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Abstrack. A hriel review of single crvstal growih techniques and the dss-
ciuted proplems ds presented, Emphusis (8 pliced on medels for sarions
transpart and defect phenomens involved in the growih process with the ali-
mate aim of integrating them into @ comprehensive numencnl mode|. The
wources of dislocanon nuclenbon w the: growing crystal are discussed, and the
propagaion and multiplicanion of these under the tcuon of thermal siresses |5
discossed. A boed deseripion ol g gh-level numeneal reghnigue Basad on
multiple sdaptive grid generntion wnd finite volume discretization 18 presentid,
followed by the resull of o representative murmericil simulatio,

Kevwords,  Trunsport phenomenn, crysial growth defécts thermal stresdes,
multiple adaptive gnd eeneration; finie volume discretizanion.

I,  Imtroduction

Serieonduetor miterinls Buve beeome e mogt important yod churacterstic muterials of
the information spe. Elemental serpiconductors like Si, Ge, and compound 1=V semi-
conductors like Tnl, GaAs, Torm the Heart of the semiconducion indusery, They are used Tor
crucial electinic and communication applications, & well as for a variety of mony othet
high mhnnh-.gy devices und svstem. Though sllican-based technalogy accounts for e
dtit 90% of e current sembeomluctor mirket in necent years the availability of hulk
mng‘ﬂ. erystals of InP and GaAs has opened the wenues for new, exciting Applications of
these materials. They are playing an increasingly important role in microwave devices,
millimeterwave devices, cireuit techaology, photovoltaic applieations. opto-clectionics,
and photonies. In the: area of opto-electronics, the development of low-lnss apucal fibres,
witth oprimiecharamerstios dnothe L w160 e wavelength wegion, has Ted o e
development of InP-based devices which work m the sume wavelength. Thus these devices
fre being used widely mooptict) Obre commoniciions ol over the world, wod ane the
primary Ubmponents of the burgeoning infurmition superhishwly. GuAs hos atictive
photovoltaic (PV) propertios, and ity surfice Is rendily passivated with wide bidgap,
lattice-matched layers. 1ts bandeap |s nearly optimum for the solar spectrum. o {he feld of
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photonics, N-type GoAs substrates dre edtensively utiliZed in high power lnsers emitting it
087 pm gl lght-cnitting divdes (LEDs), '

In rocent yeirs, (he frend lowards greater bandwidth requires a shift from solid-suate
infraired Jisers (o visible blue light lnser, which can operite 31 roam temperitune und above,
Cosrespondingly, substrate teehnology is moving 1o growing erystald of gallium nitride
(GaN) and zine oxide (Zn0), which fnvolved formidable tl:a:hnvlngmal challenges. A new
exciting motecial is SIC, which has very attrnctive properties, It is & wide bondgap
semiconductor with physical and electronic properties unmatehed for Kigh-temperature,
migh-frequency, and high-power electronic device sppheation. 11-¥1 semiconductors such
a5 (Cd Te are betng used as substrate matenols tor Mue loser, LEDs, and also fora oumber of
devices used for the detection of infrared. Xeray, and gammn rdinons. Thas,
semmeoniductor wechnology, thoueh still dominated by 51, poses the demand for newer
and more speciulized materials - GaAs, Iip, GaN, CdTe, SiC ete. — the manulacture of
which' involves increasing degreées of complexaty.

Thus the wim of crystul prowers i not only (o péarfect arvanl growth 1Mhniqutg Ty
existitig miterials, but also 1o extend them to new ones. The advent of computers bas given
them 4 new ol 1o deal with the problem — numerical modelling. The sim af this paper 15 10
present i brief review of e important busic phenomena, associated with erystnl growth
fechnigues involving solidification from the melt, and their mtegration into @ numerical
madel. Speciul emphisis has been placed on transport phenomena, defects, and the
echnigques to deal with the splidification interface. Accordingly, & hrief review of the basic
growth techniques is given in & 2. followed by a discussion of some pressing 1ssues in'§ 3.
Section 4 presents varipus theoretical tformmlnnons for the rranspon phenomend imyvilved,
and 4 hrief description of the numerical serategy adopted by the present authors and ther
co-workers. Section 5 discusses theorencal models for defect formation m as-grown
crysulls, and lastly in & 6, 4 representative numencnl simulation i presented. o illustrate
bath the power and Timitations of the modelling efforts $o far

2. Growth technigues

The bulk of modern day requirements of Sioond H-V's we megt by techmigues involving
pulling singlte erysmls from their melt - Caochralski and its vitrinngs, Bridgman and s
variitions, floar zone melting ete. Fundamentally, all the fechnigues which involve growth
of single erystals through solidification from a melr can be broadly classified ns confined
and menisous-defined growth technigues (Brown 19881 Examples of the former are thie
vertical Bridgman method, and the gradient freeze method. where the mnterial is loaded
e o ampoule. melieid and reselidified. by either varving heater power (gradient freese
methodi, or vanslating the ampoule (verticnl Bridgman method) In maniscis-delined
crysuil growth technigues, such os Crochralski (Cz), Bguid-encapiulated Cz (LEC), and
Misating 2o, b desd erystdl 45 dipped into o poal of melt and the thermal enviromment is
virled such that the melt splidifies on the weed, which is thin pulléd as 4 single erysal,
while the solidification proceeds. A brief deseription of the two moyt commeon technigues,
Crochralski and Bridgman methisds, is as follows,

21 Crachralski technique

The Czochralski pmcess 15 the mast popular techmgue for growing single crystals. and
almost all St single erysials for electronic devices are grown using this method. The
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Fipare 1. Schamatic of a low pressure Crochelikl syitem

Leelimigue wis developed as o result of the pioneesing work by Crochialdkl (1917), il way
Lter perfected Wy Tepl & Litde (1950), who adapied this technigue 1 thee prowth of single
crystals, They intraduced provision for careful control of the heating power supplied, and
introduced the concept of rotation of the crystal as it is being pulled from the melt, which
are now instrumental for featiures like diameter control, radial symmetry of the thermt
distribution. and #lso tadinl umformity of the disinbution of the dopants. The technigue
husieally consisis of a romting erucible, refer igure 1. which contning the charge muerial
1 be crvstllized surrounded by o heater capuble of melung the churge and maintaining it
i o mellen condition. A pull rod. with b seed crystil iticheil to its bottvm and rotating
usitally in o dirsction opposite 1o thae of the erocible, ls mounted coaxially, and Jowered
dntil the end of the seed wouckes the imelt, The melt wimperture is curefully adjusted wntil a
eSS supporied by the end of the seed. Once i thermal sty seste i« aehieved, the
pull vod 15 carefully romied and lifved, while the melr crysiallizes o the seed. The didmene
of thit crvstal i incréised from it of the seed to i ﬂmm:d value, by cureful virition of
the henter power smd pulling e The erystal und the couctble ire mitted ;hmug the whole
process 1o maintain mdial homogeneiry. The whole crystal growth assembly is pliced in a
closed water-cooled chamber, which s evacaated and filled wath an jnert gas (zenemlly
argony ata low pressure, this is o ensare that the system s shielded from the effect of
harmiul armospheric gases and remperamre fluctuations of the ambient. The pulling rates
vary gecording e siae of the ervsinl disied, the mamenal wod othiee constderutions.
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Typieally, For Sigrowth they tee of the order of 0] mh while Tor TV miterids, ihey e
of the arder of (LB mth

bor HEY compounds the technigue 5= more complicated gwing 1o the dissoginhifity: of
thie melt of thess materipls For example, @ Gras melt gan dissocinte into Gaoand As,
resuliing an o bubbles of wsensc vapoor essaping 'rl*_l}tr] the melt This con affiect the
stolctiometey of the melr.

The problem ol decormposition Tus been overcormis ol w novel modification = the
LEC technlgiie, fgure 20 00 Biph pressure ds nor required oo mbinbidn e chomicul
equilibrisi (e, the vapour pressors of (he voloile domponst 18 not highl, agly migor
rbdifeations af the Stindand Ceachrulskl Svitend ore regquivedl In the cade of GaAs, for
exaophe, A0 vilves ehideing e creible with o gquantity O boce oxidis, o Jiw-meling
poanl gliss, in wddition o the polverystlline gallium arsendde. On heating the crucible, the
baic oxlde saftens and Fows over the charge. Since it wets the crucible, und & immiscible
with and Ugphier thao the melt, 1 encapsolates the chiirge. An inen gas is (ntasdoced) inte the
growth chamber, gt 4 pressire higher than e dissociition pressure of the GaAs mell,
preventing loss of As from the melt surface. This suppresses the arsenic-bubble formation.
Beimg essentinlly msaluble i bome axide, arsepic connet diffuse theough it Crystal
grpwang is performed in the osual manner by Towening the seed ervital thiough the
ancapsulant nver, unil i contiets the melt mieriace: pulling i then inioaied an the wsual
Wiay,
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Fignne 3 shows the schentitic of the growth process lor high prssure TH-V compounis
srowth, The pressure of the inert gis in the growth chamber depends on the dissociation
pressure of the mell and muy range from about 1 otm® for Gads, through 40 atm for Inf 1o
0 atm tor compounds tike Cral. and much higher pressures for GaN, Zot) ete. The com-
plexity and technologicul challenges asmouted with the LEC techmigue increase grenily
with the pressure. and for this reason GaAs 1s still one of the easiest TH-V materials to grow

323 Bridgman and gredient freeve techiigines

In these technigues, the basie process is of Toading a polycrystalling charge of the matenal
it a creeible eontagning smaie coystol seed b e bottom. The eracibiv is then heated in
o Do, Gl the polyorystallme oharge omd o part of te single orysial seed are mehed. The
remperatire Geld in (he cracible s then adjusted aniul solidification st an the seed wd
proceeds ull the whole of the melted charge has solidified ws o single ceystal. This
temprersture Neld Tus o be continuously adjusted, <o that the freexing point 1sothierin
dlways corteaponds with the mterfoce as the solidification proceeds.

IF this s done By tuversing the coucible thivudd the furmece, the e Brdgman o
Bsidgmun-Stockbarger s applied. However af the tlemperatuee feld ds mde o move
avross e chiege, by shinping the power sipplied 10 0 sihgle 2one lumace, or by adjusting
the power supply it un amay of fornices, then the terms gradient frecze o dynumru
gradiem frecre ane used The vertical configuniion of the gralien-freeze fechnigue is
(Mistrited in fgtre 4 A more sophisticated version of this methad is the electrn-dynamie
grachent freeze (EDGF) in which the fumece & composed of 20250 independently
contrplted heating zomes. Inthe case of TH-Y. mpterinls, the melt s prone o disseciation:
and the group V element encapes as wapour The varaions made 1o overcome this add the
preefin “muodified" wyeact ol the technigues deseribed inthe preceding poragraph. A inedns

1 omtip="| 325 )T



76 8 Pencliivil et

il =

Sead

ST 1083%C

Kl —=

(i
Intiirfsdio |

Cryntal

1063°C

Figure 4. Schomune dlistrcing e adjisovent of mpetanie feld a8 soldificabion priseds Dy
rnping the power yna verenl gradient freese teehowpee. The meling pomy of fof s W063°C

of preventing this dissoeiation i5 (o Al the svstem with the zas of the volatile component a
b pressute above the dissociation pressuee of the TI-V eomypioid or By the Bore oxide
layer encapsulation, us discussed in the case of the Czochrulskl method. The ndvantages of
theéke methads, is opposed (o ihe Czothrmliki technique is tha thee tehipesiture. field in
these crystals can be closely controlled, They are churacterized by relubively uniform
radial, nd axidl distribution af dispants, low temperature gradients, and consegiently, low
dislocation und other defict deénsities. Thus single crystals with high structural perfection
can be gehieved, However, single erystals of only small diameters can be grown using this
technigue, thereby restricting its: widespread commercial use. On the other haod, for a
number of matenals like T-V1 compounds, certmn oxides eto.. the verneal gradient freeze
technigue or one of its varanons s oftzn the only method avallabie.

3. Issues in crystal growth from the melt

The spectacalor growth of the semiconductor technology hosgiven nse 1o the noed Tor high
guality. lurge size single erystals. More specifically, the crysials grown need w have high
strictural perfeotion = wbsende of dislocations (line defects), pomt defectsetc., and unlform
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raddiatl and axial distribution of the dopamts. Apan from growing erystils of high quality,
attention needs 1o be pald w0 issues ke ecemomy  of the process, production rmie,
reprodicibility of the process ote. Since large wafers mean substantial savingy in device
production, ther is o continuous trend o upscale the crystal growth processes. Presently,
commencial i single crystals of diameter 200 mm-and those of CGaAs of around 100 mm
ure being produced. Though the rechnigues of Czochralskl and VGF have bieen in vogie fur
at least fifty years, and hese wehnigues bave been opplied © grow o large vatiety of
rterials, the setual growth process is stll mostly an art.

The chullenge before crystl giowers 1§t devise schemes to lilor the micmscopie
properties of the grawing crystul, by cantrolling i few mucroscopie Variihles of the growth
process, like heater power, pulling res, rotion e, spplied fuagnetic felds ete. This
tuak s purticulaely dounting becuuse of the incredibly rich and diverse range of pliysica
phenamena all interacting with one aniiher, giving rise o an almoss fntractahle monlinear
system, Olten, the '|':|‘|1-'*.u.'t. hehind cértin phenomens s wiknown. For example. the
generation of dislocations m the crystal has long been understood to be due to thermal
pradients in the crystal, 1.I1_ﬁugh the exact mechanizm of defect formation, propagation
and  multiplication are ver unknown, Phenpmenological muodels, eluborated in later
sections, do exist, but these are rather unsahistaclory and suffer from several shoncomings:
Anaotiier problem. s the diverse timescales associatod with vanous phenomena. For
example, the stranons of dopoms Tound inocrystds are believed 1w bie due 1o micro-
spprepation. coused by rundom osciflitions of the crvstalimell interface dug to the
inherently oscilluroey ind/or turbtleat nanre of the Mow whd nog-equilibrim knedes T
cipture these phenomend In d crvetal growtl moadel, temipoiall reyolution of the order of
107 % seconds is necessary, while the senerhl srowth process is a mattér of holies iod
stmietimes divs, Thie sicancilidtion of (hese diverse limescales 1S still o matter of sdviinced
resenrch and Is one ol the major rondblocks o a complete simulision of the growth process,
Figure S shows (he interrelation berween 1he diverse physical processes, thein interactions
and the relationship with the microstructural imperfections in the erystal. Thus there are
iy physical and engineening issues, which nged to be addressed to mprove saenhfic
underitanding of the growth phenomena, A brief descnption of the issues is given below,

Compler flows: The melt flow i & Cz ar a VOF system s threedimensionilly
oscillatory, and m many cases mrbulent, This resolis inoseillations of thee meltcrystal
terface, and remelting/solidificaton. with comesponding (uctyatons in the srowth rate.
The melt fow in the CZ systent ls primarily doven by a combination of the Tollowing
modes ol convection (Kobavashi 1978, Langlois 1981, Jones 1983 Hurle & Cockayne
1994, shawn in figure 6, (1) Nawiml convection due 1o buovancy forces produced Iy
domples thermal bbundury copditions, which include heating on the side walls, mdiative
cobling at the lree surface and phise change ot the erysal-tnell interface, (2) Maranponi
cotvection due to varation in surfice tension with lempersiture smd dopant concentration,
(3) forced convection due o erysial snd erucible rmtations, and (4) forced convection due i
crystil pulling as well as reduction in melt hnrlght In the case of hagh pressure LEC j‘,'TUMh.l
cottvection in the gons plays an jmportant role in beat tunster in the system. and for this
reuson. computer simulsooms of e high pressure system are expecied w be moch moce
anmpuiationaily intensive.

Rudiatron:  Since orystal growth phenomoni tekes place o high temperutures, which often
exceed 10007C, the radiative miode of heat teansfer is signi fcan. Inchmpontion of this rmode of
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hiesat transfir into e Ting e Ay WS not bieen eisy due to thie Tk of coneriete physied! diea
For example. very litle i kbown about the rhiigtive propertied of e crystul. While sonmie
authors consider the devaralas fully ansprent o all wivelengths (Atherton e el 1987 ), Gthers
approximate the crystal as opaque and transporent only to cortaln wavelengths (Nunes of «l
1996). Ridigtion s more dominant in low pressire Caochnlaki growth of Siand other
clementa] semicondietines, due to the absence of gy convection in these systents,

Segrvsation:  Segregntion refers to the uneven distribution of the tapant i the crystal
This s one of the most critieal Tsspes in semiconductors.. for instance in electronic or
optoelelectronic apphcations. the guality of the wafer 5 dependent on 1is chemicn)
homogenety. Segregation is due o the segregation coeifaent varying from omiy. lending
1o the solid rejectmg or absorbmg exira dopant. and thos leading weeither nccumulition or
depletion of dopant in the melt As a consequence. dopant concentration viities along the
erowth direction. Complex conveotion putterns in the melt complivate dogant diserilnitiion
rh the melt, leading wh inhomogenciies i the weidl ssowell ds the radiad difections of (he
crysiol. Splute segregntion al 'the micmwscople lovel i wemmed o8 nilomseeepntion’ and
Shews ap o the farm of striations I covstils. I s due o dme-dependont vriglions i
mterliwe Kinetics and growth velicity, which mity be cised by emperatire and flow
fluetuatigns, non-equilibrium phenomens, or other equipment (mperfections ke milling
device instabilities, vibrtion in the @quipmont ele,

Pefects:  These are imperfections in the coystal lathice, and vary from matena] o material.
Inothe cose of =V matenats ke Gods and 1o the man defects ane Tne defects, also
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Kanown 4y disTociriong, The madn chuse of these is believed 1o he the thermal stress that
drises die 104 nou-uniform semperaturd feld in the cryvsal during growth, The erystal
relieves the thepmul stress through plasiic deformation, by the movement and mully-
plication of dislovations. As will be discussed later, dislopations Huve magor impace on the
purfarmance of electronie devices, and their elimination ix the topic of mujor research,
Following Dash's (1958) path-hreaking work in the fifties. 8i simgle crystals can now he
grown dislocation-free, nsing the Crochralski rechmigue. The main defecs in i are
acenmlations of pomnt detects. some of which arise from Misctontions o e Thdidace. One
of the mayor considerations in LEC growth of ThP is twinning. Twinning is previlent in tp
heeause of the low stacking-fault enetpy of this materjal, apd this phenomenon has slso
heen somatimies linked to gsclllations in the eoyithlmell interfuce.

Uve of murgpetic field: A mugnetic field onn silbbilize the nteriiee condition 10 some
extent, bul is expensive and s effect on melt conditions s nol wal] understood. Also, the
materials for which the the of magnets can he commercially justified and condilions under
which i prakes o resrkable differsnce are nnt thorgughly tnderstond:
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Upscaling the process: The drive for economy in the semiconductar indusery hag led to
the continuing demand for larger walers, and hence to lorger single erystals both in terms of
dismeter und length. This Jeads to blgger melts and growth systoms, adding to the inberent
complexity of theile processes, Some problems — like dislocativns in Cz growth of 8§ -
presuined solved as of now, sy reappenr with upscaling. Also control and reproduicibiliny
of the pricess become even move uncertiin with Upsealing.

Having discussed fssues involving single crystal growth, we shill {n the test two séctions
diswuss the theoretical models thut decount for the major physical phenomenn. A brief
Hscussion of the numenical technique dmaluped hy our group to solve these equations wil)
also be given. A few sample calculations will then be presented to illustrate the range and
ntility of these mud_ﬁllmg effors

4. Theorctical models for transport phenomena and phase change

Crystal growth is a physically fel and mathematically compheated process. The quality of
crystuls wrown depends on many  macroscopic and microscopic physical eflfects.
Incorporution of all these effeces into the process model 15 o daunting task. One therefore
needs 1o use diseretion and consider the primury effects (st aod then exurmnine thie effect vl
siecondory parnmeters. Here thediretical nivdels for all the mijor phenoinenn ate prevéntied.
Less important effects can easily be dropped fron the formulation as and when desited,

4.1 Goverming cqaations for flow, Jeat fransfer and species ransporr

Conservatuon equations Tor ransport processes m o mulbphase systemn melt, gas; solil,
ehoapsulant (in dimensionless form. eylindrical coordinates) (Anselmo et @l 1993: Zhatip
& Prasad 1995; Zhing H oer ol 1995; Zou e¢r ol [996 ) can be wnitter oy biliw,

Cdnitineity,
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where u, v iind w are the pon-dimensional veloeities (e, roant 0 directions rspectively, p
s the pressure, 2 s the density. €0 nv ) is the swirl veloeity in the ¢ directinn for rotating
systemts, & and © ane the non-dimensional temperature dnd concentration, fi,y is the
elffeative non-dimensional viseosity, Dy is the effective non-dimensional diffasivity of the
species, Ko bs the effective non-dimensional conductivity, and {y s the non-dimensional
specific heit capacity. The quantities with overbars represent pon-dimensional prepertics;
aied Gr, Proand S¢ are Grashof, Prandil, and Schimdt number respeetively, The terme Suin
ane] Sy refer 1o the source ferms for wehilaneel nd magnetic forees, 8, = Ho®() < B).
However, the expression for 8. depends on the webwlence imodel that is empliyed
(Kotuyashi er @l 1991). Several different models have beeh wsed in the simulation of
crystal growth (Zhang T erad 1996, 1999), '

The follawing scules Tuve been used w non-dimiengionalize the soverming equating
(L6, length. b — the crucible mdivs, veloclty: v /b, pressine: 7 B, ame: B2 /i,
density: .. dynamic Viscosio: g, condictivity: k., specific heat €, tempenurne:
S = (T — T )Ty — T Jnd concentration: C = /€. where subseript ‘0" refens 1o the
plhise propenties a3 neference temperature, To: Ty — highest temperitare o the system:
Vi — klnemntic viscosity, In (5), g represents the heat flux, and can be used to account for
the term that couples mdintion equations with convection-diffusion equations (153
which can he used for the entire multiphave, multi-=component dotmuin. Mostof the surface-
to-surface thermal radiation modeling of the Cz process considers the optical properties of
the erystal 10 be invariant or nonspediral. However, for several tvpes of crvstals, thers exlst
spectral bands. where the erystal can be approximnted w either opague or trungparent. A
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vilumetiie rdintion model needs 1w be develdped it order to analyse the effect of the
encapsulant BoOy layer, high pressure Inent gas, and oplical behoviour of the erystal
materials.

The transport of dopant(s) and impurities can be cslenlated using (8). There will be (2~ 1)
equiitions for thie 7 speciey considered; basicilly one equation far each dopant/impurity,

4.2 Turbidlenve aunleliing

Thie staniturd &~ model i presented bire, The trnspon equations for kinetie encrgy, k.
and dissipation, =, can be wrilten as

i iy vl ~ ;
i k] A= — ] “'r]h’-ﬂ' = (J‘ = -—') Ej'_‘; |- Py = e (ol
AP i e ik = - .
;ﬁ“k )4 , [z} = b7 (J‘J‘ re )H.IJ}', | k[t'.r.-f-ﬂ s fi]. (8]

where gy = £ A7 = bs the torbulence wiscasity and £y s the lurhuhnm produchion ferm

The renormalization group (RNG) &= model also belongs to the k-= fanuly of models.
The mode! equations in their KNG form are similar o the above eguanons (Yukhot &
COrrsag [986]. However, the effect of the swirl ot wrbulence s meluded 10 the RNG motdsl
which entisnces the accuracy for swirling flows, and the NG theary also provides un
analvticilly detived differsntial Tormula e ElTeclive visoosity that necounts ToE low-
Revailds-numitice elfecl The RNCGL -2 Tormolation 1s considered 1o be g batter model for
the flow field simulition of the Czype process The wall function appioach his been used
in'the near wall reglon (Patel ¢f ol 1985) because of the mitdon on the number of podes
thit cin be emploved in complex miterials processing prohlens. For exmple, o Jarge
tmbier of insulating components and baffles exist in 4 Czochralski (Cz) growth furnace,
that miakes it very difficult 1o use very fine gnds in every wall region. The formulation for
wall functions in o nom-prthogoma] coord jnnte system can be found inThakor er ol (19963,
Dietails of the jmplementation of different wrbulonee models for the simolaton of Cz and
LEC prowth can be found in Zhong T er al (1996).

43 ferface .:m;d berrdntey comditinmgy

Czochralskl growth s characterized by the presence of jnterfices between two different
fToids — meltizas interfuce 1w Jow pressore Cz growth, and meldencapsulant, encipsu bt
gak interdeds in lugh pressure Cz growth, Trestment of these Ouid/Alod interfaces is rather
complicated, since the position af the interfate 15 Hot Known & privri.

Higlh pressure Cz growth is cludacterized by the presence of encapaulantfmell interlace
il wneltfzas interface. We chirctenize the height of the melvencopsulant interface above
the arucible bottam as Hy(r, ), and it of the encapsulunt/gas inerface as Halr, ) as
shivan in fgure 7. Since the viscosity of the borie oxide encapsulant s very mgh, 1his
mterface can be taken as flar, or Hatr, o) s independent of » (figure 7). At the eocapsulant/
gus imterfaca, no-slip conditions can be apphied for the hydrdynamic boundary conditjons
Hydmdymamie boundory conditions: at the encapsolantfmell merfuce are reated on
the hasis of thme poneples (Buehelor 19675 (1) thod particles at the mrerface must
remaun attached o the inferfuce (knemate comdiion), (2 difference i mngential
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Flgure 7. Sehematie dlnstrating the varios free surlces and the solidification imternee m 1EC growth,

toree components (e 1o streszon both sides of the interface must be balinced by the Torees
due o surface tension giadients, and (3) difference In normal foee compontits on both
sides of the interface, Que Yo the stress components, must be bakiced by the norial surdbee
tefision furce due (o the cdivature of the intadface. These three conditions translate 1o the
following

Conditicms e melifoncapsulant inteface:

o
G, (B (1)
o r

ithe _dw Mt (8]
ooar Prln’ '

J i )
PHidar " Bt or = Ba(H, — Ap Fr 4 2uf i - Pr),
[| v (o8 o } [1 L SRR

where Ma is the Marangont number, Bo i the Bond number, and Fr is the Froude mamber,

Sinee 19) contains second-order sputia) derivitives i H). two hoandaey conditions sire
needatl to solve for Hilr 1) These are given by the urtiiue conligt am;glm the mel/
encapsilunt inferfuce makes with the erystal, and the cracible, gy, ous moand 7 are the
eoordinates along the normal and mnguntmt direetions o the sorfoee Cfaore Tand ©f refiors
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tr the non-dimensionu] tempetature. These conditions can be expressed us

s , O
il LT (i — 90" and A S T ) {10
o it i

Thee concept of i fixed wettinge angle was adapted by Bardsles of af (1974) for the meniscis
defined crystal growth. Surek & Chalmers (19755 conducted experiments, which verify thit
the angles, ay, ¢ are well defned for o particular matenal, for growth in a particalar
urientiion, These angles are apparently independent of the growth rate. These conditions.
wlong with the known volume of the melt, provide the hydrodvnamic boundary conditiens
ot the melt/encupsulant inwerface, wy well ub uriguely fx its shape — Hy(r, 1), The constant
higighe of the encapsulint/gas interfuce f7-(1) is determingd By applying the cobstancy of
vl O the éncapsulint,

gl
f ity —Hy)edr = consn {11]
K,

Thermal boundary conditions at these: mterfaces ame based on simple tempematun:
comtimuity, and energy batance nod will not be discussed forther. More elabomie detals of
the treatment are presented by Zhang H et al (1995).

The low pressure Czochralski growth system is charneterized by a melt/gas internee: the
treatment of which folkows from the same prinviples elaborted whive:

Chndiniony ar the crvstalimell biterface;  The sulidificaton’ of 4 pune substance iy
modelled with o fixed Tusion temparnture T, implying the presence of ushrp welladifinel
interface, defined by

mee, ) =Hidr, 1) == 1.

For hydrodynamic boundary conditions, the interface can be treated as @ solld/Muild
tterface, with no-slip conditions: The wempéerature baundary condition is simple, since the
lempetdture of the interface is of the fusion temperatice, Ty, The positicn of the interface
and it motlon s defined by the energy buluhice neross it ds follaws,

i " Ty

1o _l|"II ' == i - — :_-_
Pl Wi~ Uyitle, n) =& i i

(12)

where the densitics of the erystal amid melt phases are assumed to be equal, Ay 15 1he speailic
hear of fusion. subscripis s and | denore solid and ligud respectively. n s the normal vector
from sobid 1o melr, e, 15 the unn vector (0 the o direction, wod w0 i 1he cotrdinate in the
noemal divection. In (125, Ul = (0H, /O0e, i e velocity of the cryvstal-melt interfice,
antd U, (1) Is the pull velocity. An expression for the movement of the efvstal-mell interface
cin b oblaited g8 Follows.

fng. N ﬂ[:g' i, J:'.-}I"Jj ) ﬂHj A
ar ALY —E(Hfm—h‘;a') [l + (F) | (13

aned e pudl pate £7,00) can be calenlinesd from
NN
I+(:’h’) ]} k (14}
re ity

| swy om, i
Lﬂ{r}:-u—ﬁﬂj{q—"'(-‘ u"ﬂ)

P\ i
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where Br s the radius mtio I_Cl'j’ﬁ{ﬂl-t{ki_;mﬂihiﬂ radii), Ste the Stefun number. & the
wonductivity, and @ the non-dimensional temperature, More details can be found o
Kiopatsch (1984). and Zlang H et al (1998),

Thie boundary condition for concentrution ol species al the solid/Miguid interface is
/5e)NC-n=0C[1 = k¥, - m. H15]

where &y is the distriburion coefficient of the dopunt.

Thermal baundary condition ar the crucible wall; Temperature conditions. at the crucible
will {figire 6) are most difficult to define. The most pppalar heating system consists of an
inductor (r.f. coil), which is made of a capper coil, throagh which an alternating current is
passed, and a conducting susceptor (generally of praphite), where elecinie current is induced
and genermtes heat by obmee dissipation. Recenly: resisiance beaters have become more
popular. Modelling these induction hewters i o difficult tusk, since it involves the solotion
bl Muxwell's equations. Although it is feasilile w model radio-freguency heating, most of
the studies ssume eithier a Constant temperitire or Nux ot the crucible will,

45 MNumerical stratesy

The modelling of Cz, LEC, and Bradgman processes s a comphested task due o the
wompled noture of heat conduction, convection, thermal radiation, flowd Dow and oiher
rranspon phenomens. The task of maodelling alzo lecomes difficult doe we peometrc
complexities. moving mterfuces. high remperstures; and disparte time seales. Special
numencal strategies are theretore needed 1 suecesstully model the high pressure crystal
growth processes. The chiel teriets of the strategy adopted by Zhang, Prusad and do-
workers, found in Zhunp & Praspd (1995), Zhang H et af (1995) are 4s belivw,

) Senee cnystal gprosahy s overy dlow process, the whole prowth cian be approsmated s o
serics of guaststendy stutes, each for o given erystal height ond the corresponding melt
vilume. Foru piven quasi-steady state, the ceystel and melt hieights (vialumties) ave Gxed wnd
the method outlined bielow Js adopted i solve for the Mow, lemperature and concentration
fields, and interfuce/free surface getmietry. The crystul and nielt heights are then updated
fior the next quast-steady state, and the calcdlativns are repented. Thus, the intractable fask
af ohiiining thermal, fow and uther iformation continuously through the wlhole growth
period by been hn-rken into the more modest tsk of olwaining “wuch information at diserele
interyvals

thy A special carvilinear multizone adaptive grid genemtion scheme (MAGG) (o
generition. redistribution and clustering of gnds is implemented, Based on constrained
adaptive optimization of the gad charactensucs, smonthness, orthogonality, concentration,
and grid inertin integrals (Zhang & Moallemi 1993), this scheme is able to preserve internal
strfaces and make them coineide with some gridlines. It also allows grids to move
adaprively a8 the solution progresses andior domuins chignge, The generited grilds aro
always smooth and orhogonal, maintuin slope continuity, and cluster m the regions of
inpidrfacesiTroe surfhces and large gridients The eldrvilinear featurs ensitres aecurgie
Epreseitition of the geometry,

() A notorthogonal curvilinear finjte volmme technique iy hed w diseretize the
virlbiug frunsport equations. A non-staggersd grid formulation is employed and is given by
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Zhang H et al (1996). Consequently, the algorithm for fluid fow calenlatinns is based on
the solutions of o pressure equation to obtain the pressime field and o pressure-cormection
equation (o earrect the predicied velteities. The momentum imerpolotion scheme 15
emplayed n the diserefization of pressure and pressure correction equutions.

{1 The procedure emploved 1 shown in fguore 8 Once the melt und ervstil Beiglis are
fixed, mitinl grids e peneruted. and the Hnite volwmie solver is emploved 1o predict the
velovity, lempersiure and concentration fields. The tempéruture distribution obtained
from the finite volumie solver serves as Input (6 the rdintion medule. The sesultint heat
un i then fed bhck o the finite volume solver and the (emperature, veloaty and
conventration feldy are caleulated apain. This procedure is repeated 1l converged fields
have been obratned. The solidification mierfice and free surfaces are then updated based
on encrgy balance und stress balunce n**-pi:crm:lv The ;—,r‘::Iu are then mine to it 1o 1
new position of thie interfaces, and the field virfible caleulations are performed all over
again. This iteration is repeated unti| (he interfaces stop moving. An this point the thermd
amd ather fields and the interface shapes for the quasi-vtendy siate represented by a given
erystal hesght and melt hesght are known. The temperamre field 15 then passed 1o o stress
module for siress calenfitions, The geomerry 15 then adjusted Tor the next guasi=steatly
step — melr height and ervstil height are changed — and the process i repeated.

5. Muodelling of defects in as-grown erystaly

Single ctvstily grown from the mel are seldom perfect. They contain many defects
jodnt delects, precipitates, dislocurions, agglomerations of i defecty e, Here we
shial] basically treat dislocdtions, which are the main defeers in =Y and H-V1 compounds,

S0 Bisloerions

One ot the magor types of defeets i semcondugtor materials ke 810 Ce. WP, GaAs are
tipe defeats or dislocanons. These dislocations are present o assgrown bulk matenal
becavse of a varery of reasons such as thermal stresses. exeess point defects precijitting
to form prismutic dislocation loops ete. They ean alst be introduced iut the muaterial while
processing (e g, diffusivn wnd jon impladtation), and when bulk matérials are used a8
stlrstrutes for epitual growth, dilochtions in the substrores con propigate into ' the filis,
The presence of islocations is hirmful to device performunte: o few deletenibus effects
are discussed by Jordan o7 @ (19861, Though some impartant questions remain fo be
answered on the onigin of dislocations, there is general consensus an same of the main
phiencmens which miuhl be respemsible for tiem,
tad The eomdensation o excess point delects present didng growth, at high temperatures,
as prismatic, or V3 {141} Frank dislocation loops: This mode is important when there are
melusions, apd s plso clﬂﬁ.ﬁtljr related to the effect of nonsstorchiomerry.
(h) The use of p defectve seed, comainig in=grown distocations: This can result
idislncations-gliding Trom the seed w the growing crystal, where they are multplied wider
thermal stresses. Dash (T9SE) plonetted the seeking schnigoe, wihich will e dis@ossied
Later, Yocprevent his phenomion
(A svstematic study hos showi the role that melt stoichiometry pliys in the genermtion
of dislocations, Brice & King (1966) have reparted gn the influence of mell stoichiometiry
on the distocation density in LEC-grown Gads. They have shown that the partial presuee
of As diiring the growth of GaAs 15 an imporing parameter o control the dislocation
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dessity i horizontl Bradgman grownecrysials. Theos observation wis conlirmed by Pamsey
el adl (TSR 2) who prew smnl] Qs ervstids tsing the horzonin] Bodgman methiod, wid
conteallid the As vitpours pressuce by comtrollmgg the As soree temperitiane. They found
it ervsials of minumim dislocation depsity could Be obtained for an prsedlc wimnperinge
Bf 61770, which Corésponded to a stoichiometiic mell composition. Aby devition froni
the temperature or sloichiometry cuve high dislocation densities, the dialocations eenerted
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by these phenomeny are essemially due to the condensution of point defects, forming
disloication lowps.

() Another cuuse of nucledtion of dislocations may be poor epitaxy during growth (Dush
I958). Dislocativons can Jorm o (the seed of in other parts of the crysal dunng growth
without multiplicaticn ol those alreidy present. This geoms when the liguid comes mito
contiet with sofid, which is either contaminited or s a4t (oo low a temperature (o enahle
perfeet epituay, The contamination may be impurities - specks of solid matier - floating in
the melt, formation of oxide on the sarface of the hot erystal ete.

(e} Surfage damage of the growing crystal cap alse aer as ¢ seed for nucleation of
dislocations, Thi effect 15 expecied to be negligible m the Czochralski system, since there
i po chanee of surface damage here.

(11 tnhomogenities n dopant diswibution result i striations in the growing crystitl, These
restlt from instabilities ar the growth interface, cowsed by adjucent layers of different
dupant coneentration, along the growth direction. The fluctwtions in composition of the
differsnt luyers mity be'up tis the onder of 10%, Due to the differeat thermal expansion of
thesr adincent luyers, the thernial yiresses in the materdal may get exacerhated, resulting in
Increising the dislocinon dendity. Another source can be the lattice mismateh present
between such lavery, due to the viriation in the lattice parameter — this may give rise o
mistit distocations, which provide the seed dislocations for multiplication under the sction
of thermial stress (Voekl 1994y, This method of nucleatinn of distocations iy be ot
I the early stage of solidification. when the lemperatures are high.

After the nueleation of the firsi dislocations tn the growing erystal by any of the above
mechanisms, they wre rapidly mulnplied ond propageted under the aetion of thermal
stresses; Smee erystal growth s mherently 4 non-equilibrium process, invalving heat
transfer through the crvsul, the presence of temperstune priadionts in the crystal is
andatory. The crvatal acis ae o mediom theough which helit [5 transferred fiom the mell
to the dmbient The Weat ehters the crvstal al the crvstilimelt interface, and leaves
through the externul surfuces by rdintion and convection. Thus the core of the crystal is
hotter than the periphery, and the bottom of the growlng crystal is hotter thin the top.
These femperatire gradlents give rise 1o différential expansions of different parts of fhe
erystl, and consequently thermal steains snd stresses, Perhaps the most conclusive proof of
the role of theml stresses in didlocation geperation is the successful attempl o grow
distocition free erysals, by mauntaining low, thermal grdients i the erysial (Shinowume
ef al 19800 Attempts o model distocation, generation i lievature have centred wround
two medels, the ernenl resolved shear stress (CRSS) model and the Alexuntler—Himsen
mincil

52 CRES wniwlel

The eritical resvlved shoar stress ({CRSS ) maidel wis introduced by Jordun e af (1980) who
recugtibzed thar elementid HH-Vand H-Y1 semiconduetons erystallize in the diamond or the
sinchlende structure, which has twelve different ship systems. These slip FVSLES
corresponds to the three (|10 directions on euch of the four (111 slip plunes. Tn a
model, the crestal is assumed to be o thermal elastic medium, and once the {ormperalre
field in the crystal has been calcalated, these are fed 1o a finite element code to calculate
the thermal elastic siresses, Usually, the elastie orystal 18 assunted 0 have cubic symmetry,
anid the consaiuive equalions huve three patametees. mstedd of he wsusl twe in the
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isntropic case. The oalculated stresses dre then resolved on w the twelve slip systems, and
the resolved shenr stresses along these slip systems are caloulared. _

Jordan et al (1980} assumed thut the distocarion density is proporional to the ghide or
plastic strain, which is caused when the resolved sheqr stress, axy, on i slip system exceeds
n-certin erinicdl value, termed the eritical resolved shonr stress: aege. The excess shear
stress is the driving foree for plastic deformation in that shp system: and the plastic stein js
assumed proportional o the excess. shear stress. The excess shear siress os all the 3lip
systems is thon summed up and the resultant suin, o, is vsed © characterize the
dislocation density, Muthematically,

3 ]
ey = Z: “'g'f]l'
(L8]

where o Is the excess resolved shear stress anid is defined by,

a" = [lors) | = Tens, for |(mas | > Tens.
al =, for (etgsh | < =ous.

The resplved shear sress oyy 18 calculued by
ey = Gulipiiy,

where oy are the components of the stress lensor, ny are the compdnents of the unit veetor
normal 1o the slip plane and sy iee the components of the comesponding sl directiong oy,
g ey e wll refereedd w the ervstdllographic axis. Generilly, the value of the 7eps depends
‘o thee rehiperatime, doping levels eic. _
This formalism, though lacking in quantitaiive results, gives a qualitative destription of
the dislocation distribution in the grown ceystal, which has been shown (o be consistent
with experitoental observitions. For example. the mudel predicts a four-fold symmetry of
dislocation distribution on {100V witlfers, and a six-told symmetry on (11 1) wafers. both
abservations being consistent with the experimentally ohtuined cich pin distrbutions
(Jurkin ¢7 af 1986), This theory has been the bass for a number of studies o the effect of
varinue process parameters on distocution densities, for both the Czocheulski and the VGF
growth processes. Exwmplos of these have been given by Miviznki ef af (1990), Chien &
Holmes (1983), lordun et @l (1993), Sehvezov e o (1989) and Chen af of {1997), The
model. though wseful, provides only qualitative information and cannet predict any relhihle
quasntitutive details: Moteovet, in the clise of Caochraleki growth, Qualitative agreenent is
guiod anly tear this seed o the erystal, On (he inlesfice shde of the crystal, the agreement is
Father poor UJordan er al 1986], '

3.3 Alexander—Hagsen model

The Alexandec—Hansen nidel (Alexander & Hanzen 19681 15 0 move Tundumental, fmicri-
dynamical, phenomenological model deseribing the plastic st mte on o' slp system in
terms of dislocation dynanucs. It was itrodueed 1o explain the stress-strain hehaviour of
elemental und compound sensicondiciors ke S1, G, In§b, during o uniaxiil compression
‘o tersile st conducted al b corstant striin rate, dn a ofvstl odented for single slip, The
il camimon wiy of obtaining these curves is the cdmpreision test This is done in o
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cobstant displucement-rate imschine, m which the specimen s kept betweesn two gl
drosshends, while one of thertl mivves w4 fxed speed, The deflection of 4 atill ring
attached to the crosdhend medsures the axidl force on the specimen ar any instunt, The force
is recorded as @ function of the crosshead displacement. which can then be converted into
shear stress—shear strain curves from the specimen dimensions, An example of these |s
lgare | of Seithof (1992} which shows a series of shear stress—sheur strain, obtained
different temperntures, for o crystil omented im the single slip (123) direction

Figure 9 shows g detaifed view of one of those atress—striin cirves, At [ow lemperatores,
three deformation stages following the upper and lower yicld points are ohserved: g stage
of low wirk hardening (1), o stige of sirong work hardening (10, and @ stage of increasimg
soltenmg (1), where recovery processes operate in the crystuls exposed fo un externnl
siress = dynamical recovery. Al high remperatures, vwo Turther stiges gppear: oonew
Drtdenieiy stage (IV), tiad o seconil tecovery stige (V) Thie maost strikiog aspect of this
culbve Js thie prisende of an wpper and o lower vigld pomt The Alexandei—Foosest model
wits fieat put forwied to explain this unigue yield point belaviour.

The central tenet of the theory s the mteoduction of & variable N 1o deoote (le
dislpcation density in the crystal. The plastie shear-strain rute on the only active slip
syt bs given by the Orowan relation. '

dﬂ?p! CI
— 0 = hNv 16y
dp ‘

where B ik Burgers vector of diskacation, v mean velocity of the dislocations, and 5 plastic
shent Stradn on' the only getive ship systgm, Sincie, thisre i only one aelive sHp plane in the

Figure 9, Generle shope of the shewr sties versus shour st on thiwisiy elp system, fiod slazli crystils
ol ¢ltmdmiul wnd compabnd TV semicondoctiocs deformed i constan swain raie o <inpie sHp
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crystul, the axial camponent ol the madrasedpic plastic strain lensor, sy, is given by
=nt =

The velocity o dislocations in'the slip systen, v, i dependent on the mesolvell shear streds
ol thut svstem, and s been found expedmentually (Chidur e af 1962), to be of the fonn;

v = vl Ty 70 )™ expl—Q/kaT) (17)

wheere m, r, @, uml kg are emipicical consonts depending on the semiconductor materla)
and s doming. The effective resolved shear stress on a dislocation is given by,

ol = 7= AN, (18)

where 7 Is the exterrully applied shewr stress on the setive slip sysem; and A/N 18 the
tun;k:.t;.:m; oit i ghven dislocation due o the neighbounng ones, which resist its mpvement
through interetion. The form squars oot dependence of the hack-stress on V is & classical
one anil was first derived by Taglor ( 1#34) based on ap arrangement of parmilel distocations
on n stip plane. Though the actis] armngement of the dislocationy - the mcrostmcture —
was found to be mpch more complicated thun was assumed by Taylor this form of the
back-stress has been found 1o be vahid under 2 wide singe of conditions und 15 widely osed
tn work-hordening theory (Nabarro @n of 1964 The distocations multiply as they move
resulting inevolution of the dislocanon density. It is assumed thor each moving dislocation
leuves Behind & loops on travelllng unit disthice. Thus the evolution of dislocation Jensity
an Me hivdelled by,

(N /) = dNv, (19)

On experimental evidence, & is assumed ta be directly proportional to the effective stross
e Theretore, & = kv, Combining (160, (175, (185 apd (19, we obiain a sat of mwo

countions
|_|_I e — 4-'|‘|rN i . Q .
_F — AN ( ___._) . (_ —). elb]
o b N (<0l

ay v — AN @y
. wl“(T ) u:-:p( fﬁ) (21

Egjuations (207 and (21) form 4 compléte set of phabaimenslogical models, whilch tiven the
externully lpplied shear stress v, e mollel the evolution of the plastic 8ieain jind
dislocation density with Hme. They describe the yield region in the curve shown in figure 10
roahver well, and can necount for the ocourrence of the wpper und lower vield sireds. Tu the
stress—straln curve shown in figure 10, the ot stesin rate, which 15 the sum of elastic and
plastic sirnin rmles 15 muintained constant,

=T/ G) =+ 25 or Eay =0T )+ mby E22)

In semiconducior arystls of high steacturnl perfecoon; the builh distocaon densiy i
low. hence # constunt total strain e cin’ fmtially be momtained only if the elastic
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Figure 10,  Scanming trasioision X-my fope:
graphi of 1hH0) suiphur-doped waters Trom v
sanples. A (a) and B () Schematic diwing
geometly and distribution of disodanions o os-
grown crystels. for shnpes of bath arystals shown
i« in fay and (hy, Bormwed from Zhao ef af (20005

deformation e 7/G produces a high ﬁ%ﬁtﬁ:ﬂ according to (17), the high effective
stress (Hus produced gives the existing dislocationy a high velocity. The few existing
thslocations then multiply, increasing the dislocation density V; the velocity can then
tecrense according 1o the preseribed strnn rate, as per (220 This, o tum, decrenses the
stress continuously until dislocat:on multiplication leads 1o dislocation jnreraction. e
wark-hardening represented by Av/N. Finally, the applicd stress must dgam rise (o Keepthe
effeetive stress; L, the dislocation velovity ap o the level demanded by the constanl
impesid ot steaidn ete =, The foregoiog drpuments thos gxplain the océuttence of an
upper (7, ) anid o lower yield streds (7, ). The empirical constants in'the above model i
oblained by fitting the eguitions 1o experinentnl data.
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Exeellent reviews< uf this muodel hive been presented recently by Gearge & Rabiet (1987),
and Rabier & George (1987) Sumino & Yanenagi (1993) hive noted some peculiarities of
the motel - sharpness of the vield points e, — and have suggested modifications,
Alesanter (1986) has given an excellent and comprehensive review of the deformation of
elemental semiconductors, Si and Ge, Siethoff and coworkers (see the review by Siethot!
194925 have conducted many significant studies in this feld over & span of three decades,
investigating the various stages of the deformation behaviour of semiconductors.

Voekl er al (1987 first used the above model to study the dislocation generation in the
Cr systen In their analysis, the entire thermal and thermal-elastic stress history of a given
particle in the orystal. from the partiele evolution ar the meltforystal mtertace o the end of
the growth process, 18 determined. The thermail-elusuc stress nstory, so determined, 15 used
o determine the resolved dhear stress hastory on the highest stressed ship system: an
unistated dasumption by Voekl er al (1987) is that the same slip system 15 most stressed
throughout the growlh history of the particle. The resplved sheai stiess history is desipnited

7, Voekl assumies that s the plastic detormation proceeds, the resolved shear siress
rﬂhu:s. or is dissipated by plistic strain, and the residoal elagtic stress 7. (1) 15 the diving
foree behind the plastic déformation, te., 7, (¢) takes the pluce of = in 120) snd (20), The
relaxption process is then :Le_e.:.tﬂ_‘:;x’. by,

dralf) | Gdew _drf'(D)

23

dr I I} dr k23
1t conjuniction with (233, (20) and (21) are used with r replaced by 7, 1]
de = AYN" 0 .
(0 )
ol L Ty h G 4 i
= k]

v () —AVNY QY 7

= ENve (—-_H ) expl( kﬂfr)' [25]

Singe. the thermul-elastic history 7(2) has already been determined from the thermal
history of the crystal, through s faite element r:udc {23), (24), (25) are integried
simultaneously (o obtwn the final dislocation density N. The distocation density, in the
volume element. afier it Just emerges out trom the melt 15 taken 45 o fixed constant. Ny
This i just o boundary condinoen

Nl = Na:

Flowever, Voekl ef al (1987) ¢laim that the firtal values of NV e ressonably independerit of
the chbsen vilue of Ny Tt is apparent that o choice of My = 0'will lead to 4 singularity,
Voek| justifies his assumption of single ship with dn acgiment that “an exponeatial
dependence of plastic deformiation from stress will cause the highest loaded slip system o
act and thes release the stresses on all other slip RYMEHTA, Murotdas & Brown (1991)
firoduced an isotropic genetalizmon of the plastic strn respotise in the A-H miodel and
performed what they called an integrated analysis pf erystal growth: Their anslysis is
dictated by the need for fast compuier modelling of the growth process, and is achieved
through ot asymprotic analysis. Tsa (1991) has generalized the Alexunder-Huasen model
Wy i Isotrogle plastic fesponse, instead of assunung deformation on the highest siresses
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slip'sysaem, and applied 1 lo the bulk erystal growth, Tsal er & (1993) ler formulited »
miiltlslip generalization of the A-H model, invalving all the twelve slip systemb that are
active in semicenductor erystaly, Lambropolous & W (19065 recently applied the model 1o
LEC growth of GaAs, and Investigated the elfect of the shape of the interface on final
dislicution genersnon, Miyszaki recently implemented this model in the simulation of hulk
Cz growth using a finite element technique (Miyazaki & Okuyama 199%:; Mivazak) &
Kurods 1998; Mivazaks & Kuroda 1999,

The driving force behmd deoformation in the growing crvstal s the thermal striin, Singe
the thermal strains are small, the deformations ure likely 1o fall within the vield region in
figure 4, thug justfyme e use of the A-H model. However, thers 18 no evidience thit the
thermal loading would favour the single slip seeporio — thus siigle slip models wre an
sorewhat slippery ground. Moreover, a8 notdd earlier, Stages TV und Voin gure 9 appear
arly at High temperatures. Higher tempéruures are churscterized by a shrinkage of the
stress—struin curves — the various stages ocomr ot lower stiins. This indicates hat
phenomenn like cross-slip, and climb of dislocations, which dnmnuilt. the liter stages,
become important st lower striins for dufmmumn i mgh termperatures. Thus, at
temperatures apgroaching the melling pomt of the cfywl;l — for which few doia gre
avelluble — these phenomens might be impartant even in the yield-point region. Thus o
mitltislip genesalization of the A-H model is neaded., with prowvisions for hugh temperanire
phenamenn like coss=slip; alimb, dislocation annthilation etc. A recent model
iMooshbrugger & Levy 1995 Moostrugger [9493) consulers several of these featires for
CdTe crvstads, and s the most advanced of the A-H variantg

However, it should be noted that the solution of o visco-plastic boundury yalue prohlein
using these complicated moidels 15 o very expensive prodess requiring the bsé of efficient
computationdl echnigues and powerdul madhines. A judicious chioice of musdel, based o5 i
tost benefit dnatysis ol the improvemen! it cesult-versus-effort, ought to be (sde For
sirfiple qualiptive guidelines, the Jordan mindel is the simplest nml mos wseful, both in
terms of the farmulution and efon needed o use it However, it should be kept in mind that
many aspects of dislocations are still unresolved. Ar the beginning of the section, severl
mechinisms have been cited as probable mechanisms of the intrenduction of dislocations m
the growing crystal. None of these have been investignted in asy detml. The theornes
detdiled abave concentrate only on the propigetion of the existng distocations under the
mfluence of thermal siresses,

6,  Numericid simulatinn

As delinesred abdve, the issues i single crysiul giowth are muny, and ¢llers Have made |n
Fecet times 1 put e in perspective and bring together the physics of various otessen
and thelr inwerelationships in o massive numericul model. While the development of
powerful computers and advanced nimerical aILunLlnm can muke these caleulutions
feasible to a grem extent, mgdblocks exist in the form of lmited understanding of the
physics of eertain phenomena, the lack of suitable modals tn describe ther, and the diverse
time scales needed 1o solve such problems. While the aliimate goal of these madelling
efforts would be o madel the entire growth process from beginning w end. establmh a
precise copnection between the macroscopie parameters and orysial quality, ser ap
zlaborate growing programs for erystal growees, belp in formulating control schemes, and
finally help in designing more sophisticsted control svstems, current modelfing eifors ure
still down to exrth, They aim more at supplementing theoretical studies, providing practival
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cuidelines to crydtal growers, and helping in the design of the upscaled system. A recent
exainple of such @ simulstion will now he presented,

It i well-known (i 4 dislocation-free Si single crystal can be grown emplisying i high
pull rate i & techmigine termed necking (Dish |258). The wrm “necking™ dnises from the
shape of the crystal being grown, The diameter ol the growing grystal is decreased from the
seed to o mintmom, before it is ineressed agmn, Thus the orystal has a neck of mimmum
dinmeter. Recently, aitempts have heen made 1o extend the necking techmigue to sulphur-
duped LEC-grown InP (Zhao er al 2000 ) The 0P erysialso pown were analysed using:
synchotron white beam Xeruy (opogrophy (SWBXT),

Figuares 100 & b, present the scumnéd transmassion topogmphs of the erystuls
grown, recorded from two (1100 InP wafers, samples A and B rspectively, Figure 10¢
showg o, geometric sketch of the 'dislocations i both the ciysials, An analysis of these
topographs reveals thar most of the dislocations in LEC-grown InP crystals originate from
the seed-orydtal nnerface, propagite via slip phanes, and eventually exit the crystil
throgh thee periphery of the necked region Based on this mm..hum-.rn, dislocations exls
anly tn the outer regions (dislocition regions) of the grown crystil sepamted by the four
[111] planes which are extended from the four m!_g-;ﬁ of the seed bottom. In the cross-
sectinnal view of figure 10, two of these planes, (101} and (111) are representesd by lines
Agand Ag respecthvely, 10 apparent thit we can effectively b the dislocation region by
choosing the proper growth ecanditions, i, by adepting the necking wehmigue. As shown
in figure 10, the mrrow necked portion of sample A mukes the dislocation remon
much smaller than that of sample B, 1t means that the dislocutions emerging from the seed-
cevatnl tnterface i sample A slipped oot of the neck in much shorter distances than that in
sihmple B. A pyrumid-shuped erystal, which is nearly dislocation-free was ghickly
Fopmed below the dislocalion regions, This dislociutiond free region prevailed until the
erystul dinmeter reachied 15 mm, when the dislocations reappeared. Growth near the 15 mm
dinmeter mgion was also assactated. with the problems of intense twinning and large
dislocation densities. Consequently this pormion of the grown crvstal s fiot shown in
figures |0a—c. The existence of this criticnl dismeter of amound 15 mm was-also reported
by other amthors (Shinoyoma er ol 1980, but the reason for this was never made clear,

To supplement the study detailed above, 8 numerical study was carmed out with the help
of the MASTRAPP model allicd with o linear ansoteopic elastic stress  model
MASTRAPP (multizone aduptive scheme for simulstion of transport and phase change
phenomiena) is o numericdl model designed for modelling material-processing operations,
and includes dll the physics and techmyues discussed in 8, The thermnl conditions wete
roughly simulated, and care wis takert (0 maintain the exict shape of the experimentilly
grown necked crystal throughout the numerical simulation,

Figure 1] presents a sumple snapshot of the stress cilleulations In the ervatal au six
different crystal heighty, The colours cormespand to the villlies of the maximum of the
p:snlud shear stresses on the 12 different slip systems in the InP lomtice. The strasses
range from 5 MPq o 15 MPa, and the maximum stress at any given mstant oceurs af a
distunce of 7 mm from the crystal/melt interfoce, on the edge of the crystal. This distance
conresponds 1o the height of the encapsulation used in the furmace, and is consistent with
previous works (Zou ef al 1996), confirmung thit the muximum stress in the rowing crysul
dieurs on the edze of the crysial, just by it emesges from under the encapsulation and is
exposied to the ambient gas: Figure 12 shows the variation of the maximum exceks sheat
stress experienced by elements on the surfice of the erysul through the entire
growth husgory,
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As noted above, an glement on the edge of the erystal experiences this maxtmum shear
stress at that pomt in growth history when it just emerges from the encapsalant, It can be
seen that the magnitude of the stress in figure 12 seales with the dinmeter of crystal, This
has tmplicanons and the observations are detailed above - the presence of o dislocanon:
froe region, below lines Ay, Az fgure 10e, fullowed by the reappearaisce of dislocations,
whet the crystul exceeds o oritical dinmeter of ground 15mm. The stresses in the reglons
ubove Ay, Az are sufficient for the glide gnd multiplicabon of preexisting dislocationy in
the seed, Since thesk dislocutions glide only Wong [111] planes, the preexisting
dislocations in the seed ure active only in the regions above lines A; and A- und cannot
enter the region below them. '

Consequently, the region below these lines remains free of dislocations. This scenario
chuanges once the crystal reachis a lirger diameter, where the stress as per figure 12 attains
high values. One can tentatively propose that the high stress 15 responsible for the
nucleation of new dislocations in this area. The exnct reason for the nucleation of new
dislocations is unknown — seven probable rensons are suggested at the beginning of § 5.1, It
15 well-established thm twinnming 18 pnmanly reluted to oscillations in the shape of the
crystal/melt interfibce, The veaurrehce of Iwinming in the growing ceystal, once it reaches &
critical diumeter may be 1inked W changes i the shape of the erysl mneltfinterface, which
is intimately linked 1o the flow goatterm In the melt. Figus 13a gives i detalled view of {he
flow putiem in the melt, when the crvstnl diameter is 16 mm, The thenmal condoctivity of
the crystal is very high compared 1o the engapbulant und the crystal basically acts s o
medium for the trinsfer of heat from the mielt to the ambient. Since the diameter of the
crystl is relatively namow, the recirealatory flow under the crystal is very strong and
consequently biforcates into two cells below the crvstal.
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Figuee T2 Plob shiswing the mnviniing shikm siiéss exporienced by portic] e o the syrfice of the cryspl
phuping: thesr entive growih hisocy.

Figure 13b presents a similar view of the Now pattern when the diaméter of thie crystal is
Afwnm. Stace the ¢rvstil here ds of o larger dlameter, the flow is not concentrated
éntirely umder the erystl Heee the flow bifurcates harizontally into two distine cejly,
with i shedr layer pressnt between them. The change |n the structure of the {low
necessanily cntsils & change m the styeture of the meltcrystal interface, which s
triwked in figure 14 o different instants of the growth history of the crystals, One can
see that the sriiclure of the Antgrface undergpes a large vardation, The crvstnlmelt
intirface becomes more convex towards the melt from o diameter of 9 mm 1w «
diameter of 26 mm, and then starts becoming less convex. hencetorth, In the above
simulation, the deflection of the interface 1s rather slight beciaose of e Tow IO i
flow parameters, such as Reynolds namber o Geashol namber, of the flow used here, [n
real system, the effects due 1o the above detailed change in the Ytractiure of the flow will be
tueh Targer: Thus, with the wid of simulation, tentative reusons hisve been advanced for the
veeurrence of twinning and dislocations, once the crystul hay exveeded 4 cetiin eritical
diameter. '

7. Conclusion

A bnel review of the modelling issues and formulations for ransport phenomena and
defect modelling has been presented. Rapid advances in semiconductor technology huve
led to the demand for single crystals of new novel semiconductor materials wnd also lurge
and dofect-free crystals of raditional muterinls like Si, GaAs ote, The process of achieving
this poses comsiderable technological chullenges, and humerical modelling using high-
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Figure 13, Plegs o lstrane changes in s strsetime durog $he sourse df the growth. Degsbed view of
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Figure 14.  Shape'af the solidification interfice at different stges of the growth process, (Moteothon the
scile o z-axin s greatly exaggenited, )
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speed computers has emerged as o powerful tonl, Modelling of traditional cryseal growth
processes ke Caochralski or Bridgman reguire o number of formutations mvolving vanoos
transport phenomena. special schemes for reating complicated  boundary  conditions
tvolving free wurfuces and solidificanon interfuces. wnd powerful grid generiton
lechnigques, modelling of defects fonmed during the growth process Deing of criciil
finpordanee. In =Y and -1 semiconduciors, the peimaey defects are lne delécts called
dislotntions Tormed as o resull of plastie deformution, under the influence o [hermal
stresses dug o thermal gradients. Two specific models of increasing degree of complexiny
hive heen prc'-cnll:d o deseribe (his phenomenon. Defect modelling, though st immature,
s very important 1nd is the subjeet of intense or-going research, Due o virious coalblicks
in modelling the process such s our limited understanding of the physics ot cartin
phenamena, lack of models suitable to describe them, and the diverse time scales needed to
solve such problems, o foll-fledged, real-tme model wvolving all the physics, and
simujating the entire growth process from beginning w end, remains a challenging sk,
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