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10 Czochralski process produce the substantial majority of
monocrystalline silicon used to make silicon wafers for
the microelectronics industry. Briefly described, the
Czochralski process involves melting chunks of high-
purity polycrystalline silicon in a quartz crucible

15 located in a specifically designed furnace to form a
silicon melt. The lower end of a pull wire hanging from
a crystal lifting mechanism sﬁspends a relatively small
seed crystal above the crucible. The crystal lifting
mechanism lowers the seed crystal into contact with the

20 molten silicon in the crucible. When the seed begins to
melt, the mechanism slowly withdraws it from the silicon
melt. As the seed is withdrawn, it grows drawing silicon
from the melt. During the growth process, the crucible
rotates in one direction while the crystal lifting

25 mechanism, wire, seed, and crystal rotate in an opposite
direction.

As crystal growth is initiated, the thermal
shock of contacting the seed with the melt may cause
dislocations in the crystal. Unless eliminated in the

30 neck region between the seed crystal and the main body of
the crystal, the dislocations propagate throughout the
growing crystal and multiply. The known methods of
eliminating dislocations within silicon single crystal



2 invol ve growing a neck having a small diameter at a relatively high
crystal pull rate to conpletely elimnate dislocations before growi ng the
body of the crystal. After dislocations are elimnated in the neck, its 5
dianmeter is enlarged until the desired dianmeter of the main crystal.body is
reached. \Wen the neck, which is the weakest part of the crystal, has too
smal |l of a dianeter, it can fracture dyring crystal growth, causing the
body of the crystal to drop into the cfucible. The 10 i npact of the
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35 sufficiently accupgt soknégh %B'EhéoérﬁsetﬂérbQQcﬁPQleEfSESB%thases

of crystal growth or for
is controlled, 1n part, as a function of the diameter of

15 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.

Several technologies are known for providing

20 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
interface. Conventional bright ring and meniscus sensors

25 employ optical pyrometers, photocells, rotating wmirrors
with photocells, light sources with photocells, line-scan
cameras, and two-dimensional array cameras. U.S. Patent
Nos. 3,740,563, 5,138,179 and 5,240,684, the_ entire
disclosures of which are incorporated herein by

30 reference, disclose methods and apparatus for determining
the diameter of a crystal during the crystal growth
process.

Presently available apparatus for automatically
measuring crystal width, however, are often not

35 sufficiently accurate or reliable for use during the
different phases of crystal growth or for large diameter



3 crystals in which the true maxi mum of the bright ring may be obscured
fromview by the solid body of the crystal itself. In an effort to correct
this problem apparatus for neasuring crystal width attenpt to neasure the
5 meni scus at a chord or at a single point-along the neniscus. However,
such apparatus require precise mechanical positioning of the scanning
device and are highly sensitive to flucgtuations in nelt |evel. Further,
conventional measuring apparatus requife frequent 10 calibration by the
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camera, such as a monochrome charge coupled device (CCD)

15 camera, mounted in a viewport of the crystal growing
chamber at an angle with respect to the axis of the
growing crystal. The camera generates a video image of
the crystal including an image of the meniscus at the
interface between the silicon melt and the crystal. A

20 disadvantage of such apparatus is that the position of
the camera causes perspective distortion so that the
image of the meniscus appears elliptical rather than
circular. Although mathematical transformations are
available for extracting a circular shape from a

25 distorted elliptical shape to compensate for perspective
distortion, such transformations are complicated and
delay the performance of a vision system processing the
image of the meniscus. _

Commonly assigned application Serial No.

30 08/459,765, filed June 2, 1995, the entire disclosure of
which is incorporated herein by reference, provides
improvements in vision systems for use in measuring
crystal diameter during the growing process. Although
the system and method of application Serial No.

35 08/459,765 provide improved crystal diameter
measurements, there is still a need for a system that



nmeasurenents, there is still a need for a systemthat 4 conpensates for
perspective distortion without the use of conplicated transformations and
addi ti onal processing steps by the vision system Telecentric |enses solve
a related problemin 5 which the field of view contains three-di nmensional
objects that are off-axis to the |lens. However, the telecentric lens is
only effective when the field of viewis |ess than or only slightly greater
than the dianmeter of the objective Ien% As such, canera tilting or 10

panning is s%h\gea%awse%%gfég%w dq@t%%aohhg&t?{oﬁtm&@ o ”Eﬁ' field
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{he o) i con_ FACE Lo Eben SR ol YREX-a gener al Iy planar surf ace. i nel udi ng
a meni scus For these reasons, conventional apparatus fail
to provide a sufficiently accurate and reliable system of
automatically determining crystal diameter for
15 controlling the crystal growth process that compensates
for perspective distortion.

Summary of the Invention

Among the objects and features of the present
invention may be noted the provision of an improved
20 gystem which overcomes the disadvantageous conditions
described above; the provision of such system which
provides accurate and reliable measurements of crystal
diameter during the growth process; the provision of such
system which compensates for errors caused by distortion
25 due to camera angle; and the provision of such system
which is economically feasible and commercially
practical. '
Briefly described, a system embodying aspects
of the present invention is for use in combination with
30 an apparatus for growing a silicon crystal from a silicon
melt. The system determines a dimension of the silicon
crystal being pulled from the silicon melt wherein the
melt has a generally planar surface including a meniscus
that is visible as a bright area adjacent the silicon



that 1s visible as a bright area adjacent the silicon crystal. The
systemincludes a canera positioned above the silicon nelt surface and away
fromthe silicon crystal. The canera includes a |lens for receiving and
transmtting light fromthe bright area adjacent the 5 crystal and an inmage
pl ane responsive to the light transmtted by the | ens for generating an

I mge pattern of a portion of the bright. area. The imge plane is generally
parallel to the silicon nelt surface théreby to conpensate for distortion

of the image él caugfd [yl 1dNRRSid iihdta i G 'BldRdld ve to

the silicon cr g (,S( The S stem al so includes a detection circuit for
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crystal and an 1 ma | ane responsive to At transmtte by the |l ens
for as a function of the detected characterlstlc and for

15 defining a shape including the ‘defined edge of the bright
area. A measurement circuit then determines 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 In another form, 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 silicon
crystal being pulled from the silicon melt wherein the

25 melt has a generally planar surface including a meniscus
that is visible as a bright area adjacent the silicon
crystal. The crystal is pulled from the melt generally
along a vertical axis within the meniscus which is
generally perpendicular to the melt surface. The system

30 includes a camera positioned above the silicon melt
surface and away from the vertical axis. The camera
includes a lens for receiving and transmitting light from
the bright area adjacent the crystal and an image plane
responsive to the light transmitted by the lens for

35 generating an image pattern of a portion of the bright
area. The camera also includes an optical axis that is



35 -+ generating an inmage pattern of a portion of the bright area. The
canera al so includes an optical axis that 1is 6 generally parallel to
the vertical axis thereby to conpensate for distortion of the inage pattern
caused by the position of the canera relative to the vertical axis. The
system al so includes a detection circuit for 5 detecting a characteristic
of the image pattern and a defining circuit for defining an edge of the
bright area as a function of the detecged characteristic and for defining a
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Alternatively, the invention may comprise
various other systems and/or methods.
15 Other objects and features will be in part
apparent and in part pointed out hereinafter.

Brief Description of the Drawings

Fig. 1 illustrates of a crystal growing
apparatus and a system for controlling the crystal

20 growing apparatus according to the present invention.

Fig. 2 is a block diagram of a control unit of
the system of Fig. 1.

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

25 ' Fig. 4 is a fragmentary view of the crystal of
Fig. 3 being pulled from a melt including a camera
according to a preferred embodiment of the invention.

Fig. 5 is a view of the camera of Fig. 4 having
portions broken away.

30 Fig. 6 is a fragmentary view of the crystal of
Fig. 3 being pulled from a melt including a camera
according to another preferred embodiment of the
invention.



i nventi on. 7 Correspondi ng reference characters indicate correspondi ng
parts throughout the drawi ngs. Detail ed Description of Preferred

Enbodi ments Referring nowto Fig. 1, a system2l1 is 5 illustrated for use
with a Czochral ski crystal grow ng apparatus 23 in accordance with the
present invention. In the illustrated enbodi nent, the crystal grow ng

apparatus 23 includes a vacuum chanber _25 encl osing a crucible 27 which is
surrounded by a resistance heater 29 1@ or ot her heati ng nmeans.

Generally, a crucible i 1 t..31 rotates the,crucjble 27 Jj.n _the

cl ockwi se direction, a?ﬁﬁ%%%ﬁ%%%&%&rFégrgPF wfhﬁﬁﬁq%ﬁﬁ%gngﬁﬁ%Qﬁers
cruci bl e 27 sorgespoadimg pagtishéhgovghiousr thes sira@imgishl e 27 contains a
silicon nelt 33 fromwhich a single crystal 35 15 is pulled, starting
with a seed crystal 37 attgched to a pull shaft or cable 39. As shown in
Fig. 1, the Rekaligd,Desgraption,of) Prefexxed: Fybodimentsand the single
crystal 35 have a common vertical axis of symetry 43. According to the
Czochral ski crystal gr mép 2Q rocess,. .,a crystal drive _unit 45 rotates
the cable 39 in the op%@iﬁﬁ?ﬁﬁQ’ igﬁ Ei8 druli BYELEM ¢¢ dfit 31 rotates
cruci bl e527. iTRastrpsed for wseumithia dizechralskd amgstadegzomiystal 35 as
desired duri rLOWhh spr eaf. Y 4 rgi zes the
25 resista%%gggggggr 391%hgggﬁggﬁgf?oﬁagb P?%ggr%ﬁga%nﬁéﬁeagﬁfgﬁf t he
vacuum chanb@p Zhe pldustapted gubsdimensunphensryskaingrowidges gas from

W thin vacuugpphaakels 23 Waicihdes hERadutmh Phambeknebt eﬁtcm%gr% of argon.
gas fed into vacy cha r, .. I n one enbad| nent, a,chanber cooal i ng
fed t q% g n%&ﬂcgg I d t hanb 3 I
j acket (not §FH®&¥ ed W &Fiﬁ&r%QPQQEHB Ysdr F68HE CFRCGuU eSS e 25.
Pref erabby, artethetaheatisenmeansl, setlrally,phoceuetblle @Raver @nitthe
mel t surfaceBEegg%%%% '®he crucible 27 in the clockwise direction, as
indicated by the arrow, and raises and lowers crucible 27

as desired during the growth process. Crucible 27
contains a silicon melt 33 from which a single crystal 35

15 is pulled, starting with a seed crystal 37 attached to a
pull shaft or cable 39. As shown in Fig. 1, the melt 33
has a melt level 41, and crucible 27 and the single
crystal 35 have a common vertical axis of symmetry 43.

According to the Czochralski crystal growth
. 20 process, a crystal drive unit 45 rotates the cable 39 in

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
process. A heater power supply 47 energizes the

25 resistance heater 29 and insulation 49 lines the inner
wall of the vacuum chamber 25. Preferably, a vacuum pump
(not shown) removes gas from within vacuum chamber 25
which is replaced by an inert atmosphere of argon gas fed
into vacuum chamber 25. In one embodiment, a chamber

30 cooling jacket (not shown) fed with cooling water may
surround vacuum chamber 25. Preferably, a temperature
sensor 51, such as a photo cell, measures the melt
surface temperature.



8 At -l east one two-dinmensional canmera 53 is for use wwth a control unit 55
to determ ne the dianeter of single crystal 35. The control unit 55
processes signals fromthe tenperature sensor 51 as well as the canera 53.
5 Preferably, control unit 55 includes a programmed digital or anal og
conputer (see Fig. 2) for use in controlling, anong other things, crucible
drive unit 31, single crystal drive unit 45 and the heater power supply 47.
Referring further to Fig. 1, according $0 a 10 gener al silicon single

crystal growh process, , uan% % % g %% staII ne_sil gg gharged to
crucible 27. Heater pover Suppry°49 b %f%%? Ea%ﬁ??e fﬁr

heater 29 to we¢twibh ehapgero;}vsialSErtoedqhermﬂﬁelbherélaMeteEedfcrystaI
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as it is pulle ore s melt

e con
33, it may f|?Eta%%f%%cﬁggﬁ?93¥o%?%ﬁeFl%ee%? £§§t% 33¥nn%%?F§°iﬂ188ntact
with nelt 33 émmngrehherlnglngsd crysilble Sdriweyshit 3lLj veinglé 45 rotates

crystal 35 at as.| 's I 0 t I ble 25
drive unit 31° €¥£€% Pf§%t§%§2 %?u%? %7ﬁg€té£s§%%§% egglé?§2 rate, but
usual ly in the opp03|teRdfeéangnfuethchQOtBlgryttaaceﬁrdtngttolaunlt 55
'“'t'a"YoCoﬂééﬂéfaihélfiééﬁréﬁﬁéléaéfyétaf grdWth ﬁf&é&sé“d tgﬁaHEME&

supplied to heater g g ﬁ to Cause_a neck
crystal 35. ¢$e$%}$5¥¥ tabhine st +?°@51%h%haﬁﬂ?@s¥% ?ﬁ%gébbaraﬁeters to
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o, desl e o Ve plol APy A8 BRar U0 ElataL dBulERGlEE f° oot red
lowers the seed crystal 37 via cable 39 into contact with
15 the molten silicon of melt 33 contained by crucible 27.
When seed crystal 37 begins to melt, crystal drive unit
45 slowly withdraws, or pulls, it from melt 33. Seed
crystal 37 draws silicon from melt 33 to produce a growth
of silicon single crystal 35 as it is pulled from melt
20 33. Before seed crystal 37 contacts melt 33, it may
first be necessary to lower seed crystal 37 nearly in
contact with melt 33 for preheating seed crystal 37.
Crystal drive unit 45 rotates crystal 35 at a
reference rate as it is pulled from melt 33. Crucible
25 drive unit 31 similarly rotates crucible 27 at a second
reference rate, but usually in the opposite direction
relative to crystal 35. Control unit 55 initially
controls the withdrawal rate (i.e., pull rate) and the
power supplied to heater 29 by power supply 47 to cause a
30 neck down of crystal 35. Preferably, control unit 55
then adjusts these parameters to cause the diameter of
crystal 35 to increase in a cone-shaped manner until a
desired crystal diameter is reached. Once crystal 35
reaches the desired crystal diameter, control unit 55
35 controls the pull rate and heating to maintain constant
diameter as measured by system 21 until the process



35 controls the pull rate and heating to maintain constant dianmeter as
nmeasured by system 21 until the process 9 approaches its end. At that
pai nt, control unit 55 causes the pull rate and heating to increase so that
the di anmeter decreases to forma tapered portion at the end of single
crystal 35. 5 As descri bed above, accurate and reliable contro
Is desired during the crystal growh prqQcess, particularly in the neck
portion of crystal 35. The neck is preférably grown at a substantially

constant dia & B! | r e O jforsexanpl e, 10
control unltWE? causes aqéubstantléﬁltiggh ?gﬁ{ ng%ﬁﬁﬁk%ng¥ﬁr tépbe
mai nt ai ned so cEN@es kden@u ldirake an mtﬁélgmtlcmlﬁqueﬁts@eﬁopéﬂ@éntthﬂ t he

desired di ameggamed®er Ador@udds i EFotd a aperdd pRition aft e Reek
adj acent seedO%r ystal, 37 ng%ﬁggg ai n dislocations (not 15 shown) first
hé&

I nt roduced by ssociated with bringing the
di sl ocati 6n-free seed cmmsdﬁ.heal @bowet, aaiconrialt es ianidc ae Iriwlhil e33.

Excessive flu ng S ons to .
form Accordi %E:#t%yoq' pre err%frﬁﬁ&%r@@% %%%v%\%le#t%%%n sr;ystem 21
is of the typ@amuyﬂuiadeinnc@mwomepka99n$m9@ @ﬁbbﬂ@@&ﬁdn3§enathWneck

08/ 459, 765, fijleed, r@f@%é%gpirence %n%hiﬁtghigbﬂiﬁr%o%%t@%kpﬁiéﬁeter

i ncor por at ed hereln by re comonl y _aSsigned U. S. Patent No.
5,178, 720, théseﬁﬁe}dec&'ysg&la&s@reléf dm%f.rgmzslelt. Aor p&P&t &S by
referencep di sohtsed anitelor ethssst IaOtiumrtamrihrmlyl lc@@s@:%ms:t decknd

11 st rates. a R PRELProd oo RO TRIBIA ORC AR FOPTLATE BECT SRRBEE ! agr am
form Accordi mgmadnsheri3hin fidtesn pereentownf camedasiiedbdpeekamably a
monochr ome Ch%rg‘isc%%d 1?13‘{:&1%6 &%C[% gg;bapoé’&&'& A% tRAMhetie 7o CCD
vi deo canera having a resolution o
adjacent seed crystal 37 may contaln dislocations {(not
15 shown) first introduced by the thermal shock associated
with bringing the dislocation-free seed crystal 37 into
contact with silicon melt 33. Excessive fluctuations in
neck diameter may also cause dislocations to form.
According to a preferred embodiment of the
20 invention, system 21 is of the type disclosed in commonly
assigned application Serial No. 08/459%,765, filed June 2,
1995, the entire disclosure of which is incorporated
herein by reference. Also, commonly assigned U.S. Patent .
No. 5,178,720, the entire disclosure of which is
25 incorporated herein by reference, discloses a preferred
method for controlling crystal and crucible rotation
rates as a function of the crystal diameter.
Fig. 2 illustrates a preferred embodiment of
control unit 55 in block diagram form. According to the
30 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.
In the prior art, camera 53 is mounted in a viewport (not
shown) of chamber 25 at an angle of approximately 34° or
35 35° with respect to the vertical axis 43 and is aimed
generally at the intersection of axisg 43 and melt 33 at



In the prior art, canmera 53 is nmounted in a viewort (not shown) of chanber
25 at an angle of approximately 34[err] or 35 35[err] with respect to the
vertical axis 43 and is aimed generally at the intersection of axis 43 and
melt 33 at 10 the nelt level 41. According to the present invention,
however, canmera 53 is oriented vertically so that it has an optical axis
generally parallel to vertical axis 43 (see Fig. 4). 5 Caner a
53 generates a video image of the wd R of crystal 35 as crystal drive unit
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(see Fig. 3) ace between ne
connunlcatesh@ﬂévﬁrdegamﬁ§§e53lQSI¢neeaﬂe@evgrtlQ@llYF§D1¢bab|ubohaable) to

a vision sys&&%ﬁ@mafsaﬁbew@eh@rhgy 3ar£i?fe1“éb°6'e§¥§é§ﬂ‘ éz%lén&.lzudes a

video image franme_buffer 61 and an itTmge processor . an exanpl e,
vi si on systeh$8® Figa @%gnex CVS- 400 vi sion system In turn vi si on system

59 commumi cates with acam@ﬁaawa@éﬁeﬁétesl@girﬁdsgniﬁagéeéf(&&)w@étw a line
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In the illustrated egﬁodlnen C 65 conmun 13%taes W th an, opera

interface cofpdtefs 7706 RLPHAB qgs%%mgsg e %a%l%} %ﬂdl by ﬁ@mﬁr mor e
process i npupadDfepuelnandl &8s Biaye aptotesS3r (63 9. , ARRSadSexample). The
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turn, vision system 59 communicates with a programmable

15 logic controller (PLC) 65 via 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

20 (e.g., RS-170 RGB video cable) and with a peréonal
computer 73 via line 75 (e.g., RS-232 cable). 1In a
preferred embodiment, the video display 69 displays the
video image generated by camera 53 and the computer 73 is
used to program vision system 59.

25- In the illustrated embodiment, PLC 65
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

30 of crystal growing apparatus 23 to input a set of desired
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

35 information regarding the melt temperature from
temperature sensor 51 and outputs a control signal to



parameters for the particular crystal being grown. The process input/out put
nodul e 81 provides a path to and fromcrystal grow ng apparatus 23 for
controlling the growh process. As an exanple, PLC 65 receives 35

i nformati on regarding the nelt tenperature fromtenperature sensor 51 and
outputs a control signal to heat er power supply 47 via process

| nput/out put nodule 81 for controllin he nelt tenperature thereby
controlling the growth process. ReferrThg nowto Fig. 3, an exenplary view

of 5 crystal éyggé 1ﬁﬁq f fce
bet ween crysth%%térn?dwzn%ﬁégﬂ%sﬁsho as Vi eweIﬁ{ %&‘{]E% d\%lgerwport of
chanber 25 bfox csmraiidmg Qhﬁnﬂ%iqtﬁﬁmnﬁ¥ﬁqqﬁﬁu¥hﬁﬁ&hﬁjQQRR§QQ1¥§Q Thus,

due to perspeHd YrdtH Yridddss .t he meni scus 85 does 10 not appear
circular. Rather, nenliggf 85 appears to be _an eI a e shape. As
iﬁﬁﬁ of

descri bed above, aut omat YOrr%s s"cf-’err’n?'aﬁ’ti'l1
conput er Sbas e yrstetii mes,wmaimchyrg mﬂ@mﬂ I reiGae s tads rﬂbﬂ:&lﬁ’d?rmﬂttﬂneof

object 15 qdees and iSledLANAS Y QPUILHIINGY, SRECLG funct i ons.

As such, thesé sys mist T Lonvert Teadiremsit's Ken
t wo- di mensi ovalewssb tdinemah Q@t erhepipartte cfambamber 25 e di nensi onal

coordinat e Syshiline ekl oS ke d b8 ISAVANAORAYBR. 3per spect i ve

di stortion caused by conventional canera systems. |f the canera |s tilted

or panned of TPH¥S ot KIS (o PeFsRErGIFieaIdiESSRELOM ¢ thee Menimoish $5 slagr

canera gQor dinat ap@eazermhemms mnath@zrenfé@mﬁc@s 88V eipdeRirPRjeWes i N the
sane pl ane. Unfor;yn canera tilting 25 or panning is often required
because the éﬁng SRS SBP&r ai ned by viewport |ocations, the need
to avoid obstructlons Aawdmrfmamab@om,alaemmew dispeldtdicml | mage

Fundanment al s 193 l?ﬁﬁe%t:ﬁ@'xs Apg NCAAYRY &F Rht B HaRle GitSrine
vision systems require accurate measurements of object

15 edges and other features to perform their specific
functions. BAs such, these systems must first convert
measurements taken in the two-dimensional coordinate
system of the camera to a three-dimensional coordinate
system. Fig. 3 illustrates the disadvantageous .

20 perspective distortion caused by conventional camera
systems. If the camera is tilted or panned off of the
three~dimensional coordinate axes, mapping to the camera
coordinate system becomes much more complex, even for
objects in the same plane. Unfortunately, camera tilting

25 or panning is often required because the camera placement
is constrained by viewport locations, the need to avoid
obstructions, and so forth.

Gonzalez and Wintz, Digital Image Fundamentals,
1987, pages 36-55, incorporated herein by reference,

30 disclose mathematical transformations for compensating
for perspective distortion caused by the position of a
camera with respect to a three-dimensional object. For
example, Gonzalez and Wintz teach an optimal solution to
two equations with twelve unknowns using more than six

35 three-dimensional coordinate points. Such
transformations may be used to extract a circular shape



30 * disclose mathenatical transformations for conpensating for perspective
distortion caused by the position of a canera with respect to a

t br ee- di nensi onal object. For exanple, Gonzalez and Wntz teach an opti nal
solution to two equations wth twel ve unknowns using nore than six 35

t hr ee- di nensi onal coordinate points. Such transformations may be used to
extract a circul ar shape 12 froma . djstorted elliptical shape. Although
mat hemati cal transformations are avail@able to conpensate for perspective

distortion $ueh b ANSEORFE 913 4BRAAS AR CahTdrANGHIRhENCE

per f or mance of Vision system 5 f ragien Vet 8 i con
crystal 35 b§Fﬁ§S§9FméG19P§nﬁF§I?Vgelahéesﬁ@wﬁ°m€ﬁy§ﬁﬁﬁ RXconstitutes a

general |y cypemnd b@%hvbodisQBr%&bﬁtabhbﬂﬁt&hhb%@&mﬁﬂdoh% magf @eabl y an
i ngot of crystal 3 and a di aneter D.

| t |
11 shoul d”buCoMBALERSEA ChRA, Gaus MPoRRTEPTEREFe Sbc 108 FYREETSS. oy

not havesa usbf.orm di aneter, although it is generally cyllndrlcal For this

reason, dianmeter D may gpdary ,skioht ' Lt l.ang
[eason, diaTet e D Y BBy oS Lo kil S8 63k e RIS 1580
crystal growBR beigg, pydded fzom, MEAEWA3 - shb&lahpwnbonY§ﬁéleﬁ§ cone). Fig.

4 al so "'USEBﬁb%&tﬁt@%”%r@Ebér&hi?abgiihﬁéiéa§7b%ﬁy”%&tc%?sh%ﬁh&%bng

meni scus 85 forned at the interfacé t ween crystal S
20  known i AidAecry anc ke prefespbdy ap éPG@FbP@ SYY8hadding: §d ldgong

typicalby V'ﬁhbhﬁga$e&tbbaghhx&bngBadhaCﬁnﬁlﬁhﬁtéﬁ|D35 IErehahaaI%e camer a
53 is nDunted |n Vi not _shown n a_vertic
ori ent ati on. U98SrSEkR Tha% Rl ag BRPeR SrYPCAL-RFETesh GEVARE By‘its
i mage pl ane @agenétghaﬁh anund feemoddamptieral adkheougbb itefisngenleyralily i mage
projector. Agceudkng L@ 'Neor this reason, diameter D may vary
slightly at different axial positions along axis 43.
i5 Further, diameter D will vary in the different phases of
crystal growth (e.g., seed, neck, crown, shoulder, body
and end cone). Fig. 4 also illustrates a generally
planar surface 87 of melt 33 including meniscus 85 formed
at the interface between crystal 35 and melt 33. As is
20 known in the art, the reflection of crucible 27 on
meniscus 85 is typically visible as a bright ring
adjacent crystal 35.
Preferably, camera 53 is mounted in a viewport
(not shown) of chamber 25 in a vertical orientation.
25 Camera 53 has a first optical axis 89a defined by its
image plane (see Fig. 5) and a second optical axis 83%b
defined by its image projector. According to the
invention, the image projector is a precision pinhole or
lens for projecting an image on the surface of the image
30 plane of camera 53. For simplicity, a lens is shown at
reference character 91. In one preferred embodiment, the
lens 91 of camera 53 has a focal length of approximately
17 mm providing a field of view, indicated by reference
character 93, of at least approximately 300 mm.
35 According to the invention, the field of view 93 includes
the width of crystal 35 and at least a portion of the



I nvention, the imge projector is a precision pinhole or lens for
projecting an i mage on the surface of the inmge 30 pl ane of canera 53.

Fer sinmplicity, a lens is shown at reference character 91. In one preferred
enbodi nent, the lens 91 of canera 53 has a focal |ength of approximtely 17
mm providing a field of view, indicated by reference character 93, of at

| east approximately 300 nm 35 Accorgding to the invention, the field of
view 93 includes the width of crystal and at | east a portion of the

13 bri ght rl mlghtmhgcwf fenikBudnsdl, tefzaatahvgl eghadicaeat, the image
proj ect or g&gn& Is.a precision pinhole o for exanple, stainless

steel, and h lgeeéntépeaﬁgﬁﬂﬁrEISﬂeﬁﬁﬁFbﬁlnﬁﬁ@ﬁFalﬁﬁ A a5

Referring fuptrbedstienFipdnhélef bcfl d fek ‘éb(ﬁ\ﬁp@.% OsthanieBl bRbANSCGRy
vertical axis_43_at an ae ute_an L For, exa F&% é% angle S

appr oxi mat el $23APEr | “GF ?5[3??% uﬁ?oﬁgragg t'dris #8t provi des both
tel ephot® view ng for Rederréagl durtheaf ton@tilg.sdedfiadd péckdens 930  wel |
as w de angl ggv ng+f g p i;on 30t .cLys 5. _Fyrther,
fans 01 | pbi AEME91 TnckpBcctbotl Btk 2 0k B BBk Aty
size to accoﬁﬁﬁd&ﬁémpﬁé d§§iﬁeéﬂgﬂéléSoﬁPPréwlgatgéYtﬁéP ar B&8ge of the

w dt h of CrYPkébe§5s€&EcEQoﬁ36§rQéﬁg 915 rov1des bothAE@QEQhB@oto the
i nvention, the vertlggk 8 gntatl s the 1 nmage pl ane of
h a

n
canmera 53 parafléfst nES Ruﬁéﬁpse igiséeg Spahd| Peckeo agel t
surfacei187. welflhas wdﬂbaangletb&ew&n96f6E Ehal&auge&Sbbﬁylp&&ﬁlbhn©&r|y
into the two: i al e oQt di. t ageausl vy,
calibration ng ?hegfo %gthgg"eng%egﬁlng % EB.?Sﬁ gsgl%ﬁg t hat
can either bpr@aﬂdelanedmasenglknéﬂnOdlsuéﬁeeseahdSﬁaeatOIengbhmodate

det erm ned eEHGrHQEEE@hlfieﬁa §Eab§gwa?§V§o hgaeagﬁrﬁméée”5§ttﬂg tilted or

panned of f of the 25 t hr ee-di nensi onal coordi nate axeS such that the
i mage width of crystal 35 may be generated.
15 According to the invention, the vertical

orientation of camera 53 aligns the image plane of camera
53 parallel to the plane of meniscus 85, i.e., parallel
to melt surface 87. 1In this instance, the image of
meniscus 85 will map linearly into the two-dimensional

20 camera coordinate system. Advantageously, calibration
takes the form of a "engineering unit per pixel® scaling
that can either be calculated using known distances and
focal length or determined experimentally. BAs stated
above, if camera 53 must be tilted or panned off of the

25 three-dimensional coordinate axes such that the image
plane is not parallel to the object plane, mapping to the
camera coordinate system is complex and time-consuming.
Thus, camera 53 of the present invention eliminates
distortion and simplifies the mapping calculations

30 without limiting the desired field of view 93.
Preferably, camera 53 provides a relatively high f-stop
to achieve the maximum allowable depth of field so that
the entire view remains in focus.

Referring now to Fig. 5, camera 53

35 advantageously provides a non-distorted image pattern

according to the present invention. As shown in Fig. 5,



plane is not parallel to the object plane, mapping to the canera coordinate
systemis conplex and tinme-consum ng. Thus, canera 53 of the present
imvention elininates distortion and sinplifies the mapping cal cul ati ons 30
without Iimting the desired field of view 93. Preferably, canera 53
provides a relatively high f-stop to achieve the maxi nrum al | owabl e depth of
field so that the entire view renains |q focus. Referring nowto Fig. 5,
canmera 53 35 advant ageously provides™a non-distorted i mage pattern

according to jbagpsese toffgsetbﬁncamé§aSBQMQe19tEbgn%§ ag ifdgbens o1 1

offset on camera 53 relative to an | nage Sensor asse ch defi nes
an i mage pl angeBIOBf aggRBPAYS35 Vhighs éﬁééeﬁoanlgﬁﬁgﬁeﬁé§9@d96y0ﬁens 91

and then tranggiéigdsso tha r€B§6n§6n§Qr1§§§§”Pé2ée95ed03{ﬂ31én§ 53 dgperates
t he |nage patfern o on o rin %gient silicon

crystal %?%rﬁﬁ??smFﬁﬁﬁé E%nE%? é@%@ﬁb ?nggr ¥ 3> gefiePsFpy
pl anar ar5ay )] génenaEaS|theelmegeppatsesnchfaShehpbgeloﬂucfedhdevices. 10

According to ghechpvenpyon ggﬁgﬁgs FPYRLaassoubly 99 of bsgks Lens o1

relative to |nag Senso € second op ca B%is 89b is
general | y parihage senaay assemb Yr@ﬁmcheprisss apgenaradkyspd8narThe | ens

mount assenblarﬁzylafl5HSEO§@n§§t1vépfé&e;eo£Q1S&§HO&Q eﬁafggnaeﬂL Lar

receiving lens 91 and may be constructed fromat least two plates ease
of constructi®®Vif®Sone enbodi ment, |ens nount assenbly 99 is connected to
t he bodyi@f canera 53 ma&bofdsﬁ§n665théucﬂvéﬁtﬁcﬁﬁwa 188s kenst91 and

cerewsd into S5Ereery 2810EFERERC e Pl CEETab Yo 060 1A0R S RRiRer .
aperture 101 assembtzt95rsn1thatttbptseabnéxoptsealoaxcanéﬁh §8. Lens 91
and aperture J0d.fa€100blrallel to and offset from the first optical
axis 89a. The lens mount assembly 97 includes an
15 aperture 101 (shown in phantom) for receiving lens 91 and
may be constructed from at least two plates for ease of
construction. In one embodiment, lens mount assembly 99
is connected to the body of camera 53 with fasteners,
such as screws 103. Lens 91 and aperture 101 have
20 corresponding threads so that lens 91 may then be screwed
into aperture 101 of lens mount assembly 99. In this
manner, aperture 101 is offget from first optical axis
8%9a of camera 53. Lens 91 and aperture 101 are both
generally cylindrical in shape and share a common axis of
25 symmetry that defines second optical axis 8%b. In a
preferred embodiment of the invention, image sensor
assembly 95 comprises a generally planar array of
photosensitive receptors in image plane 97 and which is
generally perpendicular to and generally centered on
30 first optical axis 8%a. As such, image plane 97 of
camera 53, as defined by image sensor assembly 95,
defines first optical axis 89%a which is generally
parallel to and offset from vertical axis 43.
In one preferred embodiment, second optical
35 axis 89b is offset from first optical axis 89a by
approximately 3/8 inch and lens mount assembly 99



génerally cylindrical in shape and share a common axis of

25 symetry

t hat defines second optical axis 89b. |In a preferred enbodi nent of the

| avention, inmage sensor assenbly 95 conprises a generally

pl anar array of
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for perspectlve dlStOFtIOﬂ I mage processor maps t

crystal 35 and
moggconpensat es
tected bri ght

receives the video 1image -signal from camera 53 and

15 captures an image pattern 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 85. Since the cross-section of

20 crystal 35 and meniscus 85 is known to be generally

circular, and camera 53 compensates for perspective

distortion, image processor 63 maps the detected bright

ring edge coordinates into a circular shape.
Image processor 63 defines at least

three, and

25

30

35

preferably five or more, regions of interest (not shown)
on the image generated by camera 53 which is captured by
frame buffer 61. Image processor 63 examines the regions
of interest, also referred to as edge tools or window
regions, for a characteristic of the image pattern, such
as the intensity or gradient of the intensity of the
pixels included in each region. Based on the detected
characteristic of the image pattern, image processor 63
determines edge coordinates along the outside of the
bright ring of meniscus 85. Preferably, the window
regions are defined at preselected positions that
generally correspond to positions along a curve matching



ri ng" edge coordinates into a circular shape. |Inage processor 63 defines at
| east three, and 25 preferably five or nore, regions of interest (not
shown) on the imge generated by canmera 53 which is captured by frane
buffer 61. Imge processor 63 exam nes the regions of interest, also
referred to as edge tools or wi ndow regions, for a characteristic of the

| mge pattern, such 30 as the intensh y or gradient of the intensity of
the pixels included in each region. BaSed on the detected characteristic of
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During pulling, crystal 35 nay npve relative to vertical
pattern, such as color or contrast, may be detected for

15 finding edge coordinates of the bright ring of meniscus
85 in addition to intemnsity or intensity gradient.

As described above, crystal drive unit 45 pulls
crystal 35 from melt 33 generally along vertical axis 43
which is generally perpendicular to melt surface 87.

20 During pulling, crystal 35 may move relative to vertical
axis 43. Advantageously, the window regions are large
enough so that.edge coordinates of the bright ring may be
defined within them even though crystal 35 is moving.
Image processor 63 further dynamically moves the

25 preselected positions of the window regions 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, the regions track crystal

30 diameters from'approximately 4 mm to 300 mm. As is known
in the art, however, the bright ring is not always
vigible during all phases of growth. For example, during
growth of the crown portion of crystal 35, the bright
ring may be relatively, small or not visible. For this

35 reason, system 21 preferably detects the perimeter of the
crown which appears as a bright area relative to the



axi s 43. Advantageously, the w ndow regions are |arge enough so that edge
coordi nates of the bright ring may be defined within them even though
crystal 35 is noving. |Inage processor 63 further dynami cally noves the 25
presel ected positions of the window regions so that they are adjacent the

I mged portion of the bright ring to follow the crystal dianmeter throughout
all phases of growth (e.g., seed, neclgscrown, shoul der, body and end
cone). In other words, the regions track crystal 30 di aneters from

appr oxi mat el ynt oEity 320 tHa baé&gk%uhaom &:r&et headl! palt@weyer, fhe bright
ring i s not ys visible dgﬁlng gﬂgpp ases, of romﬂﬁ For exanpl e, during

a
growth of thEL&?o%HsﬁépFﬁen ugsl OghéhﬁrF&ﬁSGrPﬁ§tﬁEF B&
relatively, %ph:bs@htmtwé safbheltF@hrtfblc% %5 TRRSQN inS ¥Hleem 21

preferably de cts per.i r,of t i ch appears a bri ght
ar ea relativ %lve %? E%% e 5$et ?h r59nd S8 e Fna

pattern.5ln dhtectﬂsthﬁcbwlgha baehgasan¢1ateﬁhwlthag@epatbwmnaﬁs
representatlg gt 2Aekt surface 87. Thus, in the alternative to detecting

t he bright %a systen121 5 detects the bright area associated with the
crown of crystal 35. | Ataapparderagde ppbOdiment /i fAgEep PEOEESSOTEF 3def i nes

a generally abfﬁﬁb%raS@%@%r&élyn&1%c§&&&eb§hp%nﬁa&1ﬁgnb€Blﬁﬁb&bxbéﬁﬁﬂ on
t he detected coordi nate | east thre% edge coordi nates

al
are needed t8 GEPCRE ?ﬁ&ﬁt %@§F9|8n Fﬁ §8§PCESdOSPSFﬁ1 &Ecur ate
measur ement Piathdcalylyt, alatdilexstethbekoedgee copriiGatiesi areomieeddd ng t he

crystal gro g BE?%% gPE %9cﬁ&%ﬁ%sSOFnﬁ%ﬁkbESEogbghgihl&nP%%%%§%%% the

di anet er citc nmeEnne roCessor
uses the dlnmﬁ§5§ﬁ§m6ntt@£ G@ﬁlﬁ@&s§ﬁﬂcﬁéam6t9@t@rﬁpﬁeuﬁﬁebwrfgﬁhWSdlaneter

D, a neasurejaf cbher@uakingy thle birlystahahrathop2BcR%ast ikhge! € and nelt
level 41. Fogrocessor 63 first digitally processes the diameter of
15 the defined circle. 1In this manner, image processor 63
uses the dimensions of the defined circle to determine
the 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
20 the distance from the top of heater 29 to surface 87 of
melt 33 and may be determined as a function of the
coordinates of the circle’s center point.
In operation, image processor 63 defines the
window regions adjacent the portion of the bright ring
25 and detects an intensity gradient characteristic of the
image pattern within them. Image processor 63 further
defines the coordinates of an edge of the bright ring
within each window region as a function of the detected
characteristic and defines a generally circular shape
30 including the defined edge coordinates. The diameter of
crystal 35 is then determined based on the diameter of
the defined circular shape for use in controlling the
crystal growth process. PLC 65 of control unit 55 is
responsive to the determined diameter D of silicon
35 crystal 35 for controlling the rates at which crucible 27
and crystal 35 are rotated and/or the rate at which



purposes of this application, nelt level 41 is defined as 20 t he di stance
fromthe top of heater 29 to surface 87 of nelt 33 and may be determ ned as
a.function of the coordinates of the circle's center point. In operation,

| mage processor 63 defines the wi ndow regi ons adjacent the portion of the
bright ring 25 and detects an intensity gradient characteristic of the

I mge pattern within them | mge proceggor 63 further defines the

coordi nates of an edge of the bright ring within each wi ndow region as a

function of t cted; I rgsti fi e | | ar
shape 30 iﬁgﬁﬁg?%f %ﬁelﬁgﬁ?%gﬁgeﬁgéhg%%? i%gtégsfoghgsﬁi%ﬁ%%é?ggéggrystal
35 is then de?%rm$%€d3%a§%@ b5 ¥eerenakEe ko obhe Heekerpieat tprcof areshape

for use in copével!anorbhecontBdBlifGoMhE DEGERSSE EhbcB18f2908hEPELYNI t
55 is responsjive to ned dianeter D of silicon 35 , crystal™ 35

t he deter
for controlli¥g ?ﬂ%t¥%fe§r$ft€%i%ﬂOYFEC?BP%r??“%n%3crj§¥%?'SSm%Q r ot at ed
and/or the raproetssbrch3 comsyitatesSSai depattionfebneutt 33dafihbdngt he

41 Tor cont r P FRgt nanded peapERRRRIL "G b8ui 07, CL°10 control Corystal -

Cr uci éreby to control crysta
growt h apparatus 23. ThiB, onergreepredcenbedirerbnef i the eknveneienti on

circuit, a de{)i‘@é@@s@fr@yiﬁsé@%%ﬁ@%ﬁé@f’@ﬂtf&&f%ifor'&)PP@?Qiﬁ%e{:#@d
enbodi ment of _{ he inven |on,H§ropessor 63_uses a calibration factor for

correcting tHEYPREHRY ePL oFhe e tReRActiEriet cWhifh chs i BedaEed eti n 10
terns ofig aditisris X6t sradDus opPeabaf etd otompenshtl hfof the widghtofi ng. The

or own necks. AT [ MELeh By =S opcP Ry SFRLIECOr G CBLTRER KRR REhor ReY
operator of drgsiateynined byppmralyzsing debsufrentdreows neckowang cryst al
R T Fon EBREEL B Spiseeen deaUBaL skt tng, s 2
operator of crystal growth apparatus 23 measures the
15 growing crystal 35 with a telescope that slides on a
calibrated track and then inputs a calibration factor
value via computer 77 so that the determined diameter of
crystal 35 equals the measured value. In this manner,
the calibration factor compensates for variability in the
20 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 causes crystal 35 to appear
smaller which may result in the actual crystal 35 being
25 grown oversized. These changes 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 level 41. '
With respect to melt level 41, image processor
30 63 determines a center point of the defined circle which
is indicative of melt level 41. According to the
invention, the difference between the y coordinate of the
center point and a reference value is used to determine
melt level 41. Alternatively, commercially available
35 optical methods (e.g., a light beam/detector apparatus
mounted on the cover plate of chamber 25) may be used to



c}yStaI 35 equal s the neasured value. In this manner, the calibration
factor conpensates for variability in the 20 di anet er neasurenent. Such
variability is due primarily to changes in the di stance between canera 53
and crystal 35 which affect the magnification of the optics. Increasing the
di stance causes crystal 35 to appear smaller which may result in the actual
crystal 35 being 25 grown oversi zed.,, These changes in di stance can occur
19
fromone crystal growh apparatus 23 t¢ another, fromone run to another,

and even wi taéeeemmg{neleumebeiaaie ofrhgaggeéﬂgghgtwn”sktmgixe&eéél W th

respect to nmelt level 41, .imge processor m nes a cénter point
of the defindd BaAYcPe WAPEhtPsreddreavavdabilityt of edépmateraccording to

t he lnventlomeabheeﬂeﬁﬁerchehbeba@@ﬁlahﬁoﬁ §QOéde§£eceiohh§aééaker poi nt
and a referencs val ue.i s.used ig g m ne, ng Alternatlvily,

conmer ci al | y*BYaPY ahFEUSL0T B tﬁﬁﬁéa 8. thﬁoPgéh}ISEaﬁPHEFQ t or

appar at us noafit eduonblke28over plate of chanber 25) may be used to

determne nelt |evel 4éno€ﬂ rd§£f& agga cgfo k&rkg ?ifé§|gﬁy8$e used to

reduce variability enen € ca cu
correction f@eemetandmgysuﬁamenhg mélthaévﬁhevﬂlﬁhhloﬁ theobyhghtft control

5 of cruciblgigg. cﬁﬁﬁ?@@rdébéﬁaiﬁ SSHrﬁﬁeOfae?(éhtan|ti1¥ h8tt{g1di geeter

measurenents i s h,of "t he bri ripg changes dependlng on the
hei ght of th%rHS%giﬁl VﬁaFﬁcFﬁI%xE?sﬁﬂlgﬂ |§e€£$SE%9 ¥oltgetect ed by

liquid 160 weniseus 85. As melt 33 is depleted the width of the bright

the act ual copsPar "3l TR Eadsh nich . Po 88 RerkBEaE 28 b DR s ng

const ant cal1%rﬁeroﬁndamaﬁr¥eshbtb1nghheraqgualdchyeaﬁlbés1§eingalcuIated

by using addiib@Rahndbss@8e800! Rs0hn alternative to using a constant
calibration factor, the bright ring width can be

i5 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 of bright ring width. Further,

20 mathematical modeling of liquid meniscus 85 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 the window
regions 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
window region at a rate of four times, for example, the



mat hemati cal nodeling. For exanple, detecting the edge between crystal 35
and the bright ring, in addition to detecting the edge between nelt 33 and
t:he bright ring, provides a neasure of bright ring width. Further, 20

mat hemati cal nodeling of liquid neniscus 85 taking into account its
reflective characteristics with respect to crucible wall height, provides a
measure of bright ring wwdth. In an aljernative enbodi nent, the five edge
25 coordi nates of the bright ring d ned within the wi ndow regi ons of

the image pa%ﬁ@%”oir?o%§EQth deeq hc%ﬁr'&ggg g b%%ngssb”c ﬁﬁ?ﬁ&s

dianeter wt ect to the rate at rirve unit r ot at es
crystal 35. A@rpsdaﬁéwwaﬁﬁomhsr@wth QfOG$Y§§ dios Padacrastdtokes i s 30

Lgdlcgted mekéﬁ%t?or?Ge&%@Wﬁﬁ @%&Pdg%n@E%Hbilgﬁaﬁhl%het%ﬁrﬁ&#ﬂﬁ%H.ax's
and space rt a of .cr ese gro | nes appear
as dinple-llaéaﬁg &EPﬁHQPEF g?@?s section of crystal 35.
For thi ssreason, as cryamahe&5 ﬁﬁt&EGSOabeauhﬂQW%t35d thatewighiont h | i nes
are expected_wi.thin r ul.ar dow. re t.a.rate aof four tines, for
exanpl e, t he® SE%@ Pgtg%o%b% b%F?Wh% i§”§ﬂc %g’%? ebﬁrgfg s&° 63 conflrns
zero disIocadb@nrynUWtntbhrcC¥?B£313§r@wuhcpasameaegs.nsanb fisr pateigect i ng
per i odi ¢ devigbkogapn dhfede! gal, Nednghate! fe1elioke det) nedroiceylcar

shape. 5 be understood that vision system 59
of the preseRPTERPES: BHA EPPEEaLTYLE /t dNdBAEAkiRE bPherYSEEPdt al growt h

par anet gos, aﬂahe&%rpum@&ttubeegaﬁnarlﬁﬁbtoﬁaﬁerﬁoﬂﬁb&b@a&&bthW6mtth
convection currents an erature I N addmklon to cr taI di anmet er,

nelt |evel and | oss of &F?lB?XiF8nFéFo M lﬁe?@r? &rﬁ l?@ Fig. 6, in
an alternatiembedﬁmehﬁenf thet hevientéoni, ol enlse moumbuassasbdybioy 97

essentially LaLahesah9ys 3Lakeeahbhs o9 YE9Ri%8 %8 image sensor

assembly 95. In this embodiment, camera 53 is oriented

15 vertically so that image sensor assembly 95 is parallel
to melt surface 87. Lens mount assembly 97 provides a
connection for lens 91 such that second optical axis 89b,
defined by lens 91, is at an acute angle relative to
vertical axis 43. Again, camera 53 compensates for

20 perspective distortion because image sensor assembly 95
"is parallel to melt surface 87 and, thus, simplifies the
mapping calculations.

In yet another embodiment of the invention,
camera 53 has an adjustable image plane which may be

25 aligned to be parallel to melt surface 87 to compensate
for the distortion otherwise resulting when lens 91 of
camera 53 is at an angle relative to vertical axis 43.

In view of the above, it will be seen that the

several objects of the invention are achieved and other
30 advantageous results attained.

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

35 drawings shall be interpreted as illustrative and not in
a limiting sense. '



assenbly 95. In this enbodi nent, canera 53 is oriented 15 vertically so
that i mage sensor assenbly 95 is parallel to nelt surface 87. Lens nount
assenbly 97 provides a connection for Iens 91 such that second optical axis
89b, defined by lens 91, is at an acute angle relative to vertical axis 43.
Agai n, canera 53 conpensates for 20 perspective distortion because inmge
sensor assenbly 95 is parallel to nelt_surface 87 and, thus, sinplifies the
mappi ng cal cul ations. In yet another fbodi ment -of tte inventi on, canera 53

has an adj us i mage pl ane which may be 25 | i t llel to
melt surfac é%_.mifﬁs conpensate for the di stortion%‘ﬂﬂﬁ'"ﬂuﬂﬁﬂﬂlﬂng when
| ens 91 of canera 53 is at an angle relative to v L s43+ I n view
of the above, it will pgapees thatmkpergeveral objects of the invention are
achi eved and ot her 30 advant ageous results attained. As various changes
could be made in the above constructions w thout departing fromthe scope

of the invention, it i%.inAeggetlenhnBbralibe Nbht&ombniaiogdwitht 48 above
description or_sho, i p_the acconpanyi 35 draw ngs_shal |l .be interpreted
as illustrat¥ ag%%gﬁo o?nQEQV}%$t?n%lggﬁ%%.crysg%icgﬁ?ﬂsa ﬁl?gnCLAINED
1S: 1. A systehtfosaidesystennbonadevarminingna appmensionfof ghew ng a
silicon crysif; Miystdi L AZ! jd t f AL Ng. 24

di mensi on ofég Eéé?li%%nt%%yggéﬁgbg?%gé%uffﬁﬁ ?g%ng%%ggéﬁlﬁ%g%'n%,%é said 5
si i con Trel tshbieoRy BehbnBrBing 3| seRerably bRyt | SrFRca HeplydiBdt hat is

visible as agbieghécaseehat] 8§ePisibPe Shaki £ Brighst &tea Sadfasyst efhe
conpri si ng: $%%anera fgSlt%oned, bove the silicon nelt surface and away

from the silFtoh°eRyStEFEPor TRAGAYPRgR comprising:

a camera positioned above the silicon melt
surface and away from the silicon crystal for gemerating
10 an image pattern of a portion of the bright area adjacent
the silicon crystal, said camera including an image '
projector for receiving and transmitting light from the
bright area adjacent the silicon crystal and an image
plane responsive to the light transmitted by the image
15 projector for generating the image pattern of .the portion
of the bright area adjacent the silicon crystal, said
image plane being generally parallel to the silicon melt
surface thereby to compensate for distortion of the image
pattern caused by the position of the camera relative to
20 the silicon crystal;
a detection circuit for detecting a
characteristic of the image pattern;
a defining circuit for defining an edge of the
bright area as a function of the detected characteristic
25 and for defining a shape including the defined edge of
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
30 determined dimension of the defined shape.



10 “an inmage pattern of a portion of the bright area adjacent the silicon
crystal, said canera including an i nage projector [mmmmmmml;u d

transmtting light fromthe bright area adjacent A #¥al and an
i mage pl ane responsive to the light transmtted by * hé ihag"e 15 proj ect or
for generating the image pattern of the portion of the bright area adjacent

the silicon crystal, said imge plane being generally parallel to the
silicon nelt surface thereby to conpensate for distortion of the inmage

pattern caused by the posi tiHah Rfstldif SRMAL & JHMR P 3 ]T“Htie silicon
e

crystal; a detection circuit for detecti ng a characteristic o I mage

pattern: a d&EReHFERERSS FoSeReLaHiLyy PArtddy RISt asensibigin spefaes a
funlct idon of haaﬂ_’d :dﬂIrfgc'f tee & inhAr fa:f;%tﬁrdasl iaﬁci@ gerﬁﬂlgy ppdlidignid Shane
i ncluding t efin e af _the i ght area; and a measurement circuit
for determ nl%ll‘?& gh(?ﬁ:% rlegll%glrtl:lgfe %r 'ned shape whereby the di nension of
the silicon crystal is determned as a function of the 30 det er m ned

di rensi on of the defingd Shapeeyseed? ok RGPS WHDASi i ihatierei n the
i mage plane conprises a general Iy planar_photosensitive surface defining a
first opticaPrediesteehScannisss fed@nsudefindnohe sescsse pntiicad axdsce.
3. The syst efnioudfraiifs? celitied Rnd FurFMs- RIdHRSIsIhd QMldre curdtens
defining a s%conf;%gi al_axis é%ou%%i S center arrll further cqnprising a
lens mount 1 GPTOPIERRHOITY (RH9 dRSPh (% GATET A FAtIYS &9 FB% | mage
pl ane soS5t hatintslge deored soptthadl the sdcongeptdlday] Eparis lied demearsd 1of f set
fromihe 17 bl lin® oEeaHl® SH6H POl iGt Bt 13T edi d e second
optical axis™I's offset from he i st optical "axis by approxinately 3/8

i nch.

4. The system of claim 3 wherein the second
optical axis is offset from the first optical axis by
approximately 3/8 inch.

5. The system of claim 2 wherein the image
projector defines a second optical axis through its
center and further comprising a mount for rotating the
image projector of the camera relative to the image plane

5 so that the second optical axis is at an acute angle
relative to the first optical axis and is directed
generally at the bright area adjacent the silicon
crystal.

6. The system of claim 1 wherein the acute
angle of the second optical axis relative to the first
optical axis is approximately 35°.

7. The system of claim 1 wherein the silicon
crystal is pulled from the silicon melt generally along a
vertical axis, said vertical axis being within the
meniscus and generally perpendicular to the silicon melt
5 surface, and wherein the camera is positioned away from
the vertical axis.



5 The system of claim2 wherein the image prOJector “defines a second

optical axis through its center and further for rotating
the i mage projector of the canera relative to gj‘m amﬂgg;ﬂ%ﬂs so t hat
the second optical axis is at an acute angle retatd ve I rst opti cal
axis and is directed generally at the bright area adjacent the silicon
crystal. 6. The systemof claiml whergi{n the acute angle of the second

optical axis relative to the first optical axis is approximately 35[err].

7. The system of cl ai mgl wWhgkeiR gtlag gfl 1930 nC 1Y $iRbhrdliS: Qtlj,lel ed 15, t he
a

silicon nelt éil y along a_vertical axis, said vertic aX|s el ng

within the rrE palyy cydindrdicadl and Shenbrdightc graselis 5
surface, andg‘dﬁ%&ﬁllﬂyt e neaRbapelds a&@swhke%a@h FhRY dﬁeerﬂileHh%h)é.‘ifet ligal axis.

23 8. The system of .cl ai,m 1. wherei.,n_ the S|I|con cr | al
cylindrical  SRESER téU'B’r CoReARz, 3 §h%e h%‘%&d‘%‘fgr\ﬁ% % he
defi ned §hapdetsrgenedabwytbermahsnraménthe1¢cm&hsu@nt@b Hamdtidmed shape
S determ ned.Qy 5@§A§%§§%r§%? rC%E%%Et is the diameter of the defined

e. syste

circul ar shap use rn conbination with an apparatus for
growing a silicon crystal froma silicon nelt, said systemfor determning

a di mension of the siligGonaCiEyatam Q%&nﬁséuhhe@ohbaﬁbkh%nsHl%%@&nUE|t sai d
5 silicon nelt haV|n & ggnerally %t surface. i cludln%S 1ggn|scus t hat
's visibl e a@PRABACHA ToTcHTRNLREC R SLAdOR FEdR ey Fiid 1698 con
crystal beingeanlledlﬁr&ystbm fbbldamemmhhlggngrdhhﬁn&h@mgdi\ﬂMdlcal axi s
w thin the DEE1IEMR %Qaisbgi g’ﬁhﬂe&er’f%&dh’ﬁ@ 831420 ﬁ'ﬁ 10, shd 1iq con

melt surface, sal m Coipr i a cammera posi |one e silicon
mel t 5 silicon melt having a generally planar surface including

a meniscus that is visible as a bright area adjacent the
silicon crystal, said silicon crystal being pulled from
the silicon melt generally along a vertical axis within
the meniscus which is generally perpendicular to the

10 silicon melt surface, said system comprising:

a camera positioned above the silicon melt
surface and away from the vertical axis for generating an
image pattern of a portion of the bright area adjacent
the silicon crystal, said camera including.an image

15 projector for receiving and transmitting light from the
bright area adjacent the silicon crystal and an image
plane responsive to the light transmitted by the image
projector for generating the image pattern of the portion
of the bright area adjacent the silicon crystal, said

20 camera having an optical axis that is generally parallel
to the vertical axis thereby to compensate for distortion
of the image pattern caused by the position of the camera
relative to the vertical axis;

a detection circuit for detecting a

25 characteristic of the image 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
the bright area; and



surface and away fromthe vertical axis for generating an inage pattern of
a portion of the bright area adjacent the silicon.crystal, said canera
i ncl udi ngan i mage 15 proj ector for receiving and transnittin%Jlight from

the bright area adjacent the silicon crystal and lﬂll ma‘mm l&sponsi ve
to the light transmtted by the image projector flo Jriax! e i nage

pattern of the portion of the bright grea adj acent the silicon crystal,
said 20 canmera having an opti cal axf& that is generally parallel to the

vertic 0axi s t hereby 50?‘&?%99&‘7@% éf*?‘g'%?f,‘gé%i)&%]ﬁgmmf?%a ge pattern

caused Dy the position o e_Canerare € VErt ,axis; a
detection cidtmension @fttbeidgfined shaparwberebyttheolimemsiangefpattern

a defining cipgubti{ebndetiBtay 28 8866rRIntdCaH" & OBtnaE £8nassachunction of
the detected_characterist{ic apd for defining a_shape i1ncluding the defined

r
edge of the BRFgRIIAFEd1npRSIon gt sphe defined shap@pasyrenent circuit for
determ ning a di nension of the defined shape whereby the di nension of the

silicon crystal is detggmn, as..a functi of the deternined,dinension of
t he defi ned shape. 10.f6The§§§s?%ﬁ¥%W %%a?ﬂ?ﬁmm%ee%?ﬂe%%e ﬁ%ﬁb@aﬁ?ojector
conpri ses a projecedtncogpriheespri tans adefinimoughe i optieal eaxigl. The
syst em of clgﬁggégbm9€§e£€nég .image plane is generally parallel to the

c

silicon nelt sur e and further conprising a |l ens nount for offsetting the
|l ens of the canera relative to the imge plane so that 5 the optical axis

is offset fromthe center ofhéheyst@deopl engimlPo Whersistene oimayai m 11

ereln the optical axiLsS IS set omthe center, of the, ] nage ane py
wh h o XL Re b1 0) S8 118 L8 8L £ s L thE1 L MBS b
appr oxi mat el :I"ﬁC% eraliy paralle O e silicon me suxr ce

and further comprising a lens mount for offsetting the
lens of the camera relative to the image plane so that

5 the optical axis is offset from the center of the image
plane.

12. The system of claim 11 wherein the optical
axis is offset from the center of the image plane by
approximately 3/8 inch.

13. The system of claim 9 wherein the image
plane comprises a generally planar photosensitive surface
and wherein the optical axis is defined to be generally
perpendicular to the photosensitive surface.

14. The system of claim 13 further comprising
a mount for rotating the image projector of the camera
relative to the image plane so that the image projector
is directed generally at the bright area adjacent the
5 silicon crystal.

15. The system of claim 14 wherein the image
projector is at an acute angle relative to the optical
axis of approximately 35°.



13. The system of claim9 wherein the i mage plane conprises a generally
pl anar photosensitive surface and wherein the optical axis is defined to be

general ly perpendicular to the photosensitive I,Em syst em of
claim13 further conprising a nount for rotati ”mm ﬁ'[ect or of the
canera relative to the inmage plane so that the I mafje prdj estok is directed
generally at the bright area adjacent ge 5 silicon crystal. 15. The
system of claim 14 wherein the inage projector is at an acute angle

relative to the opticalyqxi it gl ) : O system
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of claim9 wherein the silicon [ 1's generally cyll, d the
bri ght area Ytk dig \Fenerplhasot indriged and ttihe fRerigidd asmmels s
general |y ci igatledaldng tiigy-EHEed ehdfwHdia idefiHe defiar BHigieryd ned by

t he neasurenent circuit Js the di er of the defi Ci | ar_. shape. 17.
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melt, said sidy g | erally planar surface including a
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meni scus that 1s vi e as a bright "area adjacent the silicon crystal as
the silicon crystal is pulled fromthe silicon nelt; a canera positioned

above the silicon nelt murfaceysibnwdr IFrRMIMRE 5idillIGRUbE IS Al al OF
generating 10Q an injg'%’ecé)att rn of .a portion of the bright area adjacent
the silicon & BsH Ibé'f?érta ST FAYRFSTh S-SR ‘ect or for recei ving

and transmtting |ight d0 cippgdmtus gir gdd iady atentsiilieci |datad yst al
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proj ect or forﬂgo%:trl{'ﬁi n r%o\eﬁ il&negd:te‘ sztntcg:%lllolf&f reﬂe[}tgr ﬁzlag)éln(#]% he bri ght
area adj &entgemeratily @%@@W@mﬁa%iwcluding a meniscus that is

visible as a bright area adjacent the silicon crystal as

the silicon crystal is pulled from the silicon melt;
a camera positioned above the silicon melt
surface and away from the silicon crystal for generating
10 an image pattern of a portion of the bright area adjacent
the silicon crystal, said camera including an image
projector for receiving and transmitting light from the
bright area adjacent the silicon crystal and an image
plane responsive to the light transmitted by the image
15 projector for generating the image pattern of the portion
of the bright area adjacent the silicon crystal, said
image plane being generally parallel to the silicon melt
surface thereby to compensate for distortion of the image
pattern caused by the position of the camera relative to
20 the silicon crystal;
a detection circuit for detecting a
characteristic of the image pattern;
a defining circuit for defining an edge of the
bright area as a function of the detected characteristic
25 and for defining a shape including the defined edge of
the bright area; and



i mge plane being generally parallel to the silicon nmelt surface thereby to
conpensate for distortion of the inmage pattern caused by the position of
the canera relative to 20 the silicon crystal ”, ﬂ i jrcuit for
detecting a characteristic of the imge pattern m mim&@ﬂﬂwt for
defining an edge of the bright area as a functioh of tihe d

characteristic 25 and for defining aéshape i ncl udi ng the defined edge of
the bright area; and 26 a neasurenent circuit for determ ning a

di rensi on of the defingd e diepgen s s ilicon crysta
is determ ned, as a,fun%tF%%gg?e?E§E3gerggFeFg?nggegfﬁéﬁgp n§Qf t he defined
shape, wher eflitimegpdonppir khgsdedinedpshapecvwherehy fBgsdingasios efuit for

growi ng the ghbi §eniebustalystadMikhgetkinsaednBbt aaguactybat oentdke t he

deternlggd dhg%g%hgﬁegfdﬁggngkghcgg EL¥S g%ined shape, wherein said

apparatus is responsive to the measurement circuit for
growing the silicon crystal from the silicon melt as a
function of the determined dimension of the silicon
crystal.



