than [about 15] 28 cm, and the thickness is not less than
about 0.5 cm.

2. The crystal of claim 1, wherein the width 1s not less than
[about 20] 30 cm.

[3. The crystal of claim 1, wherein the width is not less than
about 25 cm.]

4. The crystal of claim 1, wherein the thickness 1s not less
than about 0.6 cm.

S. The crystal of claim 1, wherein the thickness is not less
than about 0.7 cm. |

6. The sapphirce single crystal of claim 1, wherein the single
crystal sheet has a vanation in thickness of not greater than
0.2 cm, wherein the variation in thickness is the difference
between maximum and minimum thickness values along a
segment spanning the width of the sheet.

7. The crystal of claim 6, wherein the variation in thickness
1s not grcater than 0.15 cm.

8. The crystal of claim 6, wherein the variation in thickness
1s not greater than 0.10 cm.

9. The crystal of claim 6, wherein the variation in thickness
1s not greater than 0.07 c¢m.

10. A sapphire single crystal, comprising:

a single crystal sheet having a length, width and thickness,

wherein length >width>thickness, the width 1s not less
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than about 15 cm, the thickness 1s not less than about 0.5
cm, and a vanation in thickness of not greater than 0.2
cm.

11. A sapphire single crystal, comprising:

an as-grown single crystal sheet having a length, width and

thickness, wherein length>width>thickness, the width is
not less than about [15] 28 cm, the single crystal sheet
further having a neck and a main body that defines first
and second oppostite lateral sides that are generally par-
allel to each other, a transition of the neck to the main
body portion 1s defined by respective first and second
transition points of the first and second opposite latcral
sides, and the single crystal has a A, not greater than 4.0
cm, wherein A 1s the distance by which the respective
first and second transition points are spaced apart as
projected along a length segment of the single crystal
sheet.

12. The crystal of claim 11, wherein A 1s not greater than
about 3.0 cm.

13. The crystal of claim 11, wherein A, 1s not greater than
about 2.0 cm.

14. The crystal of claim 11, wherein the neck increases in
thickness tfrom its distal end to the main body.

15. The crystal of claim 11, wherein the width is not less
than 25 cm.

16. The crystal of claim 11, wherein the width is not less
than 28 cm. =

17. The crystal of claim 16, wherein the single crystal sheet
has a variation in thickness of not greater than 0.2 cm,
wherein the variation in thickness is the difference between
maximum and minimum thickness values along a segment
spanning the width of the sheet.

18. The crystal of claim 17, wherein the variation in thick-
ness is not greater than 0.15 cm.

19. The crystal of claim 17, wherein the variation in thick-
ness is not greater than 0.10 cm.

20. The crystal of claim 17, wherein the variation in thick-
ness is not greater than 0.07 cm.

21. The crystal of claim 11, wherein the width is not less
than 30 cm.

22. The crystal of claim 11, wherein the thickness is not less
thanr about 0.6 cm.

23. The crystal of claim 11, wherein the thickness is not less
than about 0.7 cm.

24. The cryvstal of claim 11, wherein the crystal is substan-
tially transparent in the infrared and visible wavelength spec-
trums.

23. The crystal of claim 1, wherein the single crystal sheet
has a surface defined by the length and the width, wherein the
surface is substantially rectangular.

26. The crystal of claim 25, wherein the width is not less
than 30 cm.

27. The crystal of claim 25, wherein the thickness is not less
than about 0.6 cm.

28. The crystal of claim 25, wherein the thickness is not less
than about 0.7 cm.

29. The crystal of claim 25, wherein the single crystal sheet
has a variation in thickness of not greater than 0.2 cm,
wherein the variation in thickness is the difference berween
maximum and minimum thickness values along a segment
spanning the width of the sheet.

30. The crystal of claim 29, wherein'the variation in thick-
ness is not greater than 0.15 cm.

31. The crystal of claim 29, wherein the variation in thick-

ness is not greater than 0.10 cm.
32. The crystal of claim 29, wherein the variation in thick-
ness is not greater than 0.07 cm.
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33. A sapphire single crystal, comprising:

an as-grown single crystal sheet having a length, width and
thickness, wherein length >width>thickness, the width is
not less than 28 cm, and the thickness is not less than
about 0.5 cm.

34. The crystal of claim 33, wherein:

the single crystal sheet a neck and a main body adjacent to
the neck;

the main body has a surface defined by the length and the
width: and

the surface is substantially rectangular

35. The crystal of claim 33, wherein the crystal is substan-

tially transparent in the infrared and visible wavelength spec-
rums.

36. A sapphire single crystal, comprising:

a single crystal sheet having a length, width and thickness,
wherein:

length>width>thickness, the width is not less than 28 cm,
and the thickness is not less than about 0.5 cm; and

the single crystal sheet is substantially transparent in the
infrared and visible wavelength spectrums.
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37. The crystal of claim 36, wherein the width is not less
than 30 cm.

38. The crystal of claim 36, wherein the thickness is not less
than about 0.6 cm.

39. The crystal of claim 36, wherein the thickness is not less
than about 0.7 cm.

40. The crystal of claim 36, wherein the single crystal sheet
has a variation in thickness of not greater than 0.2 cm,
wherein the variation in thickness is the difference between
maximum and minimum thickness values along a segment
spanning the width of the sheet.

41. The crystal of claim 40, wherein the variation in thick-
ness is not greater than 0.15 cm.

42. The crystal of claim 40, wherein the variation in thick-
ness is not greater than 0.10 cm.

43. The crystal of claim 40, wherein the variation in thick-
ness is not greater than 0.07 cm.

44. The crystal of claim 36, wherein the crystal is at least
part of a window.
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