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Kak BblpalwumBatoT Kpuctannol. Kpatkuin 0630p.

[aHHbil 0630p paccmampugaem UCMOPUYECKU CIIOXUBUWUECS OCHOBHbIe MemoObl 8bipauju8aHusi Kpucmarios u
npednazaemcs yumamento Orisi Nep8o2o 3HakoMcmea ¢ amol memamukol. OCHO8HOe 8HUMaHUE yoeneHo Mmemodam
8bipalwjusaHusi Kpucmarsinos u3 pacriaea. B koHue ob63opa npuesedeH CrucoK CChbIIOK Ha UCMOYHUKU UHGhopMayuu.

MeToabl BbipalWMBaHMA KPUCTaNoB

B nccnepoBaTensckux nabopaTopmax U NPOMbILLIIEHHOCTU BbIpaLLMBAOT KpUcTansbl 3 Napos,
pacnnaBoB 1 pacTBOPOB, U3 TBEPAON hasbl, CUHTE3UPYIOT NYTEM XUMUYECKUX peakLuii, OCYLLECTBRAOT
3NEKTPONUTMYECKYHO KpUCTannuaaumio, Kpuctannusaumio us renen n gp. B HacTosiee Bpems ansi
MoryyYeHUsi COBEPLUEHHbIX KpUCTanoB 6oMbLLIOro AnaMeTpa Yalle BCero NpMMEHSIOT criedyolmne MeToab!
BblpaLLMBaHUSI:

- 13 rasoBoi (NapoBoit) hasbl Npu rpagueHTe AaBreHus,
- 13 pacnnaBoB Npu TeMnepaTypHOM rpagueHTe,

- M3 pacTBOpPOB Npu rpagneHTe KoOHUEeHTpaunn Ha rpaHuue pasgera Kpucrtans-pacTtBop.

Kpuctannusaums ns napoBoi (rasoBou) asbl LUMPOKO MCNONb3YETCHA ANd BblpallMBaHNA Kak
MaCCUBHbIX KPUCTAMOB, TaK U AnMUTakcuanbHbIX MAEHOK, TOHKUX (MOMMKPUCTaNINYECKUX UM aMopdHbIX)
MOKPLITUIA, HUTEBMOHBIX U NIACTUHYATLIX KpUucTannoB. KOHKpeTHbIN MeTop, BblpaliMBaHUs BbIOMpatoT B
3aBUCUMOCTM OT MaTepuana. B metogax BblpaLymBaHusi, OCHOBaHHbIX Ha (hNU3NYECKON KOHAEH CaLMn
KpUCTannmM3yemMoro BeLLeCcTBa, BELLLECTBO NOCTyNaeT K pacTyLLleMy KpucTanny B Buae cobCcTBeHHOro napa,
COCTOSILLEro U3 Mosiekyn nx accoumaumin — guMepoB, TpMmMepoB U T.4. B MeToae cMHTe3a B napoBon ghase
KpucTannmayemoe coegmHeHne obpasyeTcs B pesynbTate peakuumn Mexagy rasaoobpasHbiMyM KOMMOHEHTaMM
HenocpeacTBEHHO B 30HE Kpuctannmsauuu, Hanpumep, CVD-ZnSe cenenng umHka n CVD-ZnS cynbcuma
unHka. Abbpesnatypa CVD osHauvaeT Chemical Vapour Deposition. CVD-ZnSe ocaxpaeTtcs Ha
rpaduToBYHO NMOAMOXKY, UCXOOHbIE peareHTbl Napbl LMHKa 1 ra3 ceneHosogopof H,Se. A CVD-ZnS
nonyyaroT B pesynbTate XMMUYECKOM peakumnmn napoB LUUHKa 1 cepoBogopoa.

KpucTtannusauus na pacnnaea 370 Hanbornee pacnpocTpaHeHHbINn cnocob BbipallMBaHUs
MOHOKpucTanmnos. B HacTodee Bpems 6oree NOMoBMHbI TEXHUYECKN BaXKHbIX KPUCTAmOB BbipalLMBatoT 13
pacnnaea. BewecTtBamu, Hanbonee nogxogsawmmMm Ans BbipallyBaHUs U3 pacnnasa, ABMsoTCS Te, KoTopble
nnaeaTcs 6e3 pasnoXeHusi, He UMEeT NOSIMMOPMHbLIX NEPEXOAOB N XapaKTEPU3YIOTCS HU3KOW XMMUYECKOM
aKTMBHOCTLIO [2]. MeTogamu KpucTannmsaumm 13 pacnnasa BbipallMBaloT afieMeHTapHble NonynpoBOgHUKM
N MeTannbl, OKCUApl, ranoreHnabl, XanbkoreHnabl, BorbdpamaTsl, BaHagaTbl, HWOGaTbl 1 Apyrne BellecTsa.
B psge cnyyaes 13 pacnnaea BblipallnBaOTCa MOHOKPUCTANIbI, B COCTaB KOTOPbIX BXOAUT NATb 1 Bbonee
KOMMOHEHTOB. [Npu KpucTannm3aumm 13 pacnnasa BakHO y4YnUTbIBaTb NPOLIECCHI, BMSIOLWME Ha COCTaB
pacnnaBsa (TepMuyeckas guccoumnaums, ncnapeHie, B3aumogencTaue pacniasa C OKpyXXatoLlen cpegon),
npoLecchbl Ha OPOHTE KpUcTannmMsauumn, NpoLecchl TenfonepeHoca B KpyUcTanne u pacnnase, NpoLecehbl
MacconepeHoca (nepeHoc npumMecen, 00ycnoBneHHbIN KOHBeEKUMen n auddyaunen B pacnnase) [1].

Kpuctannmsauuo 13 pacTBOpOB NPUMEHSAOT NPU BbipallMBaHMM BELLECTB, pa3naratLmxcs npu
Temnepatypax H/Xe TemnepaTypbl nnaeneHns. POCT KpucTanmnos OCyLLEeCTBNAETCs Npy TemnepaTypax
HWXXe TemnepaTypbl NABMAEHUS, NO3TOMY B BblpalLieHHbIX TaKMMXU METOA4AMU KpUCTannax OTCYyTCTBYOT
OedekTbl, xapakTepHble A1 KpUCTannos, BelpalleHHbIX U3 pacnnasa. [pu BelpaliuBaHUm KpUCTansoB n3
pacTBOPOB OBWXYLLEN CUMOW NpoLiecca sBnseTcs nepecoiweHre. MeTogom TemMmnepaTypHOro nepenaga
BblpallMBaloT, Hanpumep, Kpuctannel auruapodocdarta kanus u gurngpodocdara ammonnsa (KDP n ADP).
CKOpOCTb pocTa KpUCTanmnoB B TakMx yCnoBusx coctasnseT okono 1 mm/cyT. Kpuctannel Becom 400 r
pacTyT B TeyeHue 1,5-2 mecsues [1].



MeToabl BbipaliMBaHUs KpUCTasnnoB U3 pacnsaBa

MeToa Yoxpanbckoro

OpauH 13 Hanbornee LMPOKO UCMONb3yEMbIX MPOMbILLIIEHHBIX METOAOB NOMYyYEeHUs
NonynpoBOAHMKOBbIX U APYTMX MOHOKPUCTanNoB 3TO MeToz Yoxpaneckoro, KoTopbli Obin paspaboTaH B
1918 rogy.

Mo HekomopbiM ceedeHusIM, MonbLCKUL XUMUK SIH Yoxpanbckuli omKpbin cgoll 3HaMeHUmMbIt memod 8 1916 20dy, kozda
cry4aliHO YpOHUIT C80I0 PYYKY 8 muegesib C pacriiasfieHbiM 0/1080M. Beimszueas pyyqKy u3 muersisi, OH 06Hapyxurl, 4mo
ecnied 3a MemarsiiudeckuM nepoM mMsHemcs MoHKasi HUmb 3acmblguwezo 05108a. HoxparnkbCcKuli U3noxur Cyms c80eeo
OMKpbImusi 8 cmambe «HoebIl Memod uaMepeHusi cmerneHu Kpucmarnusayuu Memarinoay, ornybrukosaHHoOU 8
HemeukoM xypHane «Zeitschrift flir Physikalische Chemiex» (1918). B uHocmpaHHoU nniumepamype 0518 0603Ha4yeHust
Mamepuarios, nony4eHHbIX MemodoM Hoxpanbckoeo, a makxe 01 caMo20 MEexXHOI02u4ecKo20 rnpoyecca u
0bopydosaHusi, ucronb3yemoeo 0715 8bipaujugaHus C/AUMKO8 3muM Memodom, ucronb3yemcsi abbpesuamypa «CZ»

(om aHen. CZochralski Zone) [6]

Puc.1. Cxema BblpallMBaHNs
< KpUCTarnoB MeTOA0M

YoxpanbCckoro,
— | & = nocnenoBaTeNbHOCTb 3TAMOB.

o -

Melting of Introduction Beginning of Crystal Formed crystal 0 METOAY HOXpanbeKkoro

polysilicon, of theseed the crystal pulling  with a residue NCXOOHbIN MaTepuan (LMXTY)

doping crystal growth of melted silicon .
3arpy>atoT B TyronnaBkun Turenb

W HarpeBatoT 40 pacniaBfeHHOro
cocTosiHuA. B HacTosLwee Bpems
HarpeB OObIYHO ocyLLecTBAAT nNpu noMowwm CBY nanyyeHuns. 3atem 3aTpaBOYHbIN KpUcTann B BUAE
TOHKOIO CTEPXHSA ANaMeTPOM B HECKONbKO MM YCTaHaBMMBAIOT B OXMax4aeMbl Kpuctannoaepxarternb v
norpyxatoT B pacnnas. CTonbuk pacnnasa, OCyLLECTBNSAILNIA CBA3b pacTyLLEero kpuctanna ¢ pacnnasom,
NnoaaepKmMBaeTCcs CUNOW NOBEPXHOCTHOMO HATSXEHUS 1 (POPMUPYET MEHUCK MeX Ay NOBEPXHOCTbLIO
pacnnasa u pacTyLmm Kpuctannom. [py aTom rpaHvua pacnnas-kpucTans, T. €. (OPOHT KpucTannmaaumm,
OKasblBaeTCs pacnonoXeHHOW Had NOBEPXHOCTLO pacnnasa. OT opMbl rpaHuLbl pacnnas-KkpucTans
3aBUCUT Ka4yeCTBO KpuCTanna, T.e. COBOKYMHOCTb €ro0 ONTUYECKUX, MEXaHUYECKNX 1N SNEKTPUYECKNX CBOWCTB.
B npouecce BbITArMBaHUSA KpUCTan BpaLwatoT C Lernbio NepemMeLLnBaHms pacnnasa U BbipaBHUBAHWS
Temnepatypbl Ha ppoHTe KpucTannusaumu [1]. [Ona CHATUA BO3HMKAOLWUX HANPSHKEHUI UCNONb3YIOT
OOMONMHUTENBHYIO NeYb, Yepes KOTOPY NPOXOAUT BbipallMBaeMblil KOUCTan U oTXxUraeTcs.

MpenmyLLEecTBO MeToAa BbITAMMBaHMSA M3 pacniasa No CPaBHEHUIO C APYrMMY MEeTOAaMK 3aKnioyaeTcs B
TOM, YTO KpUCTanmn pacteT B cBOOOAHOM NpocTpaHcTBe 6e3 KOHTaKTa Co CTEHKaMW TUIMs, NpU 3TOM
[OCTaTOYHO NErkKo MOXHO MEHSATb ANaMeTP PacTyLLEro KpucTanmna u Bu3yarnbHO KOHTPONMpoBaThb POCT.

MeToaamm BbITAMMBaHUS U3 pacnnasa B HacTosLee BpeMs BblpaluMBatoT 60MbLLMHCTBO MOHOKPUCTANSIOB
NonynpoBOAHMKOBbLIX ANANEKTPUYECKMX MaTepuanos (kpemHun Si, apceHng rannmusa GaAs, docdug nHams
InP n apceHng nHaus INAs), CUHTETUYECKUX NasepHbIX KPUCTaNsoB (antoMo-UTTPMEBOrO rpaHaTa,
nervposaHHoro Nd3+, Er3+, Ce3+, Cr3+) u gparoueHHbIx kamHen [1,5].



B obuwem Chny4ae BblpalimBaHne MOHOKPpUCTAasioB NnosynpoBOgHNUKOB METOL0M ‘-IloxpaanKoro MO>XHO
npoBOANTb KakK B BaKyymMe, Tak U B aTmoccbepe WHEPTHOrIO ra3a, Haxogsduleroca noa pas3fimndHbiM AaBleHNeEM.

Hanbonee CylleCTBeHHbIM HeJOCTaTKOM MeToaa L‘|OXpaJ'II>CKOI'O ABIAETCA 3Ha4YnTENbHAA XMMn4yeckas
HEO4HOPOAHOCTb BblpallMBaeMbIX KpucTtanios, BbipaXxaklwadacd B MOHOTOHHOM M3MEHEHUN COCTaBa
nocnegoBaTtellbHbIX Cl10eB KpucTtania BAOJ1b HanpaBlieHnA pocTa.

3a BpeMsi NPOMBILLIEHHOrO UCMOMNb30BaHWs ObinNy pa3paboTaHbl pasnuyHble MmogmMdukauun metoga
Yoxpanbckoro. Tak, Ans BblpallnBaHUs NpomunmpoBaHHbIX KPUCTAmNNOB UCNOMb3yeTcs MoaMduKaLms
MeTona Yoxpanbckoro, HasbiBaemasi Metogom CrenaHoBa. Mogudukaumsa Hanbonee n3secTHa
NPUMEHNTESNBHO K BblpallMBaHMIO KPUCTaNIoB candupa n KpemHus [6].

MeTon CtenaHoBa

MeTton CtenaHoBa, NO3BOMAIOLLMIA BblpalLMBaTb MOHOKPUCTANIMYECKNIA ONTUYECKUI candmp, Obi
paspaboTtaH B 1938 rogy B ®nsmko-texHm4eckoM NHTctutyTe M. A.®.Nodde B C-lNeTepbypre.

Cnocob CtenaHoBa v ero Mmogudukauum No3BoONSIOT NonyyaTb 60MbLy0 HOMEHKNaTypy npodunen
KpVCTanmoB MeTansos, NONynpoOBOAHMKOB Y OUANEKTPUKOB MOCTOSHHOIO CeYEHNA 1 n3genusa 6onee
CMOXHbIX (POpM, KpUCTanNNn3ys ux HenocpencTBeHHO 13 pacnnasa. Cnocob ocHOBaH Ha naee KanunnspHoro
dopmoobpasoBaHus. NMpu pocTe KpucTanna
T —_— pacnnae NnoctynaeT U3 TUINS Mo KanumnspHbIM
Kpucmanna KaHanam creumanbHon dunbepbl

(dbopmoobpasoBaTens) k ee paboyen

MOBEPXHOCTU, KPOMKUN KOTOPOW 3aatoT KOHTYp

TOHKOrO Crnos pacnmasa (MeHucka),

Kpucmann 3aKnyeHHoro mexay opmoobpasoBaTtenem

Alouidici / 1 MexdasHom rpaHuueit. Monepeyroe
Qunesepa

Ce4dyeHune BbITArmBaemMoro Kpucrtanna
Kanunnsp

onpeaensieTcs reomeTpren KpoMoK
dopmoobpasoBaTens [8].

: Tueens BbiTirnBaHmeM yepes Lenb, HaXOAsLLYCa Ha
/:(// NOBEPXHOCTM pacnrasa, nonyyalT

I'IpO(bI/IﬂMpOBaHHbIe KpUcTannbl, Hanpmnmep

Pacnnae

TPyO6bl, NNACTUHbLI U Mp.

Pwuc. 2. BeipawmBaHue npomnmpoBaHHbIX
' KpucTtannos candwupa crnocobom CTenaHoBa

Cnocob CtenaHoBa, B OTNN4ME OT METOA0B
Bargacaposa u Kuponynoca (cm. ganee),
No3BONSET BblpaluBaTh canduposblie n3genus, obnagaoLme nsHavansHoO 3agaHHoOn (opmMoi, NO3TOMY
MUHUMU3MPYIOTCA 3aTpaThl Ha PUHMLIHYI0 06paboTky. MeToa CTenaHoBa Mcnonb3yeTcs ANS BblpallMBaHNs
MOHOKPUCTaNNMYeCcKnx candupoBbiX N3aennun pasnnyHon KoOHUrypaumum, B TOM 4Mcne cangupoBbIX NEHT,
TPYO 1 CTEPXKHEN.



MeTon BepHenns

CVHTE3 gparoLeHHbIX IBENMPHbIX U TEXHUYECKMX KaMHel no crnocoby BepHeinsa cunTtaeTtcs
KIaccu4YecknM v SIBNSIETCS NepPBbIM NMPOMbILLIIEHHBIM METOAOM BblpalLMBaHUS KOUCTANIOB KOpyHAa U
LUNMHENWU. ATUM e MEeTOAO0M BbipalLMBaOT CUHTETUYECKUI PYTUM, TUTAHAT CTPOHLMSA, rpaHaThl, HuobaT
NNTUS U OPYTe UCKYCCTBEHHbIE KaMHU.

MONHOCTBIO CMHTETUYECKMI KPYMHBIA KOPYHAOBbLIA PYOUH nonydeH opaHLy3ckum yyeHbiM Oroctom
BepHennem (Auguste L. V. Verneui), koTopblli pa3paboTan opurMHasnbHy TEXHOOMI0 1 060pyaoBaHueE,
nossonswLme 3a 2 - 3 4 BblpawyeaTb Kpuctanmbl pybuHa maccon 20 - 30 kapatos. B 1892 r. BepHennb
nony4un nepsble pe3ynbTaTbl N0 CUHTE3Y KPUCTamNMoB KOPyHAA U3 YUCTOM OKUCK anioMUHKS. MNonNHOCTbIO
nccrnegoBaHus Obinu 3aBepLueHbl ydeHbiM B 1902 r. [NpocToTa n HagexXHoCTb MeToda BepHenns npusena K
ObICTpOKM OpraHn3aumm NPOMbILLNIEHHOIO NPOM3BOACTBA PYOMHOBLIX KPUCTaNNoOB BHavYane so ®paHuuu, a
no3gHee NpakTUYeCKn BO BCEX BbICOKOPa3BUTbIX CTpaHax mupa. N3obpeTteHne BepHennsa He Tonbko gano
BO3MOXHOCTb UCKYCCTBEHHO MPOM3BOANTbL PYOUH ANS FOBENUPHBIX U TEXHOMNOTMYECKUX Lienen B
HeOoBX0AMMbBIX KONMYECTBaX U KPYMHbIX pa3Mepax, HO 1 OTKPbINO NepCrneKkTUBbl CMHTE3a W BblpallMBaHUSA
KpUCTanmoB Apyrnx AparoueHHbIX kamHen [9].

MeToa BepHenns 3aknoyaeTcs B CneayoweM: K ropenke ¢ HanpaBneHHbIM BHU3 COMOM Yepes
BHELUHIO TpyOy NoaBOAMTCS BOOOPOA, @ YepPEe3 BHYTPEHHIOW — kucropog. B Tok kucnopoga nogaetcs
N3MeNbYEHHbIN MOPOLUOK OKUCK anioOMUHUSA 3€PHUCTOCTBIO 0KOSOo 20 MKM, NOMyYeHHbI NpOKanMBaHnem
antoMoamMMMaYHbIX KBACLOB, KOTOPbI NPW 3TOM HarpeBaeTCs A0 OnpeAeneHHon TemnepaTtypbl U 3aTem
nonagaeTt B BOOOPOAHO-KMCIIOPOAHOE NiaMs rpemydyero rasa, rae oH pacnnaensetcs. BHu3y noa connom
pacnonaraeTcs CTepXXeHb U3 CNeYEHHOro KOPYHAA, BbINOMHSOLWEro porb KpuctannoHocutens. Ha Hero
CTeKaeT pacnnasfieHHasi OKUCb antoMuHKs, 0bpasys wapuvk pacnnaea. CTepXeHb KpUCTanIoOHOCUTENS
MOCTENEHHO OMyCcKaeTCcs CO CKOPOCTbio 5 — 10 MMm/4, Npy aToM obecnevmBaeTcs MOCTOSTHHOE HaxoXaeHne
pacnnaBneHHON pacTyLlen YacTv KopyHaa B nnameHun. Ha puc. 3 npuBeaeHa npuHumnuanbHas cxema
YCTaHOBKM A1 BblpallMBaHUs KpUCTannoB MmetogomM BepHenns. [Inametp o6pasonBaBLUMXCSA KPUCTANIOB
("6ynek") obbiuHO gocTturaeT 20 MM, grivHa 50 — 80 mm, nHorga mux pasmep ropasgo donbiue. bynbku
npeacrasnsAT cobon nonmkpuctanssl. [ns nony4yeHns MOHONMMTHOrO MOHOKpUcTanna Oynbky onnaenawoT
nyTem nogaydu kmucnopoga. lNpu 3Tom Ha onyaBeHHOM MOBEPXHOCTM BYNbKM YaCTb KPUCTassoB OCTaeTcs
HepaspyLLUEHHOW 1 OHW NPY NOCNeAyoLWEM OXNaXaeH! OyrnbK1 HA4YMHAKOT pacTu 3a CYET OMNMaBfEHHbIX

paspyLueHHbIX kpucTtannos [10].

Puc. 3. Cxema annapata BepHennsa: 1 — wuxrta; 2 — gosaTop; 3 —
KpucTannusaumoHHas kamepa; 4 — kpuctannogep»katens; 5 — kpuctann; 6,8
— noJava kucriopoga; 7 — nogada Bogopoaa.

ns nony4yeHmA pasrinyHbIX CUHTETUYECKUX KPpUCTars10B K MOPOLLKY OKACK
anomuHns gobaenstoT cneaywouime sellecTea:

* OKCMA Xpoma —  ansa pybuHa

* OKCMAbI XXenesa u TuTaHa —  Assi CUHero candvpa

* OKCUA HUKenA —  [Ans xenToro candompa

* HUKEIb, XPOM M XXene3o —  Asisi opaHxeBoro candupa

* MapraHev, —  4ns po3oBoro candmpa

* Meap —  angaronybosaTo-3eneHoro cangupa
* koGanbT —  Onst TeMHO-CMHero candupa

* OKCMAbl BAHAAUSA U XpoMa —  Ans nofyyeHus adoekta CMeHbl LUBeTa,
UMUTUPYIOLLLEro anekcaHapuT (po30BaTo-NnIoBbIN/CBETNO-CUHUIA BMECTO
KpacCHbIA/3eneHbINn).

Yo roain eilssed

CuvHTeTMYeckas LWNUHENb BNepBble Obina nonyyeHa metogomM BepHenns B
1926 r. n3 cmecu okcmaoB antoMmHusa n marbmsa (MgO n Al203). [11].



MeToa BepTUKanbHO HanpaBieHHOW KpucTtannusauum

MeTopg BepTukansHO HanpaeneHHon kpuctannmaaumm (BHK) cosgaH B 1924 . B. O6peumoBbim n J1.
B. Ly6HuMKoBbIM. BbipaliymBaHme MOHOKPUCTAMOB OCYLLECTBASANOCH B BEPTUKaNbHOM HENOABVKHOM
Tpyb4aTOM KOHTENHEpE LMNUHAPUYECKOV hOPMbI, OXIaXaaemMoM CHU3Y CTpyen cxaToro Bosayxa [1].

B 1925 roay amepukaHckun uccneposatens . BpuaxmeH BHEC CyLLIECTBEHHbIE KOHCTPYKTUBHbIE
NM3MeEHeHUNs B OnncaHHbIN Bbiwe MmeTtog BHK. BmecTo cTpym cxxaTtoro Bo3gyxa ncrnonb3oBanacb nHas
cucTeMa oxnageHus LMnNMHAPUYecKoro KOHTenHepa ¢ pacnnasoM. B BepTukansHOM BapuaHTe metoa
BpumxkMeHa KoOHTeHep NOoABWKEH: N0 Mepe pocTa KpucTania KOHTENHep OnyckaeTcsi BHU3 1 NOCTENEHHO
BbIXOANT HApPYXXy U3 HArpeTon neyn, oxnaxgasiCb OKpyxXarLwmum Bo3ayxom (6e3 npuHygmTensHoro obayea).
[MommMmo ycTpaHeHuns onepaumm o6ayBa KOHTENHepa HOBbIM MEeTOZ BbIrOAHO OTNMYAETCs OT CBOEro
npeALecTBEHHMKA Takke BO3MOXHOCTBLIO YNPaBnATb CKOPOCTLIO KpuUcTannusauuum, kotopasi
NprbnmManTenbHO COOTBETCTBYET CKOPOCTU OMyCKaHMSA KOHTENHepa C pacniaBoM, TOraa Kak B npeabigyLiem
MeToae yrnpaBrneHne CKOPOCTbIO KpUcTannmuaaumm Becbma 3atpygHeHo [1].

[. Ctok6aprep B 1937 npeanoxun HoBble KOHCTPYKTMBHbIE n3meHeHns B npouecc BHK. B metoge
Crokbaprepa eguHbIvi cnpaneobpasHbivi HarpeBaTenb 3MeKTPOCONPOTUBIEHNS pa3aeneH Ha ABe
OTAernbHbIE CEKLUN, NUTaeMble aBTOHOMHO 1 NO3BONSAOLME ob6ecneynBaTth 3aAaHHbIV TeMnepaTypHbIN
npocune B nevn. Mexay aTuMm cekumsiMm nomeLLaeTcs cneyunansHas konbueobpasHasa avadparma,
npegHa3HadyeHHas aAna obecneyeHns pes3koro nepenaga Temneparyp B 30He Kpuctannusauum. B
HavanbHbIV Nepuog npouecca BHK koHTelHep pacnonaraeTcs B BepXHeW (ropsyei) kamepe v nocrne
pacnnaBneHns WNXTbl OH MOCTENEHHO ONycKaeTCs C 3a4aHHON CKOPOCTbLIO Yepes Anadparmy B HUXKHIO

(Tennyto) kamepy. B HekoTopbix Bonee no3gHmx

Moandukaumsax metoga BHK B nogsmxkHoOM TpyGyaTom

KOHTENHepe B npoLiecce BblpallyBaHUs Kpuctanna

MCMorb3yeTcs 3HaKonepeMeHHOe BpallleHne KoHTelHepa
BOKPYT BepTUKarbHOIl OCu, YTO crmocobeTeyeT
nepemMeLlMBaHMIO pacnnasa 1 ynydeHuto

rmgpognHamu4eckmx ycnosum npouecca [1].
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Puc. 4. Cxema ycTaHOBKM ANS BbipalLMBaHus

MOHoKpucTannos no metoay Ctokbaprepa-bpugkmeHa

7 | | (Bridgman Stockbarger method):

\ 1 - Turenb ¢ pacnnaeom, 2 - kpuctansn, 3 - neyb, 4 -
4

XOonoaunbHuK, 5 - Tepmonapa, 6 — avadparma - TENNOBON

l 3KpaH.

CepbesHbiM HeJoCTaTKOM 3TOW rPynMbl METOA0B
BblpaLLMBaHNA ABNSETCA HENOCPEACTBEHHbIN KOHTAKT KpUcTanma co CTEHKaMM KOHTENHepa: npu
NpaKkTUYecKkn Hen3bexxHOM pasnuunm KO3 ULMEHTOB TEPMNYECKOrO pacLLUMPEHS MaTepranos Kpuctanna
N KOHTErHepa B KpucTasnne MoryT BO3HWKaTb 3Ha4YMTeNbHble BHYTPeHHWe HanpshkeHus. Metogom BHK B

TpyO4YaTOM KOHTEMHEpPE CIOXHO BhlpalLMBaTh KpucTanibl 6onblioro gnametpa (6onee 150-200 mm).

C. Kuponynoc npegnoxun B 1926 r. cnoco® BbipalLyBaH1s KPYMHbIX LLENOYHOranomaHbIxX
MOHOKPUCTAIOB, NCMOSb3yeMbIX B ONTUYECKMX Npubopax. B meToge Kuponynoca (Kyropoulos method)



MOHOKpUCTannMyeckas 3atpaBka, 3akpensieHHas B BOAOOXaX4AaeMOM KpucTannogepXxarene, NnpuBognTcs
B KOHTaKT C pacniiaBoM, HaxoddawWwmmcs B Turne. Ha aTon 3aTpaBke NpomMcxoauT NMocTeneHHoe HapacTaHue
KpucTtanna B ¢oopme nonycdepsl. MNpu aTom Kpuctann kak 6bl BpactaeT B pacnnas. Korga
paspacTatoLLMnca KpucTann npubnmxaeTcs K CTEHKE TUMMS, KpUCTanIo4epXaTenb C KpucTaniom
NOAHMMAETCS Ha HECKOJTbKO MUIMMETPOB U 3aTeM MPOoAorKaeTcs AanbHENLLMN POCT OO 04epegHoro
paspacTaHusi 40 CTEHOK TUMM4, nocreayoLlero nogbema 1 T. 4. lNocne kaxgoro Takoro nogbemMa Ha
OOKOBOW MOBEPXHOCTU KpUCTarsa ocTatTcs KonbLeobpasHble METKM — criebl Nepexofa oT O4HOro YpOBHS
k apyromy. Takum obpasom, npu BelpawmBaHmn metogom Kuponynoca agnameTp BbipallyBaemMoro
KpucTanna orpaHu4nMBaeTCs Nub pasaMepamu TUMMs U NpakTudeckn MoxeT gocturate 300 cm u 6Gonee.
M3BecTHbI Takke mogndukaumm metoga Knuponynoca, B KOTOpbIX BMECTO MEPUOANYECKOTO NoagbEMA
KpucTannogepXarterns ¢ pacTyLyM KpUCTansioM oCyLLEeCTBISETCS HENPEPbIBHbIA €70 NOABEM C MOCTOSHHON
CKOPOCTbI0. B Lensax cHmkeHus HanpsKeHWin BblipalleHHble KpUcTanibl nogsepratoTcs cneynansHoMy
nocriepoctoBomy omxury [1].

Puc. 5. Metoa Knponynoca, a - cxema yCTaHOBKM A1 BblpalyuBaHuWs KpucTansnos, 1 -
pacTyLmi KpucTann (3aTtpaBka 3akpernneHa B BOAOOXIaX4aeMoM KpucTannogepxaTtene), 2 -
pacnnas, 3 - Turenb, 4 -HarpeBaTernb, 5 - 3KkpaHbl, 7 - cynnopT (noacTaeka), 8 - cnnbgoH, 9 -
cTtepxeHb, 10 - MHOMKaTOpP Beca Kpuctanna, 11 - npyxuHa, 12 - wapHup; 6 - ctagum pocTta [7].

30HHaA nnaBkKa

30HHas nnaBska, 30HHasa nepekpucTannuaauns, Kpuctannopuanyecknin metos pauHMpoBaHNS
MaTepuaroB, KOTOPbIA COCTOUT B NepPeMeLLEeHUN Y3KON pacnnaBneHHON 30Hbl BOOSb OSIMHHOIO TBEPAOro
CTepPXHA 13 pacmHMpyemoro matepuana. 3o0HHON NnaBke MOXHO MoABepraTb NOYTW BCE TEXHNYECKU
BaXKHble MeTanbl, NONYNPOBOAHUKN, ANSNEKTPUKN, HEOPraHN4ecKMe N opraHnvyeckme CoeanHeHUs - CBbILe
120 BelecTB.



Mo CI'IOCOGy OCyLleCTBIIeHNA pas3nnyarT OecTurenbHble n KOHTeVIHeprIe YCTaHOBKMU,
a TaKkXxe Mno pacrosioXXeHuto nnaedllerocda martepuana - Ha ropu3oHTaribHble U
BepTUKaribHble.

BecTturensHasa 30HHas nnaBka (puUc. 6) OCyLLECTBNSETCS B BepTMKanbHOM Tpybe 1, B
KOTOpOM yCcTaHaBNUBaeTCs NOAMNexXallmm odncTke ctepxeHb 2. Harpesatenb 3
pacnonaraeTcs BOKPYr CTEPXHS CHapy>Xu Unn BHYTPU TpyObl.

e

[nsa ocyuiecTBNEHNS KOHTENHEPHOW 30HHOW MNaBKM Ha TBEPLOMN 3arpy3ke,
NMOMELLEHHOWN B KOHTEWHEp, CO3aéTca HeOOMbLION pacniaBreHHbIA y4acTok,
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Ha3blBaeMbI 30HON, KOTOPLIW NepeMeLLaeTcs BAOMb 3arpy3kn. [pn aToM Ha oaHON
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NOBEPXHOCTM pa3fena TBEPOON 1 xunakon ¢gas (PpoHT KpucTannmsauum) nponcxXoamT
KpucTannusaumsa matepuvana, a Ha gpyrom ((OpoHT nnaBneHus) - NoAnMTKa 30HbI
NCXOAHbIM MaTepuanom [12].

Puc. 6. Cxema 6becTurenbHOn 30HHOW MraBku

Hanpumep, MoHOKpuCTansbl KpeMHusl Si noaBepratoT 30HHOK NNaBke 1 B pesynbTaTte

nony4aT BbICOKOOMHbIN KpeMHun FZ (Float Zone), o4mLLEHHBIN OT NpUMeceNn.

MeTon rOpn3oHTasrIbHO Hal'lpaBHEHHOVI Kpuctannumiaumum

MeTog ropusoHTanbHoO HanpaeneHHon kpuctannmsauum (MTHK) (meton bargacapoBa) 6bin paspaboTaH B
WHcTuTyTe kpuctannorpadgpum nm. A. B. Ly6Hnkosa AH CCCP [13].

U3 doknada 0 gp-m H X. C. bazdacaposa & [pe3uduyme Akademuu Hayk CCCP e 1983 a.

«Memod eopuzoHmarnbHO HanpasneHHoU KpucmaJsaudayuu rno3eosnun HaMm e lHcmumyme Kpucmarnozpachuu erepsbie
pewums pobremy cuHme3sa KpyrHbix 6e30uciokayUuoHHbIX Kpucmarioes nelikocangupa, nompebHOCmb 8 KOMOpPbIX
ucrbimbi8ardm MUKpoanekmpoHuka, CBY-mexHuKa, onmuka ceepxebiCOKO20 pa3pelweHus, K8aHmosas 35IeKmpoHUKa U
m. 3. Cnedyem ommemumb 8bICOKYI0 paduayUoHHY cmolkocmb nelikocangupa, 0enarouyto e2o nepcrnekmueHbIM
Mamepuarsnom 0715 U320mOoerieHUsI CUIO8bIX A/IEMEHIMO8 peakmopos, yckopumeneul u 0pyaux ycmpoticme.

Ob6iacme npumeHeHUs1 MOHOKpUCMaJinos nelikocargupa rnocmosiHHo pacwupsiemcsi. OHU MO2ym UCroib308ambCs,
Harnpumep, 8 buonoauu u MeOUUyUHe, makK Kak makue Kpucmariibl XUMUYeCKU CmoUKU, a mpyuwascs napa us
nelikocangupa xapakmepu3dyemcsi caMbiM HU3KUM KO3¢hhuyueHmom mpeHus. VIMeHHO amu kadecmea cmassim
nelikocarngup 8 pss0 Mamepuasos, Komopble CMO2ym UCr01b308ambCsl, Hanpumep, 0715 Mpome3upo8aHusi (KOpHU
3y6os, demariu enasa, UCKYCCMBEHHbIe Cycmasbl, KOCMHasi mkaHb U 0p.), U320MO8IIeHUSsT XUpypaudecKkux ckanbnened,
MOKPOBHbLIX cmekosn u m. 0. [14]

MeToa M'HK nonyyun wunpokoe pacnpoctpaHeHue npu nosyyYeHnm TyronnaBkmx
MOHOKpUCTaNnyecknx matepmanoB. K LOCTOMHCTBaM 3TOro cnocoba Takke MOXHO OTHECTU ero
OTHOCUTESBHY TEXHUYECKYIO U TEXHONMOMMYECKYH NPOCTOTY, OH NMO3BOMMIT CPABHUTENbBHO AELLIEBO
nony4yaTb KpynHble MOHOKpUCTansbl fienkocandupa BbICOKOro KayecTtsa.

Jlerikocandomp — moHokpucTann okcuga antomuHung (Al203), npospayHas becuBeTHas pa3HOBUOHOCTb
cancmpa. Candump — 0gMH 13 cambix TBEPAbIX MUHEPANOB, ONTUYECKM Npo3paYveH, obnagaeT BbICOKOM
TemnepaTypow NiaBneHnsi, UCKMIOYNTENBHO CTOEK K pa3pyLLUEHNSIM, B TOM YACIIE B arpeCCUBHBIX Cpeaax.



O6napaeT BbICOKON pagnauVoOHHON CTOMKOCTBIO U BbICOKUM YAENbHLIM CONpoTMBeHneM. Jlenkocandvp
CMHTE3MpyeTCs B NPOMBILLNIEHHBIX MacliTabax no Bcemy Mupy. B HacTosee BpemMs 0gHO 13 MPUMEHEHWN
CUMHTETUYECKOro nerkocandunpa — 310 3rotosrneHve noanoxek ansa ceeroguogos LED (Light Emitting
Diode) u nHTerpanbHbIx KpemHueBbIX Mukpocxem SOS (Silicon on Sapphire).

B meToae ropnsoHTanbHO HanpaBNEeHHOW KpUCTannn3auum yaayHo Co4eTalTCs SNeMEHThl HanpaBieHHON
KpucTannmsauumn n 30HHOM nnaeku. Ecnv npy 06bIYHOM BbipalLMBaHUM U3 pacniiaBa pacniaBnsaeTcs BCs
wuxTa, To npu MK mexay 3aTpaBOYHbIM KPUCTANoOM U NONUKPUCTaNIMYeCcKnm arperatom (LLUIMXTon)
co3aaeTcs fnokanbHas pacnnaBneHHas 3oHa. Kpuctann pacTteTt npu measieHHOM MNepeMeLLeHNN 3TOW 30HbI
BOOJSb KOHTENHEpPA C LUMXTOW, MMetoLLero popmy

3 NOO0uKN.

Puc. 7. Cxema cnHTesa candupa mMetonom
rOPM30OHTANbHOM HaMpaBEHHOW KpucTannnsaumm

(FTHK) pacnnaga. 1 - OBMXYLUNACS KOHTENHEpP C

LLUMXTOW; 2 — BONb(pamMoBbI Harpesatenb; 3 —

TennoBon GroK.

[ ]

Onucanue. Mopowok Al203 (LwmnxTy) 3arpyxaroT B
MONMOAEHOBBIN KOHTENHEP — NOA0YKY, KOTOPbIN

nepemeLlaeTcs Yepes HarpesaTtesb B
Mo ropv3oHTanbHOM HanpasneHun. Temneparypa

nnaesnexus candwupa (Al203) 2050 rpagyca

TemnepaTypHiiil NpodMNG TENNOBOIO NONA HarpesaTens
Yepe3a KOTOPLI NPOXOAMT ABIKYLMACA KOHTERHeD

Llenbcus, Temnepatypa nraeneHus monmbaeHa (Mo)

2623 rpagycos Uenbcusa. [Ona nHuumanmm Havana
KpucTanmnm3aumm B KOHLE NOA0YKN YKpennseTcs 3aTpaBOYHbIN KpUCTan 3agaHHOW CTPYKTYpPbI U
KpucTtannorpadudeckon opueHTaumu. MNMpu gBUXKEHWUM NOOOYKM NOCIE pacniaBneHns NopoLLKa Ha4YMHaeTcs
MeJIEHHOE OXITaXeHre 30Hbl pacniaBa OT 3aTpaBKu MO HanNpaBIeHWIO K APYroMy KOHLYY FTO404KN. B aTom
HanpaBreHun TemnepaTtypa MeaneHHo NepexoamnT Yepes TOUKY Kpuctannmaaumm, U Kpuctann pacTteTt oT
3aTpaBKM K MPOTUBOMOSIOXHOMY KOHLLY JToA0YKM. YeM MeaneHHee pocT KpucTanna, TEM Bbllle ero Ka4ecTBo.
3a Bpemsi NpoxoAa KOHTENHepa Yepes HarpeBaTerb HEe JOIMKHbI MEHATBCA NapameTpbl TENIOBOMO NOMS.
B npouecce pocTa kpucTanna npMMecu oTTECHSIIOTCA B pacnnas. Ecnv Temnepatypa nsameHseTCsi CKaukom,
TO POCT KpUCTarsa yCKOPSEeTCs TOXE CKaykoM, 1 NpUMecy 13 anddy3HOro cros BKIHOHaTCS B KpUCTans,
o6pasys gedekTbl (MONOChI, TPELMHbI, Ny3bipbku) [4].

Mpenmywectsa metoaa N'HK no cpaBHeHuto ¢ meTogom Kuponyroca:
- ocobas TexHonorvsa yaaneHus ny3bipen N3 30Hbl KpucTannmsaumm
- TEeXHWYECKMN NPOCTOn 1 Be3onacHbl Ans nepcoHana MeToA (OTCYTCTBME 3MEKTPOMarHMTHOrO nosns)

- HW3KMI YPOBEHb BHYTPEHHMX HAMPSPKEHWNA U Manas NioTHOCTb ANCIOKaLMI BblpalleHHOTo
MOHOKpUCTanna candwvpa 6narogaps 6onee paBHoMepHOMY TENNIOBOMY MOS0 U ANUTENbHOMY OTXKUTY B
npotecce pocrta.

[nsa gaHHoOro MeTtofa BblpallMBaHWs XxapakTepHo adeKTUBHOE yaaneHme npumecen (B otrivuyume ot

mMeTonoB Yoxparnbckoro n Knuponynoca), 4emy cnocobCcTByeT He TONBLKO BECbMa BbICOKasi Temneparypa

pacnnaea, HO U XOpOLUIO pa3BuTasi MOBEPXHOCTL pacnnasa Npy HeOOMbLUON BENMYNMHE OTHOLUEHUS TIyOMHbI
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nogoyku kK ee wnpuHe. OcobeHHocTbio MeToaa MHK sBnseTcst Takke BO3MOXHOCTb NPOBEAEHUS
MHOrOKpaTHOW NpeapoCTOBONM NepeKpucTananauum matepmana, 4To cnocooCcTByeT riyboKon oumcTke
KpMCTannmMa3yemoro BeLLEeCTBa U MO3BOMSET 3HAYUTENIBHO CHU3UTbL TPeOOBaHUSA K YNCTOTE UCXOOHBIX
LUMXTOBBIX MaTepuarnoB. Hannyne oTKpbITON NOBEPXHOCTU pacnnasa Nno3BoNseT BBOAWTb B HETO
aKTMBMPYIOLLYIO NMPMMECh Ha NtoboM aTane BbipallvBaHWs KpucTanna.

Tak >xe Kak 1 Apyrme KOHTeHepHble MeToAbl BbipaluBaHNs MOHOKPUCTAIIOB, METOA rOPU30HTaNbHO
HanpaBneHHow kpuctannusaumm (FCHK) obecneunsaeT
noslydeHne MOHOKPUCTAIIOB C ManbiM pa3bpocom pa3mepoB
nonepeYyHoro ceveHus [3].

MHK meToq no3BonsieT BbipallmBaTb candup nobo
KpucTannorpadunyeckomn opueHTaumm B Buge nnacTuH
PEKOPAHbIX pa3mMepoB, HEQOCTUXMMbIX MPU NCMOMb30BaHMK
OPYrMx poCTOBbIX METOOB.

Puc. 8. Candmporas nnactuHa 350x370x30 MM, BbipallleHHast

meTtoagom MHK

'HK TexHonorns ycnewHo ncnonb3yeTcs Ans BblpallmBaHus nasepHbIX Kpuctanmos Ti:candwvpa.

Ocoboe BHMMaHue MHcTuTyTa kpuctannorpadum PAH 6bino yaeneHo paspaboTke TEXHONOrmm

BblpalLMBaHusa 1 o6paboTku KpUcTannoB nerikocandupa. B 3aBUCUMOCTM OT COBPEMEHHBIX NOTpeGHOCTeN
pblHKa co3gaHbl 3 TMna yctaHoBok «Candmp» ANs BblpallyBaHNs MOHOKPUCTamN OB neiikocandupa.

Candmp-175 Candmp-210 Candmp-OKM

B TexHonornsx BblpallMBaHust nemkocandgupa ucrnonb3osaH paspabotaHHbii B MHcTutyTe meton MHK,
NoO3BONSAKLLMIA NONy4YaTb MOHOKPUCTaN bl BOMbLUMX Pa3MepoB C 3aaHHON KpucTannorpadmnyeckon
opueHTaumen. NprMeHeHne HOBbIX KOHCTPYKTOPCKUX PELUEHUIN, COBPEMEHHbBIX KOMMMEKTYOLWNX U
TENNou30NALUMOHHBIX MaTepmnarnos, UCMNOMb30BaHWE aBTOMATU3NUPOBAHHOW CUCTEMBI YNpaBIieHns
TEXHOJIOTMYECKMM NPOLLECCOM 06ECneYnBatoT NOBbILLEHME BOCNPOM3BOAUMOCTI POCTOBbIX MPOLLECCOB U
KayecTBa KpMCTaNoB, CHUXKEHWE yaenbHOro aHepronotpebnexms Ha 25% [13].
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