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15
Background of the Invention

This invention relates to an improved system
and method for measuring the diameter of silicon crystals
grown by the Czochralski process and, in particular, a

20 system or methed for use in controlling an apparatus or
method employing the Czochralski process;

The substantial majority of monocrystalline
silicon used to make silicon wafers for the
microelectronics industry is produced by crystal pulling

25 machines employing the Czochralski process. Briefly
described, the Czochralski process involves melting
chunks of high-purity polycrystalline silicon in a quartz
crucible located in a specifically designed furnace to
form a silicon melt. A relatively small seed crystal is

30 mounted above the crucible on the lower end of a pull
wire hanging from a crystal lifting mechanism for raising
and lowering the seed crystal. The crystal lifting
mechanism lowers the seed crystal into contact with the
molten silicon in the crucible. When the seed begins to

35 melt, the mechanism slowly withdraws it from the silicon
melt. As the seed is withdrawn, it grows drawing silicon
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enpl oyi ng the Czochral ski process. Briefly described, the Czochral sk
process involves nelting chunks of high-purity polycrystalline siliconin a
quartz crucible located in a specifically designed furnace to forma
silicon nelt. Arelatively small seed crystal is 30 nmount ed above the
cruci ble on the Iower end of a pull wirez2hanging froma crystal lifting
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is rotated in ffpslifectdofedtht he crystal lifting mechanism wre, seed,
and crystal_are rotated in an oppasite direction, |,
5 As crystal growth is initiated, the thermal

shock of contacting the seed with the melt may cause
dislocations in the crystal. The dislocations are
propagated throughout the growing crystal and multiplied
unless they are eliminated in the neck region between the

10 seed crystal and the main body of the crystal. The known
methods of eliminating dislocations within silicon single
crystal involve growing a neck having a small diameter at
a relatively high crystal pull rate to completely
eliminate dislocations before growing the body of the

15 crystal. After dislocations are eliminated in the neck,
its diameter is enlarged until the desired diameter of
the main crystal body is reached. When the neck, which
is the weakest part of the crystal, has too small of a
diameter, it can fracture during crystal growth, causing

20 the body of the crystal to drop into the crucible. The
impact of the crystal ingot and splashing molten silicon
can cause damage to the crystal growing apparatus as well
as present a serious safety hazard.

As is known in the art, the Czochralski process

25 is controlled, in part, as a function of the diameter of
the crystal being grown. Thus, for both control and
safety reasons, an accurate and reliable system for
measuring crystal diameter, including neck diameter, is
needed.

30 Several technologies are known for providing
crystal diameter measurements including methods of
measuring the width of the bright ring. The bright ring
is a characteristic of the reflection of the crucible
wall in the meniscus which is formed at the solid-liquid

35 interface. Conventional bright ring and meniscus sensors
employ optical pyrometers, photocells, rotating mirrors



.

5 - As crystal growth is initiated, the thermal shock of
contacting the seed with the nelt may cause dislocations in the crystal.
The di sl ocations are propagated throughout the growi ng crystal and
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di aneter of P ' -

Unfortunately, conventional apparatus for
automatically measuring crystal width are not

10 sufficiently accurate or reliable for use during the
different phases of crystal growth or for large diameter
crystals in which the true maximum of the bright ring may
be obscured from view by the solid body of the crystal
itself. 1In an effort to correct this problem,

15 conventional apparatus for measuring crystal width
attempt to measure the meniscus at a chord or at a single
point along the meniscus. However, such apparatus
require precise mechanical positioning of the'scanning
device and are highly sensitive to fluctuations in melt

20 level. Further, conventional measuring apparatus require
frequent calibration by the operator of the crystal
growing apparatus to ensure that the diameter remains
within specification.

In addition to the problems described above,

25 conventional apparatus for automatically measuring
crystal diameter fail to provide accurate measurements
whén the crystal orbits, or movés in a pendular manner,
as it is pulled from the melt. Known measurement
apparatus are also unable to discriminate between the

30 bright ring and reflections on the melt surface or on the
growing crystal itself, resulting in unreliable
measurements. Further, such apparatus are often unable
to provide measurements when the viewport window is
blocked by, for example, splashes of silicon.

35 Another disadvantage with conventional systems
and methods for measuring crystal diameter is that they



“the crystal being grown. Thus, for both control and safety reasons, an
accuragte and reliable systemfor neasuring crystal dianeter, including neck
di aneter, is needed. 30 Several technol ogies are known for

provi ding crystal dianmeter neasurenents including nethods of neasuring the

wi dth of the bright ring. The bright ring is a characteristic of the
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reference, di sjmweclnet hods and apparatus for determning the diameter of a
crystal durdng the crystah,0rydde reasons, conventional apparatus fail

to provide an accurate and reliable system of

automatically determining crystal diameter for

controlling the crystal growth process.
10 Summary of the Invention

Among the objects and features of the present
invention may be noted the provision of an improved
system and method of control and operation which overcome

15 at least some of the disadvantageous conditions described
above; the provision of such system and method which
provide accurate and reliable measurements of crystal
diameter during the growth process; the provision of such
gystem and method which compensate for errors caused by

20 distortion due to camera angle; the provision of such
system and method which is not affected by movement of
the crystal during the growth process; the provision of
such system and method which provide accurate and
reliable measurements of melt level; the provision of

25  such system and method which provide an indication of a
loss of zero dislocation growth; and the provision of
such system which is economically feasible and
commercially practical and such method which can be
carried out efficiently and relatively inexpensively.

30 Briefly described, a system embodying aspects
of the present invention is for use in combination with
an apparatus for growing a silicon crystal from a silicon
melt. The system determines a dimension of the crystal
being pulled from the melt wherein melt has a surface

35 with a meniscus which is visible as a bright area

adjacent the crystal. The system includes a camera for
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crystal width are not 10 sufficiently accurate or reliable for use during
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a pendul ar nanmsharacteristic and for defining a shape including the
defined edge of the bright area. A measurement circuit
determines a dimension of the defined shape whereby the
dimension of the silicon crystal is determined as a

10 function of the determined dimension of the defined
shape.

Generally, another form of the invention is a
method for use in combination with an apparatus for
growing a silicon crystal from a silicon melt. The

15 method determines a dimension of the crystal being pulled
from the melt wherein melt has a surface with a meniscus
which is visible as a bright area adjacent the crystal.
The method includes the steps of generating an image
pattern of a portion of the bright area adjacent the

20 silicon crystal and detecting a characteristic of the
image pattern. The method also includes defining an edge
of the bright area as a function of the detected
characteristic and defining a shape including the defined
edge of the bright area. The method further includes the

25 step of determining a dimension of the defined shape
whereby the dimension of the silicon crystal is
determined as a function of the determined dimension of
the defined shape.

Alternatively, the invention may comprise

30 various other systems and methods.

Other objects and features will be in part

apparent and in part pointed out hereinafter.

Brief Description of the Drawings

35 Fig. 1 is an illustration of a crystal growing
apparatus and a system for controlling the crystal



as it is pulled fromthe nelt. Known measurenent apparatus are al so unable
to disscrimnate between the 30 bright ring and reflections on the nelt
surface or on the growing crystal itself, resulting in unreliable
measurenents. Further, such apparatus are often unable to provide

measur ements when the viewport w ndow is _bl ocked by, for exanple, splashes

of silicon. 35 Anot her di sadfantage with conventional systens
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S crystal being pulled from a melt.

Fig. 4 is a fragmentary and cross-sectional
perspective view of the crystal of Fig. 3.

Fig. 5 illustrates a flow diagram of the
operation of the control unit of Fig. 2.

10 Figs. 6A, 6B and 6C illustrate a flow diagram
of the operation of the control unit of Fig. 2.

Fig. 7 is a graphical illustration of exemplary
crystal crown measurements for the crystal growing
apparatus and control system of Fig. 1.

15 Figs. 8A and 8B are graphical illustrations of
exemplary crystal neck measurements for the crystal
growing apparatus and control system of Fig. 1.

Figs. 9A and 9B are graphical illustrations of
exemplary crystal body measurements for the crystal

20 growing apparatus and control system of Fig. 1.

Corresponding reference characters indicate
corresponding parts throughout the drawings.

Detailed Description of Preferred Embodiments
25
~Referring now to Fig. 1, a system 21 is
illustrated for use with a Czochralski crystal growing
apparatus 23 in accordance with the present invention.
In the illustrated embodiment, the crystal growing
30 apparatus 23 includes a vacuum chamber 25 enclosing a
crucible 27 which is surrounded by a resistance heater 29
or other heating means. Generally, a crucible drive unit
31 rotates the crucible 27 in the clockwise direction, as
indicated by the arrow, and raises and lowers crucible 27
35 as desired during the growth process. Crucible 27

contains a silicon melt 33 from which a single crystal 35



10 Simmary of the Invention Among the objects and features of the present
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for use in conblnatlon wi th
the opposite direction that crucible drive unit 31
rotates crucible 27. The crystal drive unit 45 also
raises and lowers crystal 35 as desired during the growth
10 process. A heater power supply 47 energizes the
resistance heater 29 and inéulation 49 lines the inner
wall of the vacuum chamber 25. An inert atmosphere of
argon gas is preferably fed into vacuum chamber 25 as gas
is removed from within vacuum chamber 25 by a vacuum pump
15  (not shown). In one embodiment, a chamber cooling jacket
(not shown) fed with cooling water may surround wvacuum
chamber 25. Preferably, a temperature sensor 51, such as
a photo cell, measures the melt surface temperature.
In a preferred embodiment of the invention, at
20 least one two-dimensional camera 53 is for use with a
control unit 55 to determine the diameter of single
crystal 35. The control unit 55 processes signals from
the temperature sensor 51 as well as the camera 53. As
shown in Fig. 2, control unit 55 includes a programmed
25 digital or analog computer for use in controlling, among
other things, crucible drive unit 31, single crystal
drive unit 45 and the heater power supply 47.
Referring further to Fig. 1, according to a
general silicon sihgle crystal growth process, a quantity
30 of polycrystalline silicon is charged to crucible 27.
Heater power supply 47 provides electric current through
heater 29 to melt the charge. Crystal drive unit 45
lowers the séed crystal 37 via cable 39 into contact with
the molten silicon of melt 33 contained by crucible 27.
35 When seed crystal 37 begins to melt, crystal drive unit
45 slowly withdraws, or pulls, it from melt 33. Seed



an apparatus for growing a silicon crystal froma silicon nelt. The system
detergni nes a di nension of the crystal being pulled fromthe nelt wherein
melt has a surface 35 wth a neniscus which is visible as a bright area
adj acent the crystal. The systemincludes a canera for 5 generating an

| mage pattern of a portion of the bright area adjacent the silicon crystal
and a detection circuit for detecting a 8haracteristic of the imge
pattern. The system al so includes a defining circuit for defining an 5
edge of the bricGHStalea Tagdravs feiiiserof nofe Mdite e d o RACSMCEY s GROWEHY

for defining acthaiqidud udinfld kavirfdined e@dod tofid RO Hron aR1A
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| nvent i on iSc;acontact with melt 33 for preheating seed crystal 37.
Crystal drive unit 45 rotates crystal 35 at a
predetermined reference rate as it is pulled from melt
33. Crucible drive unit 31 similarly rotates crucible 27
at a second predetermined reference rate, but usually in
10 the opposite direction relative to crystal 35. Control
unit 55 initially controls the withdrawal, or pull, rate
and the power supplied to heater 29 by power supply 47 to
cause a neck down of crystal 35. Preferably, control
unit 55 then adjusts these parameters to cause the
1S diameter of crystal 35 to increase in a cone-shaped
manner until a predetermined desired crystal diameter is
reached. Once the desired crystal diameter is reached,
control unit S5 controls the pull rate and heating to
maintain constant diameter as measured by system 21 until
20 the process approaches its end. At that point, the pull
rate and heéting are increased so that the diameter
decreases to form a tapered portion at the end of single
crystal 35. '
As described above, accurate and reliable
25 control is desired during the crystal growth process,
particularly in the neck portion of crystal 35. The neck
is'preferably grown at a substantially constant diameter
as seed crystal 37 is drawn from melt 33. For example,
control unit 55 causes a substantially constant neck
30 diameter to be maintained so that the neck diameterx
remains within fifteen percent of the desired diameter.
As is known in the art, the top portion of the neck
adjacent seed cr&stal 37 may contain dislocations (not
shown) first introduced by the thermal shock associated
35 with bringing the dislocation-free seed crystal 37 into
contact with silicon melt 33. As is known in the art,



met hod*for use in conbination with an apparatus for growing a silicon .
crystal froma silicon nelt. The 15 met hod determ nes a di mension of the
crystal being pulled fromthe nelt wherein nelt has a surface with a

meni scus which is visible as a bright area adjacent the crystal. The met hod
I ncludes the steps of generating an inmage pattern of a portion of the

bri ght area adjacent the 20 silicon crgstal and detecting a
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crystal diameter. ,
Fig. 2 illustrates a preferred embodiment of
control unit 55 in block diagram form. According to the
10 present invention, camera 53 is preferably a monochrome
charge coupled device (CCD) camera, such as a Sony XC-75
CCD video camera having a resolution of 768x494 pixels.
Camera 53 is mounted in a viewport (not shown) of chamber
25 at an angle of approximately 34° with respect to the
15 vertical axis 43 and is aimed generally at the
intersection of axis 43 and melt 33 at the melt level 41
(see'Fig. 3).
Camera 53 generates a video image of the width
of crystal 35 as it is pulled from melt 33 including an
20 image of a portion of the meniscus (see Fig. 3) at the
interface between melt 33 and crystal 35. Preferably,
the lens of camera 53 is a 16 mm lens providing a field
of view of at least approximately 300 mm. Camera 53
communicates the video image via line 57 (e.g., RS-170
25 video cable) to a vision system 59. As shown in Fig. 2,
the vision system 59 includes a video image frame buffer
61 and an image processor 63. As an example, vision
system 59 is a Cognex CVS-400 vision system. In turn,
vision system 59 communicates with a programmable logic
30 controllexr (PLC) 65 wvia line 67. In one preferred
embodiment, the PLC 65 is a Model 575 PLC manufactured by
Siemens and line 67 represents a VME backplane interface.
Referring further to Fig. 2, vision system 59
also communicates with a video display 69 via line 71
35 (e.g., RS-170 RGB video cable) and with a personal
computer 73 via line 75 (e.g., RS-232 cable). 1In a



35 ’ Fig. 1 is anillustration of a crystal grow ng apparatus and
a systemfor controlling the crystal 6 growi ng apparatus according to
the present invention. Fig. 2 is a block diagramof a control unit of the
systemof Fig. 1. Fig. 3 is a fragnentary view of a silicon 5 crystal

being pulled froma nelt. Fig. 4 is a fragnentary and cross-secti onal
perspective view of the crystal of Fig. 3 Fig. 5 illustrates a flow
di agram of the operation of the control unit of Fig. 2. 10

Figs. 6A 6B af¥eferned,smbadiment,olhg ¥ddee 6 Yo5& atiispl agts tthe
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crystal crown neasurenents for the crystal grow ng apparatus and control
system of Fig. upedigo program vigiions syskemh®98B are graphi cal

illustrations of In the illustrated embodiment, PLC 65
5 communicates with an operator interface computer 77 via
line 79 (e.g., RS-232 cable) and with one or more process
input/output modules 81 via line 83 (e.g., RS-485 cable).
The operator interface computer 77 permits the operator
of crystal growing apparatus 23 to input a set of desired
10 parameters for the particular crystal being_grown.. The
process input/output module 81 provides a path to and
from crystal growing apparatus 23 for controlling the
growth process. As an example, PLC 65 receives
information regarding the melt temperature from
15 temperature sensor 51 and outputs a control signal to
heater power supply 47 via process input/output module 81
for controlling the melt temperature thereby controlling
the growth process.
Fig. 3 is a fragmentary view of silicon crystal
20 35 being pulled from melt 33. Crystal 35 constitutes a
generally cylindrical body of crystalline silicon and is
preferably an ingot of crystalline silicon having
vertical axis 43 and a diameter D. It should be
understood that an as-grown crystal, such as crystal 35,
25 may not have a uniform diameter, although it is generally
cylindrical. A For this reason, diameter D may vary
slightly at different axial positions along axis 43.
Further, diameter D will vary in the different phases of
crystal growth (e.g., seed, neck, crown, shoulder, body
30 and end cone). Fig. 3 also illustrates a surface 85 of
melt 33 having a liguid meniscus 87 formed at the
interface between crystal 35 and melt 33. As is known in
the art, the reflection of crucible 27 on the meniscus 87

is typically visible as a bright ring adjacent crystal
35 35,



exenplary crystal neck neasurenents for the crystal grow ng apparatus and
contrsol systemof Fig. 1. Figs. 9A and 9B are graphical illustrations of
exenpl ary crystal body neasurenents for the crystal 20 growi ng appar at us
and control systemof Fig. 1. Corresponding reference characters indicate
correspondi ng parts throughout the drawi ngs. Detail ed Description of
Preferred Enbodi nents 25 Referring now tld Fig. 1, a system?2l is

illustrated for use with a Czochral ski crystal grow ng apparatus 23 in :
accordance with the pres&®t depgxnibiesh abovet heamengs tSlatied paeifediakdt , t he
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example, € is approximately 34°. Further, the lens of
camera 53 preferably provides a field of view including
the width of crystal 35 and including at least a portion
of the bright ring of meniscus 87. 1In a preferred

10 embodiment, proper lens selection provides both telephoto
viewing for high resolution of small seeds and necks as
well as wide angle viewing for the larger body portion of
crystal 35.

Referring now to Fig. 4, an exemplary view of

15 crystal 35, including meniscus 87, is shown as viewed
£hrough the viewport of chamber 25 by camera 53.
According to a preferred embodiment of the invention, the
frame buffer 61 of vision system 59 receives the video
image signal from camera 53 and captures an image pattern

20 for processing by the image processor 63. In general,
image processor 63 performs digital edge-detection to
locate the coordinates of at least three points around
the inside or outside of the bright ring of meniscus 87.
Since the cross-section of crystal 35 and meniscus 87 is

25 known to be generally circular, the bright ring edge
coordinates detected by image processor 63 are assumed to
be‘elliptical, transformed and mapped into a circular
shape. In the alternative, the edge coordinates can be
mapped into a circular shape by compensating for the

30 distortion caused by the angle at which camera 53 is
mounted. Gonzalez and Wintz, Digital Image Processing,
1987, pages 36-55, incorporated herein by reference,
disclose mathematical transformations for compensating
for perspective distortion caused by the position of a

35 camera with respect to a three-dimensional object. Such



7is pllled, starting with a seed crystal 37 attached to a pull shaft or
cable 39. As shown in Fig. 1, the nelt 33 has a nelt level 41, and crucible
27 and the single crystal 35 have a conmon vertical axis of symmetry 43. 5
According to the Czochral ski crystal growmh process, a crystal drive unit
45 rotates the cable 39 in the opposite direction that crucible drive unit
31 rotates crucible 27. The crystal driviunit 45 also raises and | owers
crystal 35 as desired during the growh 10 process. A heater power
supply 47 ener giraess fohrmatdsns mage becatsed 2® st ractulaatdiocwian ishepd he

I nner wall of %mv%cm@t%n%&gﬁ? 1'2:ai1nesrhtap%t nosphere of argon gas is

preferably fedinto vacuu as gas |§'rennved fromw thin vacuum
chanber 25 by a vacuum pdimp ong pYeferrsdembodimendne fe sl imyrent imrehanber

cooling jacket j HIQUYs Il o4 (R 00Rld B Wl el T b4 1
chanber 25. Pré'-e%taebly, asterrper.ature sensor 51, such as a ph?to cel |, Y

nmeasur es t fe ndlives 9% Qe fgionF ©f interest 91 on the image

generated by camera 53 which is captured by frame buffer
61. Image processor 63 examines the regions of interest
91, also referred to as edge tools or window regions, for
a characteristic of the image pattern, such as the

10 intensity or gradient of the intensity of the pixels
included in each region 91. Based on the detected
characteristic of the image pattern, image processor 63
determines edge coordinates along the outside of the
bright ring of meniscus 87. Preferably, regions 91 are

15 defined at preselected positions that generally
correspond to positions along a curve matching the
expected shape of the bright ring as viewed by camera 53.
In other words, regions 91 are positioned radially with
respect to a defined center point along the bottom half

20 of an ellipse or circle to approximate the shape of the
bright ring. By defining regions 91 at preselected
positions approximating the shape of a portion of the
bright ring, regions 91 avoid known or expected
reflections on the surface 85 of melt 33 that might cause

25 spurious measurements. Also, since image processor 63
defines a number of regions 91, if part of the viewport
Of'chamber 25 is blocked, image processor 63 is still
able to detect the edges of the bright ring. It is to be
understood that other characteristics of the image

30 pattern, such as color or contrast, may be detected for
finding edge coordinates of the bright ring of meniscus
87 in addition to intensity or intensity gradient.

Fig. 4 illustrates a set of preferred positions

at which regions 91 are defined. As shown, the left-most

35 and right-most regions 91 are preferably located below
the y coordinate of the center point C. Thus, system 21



In a preferred enbodi nent of the invention, at 20 | east one

t.wo- di nensi onal canera 53 is for use with a control unit 55 to determ ne
the diameter of single crystal 35. The control unit .55 processes signals
fromthe tenperature sensor 51 as . well as the canmera 53. As shown in Fig.
2, control wunit 55 includes a programred 25 digital or anal og conputer
for use in controlling, anmong other things, crucible drive unit 31, single
crystal drive unit 45 and the heater power supply 47. Referring further to
Fig. 1, accor diopextaringeireratcaidanam witily| the mpstsdnty riowen tpirat eiss . net
gquantity 30 ryst ' [l d | r LG 2= Heater
power supply 4 up#%gv%%e%’ée%%?%c%%%%mﬂ%h%g&% a&afr: %&é}%ﬂoﬂm E’E t he
charge. Cryst alokpcuxesirihe smaxinn widid sefedhe Jekgh@ring ambite B9 into

contact with the Jgdd ehsbildit thfviBigoS SOk bys cruci ble 27. 35

When seed crystal 37 begins_to nelt, crystal drive unit 45 slowy,
wi t hdraws, %r Fﬁﬂygﬁtqqe99§}wrmngggge invention overcomes this

problem caused by perspective distortion which is
particularly troublesome for large diameter crystals
(e.g., 200 mm and larger). '

As described above, crystal 35 is pulled from

10 melt 33 generally along vertical axis 43 which is
generally perpendicular to melt surface 85. During
pulling, crystal 35 may move relative to vertical axis
43. Advantageously, regions 91 are large enough so that
edge coordinates of the bright ring may be defined within

15 regions 91 even though crystal 35 is moving. Image
processor 63 further dynamically moves the preselected
positions of regions 91 so that they are adjacent the
imaged portion of the bright ring to follow the crystal
diameter throughout all phases of growth (e.g., seed,

20 neck, crown, shoulder, body and end cone). In other
words, regions 91 track crystal diameters from
approximately 4 mm to 320 mm. As is known in the art,
however, the bright ring is not always visible during all
phases of growth. For example, during growth of the

25 crown portion of crystal 35, the bright ring may be
relatively small or not visible. For this reason, system
21.preferab1y detects the perimeter of the crown which
appears as a bright area relative to the intensity of the
background of the image pattern. In this instance, the

30 background of the image pattern is fepresentative-of melt
surface 85. Thus, in the alternative to detecting the
bright ring, system 21 detects the bright area associated
with the crown of crystal 35.

In a preferred embodiment, the coordinates of

35 the edges of the bright ring detected within regions 91
are mathematically transformed to compensate for



8 crystal 37 draws silicon fromnelt 33 to produce a growth of silicon
singke crystal 35 as it is pulled fromnelt 33. Before seed crystal 37
contacts nelt 33, it may first be necessary to | ower seed crystal 37 nearly
inb5 contact with nelt 33 for preheating seed crystal 37. Crystal drive
unit 45 rotates crystal 35 at a predeterm ned reference rate as it is
pulled fromnelt 33. Crucible drive unitl43l simlarly rotates crucible 27
at a second predeterm ned reference rate, but usually in 10  the opposite
di rection rel aPererestdmgs ddistastiogoantothgn npyti Antral Pesémtidl s t he

W thdrawal , or didldle ml@udetente PEeR liegd ihﬁg@?tx%be%%oti‘y 6B0\R¥es
supply 47 to cause wn of crystal Pr ef er ab

a,neck d 35. y,. cqntrol unit 55
then adjusts tRedOUslt Py oXa Je@sths e resyfife & d&r%lé‘reyét al 35 to
increase i n a ediendhapethapeRSrrédpondd gy edettdiarideedctesl eddesy.yst al
di aneter ig re ched..Cnc% tgﬁggesire .cryst.al dianeter isr a%f ,.._control
unit 55 com r o€ FEIRG €S Y WedCg B IRBRCHSP S Srat® it ter  as

measur ed by sysgegrmarlllyntdirc@lar tdhapge GSedmvdmy cactieslid stiemeterAtD't hat
point, the pUIland a center point C based on the detected coordinates.
Practically, at least three edge coordinates are needed
to define circle 93.

10 In order to obtain an accurate measurement of
the diameter D of crystal 35 for use by PLC 65 in
controlling the crystal growth process, image processor
63 first digitally processes the diameter D’ of defined
circle 93. 1In this manner, image processor 63 uses the

15 dimensions of circle 93 to determine crystal diameter D,
a measure of the quality of fit relative to an exact
circle, and melt level 41. For purposes of this
application, melt level 41 is defined as the distance
from the top of heater 29 to surface 85 of melt 33 and

20 may be determined as a function of the coordinates of
center point C.

In operation, image processor 63 defines
regions 91 adjacent the portion of the bright ring and
detects an intensity gradient characteristic of the image

25 pattern within regions 91. 1Image processor 63 further
defines the coordinates of an edge of the bright ring
within each region 91 as a function of the detected
characteristic and defines generally circular shape 93
including the defined edge coordinates. The diametexr D

30 of crystal 35 is then determined based on defined
circular shape 93 for use in controlling the crystal
growth process. PLC 65 of control unit 55 is responsive
to the determined diameter D of silicon crystal 35 for
controlling the rates at which crucible 27 and crystal 35

35 are rotated and/or the rate at which crystal 35 is pulled
from melt 33 and/or the temperature of melt 33 and is



rate ahd heating are increased so that the dianeter decreases to forma
taper.ed portion at the end of single crystal 35. As described above,
accurate and reliable 25 control is desired during the crystal growth
process, particularly in the neck portion of crystal 35. The neck is
preferably grown at a substantially constant diameter as seed crystal 37 is
drawmn fromnelt 33. For exanple, controlisnit 55 causes a substantially
constant neck 30 di ameter to be maintained so that the neck dianeter
remains within ﬁés‘pmmru:erﬁhaafddﬁwndﬂsitrm dfametler 1eAsel tkrfin in the

art, the top port| f. Cr. Y. C

di sl ocati ons (n lol])rk*] Cl|ker¥fgr:!ﬂo uce l%ceﬁiqh %Vf]er rra#gb hotc ('gas}{som at ed
35 with bri ng:mgstxaﬁle smq;»uiteempm:afm 2§’eed Brusst aimagge ipnacesAnaE3 wit h
silicon melt 33 rﬁsyla;égpvw ddtd i leircuit OXF SRSt MBirld WA HAI1 ©O"nd T

neck di ameter may al so cause
S measurement circuit and PLC 65 constitutes a control

circuit. _
In one preferred embodiment of the invention,

the diameter D’ is measured in terms of radius pixels.
As an example, crystal diameter D (mm) = CF(radius

10 pixels) - 3.02 mm where CF is a calibration factor
between 0.95 and 1.05 and 3.02 mm compensates for the
width of the bright ring. The value of 3.02 mm is
determined by analyzing data from grown necks and the
calibration factor CF is an operator-entered value based

15 on a measured value. According to the invention, the
operator of crystal growth apparatus 23 measures the
growing crystal 35 with a telescope that slides on a
calibrated track and then inputs a value of CF via
computer 77 so that the determined diameter D equals the

20 measured value. 1In this manner, CF compensates for
variability in the diameter measurement. Such
variability is due primarily to changes in the distance
between camera 53 and crystal 35 which affect the
magnification of the optics. Increasing the distance

25 causes crystal 35 to appear smaller which may result in
the actual crystal 35 being grown oversized. These
chénges in distance can occur from one crystal growth
apparatus 23 to another, from one run to another, and
even within a single run because of variability in melt

30 level 41.

With respect to melt level 41, image processor

63 determines center point C which is indicative of melt
level 41. According to the invention, the difference
"between the y coordinate of center point C and a

35 reference value is used to determine melt level 41.

Alternatively, commercially available optical methods



di sl ocations to form Conmonly assigned U S. Patent No. 5,178,720, the
entirne disclosure of which is incorporated herein by 5 ref erence,

di scl oses a preferred method for controlling crystal and crucible rotation
rates as a function of the crystal dianeter. Fig. 2 illustrates a preferred
enbodi nent of control unit 55 in block diagramform According to the 10
present invention, canera 53 is preferablé a nonochrone charge coupl ed
device (CCD) canmera, such as a Sony XC- 75 CCD video canera having a

resol uti on of 7#E88494 apilhight deteTtior APPIEdUSH meuRteghent theot

shown) of chamk@fredd Alatd) N Eindler@RFOXRRIR! Yided fth Wet rd$ReHe 10 the
15 vertical axis 43 and is ajned generally at the _intersection of axis 43

and melt 33 at ¥avelndl- | e detepmEaatien of medteldeved ddndan & 2s8dieo
i mage of the witdi redfucy weirlabii iasy idf i andtead reasrlentdB bynadhli ng an
betueen melt . 3HRHAGKIL OB FRRGRIST, TATRh AT B CATHTE: T 10
nm | ens provi dileyed fuaatichtion through lift control of crucible 27.
Another primary source of variability in the
diameter measurements is that the width of the bright
ring changes depending on the height of the hot wall of
10 crucible 27 which is exposed and reflected by liquid
meniscus 87. As melt 33 is depleted, the width of the
bright ring increases which causes crystal 35 to appear
larger and may result in the actual crystal 35 being
grown undersized. As an alternative to using the 3.02 mm
15 constant, the bright ring width can be calculated by
using additional vision tools or mathematical modeling.
For example, detecting'the edge between crystal 35 and
the bright ring, in addition to detecting the edge
between melt 33 and the bright ring, provides a measure
20 of bright ring width. PFurther, mathematical modeling of
liquid meniscus 87 taking into account its reflective
characteristics with respect to crucible wall height,
provides a measure of bright ring width.
In an alternative embodiment, the five edge
25 coordinates of the bright ring defined within regions 91
of the image pattern are used to detect periodic
deviations in crystal diameter with respect to the rate
at which crystal drive unit 45 rotates crystal 35. As is
known in the art, <100> zero dislocation growth is
30 indicated by facets, or growth lines, generally parallel
to vertical axis 43 and spaced apart along the body of
crystal 35. These growth lines appear as dimple-like
features on the perimeter of a cross-section of crystal
35. For this reason, as crYstal 35 rotates at a known
35 rate, growth lines are expected within a particular
region 91 at a rate of four times, for example, the rate



of view of at |east approximtely 300 nm Canera 53 communi cates the video
Lmage via line 57 (e.g., RS-170 25 video cable) to a vision system 59.

As shown in Fig. 2, the vision system59 includes a video image frane
buffer 61 and an inage processor 63. As an exanple, vision system59 is a
Cognex CVS-400 vision system In turn, vision system59 conmunicates with a
programmabl e | ogi c 30 controller (PLC3165 via line 67. 1In one preferred
enbodi mrent, the PLC 65 is a Mbdel 575 PLC nmanufactured by Sienens and |ine
67 represents aoﬂ/l\ﬂ:!imn:ilq:l anehs mlmﬁ,achuagief;arddergpdmr&medoﬁﬁﬁhg zéro

vi sion system 5 S, M vy P e 71 35
(e.g., RS-170 eo ca argdow%%%apjé?gnﬂéc%%%fgﬁg% aﬁ’? ne 75
(e.g., RS-232 de%gete¢t¥ng pdxiqﬁiﬁeﬁ&w&h@%ﬁnxhnm#he déteemmbeed di spl ay 69

di spl ays the Vléifé){né'f@g%ﬂ%@fﬁg&i OYr ERIFF Sstesp&Ngh L he conputer 73 is used
to program%n sion system 59

Further, it is to be understood that vision
system 59 of the present invention may be used to
determine other crystal growth parameters, such as purge
tube gap or melt gap, complete meltdown, ice, convection
currents and temperature, in addition to crystal .

10 diameter, melt level and loss of zero dislocation growth.

Fig. 5 illustrates the operation of system 21
according to one preferred embodiment of the invention in
the form of a flow diagram 95. After beginning at step
97, frame buffer 61 acquires an image pattern from camera

15 53 at step 99. Image processor 63 receives the captured
image and adjusts its pixel values to compensate for
distortion of the image pattern caused by the camera .

~angle. This is accomplished by scaling the y values of
the image pattern (y,i«1) by a factor of 1.2, as derived

.20 from cos®, at step 101 to define y values. Preferably, x
= Xpixe1- Thus, image processor 63, performing step 101,
constitutes means for adjusting the image pattern so that
the portion of the bright area adjacent crystal 35 is
generally arcuate.

25 At step 103, image processor 63 of vision
system 59 performs edge detection by examining the
gradient of the intensity of the pixels within each
region of interest 91. The gradient is obtained by
taking the derivative of the relative intensity of the

30 image pattern within each region 91. Thus, image
processor 63 identifies the coordinates of the greatest
change in intensity within each region 91 which is
indicative of an edge of the bright ring. At step 105,
if five edge coordinates are defined, image processor 63

35 proceeds to step 107 for fitting the defined edge

coordinates to a generally circular shape by means of a



In the'illustrated enbodi nent, PLC 65 5 comuni cates wth an operator
nterface conputer 77 via line 79 (e.g., RS-232 cable) and with one or nore
process input/output nmodules 81 via line 83 (e.g., RS-485 cable). The
operator interface conputer 77 permts the operator of crystal grow ng
apparatus 23 to input a set of desired 10 paraneters for the particular
crystal being grown. The process input/itput nodul e 81 provides a path to
and fromcrystal grow ng apparatus 23 for controlling the growh process.
As an exanpl e, cRicles fistdinge aligoiditina, i smchegar ¢heg Hoghnmsiransdopsy sur e

from 15 termgfeayﬁr.%q%%%%r £t an‘%‘o‘}“te&‘éﬁ% } CQ@% ?l'ou@'hg'EQJa ¢ P Fes

power supply 47 via process |nput/output contro 'tng the nelt
tenperat ure t héedlingomondiimesy tondeyiedwrh O&P@@@S@ ofi gata peiats &hednt ary

view of silicorael $&l Alsedd to Fir®idigdldd ehd thBNTHindds3. tlheOBé%ttal 35
b of er bl y San IGEC A A5 FAR Mt Bt Hen T S SRS SR GARE o
diameter D. |t ishaMeh lmran’m_l;ezrcbtum(fﬂrhhttrm asH@rownd mypslialg «fucgh as
crystal 35 firted circle. |
At step 109, vision system 59 determines the
quality of the circle-fit by comparing the defined
10 circular shape 93 to an exact circle. This determination
provides an indication of the validity of the
measurements. If the defined shape is sufficiently
circular, vision system 59 communicates information
representative of the.diameter D of defined circle 93
15 and the x-y coordinates of its center point C to PLC 65
of control unit 55 for use in controlling the crystal
growth process. In the embodiment of flow diagram 95,
vision system 59 reports the radius of circle 93. Thus,
image processor 63 performing step 111, in cooperation
20 with PLC 65; constitute means for determining the center
of defined circular shape 93 with respect to a reference
x-y coordinate system.
Operation of system 21 then proceeds to step
113 where a counter N is set to zero. Image processor 63
25 then re-positions regions 91 based on the determined
center point and radius. Accordlng to one preferred
embodlment of the invention, each of regions 91 is
defined at a preselected radial position along the lower
half of the defined circle (shown generally in Fig. 4).
30 In this manner, regions 91 are essentially centered on
the detected edge of the bright ring of meniscus 87 after
each iteration of flow diagram 95, and image processor 63
responds to movement of crystal 35 during pulling as well
as changes in diameter.
35 If the edge coordinates of the bright ring are
not defined within regions 91 at step 105, image



25 may not have a uniformdiameter, although it is generally cylindrical.
For this reason, dianeter D may vary slightly at different axial positions

along axis 43. Further, dianmeter Dwll vary in the different phases of
crystal gromh (e.g., seed, neck, crown, shoul der, body 30 and end cone).
Fig. 3 also illustrates a surface 85 of nelt 33 having a |iquid neniscus 87

formed at the interface between crystal 335 and nelt 33. As is known in the
art, the reflection of crucible 27 o% the neni scus 87 is t%pically vi si bl e

as a bright ri RFOLGSEOINGFPEeRLts35he sounterpll akqStieped tdhovdMadener a 53
is-preferably phddeddor 63 thewdebeatl stopendoqf 10hgMe3,2508 FRd 117
generally at the _intersection of axis 43 and nel.t .33. In other words,
canera 53 has é"ﬁ‘t&g't ﬁé"’l Ak §§elpn&§9i's of Wtil image PTOGHSSITe With
respect to ver tdeddnesxifsivé3 edgls cavreimatles . [ afitler Seapmmmucmmsafulerr].
::ﬁ:ﬂt L‘gir ’ngt e | ens Hpt PR BTN 10 BF 495 Brilgtd 130y’ SWage
processor 63 searches for the general position of the
bright ring by performing a scanning routine at step 121
(shown in greater detail in Figs. 6A-6C). The scanning
routine of step 121 finds the approximate location of
10 meniscus 87 on the image pattern based on the intensity
of the bright ring relative to the intensity of the
background of the image pattern whiéh, in this instance,
is representative of melt surface 85. Image processor 63
determines an approximate center point and radius for
15 defining the preselected positions of regions 91. Thus,
~image processor 63 performing steps 105, 113, 115, 117,
119 and 121 constitutes means for moving window regions
91 as a function of the detected characteristic and means
_ for adjusting the preselected positions of window regions
20 921.

Figs. 6A-6C illustrate a preferred scanning
routine of step 121 of Fig. 5 in the form of a flow
diagram 123. After beginning at step 125, frame buffer
61 acquires an image pattern from camera 53 at step 127.

25 Image processor 63 receives the captured image and
adjusts its pixel values to compensate for distortion of
the image pattern caused by the camera angle at step 129.
Proceeding to steps 131, 133 and 135, image processor 63
positions additional regions of interest, referred to as
30 ROI,, ROI, and ROI,, at the left, right and bottom edges

: of the image pattern. These additional regions of
interest, ROI,, ROI, and ROIl,, are relatively larger than
regions 91 and are also referred to as light meter tools.
At step 137, the number of detected edges is set to zero

35 and, at step 139, a parameter LAST,, representative of

-



the width of crystal 35 and including at |east a portion of the bright ring
of neniscus 87. In a preferred 10 enbodi nent, proper |ens selection
provi des both tel ephoto viewing for high resolution of snmall seeds and
necks as well as wi de angle viewing for the-larger body portion of crystal
35. Referring nowto Fig. 4, an exenplary view of 15 crystal 35,
I ncl udi ng nmeni scus 87, is shown as vieweabthrough the viewport of chanber
25 by canera 53. According to a preferred enbodi nent of the invention, the
frame buffer 6thef lasd oaxdymime hintensddai weadimg ,viide@eatndge asi gnal from
canmera 53 and %qtaltri%lgfl‘ HiTROS A g 20 &gfoq,r) processing by the image

: or

processor 63. |In gener I“mage proces .efforns digital
edge-detection to | ocat e Iheneomrifierred emboadimendt, tamss&rpmtrﬁrse arund
the inside or g il do INGPHHNN JANGRfe BHIEHSRE 89 182 ddiparin
cross-section of crystal 35 and neni scus s 25 known to be eneraﬁ?y
circular, the fhgmaxinwe éd’d’r—.enrﬁ)‘&rydiorétt&e dagE R EHPIhaGE r 63
are assuned to ibe gl IM¥R Al td reandfragrd Gndusipprad l10d.0 aTiMaxyaf Shape.

In the alter natei:é/ceeeég]e.\.oeffiga% Cscl:oerpdilqlaBt,esimCaadle tberocess.o:>1r.'~ 63 proceeds to
step 145 where the ratio MAXp :LASTw is compared to
1.1.- If the ratio exceeds 1.1, image processor 63

10 considers a left edge to be found within ROI, and
increments the edge counter at step 147. The x
coordinate of ROI, is then stored at step 149 for
identifying the left-'edge of the bright ring. If MAXpim.
is 100 or less at step 143, or if the ratio MAX iy :LAST.y

15 is 1.1 or less at step 145, LAST, is reset to equal
MAXprver, @t step 151. Image processor 63 then moves ROI;, to
the right by a predetermined amount. For example, at
step 153, image processor re-positions ROI, five x
coordinates to the right. So long as ROI, has not reached

20 the right border of the image pattern, as determined at
step 155, image processor 63 repeats subroutine 141;

Referring now to Fig. 6B, after image processor
63 detects the left edge of the bright ring within ROI, or
after ROI, reaches the right border of the image pattern,

25 image processor 63 resets LAST,,x to 1000 at step 157 and
performs a subroutine 159 which is essentially identical
to subroutine 141 but opposite in direction. The
subroutine 159 is used to find the right edge of meniscus
87 by comparing the maximum intensity of the image

30 pattern within ROI,, i.e., MAX;;m. to a threshold, such as
100. If MAX, 4 exceeds 100 at step 161, image proceséor
63 proceeds to step 163 where the ratio MAX, .y :LAST,y is
compared to 1.1. If the ratio exceeds 1.1, image
processor 63 considers a right edge to be found within

35 ROI, and increments the edge counter by two at step 165.
The x coordinate of ROI, is then stofed at step 167 for



mapped‘into a circul ar shape by conpensating for the 30 di stortion caused
- by the angle at which canera 53 is mounted. CGonzal ez and Wntz, Digital

| mmge Processing, 1987, pages 36-55, incorporated herein by reference,
di scl'-ose mat hematical transformations for conpensating for perspective
di stortion caused by the position of a 35 canera with respect to a
t hr ee-di nensi onal object. Such 12 trzmsformati ons may be used to
extract a circular shape froma distorted elliptical shape. In one

preferred enbodidesiti fiyfinché Henvsighitoredgenadfe theodasight 63 rdpf i dds MK least
e ool SHELAYY i, 1449 0 A S0 W B ol ot e
processor 63 eXdd@rilnds athdeam)iahStEP ivh%r dfiSHhi; 18 Fesesf &or eduad as edge
tools or windoweqionse di¥p adar aGiRfd Prdedsdh%I Tk RSV MoBUER as
the 10 Intensity Or_gradient of the intensity of the pixels
5 the left by a predetermined amount. For example, at step
171, image processor re-positions ROI, five x coordinates
to the left. So long as ROI, has not. reached the left
border of the image pattern, as determined at step 173,
image processor 63 repeats subroutine 159.
10 Referring now to Fig. 6C, after image processor
63 detects the right edge of the bright ring within ROI,
or after ROI, reaches the left border of the image
pattern, image processor 63 resets LAST,y to 1000 at step
175 and performs a subroutine 177 which is essentially
15 identical to subroutines 141 and 159 but in the y
direction. The subroutine 177 is used to find the bottom
edge of meniscus 87 by comparing the maximum intensity of
the imége pattern within ROI,, i.e., MAX,4m, to a
threshold, such as 100. If MAXg. exceeds 100 at step
20 179, image processor 63 proceeds to step 181 where the
ratio MAXp;ye :LAST, 1s compared to 1.1. If the ratio
exceeds 1.1, image procesgsor 63 considers a bottom edge
to be found within ROI, and increments the edge counter by
four at step 183. The y coordinate of ROI, is then stored
25 at step 185 for identifying the bottom edge of the bright
ring. If MAXp;ye is 100 or less at step 179, or if the
ratio MAXpixer, : LASTsx 18 1.1 or less at step 181, LAST, is
reset to equal MAX,.,., at step 187. Image processor 63
then moves ROI; toward the top of the image pattern by a
30 predetermined amount. For example, at step 189, image
processor re-positions ROI, 6.6 y coordinates toward the
top. So long as ROI, has not reached the top border of
the image pa;ﬁern, as determined at step 191, image
processor 63 repeats subroutine 177. _
35 After the left, right and bottom edges of
meniscus 87 have been found, as determined at step 193,



|ncluded in each region 91. Based on the detected characteristic of the
image pattern, image processor 63 determ nes edge coordi nates al ong the
outside of the bright ring of neniscus 87. Preferably, regions 91 are 15
defined at preselected positions that generally correspond to positions

al ong a curve matching the expected shape of the bright ring as viewed by
canmera 53. I n other words, regions 91 arZ positioned radially with respect
to a defined center point along the bottom half 20 of an ellipse or
circle to apprdfags Q%%p%%@%%‘ﬁ G cailsplage @@ apRreXiagitens 91

at- presel ect ed JiG%illd ARRARPAXigRY NP5t Y FWAiklg & HROIEiifFe r@ndd g Pr i ght
ring, regions 91 avoid knomn or g} ected reflections on the surface 85 of

melt 33 that ni X SRF DR RIS PraRsRds toncadcudiate thege
processor 63 des‘ddmmuumbﬂr tnfe roagadlres dthtdd arardeeyf 19w by SR InPf

charber 25 1+ Shprig ot proersor, o8 Lol s o dttam (T svoes
the image 30 giatale madiveh tas tdtﬂ of cmomhmartmtqf rhe oo towdne ctdeye f orAt
finding edge coyrdfi ndes faddGriBddllor 1§ e fBRAUIGH Salculates the
coordinates of a point approXimately on the right edge of
the bright ring. According to the illustrated embodiment
10 of the invention, the calculated radius, center point and
edge point are used to position regions 91 approximately
at the bright ring of meniscus 87 before processor 63
returns to operation according to flow diagram 95 of Fig.
5. On the other hand, if all of the edges are not found,
15 as determined at step 193, image processor 63 returns to
step 131 of flow diagram 123. At step 201, flow diagram
123 ends.
In an alternative embodiment of the invention,
vision system 59 may be embodied as a computer having a
20 frame grabber (e.g., Creative Technology's VideoBlaster®)
for capturing the video image generated by camera 53.
The computer, functioning as image processor 63, scans
the image pattern and analyzes the individual intensity
values of each scan line. Starting at the left and right
25 edges of the image pattern and moving toward its center,
the background (i.e., melt surface 85) intensities are
measured and averaged. The scan continues until an
abrupt increase in intensity is found or a predetermined
number of samples have been taken. Binary thresholding
30 is performed to identify the edges of the bright ring
where the threshold consists of the average intensity
value plus an empirical offset. A pair of window regions
are defined for each scan line at positions generally
symmetrical about the previously determined circle
35 center’'s x coordinate to prevent extraneous reflections
from being identified as valid edges. The windows apply



87 in addition to intensity or intensity gradient. Fig. 4 illustrates a set
of preferred positions at which regions 91 are defined. As shown, the

| eft-most 35 and right-nost regions 91 are preferably | ocated below the y
coordi nate of the center point C. Thus, system 21 13 operating in
accordance with the present invention is not subject to errors caused when
t he body of crystal 35 obscures the maxi&3mw dth of the bright ring as it
is viewed through the viewport of chamber 25. 5 Advant ageously, the
present invent iforE AR L s Dbt firamsde Keprket @dars pkitdhei on

which is parti Ggaridud resdi esoie, f orn |EHOe whed®t erednfimd ScéPsttal 200 nm
and | arger). As_descri bed above, crystal] 35 is pulled from10 _° nelt 33
general |y al ondAANG L] Siaviké sl A o sc‘aé?‘l%‘?gl:f@ R R BT 1%l t

surface 85. Durdcwpymddated. crBgtedaidhimy i eimajatpatetén vErdm Cabp akd S
5 bottom, the left and right window regions are re-
positioned at an equal rate toward the center from their
respective borders until two valid edges are located.
The window regions are then re-positioned with their
centers on the edge. Each edge detected in subsequent

10 scan lines are prefefably within the window region from
the previous scan line, thus, ensuring that the edges are
connected. If a scan line fails tolerance checks, it is
simply ignored, or if a predetermined number of lines
fail, the search is restarted. Again, perspective

15 distortion caused by the angle at which camera 53 is
mounted may be compensated for by means such as the
Gonzalez transformation. The validated edges are then
fit to a circle for calculating the circle center point
and circle diameter. '

20 The following examples are presented to
describe preferred embodiments and utilities of the
present invention and are not meant to limit the present
invention unless otherwise stated in the claims appended
hereto.

25 | ' EXAMPLES

1. Fig. 7 graphically illustrates diameter
measurements in pixels versus diameter D in millimeters
for the crown portion of crystal 35. As described above,
vision system 59 determines the diameter of crystal 59

30 based on the width of defined circle 93 in terms of X,

values which may be converted to millimeters. As shown
in Fig. 7, approximately 1.8 X, values corresponds to
one millimeter as measured by, for example, calipers.
2. PFigs. B8A-8B illustrate measurements taken
35 in the neck portion of crystal 35 in graphical form.
Fig. 8A shows the diameter in millimeters as measured



43. Advant ageously, regions 91 are |arge enough so that edge coordinates of
the bright ring may be defined wthin 15 regi ons 91 even though crystal
35 is nmoving. |Inage processor 63 further dynam cally noves the presel ected
positions of regions 91 so that they are adjacent the inaged portion of the
bright ring to follow the crystal dianmeter throughout all phases of growth
(e.g.,'seed 20 neck, crown, shoul der 24body and end cone). In other
words, regions 91 track crystal di aneters from approximately 4 mmto 320
mm As is knowdith cadtipers aondetvbe diameberghn mihiyinetevs aswmgasuredbl e

during all phag ?Sv9§19ﬁ0§§gteﬁ°§9e¥§PQﬁ§ tHHrléﬂ?9ﬁ°$@htH£ ﬁ?§k25 AgCrown

portion of crys bri ght rlng ativel not
vi si bl e. For t8hewpeafdne-Synids payp éf%?ﬁﬁ??aﬁﬁteﬁtEh?hécﬁéipﬁeﬁérgoi t he

crown which appeassana gahhogbb a&ﬁamieéathéeefeokhaetaéeﬂsth& gkot he
background_of the ima |nstance t he 3 background of

Che Prmge. Bat t BERSPECREREBscnFFFDBTof LRI FLHRT SEOVEBS THEs. i nt ho
alternative tomdabarbmagtshéeberghhed|bg,vi;$bans?étdmtsetistbasbdightaarea

associ at ed mjtQa&B?iﬁ@OWthfo%r$ﬁgagaﬁgle per minute which might miss
certain peaks and valleys of the neck diameter since the
neck portion of crystal 35 grows as much as five

10 © millimeters in one minute. Improvements in scaling have
yielded results with an accuracy of +0.5 mm in the 4.5 mm
to 7.0 mm range of diameters. Fig. 8B shows the diameter
in millimeters as measured by vision system 59 versus the
diameter in millimeters as measured with calipers.

15 _ 3. Figs. 9A-9B illustrate measurements taken
over the length of crystal 35 in graphical form. For
purposes of Figs. 9A-9B, crystal length is measured from
a reference point on the body portion of crystal 35 where
crystal 35 has a relatively uniform diameter and does not

20 include the neck and crown portions of crystal 35. Fig.
9A shows the diameter in millimeters as measured by
vision system 59 and the y coordinate of the center point
C in corrected pixels versus the length of crystal 35.

As described abové, the y coordinate of the center point

25 C is calculated by: y = 1.2(Ypixa) where y is in terms of
corrected pixels. Fig. 9B shows the corrected y
coordinate of center point C in corrected pixels versus
the crystal length in millimeters. As described above,
the value of the y coordinate interacts with the diameter

30 of crystal 35 due to the perspective distortion caused by
the angle at which camera 53 is mounted and the
assumption of an elliptically-shaped bright ring.
Although multiplying V.. by @ scaling factor of 1.2
partially compensates for this distortion, further

35 correction is desirable. The further correction attempts
to isolate the predicted drop in melt level 41 caused by



In a preferred enbodi nent, the coordinates of 35 t he edges of the bright
Lingrdetected within regions 91 are mathematically transforned to
conpensate for 14 perspective distortion and then input into a best-fit
circle measurenent. For exanple, inage processor 63 uses a Hough transform
or |least-squares fit to define a circular shape corresponding to the
detected edges. 5 According to the ingéntion, inmage processor 63 defines
a generally circular shape 93 having a circle dianeter D and a center

poi nt C based &het fedusedcddamessrdrfactyciblgcRi’casl pelht 3Bedst three edge

cggrdinates ar gepaeded ke Q@b&&%ﬁﬁ%&@ﬁg_Qa-ﬁéorgmaﬁning.t FH%?Q?@%rlﬁth
obtain an accurate measurenent o e dianeteér D_of crysta or, use, by
PLC 65 in contF@FPPn&%tﬁé“EFgéFaP7g2&%Fﬂ'pW@gésé? tRRGE bSPobesSsPisted st

digitally procéastert thath afticdbll defiveeinied3a raliee®3 crueibllies 2mnner
| mage prOC%§SO&n5%hH%F%n%Q%nce, the corrected y coordinate is
determined by: VYegrrectea = ¥ - C,(crystal length) +
C,(diameter D - C,) where C, = 0.0033, C, = 0.35 and C, =
209. 1In other words, the y coordinate of the center
point C is adjusted by subtracting the long-term,

10 apparently linear, increase in melt level 41 from 0 to
approximately 750 mm in length and by adding a delta
diameter multiplied by a scale factor.

In view of the above, it will be seen that the
several objects of the invention are achieved and other

15 advantageous results attained.

As various changes could be made in the above
constructions and methods without departing from the
scope of the invention, it is intended that all matter
contained in the above description or shown in the

20 accompanying drawings shall be interpreted as
illustrative and not in a limiting sense.



15 di nensions of circle 93 to determ ne crystal dianeter D, a neasure of
the guality of fit relative to an exact circle, and nelt |evel 41. For

pur poses of this application, nelt level 41 is defined as the distance from
the top of heater 29 to surface 85 of nelt 33 and 20 may be determ ned as
a function of the coordinates of center point C ge
processor 63 defines regions 91 adj aceniét he portlmnmmmmmmmlm ring and
detects an intensity gradient characteristic of thd ifrage 25 S padttern
within regions 91. |mage processor 63 further defines the coordinates of
an edge of thepchgight ring within each region 91 as a function of the
detected characteristic and defines generally circular shape 93 including
the defined edge coordi n4B8S. IShELAIMREL: &B:D 30 of crystal 35 is then
determi ned based on defined circular shape 93 for use in controlling the
crystal growth process. PLC Sg C n%rol unit, 55 is,responsivye to the

det erni ned di ameter D of Lsil BﬁtEPés or 98 in CORPABAFARR WHED Pes at

whi ch cruci bl eappazaduer ¥stragrd3widg a aidirenaveg¢szad/ dtromhea sidldcan which

crystal 35 is R@&E?dsaid method for determining a dimension of the

silicon crystal being pulled from the silicon melt, said
5 silicon melt having a surface with a meniscus which is
visible as a bright area adjacent the silicon crystal,
said method comprising the steps of:
generating an image pattern of a portion of the
bright area adjacent the silicon crystal with a camera;
10 detecting a characteristic of the image
pattern;
defining an edge of the bright area as a
function of the detected characteristic;
defining a shape including the defined edge of
18 the bright area; and
determining a dimension of the defined shape
whereby the dimension of the silicon crystal is

determined as a function of the determined dimension of
the defined shape.

2. The method of claim 1 further comprising
the step of defining window regions of the image pattern
adjacent the portion of the bright area wherein the
characteristic of the image pattern is detected within

S the window regions for defining the edge of the bright
area. '



frommelt 33 and/or the tenperature of nelt 33 and is responsive to the
determination of nelt level 41 for controlling thei?ﬁﬁ#‘ﬁ$~gungjyii£%
thereby to control crystal growth apparatus 23. Thusygi rocessor 63
constitutes a detection circuit, a defining circuit H‘ﬂ@@ijm ment
circuit and PLC 65 constitutes a control circuit. In en i o!ﬂ
embodi nent of the invention, the dianet@? D is measured in té&rns radi us

pi xel s. As an exanple, crystal dianmeter D (m) = CF(radius 10 pi xel s) -
3.02 mMmmwhere CF is a calibration factor between 0.95 and 1.05 and 3.02 mm

conpensates for the w dth, of Théemdth@ftof i dPaiflhe Widrei®wfee 02 M s

det er m ned by al zing,data fromgrpown necks and the calibratjon factor CF
is an operatorggﬁfé?gﬁ AR %gs Hglﬁmag%hp%;ﬁ%ﬁgu+%da%a}%%¢ns¥&¥ording to

the invention, gtadieperahdrwhérefysthe groptof afipeceting28 nmeasures the
growng Cr¥5taéh§§a$£é9i§tiglSfcgﬁg iggéesﬁéggérgnigcludes determining

the intensity gradient of the image pattern within the
window regions.

4. The method of claim 2 wherein the silicon
crystal is generally cylindrical and the bright area is
generally ring-shaped and wherein the step of defining
the shape includes defining a generally circular shape

5 that includes the edge of the ring-shaped bright area
defined within at least three of the window regions of
the image pattern and the step of determining a dimension
of the defined shape includes measuring the diameter of
the defined circular shape.

5. The method of claim 4 further comprising
the step of determining the center of the defined
circular shape with respect to a reference x-y coordinate

]

system wherein the y coordinate of the center is
5 indicative of melt level.

6. The method of claim 2 further comprising
the step of defining a center point on the image pattern,
wherein the window regions are defined at preselected
positions on the image pattern which are located radially

5 with respect to the defined center point, and further
comprising the step of moving the window regions as a
function of the detected characteristic of the image
pattern within the window regions in response to the
bright area varying during pulling.



calibrated track and then inputs a value of CF vuaJuyﬂﬁﬁ1w‘7”'éo t hat the
deternined dianeter D equals the 20 neasured val ue, “IE
conpensates for variability in the dianeter neasurﬁnﬁﬁni W“!E |I|ty
is due primarily to changes in the distance betwee ahd crysta

35 which affect the magnification of the optics. Increa5|ng t he di stance 25
causes ‘crystal 35 to appear smaller whicB may result in the actual crystal

35 bei ng grown oversi zed. Thqgf changes EnGﬁJStance can ,occur from one
crystal growth apparatus 23 t fed of Ghadfe 1 whers i dsecrystdleven

within a singl eydowtibeppiaatils \p&rdvalaés tﬂbﬁ rofRitio of Iteieelsidlicof th

respect to nelt |evel 4 roces rm nes center, poi C
which is |nduuﬁﬁXﬁ§3% #kﬂ% q%ﬁ%ﬂj ‘ﬂgg 5Hkﬁéqqﬂﬂﬁﬁﬁ qﬁﬁa
di fference bet vsﬂmp tdfe @eﬂmmmqtea:m‘dmrdmmcns Grarthea dﬁi:ermefeai ence

value is usg %%éﬁfxtfﬁﬂé dé%fﬂe&tghd%é(¥é¥§€fﬁg3&0(§Hgn¥é¥é¥éﬁée
avai l abl e optlc

. rate thereby indicating zero dislocation growth of the
silicon crystal.

8. The method of claim 1 wherein the silicon
crystai is pulled from the silicon melt generally along a
vertical axis which is generally perpendicular to the
silicon melt surface and wherein the camera has an
5 optical axis which is at an acute angle with respect to
the vertical axis and further comprising the stép of

compensating for distortion of the image pattern caused
by the camera angle.

9. The method of claim 1 wherein a crucible
contains the silicon melt from which the silicon crystal
is pulled and the crystal growing apparatus provides for
relative movement between the silicon crystal and the

5 crucible and further comprising the steps of controlling
the rates at which the crucible and/or the silicon
~crystal are rotated and/or controlling the rate at which
the silicon crystal is pulled from the silicon melt
and/or controlling the temperature of the silicon melt in
10 response to the determined dimension of the silicon

crystal thereby to control the crystal growing apparatus.

10. A system for use in combination with an
apparatus for growing a silicon crystal from a silicon
melt, said system for determining a dimension of the
silicon crystal being pulled from the silicon melt, said

5 silicon melt having a surface with a meniscus which is
visible as a bright area adjacent the silicon crystal,
said system comprising:



16 (e.§., a Ilght beant det ect or appar at us mount ed on the cover pl-ate of .
chanmber 25) may be used to determine nelt level 41. T erm nat
nmelt level 41 may be used to reduce variability of diane Q‘W
the 5 calculation of a correction factor and by redu ﬁﬁk&
variation through lift control of crucible 27. Another ry sour ce of
variability in the diameter neasurenent €% s that the width of the bri ght
ring changes depending on the helght of the hot wall of 10 cru0|£Ie 27
whi ch is exposed and ref ReCRBETBYLPF qEPBCHRRI BN M24E RRFEexE PL A
depleted t he podthonfofhehbr bghghti ageanadgaseatwbhehsibiieen erystall ;35 to
appear er and may resul i.n . the actual CEéSt§%F35 beln% gr own

) s

under5|ze As an al terndt] 58398185| brFHét F5C1Rg, tant, the
bri ght rlng wi dhbraghepéstakcofatbe bpagei pgthddnti onal vision tools or

mat hemat i cal nodeling. Fgr Efiﬂﬁh o g?EGEE'@Brtﬁéfﬁggﬁgbﬁhmﬁﬁﬁ CB%?E%% ord

and the bright rin in ad Itiron etecting the e bet wee
the bright r|n§rlgggvpy§§ asmgafupetion of t e detected characteristic

and for defining a shape including the defined edge of
15 the bright area; and
a measurement circuit for determining a
dimension of the defined shape whereby the dimension of
the silicon crystal is determined as a function of the
determined dimension of the defined shape.



20 of bright ring width. Further, nathenatical nodeling of liquid

meni scus 87 taking into account its reflective characteristics wth respect
to crucible wall height, provides a neasure of bright ring width. In an
alternative enbodi nent, the five edge 25 coordinates of the bright ring
defined within regions 91 of the inage pattern are used to detect periodic
deviations in crystal dianmeter with resﬁ%%t to the rate at which crystal
drive unit 45 rotates crystal ﬁ}&%ﬁ i %ﬂ% he art, <100> zero .
di sl ocation growth is ' a qC r awt,Rhi nes, generally
parallel to vertical %é&ggggﬂang—spaéggia%agré%%gggﬂr'ﬁQ éﬁ% of crystal 35.
These growth |ines appear as dinple-like features on the perineter of a
cross-section of crystal 35. For this reason, as crystal 35 rotates at a
known 35 r at ébsiraath Ay dhe Bdscdosuxesd within a particular region 91 at
a rate of four tinmes, for exanple, the rate 17

System and method for determining the diameter
5 of a silicon crystal being pulled from a silicon melt for
controlling a silicon crystal growing apparatus. The
melt has a surface with a meniscus which is visible as a
bright ring adjacent the crystal. A camera generates an
image pattern of a portion of the bright ring adjacent
10 the crystal. Image processing circuitry detects a
characteristic of the image pattern and defines an edge
of the bright ring as a function of the detected
characteristic. The image processing circuitry further
defines a generally circular shape including the defined
15 edge of the bright ring. The diameter of the crystal is
then determined based on the diameter of the defined

shape for use in controlling the crystal growing
apparatus. '
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of rotation. As such, inmage processor 63 confirns zero dislocation growh
of grystal 35 and constitutes nmeans for detecting periodic deviation in the
det erm ned di aneter of defined circular shape 93. 5 Further, it
s to be understood that vision system59 of the present invention may be
used to determ ne other crystal growth paraneters, such as purge tube gap
or nelt gap, conplete neltdown, ice, convection currents and tenperature,
in addition to crystal 10 dianeter, nelt level and | oss of zero

di slocation growh. Fig. 5 illustrates the operation of system 21 according
to one preferred enbodi nent of the invention in the formof a flow diagram
95. After beginning at step 97, franme buffer 61 acquires an inage pattern
fromcanera 15 53 at step 99. |Image processor 63 receives the captured

i mge and adjusts its pixel values to conpensate for distortion of the

i mge pattern caused by thegcanera ngle. This is acconplished by scaling
the y values of the inage p&tern [Wr] by a factor of 1.2, as derived 20

from([err], at step 101 to define y\v | ues. Prq&erably, x [err]. Thus,
i mge processor 63, performyg s&@p 101, N\
~ N
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constitutes neans for adjusting the image pattern so that the portion of
Lhe,bright afea adjacent crystal 35 is generally arcuate. 25 At
step 103, irmge processor 63 of vision system59 perforns edge detection by
exam ning the gradient of the intensity of the pixels within each region of
I nterest 91. The gradient is obtained by taking the derivative of the
relative intensity of the 30 - inmage pattern within each region 91. Thus,

i mage processor 63 identifies the coordinates of the greatest change in
intensity within each region 91 whi&ﬁ is indicative of an-sdge of the
bright ring. At step 105, if five edge coordi nates are defWned, imge
processor 63 35 proceeds to step 1Q7 for fitti t he depred edge
coordinates to a generally circul afshmape means of a
circle-fitting algorithm such as {he u anst or r

b
hh
For exanple, the Hough transform upeSQ ! ]

=
0 o
—
1

squares fit.

Poowe-]

PROCESS
INPUT / QUTP:

= PLC
MODULES

~
3

L 73

B

PROGRAM
PC
L7
/~ s3

IMAGE
PROCESSOR
55 /

-
VISION SYSTEM
(9

VIDEO
DISPLAY
—
/~ V724
VIDEO
IMAGE
FRAME
BUFFER

Fla 2
57

F)‘q

CCD ARRAY
CAMERA

-

This Sheet Has Been Re‘mced

(AN



sorting routines to develop clusters of data points that can be used to
fing circles and then finds the best 5 cluster of data points for the
‘desired object. The data is then averaged to find the center and radius of
afitted circle. At step 109, vision system 59 determnes the quality of
the circle-fit by conparing the defined 10 circular shape 93 to an exact
circle. This determ nation provides an indication of the validity of the
nmeasurenents. |f the defined shape is sufficiently circular, vision system
59 conmuni cates information representative of the.diameter D of defined
circle 93 15 and the x-y coordinates of its center point Cto PLC 65 of
control unit 55 for use in controlling the crystal gromh process. In the
enbodi mrent of flow diagram 95, vision system59 reports the radi us of
circle 93. Thus, inmage processor 63 performng step 111, in cooperation 20
with PLC 65, const\tute neans for determ ning the center of defined
circul ar shape-93 hhbg respect to a reference x-y coordi nhate system
Qperation of- system then proceeds to step

. \-
\
\-

. 53
.\ FIG.3

N,
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ey

113 where a counter Nis set to zero. |nmge processor 63 25 t hen

" re-positions regions 91 based on the determ ned center point and radius.
According to one preferred enbodi mrent of the invention, each of regions 91
is defined at a preselected radial position along the |ower half of the
defined circle (shown generally in Fig. 4). 30 In this manner, regions 91
are essentially centered on the detected edge of the bright ring of
meni scus 87 after each iteration of flow diagram 95, and imge processor 63
responds to novenent of crystal 35 during pulling as well as changes in
.diameter. 35 F:If t ed coordi nates of the bright ring are not
defined within regions 91 at stép 10 i mage 19 processor increnents the
counter N at step 117. | mage processor 63 t-hen. repeats steps 99, 101, 103,
105 and 117 until N = 10 at step 1197 until inage processor 63 defines
five edge coordinates. After ten. unsuccessful
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5° attenpts at defining the edge of the bright ring, image processor 63
searches for the deneral position of the bright ring by performng a
scanning routine at step 121 (shown in greater detail in Figs. 6A-6C). The
scanning routine of step 121 finds the approximate | ocation of 10

meni scus 87 on the inmage pattern based on the intensity of the bright ring
relative to the intensity g he-back nd of the tern V\/mc I n
this instance, is represen ng?usurface 8 ggg;roces

determ nes an approxi mate center—poi nt and radi us for 15 defj ni the
presel ecfed™ p 91, Thus, 1nage processor 63 pertorm ng
steps 10%, 113, ] e CO1TS |tutes means for noving w ndow
regions 91 as a f i stic and nmeans for

adj usting the preselected posi{)i ons of w ndow regions 20 91. Figs. 6A-6Q
iIIustraqe a preferred scanniny routine of step 121 of Fig. 5 in the form
of a fl oW CIOMPENSATE FORICAMERA TIiTQF 34 BESREES, frag buffer 61

acqui res {pn i e pOCXePIXEESY< AR BDEELS)t step 12 - / | mage processor
63 recei JES the captuared trrage*ahd

RUN THE FIVE EDGE DETECTION FUNCTIONS. REPORT
THE STATUS AND THE ACTUAL X- AND Y- POSITIONS /03

107

FIT EDGE POSITIONS TO CIRCLE

REPORT CIRCLE'S RADIUS AND CENTER X- AND
Y- COORDINATES TO CONTROL SYSTEMPLC |

/19

YES

/2 ~

RUN THE SCAN FOR MENISCUS N .
FUNCTION TO FIND CENTER AND RADIUS [ N=0 /13

Thts Sh . REPOSITION EDGE DETECTION ROI'S USING
en Re Iilaced : CIRCLE CENTER POSITION AND RADIUS RESULTS




adjusts its pixel values to conpensate for distortion of the inmage pattern
caused by the canera angle at step 129. Proceeding to steps 131, 133 and
135, inmage processor 63 positions additional regions of interest, referred
to as 30 [err], at theleft right and bottom edges of the inage pattern.
These additional regions erest,[err] and [err], are relatively |arger
t han regions 9%5 d are to as light neter tools. At step 137,
t he nunber e set to zerqg 35 and, at stefgﬁQé
paraneter [drr], representa =of 20t REOMFTIGRK mum |
reading, is get tp_a relatively high val u? e.g., 1000). In one preferred
4 the Il eft edge of neniscus 87

enbodi nment , subl ACQINRELWIDES IMAGE {6
by corrparlngS [ of the imge pattern within [err],
i.e., [err], to a threshol dy such as 100. If MAXPI XEL exceeds 100 at step

143, i Wﬂ/ﬂéﬁ%‘ﬁﬁ%{: 34 DEGREES|— /79
(X= 1.0 X_PIXELS, Y= 1.2* Y_PIXELS)

!

MOVE ROI_1 TO LEFT BORDER (x=0) —/J/

r

MOVE ROI_2 TO RIGHT BORDER (x=640) /33

r

MOVE ROI_3 TO BOTTOM BORDER (Y=0) /7%

r

EpGEs=0 /37

r

LAST MAX = 1000}—/72

/47 >

EDGES =EDGES +1

ROL_1.
MAX_PIXEL
> 100 ?

MAX_PIXEL /
LAST MAX > 1.1

|LAST_MAX = MAX_PIXEL
‘ X1=X

X=X+5 \— /53
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step 145 where the ratio [err] is conpared to 1.1. If the ratio exceeds
1.1, image processor 63 10 considers a left edge to be found within RO
and increnments the edge counter at step 147. The x coordinate of [err] is
then stored at step 149 for identifying the left edge of the bright ring.
If [err] is 100 or less at step 143, or +if the ratio [err] 15 is 1.1 or
| ess at step 145 FRemFicseAeset to equal [err] at step 151. |nage
processor 63 then novepg [err] to the right by{'a’p edeyeym ned anmount. For
exanpl e, at step 153, | nage processor re-posi néé; Réglve X coordi nat es
to the right. So long gs RO has not reached 20 the right border of the

i mage pattern, 1 st 55, inmage processor 63 repeats
subroutine 141. ) RefFeMAXS: 1000 ¢ -5 6B, after inmmge processor 63 detects
the left edge gwthin [err] or after [err] reaches the
ri ght border of the inpge pattern, 25 i mge processor 63 resets [err] to
1000 at step 157 and pgrforns a subroutine 159 which is essentially
i denti cal f 141 but opposite in direction. The subroutine 159
is used tg find the right edge of neniscus //5'9
l9/ :
‘ : /05
ROL2  N\\YES X Pix YES_ -
MAX_PIXEL MAX_PIXEL / EDGES = EDGES + 2
>100 ? LAST_AgAX >1.1 r
/63
NO
NO
07 X2=X
//(49
LAST_MAX = MAX_PIXEL [———
X=X-5¢—[7/
/73
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87 by conparing the maxi numintensity of the inmge 30 pattern within
Jerc], i.e., [err], to a threshold, such as 100. |If [err] exceeds 100 at
step 161, image processor 63 proceeds to step 163 where the ratio [err] is
conpared to 1.1. If the ratio exceeds 1.1, inmage processor 63 considers a

right edge to be found mﬁthi [err] and increments the edge counter by
two at step 165. The x coor of [err] is then 3%9229 %&é ep 167 for
21 identifying the right e g the bright ring. If [/ g 00 or less

at step 161, or if the ratio ferr] is 1. épgf | ess at step 159, [err] is
reset to equal [err] -t{_,tﬁ@'ppu,&ﬁ&Wg@W cessor 63 then noves [err] to 5
the left by a predet er'maed—s ——+or exanple, at step 171

processor {re-positions [err] to the IeR,//‘ ong as
‘[err] has|not reached the |ef} : ygvr as determ ned
/83 -

gqy of the
at step 173, inmge processor/63 &'s subrOuti nay159.
EDGES = EDGES + 4

MAX_PIXEL /
LAST MAX > 1.1

LAST'A&AX’ MAX_PIXEL

/85~ ;
l Y3=Y
Y=Y +66 |~ /99
70
FIG.6A
CIRCLE_RADIUS = (X2-X1)/ 2} 195
1 57
CIRCLE_CENTER = ((X1+X2)/2, Y3+CIRCLE_RADIUS)
‘ /39_//—
EDGE_POINT = (X2, Y3+CIRCLE_RADIUS)
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10 Referring now to Fig. 6C, after inage processor 63 detects
Ihe,right edge of the bright ring within [err] or after [err] reaches the

| eft border of the inmage pattern, inage processor 63 resets [err] to 1000
at step 175 and perforns a subroutine 177 which is essentially 15

identical to subroutines 141 and 159 but in the y direction. The subroutine
177 is used to find the bottom edge of neniscus 87 by conparing the maxi num
intensity of the inage pattern within [err], i.e., [err], to a threshold,
such as 100. If [err] exceeds 100 at step 20 179, image processor 63
proceeds to step 181 where the ratio [err] is conpared to 1.1. If the ratio
exceeds 1.1, inmage pnocessor 63 considers a bottom edge to be fou Qi thin
[err] and increnents \he edge counter by four at step 183. The y cpordi nate
of [err] is then stored 25 at step 185 for identifying the bottom edge of
the bright ring. If [er is 100 or less at step 179, or if the rajio [err]
is 1.1 or less at step [§rkL 1is reset to equal [err] at step 187.{1nmage
processor 63 then noves [e&yr] toward the top of the inage pattern.by a 30
pr edet er mi ned anount. For anple, at step 189, inmage

160

Fla 7

100
MEASURED CROWN DIAMETER (mm)

50

400
300
200
100

0

S13XId ¥3L3INVIA NMOYO . This Sheet Has Been Replaced

R I




processor re-positions [err] 6.6 y coordinates toward the top. So long as
Jert] has not reached the top border of the inage pattern, as determined at .

step 191, image processor 63 repeats subroutine 177. 35 Af ter
the left, right and bottom edges of meniscus 87 have been found, as
determ ned at step 193, 22 image processor 63 proceeds to calculate an

approximate circle radius at step 195 by dividing the difference in the x
coordi nates by two a eeds to calculate the coordinates of the circle
center at step 197 b¥2?2§8Q§34E t he m dpoi nt between the x coordi nates
and by adding the circ e radi'us to the y coordinate of the bottom edge. At
step 199, inmage processor 63 preferably calculates the coordinates of a

poi nt apprOX|nﬁ@e A on the right edge of the bright ring. According to the
illustrated enbodingent 10 of the invention, the calcul ated radius, center

poi nt and edge poifnfl are used to position regions 91 approxi mately
"
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at the bright ring of nmeniscus 87 before processor 63 returns to operation
accor di ng to flow diagram 95 of Fig. 5. On the other hand if all-of the
edges are not found, 15 as determned at step 193, image processor
returns to step 131 of flow diagram 123. At step s Sh d123
ends. In an alternative enbodi nent of the invention iE ﬁ" FSQ may
be enbodied as a nput e aving a 20 frame grabb Y
Technol ogy' s [erﬁ}‘g %uri ng the video image generat ed by canera 53.
The conputer, hi s image processor 63, scans the inmage pattern

and anal yze? qbhe_i ndi vi dual intensity values of each scan line. Startygg at
the left and ridht 25 edges of the inmage pattern and noving toward 1ts

center, the backfiround (i.e., nmelt surface 85) intensiti e gy pgasyred and
aver aged The sdHp ftontinues until an abrupt increase i intensity-fs found
or a predeterm reli{Mnber of sanples have been takgn mry thresh Idi5ng
30 is perfdiringH{} O |dent|fy of the b ght ri nd\where the¢ 24
t hreshol d&onsi sg § of t e ﬁfjﬂmsmy valse plus an éegpirical |offset.
A pair of B ndowr egil ]
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are defined for each scan line at positions gqu@ghngﬁ%”p SHEETS! oqgut | he
. previously determned circle 35 center's |XgrpRs

. e gere eﬁééf
extrdneous reflections frombeing identifigqdp laYﬁ"x §§ Tg EﬁdO'Ws
apply 23 a tolerance of [err] pixels frcgkfgg
previous scan line. In this manner, changiing&LVstal”’ df AretErs & =
novenment of crystal 35 during pulling are céggﬁﬁ%%ﬁ ed sea?bﬂ%ﬁﬂ “the
i mage pattern fromtop to 5 bottom tim ljeft and r ons fjare
re- positioned at an equal rate toward the C@Mﬂﬁ:ﬁﬂ 2&9@@5@ Jve
borders until two valid edges SRESS‘EW@QQMETHQD vﬁQRiow reg| ons are then
repositioned with theCONER ) 5 AR SRY E
subsequent 10 scan lines are preferably mnthln the mnndom/reglon fromthe

previ ous scan |line, thus, ensuring that the edges are connected. If a scan

line fails toIgb@@Qgthng%helblbglgbqggy |gnored or if a predeterm ned
nunber of |ineS

System and method for determining the diameter
5 of a silicon crystal being pulled from a silicon melt for
controlling a silicon crystal growing apparatus. The
melt has a surface with a meniscus which is visible as a
bright ring adjacent the crystal. A camera generates an
- image pattern of a portion of the bright ring adjacent
10 the crystal. Image processing circuitry detects a
characteristic of the image pattern and defines an edge
of the bright ring as a function of the detected
characteristic. The image processing circuitry further
defines a genefally circular shape including the defined
15 edge of the bright ring. The diameter of the cryétal is
then determined based on the diameter of the defined
shape for use in controlling the crystal growing

apparatus.
e 1 | REPLAGENENT SHEET |
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fail, the search is restarted. Again, perspective 15 di stortion caused by
the angle at which canera 53 is nounted may be conpensated for by neans
such as the Gonzal ez transformati on. The validated edges are then fit to a
circle for calculating the circle center point and circle diameter. 20

The follow ng exanpl es are presented to describe preferred enbodi mrents and
utilities of the present invention and are not neant to limt the present

i nvention.unl ess otherwi se stated in tfe cl ai mrs append hereto. 25
EXAMPLES 1. Fig. 7 graphically illustrates dianeter neg EN i .Xg
versus dianeter Din mllineters for the crown portio Sy ﬁ_ Ag
descri bed above, vision system59 determ nes the dia r of crystal 391(30
based on the width of defined circle 93 in terns of [drrf] 2 DEE Wpéch fay
be converted to millinmeters. As shown in Fig. 7, apprdxijmately 1.8 [elfr]
val ues corresponds to one mllinmeter as neasured by, flor exanpl e, cart pérs.

2. Figs. 8A-8B illustrate neasurenents taken
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35 in the neck portion of crystal 35 in graphical form Fig. 8A shows the
dianeter in mllineters as neasured 24 with calipers and the dianeter in
mFlimeters as neasured by vision system 59 versus the | engt

As shown, fine-tuning nmay be necessary on the scaling (e.(d.
to mnimze the error between the two 5 measur enents.
show ng the neasurenents determ ned by vision system59 i
sanpling rate of one sanple per m nut ich mght mss cer
val | eys of the neck dianeter since the neck portion of crysta
much as five 10 mllinmeters in one mnute. |nprovenentis—in_scaling have
yielded results wth an accuracy of [err] mmin the 4.5 nmto 7.0
of diameters. Fig. 8B shows the dianmeter in mllineters as nmeasured by
vi sion system 59 versus the dianeter in mllineters as neasured with

calipers. 15 3. Figs. 9A-9B illustrate neasurenents taken
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over the length of crystal 35 in graphical form For purposes of Figs.
9A-9B, .crystal length is neasured froma reference point on the body

portion of crystal 35 where crystal 35 has a relatively uniformdi aneter

and does not 20 i nclude the neck and crown portions of crystal 35. Fig.
9A shows the dianeter in mllineters as neasured by vision system 59 and

the y coordinate of the center point C_in corrected pix
| engt h of crystal 35. As described aboé%: the y coordin tgﬂﬂﬂCEMsz
poi nt 25 Cis calculated by: y =[err] wherey is inftgr
pi xel s. Fig. 9B shows the corrected y coordi nate of ce
corrected pixels versus the crystal length in mllinet
above, the value of the y coordinate interacts with th
crystal 35 due to the perspective distortion caused bylthe angle at
canera 53 is nounted and the assunption of an ellipticallTy - I
ring. Although-nulvhgé:ing [err] by a scaling factor of 1.2 partially

M
[amas |

conpensates for.-this\distortion, further 35 correction is desirable. The
further correction attenpts to isolate the predicted drop in melt level 41

caused by N \\

-~ 53 -
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25 the reduced di aneter of crucible 27 as nelt 33 is depleted to
approximately 40 kg remaining. Wth the lift ratio of crucible 27 fixed,
meit 33 tends to be depleted faster than crucible drive unit 31 raises
crucible 27. 5 In this instance, the corrected y coordinate is determ ned
by: [err] =y - [err] length) + C2(diameter D - [err]] .
0.0033, [err] = 0.35 and C3 = 209. Injother words, th EMENBSHEST | he
center point Cis adjusted by subtractTng the |ong-ter 10 appareﬁ y

j\u’

linear, increase in nelt level 41 fromO to approxi matply P@@

and by adding a delta dianeter multiplied by a scale fpc} V|ew qf!the
above, it wll be seen that the several objects of thefil

achi eved and other 1 advant ageous results attained.| As various changqs

could be made in the b(:z§onsL249tions and net hods wit hout departing from
t he -




scope of t
above desc
interprete

T :
ription or shown in the 20 acconpanyi ng drawgn E@Léﬂﬁﬁ ]

he invention, it is intended that all matter cén
d as illustrative and not in a limting sense. 26 O ai s WHAT

IS CLAIMED IS: 1. A nethod for use in conbination with a pprb2 DEC 199%

growi ng a

a di nensio
5 silico
bright are
of : genera
the silicag
characteri

silicon crystal froma silicon nelt, said

n of the silicon crystal bei ag pulled fromthe}siTrcon nert, sai
n nelt having a surface with=a neni scus which iLs_visible as a

a adj acent the sil
ting an image pat

met h¢d|for determ nipg}j

P4 sai d net hog—copprisi ng the steps
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defining an edge of the bright area as a function of the detected
characteristic; defining a shape including the defined edge of 15 t he
bright area; and determ ning a dinension of the defined shape whereby the
di rension of the silicon crystal is determ ned as a function of the

det erm ned di nension of the defined shape. 2. The nethod of claim1 further
conprising the step of defirtrg mﬁndomu;egions of the imge pattern

adj acent the portjpn of th&8TARToNt zga-mherein the characteristic of the
i mage patter é?je)t ecte 5 ?,r he w ndow regions for d/%i ning the
edge of the Qright area. 7 The neth L 2 wherAi &§§4
characteristggrof he image Pattern is an ig?gﬁgfﬁgﬂg?;dient aégi

the step of ddtect|ACQUIRE VIDEO maGEV— /27

!

ein

COMPENSATE FOR CAMERA TILT ¢ REPLACEMENT SHEET
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+ 12 DEC 1996
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5
gradi ent of the inage pattern within the w ndow regi ons.
claim2 wherein the silicon crystal is generally cylindrical

characteristic of the inmage pattern includes determning

the intensity

4. The met hod of

aad-the bright

area is generally ring-shaped and wherein the step of defin
i ncludes defining a generally circular shape 5 that includeg
the ring-shaped bright area defined mﬁ%hin at |l east three of
regions of the imge pattern and the step of determning a (¢

ngiBPhncmmesuseﬂ
dow

1 e tonge]

shape. 5. The neth ing the step

~rcul ar !
of determ ning !
I

im4 further conpri
the center of the def|ned circul ar shape mﬁg?ifzépezﬁ¥£? af
coordi nate system whefein the y coordinate t$ree C is

defined shape in uring the dianmeter of the defineq
ﬁk%’?f(@iﬁi

of nmelt level 6. Thef nethod of claim2 further conprising t
defining a cen;_,qg-rp'&g (,l—rmg pattern, -wherein the w

are defined d
radially

$itions on the inage pattern wh

ROJ_2:

ereTrefte—Xa
5 i ndi cative
he step of
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5 with respect to the defined center point, and fUREﬁﬂmEﬂ@
step of noving the w ndow regions as a function of |t
characteristic of the inage pattern within the w ngo
to the bright area varying during pulling. 28 7

ﬁ%E? t he

ions in response

BO®9E claim1l

wherein the crystal grow h apparatus provides for f[o atlon of the ki]icon

crystal

at a reference rate and further conprisingfthe step of detecting

periodic deviations in the degepp ned di nensi okh—ef—t-he def| ned shape

relative to the reference r #&eg. sBereby i ndi cating zepgf 25§5V0n growt h
of the silicon crystal. 8. Th met hod of claim1 wherei licon

crystal

which is generally per

f'-.cMAdf =t16001e Tcon nelt surface and wherein

I

is pulled fro ‘S Hi-con t ally along a vertical axis
1

t he caner g tas—am5 OP+-6 axi's wni ch |s at an acute angle yff respect
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the vertical axis and further conprising the step of conpensating for
distortion of the inage pattern caused by the canera angle. 9. The nethod

of '‘claim1l wherein a crucible contains the sili¥
silicon crystal is pulled and the crystal grow 1

rel ati ve novenent between the silicon crystal agd]the 5 C

further conprising the steps of controlling the rteEZzﬂEg\,ﬁW
and/or the silicon crystal are rotat nd/ or cepnfrolling the rpte at which

the silicon crystal is pulled fromthe silicon pelt andror

\Vawv,,

tenperature of the silicon nmelt in 10 response~ta_the determn
di mension of the silicon crystal thereby to control the cryst

o) t he

apparatus. 10. A systemfor use in conbination with an apparatus for
growing a silicon crystal froma silicon nelt, said systemfor deteign ning

a di nension of the si\icon crystal being pulled fromthe silicon™fe
5 silicon nelt having a surface with a neniscus which is visible
bright area adjacent thg silicon crystal, said system conprising:
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29 a canera for generating an inmage pattern of a portion of the bright area
adj acent the silicon crystal; 10 a detection circuit for
det'ecting a characteristic of the i mage pattern; a defining circuit for
defining an edge of the bright area as a function of the detected
characteristic and for defining a shape including the defined edge of 15

the bright area; and a neasurenent cir y! it for determfi

t he defi ned shape whereby the di nensi f the silico
determined as a function_of the determ ned di nension
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