Process and apparatus for controlling the gromh of a cystal

Technical Field 5 The invention is related to the design of a conplete
mul ti - YTl redi ctive control systemfor the [ si n-
gle crystal g?@mﬁ@#/gﬁ(@ggsses. Background O The F%@Z%?hﬁ%ig; The
grow h of large single crystals of a specified quality is an i nportant
I ssue in many high-tech applications, such as el ectroni c devices, fiber
optics converters, |asers or infra- red | enses. Wiile many processes
and variants canPp¥igseforoingerting celnpgnte anticlassindtonsdampay to grow
| arge crystal boul es Is to resort to the Czochral ski, Float Zone,

Hori zontal Bridg- man, or Vertjical Bridgman technique. Wth regard to

t he pro- duction GPecRAESANG N FeIHECN ebPtalkgs | 0t Re IELECT oRfBN
teChnique.520inseﬁﬁmmdﬂéﬂdﬁﬁaﬂﬁCﬁwiicles,|§m&@eagikﬁbl%%SQn:W?iﬁés,
represents the r{Dst f@\gﬁgentl .used appar at uzl, a, heat er %ce) ten an ohmc
resistor) raditdté€s pb s ds®5® cr FEBPECont Hi T Ay t He nBREen

mat eri al , hendearmiessiPSe ttaibed abovedihe ol ithd i paticharhetpeiainge.

A liner may separate ftheighychble fromthe nelt. In the case of liquid
encapsul ated growth, a parﬁlcurar encapsul ant covers the nelt to
prevent evaporation of voflavifte carpondhiis. Anype- is t &npwni vefnenhod to

supply eneggy gpantfie1gbugkil e pndihe geléra3Q0 (WALAh s fhequsat!l yeused to
grow oxi de crystals) is to resort _ to an 1 nduction heatifg system in
whi ch app|yinée&n§t§@@§orted on the inner wall of a tube via runneps
and which can be moved in the longitudinal direction of
the tube by means of a rope. Arranged on the frame, one
behind the other in the longitudinal direction, are two
15 setting heads which are individually driven
displaceably in the 1longitudinal direction, rotably
about the longitudinal axis and movably in the radial
direction and which each have a receiving groove,
running in the longitudinal direction, receiving one
20 and the same cable. In order to bend the cable into the
desired direction, the two setting heads are rotated
relative to one another about the longitudinal axis. In
order to insert the directed cable into a clamp
fastened to the tube wall, the two setting heads are
25 moved, as seen in the pulling direction of the rope,
into a position located downstream of the clamp and
then outward in the radial direction, in order to
insert the cable into the clamp. A supporting means,
likewise capable of being supported via runners on the
30 inner wall of the tube, is suspended on the frame and
has a supporting element movable in the radial
direction by means of a cylinder/piston assembly and
having a depression for receiving the cable. By means
of the supporting element, the cable 1is supported
35 Dbetween the <clamp, in which it has already been
inserted, and the setting heads, by being pressed
against the tube wall. For the supporting element to be
moved past a clamp, said supporting element is



alternating current to the coil generates heat directly within t he
cruci ble and/or the nelt. At the outset of the process, a crystal

seed is dippe the liquid and then slowy puI% i
cylindri cal 9%9 %§|/43%63I S progressively grown. The cr g?é%bégpg?ég heat
towards the surroundi ng envi ronment 2 which consists of the outer sheII

2 i gh pressurtIERiaReLY nokp L8 ot HEHoR FE) t@&”ehecwglﬁﬁgg/ﬁ%se of heat

by conducti on assembdiyvecti on in the gas may be i mportant. isin
practice necessary toduat gghgcgryéfalt@@d resenctr U?'n‘?r'eﬁt&%hatﬁ arpynd the
vertical axis, in order to ensure axi s nne ry_of the overa P process,
and to controlPravdde a gepgaHeydavicenvwhist i whihe Hegwad. of 15impleThe

sol i di ficasi oddiQmt, %@A@@%%M%&éﬂ@%@i&éf é Sr idierdace wher e
i nteractions between uid and solid g as%s t ake pl ace. /A maj or
l&h %ﬁﬂaﬁ gt |fesa [

difficulty of gromﬁng qqylﬁr9§P&F y MeRRH P eYhee
dependence of whitety f Aae stiape Bk zegy egdt i ODaim0l upen pheraelityf | ow
pattern. Melt caonvectiaqn be ind ced L empet re_gr s l ut e
gradients wt hlcln ntghéel i qwl&ri(ers\atcﬁPa nggrt?ﬁer froSof 63# 083%8?%813) , by
crystal and crigdicbl@ ampsatd wrenged dﬁxﬂwﬁnjQnﬁnﬂnnthﬁg,lmﬂliw'aumaace

tensi on gf@adi dd% 1 qui d-envi ronnent interface (Marangon
convection %lta Stsrlg) © gg%SUCtor growt h, the Grashof nunber of the flow

is fairly h| gh Wi cwaﬁﬁycghl@élm serefearedscrrbadingnbr efenther bul ent
behavi or in theyiRlt .isThewRigfikacts E@Xlﬁaﬁe @ﬁygrﬁaﬁé§“@€cb§ss1bleSUCh as
crystal striations, and a solution to reduce their portance is to

generate a st Mdrd rﬁiifneatr}‘%: "F’i‘eel%Iam%\h?%%tﬂ%y%e%\deotor%%e’é% 81ongaksus
brake in the fdr@Micles into the clamps in tubes having di8ferent

15 diameters. Furthermore, this embodiment makes it
possible to arrange the clamps very closely next to one
another, since adjacent articles are inserted
successively into the respective clamps and therefore
the range of deflection of only one clamp in each case

20 is required.

The preferred embodiment specified in claim 8
makes it possible to adapt to different diameters of
the man-inaccessible tube easily and efficiently. In
this case, the main module, which, in particular, may

25 also contain the drive for moving the setting head and
the necessary electronic¢ components and pneumatic or
hydraulic valves, can be the same for all the relevant
diameters of the man-inaccessible tube. Adaptation to
different tube diameters in each case 1s obtained,

30 using different adapters, by means of which the setting
head or the guide means is offset correspondingly in
the radial direction.

Further preferred embodiments of the subject of
the invention are specified in the further dependent

35 claims.

The present invention 1is explained in more
detail by means of an exemplary embodiment illustrated

in the purely diagrammatic drawing in which:



The growth of oxide crystals presents sone inportant differ- ences
W th respect to sem conductors. Wile typical G ashof nunbers are

Rower, heat tgan jp.the nelt becones convec- i ) in
vi ew of the h{“ghé;?é’?gﬁﬁtl nunber of nmolten 5 oxi desﬁ.ém&%&gﬁl i ar
feature is the inportance of internal - 3 -radiation, which may be a
significant node of hﬁat transfer th% cr Bri dgnman

(0]

in . ystal . i
growh: 10 An alter ELARA: ofﬁ?Y%nain?S Pesgrﬁ%?écfheaﬁgFP'eﬁ? Tor ver-
tical Bridgmea té&chei quélulbdéretetheinl tsectaener ilal iss clomgitudirslned in a
cylindrical a . At g ' bdi fjeat] arts from
a crystal seegg%gé?é?ﬁbaiﬁf fﬁg%fgzjqi%%%?gafﬁeag&?g?bgher%glb%%@?%bnnent of
the anmpoul e con- 15 Figu¥e Hf Lakewise afhprgukatiiew a2 BaEbl @fzdWe During

growth, 5 4b¢;iaaPosthéwh S 51 OWiguslel fit ededoupyandsin angk e dremey at ure
di stribution jinduced_b %he out er, environnent in the solid and nol ten
materi al shif F$9UpFat dAPARYF thhgty , Saftiio®Keepi ng nore or less the

same axial profile. Hebgerenkl tsheaki diid edepite sHbwrgr easiRifyramtli | the
crystal is conpletely forned,, . A_maj ar advant K ertical Bridgman
growth is tha‘%‘TBfihe?‘ In %orFatphAs&LCEY) o@é eglﬂﬁdggﬁ ﬁ[feI iagﬁ-i &qberﬁaese and,
conse- gfiegttgs:that the tenperature gradient is pointing essentially

25 upwar in the ne i S wer, xa h iqgﬁ;al .
| ayer ed qutsji d woul d pié{%%%%e‘ict %ﬂg{é;&ae vs\ngtd% rgg%éé‘ctgfo't er-de‘;l%’rral
convection. Tharptvbienseekien alang the diset 1§ 1Y of Figusgadey-driven

flowin the nelt are, piferefOr&nowd rHONEH &l Ecorrespdiitely (B dasiabid i zi ng
radi al tenperature g{adle t is_however 30 generally present), The_ situation
i's nore conplgigﬂﬁ%n corf @ further embodiment of a device for

inserting elongate articles into clamps;

15 Figure 6 shows a side view of the device
according to Figure 5, the guide means being omitted
for the sake of clarity;

Figure 7 shows a horizontal section through the
device according to Figure 5 without the guide means;

20 Figure 8 shows a top view of the device
according to Figure 5;

Figure 9 shows the device shown in Figures 5
and 8 in a section corresponding to the line V-V of
Figure 8;

25 Figure 10 shows the device shown in Figure 1 in
a section corresponding to the line VI-VI of Figure 1;
and

Figures 11 to 13 show side views of part of the
device according to Figure 5 with adapters for adapting

30 to different diameters of the man-inaccessible tube.

The device 10 #llustrated in Figures 1 to 4 has
a traveling frame 12 which is arranged inside a man-
inaccessible tube 14, for example a drainage tube.
Arranged in the latter, at a distance from and one

35 behind the other in the longitudinal direction R of the
tube, are inner collars 16 which have, 1in the ceiling
region of the tube 14, clip-like clamps 18 arranged

next to one another in a circumferential direction. The



ering solutal convection, which may be inportant for a non- _
-4- dilute alloy. Indeed, there is no general rule concerning the

dependence of fh respect to solute concentra t here
may be sol utev&gjrb?cf%oog I ncorporation at the in- 9‘?8#?5{8_03 Ence,
the solutal field can have a priori a stabi- 5 lizing or destabilizing

effect. It |s&gy ngéuﬁ'aﬁ # Hgéé for convqgtgfgeﬁ tsuﬂg t%??ﬁﬁa

di f f usi on- contToll ayer can ave i ci'a .
i nfl uence on cﬁ%ﬁgt%tamlammﬂey 20, suah ehsbi c¢aim11esrva3prt opcoherblivehe

temperature JRAUENeH il esl0urdubheh SULLAGE OhebNentr ¥ahal 1andzhhe el t

Is to repl ace cl assi cal dgman appar at us nam c_gradi ent
freeze ap- aﬁ%}re(ﬁu%reBaépcé’lalrﬁlctlﬁérheamtﬁgaéysﬁlémrcmlseé% tﬁllahset of
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is no | onger ﬁ§€%% %ﬁ@géo ke Fh@ Brp&GrELve plﬁﬁ§eﬁﬁiﬁﬁmﬁ?ﬁ§?nhﬁﬁé
vessel , since Heem evplntddonioftidieculid €14 or atenpbreidyecaprehgée is
achleved by a §J %r&%@%&i@% ghgegmgﬁrlng ngMEY supply in the heating

el ements. oat1ng-zon in the Float Zone
t echni que, the naterlame|§namatﬂ2 haSJ(antﬁeaomeebaEdandiggnendlmyanped

o ot o] "Mt cone 81 SBB1 | PR A0 DAL PhLoBenl 10
t he vehicle 22 and, on the other hand, a working unit 24
arranged on the end face of the latter. The working
unit 24 1is capable of being moved by means of the
conduit robot vehicle 22 in the longitudinal direction
15 R of the tube to the inner collars 16 by the drive of
the wheels 26 bearing on the tube inner wall 14’.
Arranged on the conduit robot vehicle 22 is a measuring
wheel 28 which likewise bears on the tube inner wall
14’ and is connected to a rotary-angle transducer which
20 transmits the signals generated as a result of the
rotation of the measuring wheel 28, via the feed and
signal cable 30, to a control and monitoring unit
arranged outside the tube system. The exact position of
the device 10 in the tube 14 is known by means of the
25 measuring wheel 28.

A turntable 32 is rotably mounted on that end
wall of the conduit robot vehicle 22 which is at the
front, as seen 1in the working direction A, and is
capable of being pivoted about the longitudinal axis

30 22" of the conduit robot vehicle 22 into the desired
rotary position by means of a rotary drive arranged in
sald conduit robot vehicle. As may be gathered, in
particular, from Figure 3, two output shafts 34 are
mounted approximately diametrically opposite one

35 another on the turntable 32 and are in each case
connected in a known way to a drive assembly inside the
conduit robot vehicle 22. Furthermore, the turntable 32

has compressed-air and electrical control and signal



25 rod. The nolten zone is noved through the rod over its whole | engt h

by heater or rod motion. A single crystal can be gener- ated by
spont aneous Nl dl/igQHe30" Using a single-crystalline peor/cge8doosgatal as
the initial part of the rod that is kept un- nolten. Mostly, the zone

passage is carried out upwards, be- 30- &ause in that case the process has

a hi gher stabiddnectionsUsigl kyr the GbOWLAG %xat aly .anthesson@tteesial so the
mel ting rod are_rotated,
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its surfack termtoamh sara;hdndzrlmetctmm unit jwsiclpeai¢i srvenghd. oBesiides,
addi tional forges % +Qp, the melt. In particular, when a hi gh

frequency |nduct|on ing 10 systemis used in senlconductor gr ow h,
skin effect generatesThe WﬂﬁkkﬂﬂﬂqQ$QN%ﬂs@ﬁ$ac@d3%#%h%gmhh%hbﬁ§PBeﬁold|ng
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t hat output shafts 34 of the turntable 32. By this output
shaft 34 being driven by means of the respective drive
assembly arranged in the conduit robot vehicle, the

20 setting head 44 can be moved in and out in the radial
direction. In order to keep the rack 36 in engagement
with the spur wheel 48, a support roller 54 is provided
opposite said spur wheel.

The setting head 44 has two rows 56, 56’7,

25 spaced from one another in the direction of the
longitudinal axis 227, of receiving grooves 58 running
in the direction of the 1longitudinal axis, the
respectively mutually aligned receiving grooves 58 of
the two rows 56, 56’ being intended for receiving the

30 same article 20. In the present case, each row 56, 567
has three receiving grooves 58 open outward in a radial
direction, the two outer receiving grooves 58 being
arranged fixedly in a carrier body 60, fastened to the
shank 42, of the setting head 44, and the respectively

35 middle receiving groove 58’ being formed on a finger-
like setting element 62 which, as shown in Figures 2
and 3, is mounted on the carrier body 60 displaceably
in the radial direction and so as to be capable of



c?ystals are grown below the nelting tenperature. If the mate- 30 rial

nmelts incongruently, i.e. deconposes before nelting, or exhibits a
phase transitiwonobghgveshe nmelting point, one has PCT/CH98/0033
- 6- indeed to |l ook for growh tenperatures |ower than t%ese phase

transitions. Flux growth might thus be-u&ed when the nelting

tenperature iBevnrgyfbirgbd BAGki Souseét| tyhere t FErYARSF Pr@SmpressBH e at
the nelting tegFeratu(r?%ti s too high. Ther strain is, 5 mnimzed, due to
‘h t

I
the relativel §PFo#Pgr etat uF’BPaFﬁgE' 19er P&t legmertilt
gradi ents, an@igheefBee ghemt hthat osatting | ilémbntal 168M nigs t hien f arHeat i on of
grom h facets he. net hed. | % rsatile, .since a solveny, may be
found for anyp?r%_tgg%lggl B ré?%qﬁ??egéig%&fe{ﬁlev? ojfen?eoJTVla{lgsi%gcioevecfl{gstdl . Fl ux
growt h is al sariangedt abhsther thetyerodi h ef | apens dn sithgl e madistlal sub-

strates. The gRi8cHisAIVERAR0ESe 8thdNaJPWHaW R raESovEEES? faceted
crystal formand the unavoi dabl e presence of ions gf the flux as

impurities in the cryStal sParplipe sshighdscoff profacks daem i g

el ements. I n peneinl, 40r ysi akher ovtde f FQBLAGE awky NBHdm | ShBr S ARlE
whenever possib stal s are needed

e, However, .since often, only small cr .
for basic inv}ég%?gaf’f%ﬁgietﬁ ’ sa]é%f%ﬂe]rﬁl%h}?e I nGERNERRPRed Dt HAYE t hat of
nelt tecHf quésee end rSgienvely spager Warsd 6% aah Wdisw hew dry
hydr ot her mal cnSY ' This t ni gue cansi sts_in,usipg agueous
sol vent s %gl%?ncgér%é%esd ur ergﬁlggh eerrpelrné]tetfr ewﬁﬂgj p gssu‘? ' i% order
to dissol ve afdrpetkyshesliz@ wahiehi alf apmtorariatrenl atarny dley moved nisol ubl e

under ordinaryngoBditi @Rsanbdabl¥orhB1hydeelbermal e twogr%W%Hgsd%ﬁ§0|Ution
is carried out at the | ower "hotter zone 25 (nutrient zones) an

crystal lizatidbh Ps G5 d Youknen t B gsmera erwhboh ed sz srennagtest h

zone) . Namur abigosyeeil ONi6als et She cot B3l athdndie J:8RENALW € g adi ent
carry the material from t.he nutri Ent zone to the growh zone. Note

that there ar®hyeS, 1yr Rl adxpefPhientle ca¥ 13 &L otoUHRy &R ene
pressure con-v&oiflitatien (deschd attingaheadd greater than 10 kbar).

A rocker-like guide means 74 for the articles

20 is arranged in the free end region of the shields

20 66. A mounting 78, in which two guiding and braking
plates 80, 80’ are arranged, is fastened, along an axis

76" running at right angles to the longitudinal axis

22, to a carrying stirrup 76 which is formed from
sheet metal with a lateral bent-up edge portion and

25 which is mounted on the shields 66 pivotably about the
axis 76’. These plates delimit a guide gap 82 and have,

on the sides facing one another, guide depressions 82’

for the articles 20. The three articles 20 are thereby
held and guided next to one anothér at a defined

30 distance from one another. Furthermore, for each pair
of guide depressions -82’, there is arranged on the
mounting 78 a setscrew 84, by means of which the width

of the guide gap 82 and the respective guide depression

82' can be set, in order, when the device 10 is moved

35 in the working direction A, to apply a frictional force
individually to each article 20, so as to tension the
articles 20 or keep them tensioned. The guiding and



-7- Physi cal vapor transport grow h: Bul k crystal growth can
soneti nes be perforned by physical va- por transport. The advant age of

these techni ques goy4i3dals Crys- tals tend to have angy/cﬁggpgagg tion of
poi nt defects, and 5 |ow dislocation densities, conpared to crystals grown

fromthe mel t, the reason being that 7t enper at ur es are usually consid-
erably |owver thaninle praltdsn@ot emper abukestMBreeueab1{fokhg fiexipREeri al
under goes a phase t,ransfformatl 08, Qr if it nmelts in- congruently, vapor
growt h can bepgﬁ‘étdr?l'y ORoPE8TPLF FRLOD 19T Tt of single crystals.
Conpared to nelt growrhstendidsad- that ¢att agetat Vaper-yikwt barﬁybﬁg\evelr
the relatively.l r R, s rate typi.cally, encountered, . .. Severa

cl asses of tec tr#\(%(ﬁl s(;)\g(iwéjtlcf}lorlst %8ca¥§&ﬂ ﬁno%éhSuFE%g%ngsg‘ﬁﬁ?esi?ﬁsfil s from
t he vapor Pphase.9Wsy boedy dB8f whéghi dise¢providedy witsh nbltxee pésshgesource
material (e. Q. V\nﬁ;- o Ty : j r or,): and . han} snms by
which it ist rfgrfs- lhﬁndpo%}!tezdalf%l@%eé Szr(gvm ‘ilnﬁé)c(ﬁ%/ls@é;l d%%?%%%%&?%’hgg
conceptual |y §h¢ the presadeechni §he gaideatosy bl erat Fenrdinetedt he

source 20 neieh ahel Sepka¢edqalro8eesnglg ofsgv seal ed tube and heated, so
that it sublines and isf%gen transported to the col der region of the

tube where it crystal FPFEESTIPTERe S¥Qr B ifAf esilgferdsa 90, drhserghnl e
conpound, 1¢ herawt hate wiiishocd atriode BUbbhBBEEPN,are fabEeh&@ANIROrthe

cesses are re. X stal staqi,- 2 hi o ry.becones an issue
Itoz)obeszo?\si deré .rglggﬁpg%r?\ﬂrgt f\](raér/ %8#‘:?‘1”0%%%3??5%%3&& pr 8é§se§?gan
inert carrier P_ro_jecgé@gcaﬁbbeei nthedusteeide o @he $hal edotiubed2Transport
can be f agichibaied B NBABS bt e&e;@ Sh@gﬁscts%macahgméctso  gyhere 30

an active vapor species (often a halogen) reacts witht charge to
produce a vol #PicE dFedibed (WpWaddlfepndatiscin sche form of a segment

15 of a circle. When the rods 92 are drawn out away from
the setting head 44, the articles 20 run through this
guide bow 74. After the fastening screws 96 have been
reieased, the rods 92 can be moved out of the moved-out
position, indicated in Figure 2 by the rods shown by

20 broken lines, inward in the direction toward the
conduit robot vehicle 20’, until the guide bow 94 is
located at the guide elements 90. The length of the
working unit 24 can thereby be reduced considerably so
as to introduce it into or remove it from the tube 14

25 through a vertical shaft.

Figures 1 and 2 show by unbroken lines the
pivoting position of the guide means 74 when the
setting head 44 is lowered in the position of rest and
the articles 20 are not yet introduced into the clamps

30 18. Dashes and dots indicate the setting head 44 in the
moved-out setting position and the <corresponding
pivoting position of the guide means 74.

As may be gathered from Figures 3 and 4, the
clamps 18 have two resilient clamp tongues 98, between

35 which an article 20 can be inserted in each case. In
each case the middle of the three articles 20 is first
inserted into the associated «clamp 18 and only
thereafter are the two outer articles 20 simultaneously



-’8- transported to the crystallization zone. There, the reaction
Is reversed, leading to the deposition of the elenent or com pound to

e crystallizgd woyhspekease of the carrier (halo- PCOLONO8NIO3B21 S
recycl ed. 5 Epi t axy: Thin filmdeposition processes are rel ated

to the bulk growth t echni ques in maBy-aspects. In summary, one or
several very inserthin lh@betaeotadﬁrab@ﬁtablaxﬁps deposgince ontoicles ystal | i ne

b- 10 strate to f d talli fil t
G o, many. AEEn0AS aedr LN CBHE Huuh REENGA ot Chanty 903 S0FBhi d and

Sol i d Phase Ep&hap¢ (ienchindieaghHakegennIyansporange of Egefbagtidmvefati on
Epitaxy and CLganosVERal IiGaVRorafhase coo 01 LRALAL Mdngdiesg teghni ques

are very slom/and concern v qual products ctors
af fecting Zryseguigedli tjus maklRegamdm§§§hMMaﬂfqywﬁhalQkﬁmnﬁcﬂﬁat@

consi dered, the QVX%BGEd Verngﬁggéy%l@oagﬁéngﬁgkﬂgk three factors, nanely

t he regularlty of tice e presence of inpurities in the
product, and t heAlfﬁﬁ’énﬁéénéWrofcqu@rér V& FeEihi Yt Famps

Wi l e Iattlceltéefr%ﬁ;tes K&én t pke tihe fiara, offdmt@mﬁplé ab? @ﬂéﬁns of 2
vacanci es, which are in part generate SO|IdI I ca- on

front, and di PRIEECanFYTedhbi he g&éSEHFﬁg 38 E&} appllcatlon

10 No. 98 102 681.8, and after the artlcles 20 have been

drawn in, if there is sufficient space the entire

device 10 is lowered, for example by means of a crane,

into the shaft from which the tube 14 leads away. If

there is not sufficient space available, the conduit

15 robot vehicle 22 and the working unit 24 are lowered

into the shaft separately and are attached to one

another in the shaft by means of the bayonet fastening

38, and the connections 36 are connected. Subsequently,

the articles 20 are introduced into the guide means 74

20 and the receiving grooves 58, 58’ of the setting

element 62. If this cannot be carried out with the end

of the articles 20, in this case the articles 20 can be

introduced into the guide gap 82 and into the guide

body 88, the guide means 74 may be designed in such a

25 way that both the guide body 88 and the guide gap 82

can be opened in order to introduce the articles 20.

After the end of this preparatory work, the

device 10, driven by the conduit robot vehicle 22, with

the working wunit 24 in front, is moved by remote

30 control into the tube 14 in the working direction A,

until the setting head- 44 has reached the first inner

collar 16 having the clamps 18. The measuring wheel 28

and the TV camera 72 serve for detecting this position.

By the turntable 32 being rotated, the'working unit 24

35 is brought into the desired rotary position, this, in

turn, taking place by remote control with the aid of

the TV camera 72. The setting head 44 is then moved out

of its position of rest outward 1in the radial
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spr1ng 64. In order, at the same time, to avoid damage

15 to the respective article 20, the flanks of the setting
element 62 project beyond the respective article 207,
so that these flanks can come to bear on the tube inner
wail 14’ and said setting element 1is thus forced back
directly by the tube 14 and not indirectly wvia the

20 article 20. The compression spring 64 is, of course,
designed in such a way that its force exerted on the
setting element 62 1is greater than the force required
to insert the respective article 20 into the clamp 18.

After the three articles 20 are inserted into

25 the clamps 18, the setting head 44 is once again moved
in in the radial direction, the receiving grooves 58,
58’ leaving the articles 20 which, in this case,
maintain the position indicated by dashes and dots in
Figures 1 and 2. After a <check by means of the

30 television camera 72, the device 10 is moved in the
working direction A as-far as the next following inner
collar 16. At the same time, as a result of the action
of the guiding and braking plates 80, 80’, a pull 1is
exerted on the articles 20, and these are held,

35 stretched out, if they are articles 20 with low
inherent stability. During this forward movement, the
guide means 74 is gradually pivoted counterclockwise as
a result of the weight of the articles 20, with the
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significant amount isd ngerRArRt ebddi d Neof course, to introduce
only one or two articles 20 into the clamps 18 by means
15 of the device shown.

If a support wheel 70 1is provided, this may
also be arranged fixedly on the working unit 24. 1In
order to allow the working unit 24 to rotate about the
longitudinal axis 22', however, said support wheel is

20 advantageously spaced from the tube inner wall 14’, so
that it can come to bear on the tube inner wall 147,
for support, only when the articles 20 are being
inserted into the clamps 18.

Preferred inner collars 16 with clamps 18 are

25 disclosed in EP patent application 98 102 682.6.
However, the present device may, of course, also be
used for inserting elongate articles into clamps which
are fastened directly to the tube.

Figures 5 to 13 show a further exemplary

30 embodiment of the device 10, parts comparable to one
another being provided--with the same reference symbols
again. This device 10 has a substantially lower tilting
moment, as compared with that described above.

For this purpose, the traveling frame 12

35 comprises a main module 100 which is capable of being
placed onto the turntable 32 of the self-propelled
conduit robot vehicle 22 and in which are arranged the

necessary electronic components, pneumatic or hydraulic
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very ti nmeloonsaun D@6 andf expessi Fegurd05) . By means of these adapters
104 or 106, capable of being inserted between the
setting head 44 and the shank 42, on the one hand, and
between the guide means 74 and the box-like housing of
the main module 100, on the other hand, the setting
15 head 44 and the guide means 74 can be offset in the
radial direction according to the diameter of the
respective man-inaccessible tube 14. Moreover, the gage
of the self-propelled conduit robot vehicle 22 can be
set according to the diameter of the man-inaccessible
20 tube 14. Expediently, in this case, care is taken to
ensure that, by means of an appropriate setting, the
longitudinal axis of the self-propelled conduit robot
vehicle 22 coincides at least essentially with the
longitudinal axis of the man-inaccessible tube 14.
25 Finally, the support wheel 70 can be pivoted inward and
outward according to the respective diameter of the

man—-inaccessible tube 14.
The drive shaft 52 coupled to the two output
shafts 34 of the turntable 32 can also be seen again,
30 in particular, in Figure 10. The setting head 44 is
again moved in and out--via one of the two output shafts
34 of the turntable 32. The other output shaft 34
serves for the inward and outward pivoting of the
support wheel 70 (cf., in particular, also Figures 5 to

35 ).

The support wheel 70 is pivoted in and out via
the worm gear 102 (c¢f., in particular, Figures 5, 7 and

10), a worm 108 driven by the respective output shaft
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least one transverse strut 118.

The drive for moving the setting head 44 once
again comprises a portion of the shank 42, said portion
being designed as a rack 46, and a gearwheel 48 mounted
on the housing of the main module 100 and cooperating
with the rack 46 (cf., in particular, Figures 5, 7 and
10). In order to keep the rack 36 in engagement with
the gearwheel 48, a support roller 54 is also provided
again opposite said gearwheel. In the present case,
however, the gearwheel 48 is no longer connected to the
respective driveshaft 52 via a toothed belt, but via a
gearwheel mechanism 120. A corresponding gearwheel
mechanism 122 is also provided between the shaft 124
carrying the worm 108 and the other driveshaft 52.

The setting head 44 is otherwise moved in and
out in the same way as in the exemplary embodiment
described above.

As may be seen, in particulap, from Figures 6
and 10, the setting head 44 again has two rows 56, 567/,
spaced from one another in the direction of the
longitudinal axis 22’,--of receiving grooves 58 running
in the direction of the longitudinal axis, the
respectively mutually aligned receiving grooves 58 of
the two rows 56 and 56’ being intended for receiving
the same article 20. As may be seen from Figure 10, in
the present case the middle receiving groove 58 of a
respective groove row is also arranged fixedly on the
setting head 44. Consequently, all three articles 20,.

canci es,

15 high quality crystals isthus
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(cf., in particular, Figures 5 and 8)
15 As may be gathered, in particular, from

Figures 5, 8 and 9, the guide means 74 is assigned a
guide lever 126 which is arranged in the region of the
guide bodies 88 located nearer to the setting head 44
and which is adjustable by means of a cylinder/piston
20 unit 128 between a holding position, in which the
articles 20 are held at least essentially in the
grooves 82’ of the guide bodies 88 or are engaged over
by the guide lever 126, and a release position, in
which the articles 20 are released. As may best be
25 inferred from Figures 8 and 9, for this purpose, the
guide lever 126 can be pivoted essentially through 90°
about an axis 130 perpendicular to the longitudinal
axis 22’. This prevents the articles 20 from escaping
from the grooves 82’ of the guide bodies 88 when the

30 guide lever 126 is in the holding or guiding position.
When the robot has to be moved out of the
man-inaccessible tube 14, for example if flood water
arises, the guide lever 126 is pivoted about the axis
130 into the release position, in which the articles
35 20, formed, for example, by protective pipes or optical
fiber cables, are released, so that the robot can then
be moved freely in both directions. Moreover, the guide
lever 126 makes it simpler to introduce the, in
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also having the guide bodies 88 and being pivotable
15 about the axis 134, is automatically pivoted downward
away from the articles as a result of its weight.
It has been shown that there is no need for any
braking means for the tensioning of protective pipes.
In this case, therefore, the braking means described in
20 connection with the above exemplary embodiment can be
dispensed with. However, the use of such a braking
means may be expedient, for example during the laying
of cables.
As becomes clear, in particular, from
25 Figures 5, 6 and 9, in the present case, too, a color
television camera 72 pivotable about an axis
perpendicular to the longitudinal axis 22/ (cf.
Figure 6) is again provided. In the present case, said
camera 1is mounted correspondingly pivotably in the
30 basic body 132. Furthermore, in the present case, a
fixedly arranged, radially oriented black-and-white
camera 136 (cf., in particular, Figure 5) is
additionally provided. This black-and-white camera 136
may serve, 1in particular, for inflows into the
35 man-inaccessible tube 14 and tube packings and into the
collars set in the man-inaccessible tube 14. If, for
example, such a collar has been detected, the robot is

noved forward over the distance between the
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solyed marercal Ly Y stheplAri e TRl I ML popuBl ok g ygmbfod 1
al gebrai ¢ equatiitdtnsHes @uldeedodies 88 Newl omowntrd howl. ti2e basic body
132 pivotably about the axis 134 is capable of being
pivoted relative to the basic body 132 via at least one
15 cylinder/piston unit 140. The rocker 36 can therefore
be forcibly pivoted in, for example in the event of
apending evacuation of the robot.
Thus, in the present embodiment, the same
self-propelled conduit robot vehicle 22, the same main
20 module 100 and the same guide means, comprising in the
present case the rocker 76 and the basic body 132 with
the cameras 72 and 136, can always be used, regardless
of the respective diameter of the man-inaccessible
tube. In order to adapt the <robot to different
25 diameters of the man-inaccessible tube 14, the setting
head 44 and the guide means 74 are coupled to the main
module 100 via corresponding adapters 104, 106 and/or a
corresponding number of adapters. Moreover, the support
wheel 70 is pivoted in and out according to the
30 respective diameter of the man-inaccessible tube 14.
Also, the gage of the self-propelled conduit robot
vehicle 22 can be set according to the respective tube
diameter. |
Figure 5 illustrates the robot with its basic
35 equipment for man-inaccessible tubes 14 having an
inside diameter of, for example, 300 mm. In this case,
no adapter is required between the setting head 44 and
the shank 42. The guide means 74 is fastened to the
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control of the tail-
for man-inaccessible tubes 14, the inside diameter of

15 which is, for example, approximately 350 mm. As already
mentioned, however, other diameters may, in principle,
also be envisaged. According to this Figure 11, a
tube-like adapter 104 is inserted between the setting
head 44 and the shank 42 mounted in the main module

20 100. The basic body 134 of the guide means 74 1is
fastened to the housing of the main module 100 via an
adapter plate 106 which is somewhat larger than in the
equipment according to Figure 5 and, in the present
case, projects upward somewhat beyond the housing of

25 the main module 100.

Thus, as compared with the basic equipment
illustrated in Figure 5, in the present case the
setting head 44 and the guide means 74 are offset
further outward radially with respect to the main

30 module 100.

Figure 12 shows 1robotic equipment which is
designed for man-inaccessible tubes of somewhat larger
inside diameter, here, for example, 450 mm.
Accordingly, a correspondingly longer tube-like adapter

35 104 is inserted between the setting head 44 and the
shank 42 mounted in the main module 100. The basic body
134 assigned to the guide means 74 is fastened to the

housing of the main module 100 via a correspondingly



Stage is a particularly difficult problem since dianmeter can- 25 not be

nmeasured today at that stage of grow h. O her drawbacks of the
aurrent contrﬁb 9l7akeghes are that crystal qualipygryerogyodssect!ly
addressed on-line, but only indirectly through actions on the pull
rate or the dianeter. 30 Summary Of The | nvention

- 16 - larfeuchgbgtter pestlt rwsl d e aehi eped tbepughrém oa-line

control of the réal ,quality criteri i, [ties, st .). As
Che. orowth proeEEeTiSoRs o oy B o o il T prpget S

teclhni gues ?a&a&eontm- keneingl tulaat i phsandhitdle wibtide mepneviide éhe
evolution of critical non-neasurabl hys] htles h
pr oceeds, canoggggﬁnsi%eré&gresﬁ%ndiﬁ%b%j%%$+%%F%fq#%gEP%§ent$§%gégﬁﬁo
devel op an5apprecprildyewifh cempeot bystieenmaimrurtulieo Li0fprove crystal
quality in single Fahyskal grpw hsﬁ&ggess%b@@d t Q@ JEgmdie MEgrand
nore severe requireﬁénts t hat app to crystals to be used in

el ectroni cs, man-iggcicessibie. tubes Cﬁ%

;Oagf' fchi e\\llﬁqnﬁmé Present {cﬁ%te,cqalk_r @k af 1tehte_6tms1}hmretxevams pbagfe]gal
uantities whic vern this gua . Funct,i onal _dependenci es, o
quality pa- EvWO r&HQﬂq‘gf’% oﬁdﬁPBﬁgﬁ pllacﬁ‘gneatreers l&st?,rt&gg. gﬁgw&?f}ch?l&?ski

W | FARY ohndtder gsemettal ity is

silicon 10 @eawihgracsabcopi andndhe cstosdopdz awibakedndrr adial meani ati ons

20 o0 e X ERRLIE P RIRTH P 2SI T i Tt
heati ng systemeaetsc.74 is fastened to the housing of the main module
100 via an even larger adapter plate 106.
Correspondingly, in the present case, the setting head
15 44 and the guide means 74 are offset a further distance
radially outward with respect to the main module 100.

. The downwardly pivoted support wheel 70 can
also be seen by dashes in this Figure 13. In this case,
the adapters 104, 106 and the settings may be selected,

20 in particular, such that the mid-axis 22’ of the robot
coincides at least essentially with the mid-axis of the
man-inaccessible tube 14.

The tubular adapters 104 between the setting
head 44 and the shank 42 may have a length of, for

25 example, between about 25.5 and about 75 mm, for
example according to the graduation of the standard
nominal widths of the tubes 14. Even two or more
adapters may be combined with one another particularly
for larger nominal widths. In this case, the adapters

30 combined with one another may have an egual length or
else be at least partially of different length.

The embodiment described with reference to
Figures 5 to 13 may otherwise have at least essentially

the same design as the embodiment described above.



However, since these physical quantities can, npbst often, not be

measured during growth, nodels which allom/for t he evalua- tion of such
vari ables in a ave been devel oped. Anot of the
i nvention is § %g}éhgnﬁ i vari abl e predictive cont rﬁ?f s%fegqje/% based
on the use of on-line si mul ati ons aM the above nentioned nodels in the
control [oop, p30, Fn preder to be able to achieve accurate control of
process varrables %lncludlng non- neasur abl e vari abl es).

- 17 - The invention provides a process for controlling the growth
of a crystal, Coﬂpﬁb%hﬁﬁ for xné%ﬁﬁﬂ%gfﬁﬂdﬂgdﬂé<Hkﬁﬂdhésﬂ(ndﬁﬂlon

software working. wit reduced nunber of vari abl ductlon of
vari abl es bei ﬁt}g as pﬁﬁ?i?ﬁed’rbyp{%?ﬁvg &15P 0] BEEIPSN gf%orl F‘ﬁﬁ’?‘
speedi ng up theraﬂgbdnejﬁnnuiaalamns@hhmaeesbylgeNmm@tln@4b, wittata bank

o Ve ERafte Yz S 68 SHRBIEE vRT LARLES cnbBor L8 UPrAME

- tuning the on-Trne S|nu it5on so Fe by a Ju
predicted by mnbblnensenulmalbns(l%!themwebdwtslobtéhﬁedlongltmdtﬂalI|ne

Sinul ati ons and, by ABASULBMOES AN oS with S5 BBLERINgAcoNp! | 00D

and controlllng variables in real tine, the control
| oop using t hehépbedsdarranggd andthanésamn- (1ak 5rMARLY JROHINaIR as an

on-line 1o obsgk¥ehbn t%0 the IHEgitlyBIHd0Na2d SO (PROYi des e appatat us for
controlling tggd which has, for an article (20), at least one
receliving groove (58, 58') running at least
approximately in the direction of the longitudinal axis
(227) and being open outward in the radial direction,
15 and with a drive (46, 48) for moving the setting head
(44) in the radial direction, wherein the setting head

(44) has, for each article (20), at least two parallel

receiving grooves (58, 58') arranged next to one
another.
20 2. The device as claimed in claim 1, wherein one

of the receiving grooves (58’) 1is arranged further
outward in the radial direction than the other
receiving groove (58) and in a setting element (62)
capable of being forced back in the radial direction,

25 preferably counter to a spring force (64).

3. The device as c¢laimed in claim 2, wherein at
least one receiving groove (58) is arranged on each
side of the setting element (62), ~as seen in the
circumferential direction.

30 4. The device as c¢laimed in claim 2 or 3, wherein
the setting head (44) has two rows (56, 56’), spaced in
the direction of the longitudinal axis ({22'), of
receiving grooves (58, 587).

5. The device as claimed in one of claims 1 to 4,

35 wherein the frame (12) has a self-propelled conduit
robot vehicle (22) with a rotary means (32) for
rotating the setting head (44) about the longitudinal
axis (22').

N O AR




growm h of a crystal, conprising: a) a crystal pulling nmeans for pulling
a singlflcrystal fron1? IIrrelt; 25 b) process control neans for
gontrolling t Y, pul I'i ng nmeans; c) on- n means
for providingaﬁh§56?§§g§s control means with én i Ebeg?%%ggég%égalues
of paranmeters influencing the puldixgg -of the crystal; 30 d) data bank
means for spegding UPhe faR3LENG STl ko ond RANS: 1Y oY OVi g g, data of
on-line predicted values an £t -

18 - | | whecglioul at edidel vesanst A anefial sIpadingndingg 2RELELESI ng

of the crystalpeandt 1eadd é;gﬁrdxﬂz%t%mlﬁéﬁaquerreadbs dry &E@ﬁ/héist ngnt he
control neans, the on-line sinmulation neans and thﬁgﬁ pank, nmeans

with of f- SEPPH@m@§FcuW&F€d FaPueL eGP ARG el EPEVEHf I lheliulllng
of the Cry§talarranged B$nt Efch@esﬁ:ﬂanﬁil()mg Ihe ﬁcaw ngs the Eegtingef ers

to the on-lin of a reduce sed ae det ai | ed
di stributed ng g‘?‘% Vo8l seen ﬁlg re‘f%’f}?r{% Sﬁr%gé?%t u( fehis
suitable to p&mh@mmnhbethe artmnegasi V20 pr ocess. Det ai | ed EEscrlpt|on

ggrlggtgpgentbqnnndelTPa §€$ﬂb£§§§°§%9%%?i:§n§ﬁ§?§érentla eghg¥$%agb3;?d
guide means has friction brake (80, 80")

10 preferably capable of being set individually for each
article {20).

8. The device as claimed in one of the preceding
claims, wherein the drive (46, 48) for moving the
setting head (44) 1is accommodated in a main module

15 (100) capable of being placed onto the rotary means
(32) of the self-propelled conduit robot vehicle (22),
and wherein the setting head (44) and the guide means
(74) can be coupled to the main module (100) in each
case via at least one adapter (104, 106).

20 9. The device as claimed in claim 8, wherein the
pivoting drive (102) for a support wheel (70) is
additionally accommodated in the main module (100).
1i0. The device as claimed in claim 8 or 9, wherein
at least part of the necessary electronic components,

25 pneumatic valves and/or hydraulic valves are
accommodated in the main module (100).
i1. The device as claimed in claim 9 or 10, wherein
the support wheel (70) can be pivoted inward and
outward according to the respective diameter of the

30 man-inaccessible tube (14).

12. The device as eclaimed in one of claims 6 to 11,
wherein the guide means (74) is assigned at least one
guide lever (126) which is adjustable between a holding
position, in which the articles (20) are held in the

35 guide means (74), and a release position, in which the
articles (20) are released.
i3. The device as claimed in one of claims 6 to 12,

wherein the guide means (74) comprises a rocker (76)

A




scribing the major physical |aws governing the process). These
simul ations can predict the evol ution of sone of the process 20 vari ables

and these predicti be used in a predictive I me for
better contr o™ 099V%§° ocess The main ideas ofPFﬁ?ghéﬁégﬁgpgn can
be applied to any bul k crystal growtdgp process, such as Czochral ski,

| i qui d encapsus- 5, lated ochr, |Sk| Brl zone ven any

ki nd of ﬁhﬁééléﬁ é?ﬁhf%g gsggidfhg eﬂtgoﬁgg% ?eatﬁgéggo chese
processes aremounted[pﬁV@taHkypmmcesbe51ar®qdyli3Mtthwmﬁeﬂhkﬂltblc tinme
constants %El%p%w% der 950}0 m nutes to several hours. 30 [err] The
model s for these processes are usual |y based on several _PDEs

descri bing thd4eat arfdemslayioecn imed the ¢heEp-13, wherehretBAapes in

various regi Mg, gfe t he parﬁtdﬁ.ded w1th gulde elements (88) is
19 - [err] The nDdeIs are conp to the nature of thgﬁgroblem

itself (crystéﬁﬂ%ﬂ%ﬁ(ﬂf(ﬁe%¥q|H$YQ§eHh&§§ﬁ r@ﬁBe9ErF8u§he basic BRF¥nent s

that need to qudeﬂllae@,t tllaasrtnbh@eaygelﬁaeﬁppxston unitvegtdmn, the
presence of b darle e.main varlagles m@lgh ed to be
y o

control l ed ac ately devﬁ?? Sﬁdgéaﬁgegnﬁpo9getﬁ£ quati't ‘cryst al
(and even wheddim stladi lgatgp off t Inheprsmﬂe‘s—spnméllfedmnd@rtgeroby*st al s
are re urabl ceces ehent gki on of
this |nven9|on réfﬁés g?@% 2 §%t afcﬁgéimﬁ'gﬁ Z%%JH%$%$descr? ed in

t he case of thémcz@n-‘naa§ﬁﬁ§ubﬂﬁ gnbanhlé silicon, but are also valid for

ot her mat e- rials and techni ques: [err] A reduced nodel (a
sinplified version) of a detailed off- line simulation software (for
Czochral ski growmh, this is, for exanple, the FEMAG software) is
established, in order to speed-up the conputations by reducing

significantly the

L



*5 nunber of unknowns characterizing the thermal environnent and
the geonetry of the crystal and the nelt, so that this reduced nodel
¢an be used on-line. This neans that sinula- tions run nuch faster
than the real process. This reduction is perfornmed using a

proj ecti on al goMPPMNe Sone par anmeters gover ni ng ROAER\ERECced nodel
are tuned by fitting the re- stz s with detail ed sinulations.

[err] In order to increase the conputation speed even nore, data 20

banks generated by off_line sinulations using the detail ed

sinulation software ar®usely to ..' Re valuesRol the radia- tive
matrices and for the nelt oW i foacti ¢,y for di fferent
geonetries. During on-1i i at i 'nter - tion between

sel ected radi ati ve mat RrgesJanfift [ea tions are perforned as
a function of the current o] 'naf\a rs. 25 [err] For the
reduced nodel to be uggd ' ap a c'bsir for non- measur abl e
vari abl es, atuningi? SN hi_étun \ ing is done both

of f-1ine, by conparisgn IA\h - J ults of the detailed and
reduced nodel s, and offeliReN ] } I feal” t\e, during the actual growth
of the crystal, by comgg ] af g0 af we cdyput ed and measured val ues
of sone of the o~ rél erial constants will then
be ad- justed on-1} M he simylsgd and predicted vari- 30
abl es be close to theij jecti (|. 4. § ®al ues. [err] Once the
reduced nodel operates Q- e gwebiabl e 'S server of the
process variables, it \

- 20 - pr edl ct evarialjl e Pe process which need to
be controlled. This cln}ind ured vaunan| gg,, as for i nst ance
the pull rate which is ne n_order ItoO tain a specified

di aneter, but also un » I ich are strongly linked to
quality of the crystal, f exgnmplenN tg)rface shape or tenperature
field on the wall of g g I‘FC- be.] Mul {Ipan abl e predictive control

t echni ques, based? A q2atl®*on syper formance i ndex taking
into account the differe be da—Breodi-ttel r@ dksi red val ues for
the controlled process v b —wi~-+—tRen_b :applied to control the
real process. Thesg\ Wl esP apl 13T nore detail bel ow
The de- scription i F

on )ch ‘g.rowth process.
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FPor the conplex systemof crystal growh, different sinulation nodel s

(e.g. FEMAG have been devel oped using finite el enent or finite volune
techni ques. These nodels are detailed global 15 nodels, since the various
heat transfer nodes are taken into account, including conduction and
radi ation withi "a§%et ween the constituents, conPEFFEBAB2N the nel t
and rel ease of so- lidification ¥d&t at the liquid-solid interface.
The equati ons describing the process are nonlinear partial differential
20 equations or integral equations. In order to solve these equa-
tions, one relies ofa \ne) spac [d ~EQt i o, (conmo S- i ng
finite el enments) togethk \ & satPen (e.g usi ng an
inmplicit Euler net¥og N -aduseds —aj_ned, at dyici ng
significantly the conp®{i ns {1 [ on™\a\pr o- tion technique.
An easy description of Ly% ai Subdi v = t he
furnace i-nto a set p ele , T ide “rad Stive" (the
furnace encl osures), Saws. dfnen Lil(e. 9. e _ S iji es), or
"one-di mensi onal " (the {hiR|sh ] 3 cyst] ‘a particul ar
t wo- di mensi onal nacr o- e drent ¥ se shage—i-.st.ﬁ‘ pr unknown, and
where latent heat is S RN - 21 -
rel eased at the solid-I{¥ui F in(i rif The/ et ofl in\l\‘e'f S
connecting the macro-el S qtfj t ules tjh S glieton\ e gl obal

( “itn-

domain. At any ngw ti ng Cro- men udes a set of

.7

unknowns, whic re theNnev elper a- \ tyres,/ sented by the
vector T, the inérenentp / alli z 1§ heat /T | ixeg|on the
skel et on, represented by ) eqtor .J'qr -gnd t he\gepnetri cal
unknowns, represented b gositi ong ._{The npd t enper at ures
can be split into B am?’ T[lehrd , whi chi’xepkesents the
t enrper at ures on . : &
\' R
N \
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0O the skeleton, and T[err], which represents all other tenperatures.
The objective of the reduced nodel is to build up a system of

equat i ons whose nunber of unknowns is nuch |ower than that of t he
detail ed nodel. For this purpose, the detailed discrete 15 systemis
projected onto a reduced sol ution subspace: Tlerr] =
DerrjUerr], eongpserr] Rerr], i n which Ul ergdrdessdodze vector of
reduced nodal tenperatures on the 22 skeleton. The size n of Uerr] is
much smal |l er than the size of Tl[err] (n << N). The matrix Derr] is
rectangul ar and depends on X (describing the positions of nodal
unknowns). Reductions are defi ned consi dering each side of the
skel et on separately. Typical sinplifications consist in assum ng a
constant, piece- 25 wse linear, or quadratic tenperature profile along a
gi ven si de. The gl obal vector of unknowns corresponding to the
detail ed nodel, Z = [T[err],T[err], X, W[err], is thus reduced into U
= 30 [Uerr], Ter]r,X,W([err]. The relationship between U and Z can be
wit- ten as - 22 -
Z = DU, where D is defined ag follows: 5
& ! el
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Eierr] = Derr] if i Nand | [err] n, =[err] 1 > N

or j > n. Note that internal nodal tenperatures in the furnace and geo-
10 netrical unknowns are not reduced, since the idea is to main- tain
all details for what concerns the critical region (nelt and crystal),
while all ow ng woeRdeef i cations in the other partsv%%sfzurnace. In
order to keep the bal ance between equati ons and un t he
reduction in unknowns is perforned ﬂg%cgether with a projection of the
equations, which is basi- cally achieved by nultiplying the equations
by the matrix Dlerr]. The detail ed discrete systemof equations, which
can be wit- ten in the follow ng conpact format any tine step: 20
AX)Z + B(XYF(X)T[err] = E(X is, therefore, reduced in the
foll owi ng way Dlerr]A(X)DU + D[ err] B(X) F(X)
(DlerrjUerr])[err] = Derr]E(X) 25 Hence, the systemsize is
drastically decreased. There is no nore need to use a decoupl ed schene
for finding the solution, and a coupl ed Newt on- Raphson nmethod is used.
30 23 - The factor
(Dlerr]Yerr])[err], which needs to be calculated for every it-
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eration since the vector Uerr] is nodified, induces an inportant
conputing tine in the Jacobi an evaluation (through matrix nul -

ts plications involving as.first factor a submatrix of size 5 (n x N) of
Dierr]B(X)F(X), and as second factor the matrix
A(Dferr]Uerr])[SYOPHO& r], of size (N x n). A sinple sobcwdmemetsp decrease

this cost is to define the foll owsyg approxi mati on
(DlerrjUerr])[err] [err] Derr](Yerr])[err], 10 whi ch can be shown
to be satisfactory as long as the reduced nodes are not too sparsely
arranged on the skeleton. Wth this approximation, it becones
necessary to only performthe product of a submatrix of size (n x n)
of Derr]B(X)F(X)D[err] by the 15 vector 4(Uerr])[err], of size n, which
i's much cheaper. Further iprovenents lie in the foll ow ng points
[err] instead of usi nga&e evrous @pproxi'matiorn, the follow ng 20
al ternative approach ¢ b ntyr oduged (DerrjUYerr])[err]
= [err] in which a\d ef ent tor @f redyced unknowns, [err] =
[err] U, is uSed f%ﬁ i g¥i ve si@&s; thd size of this vector is
nferr], 25 Wi R h N, this apprjoximation is nore accurate
t han bef or e; | oy der ure that essential boundary
condi tions, wWh{ ¢ osgd al ong Whe~@xternal wall of the
furnace, 30 be,exac noy appr oxi el ) verified on the reduced
nodes, the proj ecihoR. erf] ca@® slfightly nodified into
another matri x D respegc se gtondi 1 ons. o
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-« 24 - Wth such inprovenents, the systemcan be witten in the
form DAX)DU + D)B(X)F(X)[err]([err] Uerr])[err] =
DFE(X). 5 The reduced nodel described so far can be shown to be very
ac- curate, provided node arrangenent and reduced interpol ation
functions be seWe&3® i n order that reduced and det ai | edreists: | ati ons
fit well together. 10 Besi des retaci ng the size of the systemthrough
a projection onto a reduced sol ution subspace, an inportant ingredient
of our method is to avoid expensive cal cul ations during on-line
simul ati ons by storing sone information, which is conputed be- 15 forehand,
into a data bank, and access it as necessary. Two mai n cl asses of
information are stored in this way, nanely the radi ative matrices BF
and the stream function characterizing the nelt flow Radiative
matrices are pre-calculated for dif- ferent geonetries, i.e. for

di fferent conbi nations of crystal 20 Iength, andyprevious and current
growt h angl es. For every crystal length, agsmall nunber of values for
the current and previ ous growt h angles are gonsi dered. Moreover, the
radi al positiopg pf the nodes defi ni crystaljwall are inposed

to be the press;ibei cyystal radius, jex€ept for tRe tp4 25 junction node
and a feM/nodeskloc t% j ust above it/ whose ra- dy al positions remain
free. The error i nf fqduc by such a tion is negligible, for
the crystal radiusXgq fo be mai n{ in §he process, and the
det ai | ed shape wul d anyhow _be veé 0 a cylihder. Storing pre-
30 calculated radi ft{fi ve matricédNalllo onputger tine;

nor eover, the nethoﬁ ik also ch <= 3 pdpe,
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-+ 25 - since the information which is stored is the projected matri x,
(Oerr])[err]BFD[err], of size (n x n) (or (Derr])[err]BF[er]r,.of size
(son x nferr])), which is much less than the original matrix BF. A
simlar netwoslaiees applied for the nelt flow the. Strades®ostream func-
tion is pre-conputed by nmeans of quagisest eady sinulations for di fferent
conbi nations of nelt height, crystal and crucible rotation rates, pul
rate or any ot her paraneter (such as nag- netic field strength), and
this information is stored in the data bank. During real-tine

simul ation, interpolation between 10 selected radiative matrices and
stream functions are perforned as a function of the current growth

par amet ers. Once the reduced nodel has been designed with conmputation
times conpatible with real tine control of the process, there 15 are
different ways to introduce it inside a control |oop. The possi bl e
options share a common feature. One needs to be sure that the

vari abl es which are pr&dlcted or esti ) the re- duced nodel do
not drift away fromtheir actual vaIJes ofr~-the procegss itself,

al t hough these actual yalues are usually not 20 neasurabhle. An online
tuning mechanismis hepce necessa ireh nmakes sure¢ that the reduced
nodel behaves simlarly as icess when the sane input
variables (pullin spee ™™g pop etc.) are applied to both.
Since the equaxipng descr t e prpcegs and which|are integrated in
25 the reduced nodel\\fepend on erlal pprageters (essentially

mat eri al constants, whjch are al ways—accuxgt el y known), t he

adj ust rent of the redU“ed nmod is perfornmed om\gone of t hese
paranmeters, and based pn devf@ations between conmp\ed and measur ed

val ues for sone procesp outpgi—variables. as. €. 0 B 30 he di ameter and
one or two tenperature| ggasuflenents. ngre 1 >

O B T
N\

:tugL

X Q X i3
N 3

=R

e
v
———

1777 2

———

==
-

AAL

2
{

Z
( \MO
Y4

2 A00O

A

e

]
4]
%46 -
| -32{\
\37_ E\



-~ 26 - illustrates the online tuning nmechani smwhich transforns the
reduced nodel into an observer for internal process vari ables. The
reduced nodel is running on-line, using actual values for sonme of the
i nput vari abl es. F&hghaaiance, it can use the ac- 5 tual Eomer and pul

rate, measured on the real process, to conpute the s BBVt t he
PDEs. This solution wll give the BRavi or of all ot her process
vari abl es. Sonme of these process vari abl es can be neasured on the real
process and their neas- ured val ues conpared to the conputed ones.
Sone paraneters of 10 the reduced nodel, typically sonme poorly known
material con- stants, are then adqjusted on-line in such a way that the
di f - ference between conputedyand gasw.ed val ues decreases with
time. Different observer structuRes caf\be si gned, according to
whi ch variabl es are choseni%%enﬂ as i9put f the reduced 15 nodel
whi ch vari.abl es are selected a [N YFP?abIes and whi ch paraneters
are used for the tunan mechani s | Lo al ses,| once the reduced
nodel works well, so] that the TR cg~p en [measured and conput ed
variables is small PO qu h, 1l 1 ﬁtern&%ékgriables, whi ch are
conput ed by t he] reduc o glife angfot be sured, can be used in a
control | oop. NS The Jgt s whose fuiure behavi or can be
predi ct ed \\ I T — -
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25 by the reduced nodel, are used in a nultivariable predictive

control loop. Crystal quality requirenents are first trans- f or med
isnto set-point curves for some of these process vari - abl es. Then, a
controller is designed which mnimzes, over the set of adm ssible
trajectories for tﬁ% PP rol variables, 30 the nean squar BergHvNse
devi ati ons between the set-point cU¥2s and t he predi cted val ues. The
criterion to be mnimzed - 27 -
may al so include a second term which takes into account the control
energy which is required to achi eve the objective. Typical ly, the
criterion can be expressed in the follow ng form J(t)=[err]
where [err](t+i) is a vector containing the predicted values of the
process variables to be controlled at tine t+i,yq (F-+ is the 10 wvector
of set values for these variables and [err]u(t+|) s bﬁﬁ‘ vect or of

control
t uni ng
ince the nodel is

control increnents.

horizon, Nerr],

paraneters for th

hi ghly nonli near, | east three

di fferent ways: : _ ) be used

to search 20 1o O =t 1T i oM\ YoNs way nay be ex-
A o~




céssively costly in ternms of conputing time. 20 [err] One can conpare the

val ues of the criterion for different possi bl e control trajectories
and sel ect the best one. [err] A satisfying control trajectory can be
constructed on I%ﬂp by coupling the reduced nodel, working as a

predictor, with WIS controller in a closed | oop si nEATAEPAAMR:
Dependi ng on the global quality contr®/pjectives, several 25

different internal variables nay be selected as variables to be
controll ed and as control vari abl es. Wth regard to the silicon
Czochral ski grow h techni que, neas- urabl e and non-neasur abl e vari abl es
are preferably selected 30 froma group conprising pulling speed,

heat er power, tenpera- ture distribution in the crystal, nelt flow
pattern, 'S 28 - t enperature
distribution at the inner, _surface ofig%e ﬁﬁZrtZJHP cruﬂrble, tenperature
distribution on the nelt/Eerace, solNd/liqwd inteyface shape and
evaporation of SiO The oxy- n opa ation are
controlled in such way tphat 5 e micr os macr oscopi c
concentration variaa ons | ax nd gt thon of the crysta
are small .. Moreover, J ox¥ge %tz bly influenced
by on-1ine contrplAi sonme) fo lie para such as the
tem perature di /1 pGtidyn a r H-ac &y pf artz cru- 10

cible (Sigerr] dissglAA on) d Vapor atl on e oﬂg om t he
melt surface. Finalfy,/it™Ngs 1 : r '

growi ng crystal and 1A orde It L as-fgg o
requi red specifi cat/| m i
(T ==
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15 Fig.2 refers to an apparatus which is suitable to performthe

process for controlling the growh of a crystal. The apparatus

conprises five units, which are connected. An off-line simla- tion
unit predicts oRpjdégpgd Process paraneters, such as power, pul
rate and rotation speeds of crystal aﬂg‘ 20 crucible (1, as an exanple, a
Czochral ski process is consid- e &). These paraneters are introduced
into the process con- trol unit. The on-line simulation control unit
receives the sanme paraneter set fromthe off-1line sinulation. 25 The
crystal growh process (crystal | er qug) is controlled by the
process control unit. Measurabl aranetgrs are fed back fromthe

pul ler unit to the process _contrpl unyg. The on- line simulation unit
performs on-line sinulations|ofAthe growm h process in parallel. The
on-line sinulation unit re- 30 "ceives the neasu%qu@ paranmeters fromthe
process control unit nd conp thigyyﬁth h prqubted val ues. The
on-1line ‘ 9 - simul ation
control unit sends new, |predicted vaJtues f?}ié@e fzture growth to the
process control wunit. T C Al t coutrols the crystal
puller unit with tbeppw val A dat ankaunit is required to

speed up the on-line siwyl a% tioffont Yol [unft. Process data fromthe
of f-line sinulation =81 an nef si nul ati on control wunit
are stored in the dataijpanlf, where theyjjecan bé yetrieved by the
on-1ine sinmul ati on cont ®l Mnit. The dat Ebank it contains pernmanent
10 data fromthe off-liNe similation unit data(t hat are up- dat ed
at certain tinmes by the ofnJline sinulation n ﬁ}ﬁ4¥

Fiq- A4




Advant ages O The I nvention 15 On-line sinmulation based control, that

i nclude functional de- pendenci es for non-neasurable quality paraneters
Wi th respect to growth paraneters, can reduce considerably t he cost of
crystal growth Qﬁﬁgﬁﬁ@nent Moreover, the run to run st ity of a
growt h process, canfbe Fnmproved by an §§I|Ine si mul ation ed control.
25 30 7 s - 30 - d ai ns:
1. Process forzéénf/olllng the gromh of a crystal, which 5 growth is
governeg,by/gggét of measurabl e and non-neasurabl e vari abl es,

conprizsi ng.””" - establishin on- | ¢ simul ation software wor ki ng with

a reduced nunber of variables] {he reduction of variables being

20



Ip performed by using.a projection algarithm

on line simulation software by generating

on
on-

of f-1
l'ine i on software by a
[ine sinmulations to the result

!Dmc al cul awcﬁd,n/mmbke'BUAL PROPERTYSORG SSIZATION
O {1 xglﬁu eanr e-

- speeding up the
data banks in which val ues
- tuning the

sults predicted by
by off-line sinmulations
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5 nelt; b) process control neans for controlling the crystal pulli
neans; c) on-line sinulation neans for provi di ng the process control
WEans W th on-Ilne predi cted values of paraneters influencing 10 the

stal ; d) data bank neans for speeding up the on-I
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