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BACKGROUND OF THE INVENTION
~ This invention relates generally to
improvements in controlling the Czochralski process for
growing silicon crystals and, particularly, to a vision
5 system and method for measuring parameters of the silicon
crystals and the silicon crystal growth process for use
in controlling the growth process based on the measured
parameters.
Most processes far fabricating semiconductor
10 electronic components use monocrystalline, or single
crystal, silicon as a starting material. Crystal pulling
machines employing the Czochralski process produce the
majority of single crystal silicon. Briefly described,
the Czochralski process involves melting a charge of
15 high-purity polycrystalline silicon, or polysilicon, in a
quartz crucible which is located in a specifically
designed furnace. After the silicon in the crucible is
melted, a crystal lifting mechanism lowers a seed crystal
into contact with the molten silicon. When the seed
20 begins to melt, the mechanism pulls a growing crystal
from the silicon melt by slowly withdrawing the seed from
the melt.
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10 emptied of molten silicon, the process gradually reduces
the crystal diameter to form an end cone. Typically, the
end cone is formed by increasing the crystal pull rate
and heat supplied to the crucible. When the diameter
becomes small enough, the crystal is then separated from
15 the melt. During the growth process, the crucible
rotates the melt in one direction and the crystal lifting
mechanism rotates its pulling cable or shaft, the seed
and the crystal in an opposite direction.
Although the conventional Czochralski growth
20 process has been satisfactory for growing single crystal
silicon useful in a wide variety of applications, further
improvements in the gquality of the semiconductor material
are desirable. For example, the Czochralski process is
controlled in part as a function of the diameter of the
25 crystal being grown. Thus, an accurate and reliable
system for measuring crystal diameter during the
different phases of crystal growth is needed to ensure
crystal quality.
Commonly assigned U.S. Patent Nos. 5,665,159
30 and 5,653,799, the entire disclosures of which are
incorporated herein by reference, describe a system and
method, respectively, for accurately and reliably
measuring crystal diameter for use in controlling the
growth process of single crystal silicon.
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a loss of diameter sensing.

In addition, hot zone apparatus is often
disposed within the crucible for thermal and/or gas flow
management purposes. For example, a heat shield is

15 sometimes used to form a partial thermal cavity in the
crucible for conserving heat lost from the free melt
surface at the liquid-gas-solid interface.
Unfortunately, hot zone apparatus can interfere with
accurate and reliable diameter measurements by obscuring

20 the camera’s view of the growing crystal.

For these reasons, an improved system and
method for the measurement and control of crystél

diameter in the Czochralski process is desired.

SUMMARY OF THE INVENTION

25 The invention meets the above needs and
overcomes the deficiencies of the prior art by providing
an improved method and system of contrcl and operation.
This is accomplished by a vision system which avoids
false targets due to hot zone apparatus, for example,

30 while performing edge detection routines and which
permits measuring a crystal’s diameter even when the

edges of the crystal’s bright ring are not detected in at
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from which the crystal is pulled and the melt has a
10 surface with a meniscus visible as a bright area adjacent
the pulled crystal. The method determines a diameter of
the crystal and begins with the step of generating an
image of the interior of the crucible including a portion
of the bright area adjacent the crystal. The method also
15 includes defining a central window region of the image at
a position corresponding to an approximate center of the
crystal and processing the image as a function of its
pixel values to detect edges within the central window
region. According to the present method, the central
20 window region has an elliptical shape. The method
further includes the steps of grouping the detected edges
to define an object in the image corresponding to the
crystal, determining a dimension of the defined object
and determining an approximate diameter of the crystal as
25 a function of the determined dimension of the defined
object. '
Generally, another form of the invention is a
system for use with an apparatus for growing a silicon
single crystal. The crystal growing apparatus has a
30 heated crucible containing a silicon melt from which the
crystal is pulled and the melt has a surface with a
meniscus visible as a bright area adjacent the pulled
crystal. The system determines a diameter of the crystal
and includes a camera for generating an image of the
35 interior of the crucible including a portion of the
bright area adjacent the crystal and an image processor
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define an object in the image corresponding to the

10 crystal. The image processor further includes a
measurement circuit for determining a dimension of the
defined object and determining an approximate diameter of
the crystal as a function of the determined dimension of
the defined object.

15 Alternatively, the invention may comprise
various other methods and systems.

Other objects and features will be in part

apparent and in part pointed out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

20 Fig. 1 is an illustration of a crystal growing
apparatus and a system for controlling the crystal
growing apparatus according to a preferred embodiment of
the: invention.

Fig. 2 is a block diagram of a control unit of

25 the system of Fig. 1.

Fig. 3 is a fragmentary view of a silicon
crystal being pulled from a melt contained in the crystal
growing apparatus of Fig. 1.

Fig. 4 is a fragmentary and cross-sectional

30 perspective view of the crystal of Fig. 3.

Fig. 5 is a schematic, fragmentary vertical
section of the crystal growing apparatus of Fig. 1
showing a reflector assembly as it is positioned during
growth of a silicon crystal.
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' Referring now to Fig. 1, a system 11 is shown
for use with a Czochralski crystal growing apparatus 13.
10 In the illustrated embodiment, the crystal growing
apparatus 13 includes a vacuum chamber 15 enclosing a
crucible 19. Heating means such as a resistance heater
21 surrounds the crucible 19. 1In one embodiment,
insulation 23 lines the inner wall of vacuum chamber 15
15 and a chamber cooling jacket (not shown) fed with water
surrounds it. Typically, a vacuum pump (not shown)
removes gas from within the vacuum chamber 15 as an inert
atmosphere of argon gas is fed into it.
According to the Czochralski single crystal
20 growth process, a quantity of polycrystalline silicon, or
polysilicon, is charged to crucible 19. A heater power
supply 27 provides electric current through the
resistance heater 21 to melt the charge and, thus, form a
silicon melt 29 from which a single crystal 31 is pulled.
25 As is known in the art, the single crystal 31 starts with
a seed crystal 35 attached to a pull shaft or cable 37.
As shown in Fig. 1, single crystal 31 and crucible 19
generally have a common axis of symmetry 39.
During both heating and crystal pulling, a
30 crucible drive unit 43 rotates crucible 19 (e.g., in the
clockwise direction). The crucible drive unit 43 also
raises and lowers crucible 19 as desired during the
growth process. For example, crucible drive unit 43
raises crucible 19 as the melt 29 is depleted to maintain
35 its level, indicated by reference character 45, at a
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Fig. 410s actunagb®at apy aAﬂteropseheatnngalCSQstpérépewﬁlwalﬁléW of the
crystal of Ebﬂtlﬁues to lower seed crystal 35 via cable 37 into
contact with melt 29 at its melt level 45. As seed
crystal 35 melts, crystal drive unit 47 slowly withdraws,
or pulls, it from the melt 29. As it is withdrawn, seed
15 crystal 35 draws silicon from melt 29 to produce a growth
of silicon single crystal 31. Crystal drive unit 47
rotates crystal 31 at a reference rate as it pulls
crystal 31 from melt 29. Crucible drive unit 43
similarly rotates crucible 19 at another reference rate,
20 but usually in the opposite direction relative to crystal
31,
A control unit 51 initially controls the
withdrawal rate and the power that power supply 27
provides to heater 21 to cause a neck down of crystal 31.
25 Preferably, crystal growth apparatus 13 grows the crystal
neck at a substantially constant diameter as seed crystal
35 is drawn from melt 29. For example, the control unit
51 maintains a substantially constant neck diameter of
about fifteen percent of the desired diameter. After the
30 neck reaches a desired length, control unit 51 then
adjusts the rotation, pull and/or heating parameters to
cause the diameter of crystal 31 to increase in a cone-
shaped manner until a desired crystal body diameter is
reached. Once the desired crystal diameter is reached,
35 control unit 51 controls the growth parameters to
maintain a relatively constant diameter as measured by
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positioned during growth of a silicon crystal.
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assenbly of Fig. 5. Figs. 7A and 7B illustrate an
exenpl ary fl ow di agram of the operation of the control unit of Fig. 2.
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method for controlling crystal and crucible rotation
rates as a function of the crystal diameter.
Preferably, control unit 51 operates in
10 combination with at least one two-dimensional camera 53
- to determine a plurality of parameters of the growth
process. For example, the camera 53 is a monochrome
charge coupled device (CCD) array camera, such as a Sony
XC-75 CCD video camera having a resolution of 768x494
15 pixels. Another suitable camera is a Javelin SmartCam JE
camera. Camera 53 is mounted above a viewport (not
shown) of chamber 15 and aimed generally at the
intersection of the lonéitudinal axis 39 and the melt
level 45 (see Fig. 3). For example, the operator of
20 crystal growing apparatus 13 positions camera 53 at an
angle of approximately 34° with respect to the
substantially vertical axis 39.
According to the invention, camera 53 generates
video images of the interior of crucible 19 during the
25 growth process of crystal 31. The images generated by
camera 53 preferably include a portion of a meniscus 55
(see Fig. 3) at the interface between melt 29 and crystal
31. In one preferred embodiment, camera 53 is equipped
with a lens ({e.g., 16 mm) providing a relatively wide
30 field of view (e.g., approximately 300 mm or more). For
example, the lens may be a telephoto lens providing
improved viewing of the melt-crystal interface. Melt 29
and crystal 31 are esseﬁtially self-illuminating and
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10 Fig. 2 illustrates a preferred embodiment of
control unit 51 in block diagram form. Camera 53
communicates video images of the interior of crucible 19
via line 61 (e.g., RS-170 video cable) to a vision system
63. As shown in PFig. 2, the vision system 63 includes a

15 video image frame buffer 67 and an image processor 69 for
capturing and processing the video image. In turn,
vision system 63 communicates with a programmable logic
controller (PLC) 71 via line 75. As an example, vision
system 63 is a CX-100 Imagination Frame Grabber or a

20 Cognex CVS-4400 vision system. In one preferred
embodiment, the PLC 71 is a Model 575 PLC or a Model 545
PLC manufactured by Texas Instruments and line 75
represents a communications interface (e.g., VME
backplane interface). Depending on the particular

25 controller embodying PLC 71, the communications interface
75 may be, for example, a custom VME rack which includes
an additional communications board (e.g., Model 2571
Program Port Expander Module using the RS-422 serial
bidirectional PLC port).

30 Control unit 51 also includes a programmed
digital or analog computer 77 for use in controlling,
among other things, crucible drive unit 43, single
crystal drive unit 47 and heater power supply 27 as a
function of processed signals from camera 53. As shown

35 in Fig. 2, PLC 71 communicates with the computer 77 via
line 79 (e.g., RS-232 cable) and with one or more process
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desired di amelagrd tAd e;routﬂmesoavneekueeacaesp@o earnregisteﬂgtspstenntrol uni t
51 then adjusts the rotation, pull and/o g in pgrage ers to
cause the &fanmetdr © %’fe asxfft”é’latéfet' CPH‘EP§§§§ Zoﬂgy e emopdied nanner
until a debwredsmngd@abdmpmye&t&m&tptogsammlng the crystal growth
process automation and providing an operator interface.
15 Further, it is to be understocod that vision system 63 as
embodied by certain systems may include its own computer
(not shown) or may be used in combination with the
personal computer 77 for processing the captured images.
The process input/output module 83 provides a
20 path to and from crystal growing apparatus 13 for
controlling the growth process. As an example, PLC 71
receives information regarding the melt temperature from
temperature sensor 59 and outputs a control signal to
hedter power supply 27 via process input/output module 83
25 for controlling the melt temperature thereby controlling
the growth process.
Pig. 3, a fragmentary view of silicon crystal
31 being pulled from melt 29, illustrates a later phase
of the crystal growth process following melt-down and
30 dipping of seed crystal 35. As shown, crystal 31
constitutes a generally cylindrical body of crystalline
silicon (i.e., an ingot) having a diameter D. It should
be understood that an as-grown crystal, such as crystal
31, typically will not have a uniform diameter, although
35 it is generally cylindrical. For this reason, diameter D



reached Once the desired crystal di aneter is reached, 35 control unit 51

control s t hwogomebds parameters to mai ntain a rel ativel y pegisbgvd4o
di anet er as neasured by WO 99/ 16940

PCT/ US98/ 20240 8 system 11 until
t he process approaches its end. At that point, the pull rate and
heating are usually increased fof decreasing the dianeter to forma
t apered portion at the end of single crystal 31. Conmonly assigned
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visible as a bright ring adjacent crystal 31. As

10 described above, camera 53 is mounted in a viewport of
chamber 15 and aimed generally at the intersection
between axis 39 and the surface 99 of melt 29. As such,
an optical axis 101 of camera 53 is at an acute angle «
(e.g., a =~ 15-35°) with respect to axis 39. Proper lens

15 and camera selection provides both telephoto viewing for
high resolution of small seeds and necks as well as wide
angle viewing of the larger body portion of crystal 31.
In a preferred embodiment, camera 53 provides a field of
view including the width of crystal 31 and at least a

20 portion of the bright ring of meniscus 55. When
instructed by PLC 71 to start inspection, the frame
buffer 67 of vision system 63 acquires images of the
interior of crucible 19.generated by camera 53 at regular
intervals (e.g., every one second).

25 Referring now to Fig. 4, the images of the
interior of crucible 19 captured by frame buffer 67 each
comprise a plurality of pixels. As is known in the art,
each pixel has a value representative of an optical
characteristic of the image. For example, the pixel

30 values, or gray levels, correspond to the intensity of
the pixels. Image processor 69 defines at least three,
and preferably five or more, radial regions of interest
103 on the image and examines the pixels within them for
an optical characteristic of the image (e.g., the

35 intensity or gradient of the intensity of the pixels).
These radial regions 103 are also referred to as edge



| evel 45 (see Fig. 3). For exanmple, the operator of 20 crystal grow ng
appar at us 1Wopedk#400nNs canera 53 at an angl e of appr oxipaiedognedderr]
with respect to the substantially vertical axis 39.

According to the invention, canera 53 generates vi deo i mages of the
interior of crucible 19 during the 25 growt h process of crystal 31. The
| mges generated by canera 53 preferably include a portion of a

meni scus 55 (see Fig. 3) at the interface between nelt 29 and crystal
31. In onet@rk$ ePFredindbudraghonscanBaaed3on stlvy uigpscted with a lens
(e.g., 16 L.l ay Lye ] s ol lew (e.g.,

appr oxi mt%rg%géﬁ%ég?cnﬁégia&ééoéﬁ %ﬁgﬁegg%nﬁ?%,fé%eoi%ﬁeemy be a
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i nterface. spdtém28rts, eagéscayétaéfﬁﬁe@rss essidnal 1y 88 fiddddim nating
and V&ggl 1694 . .
PCT/U§§8/2@§%6€ ere is a relatively large changg) in graxwkﬁﬁqﬁ3| i ght for

canera 53 ewe¢hoatrebhatirgelpfsmall spatkibrredidn ghtItscis as Hd is to be
it ering maeteropa PARL LURRGERIBE R BY Mdal ¢ i PRt s ng
si gnal s friomwerskra gradisgt, conbenl ophitablchmooesseis signalfs threom ot her
SENSOrs.  image, such as color or contrast, may be detected for

10 finding edge coordinates.

According to the invention, image processor 69
defines regions 103 at preselected positions in the
images. Preferably, the positions of regions 103
generally correspond to positions along a curve matching

15 the expected shape of the bright ring of meniscus 55 as
viewed by camera 53. In other words, regions 103 are
positioned radially with respect to a defined center
peint along the bottom half of an ellipse or circle to
approximate the shape of the bright ring. By defining

20 regions 103 at preselected positions approximating the
shape of a portion of the bright ring, regions 103 avoid
known or expected reflections on the surface 99 of melt
29 that might cause spurious measurements. Also, since
image processor 69 defines a number of regions 103, if

25 part of the viewport of-chamber 15 is blocked, image
processor 69 is still able to detect the edges of the
bright ring. In this manner, image processor 69
determines edge coordinates along the outside of the
bright ring of meniscus 55 for processing as described

30 below.

Fig. 4 illustrates a set of preferred positions
at which regions 103 are defined. As shown, the left-
most and right-most regions 103 are preferably located
below the y coordinate of the center point C by an angle

35 B, and an angle f,, respectively. For example, B, and £,
are each approximately 45°. By positioning regions 103



For exanple, a tenperature sensor 59, such as a photo cell, may be

used to neaWOr9/I6Me nelt surface tenperature. 10 PCT/US9%720340 2
illustrates a preferred enbodi ment of control unit 51 in block diagram
form Canera 53 comuni cates video images of the interior of crucible
19 via line 61 (e.g., RS-170 video cable) to a vision system 63.
As shown in Fig. 2, the vision systeam 63 includes a 15 video image frane
buffer 67 and an inmage processor 69 for capturing and processing the

vi deo i mage? thRigupanner, syptewonldyeopempéingofmuaccardangiet wikh
progrannabiﬁé|§9é§ent 1n9QHEEBh|§E £BLChuk tat5'8§6%§s é%u%%dexanple

VI Si on lag%stem Is a CX-100_1 nmagi nat ﬁe& Frane
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InstrggentéQ fg represents_a comunications in rface (e.g

%ﬁe nte??ﬁeg?r Dﬁﬁ@ﬁﬁWnéloﬁvFﬁﬁoﬁﬁﬁtl | B controller
enbodyi ng ¢is€d, byhperspruniicat ddssornienf ahéch is parmdyudarlfor exanpl e,
a custon1§NE: choin S nal, _commu I ations .board
(e.qg., é§§%5$ﬂé ?Brogéggng%?mﬁgg gg§ k%guléeu |hgat e RS 592 seri al
bi di rect i oFRIIFEL. pofR)a Boeferred embodimantobfubhe Shvansdonnckthees a
progr ametingles p0idrid A 228380168TRULEN FALA" £12f 1 e)ge@;a g

3, sta rlve uni t

anong, ot her °hlngs crucibl e drive unit
47 and heak®} FROWe?® sﬁﬁpF9a27r8§18nS 103f§Héﬂ|6ﬁ éﬂgé?oééssed signals from
camera 53a@¥ké&EM@t§§y gbP £bgis89 . PLC 71 conmuni cates with the conputer

77 via line 79 £s geécrlbegza 892?)c§9gt“ﬁtgr992 8%1%02% Bu?igss
crystal 31 generally along vertical axis 39 which is
generally perpendicular to melt surface 99. During

15 - pulling, crystal 31 may move relative to vertical axis
39. Advantageously, regions 103 are large enough so that
edge coordinates of the bright ring may be defined within
regions 103 even though crystal 31 is moving. Image
processor 69 further dynamically moves the preselected

20 positions of regions 103 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,
neck, crown, shoulder, body and end cone). In other
words, regions 103 track crystal diameters from

25 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 éxample, during growth of the
crown portion of crystal 31, the bright ring may be
relatively small or not visible. For this reason, system

30 11 preferably detects the perimeter of the crown which
appears as a bright area relative to the intensity of the
background of the image. 1In this instance, the
background of the image is representative of melt surface
99. Thus, in the alternative to detecting the bright

35 ring, system 11 detects the bright area associated with
the crown of crystal 31.
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10 I N dopmgbgaut nodul es 83 via line 85 (e.g., RS-485 qabiedesnoze
Accordi hg to the invention, conputer 77 provides an operator interface
which permits the operator of crystal growi ng apparatus 13 to input a
set of desired paraneters 5 for the particular crystal being grown.

I n one enbodi nent, vision system 631al so comuni cates with a personal
conputer 87 via line 91 (e.g., RS-232 cable) as well as a video

di splay 93 via fhna Pbeferged &KBAIIMEEB, ville casidatehefvi deo 10
di splay 9 LS e ¥Lden. Lpge. gen Y. G ra_ . .5 nd the
conputer'gsgésgégé% %g B%ggggﬁég?s?%%gsyégéﬁgeg WIégghlﬁFQ%ﬁ?%ﬂ % rnative,
conput ers F7¢ BIthepabidcakbydteansformey o stompensarpuiier for progranmi ng

the cryst %elggga@%eive diBESFESSn AhBhEQN: BBk PL AV di NG &N fRer at or

I nterface. urther, it Is to be understood that vision system 63 as

enbodi 2d bJLEELBaMARSPEEBART muyFPRCEXRAEP1E s HIRTR RERAKFSOT 69 URRS shown)

or may be agsegugh €L8AEASHKOSr W édst heéquares PEIS NG| deopimuter 77 for
processing_t he c%%%zlnput/output

ga tU£ed |nages. . . The nﬁ
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i nputI®ut pRwd nddeeetes point C based on the detected coordinates.
Practically, at least three edge coordinates are needed
to define circle 107 in this manner.
In order to obtain an accurate measurement of
the diameter D of crystal 31 for use by PLC 71 in
15 controlling the crystal growth process, image processor
69 first digitally processes the diameter D’ of defined
circle 107. Image processor 69 uses the dimensions of
circle 107 to determine a number of parameters including
the diameter D of crystal 31, the quality of fit of
20 defined circle 107 relative to an exact circle, the
center coordinates of circle 107 and the melt level 45.
Preferably, image processor 69 digitally filters and
processes the diameter D to provide a valid input to
control unit 51. For purposes of this application, melt
25 level 45 is defined as the distance from the top of
heater 21 to surface 99 of melt 29 and may be determined
as a function of the coordinates of center point C.
Commonly assigned U.S. Patent Nos. 5,665,159 and
5,653,799 also describe a preferred system and method,
30 respectively, for measuring melt level based on an image
of the melt-crystal interface.
In operation, image processor 69 defines
. regions 103 adjacent the portion of the bright ring and
detects an intensity gradient characteristic of the image
35 within regions 103. Image processor 69 further defines
the coordinates of an edge of the bright ring within each



25 for controlling the nelt tenperature thereby controlling t he

growt h proce¥$ 99/16940 Fig. 3, a fragnentary view of $dris9820240
crystal 31 being pulled fromnelt 29, illustrates a | ater phase

of the crystal growh process follow ng nelt-down and 30 di ppi ng of seed
crystal 35. As shown, crystal 31 constitutes a generally cylindrical
body of crystalline silicon (i.a5 an ingot) having a dianeter D. It
shoul d be understood that an as-grown crystal, such as crystal
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the art, e b pn ruci n ni.scus_55.i ften
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canera 53 iOhBuhtBEeFn2aconelpbreiveuit. chamber 15 and ai ned general |y

at the intersection preferably, system 11 measures the diameter D'
10 in radius pixels and provides the crystal diameter D in
millimeters. The diameter D’ is first converted from
radius pixels to millimeters and then a value (e.g.,
approximately 3 mm) which compensates for the width of
the bright ring is subtracted. The diameter D’ may also
15 be adjusted by a calibration factor to compensate for
variability in the diameter measurement. Such
variability is due primarily to changes in the distance
between camera 53 and crystal 31 which affect the
magnification of the optics. For example, increasing the
20 distance from camera 53 to melt 29 causes crystal 31 to
appear smaller which would result in the actual crystal
31 being grown oversized without compensation. These
changes in distance can occur from one crystal growth
apparatus 13 to another, from one run to another, and
25 even within a single run because of variability in melt
level 45. The operator of crystal growth apparatus 13
preferably measures the growing crystal 31 with a
telescope that slides on a calibrated track and then
inputs a calibration factor via computer 77 so that the
30 determined crystal diameter D equals the measured value.
Likewise, the value compensating for the width of the
bright ring may also be determined experimentally.
According to the present invention, the number
and location of edge detection regions 103 may be varied
35 to accommodate different camera angles and to avoid hot
zone apparatus which would otherwise obstruct the



between axis 39 and the surface 99 of nelt 29. As such, an optical

axi s 101 of wexepe6®d053 i s at an acute angle [err] (e.qg., PCBHUBYS/20240
15-35[err]) with respect to axis 39. Proper lens 15 and canera sel ection
provi des both tel ephoto view ng for hi gh resolution of small seeds and
necks as well as w de angle view ng of the larger body portion of
crystal 31. In a preferred enbadi nent, canera 53 provides a field of
view including the width of crystal 31 and at least a 20 portion of the
bri ght ringaweratai ¥éaw 66. thebmelt-cryshal rimteniaye PLCIAlotbest art
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intensity of the pixels). These T adi al reghons 103 are also referred
to aslgdgereglons of i §9§&6§2®) to provide ree or more

PCTI US98/ 2fi@4Surements along the outside of the bright ring of
meniscus 55. In this instance, image processor 69
positions regions 103 according to a programmable
elliptical region, the size and location of which

15 excludes unwanted images. Regions 103 are arranged to
avoid spurious readings caused by, for example, known
reflections from the melt surface 99 and obstructions
from hot zone apparatus of crystal growth apparatus 23,
If an edge is not detected by one or more of the tools,

20 image processor 69 measures the circle 107 corresponding
to the image of crystal 31 with the remaining three or
more valid points.

Advantageously, system 21 provides crystal
diameter measurements even when edges are detected in

25 fewer than three of the regions 103 for use by the
circle-fitting software. Thus, diameter control will not
be lost if a relatively large portion of meniscus 55 is
blocked by, for example, hot zone apparatus or the
crystal 31 itself (e.g., during unusually severe diameter

30 cut-ins or normal end cone growth). For this purpose,
image processor 69 defines a front region of interest 109
on the image in addition to and independent of the radial
regions 103 which are used for circle fitting.
Preferably, the front region 109 is approximately

35 centered at the front of crystal 31 relative to camera

53. Image processor 69 then examines the pixels within



12 tools or wi ndow regions. Based on the detected characteristic
i ncl uded i Wea8M6%4egi on 103, i mage processor 69 detect PCIAIRIS/20240t he

i mage. I n the vision systemarts, edges are defined as regions in the
image 5 where there is arelatively large change in gray |evel over
arelatively small spatial region. It is to be understood that in
addition to or instead of intensity0r I ntensity gradient, other
optical characteristics of the i mage, such as color or contrast, nmay
be detect EPFEPR 1308 £PKdRAgOPEEadocharagtesistic of the imagéctording to
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appr oxi mat@ifferehapebetwebks bheghentengand@yedeéi ni cgo@inategi ons 103 at

preselectggcggfaiﬁﬁng approxi mating the shape of a portion of the
bright ring, reglons ?03 avoi d known or expected reflections on the
surface 99 of nelt 29D{ hat 2 i Yieseec suFeagsbur i ous neasurements. Al so,

since Tﬁéﬁﬂﬁa?éoﬁgﬁ%@éség dof bregiaipnbescoh eokpes 103, if 25 part
-Cha

er 151 ock processor 69 is stil

abl ¢ 1B dt BT hEAERgeCTuptahedianetet | rRo T HBSTEA TRELE mbfRE, | mage
processor ¥®lues, teménygi seégnallge contdbbastgnal ongnd hehoul skdetof t he
PLC 71 via VME bus 75.
As will be described below, vision system 63
also performs a search for the image of crystal 31 over a

15 fixed portion of the entire camera image (e.g., a central
region 111) for use in repositioning edge detection
regions 103. For example, a blob tool detection function
may be used if a suitable number of edges of the bright
ring are not detected in the image. Preferably, the

20 central region 111 is generally elliptical in shape.

Fig. 5 is a schematic, fragmentary vertical
section of the crystal growing apparatus 13 of Fig. 1
showing a reflector assembly 115 as it is positioned
during growth of silicon crystal 31. As is known in the

25 art, hot zone apparatus, such as the reflector assembly
115, may also be disposed within crucible 19 for thermal
and/or gas flow management purposes. For example,
reflector 115 is, in general, a heat shield adapted to
retain heat underneath itself and above melt 29.

30 Unfortunately, conventional hot zone apparatus can
interfere with accurate and reliable diameters
measurements by interfering with the view that camera 53
has of the interface between crystal 31 and melt 29,

In the illustrated embodiment, reflector

35 assembly 115 has a central opening through which crystal

31 is pulled. The position of camera 53, defined by a



bright ring of meniscus 55 for processing as described 30 bel ow.

Fig. 4 illuX0Mvatedoa set of preferred positions at whi eoTrusgs/zoase 103
are defined. As shown, the left- nost and ri ght-nost regions 103 are
preferably | ocated bel ow the y coordinate of the center point C by an
angle 35 [err] and an angle [err] respectively. For exanple, [err] and
[err] are each approximately 45f&rr] By positioning regions 103
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surface 9913DUthi¢ relationship defines a limited range of opening
10 sizes. If the opening in reflector 115 is generally
circular, a threshold for its diameter D, may be
determined according to:
D, = (2*H,*R + H*D,) /H
where H is the height of camera 53 above melt surface 99,
15 R is the radial distance of camera 53 relative to axis
39, H, is the height of reflector 115 above melt surface
99 and D, is the diameter of meniscus 55 (i.e., D,
corresponds to circle diameter D’). Thus, D, increases as
H, increases so that reflector assembly 115 will not
20 obstruct the view of camera 53.
Fig. 6 is a top view of reflector assembly 115
relative to crystal 31 {(shown in phantom). 1In a
preferred embodiment of the invention, reflector 115 has
a plurality of passages or notches 117 located about its
25 opening, extending outwardly from the opening in a
generally radial manner. As is known in the art, it is
desirable to minimize the gap between reflector 115 and
crystal 31 to increase the amount of heat reflected back
toward melt 29. The notches 117 essentially provide
30 windows through which camera 53 views the crystal-melt
interface even though the size of the opening D, is less
than the threshold described above.
In the case of a three-slot reflector such as
reflector 115, image processor 69 preferably defines
35 three edge tools corresponding to the notches 117. 1In
other words, image processor 69 defines the positions of



15 pulling, crystal 31 may nove relative to vertical axis 39.

Advant ageou®ios9/16849 ons 103 are | arge enough so that ed@eTaises/2izemt es
of the bright ring my be defined within regi ons 103 even though
crystal 31 is noving. |Inmage processor 69 further dynam cally noves the
presel ected 20 positions of regions 103 so that they are adjacent the
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di aneters w&%lt%%f r@é§iéﬁ?§ Iyt d amr@éd ﬁg&o p%n the art,

however, the brlght ring 1s. no ways_ Vvisib e uring a ases of
growt h. FoFh@&gf Yol e bs orol hen by geetingorhe ctnate fystal 31,

the bri ght ﬂel@gt:mae/ do@ the Ifh@toFetNe SEBhtePly ”@éoﬁ’dﬁhi’&@ viPrpidi s
reason e 30 11 xgref rably, detects tE]E‘HEe“ neter of the crown which

appear S a RS HFLEOR oL P hevi s t3eRReteve noteyckgr ound
of the i rrage.7 | n THe seddnstdetosct 1dwe regloxbaCi(@IQbmd 14 dleo i regecdd

repr esent at; |v of rre t surf he_al ternative to
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PCT/ US98/ 20240 Referring now to Figs. 7A a&4'7B, system 11,
10 including control unit 51, operates according to a flow
diagram 121 for providing closed loop control of crystal
growing apparatus 13. Beginning at step 123, camera 53
generates images of the interior of crucible 19. The
frame buffer 67 of vision system 63 captures the images
15 from the video image signal of camera 53 at step 125 for
processing by the image processor 69.
At step 129, image processor 69 receives the
captured image and adjusts its pixel values to provide a
degree of compensation for distortion of the image caused
20 by the camera angle «o. Advantageously, step 129 permits
camera 53 to be moved within the viewport to avoid, for
example, hot zone obstructions. If moved, camera 53 will
usually have a different angle relative to axis 39 due to
camera 53 being tilted so that its optical axis 101
25 remains directed at the intersection between axis 39 and
melt surface 99. As a result of the camera angle
changing, the degree to which a generally circular object
(e.g. crystal 31) appears elliptical in the image also
changes. By scaling the y values of the image (i.e.,
30 Ypixe1) by a variable factor derived from cosa rather than
a constant scaling factor, image processor 69 adjusts the
image so that the portion of the bright area adjacent
crystal 31 is generally arcuate for different camera
angles. 1In this instance, the angle a may be set via PLC
35 71 while the polysilicon charge in crucible 19 is
melting.



In a preferred enbodi ment, the coordi nates of t he edges of the bright
t adowdddse regi ons 103 are mat hematical ly trapet/osssd2in0
conpensate for perspective distortion and then input into a best-fit
5 circle measurenent. For exanple, inmage processor 69 uses a Hough
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bright ring as it is viewed through the viewport of
chamber 15.

Vision system 63 begins edge detection within
regions 103 at step 137. At step 137, image processor
69, operating in conjunction with PLC 71, processes the
images as a function of the pixel values to detect edges
in the images. Preferably, processor 69 performs several
routines for analyzing the image, including edge
detection routines for analyzing the gray level changes
{(as a function of image intensity) in a defined region of
the image. Various edge detection operators, or
algorithms, for finding and counting edges in an image
are known to those skilled in the art. For example,
suitable edge detection routines include Canny or Hough
algorithms. It is to be understood that in addition to
intensity, other characteristics of the image, such as
intensity gradient, color or contrast, may be used to
optically distinguish meniscus 55 or other objects on the
surface 99 of melt 29 from melt 29 itself.

During the pulling phases of crystal growth,
image processor 69 preferably performs digital edge
detection to locate the coordinates of at least three
points around the inside or outside of the bright ring of



regi ons 103 adjacent the portion of the bright ring and detects an
intensity gwaddmesdocharacteristic of the inmage 35 within regcensodfidao

| mage processor 69 further defines t he coordi nates of an edge of the
bright ring w thin each WD 99/ 16940

PCTUS9820240 15 region 103 as a
function of the detected characterisgic and defines generally circular
shape 107 including the defi ned edge coordi nates. The dianeter D of
crystal 31lmenisdus t9fen d&itrereritied dosssl sacticdn nefl crysuaar3zhapd 107 5
for use in [ t S
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10 disclose mathematical transformations for compensating

for perspective distortion caused by the position of a
camera with respect to a three-dimensional object. Such
transformations may be used to extract a circular shape
from a distorted elliptical shape. Further, commonly

15 assigned U.S. Patent No. 5,656,078, the entire disclosure
of which is incorporated herein by reference, describes a
non-distorting camera for use in imaging meniscus 55
without the need for complicated mathematical
transformations.

20 In this instance, image processor 69 of vision
system 63 performs edge detection by examining the
gradient of the intensity of the pixels within each
region of interest 103. The gradient is obtained by
taking the derivative of the relative intensity of the

25 image within each region 103. Thus, image processor 69
identifies the coordinates of the greatest change in
intensity within each région 103 which is indicative of
an edge of the bright ring. At step 139, if N edge
coordinates are defined, image processor 69 proceeds to

30 step 141 for fitting the defined edge coordinates to a
generally circular shape by means of a circle-fitting
algorithm, such as the Hough transform or least-squares
fit. Por example, the Hough transform uses sorting
routines to develop clusters of data points which can be



magni fication of the optics. For exanple, increasing the 20 distance from

canera 53 twoRkBhieeg9 causes crystal 31 to appear smal | eg sqaoyygul d
result -in the actual crystal 31 being grown oversized w thout '

conpensati on. These changes in distance can occur from one crystal
growt h apparatus 13 to another, fromone run to another, and 25 even
within a single run because of variapjlity in nelt | evel 45. The
operator of crystal growth apparatus 13 pref erably neasures the

growi ng crysédl t3lfanhcarcles bOlEsHeRe ikl THel®a N A Laldbiat ed track
and t hen calibration factor, via conputer 77 so_that the 30
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10 circular, vision system 63 proceeds to step 147 for
communicating information representative of the diameter
D’ of defined circle 107 and the (x,y) coordinates of its
center point C to PLC 71 of control unit 51 for use in
controlling the crystal growth process. Control unit 51

15 then executes programs in response to these determined
parameters for controlling crystal growing apparatus 13.

Operation of system 11 then proceeds to step
149 where a counter N is set to zero. Image processor 69
then repositions regions 103 at step 153 based on the

20 determined center point and radius before returning to
step 125. In this manner, regions 103 are essentially
centered on the detected edge of the bright ring of
meniscus 55 and image processor 69 responds to movement
of ‘crystal 31 during pulling as well as changes in

25 diameter.

If N edge coordinates of the bright ring are
not defined within regions 103 at step 139, or if image
processor 69 determines at step 145 that the quality of
fit is unacceptable, image processor 69 increments the

30 counter N at step 155. 1Image processor 69 then repeats
the previous steps until N = 5 at step 157, or until
image processor 69 defines an acceptable circle 107.
After five, for example, unsuccessful attempts at
defining the edge of the bright ring, image processor 69

35 searches for the general position of the bright ring. At
step 161, image processor 69 defines a circular or



5 (e.g., at the software conpile tinme or system operation run time).
This is in XAPYIS# to permitting the regions 103 to fol PEWUSI§2R240 31
during changes in dianeter and during novenent (sw nging). As described
above, imge processor 69 defines the edge detection tools (i.e., 10
regions of interest 103) to provide three or nore measur enent s al ong

t he outside of the bright ring of 23neni scus 55. In this instance, inmge

pr ocessor posi tions regions 103 according to a progrannabl e
el liptical eﬂé’g‘tﬁfﬂ-cat]hes%arrz@ A&%ed oldats on TMEHAL Wirsiow gsegirfeslibhant ed

' mages RagH Sutp &Qazl'?é PRV tdriter cod@idh YIS arh ngs caused

for exa reflections, fronlthe nelt surface 99 and
obst ructi oﬂ"rsggd %‘?n‘?ﬁh ex, fFdypHEFIRP I Lo AR CRR PR RRRHartdias 23.
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crystal” 31 w val'l
Advant ageoulstfiined sregaan lﬁrb\ﬁtd@ﬁn MZ’&I The lthgmm eiefrﬂacetsmrenents even

when edges jahf {ad eof adtd frﬁwlé haisdH&e Libidie ar:a?l 103 for use

by the circle-fitti so ‘tware. Thus, diameter contr " not
be 1ost if Hndg a’%}}%é}gpq%ﬂ@%ﬂ{%ﬁiﬂ@n AfhimeRis s 35 on tl’tﬂ ocked by,

for exarml Emadtd el appaid Usht@indits, of tHe m&tlajh 31r1ﬂgsq¥éld&xge during
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5o LA s i B e e
rel ative t@rt;hrma«ia;us fozssieﬂmga mr&memndqumm Qihe pi xel s
within regions 103, resets the counter N at step 149,
15 repositions the window regions 103 at step 153 and then
returns to step 125 for restarting the routine.
Preferably, vision system 63 performs its
search for the image of crystal 31 over a fixed portion
of the entire camera image. For example, the blob tool
20 detection function is used to detect the crystal image in
the elliptical region 111 with objects outside of region
111 being ignored. In one embodiment, the x and y
coordinates, as well as the diameter, of region 111 are
programmed via PLC 71 after the charge of polysilicon in
25 crucible 19 is molten.
As is known in the art, a blob is a connected
region in an image and blob analysis involves
identification of blobs based on their geometric features
(e.g., area, length or the like). In other woxds,
30 processor 69 performs blcb analysis by examining the
shape of the object (e.g., the ratio of the object’s
major and minor axes) or by examining the area of the
object itself. Further, the bright ring detection step
may include connectivity analysis, which is often
35 included in blob analysis, to group edges detected in the
image as a function of their locations in the image
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17 regOP2690f or an optical characteristic of the i madRCHBS9820248et ect
a front edge of the bright ring indicating meni scus 55. By using the

| ast valid cal culation of the center point C of the fitted-circle 107,

| mage processor 5 69 cal culates a present circle dianeter D based on the
di fference between the center and e@ge y coordi nates according to:

D = 2 ycenter Yedge) The ina?e processor 69 of vision system 63 then

10  comuhic8t estBR}St sPoghanates! neaBer anesxamphel tStawéprd’  val ues,

timng sigrakearednthekiciigBalsvandpbical b&€ &P rout Dhés7Ee¥bar¥yE bus 75.
As will be descr d bel ow, , vi si on _System 63 ., also.perfor a search for
the i mage 5P 8Fy§?§|339°6&EPma yged ¥?§e@eﬁﬁ??¥bﬁ %Fa%ﬁﬁlén?P e canera
i mge (e.gideatd¢éntanalion ofrbybbs.llthef SRIUsEgonitiepesihédndegtrdge
may beousedtePea ek EontPle L chETIRags Bo LENRLPD pERTSERLAD, 0ol o o
det ect ed i AonhectaNgsy PrailEeabl o ifenkdfy eashrhlobegronbiedtis generally |
el liptical chicdaRéng the core statibt¥caP féa@u§gge§@£igma%éagnentary
verti cal . section of the crystal _grow ng apparatus 13 of Fig. 1
objects and calculating additional user selected
features.
10 'On the other hand, 1if image processor 69
-determines that the growth process is in the end cone
phase, it proceeds to step 165 for calculating an
estimated or approximate radius {(oxr diameter) of circle
107. As described above, a relatively large portion of
15 meniscus 55 is blocked by crystal 31 itself during end
cone growth. Advantageously, system 11 provides crystal
diameter measurements even when edges are detected in
fewer than three of the'regions 103 for use by the
circle-fitting software. Thus, diameter control will not
20 be lost during end cone growth or if a relatively large
portion of meniscus 55 is blocked. In this instance,
image processor 69 uses the last valid calculation of the
center point C of the fitted-circle 107 to calculate a
présent circle radius based on the difference between the
25 previous center y coordinate and the present edge y
coordinate.
At step 167, image processor 6% reports the
circle radius measurement to PLC 71 via VME bus 75 and
causes the positions of edge detection regions of
30 interest 103 to be adjusted at step 169 to accommodate
the new circle radius measurement before returning to
step 125 for restarting the routine.
A source of vériability in the diameter
measurements is that the width of the bright ring changes
35 depending on the height of the hot wall of crucible 19
which is exposed and reflected by liquid meniscus 55. As



showing a reflector assembly 115 as it is positioned during growth of
silicon cryWOs1%16%40 As is known in the 25 art, hot zone apPeR/EHSWL0240uch
as the reflector assenbly 115, may al so be di sposed within crucible 19
for thernal and/ or gas fl ow nanagenent purposes. For exanpl e,

reflector 115 is, in general, a heat shield adapted to retain heat
underneath itself and above nelt 29.2%880 Unfortunately, conventional hot

zone apparat us can interfere with accurate and reliable dianeters
measur emenf8lby2Pnier fepleg et khenwidtbwofhihechrdghtssing  has of the

interface pgtvegBesr whiizh 3huaed E&b%t&@ 31 to appear larg@r{fifgi!!ustrated
enbodlnent refl ec assenbly 115 his a cen?ral openi ng t hrough which

crystal {ngiﬁuFPeﬁheTﬁ€tB6 CrEatat 2anBRANG33TEAWR| ned by a
WD 99/1694@nder31zed As an alternative to usingP&TELEPR862D340

18 he H and,a radi R. determnes the size of t openin
needed t o ﬁé éﬁ?tfhghFe%FgéﬁirraggeWB 158%¢ Sn?gfcufﬁBigﬁﬁxting ?helv?ew
whi ch canmewsisg hdditfionkd mséphateols orbmambematigalamoailﬁng.nelt 29.
The mexi mughiBdesgubnObxapplel NGetbkelal LF ERO. 8ays BecJELET dPeea i and R for

whi ch canera to viewt Ment scus
t he paramed®ranfi bhe Rragats risg wptﬁﬁﬁlalpnnﬁ@e@etgﬁgeng thebgdgﬁe

- physi cal dbgepeeAnmedt 2byahal t8eOWrigh8PPRHGt Hey be used to

10 provide a measure of bright ring width. Further,
mathematical modeling of liquid meniscus 55 taking into
account its reflective characteristics with respect to
crucible wall height, provides a measure of bright ring
width.

15 In a preferred embodiment, PLC 71 of control
unit 51 is responsive to the determined diameter D of
silicon crystal 31 for controlling the rates at which
crucible 19 and crystal 31 are rotated and/or the rate at
which crystal 31 is pulled from melt 29 and/or the

20 temperature of melt 29 and is responsive to the
determination of melt level 45 for controlling the level
of crucible 19 thereby to control crystal growth
apparatus 13. As such, closed loop control is performed
in ‘maintaining the crystal diameter including the neck

25 growth phase.

Further, the edge coordinates of meniscus 55
may be used to detect periodic deviations in crystal
diameter with respect to the rate at which crystal drive
unit 47 rotates crystal 31 as described in commonly

30 assigned U.S. Patent Nos. 5,665,159 and 5,653,799. By
detecting these deviations in diameter, system 11 is able
to detect facets, or habit lines, generally parallel to
vertical axis 39 and spaced apart along the body of



13, this reI atlonshlp defines a limted range of opening 10  sizes. | f

t he openi n}vQ 99/16840 ect or 115 is generally circul ar, a ROWESIBBPAOf Or
its dianeter Derr] nmay be determ ned accordi ng to

Derr] [err] + [err] /H where His the height of canera 53 above nelt
surface 99, 15 Ris the radial distance of canera 53 relative to axis

39, H is the height of reflector ]2]&3 above nelt surface 99 and D err]
is the dianmeter of meniscus 55 (i.e., Derr] corresponds to circle

di anet er eryst@dudl.p[ ghe hiahdtedsnesasalso referréd | herasmsypsowth t hat
reflector mﬁa@nbh;sp&@ ws' ?)uﬂlgt-lgﬁe fQQEﬁE—HEtoﬁ h&xé'ﬁéﬁfﬁfme@@f’%@ 23

Fig. 6|satop vi ew of tor assenb tive to crystal 31
(shown i nCpRERt 8FFLiLR &f crYsﬁPéfé@réﬁde%éa?%ﬁtzﬁot%lwfﬂbn

refl ector gkdhrhas a plurality of passages or notches 117 | ocated about
its 2 openi ng, e tendin u rd fromthe en| in.a general ly
radi a nanner. d‘\ﬁ‘t’gf’% H\}g ngvertlFs‘”ll g‘?%b"?}(‘-?’i B ni mi ze the
gap bet vvesaveehlleobglecj:%o&ndhe invenydonl aBd aohiméaemﬁtdtehmunt of

heat reflg&;,ggtggggus ﬁeshg\e%m%tgﬁhkegQ The notches 117 essentially

provide 3 caméra 53 views the crystal-nelt
interface even thoudis mlgugecmangne opuhiinge Dhade |in sthesabove than the

t hreshol dceﬁée&ut%%qo%%%d methods w1thoutlae§£'§t£§§efpém ahdr ee-sl ot
reflect or such as | ector 115, ima processor 69 preferably defines

35 1Phre&ceBEeCfoblE éemeéé%ﬁdu A5 £6 iR em?éh'é%afiﬁ maF-ter ot her
words, inpgAtRiaedsser tbe ddbivacdekbeiposbhi 6ASsEdwn in the

accompanying drawings shall be interpreted as

illustrative and not in a limiting sense.
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19 r agboBaeskh3 such that one falls within each notch 1ﬂ.@T,US98,2G2;5he
positions of regions 103 are programmed after the char ge of
polysilicon is nolten by setting the angle [err] relative to the line
of the center y coordinate via PLC 5 71 to center each region 103 wthin
a respective notch 117. The edgg; detection_regions 103 can be al so

rot at ed in the software, for exanple, at conpile time, or by

rotati ng cemgresb3 after the charge is nolten. *ﬂ T erring now
to Figs. 7A and 7B, system 11, 10 I ncludi ng co ll“”"ll““"mm erates
according to a flow WHAT OUsagramMg®libaer providing cFosed M odp tontrol of
crystal growi ng apparatus 13. Beginning at step 123, canera 53
generates images of the interior of crucible 19. The frame buffer 67

of vision system 63 taptdresthhd Eomgesellin cbmbimahdon ¢éthi mmge signal of
canera 53 %5 p3t&Pud2poto rowin p&"%‘iii'c%‘& %anﬁ% 'cgg%%aﬂr 0gg3For 69.

At step 12 | mage processor recei ves éd i mage and
adj ust s |t%rh$§® gﬁpﬁéggtépbaﬁﬁFﬁé BaVlng ée§ﬁ§§e§fcéﬁﬁpbﬂ§atlon for

di storti Orb@:ﬁtébﬁlhﬁﬁgesﬁﬁyééﬁ aelt ?%o’inh%hﬁéﬁe'tﬂea&%/@thir k.
Advantageous be"mpved within the

29
Vi ewpot t tQPai%@ gb% me Pt s Ei&ﬁﬁgea ﬁBFggﬁﬁewﬁﬁgt?u@FP6ﬁ§“slf nmoved,
canmera 53 wskible asuaubtighbaseea dafj‘aereant thagkeyeehat agethe axi s 39 due

g?rected éf e |n?ngg%i%%;gggﬁaéégakflgs %éﬁ%@t Iigéglsﬁffac;egglnzs a
result of dékermhmingaagfibameter of the crystal said method
comprising the steps of:

10 generating an image with a camera of the
interior of the crucible including a portion of the
bright area adjacent the crystal, said image including a
plurality of pixels, said pixels each having a value
representative of an optical characteristic of the image;

is defining a central window region of the image
at a position corresponding to an approximate center of
the crystal, said central window region having an
elliptical shape;

processing the image as a function of the pixel
20 values to detect edges within the central window region;
grouping the detected edges to define an object
in the image corresponding to the crystal;
determining a dimension of the defined object;
and

25 determining an approximate diameter of the
crystal as a function of the determined dimension of the
defined obiject.
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changlng, the degree to which a general éé; .
crystal . 31) “g?) %% el lipti cal in the |;'M m”! ange%C,T Sg%ﬁpi ng
[efr ]l xe

the y val ues. of the i mge (i.e., ariable fact or

derived from cosa rather than a constant scaling factor, inage
processor 69 adjusts the | mage so that the portion of the bright area
adj acent crystal 31 is general 3@ arcuate for different canera

angles. In this instance, the apgle be set via P C 35 71 while the
pol ysilicon charge i crabﬁbpﬁtﬁgdigg g?glﬂe}tv i e SL&RH Y9/ 16940
PCT/ US98/ 282dérmining the dimension of the deflné& object comprises

Proceed ndaL 81168, 431enbURIBEPLAECSRM Lona 5 WELAI RS HNE NOr the

growth procCess 1s end-cone the grow h
process i sobnethe ﬁééﬂ centercepfwhher Obmdgt ptmzsle@pondmrg;a tm ddessor 69

proceegls tQpp:'?oxu%&‘é‘E dédterAbESERR &??stéﬁa&?d PELEESP e el d rlﬁ?e regions

103 radially ., with respect to a center point of circle

Advant agec®RI §Ct | RREECEPERAESESr ERoLRE GHEr‘PPéb‘Y‘%‘F% diametigys af dﬂ& an arc,

the end poitnystql.which are each preferably | ocated below the y

coordi nate of the center 10 point C by an angle [err]. By positioning
regions 103 in this manner, system 11 operating in accordance with the
present invention is3notThebpetho@oofrebasmcauberthdhecomprising

the step of defining a plurality of window regions of the
image at positions located radially with respect to the
center of the object and at a distance from the center of
S approximately half the width of the object and the step
of processing the image as a function of the pixel values
to detect edges within the radial window regions, said
edges detected within the radial window regions
corresponding to an edge of the bright area adjacent the
10 crystal.

4., The method of claim 3 further comprising
the steps of defining a curve corresponding to the shape
of the meniscus based on the edges detected within the
radial window regions, determining a dimension of the

5 defined curve, and determining the diameter of the
crystal as a function of the determined dimension of the
defined curve.

5. The method of claim 4 wherein the defined
curve represents a circle that fits the edges detected
within the radial window regions and further comprising
the step of moving the radial window regions to positions

5 located radially with respect to the center of the
defined circle and at a distance from the center of
approximately half the determined diameter of the
crystal.
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the body of crystal 31 obscures the mrmmw \‘J\S bright ring
as it is vivawadlekr ough the vi ewport”af“ PCT/US98/20240

Vi sion ‘system 63 begi ns edge detection wi thi if regions 103 at step 137.
At step 137, inmmge processor 69, operating in conjunction with PLC 71,
processes the | mages as a function of the pixel values to detect edges
20 in the images. Preferably, preeessor 69 perforns several

routi nes for analyzing the image, including edge detection routines
for analyzing the gréay |EBvelnethodest claifias whéumtni bheotryangd

i ntensi ty);d @&@ﬂiw%Yf%%? and LHE wggﬁt yeehovs sdgerdeigetion

operators, T hdrng an countlng es i n ah i mge
are knomm'ﬁ%ﬁﬁ?ﬁﬁﬁp%il¢¢%dwh¢F%¥Ee%@? sty ekadpféning th%u??§ﬁ¢e edge

deéI ect It Ondirﬁllll.tld@ dé\ﬁil?lﬁegfa?r@yrﬂekaw@ 1nclu@%ﬁoﬁhéﬂé§ge{éf' é?éo bef o
under st 00 at_in jon to ot her_ characteristics o e
i mage, > %&Fpegﬂ?ﬁﬁ%??yafﬁ%mﬁ%#&negdwbghb? RontFast, the§ebetused to

optlcalIy'mhstr&@ﬁabFwﬂm@&wcnsgﬁén@r ot her objects on the surface 99
of melt 29 fromnmelt 29 itself. During the pulling phases of
crystal growth, . i mage processor 69 preferably perforns digital edge 35

detection to |ocate The Eohormknavdsobfchaihetiswhehete the cppshad ar ound

nglgggg?2'gz%gﬂgﬁéﬁ@y0&yifﬁﬁ£{é£$taﬁén@thbright ared0 9954684011
ring-shaped and wherein the step of defining the curve
includes defining an ellipse that includes the edge of

5  the ring-shaped bright area defined within at least three

of the radial window regions.

8. The method of claim 2 further comprising
the steps of defining the approximate center of the
crystal with respect to a reference (x,y) coordinate
system and defining a plurality of window regions of the

5 image at positions located radially with respect to the
defined center of the crystal, at least one of the radial
window regions being positioned at an angle B8 below the y
coordinate of the defined center wherein B is between
approximately 15° and approximately 50°, and the step of

10 processing the image as a function of the pixel wvalues to
detect edges within the radial window regions, said edges
detected within the radial window regions corresponding
to an edge of the brighé area adjacent the crystal.

3, The method of claim 8 wherein the crystal
growth apparatus includes a reflector positioned within
the crucible above the surface of the melt, said
reflector having a central opening through which the

5 crystal is pulled and a plurality of notches extending
-
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21 meni scus 55. Since the cross sectiomof—erystal 31 and meni scus
55 is knownylofgesgeneral ly circul ar, ‘mg B I h'im”l)mlrl ng edpgf/ﬁgghrn%%at es
U

detected by i mage processor 69 are el liptica
transforned and mapped into a 5 circ the alternative, the

edge coordi nates can be mapped into a ci rcul ar $hape by conpensat i ng
for the distortion caused by thg angl e at which canera 53 is
nount ed. Gonzal ez and Wntz, Digital Inage Fundanent al s, 1987, pages

36-52, '”Cf&&@&?ifdoﬂﬁﬁﬁfalgyff8$eEﬁQCEen&Qaldb%&h?ﬁ& ”Eﬁ@eﬂﬁé

E2h
transfornatlons for conpens g for perspective dlstortlon caused by
the posititheoftep of éﬁﬁ%ﬁhﬂﬂﬁ herragiat W6n§°WhFéélﬁPﬁeh§FbH@¢Sobject

Such tﬁé&&ﬁiﬁﬂﬁﬁgoﬁﬁenaﬂ ERe UsRAi 6D RXhBaGt ragebhsUkatnshagecn froma
di storted e% %gtlcal hape Further, commonly 15 assigned U. S. Patent No.
5, 656, 078,° eRPrEReFscl osure of which is incorporated herein by
reference, describes a non-di storting canera for use in imging

eni Scus 55 “‘thQ&t tPﬁe“£§9P£8 %°8E££ aiequEBQ§”E£ é@isin

transf ormati ons. I's 1 nstance, I'nmage ¢S50 69 of

vi si on t%@s$@@ﬁ%30§ed¢6¢n$nedgeCdecéeth@nlbg exaﬁﬁNUﬁg t he gr adi ent

of the int@ﬁ&éﬂu@étéi‘f @q&&isﬁw ahaﬂseaﬁee froﬁeghéna férbﬁ]hﬁé@ét 103. The

gradi ent is ‘obtained the derivative relative intensity
of the 25 C¢ede a;\ft*ﬁhﬁ %Xﬁt?%gF%na’jEO%dgeTﬁﬁsthFnﬁﬁéngoﬁéégor 69

|dent|$|ESdéﬁerﬁD@iﬂgnﬂh@?dﬁéméh@rgbﬁatﬁétc@?éﬁ@@ hB a fuhBtesgidy Within
Srep 135, T4 nradbes o therarhaedd Secher; HEA TRAGE Br ocessor 60
pr oceeds tappﬁbxsm@pelddnter éftthagecthstddf wneldl edgpecbotdiamates to a
reference (x,y) coordinate system and defining a front
window region of the image at a position below the y
10 coordinate of the defined center of the crystal and a
distance from the defined center of the crystal of
approximately half the approximate diameter of the
crystal, and further comprising the step of processing
the image as a function of the pixel values to detect
15 edges within the front window region, said edges detected
within the front window region corresponding to the edge
of the bright area adjacent the crystal.

_—

This Sheet Hag Been R

L I



general ly cjrcul ar shape by means of a circle-fitting algorithm such
as the HoughAPA¥%r m or i east-squares fit. For exanpl e¥CTREMASRMN
transform uses sorting routi nes to develop clusters of data points

whi ch can be WD 99/ 16940

PCT/ US98120240 1/8 22 used to find
circles and then finds the best cluster of data points for the desired
object. The data is then averaged to find the center and radius of a
fitted circle. 5 At step 145, vision system 63 determ nes
t he quality of the circle-fit by conparing the defined circul ar
shape 107 to an exact circle. This determ nation provides an indication
of the validity of t he neasurenents. |If the defined shape is
sufficiently 10 circular, vision system 63 proceeds to step 147 for
communi cating informati on representative of the dianeter D of defined
circle 107 and the (x,y) coordiggtes of its center point Cto PLC 71 of
control unit 51 for use @M sgnutrolling the crystal growth process.
Control unit 51 15 then & execut e; programs in response to these determn ned
paranmeters for controllin | growi ng aﬂparat us 13.

Qperation of system 1&\th ceed's to step
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149 where a counter Nis set to zero. |nmage processor 69 t hen

repositi ons wWoponsm0103 at step 153 based on the 20 determ %‘h&@ﬂio‘izo
poi nt and radi us before returning to step 125. In this nmanner, regions
103 are essentially centered on thé/ 8etected edge of the bright ring
of meni scus 55 and i mage processor 69 responds to novenent of
crystal 31 during pulling as well as changes in 25 dianeter.

I f N edge coordinates of the bright ring are not defined within regions
103 at step 139, or if inage processor 69 deternmines at step 145 that
the quality of fit is unacceptable, image processor 69 increnents the
30 counter N at step 155. |Inmage processor 69 then repeats t he

previ ous steps until N =5 at SEEP 157, or until tyqage processor 69
defines an acceptable circle 10 After fi ve, foregggxanple, unsuccessful
attenpts at defining the edgeg of the bright ring, {mge processor 69 35
searches for the general positien-of hg\briﬁht rin At step 161

i mge processor 69 defines a ci rcuI ar l W 9 16p40

PCT/ US98/ 20240 QI li ptical search
area (i.e., central w ndow reg @1 10:1 ?1 sed} o g@%a.uprevi ous center
coordi nates and circle raJG?&‘% mgi;_ 1l is centered
about the
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appr oxi mat ewey3f18d400f crystal 31. Image processor 69 5 then perforns a
regi on detection routine within the defined region 111 BCTAISe$1202403.
The regi on detection routine of step 163, in this instance a bl ob

anal ysi s, finds the approxi mat 8/Bocati on of neni scus 55 on the

i mge based on the intensity of the bright ring relative 10 to the
intensity of the background of the image which, in this instance, is
representative of nelt surface 99. | mmge processor 69 determ nes an
approxi mate center point and radius for defining the presel ected
positions of regions 103, resets the counter N at step 149, 15
repositions the wi ndow regions 103 at step 153 and then returns to
step 125 for restarting the routine. Preferably, vision
system 63 perforns its search for the image of crystal 31 over a fixed
portion of the entire canmera inmage. For exanple, the blob tool 20

det ection fung[I' uged to detect the crystal inage in t he
elliptical redio 1 wth objects outside of region 111 being

i gnored. In one enbodinent, the x and y coordi nates, as well as the

di aneter, of region 111 are programmed via PLC 71 after the charge of
pol ysilicon +n\25 crucible 19 is nolten. As is known in
the art, bl ob\i s a connect ed region in an i mage and bl ob anal ysis

i nvol ves identification of blobs based on their geonetric features
(e.g.,\area, lengh\h or th ike). In other words, 30 processor 69 perforns
bl ob angl ysis by e aqyﬁfﬁg he shape of the object (e.g., the ratio of
the object's mag’or and m nor axes) or by exam ning the area of the
object itself. Further, the bright ring detection step may i ncl ude
connectivity anal ysis,\which is often 35 included in blob analysis, to

group edges detected/iiighe
\/\
\ [
D
A\

-
\ |

N\ PN
10/ ~‘/'..\ i I I
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image as a function of their locations in the inmge WO 99/ 16940

PCT/ US98/ 20240 24 (i.e., their

coor di nat es)WOA8/16i40 exanpl e, St anford Research I nstitut BCHESHpYI a
set of routines referred to as SRI algorithnms used for geonetric

anal ysi s and identification of pigobs. The SR algorithms include the 5
steps of converting the inmage to binary, performng connectivity
analysis to identify each bl ob or object, calculating the core
statistical features for inmage obj ects and cal cul ati ng addi ti onal user
sel ected Fte‘ag‘s;s. 1 On the other hand, if inmge
processor 69 errm NES that the gromh process is in the end cone
phase, it proceeds to step 165 for cal culating an estimated or

approxi mate radi us (or dianeter)ef—circle 107. As described above, a

is blocked by crystal 31 itself
wsystem 11 provides crystal
exted in fewer than three
{tting software. Thus,

i cone growh or if a

bl ocked. In this instance,

relatively | arge portion'%’r
during end cone gr ox
di anet er rreasurenents

of the regions 103 for
di aneter control wll
relatively large

s o e = - — . A = i ——— =

S
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i mge processor 69 uses the last valid calculation of the center point

C of the fi YQW¥HPH%| e 107 to calculate a present circl epegflisygriiased
on the difference between the 25 previous center y coordinate and the
present edge y coordi nat e. 5/8 At step 167, inmmge processor
69 reports the circle radius neasurenent to PLC 71 via VME bus 75 and
causes the positions of edge detection regions of 30 interest 103 to be
adj usted at step 169 to accommopdate the new circle radi us nmeasurenent
before returning to step 125 for restarting the routine.

A source of variability in the dianeter measurenents is that the wdth
of the bright ring changes 35 depending on the height of the hot wall of
cruci ble 19 whi ch is exposed and reflected by liquid neniscus 55. As
WD 99116940 PCT( US98/ 20240

25 mel t 29/E§/g§glet , the width of the bright ring i ncreases

whi ch causes crysta 1 to” appear |arger and may result in the actual
crystal 31 being grown undersi zed. As an alternative to using a
correction 5 constant, the bright ring width can be cal cul ated by

usi ng additional vision tools or mathematical nodeling. Thus, as an

exanpl e, detecting the edge betw&en rystal
| b/ﬂ“’"l

53 |
\\\\ | 3
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N ‘ /15
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31 and the bright ring in addition to detecting the edge bet ween nel t
29 and the WOiQghe940i ng may be used to 10 provide a nmeasure gdrHg 'sﬁ%ori ng
wi dth. " Further, mat hemat i cal nodeling of liquid nmeniscus 55 taking
into account its reflective ch cteristics wth respect to

cruci ble wall height, provides a nmeasure of bright ring w dth. 15

In a preferred enbodi nent, PLC 71 of control unit 51 is responsive to
t he determ ned dianeter D of silicon crystal 31 for controlling the
rates at which crucible 19 and crystal 31 are rotated and/or the rate
at which crystal 31 is pulled fromnelt 29 and/or the 20 tenperature
of nelt 29 and is responsive to the determ nation of nelt level 45 for
controlling the |evel of crucible 19 thereby to control crystal growth
apparatus 13. As such, closed |oop control is perforned i n mai nt ai ni ng
the crystal dianeter including the neck 25 growth phase.

Further, the edge coordi nates of neniscus 55 may be used to detect
periodi c deviations in crystal dianeter with respect to the rate at

whi ch crystal gﬁrvﬁQ% nit 47 rotates crystal 31 as described in
commonly 30 a su}e U6 Patent Nos. 5,665,159 and 5, 653, 799. By
detecting these deviations in dianmeter, system1l is able to detect
facets, or habit lines, generally parallel to vertical axis 39 and
spaced apart al ong the body of

SUBSTITUTE SHEET (RULE 26)
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1
cryst the habit lines, also referred to as growth |ines, appear }
.% S9isgs 1

as bunp- | QUres on the perimeter of a cross section (?ICTNSPQ/BMWM and i
i ndi cate zero dislocation grow h. -

27 V\HATISCLAIVF@IS 1. A method
for use in conmbination wth an apparatus for growng a silicon single

crystal, said crystal grow ng apparatus having a heated crucible

FIG. 7A
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containing a silicon nelt fromwhich the crystal is 5 pulled, said nelt

havi ng a sunf@aemiesid h a neni scus visible as a bright ampegnidsaeant
the crystal as the crystal is pulled fromthe nelt, a canera
generating an i mage of the |§ erior of the crUC|bIe including a
portion of the bright area adjacent the crystal, said inmage 10

i ncluding a plurality of pixels, sald pi xel s each haV|ng a val ue
represe tjve of optical characteristic of t he i mage, an i nmge
process i nin plurality of edge detection regions of the inmage
and processing the I mmge as a function of the pixel values to detect

edges 15 within the edge detection regions, said nethod for

reposiAy oni ng t edge detection regions and determ ni ng

approf?kate di ane¥er of the crystal froma di nension of an dﬁDect in
the i ?ge corres

edges, |said net hdd congp

onding to the crystal defined fromthe detedted
i38 ng 20 the steps of:
//141

| FIT EDGE POSITIONS TO CIRCLE

YES

N EDGES
FOUND?

145

L 155
- NO QuALITY OF FIT
ACCEPTABLE?

N=N-+1

VES f 147

REPORT CIRCLE'S RADIUS AND CENTER X— AND
Y— COORDINATES TO CONTROL SYSTEM PLC

157

YES ¢ N<S?

NG / 161

DEFINE SEARCH AREA USING
CENTER COORDINATES AND
RADIUS VALUES

v 163

- | 149
FIND MENISCUS CENTER L
AND RADIUS USING REGION N=0
DETECTION FUNCTIONS
153
N

REPOSITION EDGE DETECTION ROI'S USING
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|
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def i ning a central w ndow region of t he i mage at a position - _
coirespondi ng to an approxi mate center of the crystal, said ppnifit:>

wi hdow regi on havi ng an el liptical shape;

28 25 processing the inmage as a function of the pixe
values within the central mﬁndOM/regioné%Q detect the crystal
defining the edge detection regions bas on the position of the

crystalf within the central wndqw, ,30_, regioqg; ¥ processi ng
tho i mege as o FEREERDMD (TR Rt 1ineSyaAdse FAEREFeS:tRdR FoM
within the centfahei NdQMLar as Yifa-Q1ke features on the perimeter of a

cross section of crystal 31 and indicate zero dislocation

growth.
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gfouﬁing‘the detected egges to dﬁfine t he t object in the central
w hdow regi on correspondi-ng to the : crys al ul
seterm nirg toe aereion of tre serines, - SHMIHIINM,..,..,

t he determ ned di nension of the defined object. 2.
The nmethod of claim1l wherein the step of27 determning the dlnen5|on of

t he defj ned object conprises defining a ce ‘ﬁ@
width of the objezmrMs t hrough the defined CG;&@?&? ig e
object: 5 correspondi ng to the approxi mate cerf mh 35? qm “rt

and said width of the object corresponding to the appr oxi mat e .
di aneter of the crystal. The net hod of claim2 wherein

the step of definin eIédSQAa%FBC¥$6n regi ons conprises defining a
plurality of wi ndow regions of the inmage at positions

1. A method for use in combination with an
apparatus for growing a silicon single crystal, said
crystal growing apparatus having a heated crucible
containing a silicon melt from which the crystal is

5 pulled, said melt having a surface with a meniscus
visible as a bright area adjacent the crystal as the
crystal is pulled from the melt, a camera generating an
image of the interior of the crucible including a portion
of the bright area adjacent the crystal, said image

10 including a plurality of pixels, said pixels each having
a value representative of an optical characteristic of
the image, an image processor defining a plurality of
edge detection regions of the image and processing the
image as a function of the pixel values to detect edges

15 within the edge detection regions, said method for
repositioning the edge detection regions and determining
an approximate diameter of the crystal from a dimension
of an object in the image corresponding to the crystal
defined from the detected edges, said method comprising

20 the steps of:

defining a central window region of the image
at a position corresponding to an approximate center of
the crystal, said central window region having an
elliptical shape;

| R This is the replacement sheet
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| ocated radially with respect to the center of the eJE;j_e:;Lmh‘___jr__R__\‘t~
29 5+ and at a distance fromthe center of apprOX|nater hal

wi dth of the object, said edges detected within the ”

regi ons corresponding to an edge of the “bright ar W"m\mﬁgﬁ

crystal. 4. The method of claim 3 furthef cbnptisin
the steps of defining a curve correspondﬁ gg to the shape of the
genlscus based on the edges detected within the radi al wi ndow regions,
eterm‘pin di mensi on o ank g
di anet er. %ﬁm& cryst%F%g§SS§Pﬂngﬁlon %#g %Qﬁeterégﬁgg %E%s?%%gg
éhﬁ' g deflnedvggmg% within the centraﬁ-wﬂﬁ&bWﬁ&égubnﬁtdﬂduuact wher ei n t he
efine
crystal;

defining the edge detection regions based on
the position of the crystal within the central window
30 region;
processing the image as a function of the pixel
values to detect edges only within the central window
region;
grouping the detected edges to define the
35 object in the central window region corresponding to the
crystal;
determining the dimension of the defined
object; and
determining the approximate diameter of the
40 crystal as a function of the determined dimension of the

defined object.

2. The method of claim 1 wherein the step of
determining the dimension of the defined object comprises
defining a center of the object and a width of the object
through the defined center, said center of the object

5 corresponding to the approximate center of the crystal
and said width of the object corresponding to the

approximate diameter of the crystal.

3. The method of claim 2 wherein the step of
defining the edge detection regions comprises defining a
plurality of window regions of the image at positions

located radially with respect to the center of the object

Thic i
WS is the repia-cemen! sheat
P >
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curve represents a circle that fits the edges detected —— —within t he

radi al- wi ndow regi ons and further conprising the step of ' he
radi al wi ndow regions to positions 5 | ocat ed radi al “\“i@ﬁmﬁgﬁﬂ%“{ o the
| kO

center of the defined circle and at a distance fr

approximately half the determ ned dianeter of the 5rystal.

6. The nmethod of claim4 wherein the crystal I's generally cylindrical
and the, bright area is generally ri ng-shaped and wherein the step of

defining the cur)ye I NGl defipi a_ci e | e ge of
delinL g thes Uty a4 DHIGRISERN DR BREELSo! iipdaitpiinn ) Hawioe o
radi al window r a{{eOREidth of the object, said edged . ddtected heiditin df m 4
wherein the crystal

radial window regions corresponding to an edge of the

bright area adjacent the crystal.

4. The method of claim 3 further comprising
the steps of defining a curve corresponding to the shape
of the meniscus based on the edges detected within the
radial window regions, determining a dimension of the

5 defined curve, and determining the diameter of the
crystal as a function of the determined dimension of the

defined curve.

5. The method of claim 4 wherein the defined
curve represents a circle that fits the edges detected
within the radial window regions and further comprising
the step of moving the radial window regions to positionms

5 located radially with respect to the center of the
defined circle and at a distance from the center of
approximately half the determined diameter of the

crystal.

6. The method of claim 4 wherein the crystal
is generally cylindrical and the bright area is generally
ring-shaped and wherein the step of defining the curve
includes defining a circle that includes the edge of the

5 ring-shaped bright area defined within at least three of

the radial window regions.
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i's generally cylindrical and the bright area is generally ri ng- shaped
and wherein the step of defining the curve i ncl udes _defining an
el lipse that includes the edge of 5 the ring-shaped bright area defined

o The metnog of ciarm 2 further corprising | che SUHEHKHBHIAN
approxi mate center of the crystal wigth respect to a reférehces (xy)

coordlnate system and wherein the step of defining the edge 5
detecti’en regions conprises dg*h 5@9 adpbfraiam £fuherein oW HRGANS Of
the image at positions |ocated ra P th respect to the defined
center of the crisstgdnerdlly cylhaﬂsucameanﬂ the bright awewlave rgegiemssl lyei ng
posi ti oned at an angle [err] below the y coordi pate of the defined

10 center wherking{sianed andeiifesRinppPexFhEP Py dSTERINT dhtp curve
approxi matel'y 50 éftld S?)%e%l ggzgs gegﬁig.gge %QE N; HEfudd! éﬂcf edge ndow

reglons‘correspon an e area a
crystal. ‘5 the ring-shaped bright area defined within at least three

of the radial window regionms.

8. The method of claim 2 further comprising
the step of defining the approximate center of the
crystal with respect to a reference (x,y) coordinate
system and wherein the step of defining the edge

5 detection regions comprises defining a plurality of
window regions of the image at positions located radially
with respect to the defined center of the crystal, at
least one of the radial window regions being positioned
at an angle B below the y coordinate of the defined

10 center wherein B is between approximately 15° and
approximately 50°, said edges detected within the radial
window regions corresponding to an edge of the bright

area adjacent the crystal.

9. The method of claim 8 wherein the crystal
growth apparatus includes a reflector positioned within
the crucible above the surface of the melt, said
reflector having a central opening through which the

5 crystal is pulled and a plurality of notches extending
radially outwardly from the central opening, and wherein
the step of defining the radial window regions includes
positioning one of the radial window regions within each

of the notches.
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g. T%é nmet hod of claim8 wherein the crystal growt h apparatus includes

a reflector positioned within the cruci bl e above the surface of the
melt, said reflector having a central opening through which the 5
crystal is pulled and a plurali-ty of notches extending radi al ly
outwardly fromthe central opening, and wherein the step of defining
the radi al w ndow regions includes ositioning one of the radial

wi ndow,regi ons w thin each of the notches.

31 » 10. Th o et t Qe t he
steps -of defining a circle hav"?l'g\)égi “?ethéforg jclal:"E“a:c‘j)Lp 8)%?% ?9“‘@5{,%1-11?0 a

di stance from t bRe appepxi SRt@fining a circle having a radius
approximately equal to a distance from the approximate
center of the crystal to an edge of the bright ring,

‘5 determining the diameter of the crystal as a function of
the radius of the defined circle, defining the
approximate center of the crystal with respect to a
reference (x,y) coordinate system and defining a front
window region of the image at a position below the y

10 coordinate of the defined center of the crystal and a
distance from the defined center of the crystal of
approximately half the approximate diameter of the
crystal, and further comprising the step of processing
the image as a function of the pixel values to detect

15 edges within the front window region, said edges detected
within the front window region corresponding to the edge

of the bright area adjacent the crystal.
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center of = he ¥tystal to an edge of tfe bri ght ring, 5
as a function of

AP O T e R A e Ry, SRS TN y st al :

egi QFWM@I P ﬁ& ﬁlsﬁéﬁ;@/%ﬁg @?@ﬁh&mﬁﬁ% @Fﬁﬁg’.{ r('lgcfv’IV)V

di amet er
circle,

a

defi

of t
defin

T N

det 28R
Wi
1 espect to

t he radi us of

(Paniemptiopsl Pejent Ph@iﬁeqﬁygé al and 4 (1) vlérpadiaaCmbicE R NwR-def | Nag0Cce1 6940
of the C30B15#26, @01B 11/10appr oxi mat el\aihal f the approxi mate di ameter of the
crystal, and further conprising the st@® drerptienaByblicptign Date: t hes Apripe @80489)
fung¢ti on of the pixel values to detect 15 bDe_dgeg W tgl n tne front wWTdow
r eqi| & Interaptignal 4 palisatigneNnbers PCT/YHOVIRAY |t(H $'S‘BHYSW$I B,vIP.g@ GDGhlropean patent (AT, BE,

- - T, LU, MC,
COT 1 55y1aHhebn g TA5e: ©TGS sepremue? Tood ool |ONT A2e, Gy AEeTh Tt Fe Br Pt
(30) Priority Data: Published

08/939,802 30 September 1997 (30.09.97) US

(71) Applicant; MEMC ELECTRONIC MATERIALS, INC.
(US/US]; 501 Pearl Drive, P.O. Box 8, St. Peters, MO
63376 (US).

(72) Iaventor: FUERHOFF, Robert, H.; 3700 Runnymede Drive,
St. Charles, MO 63301 (US).

(74) Agents: HEJLEK, Edward, J. et al.; Senniger, Powers, Leavitt
& Roedel, 16¢h floor, One Metropolitan Square, St. Louis,
MO 63102 (US).

With international search report.

Before the expiration of the time limit for amending the
claims and to be republished in the event of the receipt of
amendments.

(S4§ Title: METHOD AND SYSTEM FOR CONTROLLING GROWTH OF A SILICON CRYSTAL

(57) Abstract

A method and system for determining a diameter of a silicon single crystal being pulled from a silicon melt contained in a heated
crucible. The melt has a surface with a meniscus visible as a bright area adjacent the pulled crystal. A camera generates an image of
the interior of the crucible including a portion of the bright area adjacent the crystal. Image processing circuitry defines a central window
region of the image having an elliptical shape at a position corresponding to an approximate center of the crystal and processes the image
as a function of its pixel values to detect edges within the central window region. The image processing circuitry further groups the
detected edges to define an object in the image corresponding to the crystal, determines a dimension of the defined object and determines
an approximate diameter of the crystal as a function of the determined dimension of the defined object,




