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KHPHUI (mabpy3a IaKJINAATH AUCCEPTALMA AHHOTALUACH)

Mabppy3a makauaard JUCCePTANMA MAaB3YyCHHMHI J0J13ap0JiMrH Ba
3apypatu. ByryHru KyHJa »JIeKTpOHHMKa Ba Ky€Ll JHEPreTHKacH TajlabiapuHU
KOHAMPUII Y4yH >KaXOoHAa Muuiad yukapuiaaaurad dwiuk 300 MUHT TOHHazlaH
OPTUK MOJUKPUCTAII KPEMHUMHUHI aKcapuaT KHUCMHM KPEMHUNHUHI XJIOPJIU
OMpUKManapuJaH BOJOPOJAHM THUKJIAIl YyCyiau €Epaamuaa oJiMHagu. Masxyn
XJIOPCUJIAHJIM TEXHOJIOTUSAJIAPHUHT FOKOPU 3HEPIUsl TalaOaMIur, aTpod MyxXuTra
caiouii TabCHpPW CaKJIAHUO KOJMMHUIIM Ty(ailin MONMMKpPEeMHUH  HILIA0
YUKAPUIITHUHT TEKAMKOP Ba SKOJIOTHK XaBPCU3 TEXHOJOTHSIIAPUHU UIUTA0 YUKHILI
Ba CAHOAT/A KOPUM KWIIUII MyXUM axaMHsT KacO 3Tajiu.

XKaxonga keiinHru Oemn WW JaBOMHAA MOJUKPUCTAIT KpeMHUUTra Oynraxn
Tajna0 MKKM XWcca OWIMINM' — KyTWiaérran Oup Taiitia  XJIOpCHIIaHIM
TEXHOJOTHsUIap YpHHUra OHHEeprus caphuHU KECKUH KaMaWTUPUIIl HMKOHHHU
OepyBUM MOHOCWJIAHJIA TEXHOJIOTHSUIAPHU KOPUI KUJIUII aJloXuJa aXaMusT KacO
9Tu6 OopMokaa. JIEKMH XO03uUpru KyHAa Takiaud KWIMHAETraH MOHOCWJIAHIIU
TEXHOJIOTHSUIap XaM XJIOPJHU >KapEHJIapra acoClIaHTaHJIUIM TyQaliM yinapra xoc
DKOJIOTHS Ba YJKaH KaoUTall XapaxaTjlap MyaMMOJapu €4MMCH3 KOoJIMoKzaa. by
MyaMMOHUHT €4UMH MOHOCHJIAH OpPKajl KpPEMHHUU OJIUII >KapaéHUIa KedaauraH
reTPOreH KaTalli3 peaklysuiap MapT-IIapOUTIapyu Ba MEXaHU3MIIAPUHU KOMILJIEKC
TaJKUK KWJIHII, METAJUTypTUK KPEMHHI Ba CIIUPTIIAPHUHT O€BOCUTA PEAKIUSICH Ba
QJIKOKCHCHUJIAHJIAp AMCIPONOPLUMSICH JKapaCHNIapH, yilapAa KyJUIaHWIAQAUraH
KaTaJN3aTOPJIAPHUHT TabCUpP MEXaHU3MIIApH, XamJaa yJapHU (aossialTUpHIL
HIAPOUTIIAPUHU YPraHUILIHU Tajlad KUIau.

V36exucronna KySm SHepruscuiadH (ONHIANAHWUIIHE PHBOXKIAHTHPHII
103aCHIaH KaTop yopa-Taadupiap amanra omupuiMmokaa. by 6opana, xymnanas,
MaxaJUIMi MHHEpasl pecypciiap - KBapLUUTIap acocuja KyEll SHEpreTUKACHHUHT
OupnaMuyu XoM aménapuaaH Oupu OYiIraH METAUIYpruK KpEeMHH HuIu1ad
YUKApUIITa MYJDKAUIAHTaH KOPXOHAJAPHUHT Oapro ASTWiMIIM Oyinya o1aub
OopunaéTraH UILIap XaM MyXuUM axamusT kacO 3TMokaa. Mnmab yukapuiaérran
METAJUTypPTUK KPEMHHI 3JIEKTPOH CAHOATH Ba KY€l AHEpreThkacu Tanadiapura
MOC KEJIUIIM YYyH YyHra yTa 4YyKyp To3ajall XapaHUHU >KOPUH KUIHO,
MOJIMKPUCTAIT KPEMHUH Japakacura €TKa3Huill MyaMMOCUHHU XaJl KWJIMII 3apypuid
Macanaaup. Iy cababnu, sHEpPrOTEKAMKOP, IKOJIOTUK XaB(PCHU3 Ba JKOPUN ITUIIIIA
KalnuTaja  XapaXkaTjJapuHU  TeXall  HMMKOHMHM  OepyBUM  MOHOCHJIAHJIU
TEXHOJIOTHSIIAp SIpaTUIl pecnyOnMKamMu3ga XaM MyXHM axaMmusT kKacO 3THO
oopmokzna. by Oopama wMakcaanum WMAMUE  TaAKUKOTJIApHH, KyMJaJaH,
HOJUKPUCTAIUT KPEMHMH OJIMIIHUHT XJIOPCH3 MOHOCWIAHJM TEXHOJIOTUSCUHU
UIIa0 YMKHUII Ba TEXHOJIOTMSHM CH(ATIM aMajira OLIMpauraH TEXHOJOTHK
KypuiaMma  sIpaTuIl;  HCTUKOOUIM  KyE€Il  3JEMEHTIapu  CTPYKTypacHUHHU
MIAKUTAHTUPUIITAa XU3MAT KWIYBYM KPEMHHUH CTPYKTypajJapUHU SPATHITHUHT

I Jens Ulltveit-Moe. REC Silicon - Nordic Energy Summit 2016, Oslo, 17 March 2016,
http://hugin.info/136555/R/1995001/734790.pdf



WOHJIM CTUMYJUIAIITAH YCYJJIAapWHU WNUIA0 YWKWII Ba Oy yCyiap OpKaid
KPEMHUWIIM  CTPYKTYpPaJapHUHI YCTUPHILI >Kapa€HHWIA JIETUpJIALl Japa)KaCuHU
OILMPHII, T€TEPOCTPYKTypaJlapJard MEXaHUK 3YPUKHUILUIAPUHU peaKcalusian;
yTa KWYUK Ba yTa 314 HAHOPA3MEPJIH OPOTHAIAPUHN MAKIUIAHTUPUILL;, KPEMHUIIN
CTPYKTypaJlapJla TEPMOBOJIbTAMK XYCYCHUATIIADHA XOCHJI ~ KWJIWII  XamJa
(GyHKIMOHAN KaTjiamjap Ba Tarjuk opacuja MyTaHOCHO YcHIl KaTJiamJIapuHU
Oapro KWW HYyHAIMIUIApUIa WIMUN U3JAHULUIAPHUA aMalra OLUMPHII MYyXUM
Macaja XHCcOoOIaHa IH.

V36exucron  Pecry6mukacu — Ilpesumentununr 2013 iimn 1 mapriarm
[1D—-4512-connmu « MyKoOWIT SHEPTHs MaHOAIAPUHY STHAJIa PUBOKIIAHTUPUII YOpa-
tanoupnapu Tyrpucuaanru @apmonn Ba 2010 tiun 15 nexabpaaru [1K-1442-con
«2011-2015 immnapna  V36ekucToH PecyOnUKacH CAaHOATHHH —PHUBOXIIAH-
THUPUIIHUHT yCTUBOp WyHaIMuuiapu Tyrpucuga»ru Kapopu xamaa wmaskyp
(daonusaTra Terunuid OOIIKAa MEBEPUHM XyXKaTiapja OelruiaHrad BazudanapHu
amajira ommpHuilra ymoy AuccepTauus JAouMpacuaa YTKa3uiraH TaJAKUKOTIap Xam
MyailsiH gapakajaa Xu3maT KUjJaau.

TagKMKOTHUHI pecny0/uKa (paH Ba TEXHOJOTHSAJIAPU PUBOKJIAHUIIN-
HHMHI YCTYBOp HyHaJIuULJIapura OOFJIMKJIUIA. Maskyp TaaKUKOT pecryOiuka
dan Ba TexHoJOTHsUIapu puUBOXIAHUIIMHUHT II. «OHepreTuka, sHeprusi Ba
pecypctexamkopiuk» Ba IlI. «Kalita TukiIaHyBuUM »SHeEprusi MaHOanapuaaH
doiitanaHuIIHU  PUBOKIIAHTUPUIIDY KaOW yCTYBOp MYHAIMIUIApW JOUpacuia
OaxkapuIras.

Mabpy3a maKJIuIard AUCCEPTANUAHMHI MAaB3ycH OyiM4Ya XaJakKapo
WIMHI-TAAKUKOTJIAp mapxnz. [TomukpucTamn KpeMHHH WNUIA0 YUKAPUITHUHT
SHI'M MOHOCWJIAHJIM TEXHOJIOTHUSJIApU SIpaTUIl Ba HOHJIM CTUMYJUIAIITaH
ycymuiapaan  (oiganaHu®,  KpeMHHIl  CTpYKTypajlapy  XYyCYCHUSTIApUHH
TAaKOMUWJUTAIITUPUII ~ YCTUJA  TAAKUKOTIAp  AYHEHUHT  Kymiad  UiaMui
Mmapkasznapuaa, xkymiagad GCL Poly Energy (XXP), Wacker Chemie Ba SiTec
Applied Research (I'epmanust), OCI (JKanyouit Kopest), Hemlock Semiconductor

2 Masbpy3a makiIugard JuccepTalusSHUHT MaB3ycH Oyitnda xamkapo uamuii-tagkukotiap mapxu Ch. Roselund
“SunEdison begins production of electronic grade polysilicon using fluidized bed reactor technology”. PV
magazine, 10/2014, http://www.pv-magazine.com; Jens Ulltveit-Moe. REC Silicon — Nordic Energy Summit 2016,
Oslo, 17 March 2016, http://hugin.info/136555/R/1995001/734790.pdf; Ch. Roselund “The slow grind of FBR
polysilicon” PV magazine, 09/2015, pp.89-91, www.pv-magazine.com; Ran Fu, Ted L. James, and Michael
Woodhouse. Economic Measurements of Polysilicon for the Photovoltaic Industry: Market Competition and
Manufacturing Competitiveness IEEE Journal of photovoltaics, Vol. 5, No. 2, 2015, pp.515-524; Wataru Shindo,
Tadahiro Ohmi. Ion energy, ion flux, and ion mass effects on low-temperature silicon epitaxy using low-energy ion
bombardment process. J. Appl. Phys. 79 (5), 1996, pp. 2347-2351; S. N. Chebotarev et al. Features in the Formation
of Ge/Si Multilayer Nanostructures under Ion Beam Assisted Crystallization Technical Physics Letters, 2013, Vol.
39, No. 8, pp. 726-729; A.C. ITamenko u ap. OCOOCHHOCTH JETUPOBAHUS CYpPBMOU B MPOIECCe MOHHO-ITYUEBOU
KpUCTaJIM3auuu KpeMHusl. @U3nKa U TEXHUKA MOJIYIPOBOAHUKOB, 2016, ToM 50, BbIn. 4, ¢.553-556; T.S. Perova et
al. Strain, composition and crystalline perfection in thin SiGe layers studied by Raman spectroscopy. Thin Solid
Films, v.517 (2008) pp.265-268; D. Appy, H. Lei, Y. Han, C. Wang, M. C. Tringides, D. Shao, E. J. Kwolek, J. W.
Evans, P. A. Thiel. Determining whether metals nucleate homogeneously on graphite: A case study with copper.
Phys.Rev.B.90.195406 (2014); Novel Silicon Based Technologies. By editors: Roland Levy, Springer, (2012), DOI
10.1007/978-94-011-3430-9 Ba Gorika ManOanap acocuaa OakapuiraH.
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Corporation (AKII), REC Silicon (Hopserus-AKII), SunEdison inc. (AKII)
KaOW KOMITaHMsUIAp WIMUM unuiad yukapuinl Mapkasznapuaa, xamuaa Carnegie
Mellon University Ba lowa State University (AKI), Laboratoire de Génie
Chimique UMR CNRS (®pannus), Tohoku University (Anonus), University
Stuttgart (I'epmanus), University of Basel (Illeeiiniapus), Dutch Institute For
Fundamental Energy Research (Hunepnanaus), Telemark University (Hopserus),
MockBa naBnat yHuBepcuteTd, Ko3oH denepan ynuepcutetd, Hunkeropon
JABJIAT YHUBEPCUTETH, TOMCK [aBiiaT yHHUBEPCUTETH Ba SpuMm yTKazruunap
¢busukacu nHCTUTYTU (Poccust), Mwmuii Texuuka yauBepcuteTH (Ykpaunna), Mon
IjasMa Ba Jla3ep TEXHOJIOTUSIJIapU HMHCTUTYTH Ba TOIIKEHT JaBlaT TEXHHKA
yHHBepcHTeTHAA (Y30€KHCTOH) KeHI KAMPOBIIM HJIMHIl-TAAKMKOT HIUIAPH OIUO
OOpHUIMOK/1A.

Kaxon wmukuécuga TONMUKPUCTAIT KPEMHUW UNUIA0 YUKAPUII YUYyH
MOHOCHJIAHJIM TEXHOJIOTHSUIAPHU SPaTHINJIA, XaM/Jla MOH CTUMYJUJIAIIraH ycysuiap
épaMuia Mypakkad reTepocTpykTypajgap Ba OOLIKA KPEMHUN CTPYKTypaJlapuHU
HIaKJUTAHTHPUIIAA KATop, KyMJIaJaH, KyWWUJard HaTWUXKalap OJUHTAaH: FOKOpHU
00cHM Ba MacT Xapopatria MIJIOBYM TEOpPAHYBUM «KAWHOBUYM» KATIaM pPEAKTOPHU
nniad uukuiran (SiTec Applied Research, I'epmanus); «kalitHOBUM» Katiiam
peakTopiapuia  MOHOCHUJIAHAAH  TpaHyJUJlalllaH  MOJUKPEMHHUHA  OJHUIIIA
conmmTpma 3Heprusi capdu keckuH kamantupuiira spurmwirad (REC Silicon,
AKII); «xallHOBUM» KaTJlaM pPEaKTOpJapHa MOHOCHIIAHJIAH 3JIEKTPOHHKA
napaxacunarn (EG) rpaHysuiamraH MOJMHMKPEMHUN  OJMIN  TEXHOJOTHUSCUHU
apatwiran (SunEdison inc., AKII); monekymnsip Hypiu SNHUTAKCUsAIA KPEMHUM
CTPYKTYpAJIADUHUHT  YCUII >Kapa€HJIapyUHU HWOHJIM CTUMYJUIAIITUPUIN  Ba
OOIIKApUIIT OKAJM MEXaHUK 3YPUKUIILIAp KaMaWTHpWIITaH Ba DJEKTPOH HYpIIU
busukaBuii OyFaaH YCTUPHUIIAA WHTEPMETAUIMJJIAp HIAKIUIAHTUPUO, YIapHUHT
KATTUKIUTMHA ~— ommpuirad  (Stuttgart  University, I'epmanus);  cuptra
YTKa3MIaéTran OKMMHMHI HOHJANIMIN gapaxacu 10 Oyaramma xam Hykieaius
*apaCHUra MOHJIAIIraH KUCMHHUHT 3(()EKTUB TabCUPU MaBXKYyIJIUTH aHUKJIAHTaH
(Iowa State University, AKII), wMonekymssp HypJd OSIOHUTaKCHS yCyJuJa
KUPUIIMAJAPHUHT KEHT CIEKTpU OWJiaH JIErMpJjiaHTaH KpPEeMHUU KaTjaMJIapuHU
WMOHJIap OWjlaH HYpPJIAHTHPWITAHIAa CcOAup OYiIyBUM (PU3MK >Kapa€Hiap TaIKUK
KWIMHUO, MAcT SHEPTUUIM MOHJIAp OWJIaH HYPJIAHTHPHUII IIAPOUTHIA KPEeMHHUH Ba
KPEeMHHUI-TEPMaHUN  KaTTUK  KOTHIIMAJapu  KaTJIaMJIAPUHUA  KUPHUIIMaJIA
JerupiamHUAT  pusukaBuit acocnapu unwiad umkwiran (Hwxauit Hosropon
JaBJIaT YHUBEPCUTETH, Poccus).

Byrynru KyHJa  MOHOCHUJIAH CUHTE3UHUHI  SIHTU camapaiu
TEXHOJIOTHSIIIApUHU, XaMa IpUM YTKa3Tu4 Ba MeTauiapAad uoopaT CTpyKTypaiap
MIAK/UTAHTUPUITHUHT HWOHJU CTUMYJUIAITaH yCYJUIADHU SAPaTUIl YyCTUIa Oup
KaTop, JKymyIaJlaH KYyHUJard YCTHUBOp WYHaIMIUIapAa TaAKUKOTIAp 0OJIU0
OOpHIIMOK/A: «KAlTHOBUMY» KATJiaM peakTopJiapuja MOHOCWJIAHAAH TpaHyJUlalliraH
MOJMKPEMHUI OJIMIIIA COJIMIITUPMA HHEPTUs capdu KamMaWTHUPHUII; SKOJIOTHK
xaB(cu3 Ba caMapaJopiurd FOKOPM MOHOCUJIAHJIM TEXHOJOTHSJIAPHU SIPaTHUIL;
ApuUM YTKa3ruy XycycusaTtura sra Oynrad rpadeH cupThia METALIAPHUHT MOHIH
CTUMYJUIAIITaH HYKJIEAlUsCH; AN-TUILIM KPEMHUM acoCHllard IOKOPH camapaiiu
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Ky€ll 3JIEMEHTJIApU CTPYKTypacuJa NAcCUBJIOBYM KaTjaMJIapHU MOHOCHWJIAHJIaH
MOHJIA CTUMYJUIALITAH YCYJIa MIaKUTAaHTUPHII.

MyaMMOHMHI Ypranwirawjiauk paapasxkacu. Silicon Solar Inc. (AKILL)
ollMMJIapy  TOMOHMIaH TpudTokcucuinangan KF/ALO;  karanuzatopnapuna
MOHOCWJIaH ojum  ycynu  spatwiran  (WO0042445A2, 2008). bynna
TpudTOKCHCcHIaH KoHBepcusick 100 dousra sKuH KypcaTrudra sra Oyiradn. AMMO
TPUATOKCUCHJIAH CHHTE3M Macajacu eunmcu3 Koiradn. Showa Denko K.K.
(AAnonust) TomoHMaH 0MO GOpMIraH TAAKUKOTIApAa XaM TPUATKOKCHUCHIIaHJIap
KOHBepcHsicH Oyiinda Makcuman roKopu Hatwkara spuimmiau (JP2008281206,
US20110200513), amMo Hatmwkamap (akaT TpUMETOKCHCHIaHTa HHcOaTaH
omuuarad. 2000-2010 #ummap opanuruga Momentive Performance Materials Inc.
(AKII) xoMmaHusici TOMOHHJIaH TPUMETOKCHCHIJIAaH CHUHTE3U Oyiinuya Oup Heua
TEXHOJOTUsU1ap nareHTianrad. by texnomorusuiap (US7429672, US7339068,
US7652164) Cu,O, CuCN u Cu(OH), katanuzaropiapu &EpaaMujia amajira
OILIUPWITaH, OUPOK Oy TEeXHOJIOTHsUIap Oapyacud LMKIMK-Y3JIMKCU3 PEXKUMIA
uniaTuiarad. byHnmai pekuM MOXMSITHTa Kypa dajla Y3JIMKCH3 PEeXuM OViuo,
OyHJa peareHTJIApHU IOKJIAHUIIM JIaBpUU paBHILJA, CHUHTE3 pEaKLUUsICH 3ca
WHIYKIMOH JaBpJaH CYHT IOKJIaHYBUM peareHTIap MUKIAOPU KPUTHK Japa)karada
KamailiraHu Kajap JaBOM JTaJud Ba HATWXKaJa peareHtiap HUcpodIaHUIINTa,
sHeprus cappuuu omwmmura onud kenaau. IlymapHu Hazapma odarasja,
MOJUKPUCTAIII ~ KPEMHUW  OJIMIIHUHT  MOHOCWIAHJIM  IOKOPH  caMmapaliv
TEXHOJIOTUSACHHH SIPATHUII T013ap0 Macana OyIud KOJIMOK/IA.

Cuptaaru >xapaéniapHu (paoJamTHPHUIN yUyH, XyCycaH KPEMHUN acoCUaaru
CTPYKTypaJIapHU MIAKJJIAHTUPHUIN YYyH HWOHJApD aH4YarMHa KEHT KYJUIaHWIUO
KEeJMHANTH, )KymiagaH, LItyrrapt YHuBepcuTeT! onumiap rypyXJapuHUHT KaTop
UnuIapuaa Ycuin kapaCHJIApUHU CTUMYJUIAIITHPHIN Ba OOIIKApUIN  YYYyH
MOJIEKYJIsip Hypiin snutakcusana (O.Kacmep Ba Oolikanap) Ba 3JEKTPOH HYpJIU
¢usukaBuii Oyrnan yerupunaa (K.Maiine, A.JroToBHY) HOHIaplaH YHYMIIU
doiiganaHunarad, WOHJAPHUHI KATTUK OJKUCM OWJlaH TabCUpPU  acocujia
MaTepUaNIapHUHT XOCCaJapyuHU TyOJlaH Y3rapTUPHILra 010 KeTyBYM paaraliioH
adbdextnapuu Ypranumga K.Hopanynn Ba @.[[xypabexoBanap (XelbCUHKH,
®unnanaus) paos ur oud GopmMokIaIap.

[llynnHrex, monnu crymysuiamrad ycymuiap Hwxauit Hosropon nasnar
yauBepcutetd (Poccust) ommmiiapu rypyxu TOMOHHJAH XaM MyBO(dakusTIu
UIUIaHUO Ba KYJUTAaHUO KeIMHMOKAA. MOJEKyNsap Hypid 3MUTaKCUs YCylIuaa
KUPUIIMATAPHUHT KEHT CHEKTpU OWjIaH JIeTUpJaHTaH KPEMHUN KaTJiamJIapuHU
WOHJIap OWUJlaH HypJaHTUpWITaHAA COAUp OYIyBUM (UMK >KapaHIapHHU TaIKUK
KWIKII, XaMmJla [acT OJHEPrusuid HOHJap OuilaH HYpPJIAHTHUPHUIL IAPOUTHIA
KpEMHUI Ba KpEeMHUH-TEpMaHUN KATTUK KOTUIIMAajapu KaTJIamJIapUHU
KUPHUIIMAaJU JISTHPJAIHUHT Qu3uk acocnapunu sipatum unviapu B.I'. [enrypos
TypyXyu TOMOHUJAH yTkazuiaraH. A.Ml.MammH kpeMHUN KpUCTAJUIMHU yTa IOKOPH
703aJId MHEPT ra3 WOHJApW OWJIaH HypJATHII KPEMHUWHUHT SIHTH aJJIOTPOI
TY3WIMIINHA [IAKUIAaHUIINTA ONMUO KEeNWIIMHM aHukjaradH. Wownmap Owmnman
HypJIAaHTUpHIILIa aMOp( KPEMHHUI MAaTpuLacHa KPEMHU HAHOKHpUIIMAIapHIaH
TAlIKWAJ TONraH HAHOCTPYKTYypJialllaH TU3WMHHM IIAKJUIAHTHPUIL >KapaéHiapu
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C.A.Tpymnun TomoHuAaH (aon ypraHwirad. AKcapusT Xosuiapaa TaAKUKOTInIap
YCUlll CUPTH >Kapa€Hyiapura TabCUp YTKAa3WIl YYyH Maxcyc MOH MaHbOalapuaaH
dborinananunran, xycycaH, A.B.JIBypeuenckuii = (HoBocubupck) rypyxu
TOMOHHMJAH MOJIEKYJIAp HYpJM DSIUTAKCUS KypWJIMacuja MacT SHEPTrHsiiu
MMITYJIbCIIA MOH HYPJIAHMIIK OCTHA KpeMHHH cuptuaa Ge HaHOOpOTYaJapUHUHT
V3-Y3UHA TallKWJI OTUIIM YpraHWIraHja ajoXujga HWHEPT Tra3 HWOHJIApH
MaHbOacuaan Qoiinananuwirad. Hanoopoiyanap 3UYIUTHHU CE3WIAPIU OLIUPHUIILL
Oopacuparu OpUIIIITaH IOTyKJapra Kapamai, KYNnruHa Takiaud KUIMHTaH
ycyinapnan (Qoigananuin Mypakka®d WOH MaHBOAIap TH3UMIIAPU KUPHUTHUIIHUA
Tanad KWwiaau, akcapusT XoJulapja CTaHAapT KypuiMalap, alHHUKCA, MOJEKYISIp
HYpJU SIUTAKCHS KypwiMalapu OyHIal TU3UMJIAp KUPHUTHINTAa MOCIAllIMaraH.
[lyHuHr cababiy, WOHIW CTUMYJUIAINTAH YCYJUIApHH SHAJa PUBOXKJIAHTHPUII,
KyMIIaJiaH, DJJIGKTPOH-HYpJAW  OyFlaTuiga XOoCuil  OYIyBUM  HMOHJAp/AaH
doiinananuO, cupT kapaéHiapu (paosIamTUPUIT  YCYJJIAPUHU SPATHUIIL J0J13apO-
JIUTH CaKIaHUO KOJIMHTaH.

Mabpy3a makauaard Jguccepramusi MAaB3YCMHMHI JHCCEePTALHSA
0axkapwiIaéTran MIMHMHA-TAAKAKOT MYacCAaCACHHMHI WIMHI HILUIAPpU OUJIAH
oorsmmkauru. duccepranus tagkukot MoH mia3Ma Ba jla3ep TEXHOJIOTHSUIIAPU
UHCTUTYTH WIMHH-TAIKUKOT HIUIapu pexkacMHUHT DPA-A15-D126 «Ilonukpuc-
TaJlJI KPEMHUM OJTUITHUHT TEXHOJIOTHS Ba Kypuiamanapuuu spatuuny (2009-2011),
A4-OA-D172 «MoHOocUNIaHIaH KPEMHUMHUHT IOTIKA KaTJIaMJIapy, TpaHyJiajiapy Ba
XaXKMI0P KPUCTAIIAPUHU OJIUII TEXHOJIOTUSICUHU sipaTuiy (2012-2014), ®A-A4-
D057 «[lonmukpucrami KpeMHUA HILIA0 YMKAPUIITHUHT TEXHOJIOTUK CXEMaCHHU
gapatuin»y (2015-2017) AUTH  noituxanapu, DA-D2-O097 «Opranuk Ba
HOOpPraHUK MaTepHAJUIAPHUHI KPUCTAJUIAHWII MapKa3jJapuHH Ba HaHOOPOJYa-
JAPUHUHT YCuIll kapa€HiaapuHu Taakuk Kwiuin (2007-2011), A3-DA-D158
«Kuyuk yayamiii HOTEKHC KUPUTMAJIM OpPraHUK Ba HOOPraHUK rpaHyJUlalliraH
ApUM YTKa3ru4jiap acocHJiard CMcTeMasap/ia dSHEpPrus Y3rapTUpHUII KapaHIapuy»
(2012-2016) ®TJ] noituxanapu, xamaa Y36eKHCTOH Ba I'epMaHus XyKyMaTiapu
WIMHI-TEXHUKaBUH XaMKOPJIMTU TYFpUCHIArd KenuiryBu aoupacuaa Lltyrrapr
Yuupepcutetu 6unan 6axapuinran USB001/99 «Monekynp Hypid SMUATAKCHAIA
nonnapaan ¢oigananumn (1999-2001), UZB02/002 «KuméBuii Oyrnad YCTUpHUIIL
Ba HMOHIM (aoyutamitupwirad (pui3ukaBuid OyflaH YCTUpUII yCyJulapu OusiaH
apMUpJaHTaH yIJIepoJ| TarjuKiIapuaa XUMOSBHUN Karjamiap [IAKUIAHTUPUIID)
(2003-2005), UZB 01/007 «¥Ta Te3 WMIIIOBYM Maifl0H TPAH3MCTOPIAPH YUYH
mymxamnanran SiGe/Si TeTepOCTPYKTypajard 3YpUKUIUIAD pellaKCalUsICUHU
O6eBocuta HMOH OoMOapaumonu Owmnan OomkapyB» (2007-2009) ma3ycuaaru
Joiuxanap noupacuaa Oaxxapuiras.

TagKMKOTHHUHI MaKCaAM NOJUKPHUCTAUI KPEMHUU OJIMII MOHOCHUJIAHIIN
TEXHOJIOTHSICH, XaMmMJa KpPEMHUH CTPYKTypaJapuHU  SPATUIIHUHT  WOHJIU
CTUMYJUIAIIraH yCYJUIApUHU UIUTad YUKUIIAaH HOopart.

Taakukor Bazudaapu:

METaJUTyprUuK KPEMHUW Ba COUPTIAPHUHT O€BOCHUTA PEAKIMAICH UHIYKIMOH
JaBPUHU WYKOTUII €KW MHUHMUMAJUIAIITHUPUIN WYIM OWIaH aJlKOKCHUCUJIAHJIap
CHUHTE3WHUHI CaMapalii TEXHOJIOTUSACUHU SPATHUIII;



AJIKOKCHCUJIAHJIap CUHTE3MJa PeaKlUs MYyXUTUHU TOMMHI (paomaHTHUpHUII
OMMJUIAPUHY M3JIalll Ba peakuus 30Hacuaa €HOOII peakuusiap yUyH KaTaau3aTop
OynuIIM MyMKUH OYJIraH HOKepaK KUpHUIIMaJapHU HUFUIUIINHNA OJIJUHU OJIMIL;

MaxaJuUInii MaTepuauiap acocuia TPUAITOKCUCHIIAH IHCIPONOPLUUSACH Kapa-
€HU yuyH (haoJs1 kaTanu3atop Tauépiainl yCyJauHU SPaTHIIL;

NOJINKPUCTAJIZI KPEMHMM OJIMIIHUHI AJKOKCHCWIIAH JKApaéHU acOoCHUIaru
MOHOCHJIAHJIM TEXHOJIOTUSICUHHU SIPATHILL,

MOJIMKPUCTAIII KPEMHUI OJIMIIHUHT MOHOCHUJIAHJIM TEXHOJOTHACHHM aMalra
OLIMPUII YUYH 3KCHEPUMEHTAII KypUJIMa sIpaThLL;

YCHIll CUpTUIATH Kapa€HIapHU HA30paT KUJIUII Ba OOLIKAPHUIIJIA AJIEKTPOH
HypAau OyflaTuiiia XOCWI KWIMHTaH HOHIapAaH (¢oijasaHuIl HMKOHUHU
OepyBuH 3apsIJIaHTaH 3appavaiap apajanl OKUMHHH aKpaTHIL Ba YiIyall yCyJInHU
ApaTULL,

KPEMHUI KaTJIaMJIApUHU YCHUIIl TABOMUJATH MOHJIAp OWJIaH HYpJIAHTUPHUII
HIApOUTHAA JIETUPJIAL )Kapa€HIIApUHA YPTaHUI;

KpEMHUM HWOHJIapyu €EpaaMuaa yTa IONKAa KPEMHUKW-TEPMAaHUW TeETEPO-
CTPYKTypaJlapuJardi MEXaHUK 3YpUKHUIUIAPDHU OOIIKApUIl HWMKOHUSTIAPUHU
TaJIKUK KUAJTUILI,

MOJIEKYJIIp HYpJW SOUTaKcHsia WOHIapiaH (oigananud, yTa 3u4 Ba yTa
KMYMK YJIYaMJId MOHOKPHUCTAJJI HAHOOPOJIYAJIAP XOCWJ KWJIWII >Kapa€HIIApVWHU
Yprasuii, XamJa HaHOOPOJYAJIAPHUHTI MAKCUMAaJl 3UWINTYM Ba MUHUMAJ YI4aMHUIa
SPUILHXII YYyH ONTUMAJI IIAPOUTIAPHA aHUKJIALL;

BaKyyMJla MOHJIA CTUMYJUIALITaH yCYJ/Ia OJUHIaH KPEMHUNWHUHT KATIAMIH
P-N CTPYKTypajJapHUHT TEPMOBOJIBTAUK XOCCATAPUHU TAJKUK KUJIHILI,

WOHJIM CTUMYJUIAIITAaH YCyJJa UCCUKIMK Oapbep KaTjamMJIapuHH MOCalll-
THPULI YUyH OPAJIMK KaTJIaMJIAPUHU SPATUII UMKOHUATIAPUHA YPraHUI.

TaagkMKOTHUHT 00BbeKTHM cudaThuaa KpPEMHUN KpUCTAUIApH, KPEMHHA
OpraHuK OuMpHKManapH (TpHU- U TETPAdTOKCUCHIIAHIAP), KPEMHUNHUHT BOJIOPOIIN
Oupukmanapu (CWiIaHiap), KpeMHHH Ba OoIlka MaTepuaiap acoCHaard
AMUTAKCHUA, IOMKA KaTIaMJIA U Ky KaTJIaMJIM CTPYKTypajapiaH uoopar.

TaagKMKOTHHHI TpeaMeTH KPEMHUMHUHI ~OpPraHUK Ba THUIPUA
OMpUKMaNapuHU CUHTE3UHUHT (U3UKaBUI-KUMEBUHN >kapaHiIapH, KpUCTaIap
YCHIIM, OHNUTAaKCHAJ YCHI, XaMJa KATJIAMJIIADHUHT HWOHJIM CTUMYJUIAHTaH
HIAKJUTAHTUPUILI JKapa€HJIapUHUA KaMpald OJraH.

TankukoTHMHr ycysaapu. Jucceprauus umM  Oaxapuil —JaBpuja
CKAaHJIOBYM OJICKTPOH Ba CKAaHJIOBYM TyHHEIb MHKpOckonwus, Paman Ba
uHppaku3uia-Oypbe CHEKTpOMETpUs, Ta3Id XpOMaTOMACCIEKTPOMETPUS Ba
MHAYKTUB OOFJIaHTaH IIIa3Majd Macc-CIIEKTPOMETpUsl Ba OOIIKAa 3aMOHaBUU
ycysuiapaaH (oiianaHuIraH.

TaaKMKOTHUHT WIMMI SHIWINTH KyHuaaruaapaan noopar:

METAUTYPTUK KpPEMHUH Ba COUPTJIIADHUHT OEBOCHUTA  pEeaKIHMsICHra
acocnanran 95 ¢ouzgaH IOKOPH CEJICKTHBIMKHH Ba pPEareHTIapHUHT IOKOpPHU
napaxand 100 ¢ousra SKUH KOHBEPCHSICMHM TabMHUHJIOBYM AJIKOKCHCHIIAHJIAP
CHUHTE3U TEXHOJOTHUSCH UIIIa0 YMKUIITaH;
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WIK 00p METa/TypriuK KpEMHUI Ba CIIUPTIIADHUHT O€BOCUTA PEAKIUSICHHIHT
MHIYKLIHMOH JaBpU MYKOTHII BAa TEXHOJIOTHK apa€H TYJIUK Y3JIYKCH3 PEXKUM]IA
amaJjira OIIMpHUII UMKOHUHU OEpyBYM yCYJ UIILIA0 YUKUITAH;

peakius 30Hacuaa €HOOII peakusiap yuyH KaTaau3aTrop OYIUIIN MyMKUH
OynraH HOKEpak KUPUIIMAIAPHUW WUFUIUIIMHUHT OJIIMHU OJUII Ba peaKIus
MYXUTHUHHU (DAOUTAIITUPHUII YCYJIU UILTA0 YUKUJITaH;

NIKOKCUCUIIaHIapJaH (oiiianaHud TMOIUMKPUCTAIT KPEMHUN OJUIITHUHT
XJIOPCU3 MOHOCHJIAHJIA TEXHOJIOTUSICH UIIUIA0 YNKHUIITaH,

TEXHOJIOTHK >Kapa€HJaH arpeccHB NPEKypcopiiap Ba yajaa MaxcyJoTiap-
HUHT UYKOTWITaHIMTU TyQailid Oup MapTaauK JUCTHIUISALIUS OpKajlld MOHOCHUIJIAH
TO3aJMTMHU FOKOPH Jlapa)karada KyTapHuIl UMKOHHSTH SIpAaTHIITaH;

TPUATOKCUCWIAH JIUCIIPONOPUMSIAII OPKAJIM MOHOCHWJIAH CHHTE3 KHJIUII
KapaEHUHU XOHA XapopaTuja Ba y3IyKCHU3 paBUIIA YTKA3UII UMKOHUHHU OepyBUn
(daos kaTanu3aTop TAUEPIATHUHT SHIU YCYJIU UILUIA0 YMKUITaH;

MOJIMKPUCTAIII KPEMHUI OJMIIHUHT MOHOCUJIAHJIM TEXHOJIOTUSCHHH aMalra
OLIMPULI YYyH SKCIIEPUMEHTANI KypUiIMa sIpaTHIIraH,

YCUIl CUPTUIATH >KapaéHJIapHU HA30paT KWIMII Xamjaa OOIIKapHIlia MOH
MaHOacu YpHUAA SJIEKTPOH HYpJU OyFIaTUIN MalTHIa XOCHI OYJIyBYM MOHJIAp/IaH
¢oiinanaHnil UMKOHUHU OEpyBUM 3apas]iyIaHTaH 3appajap OKMMUHHU aXpaTull Ba
Vy4ai ycynu Ba OyHU aMaira OIIMpyBYM KypHiIMa UILIad YUKHUIITaH;

YyCUIll BaKTHa KPEMHHUH KpHCTaUl MaH)Xapacuaa cypbMma aTOMJIAPUHUHT
MOHJIM CTHMYJUIAIITAH >KOMIAIITUPUIN 3Basura Jerupiam gapaxacu 10" cm>raua
OLLIMPUIITaH;

KPEMHUH-TEPMaHUN TIE€TEPOCTPYKTYypAIApUIArd MEXAHUK 3YPUKHUILIIAPHU
HMOHJIM CTHUMYJUIAIITaH pejlakcalus YyCyldd HIUIad YHMKWITaH Ba MEXaHUK
3VpPUKHUILIAD pelaKkcalus JapakacuHU OOIIKapUIl MYyMKUHJIUTHA Taxpubana
TAaCIUKJIAHTaH;

WOHJIM CTUMYJUIAIITAH MOJIEKYJSIp HYpJIM JMUTAKCUS YCYJIHAA OJUHTaH
KPEMHHI CUPTUAArd T€pMaHU HaHOOPOITYATJAPUHUHT 3UYJIUTH OLIMIINA BAa TAKCH-
MOT (YHKUMSICUHUHT KUCKApyBU MakcuMayuiuru uoniap sueprusicu 200 sBna
amaJira OIIMILIY aHUKJIAHTaH;

BaKyyMJla MOHJIM CTUMYJUIAIITaH yCyJ/a OJUHTaH KPEMHUWHUHT KATIaMIIH
p-n crpykrypanapuaa 5S00Kaan rokopu xapopaTiga TEPMOBOJIBTAUK XOCCaJlapHU
AKKOJ HAMOWHII STWJIMILIY aHUKJIAHTaH;

UCCUKJIMK Oapbep KaTjJaMJIApUHU TarjiMKKa MOCJIAIITHPUII Y4yH KUMEBUN
AKUHJIMKIN Ba TPaJMECHT YTHUIUIM OpAJIMK KaTJaMJIapUHHU SPATUIIHUHI HOHJIA
CTUMYJUIALITaH yCYJIH UIUTA0 YUKHUIITaH.

TaaKuKOTHHHT aMaJIMii HATHXKACH KyWHIaruiapaaH noopar:

KPEMHUI OpraHvK OMpUKMalap: TpHU- Ba TETPAITOKCUCHUJIAHJIAD CUHTE3U
xapa€Huaa cnupT Tapkuouaaru cyBHUHT Mukaopu 0,02% nan optranjga €Haoun
peakUMsUTApHUHT OOIUIAHUILM Ta3 XpomaTorpadus ycyauaa aHUKJIaHTaH;

ymuamnapu  30x30x35MMHM  TalIKWJI KWIYBYA HOH 30HAM HOHJIAPHU
TE3JIaTyBYM MOTEHLHMAJT OCTHAA TarjIMK MO3ULUSACHTa OJIMO KEJIWHTaHIa OKUM
MaHOacu Ba TalJIMK OpacUIard SKBUIIOTEHIMAN CHUPTJIAp XOJaTH CEe3UJIapiiv
oysmwmmaciuru SIMION 6 gacTypuja MoIe/UTaITHPHUIN EpAamMuia aHUKJIaHTaH,
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ANEKTPOH-HYpAM Oyfmarruu turenura 7i Ba Al 10:1 Hucbarna
KOMIAIITUPUING OyFiaTuiraHja TUTETHUHT IOKOPHM KUCMHUJA KYI COHJIH,
Karranury 5 Mxmaad 20 Mkmrauda OyJiraH 3appadajiap/iad uoopatr KarjiaM XOCHII
OYIUIIM Ba PEHTICHT CTPYKTYpPaBUIl TaxXJWJ HaTHKajlapura Kypa YHUHT TapKuOuU
acocaH TiAl; uHTepMeTaINIUIU1aH nOopaT OYIUIIY aHUKJIaHTaH;

TiAl; 3appauanapujgaH uOOpaT KaTjJaMHU OJJEKTPOH HypH Epaamuia
OyFatTuinbé  WMOHJIM CTUMYJUJIAIITaH YCyiJa YCTHpPWITaH KoIjlaM TapkuOuja
MHTEpMETAILTMIap XUCCacH 2,5 Kapparaya OUIUIIA aHUKJTaHTaH.

TaakuKOT  HATWKAJAPUHMHI  HIIOHWIWJIMIM  TAAKUKOTIAp  Ba
UIUTAHMAJIAp MATEPHAITYHOCIUK Ba (DU3MKABUN DSJICKTPOHUKAHWHT 3aMOHABUN
¢HmamyBlapy Ba MeToJajapura TasHMIIM OwinaH acocinaHrad. TaxpuOa
apouTIapu YyKyp VYpraHwiraH Ba TaxJIWJI KWIWMHTAH, WIMHUHT Xap Oup
O0ocKMUYuAa IOKOpU aHUKJIMKKa 3ra OYJaraH 3aMOHaBUM aHAIMTHUK acOobiapiaH
dolinananuiaral Ba TaxpuOa HaTHKajdapura xap TOMOHJIaMa HIIJIOB OEpHIITaH.
OnuHran HaTWXanap Ba XyJiocanap Karjamiap YCHILIM Ba MaTepuasuiap CHUHTE3U
MEXaHU3MHUIa OaFuIIIaHTaH €TaKyd MyTaXxacCHUcjiap TOMOHHUIAH HSPUILIUITaH
Hazapuil OMJIMM Ba aMaJIuil TylIyHYanapra MOC paBHIIIa U30XJIaHTaH.

TagKuKOT HATHXKAJAPUHMHI WIMHHA Ba aMajJuMid  axXaMUATH.
TaakukoTIap HATWKaJAPHUHT WJIMHANA axaMUATH TeTEeporeH Karalu3ujaa Oup
XJIOPJIM ~ MHC Ba  KaTaJuUTUK  JUCHOPONOpUMSATAIIIA  ATWUJIAT  HaTpui
KaTaJIU3aTOPJIAPUHT TabCUP MEXAHU3MIIAPUHM aHUKJIAIJIA KamilaHrad. Mnuiapau
OakapuIll JaBpuja OJUHTAaH OWIMMIIAp CHHTE3HUHT (PU3UKaBUN-KUMEBUIN
KapaCHJIapUHU YyKyppOK TYIIYHUII Ba KUMEBUU PEAKIMSUIAPHUHT KEePaKIn
WyHanMWIga amajira ONIMINM YYyH ONTHUMaj IIApOWTIIApHU TaHiad OJHII
WMKOHMHH sipaTaju. VOHJApHUHT YCUII CUPTUTa TAabCHUPUHUHT aHHWKJIAHTaH
MEXaHU3MJIapU MIAKJUTAHYBYM CTPYKTYypaJIApHUHT OMp MyHUYa MapaMeTpiIapuHu
OJIIMHAAH aHUKJIAIl UMKOHUHU Oepau.

TagkuKoTIap HATIWKAJAPUHUHT aMajuid axamMusaTh unuiad YUKWIral
MOJMKPUCTAIIT KPEMHUWHUHT MOHOCWJIAHJIA TEXHOJOTHSCHHUHT KYJUTAHWINIIN
MaxcyJoT  TaHHapXWHM  KaMaTUpuil  Ba  YHMHT  OyHE  Oo3opuia
pakoO0aTOapONUIUTUHUA OIIUPUIL HMMKOHUHM Oepullnr OuilaH OenrviaHaau.
3apsuiaHrad 3appajap OKMMHMHHM aXXpaTHIIl Ba Yia4all ycyad Ba OyHH amaira
OIIMPYBUYM HMOH 30HAM XaM MYXHM aMaliuii axamusatra i3ra. by WMoH 30HIu Ba
UNuIad YUKWITAH YCYJJaH 3JEKTPOH Hypiu OyFIaTTUWIM OKOPH EKH yIbTpa
IOKOpY BakyyM KypuiMmanapujaa (QoWganmaHwiraaa yJaapHUHT (QYyHKITMOHAI
WMKOHHUSITIIAPU KEHTasTH.

TagKuKOT HATHKAJAPUHUHI KOPMHM KWIMHMIIM. [lomukpucramn
KPEMHHUI  OJUIIHUHT  MOHOCWUJIAHJM  TEXHOJOTHSCH  XaMmJla  KpPEeMHUILIU
CTPYKTypaJiap OJIMIITHUHT UOHJIU CTUMYJUIAIITaH yCYJUTAPUHU SPATHUIIT aCOCHUIA:

METAJUTyPrUK KpPEMHHUM Ba CHOUPTJIADHUHT OEBOCHUTA peaKIusCcUra
aCOCJIaHTaH AJIKOKCUCUJIAHJIAP CUHTE3MHHMHI SIPATUIITaH SIHTU TEXHOJOTHUSCU YUYH
€TTH JaBjaTAa 7 Ta UXTUPO MATEHTIAPU OJIMHIaH: «AJIKOKCUCUJIAHJIAD OJIMIL
yeyma»  (IAP05023, 31.03.2015, V36exucron), «Method for preparing
trialkoxysilane» (US9156861, October. 13, 2015, AKII), «Method for preparing
trialkoxysilane» (JP5836489, Dec. 24, 2015, Smnonus), «Method for preparing
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trialkoxysilane» (EP2754664, July 16, 2014, Espoma uttudoku), «Method for
preparing trialkoxysilane» (TW201339094, October 01, 2013. TaiiBan), «Method
for preparing trialkoxysilane» (CN103797018, May 14, 2014, XXP),
KR101422080 «Method for preparing trialkoxysilane» (KR101422080, July 16,
2014, Kopes), DSpUTYyBYM CYIOKJIMK MYXUTHJIa KpPEMHUHHW  Maijanarni,
CYCTIEH3USIHUHT O€JITMJIaHTaH MUKJIOPUHM Y3JIYKCU3 PaBHUIIIA PEaKTOpra y3aTHIL
Ba pEaKTOpJaH OpTHUKYA OHPUTYBYHM CYIOKJIMKHH YHJA OJpUraH KepaKCu3
KUpuIIManap OwiaH Oupraivkia oau0 YHKUII KaOu TEXHHK e4YMMJIapHU
OWpBaKTIa amajira OIIMPUIIl METAUTYPTMK KPEMHUHM Ba CHUPTHHHT OEBOCHTA
PEAaKUUACUHUHI HMHIYKIMOH JaBpU MYKOTHIL, PEAaKUMOH MYXUTIAa KPEMHMHM,
KaTaln3aTop Ba JPUTYBYM MHUKIOPUHM AJKOKCHCHIIAHJIAD CHUHTE3UHUHT OyTYH
*KapaCHu NaBpuja OMp TEKHUC y3rapmac XoJijla yIiall Ba PEeaKIMOH MYyXUTHHHT
(baoNTUrHHN cakjall MMKOHUHHU spaTajd Ba TEXHOJOTHK >KapaéHHU OyTyHIIai
Y3IIYKCU3 PEKUM/JIa 0O OOPUIITHU TabMUHIIANIH;

TPUATKOKCUCUJIAHJIAPHA ~ KATaJUTHK JUCHPOMOPIHUSJIAIITa aCOCIIaHTaH
MOHOCHJIaH CHHTE3MHUHT SIPaTUJITaH SHTH TEXHOJOTHSCH YUyH €TTH JaBjaTnaa 7 Ta
UXTUPO TATEHTJIAPH OJIMHTaH: «AJIKOKCHCHIAHIapAaH (oiinasann® MOHOCHIIaH
o ycynu» (IAP05179, 31.03.2016), «A method for preparing monosilane by
using trialkoxysilane», (US9278864, March 8, 2016, AKII), «A method for
preparing monosilane by using trialkoxysilane» (JP2015535802, December 17,
2015, Anonus), «A method for preparing monosilane by using trialkoxysilane»
(EP2905258, August 12, 2015, EBpona Urrtudoxu), «A method for preparing
monosilane by using trialkoxysilane» (TW201425222, July 01, 2014, TaiiBan), «A
method for preparing monosilane by using trialkoxysilane» (CN104797527, July
22, 2015, XXP), «A method for preparing monosilane by using trialkoxysilane»
(KR101532142, June 26, 2015, Kopesi), anKOKCHUCWJIAHJIAp CHHTE3U
MaxCyJloTIapuaaH TPUATKOKCUCWIAHTIAPHUA aXpaTHIL, KaTaau3aTop Tauépiar,
PEaKIUSHUHT MaKCaJJIl MaxCyJIOTIapuHU To3amam OVitmda Takind KUJIMHTaH
TEXHUK €YUMJIAp KUCKAa TEXHOJNIOTWK LHWKIJa TPHAJIKOKCHCHUJIAH  Ba
MOHOCHWJIAHJIAPHU YYKYp TO3aJAIllHA Ba TEXHOJIOTHK KapaéHHU Y3ITyKCU3 PEKUM/IA
YTKA3WIITHA Ba YHUHT IOKOPH camMapaopJIMTUHU TabMUHIANIN;

3apsJIaHTaH  3appadallapHUHT  aXpaTHIl Ba yJApHUHT  OKUMJIAPUHU
OOLIKapHIIl YYYH SpaTHITaH yCyJ Ba KypuJIMa — UOH 30HIU YUYYH «3apasijiaHraH
3appajap OKMMHUHHU aXpaTHIl Ba Vyidall ycyld Ba OyHM amajira OIIMPYBYU
KypiiIMa» HXTHpo martentn omuaran (IAP02958, 30.12.2005, VY3GexucroHn),
TakJIM(] ATUIraH TEXHUK edyuMmiiap €paaMuaa: YCUIl BaKTHAA KPEMHHH KpUCTaJI
naHxapacuia cypbmMa aTOMJIAPUHUHT MOHJIM CTUMYJUIAIITraH KOMJIAIITHPHIL
9Ba3Ura Jerupiaml JapakaCUHU OUIMPWIMIIUIA SPUIIMITaH; KPEMHUN-TepMaHui
reTepOCTPYKTYpa-JIapuJard MEXaHUK 3YPUKHIIIIAD PeIaKCAUUSIAITHUHT HWOHIN
CTUMYJIJIAIITAH YCYJIH UIIIA0 YMKUITAaH; HOHJIA CTUMYJUTAITaH MOJICKYJISP HYypJIn
SMUTAKCHs YCYNHIa KPEeMHUH CHUPTHIArd TEPMaHW HAHOOPOTYAJIAp MAaCCUBU
MIAKJUTAHTUPUIINO, YJIAPHUHT 3UWINTUHU OIIMPHUIN Ba KaTTaIWrd Oyihnua
TaKCUMOTH  (DYHIMACHHHHT  TOpPAWWINUTA DJPUIIWITAH; BaKyyMJa HWOHIIHA
CTUMYJIJIAIITAH YCYJIJIa OJMHTaH KPEMHUNWHUHT KATJIaMJIM p-7 CTPYKTYpaJTapHUHT
500K man rokopu Xapoparga TEPMOBOJbTAMK XOCCAJAPHU HAMOWHIN KHIIUAIIN
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AHWKJIAHTaH; WOHJIM CTUMYJUIAIraH OyFaaH (PU3MK YCTUPHII yCYTUAa MCCHKINK
Oapbep KaTJIaMJIapUHU TarjIMKKa MOCJAIITUPYBUYM KUMEBHM SKUHIMKIA Ba
IPaJIMEHT YTUIILIU OPAIUK KaTJIaMJIapy MIAKJIJIAaHTUPUIITaH;

MOJIUKPUCTAII KPEMHHMM OJIMIIHUHT MOHOCHWJIAHJIM TEXHOJIOTHSICH Ba
Taxxpuba Kypuimacu sipatunuiny yuyH JKanyouit Kopesnunr OCI kommnanuscu
tomoHugan 500 muar AKII pgowtapy MUKIOpUIA YET 3J1 HHBECTULHUSICH
kuputwiaran (Mon-mnasma Ba nazep TexHosorusuiapu uHCTuTyTM Ba  OCI
koMmmanusicu ypracuga 2010 ¥wmn 17 aBryctuaa Ty3wiraH INapTHOMAHHHT
sKyHJIaHraHu Tyrpucugaru 2012 iun 6 mnexabpuma um3oiiaHraH akt). JKaxonma
MOJIMKPEMHUN  WNIIad YWUKAPYBYM  €TaKYM  YWIMK TapkuOWra KUPYBUH
KOMITAHWSIHUHT SIHTU WIIIaHMara OViraH KU3WKUIIM WIUIAHMAHUHT FOKOPU
CaBHSCHHM TacAWKJAIl OwiaaH Oup malTna, »Kaju0 KWIMHTAaH WHBECTHUIUS
nabopaTopus/ia SHTM HWHHOBAIIMOH TEXHOJOTHMK KypujiMa sSpaTUIl  Ba
J1a00paTOPUSHH 3aMOHABUM ac000 ycKyHanap OuJiaH KUXO03Jall UMKOHUHU OEpIH.

«3apsUIaHral  3appajap OKMMHHHM aKpaTHII Ba Yyiyaml ycylid Ba OyHU
amManra omupyBYd Kypuwima» [AP02958 uxtupo mnaTeHTUra JHIEH3Us Oepulll
Tyrpucuaa maptaoma tyswirad. ([aptaoma 01.04.2016 itmn canacunma NeSIP
4/2016 pakamu octujga MHTennekTyan MyJK areHTJIMIUAJA pyHxarra OJUHTaH,
«Pacmuii ax6opotHomay, Ne5, 2016i., 2386.). YmOy IMUEH3UMOH IIapTHOMA
UIUIaHMaHU OeBocuTa WILIad YMKapHUIIra >KOpUM KWIMIIra Tai€prail, Xamaa
UNUIa0 YMKAPWIYBUM FOKOPU TEXHOJIOTMK MaxCyJOTHH MYKH Ba Taliku 0o3opia
COTHIII UMKOHWHH SPaTaJIH.

TaagkuKOT HATH:KAJAPUHUHI anpodamusicu. Jucceprainus HaTWKajgapu
KyHugarn Xajakapo Ba pecnyOiiika MHUKUECHJArd WIMHANA aHXKymMaH Ba
cummnosuymnapaa: UzPEC-3, UzPEC-5, IPEC-5, IPEC-6 du3ukaBuii 3JIeKTpOHHKA
Oyiinua pecrnyOiuka Ba Xxajgkapo amxkymanmapu (2002, 2005, 2009, 2013,
TomkenT); International Conference on Plasma Surface Engineering, (Garmisch-
Partenkirchen, Germany, 2008); ®wusukanunr ¢QyHgaMeHTan Ba amanui
macananapm» (2006, 2010, TomkenT); International Workshop “Recent Advances
in the Physics of Low-dimentional Nanoscale Systems” (2011, Tashkent);
«Ilomumepmap Tyrpucumard ¢GaH: WKTHCOJHUHT WHHOBAIIMOH TapaKKUETHUTA
xucca» (2011, Tomkent); IXu X KoHdepeHiuu mo axkTyaldbHBIM MpoOieMaM
bu3NKKM,  MaTepUaJOBENCHUS  TEXHOJOTMM W JUATHOCTUKH  KPEMHUS,
HAHOMETPOBBIX CTPYKTYp U NpubOopoB Ha ero ocHoBe «Kpemuuii-2012» (2012, C.
[TerepOypr) u «Kpemuuii-2014», (2014, Upkyrck); mryHuHraek, Mon-mia3ma Ba
Jazep TEXHOJIOTHSJIApU MHCTUTYTH UWAMUM cemuHapiapuaa (15.04.2016i1.),
®dusuka-rexuuka HHCTUTYTH Ba CamlVY xysypumarm 16.07.2013.FM/T.12.01
pakamiIM WIMHN KeHrammHuHr wiMuil cemuHapuaa (09.06.2016i1.) anpobanusaan
VTKa3WJIraH.

TaakuKOT HATHKAJTAPUHUHT IBJOH KWIMHHIIK. Mabpaza MakiIugard
aUccepTanys MaB3ycu Oyhnya skamMu 68 Ta WIMHN WIDIAp YOM OSTUJITaH,
Kymiiagad, 15 ta mareHT, myHaaH 12 tacu xopwkui mareHTinap, 13 ta uiamuid
MakoJa, myHaaH 11 tacu HyQy3nu xaukapo Ba 2 Ta pecnyOiMKa >KypHauIapuaa,
xamaa 36 Te3uc Ba MakoJjajap XajdKkapo Ba pecnyOimKa KoHbepeHIus
TYTUTaMJIapyIa HaIIp STUJITaH.
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MAPY3A IHAKJIUJIATH JOKTOPJUK JUCCEPTAIIUSICUHUHT
ACOCHU MABMYHHU

Kupum xucmuna yTKa3wirad TaAKUKOTIAPHUHT J0J13apOJIury Ba 3apypaTu
acocllaHraH, TaJAKUKOTHUHI Makcaau Ba Baszudanapu, OObEKT Ba MpeAMETIapU
TaBcudIaHrad, pecrnyonuka ¢paH Ba TEXHOJOTUSIIAPU PUBOKIAHUIIUHUHT YCTYBOP
WYHAJIUIIUIAPUTa MOCIUATU KypCaTWIraH, TaJKAUKOTHUHI WJIMHH SHIWIWTH Ba
aMaliiii HaTUXKajgapu 0aéH KWJIMHTaH, OJIMHTaH HaTHUXKaJapHUHT WJIMUKM Ba aMaiui
aXxaMHATH 04n0O OepwiraH, TAAKUKOT HATHKAIAPUHU aMaTHETTa JKOPUM KUJIHII Ba
HaIp STUJITAH UIiap 0yinda MabaIyMOTIap KEITUPUITAH.

].HOJZMKpMCWl(ZJZJZ Kp@MHulZ OJIUUMHUHZ MOHOCUIAHIU MEXHOJIO2UACU

[TonmukpucTail KPEMHUIHN MOHOCHWJIAHJIAH HILIA0 YHUKAPUII UCTUKOOJIIH
ycyn xucobnanaau. MoHocuiaH ojuii mapoutaa ra3 6ynuo, -112°C xapopatna
KaiiHaiiagn. Monocunan 700°C Ba yHmaH OPTUK Xapoparijapia WHTEHCHB
napuyagaHuO, KpeMHHM Ba BOJOpOATa axpaiagu, Oy IOKOpH Japaxana To3a
KPEMHUI OJIUII acOCH OYIHMO XU3MaT KUJIaJIu.

MoHOCUIaHIM TEXHOJOTHS aHBbAHABUI TPUXJOPCHIIAHIA TEXHOJOTHUATa
COJIMIUTUPraHja KaTop ad3ajulMKiapra 9sra: MOHOCWJIAH  MapYyalaHMII
XapOpaTUHUHT TACTIMIM Ba KaMm B3Heprus cap@u; peakius MaxcysiaoTiapuaa
OJIMHAE€TTaH  KPEMHUW  TO3AJIUTMHU  [MACAUTUPYBYM  KUMEBUUM  arpeccuB
areHTJIApHUHT HYKIUTW; MOHOCWJIAHHUHT (PU3MKaBUN Ba KUMEBUU Xoccanapuia
Oomka OupukMasiapra HHcCOAaTaH yHU TO3aJalllHM caMapalid amajra OUIUpPHII
MMKOHMHH OepyBuM ce3wnapian  (apk MaBxymiurd. byHman Ttamkapu
MOHOCWJIAHHMHT Y31 XaM SIPUM YTKa3rud KypuiaManapu, alHukca, aMmopd KpeMHU
acocuzard Ky€ml >3JeMEHTIapu  Tai€piall ydyH 3apyp  TOBap MaxCyJIOTH
xucobnanaau. bupok Oy TexHoJOrus Xam ¥3 KaMuWIuKiapura sra. MoHOCHIIaH
UnuIad YUKAPUITHUHT aHbaHABUN TEXHOJIOTHUIApY aHYarnHa Mypakkad 0ymnuo, Oy
ANIEKTPOHUKA CAHOATH YYyH 3apyp IOKOPHU TO3IMKAArd MOHOCWUJIAHHUHT HapXu
IOKOPWJIMTUHUHT ~ acocud  cabaOuaup. MOHOCWIAHHUHI — aJIKOKCHCHJIAHJIap
CUHTE3Mra AacOoCJaHTaH YCYJIM MOJMKPUCTAT KpPeMHHUI HIUIa0 YMKApPUIIHUHT
aHbAHABUU TPUXJIOPCUJIAHIM TEXHOJIOTHSUIAPUHU YPHUHU OOCYBYM HMCTUKOOIIU
TEXHOJIOTUsIapJiaH Oupu XucoOJIaHaIH.

1.1.  Anxoxcucunaunap cunmesu mexHoa02UuscU

Metanmaypruk KpeMHUM Ba OSTWJI CHUPTUHUHT OEBOCUTA pPEaKIUsICH
KaTanu3arop €paaMua Kyiuaaru cxema oyinya amanira omaju:

Si + (4-n) C>HsOH—nSiH(OC:Hs); + (1-n) Si(OCsHs)y + 2-n) Ho  (1.1)

oyuna n 0 gan 1 raga kumitmat KaOyn kwiamu. Tpudstokcucunan SiH(OC:Hs);
Oyiinya MakcuMaJ CeNEeKTUBIMK n = | mapTu OakapuirasHia spuinmiany Ba (1.1)
TEHIJIaMa Kyuuaaru KypyuHUII OJIaJIu:

Si + 3C;H;0H — SiH(OC,Hs); + H. (1.2)
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(1.1.) u (1.2) Tenrnamanap C>Hsau Moc R pagukaira aaMamidpuiraHia
Oomka cnupmiap ydyH Xam Yypuniuaup, wMacanaH, C,Hs pamukamu CHjsra
alMaInTupuica, KyHuaara TeHriamanap Xocuia Oyiaau:

Si + (4 - n)CH;0H — nSiH(OCH;); + (1-n) Si(OCH3)4 + (2-n) H»  (1.3)
Ba

Masbiiymky, R paaukaijard yriiepojjap COHU OIUTaHu Capy, CIIUPTIAPHUHT
peakuusira kupuamuim KoOwnmusatu nacasau. Ly cababmm, »Tun cnuptu
UIITUPOKUAATH PEaKUUSIIapHU  SXIIMJIOBYM TEXHUK €YuMJIap METHJ CIUPTU
WIUIATUITaH jKapaéHiiap/a Xam XM caMmapa oepau.

MeTannypruk KpeMHUN Ba CIUPTIAPHUHT O€BOCUTA PEAKIUSCH UHIYKIIMOH
JaBpU MaBXKYJUIMUTY aJIKOKCUCUJIAH YCYJIMHHM KEHT KYJUIallra acocuil TYCUK OYano
Kenrad. MHAyKIMOH J[aBp MaBXyMJIUTH OKMOaTHIa peakuusuiap SHI  SAXIIH
XoJulap/ia UMKIUK-TYXTOBCU3 peXUMAA Ba MacT TE3JIMKAA amaira OIIMPUJIITaH,
OMPIUK MaXCyJIOT UILIA0 YMKAPUIL YUyH KYII SHEprus capgaHraH.

MabiayMKu, MHAYKIMOH AaBp OuWp Heda coaTAaH yHiad coaTrada JaBOM
ATUIIM MYMKUH. WHIyKIMOH JAaBPHUHT acocuil cababu KpeMHUN CUPTHAA YHUHT
atMocdepanard Kuciaopoj OuiaH TabCUPJIAIIMIIM OKHUOAaTHa XOCWUJ OYIIyBUH
OKCHJ| KaTJiaM MaBXyUIMruaup. MHIYKUMOH AaBpHU KUCKAPTUPHII MaKCcaauja
AIKOKCUCUJIAHJIAp CHUHTE3M >Kapa€Hura Kymmmya QaoyuialiTUpuil OOCKUYUMHU
kuputuin Ba OyHnai daommamtupuian 400°Craga xapopatia YTKa3uill, Xamjia
daomamtupyBun areHT cudaruma BOAOPOJ Ba a30T rasiapuian (oigaaHuIln
takiud kwmaran [US5783720]. Ly 6unan Oupra myamwmuduap y3napu OyHmai
¢daomnarupuir xapaéuu S5 coar 10 coarraya - aHyarvHa y30K MyJAJaT JaBOM
ATUIIM KEPaKJIUTUHU Ba Oy 3ca TexHojorus 3(PdekTuBiurura cajidouii TabCcup
VYTKa3UIIUHU Takuaiamrad. WHAYKIMOH JaBpHM KUCKAPTHPULI YYYyH KYKYH
KYpPUHHILINIa4ya MalJadaHrad KpEMHAWHU OKCUJ KaTJIAMUHU MYKOTHII MAaKCaIn1a
dbTopBOAOPO KHMCIOTACH OUJIaH UIILIOB Oepui xam Takiud kuiunran [ JP511692,
US5177234]. Avmo OyHpail WNUIOB KyIIMM4Ya MYypakKaOIHWKiIap KeaTUpHO
YUKapaau, YyHKA (TOPBOIOPOJ KHUCIOTACH OWJIaH HILIOB OEpUITraHliaH CYHT
KPEMHHI KYKYHHHH FOBUII Ba KypUTHIL 3apypUATH KeJIUO YuKaau, Oy 3ca CUHTE3
Kapa8HUHU KyJa Mypakkabmamtupubd rodopaau. bup KaHua unuiapaa peareHtiaap
MaccacHHH (aoJUTaIITHPUIT YUyH YHHM IOKOPU Xapoparia HHEpPT Tas3iap: as3or,
aproH Ba Oomkanap myxutuaa yuuiam [US5177234, US4727173], éku nacraBBai
KPEMHUITHM KaTanu3aTop OujaH apanamitupu0, 8 coarT JaBOMMJa WHEPT ras
octuna xongupuin takiaug kuiuHran [US4487949]. Kpemuuiinu Qaonatupuin
YUyH CHUHTE3 OJIAMJIaH PEaKTopra XJIOPaJIKWJI, XJIOPJIU BOJOPOJ, XJIOPIU aMMOHUN
[US5177234] Ba NH4HF. [EP517398] cunrapu ramounjgapHd KUPUTUII XaM
TaBCUs KWIMHraH. Tabkujuiam JIO3MMKH, CUHTE3 OJIMJAaH peakTopra rajouaiap
capacujard  MOJJAJIApHU  KUPUTHUII  CHHTE3  JKapaHMHMHI  acoCui
MaxCyJIOTJIApUHU TO3AJAIIHUHT KyIIMM4ya OOCKUWIApUHM Tanad Kuiaau, Oy sca
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ATKOKCUCUJIAHIAp TEXHOJOTUSACHHM MypakKkaOiamryBura oJu0 Kelmagud Ba
camapaJIopJIMKHU nacaitupud 10opau.

Taxyumnap 1myHu KypcaTaJuKy, aJKOKCHCHIIAHJAP CUHTE3M >KapaéHUIAru
MHIYKIIMOH JIaBp XOocwi Oynuin cababiapu Ba TabuaTu TYFpUCHIA aHUK (UKD
miaKk/ulaHMaran Ba Oy MYyaMMOHMHI caMmapald €4UMHU TonwiMmaraH. byHnai
€UMMHHU TONUIITa yPUHMILIAP, TEXHOJOTHK XapaCHra KyImum4a OIepalusiap
KUPUTHITUIIINTA, TEXHOJIOTHSIHUHT Ba YHUHT anmaparjap TH3UMHUHUHT
MypakkaOJanryBura, xamjaa OJUHAJWTaH MaxCyJIOT TaHHAPXWHUHT KHUM-
MaTjanryBura oJiu0 Kenra.

[IyHUHTACK MaBIyMKH, PEAKTOP/Ia aCOCUH peakIusira mapajielib paBuilga
OJIMTOAJIKOKCUCHJIOKCAHJIap, CYB Ba OOINKa MoOJJanap XOCWUJ KWUIYBUM EHJIOII
peakumsuiap Oopuiu MyMKuH. byHnai Moamanap peakius 30Hacuaa WHFUITUIIH,
aCOCHI peakIMsIHU CEKUHJAIITHpUINTa €KU OyTyHJIall TYXTaTuIra oiaubd Keiaau
[US5783720, JP511692, US6090965, US4931578]. byHnait €éugom peakuusiaapra
METATYPTUK KPEMHHMM TakuOuJa KUpHIIMa XOJuJa MaBxXyj OyiaraH merauiap
KaTanu3atop OYIu0 Xu3MaT KWJIUIIKM MyMKUH. IUTOBAaH YTraH peakimoH macca
TapKUOM KpEeMHUN 3appajapd KOJJIUKIApU, AACTIA0KH KPEMHUM KHUpHUIIIMA
AJIEMEHTIIapH, XamMJa TypJid aJIKOKCUCUJIOKCAHJapaaH uoopar. AJIKOKCHCUIIaHIap
CUHTE3M Xapa€HU 0J]aT]a SPUTYBYM Je0 aTalyBUl MaxCycC CYIOKJIMK UUK]la amara
olmMpuUIraHd cababiu, OGapua EHIOII MOJAAANIAp PPUTYBUM TapKuOura ytaau Ba
yau udnocnantupaau. lllynunr cababmnu, 5puTyBYMHU perenepanusiiab, kapacHra
KalTapuIill XaM MyXUM axamusiTra ara.

[Mynaait Kuamb, aTKOKCHCHIIAHTIAP CUHTE3U >KapaéHUHU FOKOPU CaMapaiu
amajira OIIMPHUIN HYIWIa peakiUsHU KPEeMHHH Ba CHupTra HucOaTaH IOKOPHU
KOHBEpPCHUS KYpCaTKUWiIapua, peakius MaxcCyJoTJIapyh TapKUOWHHU OOIIKApHIIL,
Xamjia SPUTYBUMHHU KyI MapoTaba KailTa pereHepauusuiall Ba KaiTa HIUIATHII
MMKOHHSITIIADUHU OCpYyBUYM YCYJHU SPATUIl MyXUM Macaiamup. by macamanwHr
CUWIIHA  CHUHTE3  PEAKIMACH  WHAYKIMOH  JaBpUHU  WYKOTUIN  €KHU
MUHAMQJIAIITAPUII, PEaKIUs MYXUTHHUA  (DAOJUIAITUPHIN, TEXHOJOTHUSIHU
COAAJIAIITUPHUIL Ba AJKOKCHUCWUIIAHJIAD CHHTE3UHUHT TYXTOBCU3 KapaHUHU
TabMUHJIAII OPKAJIM aMaJira OIIUPHUIIT MyMKHH.

Hucceprauus goupacuaa oaud® OOpWwIraH MIUIapJa peakius WHIYKIUOH
JAaBPUHU KaMaWTHUPHUIN y49yH 3bTHOOp MacajaHUHT aci cababu, SbHU KPEMHUU
MalJaaHuIId TaUTUAa SIHTU CUPTJIapAa OKCHJ KATJIAMHU XOCUJ OVIMIIMHUHT
OJIIMHU OJIMILTa KApaTWiraH. MeTajulypruk KpeMHUHHUHT MaiijallaHuIu
SPYTYBUM CYIOKJIMK MYXUTHJA YTKA3WIMIIM, SbHU KpeMHUM armocdepa
KUCJIOPOJAM OWJIaH KOHTaKTH WY1 KYHWIMai, KpEeMHUM 3appadajiapd CHpPTHJIA
tabuuit okcug SiOyx XOCWJI OYJIWUITUHUHT OJAM OJWHUIIMHU TabMUHIAmu. by
TEXHUK eunM Oapobapuja siHa Oup HEYa MyXUM MYaMMOHHU Xajl KAJIUIIT UMKOHUHA
Oepaau: 1) KpeMHUN YaHTJIAHWIIK WYKOTUJIATW Ba MIUIA0 YMKAPHUII XaB(CHU3IHUK
opTagu; 2) KpEeMHHH KYKYHH TUTPOCKOIUIMIIUIH OKMOAaTHAa XaBO TaKUOUIaH
HaMJIMK FOTHO ONMIIM Ba OyHAArd CyB MUKIOPHUHHHI pEaklMs 30HACHTa YTHIN
OJITU OJIMHAAM; 3) KPEMHUNUHUHT 3pYTYBUM TapKUOM]Ia CYCIIEH3UsACUHH peaKkTopra
y3aTHII KECKUH OCOHJIAIIIA/IN.
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Omu6 GopwiraH WIUIAP HATHKACHIA METAUTYPTHUK KPEMHHM Ba CTUPTHUHT
(MeTaHOJ €KW 3TaHOJ) OEBOCUTA PEAKIIMAICU acOCH[A AJIKOKCUCHUIIAHJIAp CHUHTE3U
TEXHOJIOTHSICM HMIUIA0 YMKWIAM Ba YHU amaira OIIMPHIIL Y4YyH Taxpuda
TEXHOJIOTHK KypUJIMacu SipaTHJIIU. AJIKOKCUCHJIAHIIAD CUHTE3U >Kapa€Hu cXeMacu
l.1-pacMia Ba yHM amMainra OIIMPUII YYyH SpaTWJIraH KypUJIMaHUHT YMyMHUUH
KypuHUIIHU 1.2 pacM/1a KENITUPUIITAH.

MG-Si

TE6 l Kt
Planetary Mill » homogenization »| peristaltic pump T66 + impurity

1 2 3 13

h 4

f———Membrane filtration

Reactor for

synthesis TES ' heating-up to 260 C

{—— Mixing up to 1000 rpm

absolute alcohol - dosing pump

6 5 4
Ethonol heating-up to 130 C
+ h, 4
watar | m o n - 1 |l4—— heating-up to 160 G
cooling product separation | product separation | product separation
9 8 7
y r
hydrogen TES TEOS
12 11 10

1.1-pacm. MeTa/u1ypruk KpeMHHUI Ba CIMPTHUHT 0€BOCHTA PEAKIUACH ACOCH/IA
ATKOKCHCHJIAHJIAP CHHTE3M KAPAEHH CXeMaCH

AJIKOKCUCWJIAHJIAp CHHTE3M TEXHOJOTHUSCU KyHuJard skapa€HiapHu V3
Wyura oJiaJd: METAUTYPTMK KPEeMHHH Ba KaTaJlu3aTOpHU Taiépiaii, aOComioT
CIIUPT TaMEpJiall, AIKOKCUCWJIAHJIAD OJIMII YYYH METAJUIyPpruK KpPEMHHUM Ba
CIIUPTHUHT OEBOCUTA PEAKITUACUHU YTKA3UII, AKJTOKCUCHIIAHIAPHU a>KPATHIIL.

Acocuil Taxpubanap 3THI CIUPTU UIITUPOKUAA YTKazuiraH. byHH acocuii
cababu OTUJI COUPTHUHUHT XaB(PCUBIWIH, HSTOKCUCHJIAHJIAPHUHT  aJoXuja
XYCyCHUSTIapHu Ba OOIIKAJIapAup. YMyMaH OJNTaH[a, SHTU TEXHUK €4UMIIap, JHT
aBBaJI0O KPEMHHMI Ba KaTajlW3aTOPHH XHUMOSIBUM MYyXHUTAQ, CYIOKJIMK W4YHJIa
Maijanamra acociaHrad. Maiganam, XyCycCaH, WIapid IUIaHEeTap TETUPMOHIA
amanra ommpunaau. CyHrpa Oenruianrad HucOaTaaru KpeMHUN, KaTaau3aTop Ba
APUTYBUUJIAH UOOPAT CYCIICH3HS PEaKIMOH KaMmepara y3aTuinaan. CycreH3UusIHUHT
peakTopra JIO3aJIaHTaH y3aTWIWIIM MEPUCTAIBTUK HACOC OpKAJIA amajira
OIIUPHUIAIN.

Peakrop aitnmanum Teznmuru 1000 rpmrava OViaran TYpT SPyCiau Kypakiu
apanamruprud, 260°C xapopaTtradya KA3AUPHUILIHA TAbMUHIOBYU 3JIEKTP UCUTIHY,
CyClieH3us Ba aOCOJIOT CHUPT KUPUTHIL HYJIapu Ba ra3 XOJAaTHIard peaxius
MaxCyJ0TJIapUHUA YMKAPUII UMKOHUHHM OepyBYM KaHaJ, XaMJla HazopaT acOo0iapu
OwiaH TabMUHJIAHTaH. PeakTop neBopuaaru Maxcyc (iaHenjapaa >SpUTYBYU
CYIOKJUKHUHT OPTUKYAaCH Ba YHUHT TapKHOWra YTraH KUPHUIIMAJIapHU OJIUO
YUKUII Y4yH MemOpana ¢uibTpiaapu YpHaTwirad. by dunstpmap 5 MM
KaTTaJUKJard FOBAKJIM COMOJI AUCK IMakiaura sra. OuibTpanus BaKyyM HacoCu
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€praMmia Xocuil KWiIMHTaH Oocumiiap (dapku xucoOura amanra omupuianau. by
eunMIIap MaKMyacH PEaKIHUSHUHT WHAYKIUOH JaBPUHA WYKOTHIN WMKOHUHHU
oepau.

1.2-pacM. AJIKOKCHCHJIAHJIAP CHHTE3H KapaéHNHHU aMaJIra OIMPHUII YIYH SIpATHIITAH
KypHJjiMma

1.3-pacMaa TEXHOJIOTUSIHM amalira OLIMPUIN YyYyH OTHI CIOUPTHIAH
dbolinanann0 YTKa3wiraH TaxpuOanap HaTWXKalapuIaH MHCOJI KEJITHUPUIITaH.

Karamuzatop cudaruna CuCl 6up xmopau mucaas ¢oiiiaaaHuIraH.
500
1.3-pacm. Xap xma  mapoutIapaa
TPUITOKCHCHJIAH CHHTE3M PeaKIMsCH
Te3JMITHHUHT BaKT Oyiin4ya y3rapuim.

400

—w— Example 1

—+—Example2  CONMINTHPUINT Makcaguaa OWPUHYH
 bembes  XONA METAIAYPTUK KpeMHHUil omuii
IapOUT/IA, STbHU atMocdepa
Myxutuaa Kypyk xoiga 30-100 mkm
KaTTaJMKKa4a Maijaianuod, peak-
TOpra KaTaJu3aTtop OuiIaH IOKJIaH]IH,
O xapopat 240°Cra erkay, peakTopra

Time, min CYBCU3JIAaHTUPHWIITAH 3TWJI  CIHUPTH
coatura 600 mu Te3nukaa y3aTuigu. PeaktopaaH YMKUIINAA CYIOKJIHMK Maiiao
Oymumn Ounan Ba keimHru xap 30 MHHYTAa MaxCyJOTAaH HaMyHa OJHUHJM.
Agilent®GC7890A ra3 xpomarorpadupa TEKIIMPUITaH HaMyHajdap LIyHH
KypcaTauky, Oy MIapoUTAa MENAUTypPTUK KPEeMHUW Ba OSTUI CHUPTHHUHT
peakiusacu 150 MuHyTAaH CYHr OonUIaHUO, YHWHT WHTEHCHBJIMIM acTa-CEKUH
o6 6opau (1.3-pacm, 1 4K3HK), KEHUHYAIUK 3Ca PEAKIUs CEKUHJIAMUO 00puo,

300

200

Yield of TES, g/h

100 +
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cnupT y3atuiauiy Oomwanrangad 500 MuHyT yTrad, OyTyHIail TYXTalau.
TpusTokcucuian OVitnya cenekTUBIUK 70 hOU3HU TAITKUI KUJIIH.

WNkkuHuym Xonarna taxpuda OMpUHYM XOJAard CUHrapu, OMpOK peareHtiiap
Ta€pram MyXUTH Kypa TyOjaaH (apk KWIyBYM IIApoUTAa YTKA3WIIU. SbHU
METAJLTypruK KpeMHui “xyin” ycymnaa 1:2 HucOaTaa OJIMHTAH 3PUTYBUYM CYHOKJIMK
THERMINOL®66 wmyxuTuaa Maigananad. MaiganaHuin xapa€Huga XOCHII
OYNyBUM CyCHE€H3MsI TapKUOWTa KaTalau3aTop KUPUTUIM Ba CYCIIEH3Us peakTopra
oknanad. CHHTE3 jkapa€HHM peakTopra coupT y3atwiarad, 10 MuUHyTIaH CYHT
Oomnutanau Ba Oupunayn 60 MUHYT naBomua Te3namuod 6opau (1.3-pacm, 2 4n3UK).
Peakuust Teznmuru 180 MuHYT yTrad, cekuHiamuO OOpAM Ba CHOUPT Y3aTUIHO
OomnutaHranjgan KewmHru 260-muHyTna TyXTamud. TpudsToKcHcuiiaH Oyiinya
CeJIeKTUBIMK 94 ¢dou3Hu Tamkun Kwigu. byHaa peakuusHUHT TyXTam cabaOu
PEAKLMOH Maccaaa KPEMHUM MUKJIOPUHUHT KPUTUK KUMMaTHAaH KaMauuIuaup.

YuuHun Taxpubama OJJIMHTH XoJiJard Oapua IMIapouTiap CakIaHUIuO,
Kyinaa KenTtupuiarad ¢Gopmysia OpKaIM  XMCOOJAHWUIYBYM  KPEMHUWHHUHT
cappiaHraH MUKJOPUHU  CYCIIEH3USl TapKuOHMAa peakTopra y3aTuIl OpKalld
KOIUIAHTaH:

ms; = k;'mres + k>mreos (1.5)

OyHJa eplia mrgs — TPUITOKCUCUIIAH, MTEos — TETPAITOKCUCUIIAHIAPHUHT PEAKIUS
HaTWXKacuJa OJMHraH Maccajlapu, k; U k; kKosd@uIMEeHTIap MOC paBHIIJIA
TPUATOKCUCWIIAH Ba TETPAdTOKCHUCUIIAH CHUHTE3M YUyH KpemMHuil caphuHu
xucobnam uMkoHuHu Oepanu. Kypumaérran xon yuys k; = 0,171 Ba k, =0,135
O0ynmub, Oup MOJb MHUKIOpJArd MOJJa Maccacuaa KPEeMHHH Xuccacu OwiiaH
aHukaHagu. CUHTE3 XKapa€HU peakTopra CoupT y3aTwiray, TYKKU3MHYU MUHYT/Ia
Oomutanau Ba gactiabru 90 MuHYT JgaBomMuza Tes3namuO OopulO, cyHrpa
crabumtanyn (1.3-pacm, 3 umsuk). Peaknus maxcynornap TapkuOuga KYIHK
nago Oynu0 Oomwianranga 250-muHyTaa aiTaiinad Tyxtatunau. Peakrtopra
OPTHUKYA SPUTYBUHU IOKJIAHTAHIUTH Ba OYHUHT OKMOATH/Ia PEaKIIMOH Macca XaxMu
oMb KeTraHW KYNuK XOocuja Oynuiura cabab Oynau. TpusTokcucwian Oyiinda
CENIEKTUBIUK 93 (hOM3HU TAITKUI KUJIJIH.

TypTuHYM Taxkpuba MUCOIUIA ATKOKCUCHIIAHIAp CUHTE3U CaMapaJiopJiuru
OIIMPHUII YUYH TakIu( KUIUHTAH Kyiuaaru 6apua TEXHUK e4umMiiap OUp BaKTHUHT
y3uga amanra OMMPWIAM: 1) KpeMHUHHM XUMOSIBUM MyXWUTIAa Maijanamr; 2)
KpeMHUN capPuHU KoIuiali; 3) peakTop JAeBOpHUra YpHATWJTaH COMOJ MeMOpaHa
OpPKaJIu SPUTYBYM CYIOKIMKHUHT OPTUKYA MUKJOPHU peakTop/iaH ynkapuul. CHHTE3
xKapaCHU peakTopra COupT y3aTuirad, YHUHYM MUHYTJa OOIUIaH/INA Ba JAcTIa0KU
60 MuHYT naBomuaa Te3 YcuO, 120-MuHyTraya CEeKMHPOK YCHIIIA JTaBOM JT/AH Ba
cyarpa crabwinamau (1.3-pacm, 4 ynzuk). Taxpubanunr S00-MUHYTH TaBOMHUA
600 r kpemuuii Ba 1200 r THERMINOL®66 sputyBuM CYHOKIMKIaH HOOpaT
CYCIIEH3HSl PEAKTOpra TYXTOBCU3 y3aTWiau Ba HaTWkaaa 3380 T TpUATOKCUCHIIAH
Ba 141 r TeTpa’TOKCUCWIAH OJNMHAM. TPUITOKCUCWIAH OyilM4a CEeNeKTUBIHUK 96
(GOU3HU TAIIKUI KWIJIH.
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Peaktopnan uMKapuiaraH SpUTYBYM CYIOKJIUK (puinbTpiad, To3anaHraHaaH
CYHI TEXHOJOTMK Xapa€Hra KauTapwiav. Taxjwuiap IIyHU KYPCATAUKH,
SPUTYBUYMHUHT (GUIBTpIAIl YYKMAcH KUMEBUU TapkuOu OupiiaMud XoM amé
METATYpPTUK KpEeMHUW TapkuOura moc kenaaud. by asca kyHumaruya xyloca
KWINIITa acoc OViaau: MaiijiajJlaHraH KpeMHUW 3appadanapu (KaTTHK ¢aza)
TapKUOMAArn KUpUIIMajJap  peaknus xkapa€Hujaa dpuTyBuYd (CyrokK ¢aza)
TapkuOura yTaau Ba MeMOpaHa FOBAKJIApU OPKAJIM JPUTYBUM OWIIaH peakuus
30HACHIAH ONMO YMKHIAH. YPHATUITAH COMOT MeMOaHa FOBAKIAp KATTAIUIH 5
MKMHH TalIKWi KuiaradH. Taxjuinap sHa IyHU KYPCaTAUKH, PEAKTOpPIaH
CYIOKJIMKHM OJIMO YWKHII JaBpHUJia KPEMHUWHU WYKOTUIUIIHN Oup GdousaaH
OlIMAal M Ba MYXMMH IIYHJAKH, KPEMHUUHUHI peakTopAa KOJraH KUCMH -
nespiu 99% domsuman omuru dakar peakmusga capd OYauMO, YHUHT FOKOpH
KOHBEPCUS JapaKaCUHU TAbMUHIANIN.

[Myngait  kuanO, Takaud KAJIUMHTAH TEXHUK e€YUMIIap MaXMmyacH
TPUATOKCUCHIIAH CUHTE3U PEAKIMSICH MHIYKIIMOH JAaBPUHU WYKOTHII, PEaKIUSIHU
capdnaHaétran  peareHTap OujgaH  TYXTOBCHM3  paBUIIJAa  TabMHHJIAII,
KUpUIIMAaJapHU OJIUO YMKHIL MY OWjIaH peakiMOH MYyXUT (PaoJTUTMHU CaKjalll
Ba MHPOBAPJAWIA AIKOKCUCWIAHJIAD CHHTE3W KAPAEHWHHU TYJIUK TYXTOBCHU3
pexUMIa amalira OlMpHUIl UIMKOHUHU Oep/u.

1.2. Ankokcucunannap acocuoa MOHOCUNIAH CUHME3U JHCAPaeHU

Okopuna  €puTuiaraH  aJKOKCUCHJIAHJAP  CHUHTE3M  TEXHOJIOTUSACH
MOJIUKPUCTAIZT KPEMHUM OJIMIIHUHT MOHOCWIAHIM TEXHOJOTHUACUHU SPATHUII
WyIMIaru KeMUHTY KaJlaM - MOHOCHUJIAH CUHTE3HW TEXHOJOTHUACUHU SIPATHUIITa acocC
Oynanu. TPUATOKCUCHIIAHHUHT KaTAJIUTUK JUCIIPOTIOPIMSIIAIT OPKAIM MOHOCHIIAH
CUHTE3U KyWHJarnia aMaJira omaju:

4SiH(OC>Hs)s — SiHy + 3Si(0C:Hs)y  (1.6)

Karanutuk aucnponopuusuiall OpKajid amajra OLIMPHIYBYM MOHOCHJIAH
CHUHTE3U >KapaéHM TaJKUK KWIMIL, XaMJa aaabuériap Ba NaTeHTIapla akc
ATTUPWITAH MabIyMOTJIApHU TaXJIWJI KWJIUII HaTWXKacula >KapaéHHU camapaiu
amMajra OUIMPUIITa TYCKUHJIMK KWIyBYM KyWHJArn OMILIAp MAaBXKyJIUTU
aHUKJIaH]U:

METAIYPIUK KPEMHHUI Ba CHUPTHUHI OEBOCUTA PEAKLMACH HATHXKACHIA
OJIMHTaH TpUAJIKOKcUucuiaHHu 99,999 ¢dousraya tozanamra HHTUIKII Oy >KapaéHu
Kyn OocKMyJa aMajira OUIMPWIMIIMHU Ba OYHUHI YYyH MYypakkald Kypuimainap
KYJUTAaHWIMIIUHY Tajnad Kuiaiau;

IUCTIPONOPLMSUIAI  >Kapa€HUHM  amalra OMIMPUII  yYyH  Takiaug
KUJIMHAETTaH Katanu3aTopiap €kd yTa XaB(uu MoJjanap capacura KUpaau
(macaman, TpeT OyTuiar Kanauil), €ku ¢daomurd nact O0ynub, xapaCHHH amaira
OLLMPHUII YYYH KYII BaKT Tanal Kujaayd Ba YHUHT caMapaJOpJIMTUHU MacalTUpaiu;

MOHOCWJIAHHH TO3ajlall >kapa€Hu Kym OOCKWYIa aMmalra OIIUpUiIaad Ba
HaTWxkaga Oy TEXHOJOTMK KypuiMmanap TapKMOMHU MypakkaOiallyBUra, Xamja
MaxCyJO0T TAHHAPXWHH OMIUPHIHIIUTA OJINO KEeTau;
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MOHOCHJIAH CHHTE3 JKapa€Hu JaBpHi PaBUIIA aMara OIIUPHUIIAIH.

Onu6 Oopwiran TagKUKOTIAap OMpUHYM HaBOaTna ymlOy MyaaMOJIApHU Xal
Kwidinra kKaparunau. Hatwkana kypcatu® YTuiaraH KaMyWIMKIApAaH XoJd
OynraH MOHOCHWJIAaH CHUHTE3WHUHI SIHTM TEXHOJIOTHSICM Ba YHU aMalira OIIMPUII
YUyH Kypuima spaTwiid. MOHOCWIIAH CUHTE3U XKapaHUHU aMajra OUIUpHIL YIyH
KYpPWIMaHUHT YMYMUW KYpUHUIIHN |.4-pacMaa akC STTUPHUIITAH.

1.4-pacm. MoHOCHJIaH CHHTE3H KAPaéHNHM aMaJIra OLIMPHII YYyH KypHJIMa

OTOKCUCHJIAHJIap apajaliMacuJaH MaxcyC KOJIOHHajapaa aXpaTWIraH
TPUATOKCUCWIIAH HMJUIITa MUFUIIAIM Ba J03aJ0BUM Hacoc €paamuia ajacopOepra
y3aTwiaau. AjncopOepaaH YTraH TPUATOKCUCHIAHHUHT To3ainuru 99,99 dousnan
IOKOpH Jlapakara eTaju Ba Oy MOHOCHUJIAH CUHTE3U YUYH SPOKIUAUP.

Karamuzatop cudarnna Harpuit stunatunan ¢oinananuiran. MabiyMKH,
HaTpUW 3TUJIATH XaBO arMocdepacujaH HaMJIMKHU Te3 I0Taau. XaTrTo Maxcyc
UUIIIA MHEPT Ta3 ocTHAa Kajmokianran Sigma-Aldrich kommanusicu maxcynotu
XaM peakTopra IOKJaml >kapaéHuaa MakOypui XojlaTAa XaBo OWJIaH KOHTAaKTra
KUpHUIIAIU Ba KUCMaH ¥3 ¢aourunu nykoraau. lllynunr yuyn 6eBocura cuHTe3
XKapa€Hu OJUAAH HATPUW STHIATHHU TETPAITOKCUCWIAHIM MYXHUTAA Tauépall
ycynmu Takiud xkunuaau. Karanuzatop Ttaiépnam yuyH to3anmru 99,9 dousnan
IOKOpU OYJIraH HaTpUl METald CYBCHU3JIAHTHPWITAH 3TUJl COUPTHAA SPUTHIAH,
OyH/Ia COUPTHUHT MHUKJIOPH CTEXHOMETPUK HUCOATIAaH Oelll Kappa OpTUFU OuJiaH
osvHaau. Hartpuit OyTyHnail spurad, spuTMara TETPadTOKCHUCHIAH KYIIMIHO,
apajialiMaJaH 3TWI COUPTH OyTyHJIall ydupuO YMKapUIIaIy Ba SIHTW TaW€pliaHraH
HAaTpUil ASTUIATUHUHT TETPA3TOKCUCHIAHIAIM HSPUTMAcM MOHOCHWJIAH CHUHTE3U
peakTopura skounaHagu. TeTPa’dTOKCUCWIAH MYXHTH KaTaJlU3aTOPHU XaBO
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HAMJIUTHIAH TYJIUK XUMOS KWIaAud Ba YHUHT (AOJUTUTH TYJIUK CaKJIaHHO
KOJIMHA/IH.

TpPUAITOKCUCWIIAHHUHT  KaTaJUTUK  AUCHPONOPLMSUIAHUIIN  YTKa3uja-
HUJIQIUTaH PEaKkTop KYWM KUCMHJAH TETPa’TOKCUCHIIAHJIATH HATPUM STUIIATH
1:15 nucbarmaru sput™Macu kuputuiaad. Oaub Gopuiiran Taxxpuda Ba CHHOBIAp/ia
KaTaJIUTUK J3pUTMA KaTajau3aTop Ba TPpUAITOKCUCWIAHHMHT 1:10 man 1:20 raua
HucOaTuaa tamkwil KuwinHad. Katanuzatop cudartuna ssHru taii€piaHrad HaTpui
sTUaTHaaH (QoimanaHuITaHla KOHTAKT BakTH Oermr MaporabajaH OpPTHUKKA
kamainmu ky3atwiad. Cunrte3 peakuusich 0°C man 50°Craua xapopartiapaa 1
Oapman 2 Oaprada O0ocMM OcCTHJla amayira omupwiad. HatwkanapHu Takkociali
yuyH Sigma-Aldrich komnanusicu TOMOHMIAH TaW€piaHraH CTaHIApPT HaATpU
STUIATHIaH Qoiaananuaan. MOHOCHUIAH CUHTE3MHUHT Xap XWJl IIapoUTiapuiaa
OJIMHTaH HaTvXayiap 1-xanBanjga KeITUPUIITaH.

1.1-:xanBaua
MoHocuIaH CMHTe3H 0Yiin4Ya YyTKA3WITaH TaKpuOajiap HATHAKAJIAPH
= P
€aKIus
= Xapopar, " TpusTokcucunan
Karanuzarop o JTABOMUUIIUTH, 0
£ C KOHBepcusicH, %
g MUHYT
Harpuii stmnarn,
1 | Sigma-Aldrich 50 150 95
MaxcCyJIOTH
Harpwuii stminatu
2 D o 50 30 100
SIHTY Tal€praHraH
Harpwuii stmiatu
3 by > ’ XoHa xapopaTu 30 > 99, uzmn
SIHTU Tal€praHraH
Harpuii stunaru
4 L, ' 0 90 > 95
SIHTU Tal€praHran

OnuHrad HaTWxanap sSiHTY Tau€piiaHraH HaTPUM STUIIATH KaTaJau3aTOPUHUHT
IOKOPH CaMapaMJIMTUHUA KypcaTuO 6epau.

MoHocHIaH CUHTE3M XKapa€HUHU Y3yKCH3 PABUIIIA aMalira OIIUPUII YUYH
tosananran tpustokcucmwian GRUNDFOS®DMEG60-10AR mapkanu 103a10B4n
Hacoc €pmamuaa OeNTHWJIaHTaH TEe3JIMKAAa peakTopra y3aTWiah. Peakropaan
OJIMHTAaH HaMYHaJlapHU Ta3lu XpomaTtorpadus yCyJdu OPKAJIW TEKITUPHII
pEaKIMoH Maccaja TPUATOKCUCHIAH MUKIOpU + 5% aHUKIUKAA y3rapMmac Xojjaa
KOJIUIIMHU KYypcaTau. ['a3cCMMOH MOHOCHJIaH y3JyKCU3 pPaBHIIAa MaxcyC HUIMIITa
YTKa3uan0, CYIOK a30T OWJIaH COBYTHJITAH KOJUIEKTOPAA CYHOKIAIITUPUINO, HUFUO
OJIMH/IN. PIHFquH UIUIIAard MOHOCHJIaH abcopbOepra >kyHatuiau Ba -140°C
Xapoparraya COBYTHJITaH TPHUATOKCHUCUJIAHJIa TO3JIAHUO, aJICOPOEPHUHT HOKOpHU
KucMUJia YypHaTUITaH ¢aza axparruyga -80°C xapopartia KaiTa axxpaTuO OJIMHJIN.
To3ananran MOHOCHJIAH KEMUHTH UIIUIOB OJIJIUaH MaxCyC UIUIITa HMFUO OJTMHIH.

[lynnait Kuaub, MOHOCWJIAH CHHTE3M OVinua Takiu( KWIMHTAaH TEXHUK
eunmIIap Kynuaarnda camapa oepau:
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- Karamuzatop cudatuaa SIHrM  Tal€piaHraH  HATpUd  STUIATHIAH
doitgananunrania KOHTaKT BakTW Oeml MapoTadajaH OpTUKKA KaMaWWIu
OpKaJIu TEXHOJIOTUK Kapa€HHUHT YHYMJIOPJIUTUHH OLIMPHUILTA SPULLIAIIIN;

- TPUATOKCUCUJIAHHUHI MAKCHMaJl KOHBEPCUACUTA SPULLUIIIN;

- HaTpuil MeTanM Ba aOCOJIOT CHOUPT ¥3apo TabCHUPU  acocujaa
TETPAITOKCUCUJIAH CYIOKJIUTH HWYMJA TaW€piaHraH >STUIAT HATPUWHUHT
KaTanu3atop cudaruaa oxkopu GaoUIMId Ba pereHepanusara MOWWIIIUTH
aHUKJIaH/Y;

- MOHOCWJIAH CHUHTE3M PEaKIMSCUHU Y3JIYKCH3 paBHIa IOKOpU Ba OHp
MapoMJaru Te3JMKAa amaira OUupUIIn.

1.3. Monocunanoan noiukpucmail KpemMHut ycmupuuu

To3amanraH MOHOCWJIAH ra3 TaKCHUMJIOBUM THU3MM OpKajld yTa TO3a
KPEMHHMIJAH Tanu€piaHraH 3aTpaBKa CUPTUAA IMOJUKPUCTAILT KPEMHUM YCTUPHUII
MMKOHHMHM OepyBuM peakTtopra robopwiau. [lomukpucramn KpeMHUNA OJUII YUyH
MOHOCWIAaHHHA TEPMHUK Mapyajaml — IMUPOJIU3 YCYJIU KYyJUIaHuAu. by xapaéH
Kyiugaru cxema Oyiinya amanra ouaau:

Momnocunanuu tepMuk napyanam 450°C nan 6onutanu6, 950°C xapopatna
MoHOcuJiaH MosekynanapuauHr 100% mnapuananumm 103 Oepanu. CrepxeHb
XapopaTd y OpKald VYTKamwia€TraH »dJIEKTPU TOKM KaTTaJIUrd  OWIaH
oomkapunaan. Taxkpubamap acocuma ypHaTwiran ontuman 850°C xapopatna
kputamn yeum tesmurd 0,4 Kr/mM*-coaTHM TAIIKWI STAM Ba OyHIa MOHOCHUIIAH
KoHBepcusicu 99 douznan rokopu 0ynau. byHnan rokopu xapopariapaa KpeMHUN
3appaJlapiHUHT TOMOTEH paBHIIJa XOCWI OYIummm Ba OyHMHT OKuOaTHIa
MOHOCHJIaH NYKOTHWJIMILIN Ky3aTUILIH.

MoHocuiaH TO3JIMTH Ba OJMHTAH TOJUKPUCTAIT cU(aTHHU OUIBOCHUTA
HazopaT KWIHII peakTopra OWUp BAKTHUHI V3HMJa OSIUTAKCUS YYyH Maxcyc
Tal€piaHraH  KpeMHHM  Tarjiukiap  SKOMNMAITUpWiIKO,  YHUHT  CHUpTHUTa
MOHOCHWJIAHJAH YCTUPWITaH KPEMHHMM SMNUTAaKCHal KaTjaMHU COJUIITHPMA
KapIIWIMTK yi4all opkanu amaira ommpuwiau. 750°C xapopartaa YCTHUpUWITaH
KPEMHUM KaTJaMJIApUHUHT cosrmTupMa Kapmiurd 0,96 -1 kOm-cMHU TalIkui
KWJIJIH.

[Tonukpucran KPEMHUIHU MOHOCHJIaHJIaH “kariHOBUHN KaTjiaM
peakTopiapuaa OJIMII KapaCHJIApUHM YPraHUII XaM KaTTa axamustra sra. bynaa
sHeprus capPuHM KEeCKMH KHCKapThpuml Ba 1 MMmman 3 wmmrada Oynrax
MOJIMKPEMHUI TpaHyJalapuHH WIUTa0 YMKAPUI UMKOHUSTIAPU BYXKYITra KEJaJIu.
bynpaii xapa€HHM amaira OmMpUII ydyyH Karraauru 63-100 MxM opaiuruaarua
OupraM4yu KpEeMHHUH 3apadajapy MaxcyC TaW€piaHTaH PEaKTOPHHUHT IOKOPH
KUCMHUJIaH, MOHOCWJIAH Ba BOJIOPOJ apajaliMacd »3Ca PEaKTOPHUHI  KyWu
KUCMUJIaH 1000puian. PeakTopHUHT YpTa KUCMUJArd Maxcyc 30Haaa “KaiHOBUW™
KaTjlaM IIapoOUTH sApaTWiuO, Kariam wMaxcyc wucutrud Epnamuaa 800°C
XapopaTraua KW3IMPWINH. YCHII IO3aCHHMHT KECKMH OIIMIIM HATH)XACHJA
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MOJIMKPUCTAIT KPEeMHUH XOCWJI OYJWIN TE3JIMTd MOC paBUIla OIIIA Ba
rpaHyiajlapHU Y3JIYKCH3 OJIMO YMKHII HATUXKAcuaa OUPIIMK MaxCyJloT OJUII YUyH
capgaHaural SHEPrus MUKJAOPU KECKUH KaMalUIly Ky3aTHIIIH.

[yngait kMO, SHIM TEXHOJOTHUSHUHT TaxpuOa KypuJIMacuia >KOpHM
KWIMHUILIY XJIOPCU3 AJIKOKCUCWJIAHJIM MOHOCWJIAH CHHTE3M Ba YHU TEPMHK
napyaiam Wyau OWwIaH MOJUKPUCTAT KPEMHHMU OJUIN JKapaéHJIapuHU WK OOp
Y3IyKCU3 paluiiia amajira ONIMPHUII WMKOHMHHM Oepau. byHpa acocwuid
MaxcyJoTiapra HucOataH OKopu  celekTuBiuk  (95%paH  OpTHK) Ba
peareHTIapHUHT IOKOPU KOHBepcuscura spuiiiian (99%an optuk). TeXHOIOruK
KypWiIMaJilap TU3UMUHUHT COJTAIAINITUPIITAHU TaKIu( KUWIHHAETTaH TEXHOJIOTHUS
acocua WIUIa0 YMKAPHUIIHKM TAIIKWJI KWIWIIAA KamuTal XapakaTlapHU KECKUH
KaMalTUPUIIl UMKOHUSTHHH SPATUIITN KyTHIASIITH.

2. Hounu cmumynramupuu ycyauoa KpeMHUtIu CmpyKmypaiapru apamui

byryaru  KyHIa — KargamMMma-KaTiaM — SpUMYTKa3rud,  MeTall — Ba
JAVENEeKTPUKIApaH I[IAK/UTAaHTaH HAHO YIYamiid KaIMHIUKIArd KyN KaTJaMiid
KOMMO3ULIMSUTAPHU ~ MIIJIA0 4YMKApUI  TEHJASHUMSICH Ky4daliub OopMoKja.
Monekynsip Hypau  snurtakcus  (MHD) IOKOpUJIard  CHUHTapu
reTepOCTPYKTYpalapHH IIAK/UIAHTUPHIIAA ACOCHM ycyiuiapaH OWpW CcaHalaIu.
by ycyn ctpykTypa Ba 103a OVitmal romka KOIUTAMJIAPHM XOCHJI KHJIMIIAA KEHT
doiinananunagy, JEKWH, TETePOdNUTAKCHal KaTilamJIapHH XOCHJ KHIIUIIIA
IUCIOKalus Ba JAedekTinap, ailHuKca, KaTjiaM Ba Tarjuk MaHXapajiapu
napamMeTpiiapy HOMYTAaHOCHOJIUTH, YJIApHUHT YCHUIIl MEXaHW3MHUTa Ce3WIapiiu
tabcup Kypcaragu. FOkopunaru cababmnap ronka reTeposnuTakcHal MI€HKaJIapHUu
KUIMHIUTH Oyiinda Oup >KUHCIM CTpyKTypanapHu onumga MHD  ycynunu
ad3UTUKIAPUHYU TYIUK peann3alvs KIWINITHHA KUHUHIIAIITHPAIH.

Nonnu pactamapHyd MoOJIEKyJaldW Jactaiap OwiaH Oupra OJUHTaH
KOMOMHanmsicu Oy Ba3uMATAA CE3WJIAPIM Y3Tapull SCaiiii, YyHKHA TOJJIOXKKa
CHUpTHIA YCUII JAaBOMHUAAa HWOHJIAPHUHT DHEPIHsi Ba HMMITYJIbCUHHM aToMJapra
y3aTUII WMKOHM sipaTWiafu. MabiIyMKd, HOHJAp EpAaMuia OIHUTAKCHS
XapOpaTUHU TACAUTUPUII MYMKHH, IITyHHUHT/CK, WOHJIApHUA  OOIIKApyBYU
napaMmeTpiapuaan Qonganannd Kepakiu BaKTJa Ba KEpaKiu Koujaapaa CTpyKTypa
AepeKTIapHu HYKOTUII €KW ApaTHIL, TEeTePOdNUTAKCHal KaTJIaMJIapHUA Manjo
KWJIUII Ba YCTUPHUII MEXaHU3MHUTIa TabCUP YTKA3HII UMKOHHUSITH BY)KyAra KeJaIu.
Veum  kapaHnapuHM  MOHJIM  CTHMYJUIAINTHPHINAA  KOHJEPCHpIIAHTaH
MYXHUTJIQPHUHT Ha3apui acocjapu 3aMOHaBUM (U3UKAHUHT HWKKA AaCHEeKTH:
ANUTAKCHANl  CTPYKTypajlapHU IIAKIUIAHTHPUIN Ba KATTUK  KUCMJIQPHUHT
paauainon ¢u3nkacu Oazacuga ro3ara Kenagud. AncopOuus, aecopOuus, CUpT
i dy3usicu Ba MOHOATOM KaTJIaMJIAPHU IMAKIJIAHUIIM CUPTAA KeYaJuraH acocui
aToM >kapaéuiapu xucobOiaHagu. Ym0y 53JIeMEHTap aTOMIIM >Kapa€HJIapHUHT
TabCUP KypcaTyBuu ¢akTopiap OWIAH KOMOWHANMICH CTHMYJUTAINTAH YCHIII
MEXaHU3MJIADUHUHT JKyJa KYymiad BapHaHTIApUHU fo3ara 4uKapaaud Ba Oy V3
HaBOaTHa, 3pdexTnap OOMIUIHHM HAMOWMII KWIMII OuiaH OMp KaTtopaa YCHII
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KapaéHJIapuHU  HMOHJIM  CTUMYJUIAl  MyaMMOJApUHU  camMapaiv  TaxJIuiI
METOJIAPUHM SIPATUIL MACaJIaCUHH OJIAVHIA CYPAIH.

Xo3upaa Maexyn akcapuiar MHDO  KypwiMamapu 3J€KTPOH  HYpIH
OyrnmaTkuwiapra sra. MablyMKH, 3JEKTPOH Hypiau OyflaTkuuilapja HWIIYu
MOJJIaHU KU3IMPHILJA AIEKTPOH HypJaH (poipanaHuIagy, Kaepia TOPMO3JIaHHILI
*apa€Hula Xap Xui TYPFYH Ba TYpFyH OYyJIMaras >kapaéniiap XxucoOura yJIapHUHT
JEApJIA XaMMa dHEPIrusicu MyKoTuiaau. by sHeprus nyKOTWIMIUIADUHUHT MabIlyM
OMp KUCMH OpTra COYMJIaUraH 3JeKTpOoHIap OmiaH Kaiita onubd ketuiaau, Oy aca
3JIEKTPOH HYpIIU OyFIaTTu4IapHu OUKHH KaMalTUpaau. Optra
ANEKTPOHJIAPHUHT KalTa COYMIMII KOYPIUUEHTH 1) OMpIaMyH 3JIEKTPOHJIAPHUHT
HHEPrUsICUTra KaMpOK, 3JIEKTPOH YPUIIraH MOJia TApKUOUIAard 3JIEMEHT ATOMUHUHT
TapTUO pakamMura KympoK MUKIOp/ia OOFJIMK OYiaau.

TesnamtupyBun  kKywianumu 6-10 kB OYnaran  snekTpoH  Hypiu
OyrnmaTruuiapaa AIIEKTPOHJIAp TUTENAaH ydaérraH OyF OKUMM OuiiaH
TabCUPJAMNO, YHU KUCMaH MOHJAIITHpaad. byHaa noHIaHUII KYHIaTaHT KECUMU
OKUMHHUHI 3UWIMTura OOFJIMK OYnmall, MOHJAHMII JapakacH 3JIEKTPOHIap
SHEPrUSICUHUHT aHUK OWpIMKIapuAa y3rapMaciaH Kodaaud. AWHAaH 11y HOHJap
TaryIMKKa Kapabd MaH(uil 2JIeKTp MalAOHM WYHamuImMaa Te3MalITHPUIAIN.
HNounapuuar Oy okuMM OyfJIaTrMy Ba TarJIMKHUHT KaMepa WYKa aHbaHaBUN
KOWJIaIyBUAa MaTepUATTHUHT aCOCUM OKMMM CHUHTapu (pa3oBUU TaKCHMMOTTra 3ra
O0ynu0, KaTTa JUAMETPJIM TarJIuK CUPTUHU MaxCyC CKaHepJjall )apaéHUHHU TaKazo
STMaMNIH.

2.1. Dnexmpon uypau Oyenanmupuwioa xocun 0yniean UOHIAPHUHE Cupmod
Yeuw sHcapaéuiapunu haoinaumupuioa Kyiianuiuuu

Huccepranms TaAKUKOTIApW JIOMpAcHIa 3apsyijlaHTaH — 3appadajapHH
@XpATUIl Ba YyJAPHUHT OKUMJIAPUHHA OOIIKAPHUIN YCYIM Ba KypWJIMach — HOH
30HAU TaKIuG STUIAM. YOy WIHA amaira OIWPHUII MaKcaJu TOKHU OeBOCHUTa
Vymuam Owian Oy 3appavanap apajiail OKMMHJA MycOar 3apsjiiidi HOHIap Ba
ANEKTPOHJIAPHUHT XMCCACHMHHM aHUKJAIl MyaMMOCHMHU Xaj KWl Ba Oy
WOHJIApJlaH  YCUIl  cupTHaa 103 OepyBuM  Kapa€HiapHd  OOIIKapuIia
doitnananumaan noopat. by cuHrapm apanain OKMM 3JIEKTPOH HYpJId OyFIIaHUII
naiTuaa, camapanu (Murdu) ¢gazona Mycobatr noHgap Owmian Oup mauTaa HUIIOHIaH
KaWTraH »SJCKTPOHJAPDHUHT MaBXya OVnuimmm, xXamaa yJIapHUHT MaKCHMall
DHEPTUSACH OWMpIaMud SJICKTPOHJIAP DHEPrusAra TCHT OYJIraH XOJaTH XaM MaBXKy/I.
by nonmapHuHr ycTrpunaéTrad KaTiiamiiap XyCyCUsITIapUHA MOAUGUKAIUSIAITHA
amaJjira OIMMPHUIIIA KYJUIAHWIIUIITN HOH OKHMIIAPUHU TIapaMeTpIapuHHA OOITKAPHUIIT
yCYJUIApWHH Ba Ha3opaT KWIYBYH MaxcyCc KypwiMajapra >XTHEKHU o3ara
KEJITHPAIH.

Hon manbwacu

KpeMuuitau OyFiIaHTHPYBYH AJIEKTPOH MYIIKAHUHT WUIUIATHIIAIIN Ba YHIAH
KpeMHHUI noHJapu ManOacu cudartuaa doriananuiil, KypuiMara 601ka Kymmmaa
MOH MaHOAJIapHU KUPUTHII Ba OYHUHT OKHOATHA KEIMO YMKUIIM MyMKHH OYyraH
UQIOCTAHUIITHU OJIIMHU OJaAu. Turenjga JpuraH KpPEeMHHIAH FOKOPHUPOKIA
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KOWJaIrad Xyayana OyFaHaéTran aTomiiap 3J€KTPOH JacTa OuiiaH TabCUpJIalnb

KHCMaH noHamaau (pacm. 2.1).

]
aperture

3 9

6Si-molecular beam

accelerated
electron
beam

neutral

electron

collision

2.1-pacm. Kpemumnii 3JIEKTPOH
OyFJIaTTHYH/1a HOHJIAIIYB KAPaéHU

Kpemuuii  aTOMUHUHT
3apba  HaTWXKacula  HOHJIALIUII
HXTUMOJM  DJIEKTPOH  JaCTaHUHT
OKUM 3UWIMTH F, Ba MOHM3ALUA

SJICKTPOH

magnetic molten Si
deflection \Z
element Si-crucible

o

watercooled Cu-hearth

[| electron gun

]

KYHIQJIAHT KECUMU a KYIauTMacH
opKaJin udoaananamm. by
OXTUMOJUIMKHU KPEMHUN aTOMJIapU
3UWIATUTA Ng; KYNMAWTUPraH XoJiaa
MOHU3a1Msd KUUMAaTHHU Zjp, BAKT Ba

-8kV
XaXM Oupauruaa TOIIAMH3
(tTenrnama (2.1) Ba 2.2-pacm).
gion:Fe'a'rSi' (21)
o o F [ o
€
2.2-pacMm. ngs; 3UWINKIA Ba @ KYHIAJAHT KeCUMIa °
jra 0yJran KpeMHuM aTomaapunau I, 3JIeKTpoH
OKMMJIADH OMJ/IaH TABCHPHIA HOHIAIIYBH l
O @ ¢
DNEeKTpOoH HypJIn Oyfrmarruy O
KOHCTPYKIMACH Ba  YHMHI  OKCILIyaTaluys N O
1
IapouTiIapu (371eKTpOH HYPHHUHT O

(boKycnaHuIIN, TE3NaTyBYU Ky4JIaHUII, KPEMHUN TUTE€IMHUHT aXBOJM) OyFIaTHII
Ba HOH TEHepaluscura TabCUPU YPUHIM Oyicana, 3JIEKTPOH HYp OKUMH
3UWINTUTA, XaMJa dPUTHIMA XapOpaTh Ba KATTAIMIUIA, Hg; - KPEMHHUM aTOMIIApH

OKHUMH 3UWINTUTa OEBOCHTA TabCUP YTKA3yBUM acoCUi mapamerp lngy - IMHUCCHUS

substrate!

e i/
[ |
101 measuring

+« head

reflector ring

L J’) substrate
current ——~ /‘

shielding with

Ugpch substrate
“T potential

chamber axis

I

TOKUIUD. DIIEKTPOH Oyfrmarruy
IIYHUHTJICK, Xap TypJd paavanvs Ba
Kyl COHJM KaWITaH Ba MKKWIAMYHU
AIEKTPOHJIAPHU HYpJIaTaIu.

YiauosB

2.3-pacm. MOHHUTOPH —  HOH
30HAMHHHT MHD KypujiMacuaa
JKOMJIalyBH

Ymly sneKkTpoHsiap SpUTHUIMA YCTHUJIA
MarHuT MaiJOHH TabCUPHUra TYIITaHJa

XOCWJI OYIyBUM MOHJIAp XapaKaTuyaHJIMTUIra Ba OyFJIATTUYHMHI XU3MaT JlaBpUTa
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TabCUP YTKa3aau. DIEKTPOH OyFiaaTrud Ba TUTEIHUHT HYPJIAHUIIH Ba YPUHCHU3
Oyrnapugan kamepa Ba MHD KypuiMacMHMHr OoIlKa HIINYM 3JIEMEHTIAPUHU
XUMOSUIAII MaKCcaIu/ia €p MOTEHIIMAIUTa yIaHraH SKpaH ypHatuiarad (2.3-pacm).

Tazcnux nomeHuyuaiu

Tarnmuk cupTUra TYIIyBYM HOHJIAP 3UYIUTH y4yTa MEXaHU3Mra OOFIIHUK:
OMpUHYMAAH, JEKTPOH OyFIaTruyja Xocuil OVIyBYM HOHJApP COHU (TEHeparus);
WKKAHYUJAH, HMOHJAPHUHT  pPEKOMOMHALMSUIAHMII €KW TallKd  SKpaHra
YPUWIMIIUIAH OJJIUH JJIEKTPOH OYyFJIaTrud SKpaHU ammepTypacu OpKaJld YHKUO
KETUIIN 3XTUMOJUIMTU (IKCTPAKIMs), YYUHUYHIaH, HOHJIAPHUHT TarjuK Ma3Ka3ura
O6opu6 ypunumm SXTUMOJITUTH (Pokycnanuin). VOHTapHUHT SKCTPAKITUSICH,
(GOKyCTaHUIIM Ba JHEPTUSACU TarJMKKa Y3aTWIAIuUTaH  Ky4JIaHWIl — TarjiuK
noteHuanu Uy, €paaMuaa y3rapTUpWIMILE MyMKHH (2.3-pacm). MoH-HYpau
(GoxyciaHui Ba 3JIEKTPOH OyFJaTrud Ba TArJMKHUHT Oup Oupura HucOaTtaH
KOMIAIlyBY MOHJIADHUHT TarJIMK CUPTUIATM HOTEKUC TAKCUMOTUHHUHT KEJITHUPUO
YUKAPUIIK MYMKHH. DNeKTpOH OyFiaTruyjaH 4YWKaETraH HWOHJIAPHUHT
ANEKTPOHJAp OWJaH apajalliraH OKUMH TariiiK KOHTAaKTH OpKAJIM YIIYaHWIIU
MYMKUH OVaran Is,, TOKM XOCWHJ KWIaaud. AHUK Yioyaml y4yH HOHJAp Ba
AJIEKTPOHJIAP TOKJIapyu OUp OMpPHUIAH AXKPATHIIH 3apyp.

Hownnap okumunu ynuaw

Honnap Ba 3JeKTpOHJIAp TOKJIAPH QXPAaTUIL Ba YI4yall MMKOHHUHU OepyBYU
MOHHUTOPUHT TH3UMH HHUIad unkwm6d, MHD kypumacura Ypuatwim. Kpemnuii
aToMJyiapy, MOHJIAp Ba AJIEKTPOHJIap Oup OMpHAaH aKpaTWIIMILKM 3KPAHJIAHTaH KOPITYC
vuuzia JKoiamrupuiaran +U,, Kapama Kapiid MOTEHIMAI OCTHIArH SJIEKTPOJIap

Epnamua axxparuiaau (2.4 - pacm).

=g & Uy
2.4-pacM. AToMmJaap, DJJEeKTPOHJAp Ba
HOHJAPHHU  MOHUTOPMHI TH3MMHMIA aXKPaTHII
I I, cxemacnm.
—_— e

Arap xap Oup 2J€KTpOH Ba xap OMp MOH MOC
aeKTpoasiapra  kenub®  Tymmmu - (apas
@) KWJIMHCA, WOHJIAp Ba DJIEKTPOH 3UUIMKIAPU
D o — aneKkTpomapaaru [, Ba I, TOKmap, Xamjua
MOHUTOPUHI TU3UMHU KOPIIYyCH alIepTypacu MailIoHu OpKaJld aHUKJIaHaaAu. Y10y
MOHHUTOPHUHT THU3UMH TarjIiK MapKas3uja YHUHT OCTKH TOMOHMJA YpHaTuiau (2.3-
pacmra kapatr). Oxkum maHOacu Ba TarjMK OpacHIard 3KBUIOTEHIUAN CUPTIap
CTPYKTYpacuHU Oy3WIMIIMHU MHUHUMAJUIAIITUPUII YUyH TE3JaTyBUM Ky4JIaHHII
MOHHUTOPHUHT TH3UMU KOPITYCHUTa XaM yJIaHAIH.
Tarnuk cuptura Kenud TYyIIyBUM HOHJIAD OKUMU 3UWIMTH DJIEKTPOH
OyFnmaTruyja Xocws OYIyBUM HOHJIAp HMHTEHCHUBIWIHWra, MaHOa 30Hacuiaru
WOHJIAPHU TOPTUO OJUII YUYH AJIEKTP MalJOHUHUHT DKpaH anmepTypacH OpKaId
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ocumunmra, xamgaa Uy, NOTEHIMAad TOMOHHMIAH TOPTUO OJMHIAaH HOHJIAp
OKUMHUHHUHI (QoKyciaaHuimura Oofnuk. MoHmap reHepanusacu 30HAacu dSpUraH
KpeMHHUI yctujaru OyfiaHa€TraH KpEMHHUH aTOMIIAPUHMHI SJIEKTPOHJIAp OuiaH
TYKHAIIMIIY 103 OepyBUM HUCOATaH KMUMK XaXM OmiaH yerapananra (2.1-pacm).

(2.1) dopmynara myBohPuK HMoHIAp reHepaluscu Fe Ba ng; KaTTaaukiapra
npornopuroHans. Monnap reHepamusick ojauii Mojaenb Epaamuaa  E3WITUIIN
MyMKHH. Mojenna spuraHn KpeMHUWHUHT acoCcHid 1o3ach A Ba JJIEKTPOH HYpP
Oypunuiura OOFMK OYynran Oamanaaurd H OwinaH aHUKIAHYBYM XaXMU OHp
KUHCIM €0 KaOyn xunMHagu. [pgy sMmuccds TOKM YdyH Kyiuaarm udona

(V)

YPUHIIAIUD:

lesyv=A"F,q (2.2)

Nunutad 4uKWiIrad HOHJIAp MOHUTOPUHI TH3MMHM HMOHJIAD Ba 3IIEKTPOHIAP
3MWIMTMHA yadam yuyH MHD KypuimMacura Tarinvk Mapkasd OCTHTa YPHATHIIIH.
Kpemuuii R ycumn TE3MUTMHUHT [gsy AMUCCHOH TOKKA OOFJIMKIMIM XapakTepu
AHUKJIAHU. [, TOK TArJIMK KOHTAKTH OPKaIM YiI4aHaIW Ba Tarjuk OyTYH CUPTH
Oyiinya 3apsijlaHraH 3appadyajlapHUHT YpTada 3UWIMTH TYFPUCHIA MabIyMOT
Oepagu Ba OyHIa KyTWIAETraHUICK, DJICKTPOH OyFiIaTru4jaH ydubd 4YMKaEéTraH
AIEKTPOHJIAPHUHT JOMHMHALMACH Ky3aTWIAAHW. DJIEKTPOH TOKU 3UYIMTHHHHT [Esy
AMHUCCHSI TOKUT'a MOHUTOPUHI TH3UMH €praMujia UCOOTraH YM3UKIU OOFIMKIUTU
MOHJIAp XUCCACHHHU lg, TArJMK TOKHJAH aXpaTHII UMKOHUHU Oepaau. [, HOHIAp
TOKMHUHI ypTadya 3UYIMTHHUHT OMMCCUS TOKM Ba YCUII TE3JINTH KyNaWTMACH
KYypuUHHIIUAATU [gsy"R KaTTaauKKa OOFNMKIWTH YM3UKIUTa SIKMH XapakTepra ora,
aMMO Mapkasja yiadaraH i;,, MOH TOKM 3UYWINTH aHYaruHa Mypakka® OOFTHKIMKHU
Kypcatiu. Lip, / ijoy HICOAT MOH OKUMHHHUHT TarlIMK MapKasujaa €Ku yHAAH TallKapuaa
KOWamrad HyKTaAa (OKyCIaHUIIMHE Oaxonaml Me30HH OYnu0 Xu3Mmar Kuiiai.
@oKkycHpOBKAa XapaKTepu MOHMTOPUHI THU3MMUHHMHI CTAllMOHAP MAaXKaMJIAHTaH
X0JIaTHIa TYUIYHApCHU3 KOJaAu, (OKYCUPOBKAHM XapaKTEPUHH aHUWKJAIl YYyH HOH
MOHHUTOPH CHIDKUTHII CUCTEMACUTA YPHATUIIAIIN JIO3UM.

qMSMK,'/lM CUudIcyedu UOH 30HOU.

2.5-pacmaga MHOHUHrT HOHJIAp TAaKCUMOTUIAa TabCUpP KypcaTyBUH
cyocucteManapu akc >Ttupwirad. Kamepa Vkumaa 100MM auameTpiii KpeMHUN
IJIaCTUHACH XounamTupwirad. Y 150 MM auameTpiau KpeMHUIJaH Tal€pilaHTaH
TarjauK yIUIOBYWra YPHATWITaH. YHAAH NacTPOKAAa paaydalMOH HYypJIAHMII
épraMuia KU3TUPWIYBYM TariuK XapOPATUHUHT OUp KUHCIUTUHU SXITIOBYU
KpEeMHUIIaH Tal€piaHTraH XajKa ypHaTwirad. Yoy ydaia KHUCM XaMm KypuiMa
KOpPIyCHIaH u3oJsAnusuianran  o0ynu6, ymapra 0 Ba -1000 B opamurumaru
MOTCHIMAJI Y3aTWIMIIM MYMKHUH. TakJIMK CHPTHIAH TaXMUHAH 5 CM NAcTpoKAa
Maxcyc (naHeln] OpKadu OOLIKAPWIYBUM YM3HKIM CHJDKYBYM HOH 30HAU
YpHATUITaH. 30H/ TarJIMK CUPTUTa NEPIEHANKYJISP WYHAIUIIAA XapaKaTIaHaIu.
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/, / \ ‘1‘ Heater
[ | é | Substrate 2.5-pacm. U301 0USIAHTAH TATIHK

|
| | |
N —— .
(M\ < Uy Refisctarfing VILTOBYH BAa XapaKaTJIaHyBYH HOH
\ fl

/ <l ty 3ona ypHaTwiaran MHD tusumu.
*\ lon probe 0

Shutter

Monekynsip okuM Man6anapu MHD
KypHWJIMacH OCTKH KUCMUJA
anoxujaa QuaHelyiapaa YpHaTUITaH.
K¥pcartunran kpeMHuil OyFiaTyBuH
AIIEKTPOH MYyIIKa €p MOTEHUMAIUra
yJIaHTaH HUCCHUKJUK SKpaHU OWiiaH
Electron gun }"/panraH.
evaporator o
DKpaH aneprypacu KpPEeMHUHHHHT
HeWTpa Ba HOHJIAIITaH
OKUMJIAPWHHM YHKApUO OJIMI MMKOHMHHM Oepamu. OKMMHHHT Kamepa VYKuUJaH
cupkumm 70 MMHM  TallIKWI

|
lon flux measuring head

Sheell =

360

KWJIau. 20 ] v Y
2.6-pacmja TarjaMKKa 30 [y Do
. 280 / \\ 500V
HucOaTaH XapakaTdaH XoJaTAard ~g 260 v/ \ Centre of substrate —v—60ov
o G 240 v
WOH 30HIM €paaMuza HOH OKUMHU < 220 \
(93 - 2004
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2.6-pacm. MoH TOKHM 3HWIMIHHH 3 g \6\
XapakaTJaHyBYUd HWOHJIU 30HA 2 60 \2\
40 4 9
X0J1IaTUra OOFJIUKJIUTH 20 ] .,.,.f.f.\.f.fl‘!‘::zx.gf;—i;:,:sr
0
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T E-gun Position, mm

xojatu Oenruianrad. beBocuTta
yuta Oup OupuaaH gapk KWIYyBUM XOJATHUHI T'yBOXHM OYiHII MyMKHUH. (1) Xojar
VOHJIAp 3MYIMIMHUHI NacT KuiiMatiapuaa 6yiu6 (20 nA/cm? arpoduia), JeKuH
eTapanyda Oup >KUHCIM TAaKCUMOTra 3ra Si HOHJIapu OKMMHU Ky4YIaHMII OepuimMara
xoyiga Kaug kwmHau  (V=0). (i) Si HUHT KyWwIM HOTEKHUC TaKCUMOTIU MycOat
VOHJIap OKUMH TarjIMKHU MaH(Quil OMp Heuya 103 BOJBT KyWIAHMIUIM XOJATHAA
ymuanau. OKMM DJIEKTPOH HYpiM OyFlaTrud YKuUra HUCOATaH MOJJIOKKAHUHT
Mapkazura HucOataH OyTyHiaik Oup TOMOHra kKapab WyHantupuiarad. (iii)
KyWIAHUII OMIMIIK OWJIaH MOHJap OKMUMHUHHUHT MOCHAITYBH Kydasiu, 11y OWIaH
Oupraaukaa MOH OKUMHUHUHT 3WYIMTH MakCUMal TOpTyBYM MaimoHHUHT -400B
naH -600Braya ommmm HaTtvKacuaa MKKH MapTajgaH kKynpokka (150 HA/cM? nmaH
330uA/cM? raua) opTazm.

ONeKTpOH-Hyp/in OyFiaTHIl >kapaHUAa TeHepalUsUlaHTaH WOHJIAPHUHT
reTEPOCTPYKTYpaIapHu  ycTUpHILga Kymwtanuwaumu, MHD  kypuimanapnaa
KyIIMMua MOH MaHOajapura SXTUEX TyFaupMaiiau. ByHnaH Tamkapu 31eKTpoH-
Hypau OyFaTruy EpaaMua XO0Cuil KWIMHAIUTaH HOHJIApHU XUMOSBHM KaTiamiiap
ApaTHIl Y4YyH KYJUIAHWJIMIIN 3JEKTPOH-HYpJiM OyFiaTrud Ba MOC KypPHJIMAHUHT
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(GyHKIIMOHAN UMKOHUSATIAPUHHU omupuiira oaud kenaau. Takind KWIuHraH ycyn
Ba spaTWIraH KypWIMAaHMHI AHAJIOTM MYK Ba y MOJIEKYJSIp HYpPJIM SIUTAKCUS
TEXHMKAcu Tajabjapura TYJIUKIUIA4Ya MOC Kenaau. KypuiMaHuHr sHa Oup
aXaMUATIM TOMOHM YHMHI  KOHCTPYKUMSCUHMHI  ojaudnurugaaup. by
KypUJIMaJlaH 3JIeKTPOH-HYpJIM OyfiaTruwiapd Oop Oapua HOKOPH BaKyymild Ba
yJIbTpa IOKOPUM BaKyyMJIM KaTjaM YCTUPUII THU3UMIapuaa (oijaiaHuIuIIN
MYMKHH.

Keiiuarn Oynumnapna kysatwiran 5¢¢ekTtiap Ba HOHIU CTUMYJLIAII
YCYJUIApUHUHT KYJUTAHWINIIN KYpUO YNKUIITaH.

2.2. Honnu cmumynnaw ycynuoa ycmupuuioa 0envma lecupiaul 6a maziuk
103aCcU0a UOH OKUMU 3UYTUSUHUHS MAKCUMOU

Cypbema Sb IV typyx snementnapuaan OYiaub, KpeMHHM Y4yH 7 TUIAATU
JETUPJIOBYM KHUPHUIIMA XUCOOJNIAaHAIW. YHHUHT Ccerperamus >kapaéHujaa Y3WHU
TYTUIIA CHUPT CETperalusCUHU YpraHulljla YHU MOJENb MaTrepuain cudaruaa
HaMOEH 3Taau. YOy ulia CYpMaHUHT MKKH XYCYCHSITH MYXHUM axaMuAT KacO
stamu. (i) Tarmmk xapopatu Si snurakcusicu yayH 600°C 6ynramma cerperanms
Y3YHJIUTU KUHUMaTH LIYHYAJUK FOKOPUKU, CYpbMaHUHI XaMma aTOMJIApU CUPTra
cerperanusiianaay. (i) Si MOHJIM OKUMHU CypbMa aTOMJIAPUHU CUPT/IaH SIUTAKCHAT
n Kariaamra YTkazaau. ByHmail jerupnamr  ycyiaud YHM O€BOCHTa JIETHUPJIOBUU
MOHJIAPHU KUPUTHUII yCyJIuJiaH (apkiaml yuyyH WIMHI afabuérinap/a MKKUIaMun
nonnap Omnan aerupnau (DSI) ne6 Homnananu.

Nounu OKMMIIApHUHT TETUIILIN YIYOBIApH Yy4yH, CYOMOHO KaTjamiIH
KoIJlamMajap aJaTOMJIApHUHT Sb wmabnym wmukgopu (0.2 MoHO Katiam
(ML)=1.356x10"* arom*cm?) Sh MmanbGacumaH MOJEKYJIAp [dacTa XoJaTuaa
kuspupuiaran (600°C) p-tunpgarm Si (10-20 Om*cMm) Taknukra OyFaaTUIaI.
lysgan  CcYHr  TardukHW — allaHTHUpMaciaad, Si  KaTiamiapd  KUCMaH
MOHJIAIITUPWITaH oKumiiapaaH yerupwiau. Katnamau yeum teznuru 0.1HM/cex.
HU TallKWid JTAM. TamMkiap aiJaHTUPWIMACAaH  YCTUPWITAHU — Y4YyH,
KyTWITAHUJIEK, KPEMHHH KaTJIaMIIAPUHUHT DJIEKTPOH Oyfiarruyra HucOaTaH
XKoamryBura kapad, Oup TeKUC YCMaraHiuru Ky3aTHIH.

Typr3oHIM  yCynaa COJMIUTUPMA KapIIWIWMKHU YyiI4Yall HaTWKajlapu
acoCHa, IOUIOKKAHUHI MOC HYyKTajapula KyLIMMYaJapHUHI yprada XaXKMHU
KOHIEHTPALUACH 71 aHUKJIaH/IH.

Cerperauust y3yniauru A ymoy dhopmyia acocuaa TONUIaau:

A=Ts, (2.3)

Oy epaa, ng - CUPT KOHUEHTPALMICH /1 — XaXKMUW KOHLIEHTPAIHS.
KoHueHnTpanuss Ba KarjaM KalWMHIUTU Kylujgard  Qgopmyna Ouiad
aHUKJIAHATH:

n(z) =n(0)e . (2.4)
ByTyH KaJWHJIMKHU HHTETpauIao:
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fgdn(z)dz = ng(0) — n, HU TomamMu3

€K
n(0)A (1 - e_%) = n.(0) — n, (2.5)

Arap n(0) mabiiym Oyica, OyHJaH CerperaiussHUHT Y3YHIUTH A HU TOITMIII
MYMKHH.

Viyanran GupimkkaTi 6ornab, mapamerp n(0) HA TONamMu3. AHUKIAHUIIA
oyiinya

F=N_N
n=-=c (2.6)

S- KYHJanaHr KkecuM €K1 MalioH 103acH, d- HaMyHa KaIUHIUTH, N — XaxM O0yiinda
KYIUMMYaHUHT aTOMJIap COHMU.

d
N=J, dn, (2.7)
oy epna  dN =n(z)Sdz 6¥yinca, y xona
d d _z _d
N = Sfﬁ n(z)dz = Sfﬁ n(0)e idz = Sn(0)A(1 — e 3) (2.8)
(2.6) 1u (2.4) ra kyituo, kyiugaru udoaanapHu TOaMu3
1 _a
n= an([]}ﬂ(l —e 1)
€Kn
_d
n(0)A(1 - e7x) = aid. (2.9)
(2.8)Hu (2.6) ra KyHKO, KYHUIarHHUA TOTIAMU3
fid = n.(0) — n,
€K
ng = ng(0) — nd (2.10)
by epnan cerperanuu y3yHiauru
p="2 g (2.11)

i Ba d = 3x/07cupa xkymnad, (2.11) man cerperauys y3yHJIUTUHUHT MOC
HyKTajap y9yH KHHMaTIapUHU TOTIAMU3.
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WNonnap xarHamran aenbra-erupianaa Kyhiugaru udoma ypuniu Ba Oy
NaHKapajard KyliuM4Ya AaTOMJIAPHUHI KOHLIEHTPALMCSAWHU HWOH OKHMUJIapra
OOFJUKJINTUHYA OUJITUPAIN:

NR = F; ) OincNs (2.12)

Oy epa n —JIeTUpJIOBYM KYIIMMYAIAPHUHT XaKMUW KOHLEHTpauusacu, R — ycur
te3murd, Fion — MOH OKUMH, Ginc — TApKUO 103acu Sb, mg - Sb amaToMiIapuHUHT
3UYJIUTH.

(2.12) ndponanan MOH OKUMIIAPUHUHT KOHLIEHTPALMSCUHN aHUKJIaHA/IU:

En R

F, ion — =
Oincls Oinc A

€xu Jion=Fipnq OPKaIu MOH TOKH 3UYJIMIUIa YTKA3CaK:

Jion = —2 (2.13)

Tincl
Oy epna g=1,6x10""xn — >nementap 3apan, R=10%cm/cex yayn; &;,.=0,5x10"°cm?
(600 »B yuayH) Ba A udona yuyn (2.13) épmamuga Moc HyKTanapja WOH OKUMU
SHWIMTHHU TONHJIAN. TeruIuIM HyKTajap y49yH TOIHJTAaH KUMaTiap Epaamuaa

TarjiInKk CUpTrUa HOH TOKHU 3UYJIMT'Y TAKCUMOTUHH aHUKJIaHAIH.
HMoH TOKU 3UMYIUTHHUHT IMOAJIOKKAa CUPTHAA UKKH S’IJ'I‘-IaMJII/I TaKCUMJIaHUIITH

2.7- pacMz1a KEJITUPUIITaH.
0 - 7,000E-09
4,825€-08

|
' 8,950E-08
1,308E-07
; \ . i "N . 1,720E-07
300 - ", S E w2,1335.07
: : s 2,545E 07
2,958E 07
3,370E-07

330
40 i

30

20 A

10 -

0 270

920
2.7- pacm. Hon

10 TOKH 3HWIHTHHHHT

1 Taruk cupraaa 2D
20 - ‘ TaAKCAMOTH, A/cMm?

240 Y 120
30
ugr Ugyp= -600V
E-Gun 180

[ynsgait kunub, WOH TOKWUHHWHT TaryIMK fo3acu OYiIad TaKCHMIIAHUIIH
KYPUHUIIH SpaTwiau. TabKkuiad YTHIraHuaeK, NOH TOKUHU 3UYJIUTHHN O€BOCHUTA
anukIam Qakar Oup umsukaa onub Gopwausd, 6y thsum 90°—270° iiynanmira
TYFpU Kenaau. Arap HOHJIM 30H] €pAamMua OJIMHIaH Mabiymotaap (2.7- pacm) Ba
WOH TOK 3WYWIMTHUHUHT XUCO0JIa0 TOMWITAaH KHUMMaTIapyu OWIaH COJIMIITHPHUIICA,
OJIMHTaH HaTwxanapHUHT 20% aHUKIMKIa Oup OMpura MOC KU aHUKJIaH/IH.
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2.3. Honnu cmumynnawean ycynoa Si w3acuoa Ge HAHO 0OponyYanapuHu
WAKIIAHMUpULL

Si 13acuna Ge HaHO OpPOTYATAPUHU IMAKIUIAHTUPUILNTA KU3UKHUII KBAHT
HYKTaJApHUHT y3ura Xoc GU3HK XYCyCUSTIaph, aTOMCHUMOH 3HEpPreTHK
CHEKTpJapyu Ba yjlap acocuia SHIM aBJIOf] ONTOAJIEKTPOH YCKYHAJIApUHU sCalll
MMKOHUATH OwiIaH OOFIMK. YCKyHaBUM KUXATAaH OJMO KapajraHja, 3apsj
TallyBUWJIADHUHT AaTOMCHUMOH JHEpPreTHK CHEKTpJapH, arap caTxJjiap opacuiaru
Macoda HUCCUKIUK SHEPrusCHIaH Ce3WIapiu Japaxaaa Karra Oyica, 3aMOHaBHiA
MHUKpO- Ba OINTOXJIEKTPOHUKAHUHT aCOCHIl MyaMMOCH OYJraH 3HEpreTuK oiHanaa
kT Taptubna 3apsa TallyBUMJIApHU “OBWJIMINM HHUHT Ba YHHUHT OKHOAaTH/a
ANEKTPOH  KypWwiIMallap XapOPAaTUHHUHT  OMIWINUAA YCKYHAaHHHT 170000
XYCYCUSTIAPUHUHT TACAHUITUHUHT OJIMHY OJUIII MyMKHH.

Veum naiftuiaa [03aHM [AcT SHEPTHSUIM HOHIAp OWIAH HypIAHTHPHII
MaK/UTAHTHPUIAETIaH  OPOTYAIAPHUHT 3UWIMTHHU  OOIIKApUII Ba  YJIapHHU
Yngamimapu OyiMYa TEKHC TaKCHMIIAIl YYyH HWCTUKOOUIH yCyaaup. AMMO,
XaHy3rada MOHJIAPHU YCHIII KapaéHUTa TabCUP MEXaHW3MH HOAHHMK KOJIMOK/A.

Te3nuKIapHUHT KHHETHK TeHrjamanapujaH ¢oiigananum OeKapopimK
X0JIaTHJIa HAaHO YiIYamJard OpoJYajJapHUHT maiigo Oynuin Ba (CyOMOHOCION)
ANUTAKCHAJl YCHUIl >Kapa€HUHM OOLUIaHFUY OOCKUYMIAEK TacBHpiad Oepwii
UMKOHUATHHM Oepagu.  YmlOy ycynd, Ma3Kyp JAMccepTauus TaJKUKOTIapu
Joupacusia CUpTAA aAcopOnusIaHaéTral aToMmyap TapKUOUIaru MacT SHEPTUsIIN
MOHJIAPHUHT a0 OynaéTtran opoiyanap KOHIEHTPAIMICUTa TAbCUPUHU XucoOra
oJITaH/a XO0JIJ1a KYJUIaHUJITaH.

HNonnapHuHr 103a OwinaH TYKHaryBu JeddexTiap — 103a BakKaHCHsUIapU Ba
XKoapaa Hykjeanusra cabad 0ymyBur BaKaHCHUOH KJIacTepyiap XOCHJ OYIuIIIra
o6 kenmaau ae6 kaOyn kuiauHraH. [leddexkTna HykJIearmusHUHT SHTHILIATYBUU
WKKHATa MEXaHU3M KYpHUO YHKUJIIH:

a) Hyxneammss wommap ypub 4YMKapraH CHUPT aTOMIIApH SBa3Ura o3
OCpUITMHUHT YXTUMOJUTATH | Ta SKHUH.

0) Monnap ToMOoHWIaH ypuO YWKApWJIAJAWTaH aToMjap, OpojJaiap Manjo
Oynummaa acocuid poJNIHM YHHAMaiiau, aMMoO Hykjearnus Te3nuru neddextaa,
neddexTcus 103ara Kaparanjaa RKOpH (KHYUK Yirdamiap Xucooura, Ba/€ku KpUTHK
SIIPOHUHT JUCCOIHAITNS YHEPTUSICUHUHT IOKOPUIIUTH XUCOOHTa).

Temneparypa 7, agcopOuusiiaHraH aTomilap OKMMH KAaTTaluru F Ba CUPT
T Py3ussCUHUHT (aoJUTAITUPUIL SHEPTUSICUHUHT S1/Ge crucTeMac yuyH oJlaTui
KUMaTiapuga yMyMJlaliraH KMHETHK TEHITIAMaJIApHUHT paKaMJid MHTETpaluscu
amaira omupwiay. MHTerpanusiiai HaTWKajlapy MIyYHU KYpPCaTAUKH, HYKJIeanus
MEXaHU3MHJIaH KaTTHI Hazap opoJiyajap KOHIIEHTpAlHUACH aJcOpOLUOH OKMMIA
A vonnap GOWU3MHUHT OIIMINY OWJIAH Omaay Ba 1 HUHT KaMaumu €ku [ HUHT
omumy  OwinaH  Kamasau. YmOy — Xonar — KypcaTwiraH — IiapouTiapia
aZicopOMsUIaHraH aTOM CHPT MUTPALUICH XucoOura OolKa aacopOusijiaHraH aToM
OwnaH TYKHamryH4ya aeddextra eTud OopuIra yarypMaciura OuiaH OOFJIuK.

HNounap ynymuHUHT, opojiyaiap naiao OYIuIlua OKAMHHHI MOHJIAIITaH
KHUCMUHUHT POJIM ce3WIa OONUIAHYBYM XAPAKTePI KUUMATUHUHT KPUCTAJUTH3ALUS
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napameTpiapu Ownan Oofnanum udomacu onmuHraH. Hykieamwst (a) mMexaHusm
Oyinya amasra OIIUIIN X0JIaTH Ia:

A~(F/D)37! (2.14)

By epna D - cupt muddysusicu korbdunentn, O=Ft — t BaKT uuuja CUpT
KOIIaHUTI japakacu. Hyxknearust (0) MexaHm3m Oyiimda amainra OIIWIIA
XOJIaTUAA:

A~ (F | D)D) g Q2= D) exp{[(j +2)E; — (i +2)E 1/ + 2)kgT} (2.15)

by epna (i) Ba (j) moc paBuniaa, nedexrcus Ba AeHEeKTIN CUPTAArd KPUTHK
OupnaMuu 3appadaJlapHUHI MOC paBuIjard ymdamu; £E; Ba E; Oupiamuun
XOCHUJIAJIapHU allOXK/Ia aAaToMJIapra JUCCOLUSIIaHUII SHEPTUSICH.

Mabnaymku, Ge oposyaJapuHUHT YU3MKIU YidoBiapuaa 10 HM atpoduna
oynrama makcumain suwimara 102 cm? atpodupa 6ymamu (3MUIMK KyJa KaTTa
Oynranga opofyaidap TYJAWMK  KoIlamra  Oupiamanud). byHman — OyéH
HAHOOPOJTYAJIAPHUHT 3WWINTUHA OmMUIK  (aKaTTuHA  YIAPHUHT  YU3UKJIA
ViuaMJIapuHUHT KaMalumm xucobura pyi Oepaau. buprnamum 3appavanapHUHT
yadamiapy Ba OpOJYAIAPHUHT CHUPTIAA KOHIICHTPAIMSUIAPUHUHT TaKCUMIIAHUIII
¢yHkuscH TpaHchOpMalMsCH HOH HypJaHUIa Ky3aTwiaguran s¢dextaap
capacuman O0ynu0, y MOHJIM TabCHPJAIIYB HaTHXKacuaa OMpiaM4u 3appadaiapHu
KPUTUK YIT9aMJIapUHU KaMaluIuM Xucoowra, OMp Kaaap 3WYpPOK OYJIraH KBaHT
opoylyaJapu MACCHUBHUHU XOCWJI KWIHMII MYMKUH JIeraH yMHUJ YWAFOTaJIH.
3apsuianrad aedekT Mapkaznapuga (MOH HypJIaHWIl EpaamMuia TeHepaius
KWJIMHTaH) OMpJiaMuy 3appadajapHUHT XOCHJ KWIMHHUIIMHYA CHT LA THPUITUIIHN,
OupramMuu 3appadaJlapHUHT aTOMJIAPHHHM  DJIEKTPOCTATHK  TabCHUPJIAHUIIHIIA
OupramMuy 3appajapHU I[AK/UTAHWIIN aKTUBAIMs OapbepyHH TacalTHPUIUIIN
HATW)KACcH XUCOOJIaHa M.

[y Ounan Oupraiavkia, dMEKTPOHHUHT TYTWJIMINKA agaTOM MeTacTaOwII
baykTanusicu, OupjIamMyd 3appadaJlapHUHT XOCWJI OYIUINMAard aKTUBAIUS
Oapbepy KaMaWWIIMHU TacBUpJa0 OepuiiauraH MeXaHWu3M KypuO YHUKWIJIH.
VTKasunran GaxoNialll MIIIAPH HATHKACH CHPTIATH YCHIN >KapaéHMIa KHCMaH
MOHJIAIITaH OKUM TabCUPHIA TIAW0 OYIagurad SpKUH 3apsij] TallyBYHIIap acOCUN
poJira 3ra SKaHJIWTMHUA Ba KPUTUK OWpJIaMud 3appadajapHUHT YiIdaMu HEUTpa
3appadallapHUHT KPUTHK YIYAMUHUHT /4 KUCMUHM TAIUKWI DTUIIUMHU KYpPCATIH.
Ge Ba Si TapHUHT MOJEKYJSpP OKUMU KOHACHCALMACU Kapa€Haa, MacT SHEPTUsIIH
MOH TabCUPHU OCTHJAa OWUpJaMyM 3appadyalapHUHT XOCHUJl OYyiuil >kapaéHu
KOHYHUSITIapU aHaJUTUK Ba XHUcoOJjaml ycyjulapujia Xam VpraHuiagu. Yoy
M3JIaHUIIUIAp HATWKaJlapu IIYHU KYpcaTaauKh, WOHJIM HYpJIaHUII TabCUPHIA
OpOJTYAJIAPHUHT 3UWIMTK Ba OUp JKUHCIWIUIU OPTaay, SbHU Opojyaiap yiyamu
Oyinya TaKkCUMIIAHUII (PYHKIUSACH KUCKapa OOILIaiIu.

Monekynsp HypJIn AIIUTAKCHUS ycynuaa OJINHTaH Ge/Si
rerepocucTeManapuna HaHoyimdamim  Ge  OpPOMYAJIAPUHUHT  MIAKJUTAHWIIN
xapaHiapu Taxpuba ynu Ounan ypranwinau. Ge HaHOOPOJYATAPUHA KPEMHUUN
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CUPTHJIa XyCYCUSTIAPUHU KEHTPOK BapUALMSICHU aMaJjira OITUPHIN YIyH, KHCMaH
WOHJIAIITaH repMaHuii okuMujaH (oinananwiau. ['epmanuiinun MycOat 3apsiaiv
WOHJIApH, aCOCUH MaTepUalHU OYFIaHTUPHUIN >kKapaCHUIa yHHU JJIECKTPOH-HYpJIU
Oyrnatruyaa Oyriatud Xxocun KwimHau. Cuptaa Yyca€TraH KaTjiaMHU HOHIAp
OmnaH OoMOapauUpoOBKa KWJIWI KPUCTAUIHHM KATJIaMOJIIXW KaBaTura acedexTiap
KUPUTHIN, 3apsjiJlaHraH KOMIUICKCIApHU XOCHJ KWIMII Ba KPUCTAT HYMTra
MOTEHIMAJT TE3JIAIITUPUIITAH 3appadajlapHd  KUPHUIIK OujaH MoauduKaus
KWJIagu.

Ge oOpoHaJIapUHT CTPYKTypajapu Ba MOP(OJIOTHSICH CKaHEPJIOBUYU
TyHHeJUn Mukpockonus ycyian (CTM) épnamuna ypranunaun. CTM nan onuHran
HaTWXanap, TePMaHUN OpOTYATIAPHU 3UWINTH Ba YIdamiapu SBOTIOIUSICUHUHUHT
MOH OKMMHU SHEprusicura OOFJIMKIMIMHU Ky3aTUII UMKOHMHU Oepau (2.8-pacwm).
VYIapHUHT 3UYIUTHrA, OPOJTYATIAPHUHT YiIyaMura Ba OUpJiaMyu 3appadajapHUHT
XOCHJT OVIIMIN >KOMJTAPUHUHT SXTUMOJUIUTUHU YerapajioBUd TabCUP KYypcaTaJuraH
(dhaxTopsiapu 6axoJIaH IH.

2.8-pacm. Typiam xui
JHEPrusiJIu MOHJIAp OUJIaH
00MOOpPIMPOBKA KMJIMHIAH
HaHo opoayagapHuar CTM
tacsupu (0, 600, 1000, 1500B
YyanjaH YHI7Ia Ba IOKOPUAaH
nacrTra)
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2.9-pacm. HMoH 3HeprusyIapMHUHT HAHOOPOJIYATAPHUHT YM3HK/IH Y14amMH (a) Ba
3UYJUTH (0)ra OOFJIMKINTH
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DneMeHTap 3apsAJHUHI V3aK XOCWJI KWIWIIJIArd axaMUSTH YpraHWJIu.
DneMeHTap y3ak[aa >KOWIAIraH 3apsAHUHT y3aK APKAH SHEPrUsICUra XUCCacu
Vpranwiau. ['epManuii  WoHjapu OwilaH KpeMHUH 1o3acu  OOMOapavMOH
KWIMHTaHJa AePeKT XOCU OYIUIIN Ba HyKTaBUM neeKTaapHu TaKCUMOTH MoHTe
Kapno merogu Ownan ypranunau. ['epManuii opoiyaiapd MacCHBJIapH aHaIU3
KWIMHTaHJa, KUCMaH MOHJAHTaH OKUMJIapAaH (oHganaHuil opoTyaJapHUHT
IIAKJUIAHUIINATA, 3UWIATWra, YyiIdamJlapura Ba YJApPHUHI TaKCUMJIAHUILINATA
camapajay TabCUp KypcaTuiuu Ky3aTwigu. Keilmnru taxpubanap HOHJIApHUHT
HucOaTaH nact ’Heprusinapunaa, seau 100-600 3B opanurumga amanra OmMAPUIIH.
Bynna yra 3uu opomuanap maccusu (5x10!! ¢cM?) Ba 9Hr TOp TaKCHMOT MOHIAp

sHeprusicu 2003Bra TeHr 6ynranaa makiIaHTUPUIIH.

2.4. I'emepocmpykmypanapoa Mexanux 3ypUKUUHUNS UOHIU CIMUMYIIAUAH
penakcayuscu

HNonnu ctuMmyiialml yCyJIMHUHT siHa OUp axaMUATIM TOMOHHU, YHHMHI YyTa
IONKa KaTjiamiap/ia 3ypUKUIIHU PENaKIAU KNI UIMKOHUHHU SPATAIH.

I'epmannii Ba  KPEMHUHWHUHT MaHXapajlapu  NapameTpIapuHUHT
HOMYTAHOCHONMUIUHT KaTTanmuru (4.12%) Tydainu, KpeMHH Tariamkiapia
ncepaoMop@d smHUTaKCHaNl YCTUPHUII kKapa€HUa OJIMHTaH TépMaHUN Ba repMaHMii-
KPEMHUI KOTUIIMalapy KAaTTUK 3YpUKHILTra 3ra Oyiaau Ba siHa YCTUPUII JTaBOM
ATTUPWITaHAA €KU IOKOPU Xapopata UILIOB Oepuiiranja pejakcauusara yupauim.
MasbiiyMKH, KpPEMHHU-TEPMAHHWM 3SMUTAKCHUANl KaTjiamiapAa MEXAaHUK 3YPUKHUII
penakcanuscu SNUTAaKCUal KaTJaMHHHT KPUTHK KaJWMHIUKIAp XoJariapuaa
dazamapapo derapara HOMYTAaHOCHOJIMK JUCIOKAITUSICHHU KUPUTHII OWJIAH 103
Oepamu. by xomarna KupuTHUIa€TraH IUCIOKAIMS CUTMEHTIApPH YCTUPHIAETTaH
KariaM opkaiau yramu. Karmam TapkuOuga IUCIOKAIMSIAPHUHT MaBXKYJIUTH
KatiaaM cuaTuHH ce3umapiivi EMOHJIAIIMIINTA Ba Oy CTPYKTypaJlapHU ONTUK EKU
AJIEKTPOH KypuJMalapia HWIUIATUII WMKOHUSATU mMacaiumura cabald Oymaau.
Bomika TomMoHAaH reTepocTpyKTypanapaa 3ypukuil dQQekTiapu TabKUKJIaHTaH
30HaNmapHu AedopMalMsICH XUcoOWra BJIEKTPOH KypPWIMAJIAPHUHT  WIUTALI
cudatuHu OILMPHIIH Xam MabIyM. 3ypUKUII JBa3Ura SiGe
reTepOCTPYKTypalapuard KaHaJUlapJlaH 3apsi TallyBUMJIAQpPHUHT VTUIIM Ba
Oolmka MyXuUM XycycustiapujaH Qoiiaianud, OKOpU camMapaid MaiioH
TPaH3UCTOPJIAPUHU spaTUIl MyMKUH. Kpemuuii tarnmuruna SiGe Kariaamiapura 3ra
Oynub, BuUpTyan Tarjudkiap Je0 HOMIJIAHYBYM  TarjidKiap, KpUCTal
naHXapaJapHUHT Oup OuMpUra HOMYTaHOCHUOJIMIYM HATHKAacuaa XOCWJ OyiajauraH
3YpUKHII Typalin OKOpUAA KypcaTUITaH MakcaJ y4yH TYFpH KeaMmalauraxn
reTepacTPYKTypaJIapHA MOCJAIl yYyH HWIIOHWIM YCYJIHM BYXKYAra KEITHUPAIH.
Penakcanusinu  Oomkapuin ynum OunaH HucOatan kanuH SiGe Katiamiapuaa
3YPUKUILIHU TYIUK €KUM OENTHJIaHraH Japakaja KaMaTHpUIN MacajaCuHU Xall
ATUIl JIo3UM. M3nanuimap noupacuaa, kpeMHuuiiaa ycaérran SiGe KatjiamiiapuHu
MOHJIM OOMOOpIMPOBKA KWIMII Wynu OWIaH 3YPUKUIUIAPHUHT PEaKCAMSICUHU
amaJira OUIMPUII MMKOHUSTUHU OepyBYH yCYI TaKInu(] STUIIN.
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2.5. Bakyymoa uonnu cmumynnawean ycynoa yCmupuiean p-n CmpyKmypanu
KpeMHUU I0NKa KamaamaapuHunHe menio8oamauk Xycycuamiapu

Hounu crumyinam  ycyJUlapuJaH MCCUKJIMK SHEPTUACHUHU  BJIEKTP
DHEPTUSCUra aWIAHTHPYBYM KPEMHUWIM CTPYKTypajJapHH sSpaTdliga Xam
dovimananmnau. Ky€m HypiaHummi Ba HMCUTIIITAH SKUCMIIAp, TeoTepMall
MaHOanapaaH Oouuiad, TOKM HCCUKIMK AJIEKTP CTaHUUJIApU €KUM MaTajuTyprus
CaHOATHA AXpaNud YUKAIWraH YUKUHAM Ta3JapHUHT HMCCUKJIMK JSHEPTUSCUHU
OeBOCHTa AJIEKTP HHEPrUsACHUra aMJIaHTUPHUII A0N3ap0d MacajanapjaH OUpUAMD.
TepMoBONATaMK  SHEPTUSIHU  DJEKTP  DHEpruscura  aWjlaHTUPUIL  SBHHU,
MOHOKpHUCTAJIJT OYJIMaraH KpeMHUN acocujia TepMOBOATauK 3ieMeHTIapau (TBDO)
ApaTUll FOSICH TakIU(] 3TUiAM Ba acocnad Oepwinaun. TBOHM unuiamm ydyH 3HT
MyXUM LIapmiapugad oupu kpemuuiira 10'%cm™ mam opTuk KoHUeHTpamusa,
XaMmJia 4YyKyp SHEpreTHK JapakajapuHu OepyBUM KHUPHUIIMAJIap KUPUTHIUIINA
JO3UMITUTHIAUD.

JlerupnoBuu KUPUIIMATAPHUHT TabCUPHU MUHHUMAaJUTAIITUPUIITAH
mapouTiapja OJMHTaH p-n  CTPYKTYpaldd KpPEMHHMH IONKa KaTjamjapuiaa
TepMOBOJITaWK 3(P(HEKTIapHU HaMOEH OYIMINMHUA Ky3aTUII Y4YyH TakpuOaap
YTKa3WJIIN.

TBD crpykrypanap BakyymJa KypwJiIMacuJla MOHJIM CTUMYJUIAIl YTKA3MIII
ycynu €paamuna Tai€pnanaud. Mimmum maTepuaaHU AJEKTPOH JlacTa OulaH
KU3IUpUO OyFiaTuIl WYIM OMIaH KPEMHUI TarJiurura mnkKa KatiaM YTKa3uiau. p-
n Yty kpemHuil ctpykrypairapu KO®-20 (111) Ba KIb-40 Ttarnuknapu
cuptura Moc pasuiaa, Kb/1-0.4 éku KO®-20 mapkanu MOHOKpHUCTAILT KPEMHUN
KpUCTAJUIAPUHU OYFIaHTUPUO IIAKIUIAHTUPWIIAU. TarlMKIApHUHT XapOpaTUHU
950K mau 1100K raua y3rapTupu6 ypraHwian. Y CTUPHII KapaéHu KaTTa Te3IHKIa
~IMKkM/MuH amanra omupuiad. FOnka KaTJaMHUHT YTKA3WIl KapaCHU Xap XHil
pexumiapaa 1 man 5 MUHyTrada BakT M4H/1a aMalira OUTUPUIIIH.

OnuHran HamMyHajlapja TepMOBOJTAUK dSQPEeKTIapHu XOoCusl OVIUIIUHA
Ky3aTHIIl XapopaT IpaJueHTH MaBxKyJ OynMaraHja, OyTyH CUCTEMaHU OUp TEKUC
ku3nupuin Ba coBytuil opkanu 300K man 900K raua temmepatypa opajinruia
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amanra Oomupwiad. XOoCwi OyiaraH cosi Ky4JaHWIIM Ba TOKMHUHT Xapoparra
oormukyuru 2.11. pacMaa KeITUPUIITaH.

.U, MB I, MKA/cm’® TK
1 2.11-pacm. KB40 (100)

44 M“ 00 00 400 500 m.‘ 700 800 TATJIHTH CHPTHIA

Y 0,2 » " .

2] A . VTRazuaras K3®-20 onka
TK 041 . KATJIAMIH CTPYKTYPAHHHT

0 800 700 800 061 \0\ OHp TeKHC HCHTHITAHIATH
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XapaKaTJaHYB Ky4IaHAIIH

A . Ba (0) KACKA TYTYIIYB TOKH

3HYJTATHHHAT XApOpaTra
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A L
084
A AN
.
Y

Taxxpubanapian oJIMHTaH MabIyMOTJIapra acacoCIaHuO, IIYHH TabKHJJIAll
MYMKHHKH, TE€CKapy THUIUIM YTKA3TUWIA TarjdKiapja YTKa3uwiraH p-TUIAArd
IEHKaIap Xam, n-TUIJArd MIEHKalap XaM KyHujaru y3ura xoc Xycycusitiapra
ara Oynaau.

XapopaT rpaJueHTd MapxXyJ OYiMaraH Oup TEKHUC KU3IUpHIaa, Oy IOMKa
KaTiamid cTpykrypanapaa ~800K xapoparna, cosi JpKHH — XapakaTiaHyB
KyuJanumu ~5-10 MB Hu Tamkui staau.

TamryBunnapauar camapanu reHepaunusicu xapopat T>500K 6ynranna
Ky3aTWIIU Ba xapopaT ommwinu o6wmian 0y xonar 900Krada cost TOKMHUHT 3UYIATH
OIIWIN XOJaTH JaBOM OTHUIIN aHUKJIAHAW, TypJd XWiI HaMmyHajgapaa ~1.2-
2.5MKA/cM? raya OYJrad HaTHKaIap Ky3aTHIIH.

Cosi KywIaHMIUIAPHUHI Y3rapuiid Ba KUCKAa TYyTallyB TOKH, Xapopar
OLIMIIM Ba COBYTWIMII >Kapa€Hiapuja Kamaiiumum Oup rpaduk Vku OYitnua
y3rapau Ba yJaapHUHT Oup Oupunan ¢papku 5% ommaiu.

OnuHran HaTHXajgap TEIUIOBOATAWK A(DQPEeKTHH XOocui OYauImmaa 4ykyp
HHEPreTUK CATXJIAPHUHT POJIMHU IKCIIEPUMEHTA] Tacaufu OYiuO, YHU Bakyymjia
OolKa KymMMya HMOH MaHOajgapcu3 XOCWJI KWIMHTAH —CTPYKTypaiapia
Ky3aTWJIMIIMHU ~Kypcatau Ba Oy XoJaT YyKyp DSHEpPreTUK CaTXJApHUHT
TEPMOBOJITAUK s dekr XOCHIT oynuim Y4YH 3apyp Oynran
KOHLIEHTpauusijap/laruia HaMo€H OVIHIIN aHUKJIaH]IH.

[Iyaun  Tapkugmam  Jo3uMku, 1BD  mapma  3eeOeKHUHT  FOKOPH
koo duuentaapu (pakarruHa 4yKyp SHEPreTHK CaTXJIapHUHT rokopu (>108cm)
KOHIEHTpaluusiIapaa smac, OaiKky TallyBYMIap TyHEIa0 YTaauran OKCUTapHUHT
MUKPOKOIIAITYB OWJAPUHUHT MaBXyA OYnumm OuiaH XaM HaMo€H Oynaau.
HlyHUHT y4yH ronka Kariaamiaud TBOJapHUHT TEPMOZJIEKTPUK XYCYCHATIAPUHU
sSHa/la ONIMPHUIN YYyH TJIEHKAJAPHU YCTHPUIN KapaCHIapuaa Maxcyc JeTHpall
ycyitapunan QoiinamaHum Ba Oy Makcajga WOHIM CTUMYJUIANI YCYJUTApUHU
KYJIIaIl HT camapalid e4uM OViia oJiajiu.

2.6. Moy cTuMyIialrad 3JeKTPOH Hypiid OyFHU (PU3MKaBUM YTKA3UII YyCYIH
DJNeKTPOH Hypau OyruM ¢usuk yTKazui ycyiu (EB-PVD) rokopu nccukimk

caMapaJiopJIurd, HUcOaTaH IOKOpU OViaraH YCUIl Te3JIMIura Jrajurd OusiaH
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axpanul Typaau Ba 3U4 KaTJiamJjap OJHILJA caMapalii ycyn xucoOnaHaau. Yoy
YCYJIHM HOH-CTUMYJUIAIUITaH YTKA3UIl YCyau OwinaH Oupra KyJUIaHWIUIINA
KymuMua ad3ajUIMKIApHU spaTaad. TaraukHu HMoHiap OwiaH OomOapaupoBKa
KWINAII OpPKaJX YTKA3WUII >Kapa€HUHU SXIIMPOK HA30paT KWIMII Ba HaTHXKazaa
KEepakiau MOp(QoJorus Ba SXIUWIAHTaH ajare3us XOCWJI KWiIMII MyMKHH.  Tok
3UYJIMTM Ba HOHJAP DJHEPIUSACUMHU HA30paTH OpPKalIM 3Ca, FOBAKIM, YCTYHIIH,
TEKCTYpJIAaHTaH Ba SMUTAKCHAN KaTJIaMJIAPHU OJUII MyMKHH.

YMyMuil MyJioxaszajJapAaH LIyHIad TyXTamra Keaull MyMKWHKH, TarjIuKra
VTUpaéTran 3appajJlapHUHI HOHJANIYB Jlapakacu OIIMUIMHM, OyFJIaTTUYHU
ANEKTPOH TOKM  (y3rapmMac KyBBaTJa) Ba TAaKIMKIArd TE3JIAIUTUPYBYU
NOTEHLMAIHU OLIMPUII OpKaIK amaira omwupuil MymMkuH. [lyngait kunmb, xocun
KWIMHTaH MOHJap TOKM Ba yJIApHUHI TarjMKraya erka3ud Oepuiuil
camMapaJiopJIiTd MOC pPaBHILAa OPTaIH.

Ymoby xapa¢HHUHT OollKa (U3MK OMUJUIAPHU MyXOKama KWJTaH XOJIa,
KyHUJaruiiapHu 3cra o0 YTUIT Makcaara MyBOGUKIUD:

Taknukayn OOMOapAMMOH KWJIAETraH HOHJAp HaTHKacuaa aTOMJIAPHUHT
Kaiita Oyfnanumu: anadbuérnapaa Ub = 1 xoB k¥pcarruuma couymnuia
KO3 PUIMeHT ~ | TalmKuia STUAUIIKY alTUITad. BUSHUHT TaxpubanapuMuzaa 3ca,
vonnammy  papaxacu ~ 0,15% rtamkun xunagu. lyHunr yuyH ymoOy
COUMJIMIIHM IBTUOOpPJIaH YeTAa KOJAUpPaMU3, YYHKH Y YMYMUH OKUMHHHI OOp-

fiyFn 10-3 KHCMMHHM TalIKuN KWIaan. DIEKTPOHIAPHUHT MOH TOKHITA TAbCHPHHH
Oaxonaranja: (a) DIEKTpOH HypJu OyFIaTrUy/laH KalTraH 3JeKTpOHIap X0Jduaa —
JETEKTOPHUHI MaxCyC KOHCTPYKILMACH IONKA KOHJEHCATOp MailJIoHuJa 3J1€KTPOH
Ba MOH TOKJAPWHU aXpaTHIl MMKOHMHHM Oepaiu Ba yjap TYypJIH 3JEKTpoJapnaa
HaMOo€H Oynanu. (0) Mou-371eKTpoH SMHUCCUSHM Y3 HUUYWUra OJraH HKKWJIAM4YU
xKapa€Hyiap XucoOra oJjiraH Xo0JiJia — JIEKTPOUIap To3a TaHTalAaH scairad. bynna
KypHUJMa XaTOJIMTH UOH TOKUHU yi4ail yayH 10% nanH ommanau.

Kyn xomnapaa voH-cTUMYyJUIAIrad YTKA3UII YYYH TE3JIAIITUPUITAH UHEPT
ra3 MOHJIapu KyJUlaHuIaau. BaxonaHku, 103a OCTHIa HEMTpaJUIalliral ra3 MOHJIapu
Hurmm0, nmydakiap XOCWI KUWJIUIIM Ba YJIApHUHT EPUITMIIM HATHXKACUa FOMKA
KaTjaM CTpyKTypacura IIMKAacT eTKa3WwIMIId MyMKHH. byrinanaérran ra3
aTOMJIAPUHU MOHJIAIITUPHUIL HATHXKACHIa XOCUJT KWJIMHTaH Te3JallraH UOHIapaH
dolimanaHuIn opKagud ymdy MyaMMOHM Xail Kuica Oymamu. YmlOy wumija
kyutanwiaérrad EB-PVD sxapaénuna vonnap OyfiiaHuil xynyauaa OyriiaHaéTran
atomnap Owuian Oupra MaBxKyd OYiaraH »dJeKTpoHJap OwWiaH TYKHAIIyBU
HaTIKacuaa Xocui KuinHaau. by nonnmamyB OyrnmaHa€TraH Marepual r03acura
AKUH OYJraH XyayJaaa amalira Ollaau, YyHKU Oy Xyayana OyfiaHaéTran aTomiap
KOHLIGHTPALMsCH KaTTa Ba 3JIEKTPOH TOK 3WWIMIH OKOpH. MoHnairyB xapa¢Hura
Oup Xuj xuccara sra OyJIraH 371eKTPOHIAPHUHT YU TYPYXH MaBXKY/:

1. 10 k3B sHeprusira sra Oyiran 3J1eKTpOH OYFIATTUYHUHT 3JIEKTPOHIAPH;

2. 100 3B - 10 k3B sHeprusra sra 6yaran KaiTa COUMITaH JICKTPOHIIAP;

3. 10 - 100 3B sHeprusira 3ra 0Yarad HKKUIaM4u JICKTPOHIIAP.

TypOoMonekyasip Hacoc, TOMMUM MarHuT OpKajld 3JIEKTpOoH HypHu 270°
Oypui uMKoHusaTura sra Ba 10 kB tesnmamTupyBum moTeHuuamim 6 kBTiauk
AIIEKTPOH OyFiaTruy OWJIAH KMXO3JaHTaH BAKyyM Kamepa MeTall KaTJIaMJIapHH
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YTKa3uIll, MOH Ba 3JIEKTPOH TOKHU MaxCyc JETEKTOP OPKaIu HAa30paT KUJIUII YUYyH
unuiaTuian. Tarmk matepuanu cudartujga TypOMHA KypaKyajJapuHUHT acOCHM
MaTepualid XUCOOJIAHTaH MaxCyC HHUKEJIb KOTHUIIMACH MIUIATWIIW. Tarimkka
Verupuiarad Cr KaTJIAMUHUHT KadUHIUTH 6,5 MKMaaH 9,5 Mkmrada OyiaraH
KaTTAJWKIMKHU TalIKWJI Kuiagd. Maxcyc MOH JETeKTOpHM KaMepaaa ojaaTaa
TAKJIMKJIAp JKOWJIAIIAJUIaH XOJaTAa >KOWIAIITUPWIAU. JIEeTEKTOPHUHI HIILIAIT
MPUHIIAIK KOHJACHCATOP Mapasuiell IlacTUHalapu MalioHu a MycOaT HOoHJIap Ba
AIEKTPOHJIAPHU aXpaTuilra acocianrad. Jlerekrop xkoHcTpykuusicu 1.2 kBraua
MalJ0OH KYWWJITaH/Ia WMOHJApJIapHU Yidall WMKOHMSITHHH Oepanu. [lerexktop
Yayamnapu Kyiugarnda: 35x35x40Mm?, Kupuin TyiAHYrH (anepTypacu) Mai oHu
lem?.

Non Toku 3wwiurn J; HU OYFJIATTUYHUHT DJCKTPOH IYIIKACH TOK
sMHCcHsiCH [, Ba TarjiMkra YpHATWITaH CWDKHUII TOTEHIIMAIN OujaH
oornmukauru 2.12-pacmaa kentupwiradH. MOH TOKMHUHT OIIMIIHA pacMma
KYypCaTUJITaHUJIEK, CHWDKHUII TOTCHIIMAJIMHU OPTHUIM OuiiaH omud Oopasau.
Illy6xacu3, Oy wuOH-cTUMYyJUIamrad YyTkaumpga Cr ydyH XapakTepiu
OOFITUKIIUKIUD.

-
N

1200V

-
o

o]

600V

7

' 400V
4 = —
:___‘ ' 200V
2 /

%

The density of measured ion current, pA/cm?
o

0 t
10 20 30 40 50 60 7

Emission current of the e-gun, mA

LANNN

2.12-pacm. XpoM yUyH HOH JaCTAJAPHUHT TOK IMUCCHUSICUTA OOFIHKJIUK rpadpuku

I, = 80 MA Ba Vs = 1200 B O6ynranga moH TOKH 3WYJIUTH Y3UHUHT
Makcuman kumiiMatura 11pA-cm?  ospumamu. Cr  orpu YM3UKIApU
JTMANO30HHUHT YPTAcUla SMUCCHUSI TOKM KUUMATUHUHI Y3rapuiiy Ky3aTHIIu,
OyHJla TOK 3UWINTH OPTHUILl YPHUTA SMUCCUOH TOK XapaKTepJiu KuiMaTiapuaa
kamasau. by kamalinnuiap metauiapia 1o3afa dSpUIl 30HATIAPUHU  XOCHUJI
oynummura Mmoc keinaau. EB-PVD €pnamuaa nonnapHu reHepamus KWInIaara
dapknanumr  Cr y4yyH YHUHr OyfjlaHull  KO3(POUUHUEHTH, HCCUKIUK
YTKa3yBUaHJIWIU Ba HYPJAHUII HATWXKACHAA MCCUKIMK MWYKOTUIIAPU Ba
ITYHUHTJEK, aToMJIap WOHJAIIYB KYHJAJaHT KECHUMH caMapaJopJiurura
o6ornuk. EB-PVD xapa€unna vonnamyB kK03(QPUUIHUEHTUHU XUCOOIall y4yH
katinamiap Kanuuiauru 'Dectac 3030ST' mukponpodmiomerpu €pmamMuaa Ba
IIYHUHTJEK KYHIAJIaHT KEeCHUMU CKaHEPJIOBYU D3JIEKTPOH MHKpockon (SEM)
OPKAM TaxJOWJ KWIMHIMA. YCTHPHII BaKTH XHCOOTa OJNTaH  XOJia
YyTKa3uiaaéTral aromiap JacTacu Xuco0jad YMKWIAM Ba HATHKaJa MOHJIAIIYB
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KO3(pDUIMEHTUHN aHMKJAll WMKOHU maijno Oynau. Cr ydyyH YTKa3uiaraH
aTomjap OKUMHHUHT HOHJAIIYB KO3(GPUIIMEHTHHH SMHUcCUH Toku 40 MA
oynranzaa, 0,15% Tamkuin KUy,

Amanuil Macananap ydyH Oy¥JIaTTM4 CUpPTHUTa SKUH OYJIraH MOHJIALIUII
XyAyAuJa TreHepalus KWIMHAETraH MOHJIAPHUHT TYJIMK TOKHMHM OaxoJalll
MYyXUM axaMusT kacO staau. Ou3uK KaTTATUKIAPHUHT ypTadya KMHMaTIapuHU
WIIJIATraH X0JJa TYJINK HOH TOKU YUyH KyHuaaru uoJaHu OJIUII MyMKHUH:

li=l,0,4nL (2.16)

Oy epma I. snextpon mymka Toku (50-100 MA), o,, OyFnaHaérraH aTOMJIApHH

AJNIEKTpOHJIAp OWjlaH ypuiTraHJard HOHJAmyB AS(QPEKTUB KECUMUHUHT YpTaua
xuiimatu (~10"7cm? snekrpor sHeprusicu 10 k3B yuyH), # MOHNAIIYB XyXyAHAa
aroMnapHUHT Yyprada suwmrd (~10" cm®), Ba L wmommammm Xyamyaupa
3JI€KTp0HJIap TpaeKTopI/IHCI/IHI/IHF ypTaqa y3yHiuru (~ 1-3 cm).

B Ty i Hukenps xkatnmamu yctura yrrasunran Cr
IONKa KAaTJIaMUHUHT  MopdoJsioruscu
CKaHEPJOBYMU  JJIEKTPOH  MHKPOCKOI
(SEM) opkanu ypraHwiim.

2.13-pacm. Hukenb KOTHIIMACH AaCOCHIATH
tarauk  yeruaa Cr  kataamMuHadr  SEM
TaCBHPH (2) CUJZKMII NOTeHHuaancu3, lems =

40 MA; (0) cwixuim noteHnuaau 800 B, Iems

= 60 MA; (¢) cmxum norenuuaan 800 B,
Iems= 100 mA.

2.13-pacmpa Cr  KomjiaMa  MHKpPO-
CTPYKTYpacuHH, KoIlama CTPYKTypacuHU
XOCWJI KWJIYBUM MOHJIAD  TE3JALIyBU
OpKaJIM Ha30paT KUJIUII MYMKHHJIUTUHU
Kypumi  MyMmkuH. 2.13a-pacmpma  Cr
KOIJIaMJIapyd  CHJDKUII  MOTEHIMAIUCHU3
Kypcatuwirad, Ilems = 40 MA.
JloHamopnuknap WUPUK Ba  ajoxuja.
2.13b-pacm: cuwmkum noteHuuanu 800 B,
Iems = 60 MA. JloHaIOpJMK KHAYHUK

Vadamiapra sra Ba KUCMaH OupIalliras.
2.13c-pacm: cwmkuin norenimanu 300 B,
Iems = 100 w™A. Jlonamopaukiap

Oupnamran Ba OamaHpok. 2.13c-pacmma
YCTYHJIH CTPYKTYypaHU KYpUII MYMKHH.
MabyMKH, YCTYHIIA MUKPOCTPYKTYypanap
FOKOPH TeMIieparypaiapaa KyJI-
JaHWITaHAa  KOoIjlJaM  Ba  TarjimK
opanuruaary Aegopmarusara YuaaMInIHK




Ka0u ad3amura HaMo€H Oymaau.

Uccuknukaan xumosisuil Katinamiap (TBC) yuyn EB-PVD xapaéuuna nos-
CTUMYJUIAITaH YCyJd OpKainu rpaaueHTinanran TBC opanuk KariamiiapuHu
IaKJJTAHTUPUII TEXHOJIOTUSICH SPATHIIIN.

HNonnu ctumymiamrad EB-PVD ycynuna Oup mukijga yTkazyBUM KatTiam,
OOFJIOBUM KaTJiaM, OKCHJJIaHMII Ba KOpPpO3WsAra Kapiiv KaTiaMm, (QyHKIHOHAI
YCTKM KaTjlamJiapjap/aaH TallKWJ TONTraH UCCUKIUKAaH XxumosiBuil kKatiam (TBC)
XOCWJI KWJIMHUIIN YPraHWIIN.

Ymly kyn KaTiamiv MakeTHU maTepuan anantep cudaruna doiigananran
XO0Jila YTUI KaTjiamJiapd Ba YCTKH (PYHKIIMOHAJI KEepaMUK KaTjiaM oOpacuia
KUMEBHUM SKMHJIMK XOCHJI KUJIUII TaKIu(} KUIMHIU Ba TAXKpHUOaaa HCOOTIIaH IH.

Taxknud kumMHAETTaH KYT KaTJIaMJIu CTPYKTypa Kyiuaaru Me3oHapra
ACOCJIaHIaH:

» Xap Oup KatiaaM y3 TapkuOuja KYIIHU KaTjaM OujaH yMyMui OyiaraH KUMEBUN
3JIEMEHTTA Jra.

* Ym0y KuMEBHMM SKUHIMK KaTjamjiap opacuaa KUMEBHM MyTaHOCUOJIUKHU
SIpaTUIIl UMKOHUHU Oepajiu.

* Karnammap opacuaa rpagueHTNIAITaH  KOMIIO3UT  YTHII  MEXaHHK
MYTaHOCUOJIMKHYU TabMUHIANIN.

* Karnmamymapau YCTUPUIIHM aKTUBJIAIITHUPUIN YYyH TE3JAlraH WOHJIApAaH
doimananum  kepakiv MOPQOJIOTHITa DSPUIIUIT  Ba aATE3USHU  SXIITAJIAIT
UMKOHUHU Oepaiu.

Coating System

Material Function
LS porous zirconia Functional
thoghnet alumina TBC Cover Layer

(ZTA)

14 31203, AIN Barrier for oxidation

and corrosian

L3  Graded ALSiy BC2 Bonding Layer

) ) . o
L2 leSl}, Transition Layer

L1 Ni-based Su pe rall oy Thermo-mechanical
super alloy loading

2.14-pacm. Takang 3THIAETraH KYNKATJIAMJIN CTPYKTypa
2.14-pacmaa Takiug KUJIMHTaH KYTKATIaMIIM [TaKeT apXUTEKTypacu

Kyuuaaruya:
eL.1: Hukenp KOTHIIIMACH aCOCUIAry TarJIUK.
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*[.2: Hukenp KOTHUIIMACH aCOCHUJATU TarjuK KOpPO33UAra YMJAMIIMIMKHUA XOCHII
KWINII Ba TapKuOuaaH Si OYJraH KYIIHU KaTjaM OMJIaH MyTaHOCUOJUKHHU amajra
OLIUPUII YUYH KPEMHHUIIAIITUPHUIITAH.

*[.3: Si-Al GofyoBYM KaTjaaM CcabHOAT/AA OJATHM WIUIATHIAJAWTaH Ba YTa KUMMAaT
oynran Pt-Al xatnmamnapuHu YpHUHM Oocaau. ['paaueHTNIalraH KOMITO3UITUS
HMCCUKJIUKIaH KeHraluil Ko3pGUIMEeHTHHN OOIIKApUIIT UMKOHUSTUHH Oepaiu.
*[.4: KepaMuK KaTJiaM OKUCJIAHUIITA Kapliu 0apbep BasuhacuHu YTaau.

*[.5: MHMccuknukaan  XUMOSJIOBYM — KAaTIaM  HCCHUKJIMK  YTKAa3yBUaHJIUTMHU
KaMaWTUpaIy Ba COBYII TE3JIUTUHY ONTUMAJUIAIITUPAIH.

HNounu cTUMyJUIaliraH 3JEKTPOH Hypiau OyFHM (QU3MKaBUM YTKa3HILI
CUCTEMAaCH/a JOUMHUN MarHUT OpKaJI 3JEKTPOoH HypHU 270° OypHuIll UMKOHUATUATA
sra Ba 10 kB rte3namTupyBuM mnoreHuuan ypHamwiraH 6 kBTiuk 3iekTpon
Oyrnarruyaad GoinagaHuIIu. DIEKTPOH Ba MOH TOKJIAPY 3UUIUTHHY YIT4alll yayH
TakJIMKra mociad MaxcyCc HOH JAETeKTOpu YpHatuiraH. KapaCHHUHT acocuid
xoccanapu Kyhumaruda: BakyyMm: 10°-5-10° mbar; >1eKTpOH MyIIKaHUHT SMUCCHS
toku: 15 MA nman 400 MA rauva, OyFnaTuiaéTraH Marepuajl Ba >KapaéHHHUHT
Oockuuiapura OOFIMK Xoiaa; cwpkuml noteHuuand: 0 B gan 1000 B raua.
Komnama cudaruna: (Ti-Al), Si- (Si-Al); taknuk cudaruna 617 pycymiin HUKEb
KoTUIIMacuaaH ¢oiaananuiau. byFianui 03acu Ba TakJIuK opacujard macoda
150 MMHM TAIIKHI KHIOH. YCTHPMITAH KATIAMIAPHHM KATHHINCH YIAPHUHT
KyHaananr kecuMuan SEM €paamuia Tax i1 KWINII OPKAIA aHUKJIAHTH.

VYCeTKY KaTiiaMHM OpaiMK Katiiamuiapra mociuamrupuil (ZrO, + Al,Os3) Ba C
-ZrO, uu (Si-Al-Ni) cTpykTypacu ycTura yTKa3uil OpKajlu aMaira Omupuiay. (2-
xansan). JKamBammaH KypuHUO TypuOaumku, ycTku l-katimam tapkubu ZrO,
CTEXMOMETPUSCUTa AaHUK MOC KEJIa/IH.

Kansaa 2. Kynkatjaamiu nNakeTHUHI KUMEBHMI TAPKNOM Ba KYHIAJIAHT KeCHMHU TACBUPH

EDS-Measuring on Cross-Section of Sample, 25kV Zr0>-Al,03-Al-Si-Ni
Atom-% EDX-Points
Ne Al Ti Cr Fe Co Ni Mo Si o Zr >
1 349 0,00 0,00 - 0,13 - 6,52 59,86 30,0
2 47,80 - 0,08 0,07 - 0,18 - 1,22 48,52 2,12 100,0
3 52,28 - 0,03 0,13 - 0,12 - 1,78 45,33 0,37 100,0
4 14,33 - - - - 0,26 - 68,29 17,11 - 100,0
5 67,10 0,05 8,07 0,52 529 17,28 1,69 - - - 100,0
6 2,17 0,37 2597 1,21 1148 53,65 5,15 - - - 100,0 8

I'pamuentnamran Ti Ba Al Ba Si-Si-(Al) KOMIIO3UT KOTUIAMIIAPUHH OJIUTIT
yuyH HOH-cTuMyJsuiamrad EB PVD ycynu kymnanunam.

benrunanran xoccara sra OYyiraH KYNKaTjiaMId CTPYKTypajlap TaKJIHK
TEeMIIepaTypacu, HOHJIAP SHEPTUSICH Ba MOHJIAP OKUMH 3UWINTH KaOW »apaHHUHT
OolKapuiIaJUrad mapameTpiiapu OpKajid XOCHI KUIUHIH. (2-5Ka1Ba).
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Ni, Ti, Al, Si yncypmapuHunr ¥y3apo aud¢ys3uscu HaTHKaCHUAa OpPaJUK
KaTiamiap (MOcCHallyB MaTepuany) Ba HUKENb acOCHAArd TariuK YpTacuzaa
SXIIWIAHTaH AU Qy3usara SpUIIIIIHN.

Merasn-kepaMuKka KYNKaTiIaMian KoMJIaMaJlapiHA UOH CTUMYJUIAIITaH YCYII
OpKaii OMp IMKJIZa aMara OMIMPHII UMKOHUSTH TaXpuOaa TacAUKIAH/IH.

Z1r0,/AlO; nan ubopar YCTKM KepaMHUK KaTilaMJIApHU DJEKTPOH HYpIIU
OyFnarruunn  usukaBuil OyfiaH YCTHUpUIN KypuiaMmacuga YTHII KaTJamiapu
OpKaly IIAKJUIAHTUPHIN HaTW)Kacuia OJIMHTaH KYI KaTjamild CTPYKTypa
MCCUKJIMKIAH XUMOSJIOBUM XYCYCUATIApHU Y3uaa HaMO€H 3Tau. by sca Hucbaran
aH4Ya ap30H Ba KEHI TapKajliraH MaTepuajjlap acocuja caMapald HCCHKIHMK
Oappepu CTPYKTypaJlapuHH HMOHJIM CTUMYJUIAIIraH ycyn EpAamMuaa spaTHILl
MMKOHUSTHHHU OepaJin.

XVJO0CA

«Ilomukpucramn KpeMHUH OJIMIIHUHT MOHOCUJIAHJIM TEXHOJOTHUSICH Ba
KPEMHUW CTPYKTYypaJlapUHU SPATUIIHUHT MOHJIM CTUMYJUIAIITaH yCyJUlapu»
MaB3yCHJIard JOKTOPJIMK JUCCepTalnusicu Oyinmda oaub OopuiaraH TaakKUKOTIap
HATWIKACUIA KYWUJArd XyJjocanap TaKIuM STHJIIN:

1. Meramtypruk KpeMHUW OuiaH CHUPTIAPHUHT OEBOCUTA peakUusicu
OpK&JIM AJKOKCHUCWUJIAHJIAp CHUHTE3Ura acoClaHTraH TMOJUKPUCTAT KPEMHUUN
OJIMIIHUHT MOHOCHWJIAHJIM TEXHOJIOTHSICM WNUIA0 YMKWJITaH Ba YHM amaira
OIIUPUII YIYH TEXHOJOTHK KypHJiMa TakKJIn(] dTUITaH.

2. Nnax 6op kpemumitnn 30 gan 100 mxMraga waiimanam sxapac¢Hu
ATKOKCUCUJIAHJIAp CHUHTE3UJla DJPUTYBYM cudaTuaa KYJUITAHWIYBYH CYIOKJIHK
MYXHUTHJIa YTKA3WINIIN OPKAJIM STHTH XOCHJI OYIaéTraH CHUpPTIApHU TalllKU MYXHT,
allHUKCa KHCIIOPOJI Ba XaBO HAMJIUTH TabCUPHJIAH XUMOSJIAHTaH Ba OYHHMHT
HaTWXKAcuJa METAUTyPTUK KPEMHUW Ba CHUPTHUHT OEBOCUTA PEAKIMSICHHUHT
WHAYKIHUOH JIaBpU MYKOTWITaH, Xamaa aJIKOKCHUCHUIIAHJIAp CUHTE3W XKapa€Huia
CYBHUHT TabCcHUpHuAa €HI0UI peakiusiiap 103 OepMaciurd TAbMUHJIAHTaH.

3. Merautypruk KpeMHUM 3appadaiap, KaTajn3aTop KyKyHUHH Ba
SPUTYBUM CYIOKJIUKIaH HMOOpaT CyCHEeH3Wsl OeNrujaHraH MUKIOPAA Y3IYKCHU3
paBUIlZ]a peaKTopra Yy3aTUIl OpKaJId peakuus xapaéHujga capdiaaHaéTran
KpeMHUH YpHU JAOUM TYIaTUO OOpUIN yCyJM TakJu( KUIMHTaH Ba PEaAKIUSHUHT
Oup Mapomia amalira OLIMIIN KYpCaTUIITaH.

4. PeakTopra METa/UTypruK KPEMHUW OpKajdu TYIITaH Xap XWJI HOKepak
KUpHUIIMaIap PEeakTOPJAaH dPUTYBUYHM CYIOKJIWK OWSIaH Oupra oiaubd YMKHUII OpKaJIu
SPUTYBUM CYIOKJIMK MHUKIOPH Ba PEAKIMOH MAaCCAHMHT (DAOJUIAIITUPHUIT YCYIIU
Takin} KuiauHTraH, OyHJa pEaKkTOpJaH »dPUTYBUM CYIOKJIMKHUHT OpPTHUKYA
MUKJIOPUHM OJIMO YHUKHII PEaKTOp [EBOpUTa YpHATWITaH Maxcyc COIMOJI
MeMOpaHayiap OpKaJid y3IyKCU3 aMajira OUTUPUIITaH.

5. DpUTYBYM CYIOKJIMK MYXUTHJIa KPEMHUWHHM Maljanaii, CyCHeH3USHUHT
OesruiaaHraH MUKJAOPWMHU Y3JIYKCU3 paBULIAA PEaKTOpra y3aTHILI Ba PEaKkTOplaH
OpPTHMKYA JPUTYBUYM CYIOKJIMKHU YHJla 3pUraH HOKEpaK KHpuIIMaiap OwiaH
Oupranukaa oaud YMKHII KaOW TEXHHK €YMMJIApHU OMpPBAKTAA aMajra OIIMpPUII
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9Ba3Ura pPEaklMOH MYXHUTJa KPEMHHU, KaTaau3aTop Ba SPUTYBUYM MUKJIOPUHU
AIKOKCUCUJIAHJIAp CHUHTE3UHUHI OyTyH XapaCHW JIaBpuja OUp TEKHUC Y3rapmac
XO0Jija yIUlall HMMKOHM SpaTWiraH Ba WK OOp aJKOKCUCWJIAHJAp CHUHTE3U
xapaCHUHU OyTYyHJIAl y3IyKCU3 peXUMAa 010 OOpHIlIra UMKOH SpaTHIITaH.

6. TeTpadTOKCUCWIAaH MYWJA TAlIKd MYXHUT OWJIaH KOHTAaKTCHU3 pPaBUIIIA
HATpUl 3TWJIATH Tal€puall yCyau Takiu( KUIMHTaH Ba MOHOCUJIAH CUHTE3U YUYH
KaTanu3atop cudaruaa SHrU Tauépiianran HaTpui dTUIaTHAaH (QoiigaaHuirasaa
peareHT/Iap KOHTAKT BaKTU KECKUH KaMaluIy Ty()ailsii TEXHOJIOTHK XKapaCHHUHT
YHYMJOPJUTUHU 5 6apo0ap OmUpUIITra SPUIIUAIT MyMKUHIUTH aHUKIaH/IH.

7. Unax OGop wmonocunan abcopbepna 133K xapoparraga coByTWiITaH
TPUATOKCUCHIIAHJIa TO3ajlad, aJCOPOEpHUHT IOKOpYM KUCMHUA YpHaTuiaran asa
axparruyaa 193K xapopataa xaita axxpatu0 oyuvin ycynu Takiaud KUJIMHTaH Ba
KHCKA TEXHOJIOTHK apa¢HJa MOHOCWJIAaHHUHT I0OKOPH Japakaja To3ajall UMKOHU
ApaTUIITaH.

8. Vewm cupTHmarm skapaHIApHM Ha30paT KWIMII Ba OONIKApHIIIA
ANEKTPOH Hypau OyFjaTUIIa XOCWJ KWIMHFAH HOHJapAaH (oHganaHuIl
MMKOHHMHM O€pyBUYHM 3apas]ijIaHTaH 3appajap OKMMUHU aXpaTHIL Ba yiIyaml ycyju
Ba OyHM amaJira OlIMPYBYH KypUiIMa UILIA0 YUKUIITaH.

9. Henbra nerupianu® Ycuill BakKTHAA KPEMHUM KPUCTAUl MaHXapacuia
CypbMa aTOMJIAPUHUHI MOHJIM CTUMYJUIAIUTaH KOWJIAIITUPHIL 3Ba3ura JIETUpJIall
napaxxacunu 10"”cM>raua ommpummmmra >pummiraH.

10. Monnap OunaH CTHUMYyJUIAIITaH MOJICKYJISIP HYPJIM SIUATAKCHS YCYJIHIa
AKJJIAHTUPUIIAETTaH KPEMHUN-TEPMaHUN TEeTEPOCTPYKTypalapuaard MEXaHUK
3VPUKHUILIAD pPENaKCalusCH JapakaCcMHU MaKCaJiu OOLIKapHUIl HMKOHUSTH
TaxpuOaa TaCAUKJIaHTaH.

11. Monnap Ounan CTUMYyJUIAIITaH MOJICKYJISIP HYPJIM SIUTAKCHS YCyJIHIa
KPEMHUW CUPTHAArd IIAKUIAHTUPWITaH TEepMaHUi  HAHOOPOIYaTapUHHUHT
SUWINTHHUHT MaKCUMaJl OIIUPHUIIY Ba YJAPHUHT KaTTaJIuru Oyindya TaKCUMOTHU
GyHKUMSICUHM Topaiuiiym uonjap sHepruscu 2003B Oynranaa >pUILIAIUIINA
AHUKJIAHTaH.

12. Bakyymaa HOHIM CTUMYJUIAlTaH yCyJjAa OJUHTaH KPEeMHUIHHUHT
KaTiamiu p-n ctpykrypanapHunr 500K xapopatgan Oomnuiad TepMOBOJIBTaUK
XOCCaJlapHU HAMOMMIII KWJIUILY aHUKJIAHTaH;

13. Honnap Ounan cruMmyiuiamrad OyFaaH (U3UK YCTUPHUIL YCYJIHIA
MCCUKJIUK Oaphep KaTjJaMJIapuHU TarjiuKKa MOCIAIITUPYBYH KUMEBUN SKUHIIUKIIA
Ba IPAJIUCHT YTHUIILIM OPATUK KaTJIaMJIapH MAKUIAHTUPHUI TaKIU( KAJTUHTaH.
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BBE/IEHUE (aHHOTAUMS AMCCePTALIMU B BU/Ie HAYYHOI'0 JOKJIA/12)

AKTYaJlbHOCTH M BOCTPEOOBAHHOCTH TEMbI JAUCCEPTALMH B BHJE
HAY4YHOI'0 AOKJaJa. B Hacrosiee BpeMs Ui HYXXJ JJIEKTPOHUKU U COJIHEUHOU
DHEPreTMKM B Mupe  exerogHo  npousBomar 300  Teicsd  TOHH
IOJIMKPUCTAIUIMYECKOIO KPEMHUS, IOAABIAIOUIYI0 4YacThb KOTOPOrO IOJy4aroT
BOJOPOJAHBIM BOCCTAHOBJIICHUEM W3 XJIOPHBIX COCAUHEHUM KpeMHus.  M3-3a
BBICOKOW DHEPrOEMKOCTH U OTPULIATEILHOIO BO3IEUCTBUS Ha OKPYXKAIOIILYIO CPENy
XJIOPCUJIAHOBBIX TEXHOJIOTHH, Upe3BbIUalfHO aKTyajbHa pa3pab0TKa U BHEPECHUE B
MIPOM3BOJCTBO IHEProcOEperaronMx M IKOJOTUYECKH O€30MacHBIX TEXHOJIOTHM
[IPOU3BOCTBA MOJUKPUCTAITINYECKOIO KPEMHUS.

Koria B Mupe B OJvsKallIlie TATh JIET 0XKUAAETCS JABYKPATHOE yBEIUYEHHE’
cIpoca Ha NOJUKPUCTAIUIMUECKUA KPEMHHH, 0C000 aKTyaJlbHO BMECTO
XJIOPCUIIAHOBBIX TEXHOJIOTUM BHEAPEHHUE HOBBIX MPOU3BOACTBEHHBIX MOLIHOCTEN C
MOHOCUJIAHOBBIMA ~ TE€XHOJOTHUSAMM,  IO3BOJAIOINIUMU  PE3KO  COKpaTUTh
HHEPronoTpeOIeHne TeXHOoJoruyeckoro mponecca. OIHaKo, mpeIaracMele
CETOAHS MOHOCWJIAHOBBIE TEXHOJIOIMM Oa3upyloTcsi Ha BCE TOM  XKe
XJIOPCHJIAHOBOM TPOIECCe, OCTaBisia Oe3 peuieHus: MmpoOJieMbl, CBSI3aHHbBIE C
AKOJIOTUEH M OTPOMHBIMHM KANMUTAIBHBIMU pacxojiaMu. Pemienue 3Toil mpoOiaembl
TpeOyeT KOMIUJIEKCHBIX HCCIEJOBAaHUN YCIOBUH M MEXaHM3MOB T'€T€POTE€HHBIX
KaTaJUTUYECKUX  PEaKLUM, IMPOTEKAIIIMX B  MOHOCHUJIAHOBOM  IIpOLECCE
IIOJIyYEHHs] KPEMHUS, MPOLECCOB MPSMOU PEAKIUU METAIIIYPruYeCKOro KpeMHUs
U CIMPTOB U JUCIPONOPLMOHUPOBAHUS AJIKOKCHCWIAHOB, a4 TAKXKE MEXaHU3MOB
NEUCTBUSA KaTAIM3aTOPOB B ITUX IPOLIECCAX U YCIOBUM UX aKTUBALIUH.

B V30ekucrane npuHHMaercs psAl Mep IO Pa3BUTHUIO HCIOJIb30BAHUSA
COJTHEYHOHN sHepruu. B wacTHOCTH, MpoBoAKMMBIE PaOOTHI MO CO3JAHUI0 HOBBIX
3aBOJIOB II0 BBIIYCKY METaUIyprHY€CKOr0 KpPEMHUs, IIEPBUYHOIO CHIPb
COJIHEYHOM PHEPreTUKU Ha 0a3€ MECTHBIX ChIPbEBBIX PECYPCOB — KBAPIIUTOB TAKKE
MMEIOT BAXKHOE 3HaYeHUE. JlJIsi COOTBETCTBHUS BBIITYCKA€MOI'0 METAJLUIYPITHUYECKOTO
KpEMHHsI TpeOOBaHUSAM 3JIEKTPOHUKH M COJIHEYHOM 3HEPreTUKH TpeOyeTcs ero
nepesen 4epe3 npouece riayooKol OUYMCTKU B MOJMUKPUCTAIIMYECKUN KpEeMHUN U
pelieHre 3ToW 3ajJauM  sBJsAE€TCA BOCTpeOOoBaHHBIM. [loaToMy pa3zpaboTka B
pecnyOnuke 3HeprocOeperaronmx 1 3KOJIOTHYECKA O€30MaCHBIX MOHOCHIIAHOBBIX
TEXHOJIOTHI, TpeOYIOIMUX MEHbIIMX KamuTaldbHBIX 3aTpaT MpPH CO3JaHUU
IIPOU3BOJICTB, UMEET BAXKHOE HAy4YHOE M IPAKTHUYECKOE 3HA4YCHHUE. BbINonHeHue
LIEJIEBBIX HAYYHBIX HCCJIEIOBAaHUM, B YaCTHOCTH, MCCIEIOBAaHUM MO pa3paboTke
0€3XJIOpHOM MOHOCHJIAHOBOM TEXHOJIOTMHM IOJIyYE€HHS MOJUKPUCTAIIIMYECKOIO
KPEMHHSI U CO3JaHUsI TEXHOJIOIMYECKOro OOOpYJOBaHMs AJii KA4eCTBEHHOTO €&
OCYILECTBJIEHUS; pa3pad0TKEe MOHHO-CTUMYJIMPOBAHHBIX METOJOB ISl CO3JIaHUS
KPEMHHMEBBIX CTPYKTYp, CIy’KallUX Wis  (QOPMHUPOBAHUS IEPCIEKTUBHBIX
CTPYKTYp COJIHEYHBIX DJJIEMEHTOB Ha OCHOBE KPEMHUA, U NIPUMEHEHHUE DTUX

3 Jens Ulltveit-Moe. REC Silicon — Nordic Energy Summit 2016, Oslo, 17 March 2016,
http://hugin.info/136555/R/1995001/734790.pdf
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METOJIOB JIJIsl TIOBBINIEHUS YPOBHSI JISTUPOBAHUS KPEMHHUEBBIX CTPYKTYpP BO BpeMs
UX POCTa; VISl PEIaKCallii MEXAaHUYECKUX HAIPSKEHUN B T€TEPOCTPYKTYpax; st
(GbopMHUpOBaHUS CBEPXMAaJbIX U CBEPXIUIOTHBIX HAHOOCTPOBKOB; JUISI MPOSIBICHUS
TEIJIOBOJIbTAUYECKUX CBOMCTB B KPEMHHUEBBIX CTPYKTYpax; a TaKxkKe JJIs CO3/IaHus
MEPEXOHBIX CIIOEB MEX1Yy (DYHKIIMOHATBHBIMU TMOKPBITUAMUA M TMOMJIOKKAMU
SIBJIIETCS] BECbMA aKTyaJIbHOW 3a/1a4Y€Eu.

Hactosmiass muccepraiidss B BHIE HAYYHOTO JOKJIaJa B OIpeNeTICHHON
CTETNIEHH TOCBAIEHA pEIICHUI0 3aJay, yKa3aHHbIX B Ykaze Ilpe3unenra
Pecniyomiku V36ekucran VII-4512 ot 1 mapta 2013 roma «O mepax mo jganbHEH-
[eMy Pa3BUTHUIO aJbTEPHATHUBHBIX HMCTOYHHKOB 3HEprum» W B llocTanoBieHun
[Ipesunenta Pecny6muku VY36exkucran I[II1-1442 «O mnpuoputeTax pa3BUTHS
npombiniuieHHOCTH PecnyOnuku Y36ekucran B 2011-2015 rogax» ot 15 nexabps
2010 roga, a Takke B APYrUX HOPMATUBHO-NPABOBBIX JOKYMEHTAX, MPHUHATHIX B
naHHOM cepe.

CooTBeTCTBHE  HCCJIEI0OBAHHUA  TNPHOPUTETHBIM  HAINpPaBJEeHHAM
Pa3BUTHS HAYKH W TeXHoJIoruii pecnmyOjuku. VccriemoBaHue BBIOJHEHO B
COOTBETCTBUH C MIPUOPUTETHHIMH HAMPABICHUSIMH PA3BUTH HAYKH U TEXHOJIOTHH
pecniyonuku: II. «9HepreTuka, sHepro- u pecypcocoepexenue» u 11, «PazButue u
MCIIOJIb30BaHNE BO30OHOBIISIEMBIX HCTOUHUKOB YHEPTHI.

O030p MeKTYHAPOIHBIX HAYYHBIX HCC/IEA0BAHMIA 10 TeMe JUCCePTAIUM
B BHJe HAy4HOro aoKkaaga‘. [To pa3spaboTke HOBBIX MOHOCHJIAHOBBIX TEXHOJIOIHIA
MPOM3BOJCTBA MOJUKPUCTAIUIMUECKOTO KPEMHHUS U TI0 YCOBEPIICHCTBOBAHUIO
CBOWCTB KPEMHHUEBBIX CTPYKTYpP, UCIOJIB3YyS HOHHO-CTUMYJIHWPOBAHHBIE METOJIbI,
BEIIyTCS IIMPOKOMACIITA0OHBIE UCCIIEOBAHUS BO MHOTHX HAYYHBIX IIEHTPAX MUDPA,
B ToM uncie R&D nentpax kommanuii, Takux kak GCL Poly Energy (KHP),
Wacker Chemie u SiTec Applied Research (I'epmanus), OCI (FOxxnas Kopes),
Hemlock Semiconductor Corporation (CIHA), REC Silicon (Hopserus-CILLA),
SunEdison inc. (CIJA), a taxxe B Carnegie Mellon University u Iowa State
University (CILIA), Laboratoire de Génie Chimique UMR CNRS (®panims),

4 0030p MEXIYHAPOJHBIX HAyYHBIX HCCIEAOBAHHUN MO TEMe AUCCEPTAMU B BUJIE HAYYHOT'O JOKJIA/IA BBIIOJIHCH
Ha ocHoBe Ch. Roselund “SunEdison begins production of electronic grade polysilicon using fluidized bed reactor
technology”. PV magazine, 10/2014, http://www.pv-magazine.com; Jens Ulltveit-Moe. REC Silicon — Nordic
Energy Summit 2016, Oslo, 17 March 2016, http://hugin.info/136555/R/1995001/734790.pdf; Ch. Roselund “The
slow grind of FBR polysilicon” PV magazine, 09/2015, pp.8§9-91, www.pv-magazine.com; Ran Fu, Ted L. James,
and Michael Woodhouse. Economic Measurements of Polysilicon for the Photovoltaic Industry: Market
Competition and Manufacturing Competitiveness IEEE Journal of photovoltaics, Vol. 5, No. 2, 2015, pp.515-524;
Wataru Shindo, Tadahiro Ohmi. Ion energy, ion flux, and ion mass effects on low-temperature silicon epitaxy using
low-energy ion bombardment process. J. Appl. Phys. 79 (5), 1996, pp. 2347-2351; S. N. Chebotarev et al. Features
in the Formation of Ge/Si Multilayer Nanostructures under Ion Beam Assisted Crystallization Technical Physics
Letters, 2013, Vol. 39, No. 8, pp. 726-729; A.C. Ilamenko u np. OcoOEHHOCTH JISTHPOBAaHUS CYphMOH B TIpoIecce
HMOHHO-JIyY€BOM KpUCTANIM3aluu KpeMHus. OU3ruKa M TEXHUKA MOIYyNpoBoAHUKOB, 2016, Tom 50, Beim. 4, ¢.553-
556; T.S. Perova et al. Strain, composition and crystalline perfection in thin SiGe layers studied by Raman
spectroscopy. Thin Solid Films, v.517 (2008) pp.265-268; D. Appy, H. Lei, Y. Han, C. Wang, M. C. Tringides, D.
Shao, E. J. Kwolek, J. W. Evans, P. A. Thiel. Determining whether metals nucleate homogeneously on graphite: A
case study with copper. Phys.Rev.B.90.195406 (2014); Novel Silicon Based Technologies. By editors: Roland
Levy, Springer, (2012), DOI 10.1007/978-94-011-3430-9 u aApyrux UCTOYHUKOB.
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Tohoku University (fmonus), University Stuttgart (I'epmanus), University of
Basel (IlIsetimapus), Dutch Institute For Fundamental Energy Research
(Hunepnanaus),  Telemark  University  (Hopmerus)), B MOCKOBCKOM
rocyapcTBeHHOM yHuBepcutTeTe, B KazaHckoMm denepalbHOM YHHUBEPCHUTETE, B
Huxeropoackom rocyjapcTBEHHOM YHUBEpcHUTETE, B TOMCKOM TOCyIapCTBEHHOM
yHuBepcutete W B MHcturyre ¢usuku noaynpoBoaHukoB (Poccus), B
HanuonansHoMm TexHuueckoMm yHuBepcutere (Ykpaumna), B HMucTuTyTre HOH-
IUTA3MEHHBIX W JIA3€PHBIX TEXHOJOTMH W B TaIIKEHTCKOM TOCYAapCTBEHHOM
TEXHUUYECKOM YHUBepcuTeTe (Y30eKucTaH).

B wMupe mo pa3paboTke MOHOCHIAHOBBIX TEXHOJOTHH TIPOU3BOJCTBA
MOJIMKPUCTAIIIMYECKOTO KPEMHHUS, a Takke 10 (OPMUPOBAHUIO CIOKHBIX
IETEPOCTPYKTYP M JAPYTHX KPEMHHUEBBIX CTPYKTYp € HPHUMEHEHUEM HOHHO-
CTUMYJINPOBAHHBIX METOOB IOJIYUYEH PsIJl PE3YyIbTaTOB, B TOM YHUCIIE CICTYIOIIHE:
pa3paboTaH BUOPAILIMOHHBINA PEAKTOP KUIISIIETO CJ0si, paOdOoTaoUi PU BRICOKOM
naBineHuu W Huskux temmeparypax (SiTec Applied Research, I'epmanus);
JOCTUTHYTO PE3KOE COKpallleHHE pacxoia »dSHEpPrud IMpUd MPOU3BOJICTBE
IPaHyJIMPOBAHHOTO MOJMKPUCTAIIMYECKOTO KPEMHHUS B PEAKTOPE KUISLIETO CIOs
(REC Silicon, CIIIA); pazpaboTan cnioco0 MoJydeHus: B peakTope KUIISIIETO CJIOs
IPYHYJIMPOBAHHOTO TOJIMKPEMHHSI AJIEKTPOHHOTO KadecTBa M3 MOHOCHJIaHA
(SunEdison inc., CIIIA); yMEHBIIEHO HAmpsHDKEHUE KPEMHHUEBBIX CTPYKTYpP IpHU
MOJICKYJIApHO-JIy4eBoi snuTakcuu (MJID) myreM HWOHHOW CTUMYISIMU U
yHIpaBIEHUS POCTOBBIX MPOLECCOB U COPMUPOBAH UHTEPMETAJUIMYECKUIN CION ¢
IIOBBIIICHHONW TBEPJAOCTBI0 IPU HOHHO-aKTUBUPOBAHOM 3JIEKTPOHHO-Ty4E€BOM
busnueckom ocaxnenun mapa (Stuttgart University, ['epmanus); omnpeneneHa
3¢(EKTUBHOCT,  BO3JEHCTBUS ~ MOHHOM  COCTaBJSIOUIEM  HAa  IPOLIECCHI
3apOJbINIE00pa3OBaHus TIPH CTENEHW HWoHu3anuu motoka or 10* (Iowa State
University, AKII); uccnenoBanbl pu3nyeckue Mporecchl, UMEIOIIUEe MECTO MpU
MOHHOM OOJy4YE€HHUU TMOBEPXHOCTH POCTA JIETUPOBAHHBIX LIMPOKUM CIEKTPOM
npuMeced CI0eB KPEMHHS B METOJI€ MOJEKYJISIPHO-TYyYEBOM SMUTAKCUH, a TAKKE
pa3zpaboTaHbl (HU3UUYECKUE OCHOBBI MPUMECHOTO JIETUPOBAHUS CJIOEB KPEMHUA U
CJIOEB TBEPJIOTO PACTBOPA KPEMHUN-TEPMaHUN B YCIOBUSAX HU3KOIHEPIrEeTUUECKOTO
noHHoro oomyuyenus (Huxeropoickuii rocy1apcTBeHHbIN YHUBEpCUTET, Poccus).

Ha cerogusimneiii 1eHb 10 pa3paboTKe HOBBIX 3(D(PEKTUBHBIX TEXHOJIOTHIM
CUHTE32 MOHOCHJIAHA, & TAKXE HOHHO-CTUMYJIMPOBAHHBIX METOJOB CO3JaHUs
CTPYKTYP Ha OCHOBE IIOJYIPOBOJHHUKOB M METAUIOB IPOBOAUTCS Pl
UCCIENOBAHUI, B TOM YHCIE 1O CIEOYIOUIMM HaIpPaBJICHUSIM: CHHKECHHE
YAETBHOTO pacxoja 3HEPruM IMpHU MOJYUYEHUU TPaHyJIUPOBAHHOTO KPEMHHUS U3
MOHOCHJIaHA B  PEAaKTOpPEe KHIIIIEro Clos; pa3padoTKa  SKOJIOTHMYECKU
0€30MacHOCTHBIX U BBICOKOI(P(HEKTUBHBIX  MOHOCHUJIAHOBBIX  TEXHOJOTHUH;
UCCJIEIOBAHNE HOHHO-CTUMYJIMPOBAHHOIO 3apOJIbIIIe00pa30BaHusl METAIOB Ha
MOBEpXHOCTU rpadeHa; (OpMHUPOBAHHWE MACCUBUPYIOIIETO CJOSI  HMOHHO-
CTUMYJIMPOBAHHBIM METOIOM M3 MOHOCHWJIAHA JJII CTPYKTYP BbICOKO3(P(HEKTHUBHBIX
COJIHEYHBIX AJIEMEHTOB Ha OCHOBE KPEMHHUS n-THIIA.

Crenenb uzydenHoctu mnpodsaembl. Corpyanukamu Silicon Solar Inc.
(CIIIA) pa3paboTan MeTOJ MOJIYYEHUS MOHOCWJIaHa W3 TPUITOKCUCUIIAHA Ha
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karammzatopax KF/Al,O; (matear WOO042445A2, 2008) rme moCTUTHYTA
koHBepcus peareHta Onu3zko Kk 100%. Showa Denko K.K. (Snonwms) Taxke
JOCTUTHYTHI MaKCHUMaJIbHO BBICOKME  PE3YJIbTAThl o KOHBEPCUU
TpuankokcucuianoB (JP2008281206, US20110200513), onHako pe3yabTar ObLI
JOCTUTHYT TOJIBKO 10 OTHomeHuto TpuMetokcucwiana. C 2000 mo 2010 romasr
Momentive Performance Materials Inc. (CILIA) 3anmaTeHTOBall HECKOJIBKO
TEXHOJIOTMM CHHTE3a TPUMETOKCHCHJIAHA C TPUMEHEHUEM KaTajlu3aTopoB Ha
ocHoBe Cu,O, CuCN u Cu(OH), (matentsl US7429672, US7339068, US7652164),
OJIHAKO BCE PEAKUMU MPU 3TOM IPOTEKAIOT B HEMPEPHIBHO-UUKINYECKOM PEKUME.
Takol pexuM 03HA4aeT, 4TO 3arpy3Ka PeareHTOB OCYIIECTBIIAETCS NEPHUOJUUYECKH,
peakius mocjiae MHAYKIMOHHOTO Meproja 10 3aTyXaHus UJIET HENPEPHIBHO, 3aTEM
npekpariaercs. [IpobGrema Hammuuss WHAYKIIMOHHOTO TIEpUOJa MPSMOM peaxiuu
METAJLTYPTUYECKOTO KPEMHHUS M HU3KUX CIHPTOB CAECPKUBAET KOMMEPYECKOE
OCBOeHHME  JaHHOW  TexHosoruu. Ilosromy  paspabotka  3ddexTuBHON
MOHOCHJIAHOBOM TE€XHOJIOTUH ISl IPOU3BOJICTBA MOJUKPUCTATUINYECKOTO KPEMHUS
OCTAETCs aKTyaJbHOM 3aJaueil.

WNoHbl 1151 akTHBAllMM TOBEPXHOCTHBIX IPOILIECCOB, B YAaCTHOCTH, [IJIsi
(GopMHpOBaHUA CTPYKTYp Ha OCHOBE KpPEMHHS, MPUMEHSIOTCS JIOCTATOYHO
IIMPOKO, HampuMmep, Trpymnnbl ydeHbix wu3 IlTyTtraprckoro YHuBepcutera
(I'epmanusl) UCHONAB3YIOT MOHBI ISl CTUMYJIMPOBAHUS POCTOBBIX IMPOLIECCOB MPHU
MOJIEKYJISIpHO-JTy4eBol snutakcuu (D.Kacnep u 1p.) U Ipu 3IEKTPOHHO-IIYYEBOM
¢usnueckom ocaxaenun mapa (K.Maiine, A.JlroroBuu), K.Hopmiynn wu
®.J[xypadekoBa (Xenbcunku, @OUHIAHIWSA) BEAyT AaKTUBHbIE PAOOTHI 1O
U3YYCHUIO PaJIUalMOHHBIX 3()(PEKTOB, MEHSIONUX KOPEHHBIM 00pa3oM CBOMCTBA
MaTepuaoB, HA OCHOBE B3aWMO/JICHCTBUSI HOHOB C TBEPJIBIM TEJIOM.

NoHHO-CTUMYIMPOBAHHBIE  METOJIbI  YCIICITHO  pa3padaThiBacTCs U
MPUMEHSIIOTCSI ISl UCCIICIOBAHUN U B MPAKTUYECKUX LEISAX TaKXKe rpynrnamMu
yuenbix u3 Hwmwxnero Hosropoga (Poccust). WccnepoBanue ¢dusnyeckux
MPOLIECCOB, HMMEIOUIMX MECTO MNPU HOHHOM OOJIy4eHHMH MOBEPXHOCTH pOCTa
JETUPOBAHHBIX HIMPOKHM CIIEKTPOM NPUMECEH CII0EB KPEMHHUS B METOJNE
MOJIEKYJIAPHO-JIYY€BOM JMUTAKCUU, a TaKke pa3paboTka (U3MUYECKUX OCHOB
MIPUMECHOTO JIETUPOBAHUS CJIOEB KPEMHHMS M CIIOEB TBEPAOrO PAaCTBOPA KPEMHMUII-
repMaHUil B YCIOBUSAX HU3KOZHEPreTUYECKOTO MOHHOIO OOJy4YEHHUS MPOBOJIUTCS
rpynmoii  B.I'.lllearypoBa. A.MM.Mamuu  HaOmojan, 4To  OOJMydeHHUE
KPUCTAJUIMYECKOTO KPEMHHSI CBEpXOOJBIIMMHU J103aMH HOHOB HMHEPTHOTO Ta3a
BeJeT K (OPMUPOBAHUIO HOBOW auioTponHoM (opmel kpemuus. [lpoieccot
dbopMHpOBaHUS TPU HOHHOM OOJYYEHHU HAHOCTPYKTYPUPOBAHHOM CHCTEMBI,
COCTOAIIECH M3 HAHOBKIIOYEHHH KpeMHHs B MaTpuile amopdHoro Si, aKTUBHO
uzydyaercss C.A.TpymuHuM. B OosbIIMHCTBE Cllyd4aeB MCCIENOBATEIN IS
BO3JICHCTBHSI HA POCTOBYIO MOBEPXHOCTH Npu MJID mcnosp3oBaiiv crieuaibHbIE
MCTOYHUKU MOHOB, Kak Hampumep, rpynmnoit A.B.J[Bypeuenckoro (HoBocubupck)
Ipyu U3y4eHUH camoopranu3auus (Ge HaHOOCTPOBKOB Ha KpPEMHHHM MpHU
UMITyJIbCHOM OOJyY€HUH TMYYKOM HHM3KOPHEPIeTUYECKUX HOHOB HCIOJIb30BaH
VMOHHBIA MCTOYHHUK HAa MHEPTHBIX razax. HecMoTps Ha JOCTUTHYTHIE YCIEXH, JJIS
YCHEIIHON pealn3allid MHOTUX MPEIJIOKEHHBIX METOAOB TPEOYIOTCS CIOXKHBIC
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CHUCTeMbl HMOHHBIX HMCTOYHHMKOB, HE BCErJa COBMECTUMBIE CO CTaHAapTHBIM
000pyJIOBaHUEM BBICOKOBAKYYMHOI'O OCaXKJEHUSI, OCOOCHHO C YCTaHOBKaMu
MOJIEKYJISIpHO-TTyuyeBOi  snuTakcuu. [loaTomy  pa3paboTka METOAOB IO
MCIIOJIb30BAHUIO MOHOB, TEHEPUPOBAHHBIX MPHU DJIEKTPOHHO-TYYE€BOM HCHApEHUH,
JUTSL AKTUBALIUM TTOBEPXHOCTHBIX MPOIIECCOB aAKTYalIbHO U BOCTPEOOBAHO.

CBsi3pb TeMbl AUCCEPTALNMH B BH/E€ HAYYHOr0 JOKJIAaAa C IUIAaHAMH
HAYYHO-HCCJIeI0BATEeIbCKUX  pador.  JluccepTallMOHHOE  MCCIEI0OBaHUE
BBITIOJIHEHO 10 IUIaHy HAy4YHO-TEXHWYEeCKuX pabor HWHcTHTyTa HOHHO-
IIJa3MEHHBIX U JA3€pHBIX TEXHOJIOTMM B paMmkax HayuyHbIX npoekToB ['HTII DA-
Al15-®126 «Pa3paboTka TEXHONOTMHM U OOOPYAOBAaHMUS ISl TOTYUYCHHS
MOJIMKPUCTATHYECKOTO  kpemHUs»  (2009-2011), A4-DA-D172 «Pa3paboTka
TEXHOJIOTMH TIOJIYYCHHUS TOHKOCIOWHBIX, TPAHYJIUPOBAHHBIX H OOBEMHBIX
KPUCTAJJIOB KpeMHUsl n3 MoHocumnaHa» (2012-2014), ®A-A4-D057 «Pa3paboTtka
TEXHOJIOTMYECKOW CXEMbl MPOU3BOJACTBA TMOJUKPUCTAJUIMUECKOTO KPEMHUS
(2015-2017rr.), mpoektoB I[IOU NedDA-D2-D097 ««HccnenoBanue mporeccoB
pocTa  HAHOOCTPOBKOB U  ILIEHTPOB  KPUCTAUIM3ALMU  OPraHMYECKUX U
Heopranudeckux  marepuaioB»  (2007-2011), D3-OA-D158 «lIpoueccs
npeoOpa3oBaHus SHEPrMM B CHCTEeMaX Ha OCHOBE OPraHMYECKUX U
HEOPTraHWYECKUX  TIPAHYJIMPOBAHHBIX  IMOJYIMPOBOJHUKOB C  MPUMECHBIMU
HEOJHOPOJHOCTSAMH Majoro pasmepa» (2012-2016), a Takxke JIBYXCTOPOHHHX
MIPOEKTOB, BBITIOJIHEHHBIX B pamMkax MeXnpaBUTeIbCTBEHHOTO CorameHus o
HAayYHO-TEXHUYECKOM COTPYIHHYECTBE MeEXny PecrmyOmukoit VY30ekucran wu
I'epmanueit ¢ Yuusepcuterom r.llrytrapr USB001/99 — «Ilpumenenrne noHHbBIX
My4YKOB B MOJEKYJIApHO-Ty4YeBo smutakcum» (1999-2001), UZB02/002 mnox
Ha3BaHueM «@DOpMHUpOBAaHWE 3AlIUTHBIX TOKPBHITUA HA  apPMHPOBAHHBIX
YIJIEPOJHBIX MOJJI0KKAX METOJIaMH XUMHUYECKOro napoBoro ocaxaeHus (CVD) u
MOHHO-aKTUBUPOBAHHOTO (hu3nueckoro maposoro ocaxaenus (IA PVD)y» (2003-
2005), UZB 01/007 «YnpaBnenue penakcanueit B SiGe/Si1 rerepocTpyKkTypax npu
in-situ  MOHHOM OOMOApIUPOBKE IS CBEPXOBICTPOJACHCTBYIOMIUX IOJEBBIX
Tpan3uctopon» (2007-2009).

Heabo nccjieqoBaHus sBISETCS pa3pad0TKa MOHOCUIIAHOBOM TEXHOJIOTHH
MOJIYYCHUS] MOJMKPUCTALIMYECKOTO KPEMHHSI U HOHHO-CTUMYJIHWPOBAHHBIX
METO/IOB JIJIsl CO3aHUsI KDEMHUEBBIX CTPYKTYP.

3aga4u uccjIeJOBAHUS:

pazpabotka >(h()EKTUBHON TEXHOJOTHUS CHHTE3a AJIKOKCUCUIIAHOB ITyTEM
WCKIIFOUCHHSI WM MUHUMU3AINN HWHIYKIIMOHHOTO TIEpHoJa MPSAMON pPEaKIuu
METaJUTypPTUUECKOTO KPEMHHS ¥ 3TUIIOBOTO CTIHPTA;

IIOMCK ITyTE€W HENMPEPHIBHOW AKTUBALIMM PEAKLUMOHHOW CpeAbl MPU CUHTE3E
QTKOKCHUCUJIAHOB W HUCKJIIOYEHHE HAKOIUIGHWs B  PEAKIMOHHOM  30HE
HEXKENATeNbHBIX MPHUMECel, KOTOpble MOTYT BBICTYNUTh KaTallM3aTOpaMu
MOOOYHBIX PEAKIIHA;

pa3paboTka MeToJa MNPUTOTOBIIEHUA Karainu3aropa JUIs  Ipolecca
JUCIPONOPLIMOHUPOBAHUS TPUITOKCUCUIIAHA HA OCHOBE JIOCTYITHBIX MaTE€PHAJIOB;

pa3paboTKa  MOHOCHJIAHOBOW  TEXHOJOTMU  TOJYYEHUS  MOJUKPHUC-
TaJUIMYECKOT0 KPEMHHS HAa OCHOBE aJIKOKCHCHIJIAHOBOTO MIPOLIECCa;
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pa3paboTKa M CO3/aHHE YKCIIEPUMEHTAILHON YCTAHOBKHU IS TPAKTHIECKOM
peanu3alMM MOHOCUJIAHOBOW TEXHOJIOTUU TIOJYYEHUS MMOIUKPUCTAIIIMYECKOTO
KPEMHHUS;

pa3zpaboTka crocoba pas3fesieHuss U KOHTPOJIS MOTOKA 3apsyKEHHBIX YacTHll,
MTO3BOJISIIOIIETO HMCIOJIb30BAHHE HMOHOB, TE€HEPUPOBAHHBIX IIPU JJIEKTPOHHO-
Jy4eBOM HCHApPEHUM, JJIsi KOHTPOJS W YNPABJIEHUS NIpOLiECCaMUd Ha POCTOBOM
MOBEPXHOCTH;

U3Y4YEHUE IMPOLECCOB JIETUPOBAHUS CJIOEB KPEMHHMSI B YCIOBHUSX HH3KO-
HHEPreTUUECKOr0 HOHHOTO O0JIy4eHHs BO BPEMsI pOCTa;

UCCJIEIOBAHNE BO3MOXHOCTH YIPABJICHHS peEJlaKCcallel MEXaHUYEeCKUX
HaIpSDKEHUN B CBEPXTOHKUX TE€TEPOCTPYKTYpaX KPEMHHU-TepMaHusi C HCIOJb-
30BaHMEM MOHOB KPEMHHMSI BO BPEMsI pOCTa;

U3y4EHUE MPOILIECCOB 00pa30BaHUsI MOHOKPHUCTAJUIMYECKUX HAHOOCTPOBKOB
BBICOKOM IJIOTHOCTH M MaJlbIX pPa3MEPOB C HCMOJIb30BAHMEM HOHOB IpHU
MOJIEKYJIIPHO-JTy4€BOM AMUTAKCHUH, a TAKXKE OMpPE/IETICHUE ONTUMAIIBHBIX YCIOBUN
JUISl AOCTUKEHUS MaKCHMAJIbHOM IUJIOTHOCTM M MHHHUMAJIbHOTO pa3Mepa HaHo-
OCTPOBKOB;

UCCJIEIOBAHHUE TETUIOBOJIbTAMYECKUX CBOMCTB KPEMHHEBBIX IJIEHOUHBIX p-H
CTPYKTYD, MOJYYEHHBIX HOHHO-CTUMYJIUPOBAHHBIM BAKYYMHBIM OCQXX/ICHUEM;

U3YyYEHUE BO3MOXXHOCTU CO3JaHUS HOHHO-CTUMYJMPOBAHHBIM METOJOM
IPOMEXKYTOUHBIX CJIOEB AJI1 KOPPEKTUPOBKH TETNI00APHEPHBIX MOKPHITHIA.

O0bekTaMu HMCCIeJOBAHUS SBIAIOTCA KPUCTAIUIBI KPEMHUS, KPEMHUM-
OpPraHMYECKUE COCIUHEHUS (TpU- U TETPAITOKCUCHUIIAHBI), COEAUHEHUSI KPEMHHUS C
BOJOPOAOM (CHJIaHbl), AMHUTAKCHAJIbHBIE, TOHKOIUICHOYHBIE W MHOI'OCJIONHBIE
CTPYKTYpPBI Ha OCHOBE KPEMHUS U JP.

IIpeamerammu ucciaen0BaHUs SBISIOTCS (U3UKO-XUMHUYECKHE MPOIECCHI
CUHTE3a OPraHWYECKUX M THMAPUIHBIX COCIMHEHHH KPEMHHsI, POCTa KPUCTAIIOB,
SMUTAKCHAJIIBHOIO  POCTa, a TakKKe€ HOHHO-CTUMYJIMPOBAHHBIE  IPOIECCHI
(dbopMUpOBaHUS CIOEB U MOKPBHITHIA.

Meroabsl HccaegoBaHUsI — B JMCCEPTALMOHHON pabdoTe MNPUMEHEHBI
METOJIbl CKAaHHUPYIOUIEH BJEKTPOHHOM W CKAaHUPYIOIIEH TYHHEIBHOM MHUKPOC-
xkonuu, PamanoBckoit u uHppakpacHoit dypbe-creKTpoMeTpHn, ra30Boi XpoMaTo-
Macc-CIEKTPOMETPHUH U MACC-CIIEKTPOMETPHUH C MHIYKTUBHO-CBSI3aHHOM MJIa3MOM.

Hay4Hasi HOBU3HA MCCJIeIOBAHUA:

pa3paboTaHa TEXHOJIOTHSl CHUHTE3a AJIKOKCHUCUIIAHOB Ha OCHOBE MPSMOM
peaKuuy METaUTyprudecKoro KpeEMHHUS U 3TUJIOBOTO CIUPTA, KOTOPask OTINYACTCS
BBICOKOU CEJIEKTUBHOCTHIO 1O OCHOBHOMY MpPOAYKTY (Bbilie 95%) u BbICOKOMU
creneHu kKouBepcuu (6mu3ko k 100%);

BIIEPBBIE JTOCTUTHYTO IIOJHOE MCKIOUYEHUE HWHAYKIUOHHOIO IEpHUOaa
pEeakHUy B3aUMOJEHCTBUS METAILUTYPTrUYECKOTO KPEMHHMS U STUJIOBOIO CIIUPTA, YTO
NIO3BOJIMJIO BEJIEHUE TEXHOJOTMYECKOIO MPOLIECCa B HEMPEPHIBHOM PEKUME;

MPEIOKEH U PEaJTu30BaH CIOCOO HENPEPBIBHOW aKTUBALMM PEAKLMOHHOM
Cpelbl INpU CHUHTE3€ AJIKOKCHCHJIAHOB M WCKJIIOYEHUE HAKOIUIEHBIS BPEIHBIX
npuMecel, KOTOpbIe MOTYT BBICTYIIUTh KaTalu3aTopaMH MOOOYHBIX peaKlInid;

54



pazpaboTrana OecxJopHas MOHOCWJIAHOBAs  TEXHOJIOTHSI  TOJYYCHUS
HNOJIMKPUCTAIUIMYECKOTO KPEMHHUSI C MPUMEHEHUEM AJIIKOKCHCUIIAHOB,;

MI0OKa3aHa BO3MOXHOCTb JIOCTHKEHHMS BBICOKOM CTENEHH YHUCTOTHI
MOHOCHJIaHa TpU  OAHOKPATHOM JAUCTWILIISIUMU  Ojarojapss  HUCKJIIOYEHUIO
arpeCCUBHBIX IPEKYPCOPOB U MOJYNPOAYKTOB PEAKIUNA B POLIECCE CUHTERA;

NPEeMJIOKEH  HOBBIM ~ CHOCOO  MPUTOTOBJIEHWS — Kartalu3atopa IS
KaTAIUTUYECKOTO JUCIPOTOPIIMOHUPOBAHUS TPUITOKCHUCHUIIAHA, TTO3BOJISIFOIIUN
MPOBOAUTH MPOILIECC CHHTE3a MOHOCWUJIAHA MPU KOMHATHOW TemmepaType B
HETIPEPHIBHOM PEXKUME;

pa3paboTaHa W CO3/laHa JKCIEPUMEHTAIbHAS YCTAHOBKA IS TOJYYCHUS
MOJIUKPUCTAIIINYECKOTO KPEMHHUSI HA OCHOBE MOHOCUJIAHOBOM TEXHOJIOTUH;

MPEIOKEHBI CITOCO0 pa3eieHUs] M KOHTPOJS TMOTOKA 3apsKEHHBIX YaCTHII
U YCTPOMCTBO JMJISI €ro OCYIIECTBICHHUS, MO3BOJSIONIME HCIOJIb30BaTh HOHBI,
T€HEPUPOBAHHBIE TMPU HJICKTPOHHO-IYYEBOM HCHAPEHUU, MJII KOHTPOJS U
YIPABJICHUS MPOLECCOB HA POCTOBOM MOBEPXHOCTH;

JOCTUTHYTO IMOBBIMIEHHE YPOBHs JerupoBanus 10 10 cm™ myrem monHO-
CTUMYJIMPOBAHHOI'O BCTPAMBAHUSI aTOMOB CYPbMbI B KPUCTAJUIMYECKYIO PELIETKY
KPEMHUS BO BPEMS POCTA;

MPEVIOKEH METOJ MOHHO-CTUMYJIMPOBAHHOM PEJIAKCALMM HAIPSIKCHHS B
reTepOCTPYKTYpax BO BPEeMsl pOCTa M SKCHEPUMEHTAIBHO JOKa3aHa BO3MOXHOCTb
YIPaBIECHUS CTENEHBIO PEIAKCALIMY HATPSIKEHUN B T€TEPOCTPYKTYpax;

YCTaHOBJICHO, 4YTO TpH (POPMUPOBAHUU HAHOOCTPOBKOB TEPMaHHS Ha
MMOBEPXHOCTU KPEMHHUSI METOJOM HOHHO-CTUMYJUPOBAHHOW MOJIEKYJISIPHO-
Jy4eBOU AMUTAKCUHA MAKCUMAIbHOE YBEIMYCHHE IJIOTHOCTU U CyXeHue QyHKIUU
pacrpeeneHus 1o pa3Mepam J0CTUraeTcst Ipu 3Heprur HoHoB 2003B;

0OHapYyKEHO IIPOSIBIICHUE pu TemIeparypax BBIIIIE 500K
TEIUIOBOJIbTAUYECKUX  CBOMCTB KPEMHMEBBIX IUIEHOYHBIX p-n  CTPYKTYD,
MOJTYYE€HHBIX HOHHO-CTUMYJIMPOBAHHBIM BaKyyYMHBIM OCaKJICHUEM;

NPEJIOKEH METOJA CO3JaHUsl TPOMEXKYTOUHBIX CJIOEB C XUMUYECKUM
CPOJICTBOM U TPAJUCHTHBIM MEPEXOJAOM ISl KOPPEKTUPOBKHU TEILIOOAPHEPHBIX
MOKPBITUN HOHHO-CTUMYJIUPOBAHHBIM METOJIOM.

IIpakTH4yeckue pe3yabTaThl HCCAEJ0BAHUS 3aKII0YAIOTCS B CIIEYIOIIEM:

OnpeneneHo Tra3oxXpoMaTorpauyeckuM METOAOM Hayajo MpPOTEKaHUS
MOOOYHBIX PEaKIMii B MPOIECCe CHUHTE3a KPEMHUUOPTaHUYECKHX COCTUHEHUN:
TPU- U TETPAITOKCUCUIIAHA MPU MOBbIIEHUU coaepxkaHusi Boael oT 0,02% B
COCTaB€ CIUPTA.

OnpeneneHo ¢ nomomiplo MojenupoBanus B mporpamme SIMION 6
HE3HAYUTEIPHOE HM3MEHEHUE OSKBHUIOTCHIMAIBHBIX  IMOBEPXHOCTEH  MEXAY
HMCTOYHUKOM MOTOKA ¥ MOJIOKKOW MPU BBIIBH)KEHUU MOHHOTO 30H/1a C pa3MepaMu
30x30x35 B MO3HLMIO MTOJIOKKH N0/ YCKOPSAIIAM HAIIPSKEHUEM.

OnpeneneHo 00pa3oBaHUE CJOSA, COCTOAILIETO W3 HMHTEPMETaJUIHIHBIX
yacTul] pazMepamMu OT S5 MKM 10 20 MKM, W SBISIOLIETOCA IO JaHHBIM
PEHTIE€HOCTPYKTYPHOTO aHAJIM3a UHTEPMETALIUAOM TiAl; ipu 3arpy3Ke U Harpene
B TUTJIE DJICKTPOHHO-TTy4deBOTO Hcnapurens 7i u A/ B cootHomenuu 10:1.
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Omnpeneneno yBenuueHue B 2,5 pas3a JI0IM UHTEPMETALUTUIOB B COCTaBE
OCQXKJIEHHOTO CJIOA MPH AJIEKTPOHHO-Ty4eBOM UcniapeHuu TiAls

JloCTOBEPHOCTH MOJIy4eHHBIX Pe3yJabTaTOB 00OCHOBaHA TEM, YTO B XOJI€
MCCJIEIOBAHUM TPUMEHEHBI COBPEMEHHBIE METO/IbI U MOJIX0/bl MAaTEPUAIOBEICHUS
u  Gu3MYecKol AIeKTpOHMKH. TiiareapbHO MpOaHAIM3UPOBAHBI  YCIOBUSA
DKCIIEPUMEHTa, Ha KaXJIOM JdTare paboT HUCIOJIB30BAaHO COBPEMEHHOE
aHAIUTUYECKOE 000PYI0OBAaHUE C BHICOKOM TOYHOCTHIO, CKPYIYJIE3HO 00pabOTaHbI
pe3yNbTaThl AKCIEPUMEHTOB. [lomydeHHBIE pe3yiabTaThl U BBIBOJBI  XOPOIIIO
COTJIACYIOTCSI C OCHOBHBIMH TIOJIOKEHUSIMU TEOPETHUECKUX M IKCIIEPUMEHTATBLHBIX
paboT Jpyrux aBTOPOB, TIOCBSIIIIEHHBIX H3YYEHUIO  (DU3UKO-XMMHYECKUX
MEXaHU3MOB CUHTE3a M POCTa MJICHOK.

Teoperudeckasi M MNPaAKTHYECKAsT 3HAYUMOCTH Pe3yJbTATOB HCCJIe-
noBaHus. Teopernueckass 3HAYMMOCTb PE3YJIbTATOB MCCICAOBAHUN HACTOALICH
AMICCepPTAIMK 3aKII0YaeTCsl B BBISBICHHE MEXaHU3MOB JCHCTBHS KaTaIM3aTOPOB
HAa OCHOBE OJTHOXJIOPHOW MEIH MPH TeTEPOTCHHOM KaTaJlu3e U dTUIIaTa HaTpus U
KaTAJIMTUYECKOM JTUCIPOIIOPIIMOHUPOBAHUN.  3HAHUS, TIOJYyYCHHBIE B XOJIE
BBITIOJIHGHHSI OTUX pPadOT, TO3BOJMIM JIYYIIC TOHATh (PU3HKO-XUMHUUYECKUC
MpOIECChl CHUHTE3a W TMOA0OpaTh ONTHMAaJbHBIE YCIOBUS IS TMPOTEKAHWA
XUMUYECKUX pEaKuii B HYKHOM HalpaBJICHUH. BBISIBICHHbIE MEXaHU3MBI
BO3/JICHICTBUSI HMOHOB Ha pACTyIIMHd TMOBEPXHOCTh OyAyT TOJE3HBI JJIA
MPEICKA3aHMs HEKOTOPBIX MapaMeTpoB POPMUPYEMBIX CTPYKTYD.

[IpakTuueckass 3HAUMMOCTh Pa3pabOTAaHHON MOHOCHJIAHOBOM TEXHOJIOTHH
3aKJII0YAETCs B TOM, YTO JaHHAs TEXHOJOTUS TO3BOJIIET CYIIECTBEHHO CHU3UTH
ce0ECTOMMOCTh MPOU3BOJUMOIN TMPOJYKIMU M TIOBBIMIAET €€ KOHKYPEHTO-
CIIOCOOHOCTh HAa MUPOBOM pbIHKE. BakHYI0 MpPaKTUYECKYI0 3HAYMMOCTh MUMEIOT
TaK)Ke Croco0 pas3esieHus] 1 KOHTPOJIS MOTOKA 3apsSyKEHHBIX YaCTUIl U YCTPOMCTBO
MOHHOTO 30HAA JUIsl €ro ocyiecTBiIeHusA. [loTeHnmmnanbHO STOT MPHOOP MOXKET
MPUMEHSATHCS Ha KaXIOW W3 BBICOKOBAKYYMHBIX M YJIBTPaBBICOKOBAKYYMHBIX
POCTOBBIX YCTAHOBOK, TJ€ WMEIOTCS JJICKTPOHHO-TYYEBBIE WCHAPUTENH, W
pacmMpuT UX GyHKIIMOHATHHBIC BO3MOKHOCTH.

BHenpenue pe3yabTaToB HcciaenoBanus. Ha ocHoBe pa3paboTox
MOHOCHJIAHOBOM TEXHOJOTHH TMOJYyUYEHHUs MOJUKPUCTAIUIMYECKOTO KpPEMHUs, a
TaK)X€ HOHHO-CTUMYJITUPOBAHHBIX METOJIOB CO3JaHUSI KPEMHHUEBBIX CTPYKTYP:

Ha Oa3ze pa3paboOTaHHON HOBOM TEXHOJIOTMM CHUHTE3a aJKOKCUCHUJIAHOB Ha
OCHOBE MPSIMOI peakIi METAUTypTHUE€CKOr0 KPEMHHUS U CIUPTAa B CEMHU CTpaHax
MoJIydeHo 7 maTeHTOB Ha n300pereHus: «Crnocol MoayyeHus aJKOKCHUCUIIAHOBY
(IAP05023, 31.03.2015, VY36ekucran), «A method for preparing trialkoxysilane»
(US9156861, October 13, 2015, CIIIA), «A method for preparing trialkoxysilane»
(JP5836489, Dec. 24, 2015, Snonus), «A method for preparing trialkoxysilane»
(EP2754664, July 16, 2014 Espomneiickuii coro3), «A wmethod for preparing
trialkoxysilane» (TW201339094, October 01, 2013, TaiiBan), «A wmethod for
preparing trialkoxysilane» (CN103797018, May 14, 2014, KHP), «A wmethod for
preparing trialkoxysilane» (KR101422080, July 16, 2014, Kopes), rnme
OJTHOBPEMEHHOE TMPUMEHECHHE TMPEUIOKEHHBIX TEXHHUYECKUX PEIICHUH 110
M3MEJIbUCHUIO KPEMHHUSI B CPEJIe paCTBOPUTEINS, JOSUPOBAHHOMN MOJIa4ye CyCTICH3UU
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B PEAKTOp M YJAJICHUIO U3JIMIIEK PACTBOPHUTENS BMECTE C PACTBOPEHHBIMU B HEM
MOCTOPOHHUMH MPUMECIMH 00€CTIEUMBAET UCKIIIOUEHUE MHAYKIIMOHHOTO TIEpHOa
OpsIMOM  peakiuu METaUlypruueckoro KpeMHUsT U CIHpPTa, COXpPAaHEHHUE
MOCTOSIHHOTO KOJMYECTBA KPEMHHUSA, KaTalu3aTopa M pPACTBOPUTENS, a TaKKe
AKTUBHOCTU PEAKLMOHHOM Cpelibl BO BECh MEPUOJ NMPOTEKAaHUS Ipollecca CUHTE3a
U B KOHEYHOM HTOT€ peaiu3al[iy MOJHOCThIO HEMPEPHIBHOTO MpOIEcca CUHTE3a
QIKOKCHCHUJIAHOB;

Ha OCHOBE HOBOW TEXHOTMM CHHTE3a MOHOCHJIaHA KaTaJIUTHYECKUM
JAUCTIPOTIOPILIMOHUPOBAHUEM TPUAIKOKCUCHIIAHOB B CEMHU CTpaHax MOJIy4eHO 7
NaTeHTOB Ha u300peTeHus: «Croco0 MoylydeHHs MOHOCHUJIAHOB C MPUMEHEHHEM
ankokcucunanony (IAP05179, 31.03.2016, Y36ekucran), «A method for preparing
monosilane by using trialkoxysilane», (US9278864, March 8, 2016, CIIIA), «A
method for preparing monosilane by using trialkoxysilane» (JP2015535802,
December 17, 2015, SAnonus), «A method for preparing monosilane by using
trialkoxysilane» (EP2905258, August 12, 2015, EBponeiickuii coro3), «A method
for preparing monosilane by using trialkoxysilane» (TW201425222, July 01, 2014,
TaliBan), «A method for preparing monosilane by using trialkoxysilane»
(CN104797527, July 22, 2015, KHP), «A method for preparing monosilane by
using trialkoxysilane» (KR101532142, June 26, 2015, Kopes), rae npeasioxkeHHbIe
TEXHUUYECKWE pEIICHUS TO pa3[eleHUI0 TPOAYKTOB pEaKlMh CHUHTE3a
AIIKOKCHUCUJIAHOB, BBIICJICHUIO TPUAIKOKCHUCUIIAHOB, IPUTOTOBJICHUIO
KaTaju3aTopa W OYMCTKE MOHOCHJIaHA O0O0€CleYMBAIOT IIYOOKOH OYMCTKU
TPUAIKOKCUCUJIAHA W MOHOCHJIIaHa B KOPOTKOM TEXHOJOTUYECKOM IIHUKIIE,
YBEJIIMYEHUE MPOU3BOJUTEIILHOCTH TEXHOJIOTHUYECKOT0 Ipolecca U pealn3aluu
HENPEPBIBHOTO TEXHOJIOTUYECKOTO Mpoliecca.

Ha Oasze pa3paboTaHHOro crocoba pas3feleHuss U KOHTPOJIA IIOTOKa
3apsSOKCHHBIX YAaCTUIl M yCTPOWMCTBA JJISi €r0 OCYIIECTBICHUS — MOHHOTO 30H/a
nonmyuyeH mnaTteHT Ha «Crnoco® pasneneHuss W KOHTPOJISA TMOTOKa 3apsHKEHHBIX
YacTUI[ M YCTpoucTBO 11l ero ocymectBieHus» (IAP 02958, 31.12.2005). C
MOMOIIBI0  TPEUIOKEHHBIX ~ PEIICHUH: JOCTUTHYTO  TMOBBIIICHHUE  YPOBHSA
JIETUPOBAHUS IyTEM HOHHO-CTUMYJIMPOBAHHOTO BCTPAWBAHUS aTOMOB CYPbMBI B
KPUCTAILTMYECKYIO PEHIETKY KpPEeMHHUS BO BpeMsl pOCTa; MPOBEACHA HOHHO-
CTUMYJHMpPOBAaHHAs pellakcallds HampsHKeHUsT B TeTEPOCTPYKTYpaxX KpEeMHHUS-
repManuii; copMHpPOBaH MAacCHB HAHOOCTPOBKOB TIe€pMaHHUs Ha IOBEPXHOCTU
KPEMHHUS METOJIOM MOHHO-CTUMYJIMPOBAHHON MOJIEKYJISIPHO-Ty4€BOM SMUTAKCUU U
MOKA3aHO YBEJIMYEHUE TJIOTHOCTH MU CY)KEHHE UX (PYHKIUU PACTIPEICICHUS IO
pa3MepaM Mpu MOHHOM OOJy4eHUU; OOHAPY>KEHO MPOSIBICHHUE MPU TeMIepaTypax
Boilie  S00K  TemjaoBOJMbTaMYECKUX CBOMCTB KPEMHHUEBBIX IUIEHOYHBIX p-7
CTPYKTYp, MOJYYEHHBIX HOHHO-CTUMYJIHUPOBAHHBIM BaKyyMHBIM OCaXICHHUEM;
CO3/1aHbl TMPOMEXYTOYHBIE CIIOM C XUMHYECKHUM CPOJCTBOM U T'PaJWEHTHBIM
NepexoloM Ui  KOPPEKTUPOBKH  TEIUIOOAPBEPHBIX  MOKPBITHH  HOHHO-
CTUMYJIUPOBAHHBIM METOJIOM;

Ha pa3paboTKy MOHOCHJIAHOBOM TEXHOJIOTHH MOJTYYCHUS
MOJIMKPUCTAIIIMYECKOTO KPEMHHUSI M CO3JaHHME SKCIEPUMEHTaJIbHOW YCTaHOBKU
NpUBJIEYEHA MUHOCTPAaHHAs MHBECTHUIIMSI CO CTOPOHBI FOKHOKOPEHCKON KOMITAaHUU
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OCI nHa cymmy 500 teicsu pommapoB CIHA (Akr or 06.12.2012 roma o
3aBepuieHun pabotr no Kontpakty Mexay WMHCTUTYTOM HMOHHO-TUIa3MEHHBIX U
nazepHbix TexHosorud u  Kowmmanumedr OCI ot 17.08.2010 roma). Kpowme
MO/IBEPKJICHUS BBICOKOIO YPOBHSI pa3pabOTKM HMHTEPECOM OJHOW M3 BEIYIIMX
KOMIIAaHWM, BXOIs1ass B IIEPBYIO TPOMKY KPYIHBIX IPOU3BOJAUTEIIEH IIOJIHU-
KpEMHHUsI, TIPUBJICYEHHAs MHBECTULIMS TO3BOJIMJIA CO3/1aTh HAa 0asze jmabopaTopuu
HOBYIO0 MHHOBAIIMOHHYIO TEXHOJOTUYECKYIO YCTAHOBKY M OCHACTUTh JJabopaTopuu
COBPEMEHHBIMH MTPUOOPaMU U 000PYI0BAHUEM;

3aKJIIOUYEH JIOTOBOP O IMIPEIOCTABIICHUU JIMIEH3UW Ha H300peTeHHue 10
nateHTy «Cnoco0 pasneneHuss U KOHTPOJS TOTOKa 3apsHDKEHHBIX YacTHIl U
yCTpoicTBO st ero ocyuiectBieHus» [AP 02958 (doroBop peructpupoBaH B
AUNC PY3 NeSIP 4/2016 ot 01.04.2016r, «Pacmuii ax6opotHomay, Ne5 (181), 2016
r., cTp.238). OTUM JIMIIEH3UOHHBIM JIOTOBOPOM OTKPBIBAE€TCSA BO3MOKHOCTH
BHEJIpEHUsI pa3pabOTKW B MPOU3BOJCTBO, a TaKK€ pealu3aldd BbICOKO-
TEXHOJIOTHYECKYIO MPOAYKIUIO HA BHYTPEHEM U BHEIIIHEM PhIHKAX.

Anpobauuss  pabdorbl.  Pe3ynmbrarhl  JUCCEPTAlMOHHOW  PadOThI
JOKJIAaAbIBAIUCh W OOCYXIANIMCh Ha CIEIYIOUUX  MEXIYHAapOJIHBIX U
pecniyonukanckux koHdepennusax u cumnosuymax: UzPEC-3, UzPEC-5, IPEC-5,
IPEC-6 pecnyOnukaHCKHMEe W MEXKIyHapoJHble KOH(MEpeHIuu Mo GU3NYECKOn
anektponuke (2002, 2005, 2009, 2013, Tamxkent); International Conference on
Plasma Surface Engineering, (Garmisch-Partenkirchen, Germany, 2008);
«DyHIaMeHTalbHbIe U MPHUKIaaHbIe Bonmpockl ¢puzukm» (2006, 2010, TamkeHT);
International Workshop “Recent Advances in the Physics of Low-dimentional
Nanoscale Systems” (2011, Tashkent); Mexaynaponnast kongepenius «Hayka o
noJnMepax: BKJIaJ B MHHOBALIMOHHOE pa3BUTHE AKOHOMUKW» (2011, TouikeHT);
IX Kondepennus 1o akTyadbHbIM MpobiieMaM (U3UKH, MaTEPHAIOBEICHUS
TE€XHOJIOTUU W JIUaTHOCTUKUA KPEMHHUS, HAHOMETPOBBIX CTPYKTYp U MPUOOPOB Ha
ero ocHoBe «Kpemuuii-2012» (2012, C. IletrepOypr); X Koudepenuus mo
aKTyaJbHbIM MpoOsieMaM (PU3UKH, MATEPUAIOBEICHUS TEXHOJIOTUH U IMAaTHOCTUKU
KPEMHUS, HAHOMETPOBBIX CTPYKTYp U MPUOOPOB Ha ero ocHoBe «Kpemuuii-2014»,
(2014, HMpkyTck), a Takke Ha OOLUIEMHCTUTYTCKOM ceMHHape MHCTUTyTa MOHHO-
IJIa3MEHHBIX U JIA3€PHBIX TEXHOJOTU 1 HayyHoM ceMuHape Nnpu HaydHOM COBETE
16.07.2013.FM/T.12.01 mo mpuCyXIEHUIO Y4YEHOW CTENEHU [IOKTOpa HAyK IpHU
DU3NKO-TEXHUYECKOM HHCTUTYTE, MHCTUTYT€ HOHHO-IUIA3MEHHBIX U JIa3€PHBIX
TexHoJioruii 1 CamapkaHacKkoMm rocyapctBeHHoM yHuBepcutere (09.06.2016r.)

Ony0auKoBaHHOCTH Ppe3yJbTaToB. [lonmydeHHbBIE pe3ysbTaThl MO TEME
JUCCEpPTALMM W3JI0KEHBl B 68 HAay4YHBIX TPYJlaX, KOTOPHIE MOJHOCTHIO OTPa)kKaroT
ee coJiepkaHue, U3 HUX 15 mateHToB, B TOM yucie 12 3apyOexHbie, 13 HaydHBIX
cTaTtedl omyOJMKOBaHBI B KypHajmax, B ToM uucie 11 B pedepupyembix
MEXIYHAPOAHBIX JKypHaJIaxX M 2 B pecnyOJUMKAHCKUX, 36 MyOnMKauuid B BHJIE
TE3HCOB U CTAaTel B TPYJaX MEXIYHAPOIHBIX U PECIYOIMKaHCKUX KOH(PEPEHIIHA.
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JAUCCEPTAIIUA B BUJE HAYYHOI'O JOKJIAA

Bo BBCACHHUHU 00OCHOBEIBACTCS AKTyaJIbHOCTb H BOCTpC6OBaHHOCTI)
IMPOBCACHHOI'O MCCICAOBAHMHA, LECJIb W 3ada4d HCCIICAOBAHUA, XapPaAKTCPHU3YIOTCA
00BEKT M npeaMET, IMOKa3aHO COOTBECTCTBUC HMCCICAOBAHUA JTIPHOPUTCTHLIM
HaIlpaBJICHUAM Pa3BUTUSA HAYKH U TEXHOJIOT U peCHY6JII/IKI/I, H3J1ararOTCsa HaydHasd
HOBH3HA U IPAKTUUYCCKHUE PC3YJIbTAaTbl UCCICAOBAHNA, PACKPBIBAIOTCA HAay4YHasd U
MMpakKTU4YCCKasd 3HAYMMOCTb IIOJNYYCHHBLIX PC3YJIbTAaTOB, BHCAPCHHC B IIPAKTHKY
PE3YJIbTATOB UCCIICAOBAHUS, CBECACHUA 110 OHY6J'H/IKOBaHHI)IM pa60TaM.

1.  Monocunanogas mexuHono2usi NOAYYEHUS  NOJUKPUCALIUYECKO2O
KpeMHUsl

[Tpon3BOACTBO MOJUKPUCTAIIIMUECKOIO KPEMHHUS U3 MOHOCHIJIAHA SIBIISIETCA
NEPCIIEKTUBHBIM CIIOCOOOM. MOHOCHIIaH B OOBIUHBIX YCIOBUSIX SIBISETCSA Ia3oM C
Temreparypoil kunenus -112°C. Ilpu temneparypax 700°C u Bblille MOHOCHJIAH
WHTEHCUBHO pa3jiaraeTcsi Ha KPEMHUN M BOJIOPOJ, UYTO SIBJISIETCS OCHOBOM st
MOJIyYE€HHS] BBICOKOYMCTOTO KPEMHHUS.

MoHocunanoBass ~ TEXHOJIOTHSI 1O  CPaBHEHHMIO C  TPaJULHUOHHOM
TPUXJIOPCUIIAHOBON HMMEET Psii MPEUMYLIECTB: HU3Kasi TeMIlepaTypa pa3ioxKeHus
MOHOCHJIaHa M MEHBIIMI PacXoj] PHEPruu; B MPOAYKTaX pPEaKIMUd OTCYTCTBYIOT
XUMHYECKHA arpeCCHBHBIC areHThI, CHIDKAIONINE YUCTOTY TMOIYy4aeMOTo KPEMHUS;
3HAYUTENIbHOE paznuune (QU3MUECKHX M XUMHUYECKHX CBOWCTB MOHOCHJIAHA U
JIPYTUX COEAMHEHWW T03BOJsieT Oonee IPHEKTUBHO TPOBOIUTH OUYUCTKY
MOHOCHJIaHa OT OOJIBIIMHCTBA BPEAHBIX IPUMECEH; KpOMe TOr0 caM MOHOCHJIaH U
€ro CMECH SIBJIIETCS TOBAPHBIM IMPOIYKTOM, HEOOXOIMMBIM [JIsl M3TOTOBJICHUS
MOJIyIPOBOIHUKOBBIX M3/ENUI, B TOM YHCIIE JUIsl BBIITYCKa COJTHEUHBIX OaTapei u3
amop¢pHoro kpemHus. OAHAKO M 3Ta TEXHOJOTHS HMMEET CBOM HEJOCTATKH.
Tpanumuonseie ciocoObl MPOU3BOACTBA MOHOCHJIAHA JOCTATOYHO CJIOXHBI, YTO
00yCIaBIMBAET BHICOKYIO CTOMMOCTh MOHOCHJIaHA BBICOKOM CTETIEHH YUCTOTHI /ISt
MOJIyIIPOBOTHUKOBOM  MPOMBIIINIEHHOCTA.  AJIKOKCHCHUJIAHOBBIK  TIpoIlecc
MOJTyY€HHUsI MOHOCHIJIaHA SIBJISIETCS] OJHUM U3 TIEPCIIEKTUBHBIX CITOCOOOB, KOTOPHIC
OpU3BaHbl ~ 3aMEHHUTh  TPATUIMOHHBIE  TPHUXJOPCHIIAHOBBIE  TEXHOJIOTUU
MIPOM3BOJICTBA MOJUKPUCTATUIMYECKOTO KPEMHHS.

1.1. Texnonoeus cunmesa aiKoOKCUCUIAHOE

[Ipsimasi peakiysi METALUTYPTHUECKOTO KPEMHHSI U 3THJIOBOTO CIIUPTA UJIET
10 CIICAYIOIIEH CXEME:

Si + (4 - n)CoHsOH—nSiH(OC>Hs); + (1-n) Si(OCaHs)y + (2-n) Hy  (1.1)

rae n npuHuMmaer 3HadeHus oT 0 mo 1. IlpuueM MakcumanbHas CEIEKTUBHOCTH
peakiuu no tpudTokcucunany SiH(OC,Hs); nocturaerca npu n = I, 1 ypaBHEHHE
(1.1) npu 3TOM IPUMET BU:
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Si + 3C;H;0H — SiH(OC>Hs); + H: (1.2)

VYpaBaenus (1.1.) u (1.2) cnpaBeIuBbI TakKe JJIsg IPYyTUX CIHUPTOB, MPHU
3ameHe C,Hs Ha cooTBeTcTByrOmMi pagukan R, Hanpumep, 3ameHa C>Hs Ha CHj
NPUBOJUT K YPABHEHUSIM:

Si + (4 - n)CH;0H — nSiH(OCH3); + (1-n) Si(OCH3)4 + (2-n) H»  (1.3)
n

[Tpuuem yBenWYeHHWE 4YHCIa aTOMOB YIJEpoAa B paguKkaie R CHUXKaeT
PCAKIMOHHYIO CIIOCOOHOCTH CHUPTOB. [lo3TOMY BCe TEXHHYECKHE pEIICHHUS,
MOJIC3HBIC TI0 OTHOIICHUIO PEaKIMA C YJacTHEM O3THJIOBOTO CIIHPTA, alpHOpH
paboTOCTIOCOOHBI TAKKE JIJISl TPH MCIIOIB30BAHUH METHIIOBOTO CITUPTA.

Jloiroe Bpems pa3BUTHE M INPUMEHEHHE AJIKOKCHUCUJIAHOBOIO CrHoco0a
CAEPKUBAJIOCh  HAJIIMYMEM  HWHIAYKIMOHHOTO TepuoAa MpsIMOM  peakiuu
METAJUTypPruyecKoro KpeMHUsT M HU3KHUX cnupToB. Kak BClencTBUE, peakuuu
MPOBOAWINCH B JIYYIIEM CJIy4a€ B HENPEPHIBHO-UUKINYECKOM PEXUME TpHU
HU3KUX CKOPOCTAX PEaKlMH, U MPOIECC MOTPEOsI MHOTO PHEPrUU Ha BBIMYCK
€JIMHULIBI TIPOTYKTA.

Kak wu3BeCTHO, MNPOJOKUTEIHHOCTh WHIYKIIMOHHOTO TIepUoia MpsSMOn
peaklMy METaUIypruyeckoro KpPEMHHUS CO CHUPTOM MOXET COCTaBUTh OT
HECKOJBKUX 1O  JECATKOB  4acoB. (OCHOBHOM  NPUYMHON  TOSBJIECHUA
MHJIYKIIMOHHOTO MEpHOJia SIBJIAETCS OKUCHAs IJIEHKAa Ha MOBEPXHOCTH KPEMHUS
BCJICACTBUE OBICTPOTO OKHCJICHHSI KPEMHHUS TIPH B3aUMOJICUCTBUHU C KHUCIOPOIOM
atMocdepHoro Bo3ayxa. C IeNbl0 YMEHBIIEHUS JIUTEIBHOCTH WHIYKIIMOHHOTO
nepuoja TMpeaIarajiocb BBEACHUE B IMPOLECC CHUHTE3a aJKOKCHUCUIIAHOB
JIOTIOJIHUTENIbHYIO CTaJINI0 aKTUBALMK peakinoHHou cpenbl [[1at.US5783720], rae
akTUBalMs ocyliecTBisierca npu Ttemnepatype no 400°C, a B KadecTBe
AKTUBHUPYIOILETO areHTa MpeyiaraeTcsi UCIoJb30BaTh COBMECTHO BOJIOPOJ U a30T.
Kaxk yTBepk1at0T aBTOPBI, POLIECC AKTUBALIMU HA MPAKTUKE 3aHUMAET JOCTATOYHO
JUIMTENBHBIA TPOMEXKYTOK BpeMeHH OT 5 1o 10 yacoB, 4TO OTpHULATENBHO
CKa3bIBaeTCcsl Ha 3(P(EKTUBHOCTh TEXHOJOTUU. [l COKpalieHuss MHAYKIIMOHHOTO
nepuoja Takke Obula pPEeKOMEHAOBaHa MpeABapUTENbHAs 00pabOTKa KpEeMHUS,
Pa3MOJIOTOrO 10 MOPOIIKOOOPA3HOIO COCTOSIHUSA, PTOPUCTOBOIOPOJHON KUCIOTOU
C MLENpI0 YJAJCHUST OKHWCHOM IUIEHKM C ToBepXHOCcTH wactul [JP511692,
US5177234]. Otu peuieHuss TPpUBOIAT K JOMOJHUTEIBHBIM CIOXKHOCTSM, TaK Kak
nocie oOpaOOTKM TNOpOIIKa KPEMHUsS (PTOPUCTOBOAOPOJHONW KHUCIOTOM €ro
HEOOXOMMO OYMINATh OT €€ OCTATKOB M MPOCYIIMBATh B MHEPTHOM cpelie, 4To
PE3KO YCIOXHSET Tpolecc cuHTe3a. B psge pabor mpenniaraercsi MpOBOAMTH
AKTUBALIMIO PEAKIMOHHOW MacChl MYTEM BBIIEPKKU €€ NpPU IOBBIILICHHON
TeMIlepaType B HMHEPTHOM cpeae: B aTrMocdepe aszoTa, aproHa u APyrux
[US5177234, US4727173], wiaum NOpoBOAUTH NPEIBAPUTEIBLHOE CMEIICHHE
KPEMHHUSI C KaTaau3aToOpoM B HWHEPTHOM aTrMocdepe B TEUEHHE 8§ HaCOB
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[US4487949]. [Ins akThBalMM KPEMHUS NEPE] CHUHTE30M TaKXKe IPEIararT
BBOJIUTh TaJOUJAbL: XJOPAJKWIbI, XJIOPUCTBHI BOJOPOH, XJIOPUCTBIA aMMOHUU
[US5177234] wnu NHHF, [EP517398]. Cnenyetr oTMETUTh, YTO NIPH BBEICHUU B
pEaKTOp Iepell CUHTE30M TAaKHX BEIIECTB, KAK TAJOWIbl WIM TaJOUIATKUIIbI,
Hen30eKHO TpeOyeTcss JOMOJHUTENbHAs ONepaluus OYUCTKH MOJYyYEHHOTO
LIEJIEBOTO MPOAYKTA OT 3TUX MPUMECEH, HAPUMED, NUCTUIUIALIMEN, YTO CHUKAET
MPOU3BOAUTENIBHOCTh U YCIOXKHSIET TEXHOJIOTMIO TMOJYYEeHHsSI aJTKOKCHCHIIAHOB.
Takum oOpa3om, aHaIM3 MOKA3bIBAET, YTO OTCYTCTBYET OJIHO3HAYHOE NMOHUMAaHUE
IPUYMH M TPUPOJbl BO3HMKHOBEHHWS HHAYKIMOHHOIO IIEpHOAAa B IIpoLecce
MPSMOTO CHHTE3a AJIKOKCHUCUJIAHOB, a TeM Oojiee OTCYTCTBYIOT d(peKTUBHBIC
TEXHUUYECKHE pElIeHUs YyKa3aHHOW mnpoOnemsl. [IpenioxeHus, oCHOBaHHbIE Ha
IIPUMEHEHUN B IMPOLIECCE CHHTE3a JOIOJHMUTENBHBIX PEareHTOB, €CTECTBEHHO,
TpeOyIOT UuX YJaleHHs M3 KOHEYHOro TMpOJyKTa, a 3TO MPUBOJUT K
HEOOXOJAMMOCTH BBEICHMSI B TEXIPOLIECC AOMOIHUTENbHBIX OMNEepaluii, 4yTo, B
CBOIO OY€pelb, VYCIOXKHSIET TEXHOJOTHIO TIOJYYEHHUS] aJKOKCHUCHIAHOB U
HEN30€KHO BEJET K YIOPOKAHUIO MOTYyYaEMOTO POIYKTA.

M3BecTHO TakXke, YTO NapajUieIbHO OCHOBHBIM pEaKIMsIM CHUHTE3a
AIKOKCHUCUJIAHOB B PEAKTOpEe HUAYT TMOOOYHBbIE pEeaKIUH, TMPUBOIAIINE K
00pa30BaHUIO OJIMTOAIKOKCHUCUIIOKCAHOB, BOABI U APYIMX MOOOYHBIX MPOIYKTOB,
KOTOpPbIE€ TOCTENEHHO HAKaIUIMBAIOTCS B PEAKIUOHHOW Cpelle M yMEHBIIAIOT
ckopocth mporecca [US5783720, JP511692, US6090965, US4931578]. MHuorue
U3 ATUX TOOOYHBIX pEaKIMi KaTaIU3UPYIOTCS MeTajulaMH, OOoJblasi 4acTb
KOTOPBIX IPHUCYTCTBYET B MCIHOJIb3YyEMOM MCXOAHOM KPEMHUHU B BHJIE IPUMECEH.
Hakorienne orpaboTaHHON KpPEMHHEBOM MAacChl, COJEpKalle OCTaTOYHBIN
KpPEMHUH W MPUMECH, a TaKKE€ aJIKOKCHUCUJIIOKCAHbI, MPUBOJUT K CHHIKEHUIO
CKOPOCTH pEaKlMU. DTU MPOLECCHl BBI3BIBAIOT HEOOXOJIMMOCTh PEreHepUpOBaTh
PACTBOPUTEIIb ISl €r0 JAJTBHEUILIEr0 NCIIOIb30BAHUS B CHHTE3€ AJIKOKCUCUIIAHOB.

Takum oOpa3om, BaXHEHIIEH 3a7adyeil B MyTH MPAKTUYECKON peam3aruu
AJIKOKCHCHJIAHOBOTO TIpoliecca SIBIsETCS pa3paboTka crmocoba, MO3BOJISIONIETO
MPOBOJIUTh PEAKLUHUIO C BBICOKOW KOHBEpCHEW IO KPEMHHUIO U  CIHUPTY,
pEryJIMpOBaHHE COCTaBa IMPOJYKTOB pEakUWH, a TaKKe MHOTOKpaTHOU
pereHepanyd pacTBOPUTENS] M €ro NOBTOPHOTO HCIOIb30BaHUA. PemmuTh 3Ty
3a/1a4y MOYKHO ITyTE€M HCKJIIOUYEHHS] WM MHUHUMHU3AUMUA UHAYKIUOHHOIO MEPHOJIA
pEeaKklUMH CUHTE3a, aKTHBALMM PEAaKIHMOHHOM Cpelbl, YNPOUIEHUS TEXHOJOIMU U
o0ecrneueHrs HeMPEPHIBHOTO MPOIECCa CUHTE3a aJTKOKCUCUIIAHOB.

Hamu mnpemiokeHo HamnpaBUTh YCWIME HA HCKIIOYEHHE IMPUYUHBI 3TOM
npoOsieMbl - HUCKIIOYEHHE O0O0pa3oBaHWs OKHUCHOW IUIGHKHM B Ipoliecce
M3MEJIbYEHUSI KPEMHUSL Ha IOBEPXHOCTH CBEXECKOJIOTHIX 4acTull. M3menbueHue
VCXOJITHOTO KPEMHUSI OCYLIECTBJISIOT B CPEJI€ BBHICOKOKHUITALIEIO PACTBOPUTENS, a
HE Ha BO3[yXe, YTO IMO3BOJSET HCKIIOYUTH OOpa3oBaHHE HA TOBEPXHOCTU
MOJIy4aeMbIX MOCJI€ M3MEJIbUEHUS YACTHUL[ KPEMHHUS CJIOSI €CTECTBEHHOTO OKHCIIA
Si0x, HEM30€KHO  BO3HHUKAIOIIETO Ha JIIOOBIX CBEXHX CKOJaX MOBEPXHOCTH
METAJUIMYECKOr0 KPEMHUS IIPU UX KOHTAKTE C KUCIOPOAOM Bo3ayxa. CyliecTByeT
Takke mpobnembl Biard. Jlemo B TOM, YTO KPEMHHUEBBIA MOPOIIOK OYEHb
TUTPOCKONMYEH U MHTEHCHBHO IMOIJIONIAET BJAry M3 OKpYXKalolled cpeabl. JTa
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BJlara B PEAKIIMOHHOW Cpele BeneT ce0s C OJHOW CTOPOHBI, KaK OJIOKUPYIOIINN
(dakTOop Hayana 1EJIeBOM peakluuu, C APYrod CTOPOHBI CTAHOBUTCS MPUUYUHON
HEeXeJaTeNbHbIX MOOOYHBIX peakuui. Takum oOpa3oM, MOJATOTOBKa KPEeMHUSI B
3aIUTHOM CpeZE, B HAIIEM CIy4dae B CPEJe PACTBOPUTEIS MUCKIFOYAET HE TOJBKO
oOpa3oBaHME OKUCHOM IUUIGHKM, HO TakKe M IMONaJaHue JHIIHEeH Biaru B
PEaKIMOHHOM Cpeny.

B pesynbrare pabGoT pa3paboTaHa HoOBas TEXHOJIOTMSI U CO37aHa
SKNEPUMEHTAJIbHASL YCTAHOBKA JJII CHUHTE3a AJIKOKCUCUJIAHOB HAa OCHOBE MIPSMOMU
peakiuyu METALTyPTUYEeCKOTO0 KPEMHHUSI M HU3KUX CHUPTOB (METaHOJa WIH
staHoisia). Cxema mpouecca CHHTE3a aJKOKCHCHIIAHOB NpeACcTaBieHa Ha puc. 1.1,
001Ut BUJ IKCTIEPUMEHTATHLHOM YCTAaHOBKHU MPEACTABICH HA puc. 1.2.

MG-Si
T66 l Kt
P v Mill gent i = peri ic pump TE6 + impurity
1 2 3 13

F 3

A 4

for
synthesis TES

absolute alcohol » dosing pump

6 5 4

|€—— heating-up to 260 C
|€—— Mixing up to 1000 rpm

Ethonol heating-up to 130 C

+ ¥

water m " ! le— nheatin
—* . < . - . g-up to 160 C
cooling product separation product separation product separation

9 8 7

A 4 A 4 A 4

hydrogen TES TEOS
12 11 10

Puc.1.1. Cxema npouecca CHHTe3a TPHITOKCHCHJIAHA NPSIMOM peaKkuen
MeTaNIypru4eckoro KpeMHHs ¥ 3THJI0BOT0 CIIUPTA.

TexHOonorus CUHTE3a AJTKOKCHUCWIAHOB BKJIKOYAET CIEAYIOIINE MPOLECCHI:
MOJITOTOBKA TEXHUYECKOIO0 KPEMHMsI M KaTajlu3aTopa, MOJArOTOBKAa OE3BOJHOIO
CIIMpTa, MpsAMas pPeaklUs TEXHUYECKOr0 KpPEMHHUS M O3TWIOBOIO CHOUPTa B
MPUCYTCTBUM  KaTajlu3aTopa IJIi CHHTE3a OTOKCUCUIIAHOB, pPa3JeiCHUE
AJKOKCUCHUJIAHOB.

B 1menom HOBOE pelIeHHE 3aKI0YaeTcss B IMPOBEACHUM Ipolecca
M3MENBYEHU KPEMHMS M Karaimzatopa Ao pa3mepoB 30-100 MxMm B 3aliUTHOU
cpene, a UMEHHO B Cpelie PacTBOPUTENSl, B KOHKPETHOM ciiyyae B cpene Terminol
66. H3menbueHue NOpPOU3BOAUTCA Ha IUIAaHETApHO-IIApOBOM MenbHulle. [lanee
CYCIIEH3UsI C KPEMHHUEM M KaTajJu3aTOpPOM B 33JaHHBIX COOTHOIIECHUAX MOJAETCS B
peakuuoHHyI0 Kamepy. g crtabuian3anuu cocTaBa U MEXaHHMUECKOM aKTHBALUMU
CMECH KaTajau3aropa U KpeMHHs B cxemy cuHte3a TpudTokcucuiana (TES)
BKJIFOYEH TromoreHusarop. JlosupoBaHHas mojadya CyCHEH3HMH B  PEAKTOP
OCYLIECTBJISIETCS C IOMOILBIO IIEPUCTATIBTUIECKOTO HAcoca.

PeakTop CHaOXeH YeThIPEXbSIPYCHOM JIOMACTHOM MEIIAIKON C YHUCIOM
obopotoB 10 1000 rpm, snexktpuueckum oborpeBoM a0 260°C, BBogamu s
M0JIa4u CYyCHEH3UU U a0COJIIOTHOTO cnupTa. PeakTop cHaOXeH Takxke ¢ diaHIamu,
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r€ YCTaHABIMBAIOTCS MeMOpaHHbIE (PHIBTPHI

A1 YAAJICHHUA  HU3JIMIIKOB

pacTBOpUTENIA C PACTBOPEHHBIMH B HEM MpuMecIMH. DUIbTPhI MPEACTABISIOT
coOOl KepaMHUYECKHEe JIMCKH CO CPEIHHMH pa3MepaMH IIOp OKOJIO 5 MKM.
OuapTpalys MPOBOJIUTCS 3a CUET PA3HOCTH JIaBJICHUM, CO3/1aBa€MOM C TTOMOIIBIO
BAaKYyMHOI'O Hacoca. OTH pPEIICHUS TMO3BOJWIN HCKIIOYUTh WHAYKIHOHHBIN
MepUOoJ] PEaKIUU MPU CHHTE3e TPUAITOKCHCUIIaHa. B kauecTBe kaTanu3zaTopa Obliia
ucrnob3oBaHa ogHoxjopuctas menb CuCl.

Puc. 1.2. O0muii Buja 3KCNIEPUMEHTAJBLHON YCTAHOBKH IJIS OCYIIeCTBJIEHHS Mpolecca
CHHTeE32 AJIKOKCHCHIAHOB

Ha puc. 1.3 npowmmocTpupoBaHbl NpUMEPHl peaM3alMU TEXHOJOTUU C

HCIIOJIb30BAHUEM 3TUIIOBOI'O CIIMPTA.

500

400

—¥— Example 1
—— Example 2
—a— Example 3
—#— Example 4

300 4

200

Yield of TES, g/h

100

T T T T T
0 100 200 300 400 500
Time, min

Puc.1.3. 3aBucMMOCTb CKOPOCTH peaKIuM Mo
CHHTe3y TPUITOKCUCHJIAHA OT
NMPOAOKMTEILHOCTH MPoLecca CHHTe3a

C nenbro cpaBHEHMsI PE3YJIBTATOB B IEPBOM
ciydae METALIYPTUYECKUA  KPEMHHUU
(aucrotoit 99%) m3Mmenpuancs B OOBIYHBIX
YCIOBUSIX, T.€. CYXHM CHOCOOOM 10
pasmepoB 30-100 MM u 3arpyxaics B
pPEaKTOp BMECTE KaTalau3aTopoM, IMOCJe
NOCTHKEHUS TEMIIEPATYPhl PEAKIUMOHHOMN
cpensl 240°C B peakTop MOAaBajCs COUPT —

a0COJIFIOTUPOBAHHBIN 3TaHOJ ¢ pacxogoM ~ 600 ma B yac. B MOMEHT nosBieHUs
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KUJKOTO NMPOAYKTA Ha BBIXOJIE M3 PEaKkTopa W mnocienyromue kaxasie 30 MuH
OBIIM CHATHI POOBLL. AHanM3 mpob B razoBoM xpomatorpade Agilent®GC 7890A
[0Ka3aJjl, YTO PeaKUusi CUHTE3a TPUITOKCUCUIIAHA B PE3YyJIbTATE B3aUMOJICUCTBUSA
METAJLUTYPTUYECKOr0 KpPEMHUSI U 3TWJIOBOIO CHUpPTA Hadanach TOJbKO 4epe3 150
MHH TIOCJIE MOJAa4d CIHUPTA, U €€ WHTCHCHUBHOCTH IIOCTEIIEHHO YBEIUYHBAJIACh
(puc.1.3, kpuBas 1), a 3aTeM peakius 3aryxyia Ha 500-0if MHHYTE MOCJE MOAAYU
criupta. CeIeKTUBHOCTh MO TPUATOKCUCHIIaHy cocTaBmiia 70%.

Bo BTOpOM citydae ONBIT MPOBOJMIICS B TEX KE YCIOBHSX, YTO U B IIEPBOM,
HO C [PUHUWANHAIBHBIM OTJIMYUEM CpEIbl TMOJArOTOBKM PpEareHTOB, T.€
U3MENbYCHUE METAUIypPrU4eCKOro KPEeMHHsS BEJIOCh MOKpPBIM  CIIOCOOOM
HEIOCPEJICTBEHHO B CPEJIE pacTBOPUTENS. B mporiecce n3menbueHus B CyCIIEH3UIO
BBEJICA KaTanu3arop. Peakuus cHHTE3a Hadajach Ha JECATOM MHHYTE IIOCIE
Hayasa noJa4yv CoupTa B PEaKTOp, U CKOPOCTh PEAKIIMH YBEJINYUBAIACh B TEUCHHE
nepBeix 60 wmuHyT (puc.1.3, kpuBas 2). CKOpOCTb peakIUu CHUHTE3a
TPUATOKCHUCHUJIAHA Hadajla yMEHbIIAThCs nocie 180 MUHYT mporecca, U peakius
MOJHOCTBhIO 3aTyxja uyepe3 260 MUHYT m[ocji€e Hadajla M[oJa4yu CHHpTa.
CeNeKTUBHOCTh M0 TPUATOKCUCUIAHy coctaBuwina 94%. IlpuunHol 3aryxaHus
peaklMy B 3TOM CJIyyae SBISUICS TOJIHBIM pacxoj KpPEMHHUA, 3arpy>KEHHOrO B
HayaJie rpolecca CHHTE3a.

B Tperbem ombiTe NpU COXpPAaHEHUM BCEX OCTAJIBHBIX YCJIOBUH pacxon
KpeMHUs ObLI KOMIIEHCUPOBAH €ro Mojauell B COCTaBe CYCIEH3UMHU U3 pacuera Io

bopmyie:
ms; = kymrgs + kymreos, (1.5)

II€ Mmres — Macca TPUITOKCUCUIIAHA, M7ros — Macca TETPa’dTOKCHUCUIIAHA,
MOJYYEHHOTO B €AMHUIY BpPEMEHM B pe3ylibTaTe NpsIMOM  peakiui,
koo urmenTel k; W k, YYUTHIBAIOT PACXOJ KPEMHHS TIPU CHHTE3E TPU- U
TETPa’TOKCUCHIIAHA COOTBETCTBEHHO. B paccMmarpuBaemom ciyvae k; = 0,171 u k
=0,135. Peaknus cuHTe3a Hayajlach Ha AEBATONM MHUHYTE MOCJE Hayajla Mojadu
CupTa B PEaKTOp, CKOPOCTh pPEaklMy YBEJIWYUBajlach B TeYeHUE MepBbix 90
MUHYT, 3aTeM cTabuiausupoBaiack (puc.l.3, kpuas 3) Ha ypoBHe 400 r/gac mo
TpUATOKCHCHIaHy. Peakius Oblsla HAaMEPEHHO OCTaHOBJIeHa Ha 250-0if MHUHYTE
Mocje Hayaja MoJlauyd CIHUpTa H3-3a TMOSBJICHUS OOWIHHOM MEHHOW MacChl B
npojaykrax peakuuu. Ilogaga AOMOTHUTENBHOIO KOJMYECTBA PACTBOPUTENS B
COCTaBe CYCIICH3WW TMpUBEJa K YBEIUYCHUI0O 00beMa KOHTAKTHOW MacChl B
peaKkTope, 4TO U SBUWJIOCH MPUYMUHON 00pa3oBaHus IEHHOW Macchl. CeneKTUBHOCTD
10 TPUATOKCUCUIIaHy cocTaBuia 93%.

B uyerBepTOM cnydae MBI peaqn30BaiM  BCE MPEIJIOKEHHBIE HAMHU
TEXHUYECKUE pEUIEHUs IS BEJCHHsS IMPOIecca CUHTE3a aJIKOKCHUCHUIIAHOB:
l)uzmenbueHre KpeMHUSI B 3alllUTHOM cpene, 2) HempepbiBHAS KOMIICHCAIUs
pacxoja KpeMHHUA, 3) HENpepbIBHBIA OTOOP H3JIMIIEK PACTBOPUTENS Uepes
KEpaMHUUYECKYI0 TMOPUCTYI0O MeMOpaHy, YCTAaHOBJIICHHYIO HAa CTEHKE pPeakTopa.
Peakuusi cuHTe3a Hayajgach Ha JECATOW MUHYTE MOCJE Hayajla MOoJayd CIUpTa B
pPEaKkTop, CKOPOCTh PEaKlMK YBEIUUYMBAJIach B T€UeHUE MepBbIX 60 MUHYT pe3Ko,
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3areM 110 ~ 120-i MHHYTBI MMEJ MECTO MEIUIEHHBIM POCT, M Jajiee CKOPOCTb
crtabunusupoBasiack (puc.1.2, kpuBas 4). 3a 500 MUHYT HENpPEpPHIBHOW MOJa4YM B
peakTop cycneHsuu, cocrosmei u3 600 r kpemuust u 1200 r pacTBOpuTEs, OBLIO
nonydeHo 3380 r TpudTokcucwiana u 141 r terpasrokcucuiiana. CeleKTUBHOCTD
10 TPUATOKCUCHIIaHy cocTaBuia 96%.

PactBoputens mocne  QuiubTpauuM M OYMCTKM  BO3Bpallajics B
TEXHOJIOTUYECKUN TMpouecc. AHamm3 T1oKaszaja, 4YTO COCTaB IpUMecen
(UIBTPAIIMOHHOTO OCaJKa pPacTBOPUTENS COOTBETCTBYET COCTaBy IpUMeceil
HCXOJTHOTO METAJTypru4eckoro KpeMHus. OTCroJa MOXHO CHEJIaTh BBIBOJ, YTO
MPUMECH B COCTAaBE YACTHUI[ MCXOJHOTO KpemHUs (TBepmas (aza) mepexonsr B
coctaB pactBoputens (kuakas ¢dasza) U yAISIOTCS N0 MEpPEe BBIBOJA H3IHUIICK
pacTBOpHTENA 4Yepe3 Nopbl MeMmOpaHbl. Pasmepbl mop B MeMOpaHE COCTaBWIH
Smkm. IIpu 3TOM mnoTeps KpEeMHHS MpU YIAJCHUHM U3JIUIIEK PaCcTBOPUTENS
coctaBmia MmeHee 1%.

Takum 00pa3oM, TNPENJIOKEHHbIE TEXHUYECKHE PEIICHHs] [O3BOJIUIH
WCKIIFOYUTh WHIYKUMOHHBIM TEpUOJ pEeaklHMH IMPU CUHTE3€ TPUITOKCUCHIIAHA,
o0ecrneynTh HENPEephIBHYIO TMOJANUTKY pPEaKUUU pPACXOAYEMbIMU peareHTaMHu,
COXPaHUTh AKTUBHOCTb PEAKLUHMOHHOW Cpelbl MyTeM yJajeHus MNpUMEce, U B
KOHEYHOM HTOT€ OCYIIECTBUTh IOJHOCTBIO HEMPEPBIBHBINA IMPOLIECC CUHTE3a
ANIKOKCHCUJIAHOB.

1.2. Cunme3s monocunaua c npumeHeruem ajikKoOKCucCuilaHoes

N3n0xeHHas B IpeAbIAYILIEM Pa3/iesie TEXHOJIOTHUS CUHTE3a aJJKOKCUCUIIAHOB
CIIY’KUT OCHOBOM JIJIsl pa3pabOTKH TEXHOJIOTUU CUHTE3a MOHOCHIIaHA, CIICTYIOIIETO
miara B OyTH  pa3pabOTKU  MOHOCHJIAHOBOM  TEXHOJOTHMU  TOJYYCHUS
MOJIMKPUCTAIUIMYECKOT0 KpeMHUA. CUHTE3 MOHOCHJIAHA MPU KATAIUTHYECKOM
JUCTIPONIOPLIMOHUPOBAHUY TPUITOKCHUCHUIIAHA ITPOTEKAET I10 CIECAYIOLIEH CXEME:

4SZH(OC2H5)3 — SlH4 + 3SZ(OC2H5)4 (16)

B  pesynabraTre  uWCCleNOBaHMI ~ MPOIECCOB  CHUHTE3a  MOHOCHIJIaHA
KaTaJIMTUYECKUM JUCIPONOPIIMOHUPOBAHMEM, a TakKe€ Ha OCHOBE aHaiM3a
JUTEPATYpHBIX W TATEHTHBIX JAaHHBIX OIpPEJEIeHbl Ccieayromue (HakTopsl,
KOTOpPBIE MPENATCTBYIOT 3((HEKTUBHOM pealu3alliu Mpolecca:

CTpEMJICHHE K OYHMCTKE TPHITOKCHUCHIIAHA, TOJYYEHHOTO B peE3yJbTaTe
OpSAMOM PEAKIMU METAJUTYPTAUYECKOTr0 KPEMHHUSI U CIIUPTA 10 YUCTOTHI 99,999%
TpeOyeT MPUMEHEHHSI MHOTOCTYIIEHYAaTOr0 MpoIecca U CI0XKHOTO 000pyI0BaHMUS;

KaTajiu3aTophl,  Mpe/uiaraemMble O OCYIIECTBJIGHHMs  Ipolecca
JUCTIPOTIOPIIMOHUPOHUS WM SIBJISFOTCSI 0000 OMAacHBIMU BEIlECTBAaMU (Hampumep,
TpeT OyTWJIAT Kaiusl) WA 00JIajaloT HU3KOH aKTUBHOCTHIO, TPEeOys MHOTO BpeMs
JUTSI IPOTEKAHUS TIPOIIECca U CHU3UB €ro 3(PPEeKTUBHOCTD;

OYUCTKAa MOHOCHJIaHA OCYIIECTBISIETCS B MHOIOCTYIIEHUATOM IpOLIecce U B
pe3ynbTaTe 3TO MPUBOAUT K YCIOKHEHHUIO COCTaBa 000pYAOBaHUS U TOBHIIICHUIO
ce0EeCTOMMOCTHU POIYKIUU;

MPOIECC CHHTE3a MOHOCUJIAHA OCYIIECTBIISIETCS MEPHUOIUIECKIM CTIOCOOOM.
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[IpoBeaeHHBIC WCCIIEIOBAHUS B TEPBYIO OdYepelb ObUIM HAMpPaBICHBI K
pelIeHnI0 yYKa3aHHbIX TpobsieM. B pesynbrare paspaboTaHa HOBas TEXHOJOTHS
CHHTE3a MOHOCHJIaHAa 0€3 YyKa3aHHBIX HEJOCTaTKOB U OSKCIEpUMEHTaIbHAs
ycTtaHoBKa €€ peanuzanuu. OOMMI BUJ SKCIEPUMEHTAIBHOM YCTAaHOBKH IS
CHHTE3a MOHOCHJIaHA MOKa3aHo Ha puc.l.4.

Puc.1.4. JxcniepuMeHTaJbHAsI YCTAHOBKA /ISl peaJIN3allii Npolecca CHHTe3a MOHOCHJIAHA

[locne  pasnmeneHuss 3TOKCUCWJIAHOB B CHEUUAIBHBIX  KOJOHHAX,
TPUATOKCUCUIIAH COOUpPAETCS B CHEIUAIbHYIO €MKOCTb, OTKyJa OH IOJaeTcs
JO3UPOBOYHBIM ~ HacocoM B anacopbep. Jlocturaemass CTENEHb OYHUCTKU
TPUATOKCUCWIIAHA TpU ero (akTuyeckoil Temmeparype mocie ajacopoepa
nocturaet >99,99%, 4yTo BIIoJIHE JOCTATOYHO JJIs CHHTE3a MOHOCHJIaHA.

B kauecTBe karanuzaTopa ObLT UCIIOJIB30BaH 3TUNAT HaTpus. Kak u3BecTHO,
ATUJIAT HATpHUsl OBICTPO CXBaThIBAaeT BIary u3 atmocdepbl Bozayxa. [laxke
CTaHJapTHBIE 00pa3ubl 3Twiara Hatpus OoT Sigma-Aldrich, mocraBisiembie B
CHEUUaIbHOM €MKOCTM I0J] 3allMTOM HWHEPTHOrO Ta3a, BBIHYXJICHHO
KOHTaKTUPYIOT C arMoc(epoil Bo3/lyXa IpU UX 3arpy3Ke B PEakTop M YaCTUYHO
TEPSIIOT CBOK aKTUBHOCTh. [103TOMY OBLIO MpeasiokeHO MPUTOTOBICHHUE 3TUJIATa
HaTpUsi HENOCPEJICTBEHHO IE€pe]l MCIOJb30BaHMEM B  3alUTHOM  cpene
TETpa’TOKCUCHUIIAHA. JJIsl MPUTOTOBJICHUS KaTaau3aTopa METAUIMYECKUN HATPUN C
YUCTOTON HE MeHee 99,9% MeIeHHO pacTBOPSAIOT B O€3BOJJHOM 3TUIIOBOM CIIUPTE,
KOTOpOro OepyT B H30BITOYHOM KOJMYECTBE, NPEBOCXOASAINIEM B 5 pa3
crexuomerpudeckoe. [locie moaHOTo pacTBOpEHUs: HaTPHsl, B PaCTBOP JOOABISIIOT
TETPa’TOKCUCHIIAHA, JJajle€ U3 PacTBOpPa OTTOHSAIOT 3THJIOBBI CHUPT, U PACTBOP
CBEXEIIPUTOTOBJICHHOTO 3TWJaTa HATpUsl B TETPAdTOKCUCWIAHE IOMELIAIOT B
peaktop Uil cuHTe3a MoHocwiaHa.  Cpena TETpa’TOKCWIAHA IOJIHOCTBIO
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3aIUIAET MOBEPXHOCTh KaTajdn3aTopa OT BO3ACHCTBUS BiIard U3 aTMoc(epsl,
COXPaHUB UCXOJIHYIO €r0 aKTUBHOCTD.

Karanutuyeckoe AUCIPONOPILMOHUPOBAHUE TPUITOKCUCHIIAHA MPOBOAUTCS
B peaKkTope, KyJa ¢ HIDKHEW 4acTh MoJaeTcs KaTaJuTHYECKUH pacTBOp — ATHIIAT
HATpHsl, pACTBOPEHHBIN B TeTpadTOKCcUCHIaH B mnpornopuusx 1:15. CooTHomieHue
KATAJIMTUYECKOTO PAcTBOpa M TPUAITOKCHCHIIAHA B HAIIUX OSKCHEPUMEHTaX
coctaBuno ot 1:10 mo 1:20. Hcrmons3oBaHME B KayeCcTBE KaTajau3aTopa
CBEKEMPUTOTOBIEHHOIO 3TUJIaTa HATPUS MO3BOJWIO COKPATUTh BPEMsS KOHTAaKTa
Oonee yem B 5 pa3. Peakimsi cuHTE3a MOHOCHIIaHA TTPOBOIMIIACKH TIPH TEMITEpaType
B npenenax ot 0°C mo 50°C mpm paBiaeHum ot 1 mo 2 Oap. i cpaBHEHUs
UCIIONb30BasICs ATUiAaT Hatpus ot Sigma-Aldrich. Pe3ynbTaThl, mogyyeHHbIE B
Pa3JIMYHBIX YCIOBUSIX CMHTE3a MOHOCHJIaHA, PUBECHBI B Ta0. 1.

Taoauuna 1.
Pe3yibTaThl ONBITOB MO CHHTE3Y MOHOCWJIAHA
=9
P)
s Temneparypa, | [IponomKUTENBHOCTH Konsepcus
<} Karanuzatop o 0
2 C peaKkuuu, MUHYT TPUATOKCUCHIIAHA, Yo
=
OTHaT HaTPpHUs, OT
I PHA, 50 150 95%
Sigma-Aldrich
OTHaT HaATPpUs
2 Y, y 50 30 100%
CBEXEIPUTOTOBJICHHBIN
OTHiaT HaATpUs
3 PHA, . KOMHATHAas 30 > 99%, cienpl
CBEKEMPUTOTOBJICHHBIN
OTHaT HaATpUs
4 Y, y 0 90 > 95%
CBEKEIPUTOTOBJICHHBIN

Pe3ynbTarhl mokazanu BBICOKYIO 3(PPEKTUBHOCTH CBEKEMPHUTOTOBICHHOTO
KaTajgu3aTopa 3TujiaTa HaTpHsl.

Jlanee mia peanusalnuu mpoiecca HeMpepbIBHOIO CUHTE3a TPUITOKCUCUIIAH
¢ moMoupo 103uposounoro Hacoca GRUNDFOS®DME 60-10 AR nopxasaincs B
pEakTOp C MOCTOSSHHOM CKOpPOCThIO, KoTopass coctaBwia 2000 mi B yac.
["azoxpomaTorpaduueckuii KOHTPOJIb MPOO U3 peaKkTopa MoKasaj, YTO COAEpKAHHE
TPUAITOKCHUCUIIAHA B PEAKIIMOHHONW Macce OCTaBaJloCh MOCTOSHHOW B Mpejenax +
5%. T'a3000pa3Hplii MOHOCWJIAH HEMPEPHIBHO OTOHMpajcs B COOpPHUK, TIe OH
KOH/ICHCHPOBAJICS B CTCHKaX COOpHUKA, OXJIAKIACMBIX JKUIKAM a30ToM. [Ipmuem
HAa BBIXOJE W3 peaKTopa Ta3000pa3HBIi MOHOCHWJIAH TMPOXOAWI  dYepes
aJICOPOIIMOHHYIO JIOBYIIKY, TJI€ OCBOOOXKIAJCS OT IMAapOB 3TOKCHUCWIAHOB. M3
cOOpHMKAa MOHOCHWJIAaH B JKMJIKOM COCTOSHMHM HaIpaBJUICA Ha JalbHEHIIYIO
OYHCTKY Ha alcopbep, rae B KadecTBe aOCOpPOEHTa  HCIOJIb30BAJICS
TPUATOKCHUCHIIAH, oxiaxaeHHbl Hmke -140°C. Bpemsi koHTakTa B abcopOepe
coctaBuio 15 wmuHyT. Jlamee MOHOCWIIAaH OTHEISUICS OT TPUATOKCHCHIIaHA
pasnenenueM (a3 mpu Temneparype -80°C. OUuIeHHbI MOHOCHIIAH HAPABIISIICS
B KOJUIEKTOP JuIst cOopa.

Takum 0o0pa3zom, Ha MpUMEpPE SKCIEPUMEHTOB MOKA3aHO, YTO peau3alus
NPEIOKEHHBIX TEXHHYECKUX PEIICHHUH 10 CHHTE3Y MOHOCHIJIaHA TTO3BOJISCT:
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- YBEJIWYUTHh NPOU3BOAUTEIBHOCTh TEXHOJOTMYECKOTO IMPOLECCa, 3a CYET
YMEHBIICHUS! BpEMEHU KOHTAKTa peareHToB 0oJiee yeM B 5 pas;
- JIOCTUYb MaKCHUMaJIbHOM KOHBEPCHH TPUITOKCUCHUIIAHA;
- o0ecne4ynTh BEJCHHE pEAKIMM CHUHTE3a MOHOCWJIaHa B HENPEPHIBHOM
peXHMe, ¢ BBICOKOM M CTaOMIIBHOM CKOPOCThIO CUHTE3A.

1.3. Pocm NOJUKpUuCmalludeCKkoco KpemMHusd U3 MOHOCUJIana

MoHocHulaH U3 KOJUIEKTOpa 4Yepe3 TIa30paclpenciIuTEIbHY0 CUCTEMY
HaIIPaBJISJICS B PEAKTOP JJIA BbIPAIMBAHUS CTEP)KHEW Ha MOBEPXHOCTH 3aTPABOK,
M3TOTOBJIEHHBIX u3 BBICOKOYHCTOTO KPEMHHSI. s MOJIY4ECHUS
MOJIMKPUCTAIDIMYECKOTO ~ KPEMHHUSL ~ MCIHOJIB30BAJICS  METOJ  MHPOJIH3a  —
TEPMHUUYECKOTO pa3yiokKeHuss MOHOcHiaHa. [Ipouece nuer no ciaepyronie cxeme:

SiH,; — Si + H. (1.7)

Tepmuueckoe pasznoxkeHue MoHocuiaHa HaumHaeTcsa oT 450°C u mnpu
temneparype 950°C ngocturaer 100% pasmoxenus wmonekyn. Temnepatypa
CTEpHSI 3aJaeTCs NPSAMBIM PE3UCTUBHBIM HArPEBOM KPEMHHUEBOIO IIPYTKa —
3aTpaBKU. YCTAHOBJIEHHAs ONTUMalIbHas TeMmmeparypa cocraisier 850°C, mpu
KOTOPO# IOCTUINIM CKOpPOCTH pocta Kpucramna 0,4 Kr/M*yac M KOHBEPCHU
MoHOcuJiaHa Bbllie 99%. B 0Ooznee BBICOKMX TeMmIeparypax HayMHAETCS
rOMOT€HHOE O00pa30BaHME KPEMHUEBBIX YACTHI[, YTO MPUBEAET K MOTEPSIM
MOHOCHJIAHA.

JInd  KOCBEHHOM  OUEHKH  YUCTOTBI ~ MOHOCHJIAHAa M  KadecTBa
MOJIMKPUCTAIMYECKOTO  KPEMHUS, B PEAKTOpPE MHPOJIM3a  PACHOJIOKWIA
KPEMHUEBBIE MOJJIOKKH JJI SMUTAKCUU. Y IETbHOE CONMPOTUBICHUE KPEMHHEBBIX
IIJIEHOK, BBIPAIIEHHBIX U3 MOHOCHIaHa npu temmeparype 750°C, coctaBuio 0,96 -
1 kOM Ha cm.

[TonmukpuCTAIIIMYECKUN KPEMHUIM U3 MOHOCUJIAHA MOYKHO TIOJIyYUTh TaKXKe B
peakTopax KUMsmiero ciosd. B Takom ciiydae moTpediseMyl0 SHEPrHi0 MOKHO
PE3KO COKpPAaTUTh W IMPOU3BOAUTH T'PAHYJIBI MOJMKPUCTAIUIMYECKOTO KPEMHHUS C
pasmepamu ot 1 g0 3mMm. Ha cnenuansHo pa3paOOTaHHOM peakTope MOoKa3zaHa
BO3MOXHOCTh ~ TIOJyYE€HUS] TpaHysl  MOJIMKPUCTAIMYECKOTO  KPEMHHS B
HETMPEPHIBHOM peXrMe. MOHOCHIIaH B PEaKTOp CHU3Y MOJABAJICS B CMECH C
BOJIOpoAOM. McxoaHble yacTUlbl KpeMHUSI ¢ pazMepoM B mpeaenax 63-100 Mxm
3arpy’kajuch CBEpXy peakTopa. 3a CYeT pEe3KOro YBEJIWYEHUs POCTOBOU
MMOBEPXHOCTHU YBEJIUUYUIIACh CKOPOCTh POCTA MOJIUKPEMHHS, 32 CUET HEMPEPHIBHOTO
yAaJeHus TOTOBBIX IPAHyJ U3 KHUIISAIIETO CJIOS PE3KO COKPATUIICA PACXO]l SHEPTHUH
Ha €JIMHUILY IPOAYKTA.

Takum o0pa3om, HOBasi TEXHOJOTHS IO3BOJIMJIA BIEPBBIE pPEaTU30BaATh B
HETPEPHIBHOM PEXHME MPOLECC CHUHTE3a MOHOCHIJIAHA aJKOKCHUCHUIIAHOBBIM
OECXJIOPHBIM CIOCOOOM M TMOJYYEHHS] MOJUKPUCTAIUIMYECKOTO KPEMHUSI €ro
TEPMUYECKUM pa3iiokeHHeM. [[oCTUrHyTa BbICOKas CEJIEKTUBHOCTH (BhIle 95%)
10 OCHOBHOMY NIPOJIYKTY W BBICOKas KOHBepcusi peareHToB (Oosiee 99%).
VYrpolieHue coctaBa TEXHOJOTMYECKOrO0 OOOpYIOBAHMS TO3BOJIUT COKPATUTH
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KallUTAJIbHBIC pacxoAabl Ha CO3AaHUC IIPOU3BOACTBA 110 Hp@I[J'IO)KGHHOfI
TCXHOJIOTHUH.

2. UonHno-cmumynuposanHnvie Memoobl CO30AHUSL KPEMHUEBLIX CIPYKMYD

B Hacrosimiee Bpemsi yCWIMBAETCS TEHIEHIUS K HCIOJb30BAHUIO
MHOTOCJIOMHBIX ~ KOMIO3UIUH,  COCTOSAUIMX M3  YEPEAYIOHIMXCS  CIIOEB
MOJIYITPOBOJTHUKOB, METAJUIOB U JMAJIEKTPUKOB HAHOMETPOBOM TONIIMHBI. MeTon
MOJIEKYJISIpHO-JTy4eBor snutakcun (MJID) - oaMH M3 OCHOBHBIX METOJIOB IpHU
MOJIyYE€HUHU TeTePOCTPYKTYp Mo 100H0TO THHa. OH MO3BOJSET BhIPAIINBATH TOHKHE
CIUIOIIHBIE IUIEHKH, COBEPILIEHHBIE MO CTPYKType MU MOP(OJIOTUU MOBEPXHOCTH.
Opnako, ynopyras  gepopmamuss U JgedekThl  1Opu  (POPMUPOBAHUHU
reTepo3NUTAKCUAIbHBIX TUICHOK CYIIECTBEHHO BIIMSIOT Ha MX MEXaHU3M pOCTa,
OCOOCHHO TMpH OOJBIIOM HECOOTBETCTBUM MAapaMETPOB PEHIETKH IUICHKH U
MOJJIOKKUA. DTO 3aTpyIHAET peanusauuio npeumyniects MJID B nmpuMmeHeHuu K
MOJTyYEHHUIO0 TOHKUX, OJTHOPOJIHBIX MO TONIIUHE TeTEPOIMUTAKCHAIBHBIX TUICHOK.

Hcnonp30BaHne HOHHBIX MYyYKOB B KOMOWHAIIMM C MOJICKYJISIPHBIMHU
MydKaMH MOXKET CYIIECTBEHHO W3MEHHUTh CUTYyallMi0, TaK KaK HOHBI MOTYT
nepenaBaTh aTOMaM DHEPrUi0 M HMMITYJIbC HEMOCPEACTBEHHO Ha IMOBEPXHOCTH
MOJNJIOKKA BO Bpemsi pocta. Kak H3BECTHO, C TIOMOMIIbIO HOHOB MOYHO
CYHIECTBEHHO CHU3HUTHh TEMIIEpaTypy OIHUTAKCHHM, W XOPOIIO YMPaBISIEMBbIMU
napaMeTpaMl HOHOB B HYXHBIH MOMEHT UM B HYXHOM MeECTe CO3[aTh WIH
YHUUTOXXUTh CTPYKTYpPHBIE 1e(heKThI, BO3/IEHCTBOBATh HA MEXAHU3M 3apPOKIACHUS U
pocTa TreTepO’NUTAKCHAIBHBIX IUIEHOK. TeopeTuyeckrue OCHOBBI HOHHOTO
CTUMYJIMPOBAHUS POCTOBBIX MPOLECCOB 0A3UPYIOTCS HA COUETAHUU JIBYX aCIEKTOB
COBPEMEHHOM (IM3MKM KOHJEHCUPOBAaHHBIX CpeA: TEOopuu (POPMHUPOBAHUS
AIUTAKCUAIIBHBIX CTPYKTYpP U paJMallMOHHOMN (pr3UKH TBEPROTO Tesna. OCHOBHBIMU
aTOMHBIMHM TIpOLIECCAMU Ha IIOBEPXHOCTH SBJISIOTCSA ajacopOuus, aecopOuus,
noBepxHocTHasE MU dy3us, BCTpauBaHWE B MOHOATOMHYIO CTymeHb. OueBHIHO,
9TO 9STa KOMOHMHAIMS M3BECTHBIX JJIEMEHTAPHBIX ATOMHBIX TIPOIIECCOB C
(dakTopaMu BO3AEUCTBUA AAET KOJOCCAIBbHYIO IIMPOTY BAapUAHTOB MEXaHH3MOB
CTUMYJHPOBAHHOTO pPOCTa, YTO, HapsAngy ¢ OorarctBoM 3¢ dekToB, Tpedyer
CO3/IaHUA W JPYTUX METOJOB aHallM3a, CIOCOOHBIX PAaCCMOTPETh BCIO MPOOIeMy
MOHHO-CTHUMYJIMPOBAHHOTO POCTA B IIEJIOM.

Tunuunable ycraHoBku MJID UMEIOT 3JIEKTPOHHO-TYYEBOW UCIAPUTEID
(3JIN), nanpuMmep, U1l CO3/1aHUs MOTOKA KpPEMHHUsS IpHU pocte cTpyKryp Si-Ge.
Kaxk u3BecTHO, 3JIEKTPOHHBIH JIy4, KOTOPBIM UCHOJIB3YETCS B AIEKTPOHHO-TYYEBBIX
UCTIApUTEINSIX JJIA HarpeBa paboyero BEIECTBA, MPU TOPMOMKEHUU TEpPSIET B HEM
MOYTH BCIO SHEPIHIO B pe3yJbTaTe PAa3IMUHbIX YIPYTUX U HEYNPYTHX MPOLIECCOB.
Hekotopast 1onst 3TOW SHEPrHMM YHOCUTCS OOpaTHO PACCESHHBIMU 3JIEKTPOHAMH,
YTO KpPOME NPOYEr0 YMEHBIIAET K.M.JI D3JIEKTPOHHO-TYYEBBIX HCHAPUTENCH.
Koad¢uiment oOpaTHO paccestHHBIX 3JIEKTPOHOB #) 3aBUCUT, XOTSA U cnabo, oT
SHEPTrUM MEPBUYHBIX 3JEKTPOHOB U CHJIBHO OT aTOMHOTO HOMEpa 3JIEMEHTOB B
BEIIECTBE, C KOTOPOTO OTPAKAIOTCS SIECKTPOHBI.
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[Ipy SNEKTPOHHO-IYYEBOM HCHAPEHUH TOTOK DJICKTPOHOB C DHEPrHeH
YCKOPSIIOIIETO HampsbkeHus (oO0braHO 6 - 10kB), mpoxonas depes3 ucHapseMblid
IIOTOK, YaCTHYHO HOHM3UpYyeT ero. IlpwdemM cedyeHWe HOHM3AIMM aTOMOB HE
3aBHCUT OT INIOTHOCTH IIOTOKA, M CTEINEHb HOHU3AIMU IIOTOKA OCTAETCs
MTOCTOSIHHOW JIJI1 KOHKPETHOTO 3HAYCHHUS YHEPTUH DJICKTPOHOB. IMEHHO 3TH MOHBI
OyIyT YCKOPATHCS K MOJJIOKKE MPUIOKEHUEM K HEH OTPHUIATEIIBHOTO CMEIICHUS.
DTOT MOTOK WOHOB HMMEET MPH TPATUIIMOHHOM PACTIOJOKCHUH HUCTAPUTEIS M
MO/VIOKKA B KaMepe Takoe >K€ TNPOCTPAaHCTBEHHOE paclpe/elieHne, Kak u
OCHOBHOW TOTOK Marepuaia, U He TpeOyeT CIenuabHOrO0 CKaHUPOBAHHS I10
MTOJTOKKE OOJIBIIIOTO JUaMETpa.

2.1. HUcnonvzosarnue UOHOB, CE€HEPUPOBAHHbBIX NPU INEKMPOHHO-1)4€60M
ucnaperuu, 6 kKadecmee UuHcmpymeHna ons akmueayuu nNnoBePXHOCMHbBIX
pocmoeblx npoyeccos

[Ipensioxken crnocoO pazieneHus U KOHTPOJIs MOTOKA 3apsSKEHHBIX YaCTULL U
YCTPOMCTBO Mg ero ocymecTBieHus. I[lpobiema, Ha pemieHus KOTOPOM
HarpaBjieHa JaHHas pa3pa0d0TKa, COCTOMT B TOM, YTO MPSIMbIM U3MEPEHUEM TOKa
HEJb3sl ONPEAENIUTh JOJI0 MOJOXKUTEIbHBIX MOHOB U AJIEKTPOHOB B CMEIIAHHBIX
MOTOKaxX 3THX 4actull. Hampumep, Takoil MOTOK BO3HUKAET MHPU IIIEKTPOHHO-
Jy4EeBOM HCHapeHu, Koraa B 3(p(deKTuBHOM (paboyeMm) MPOCTPAHCTBE
OPUCYTCTBYIOT KAaK MOJIO)KUTEJIbHBIE HOHBI, TaK U AJIEKTPOHBI, OTPAKEHHBIE OT
MEUIEHBI, MPUYEM MAKCHUMaJIbHAS 3HEPTUsl KOTOPBIX paBHA DHEPIUU MEPBUYHBIX
ANIEKTPOHOB. B 3TOM mpomecce MOJOKUTENbHBIE HOHBI BO3HUKAOT IpU
CTOJIKHOBEHUH 3JIEKTPOHOB C aTOMaMHM HCIIApsieMOro BellecTsa. lcronb3oBaHue
ATUX HMOHOB B KayeCTBE MHCTPYMEHTA s MOAU(PHUKALMU CBONCTB PaCTYLIMX
cioeB TpeOyeT CO3/laHUs CHOCOOOB M MPUOOPOB JJIsi KOHTPOJS M YIPABIICHUS
napamMeTpaMH HOHHBIX ITOTOKOB.

Hemounuk uonos

B cnyyae ncnosib30BaHUE DIEKTPOHHOM IYIIKU I UCHAPEHUS KPEMHHUS B
Ka4eCTBE MCTOYHUKA HMOHOB KPEMHHUS HUKAKOrO JOIOJHHUTENBHOTO HCTOYHHUKA
MOHOB HE Tpedyercs, M 3arpsi3HEHHE MOXKET ObITh IpeaoTBpaiieHo. B obnactu
BBILIE pacIulaBa KPEMHHUS IMOTOK HMCIAPSAEMBIX ATOMOB YAaCTUYHO HOHU3HUPYETCS
B3aMMOJIEUCTBUEM C 3JIEKTPOHHBIM ITy4YKOM (CcM. puc.2.1).

s o

6Si-molecu1ar beam

]
aperture

Puc.2.1. HoHu3anmsi B  3JIeKTPOHHO-

electron JIY4E€BOM MCIIAPUTEIC KPEMHUSA
neutral
collision

accelerated
electron

beam BeposTHOCTE TOTO, YTO aTOM KPEMHHS

5&} — OyJleT HMOHM3UPOBAH BJIECKTPOHHBIM
e yAapoM OIIpeAeasaeTcs IPOU3BEICHUEM
IUIOTHOCTH MIOTOKa IIy4YKa JJIEKTPOHOB
F, m cedyeHne HWOHH3ALMHA a. OTa
1 BEPOSATHOCTH YMHOXAa€eTCs Ha

magnetic
deflection L
element Si-crucible

o

watercooled Cu-hearth
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MJIOTHOCTh ATOMOB KPEMHUS Ng; 1a€T 3HAUCHUE NOHU3AINH HAa IMHHUITY BPDEMEHU U
obbema gj,, (cMm. ypaB. (1) u puc. 2.2).

gion:Fe.a.rSi : (1)

=n
[ ]

€
Puc. 2.2. Cxema HOHM3a1lUM AaTOMOB KPEeMHHUSI €

IUIOTHOCTBHIO Ngi U CEYEHNEM a TPH
B3aMMO/IeiICTBMH MOTOKOM 3JIEKTPOHOB F,

O .

l
O agpo

Kouctpykius " YCIIOBUS
IKCIUTyaTaIuu AIIEKTPOHHOM MyIIKA O
(251eKTpOHHAs (hokycupoBKa ayu4a, O Ng; O
YCKOpSIIOIIEe  HampsDKeHHWE,  COCTOSHUE

KPEMHHUEBOTO THUIJIS) BIMSHHME MCIAPEHMs U TEHepalus MOHOB, HO OCHOBHBIM
[IApaMETPOM SABJISIETCA TOK OIMUCCHUHU [, BIMSIOMINN HA IJIOTHOCTh NMOTOKA ITy4Ka

OJICKTPOHOB Fe TAKIKC KaK TEMIICpATypa U pasMCp paciljiaBa, a TaAKKE IIJIOTHOCTH
ATOMOB KPCMHUA nNg;. 9J'ICKTpOHHa}I IMyIIKa TaKXE M3JTy4dacT pPas3IMdHbIC BHUAbI

paanannn " OOJIBIIIOE YHCIIO OTPAXCHHBIX KW BTOPHUYHBLIX 3SJICKTPOHOB. Ot
QJICKTPOHEI, IIOIIABIIME B MArHWMTHOC IIOJIC HAJ pacCIlyiaBOM, MOXKCT IIOBJIMUATH Ha
IHOABHMXHOCT HOHOB H

substrate{  reflector ring
; CPOK CIIy>KObI HCTIapUTETIS.
@ JUis 3alMThl  3JEMEHTOB
T ® substrate ion measuring POCTOBOM KaMmepbl OT MHC-
current ——10 / < head HapeHUus] W WM3IYYCHHS
arm DJEKTPOHHOM NYWIKA U

shielding with

Ugch substrate

— pol:ential TUTJIA YCTAHOBJICH 3a3CM-

JICHHBIM 3KpaH C amnepry-
poit (cm. puc.2.3).

/

chamber axis

Puc.2.3. Ilojio:keHne HOHHO
U3MEPUTEJbHOU Ir0JT0BKHU

Ilomenyuan noonodxcku

IT10THOCTP MOHHOTO MOTOKA, MAa/JAIOIIEr0 Ha MOBEPXHOCTh 3aBUCUT OT TPEX
MEXAHU3MOB: BO-IIEPBBIX, OT YUCJIAa TEHEPUPYEMBIX MOHOB B AJIEKTPOHHOM MYLIKE
(reHepanys), BO-BTOPBIX, OT BEPOSTHOCTU MOHA MOKUHYTh 30HY MOHU3ALUU Yepe3
anepTypy SKpaHa >3JCKTPOHHOM MYIIKH, MPEeXIe YeM PEeKOMOMHHPOBATh WU
yIapuThCcsl 00 3alIUTHBIA 3KpaH (SKCTpaKUus), U B-TPETbHUX, OT BEPOSTHOCTH
NOopaXeHHe  HOHOM  IIeHTpa  MOAJOXKKH  ((PoKycupoBKa).  DKCTpakius,
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(GOKyCHUpOBKA, W DHEPTUST MOHOB MOTYT OBITh CYIIECTBEHHO H3MEHEHBI ITyTEM
NoJlauyu OTpUllaTeNbHOTO HampsikeHus: Uy, K mouanoxke, (cMm. puc.2.3). MoHHO-
aydeBasi POKYCHUpPOBKA U OTHOCHUTENILHOE IMOJIOKEHHUE MOMJIOKKU U DJIEKTPOHHOU
MyIIKA MOXET BbI3BaThb HEPABHOMEPHOTO PACHpPENEIEHUs IUIOTHOCTH MO
MOJUTOXKKE. [I0TOK MOHOB, CMEIIAHHBIM C 3JIEKTPOHAMHU OT JIEKTPOHHOW ITYILIKH
BBI3bIBAET TOK /5,5, KOTOPBIN MOXKET ObITh U3MEPEH Yepe3 KOHTAKTA C MOJIONKKON
BO BpeMs pocTta. [[ns mpoBeNeHHs] TOYHBIX MU3MEPEHUN TOKOB AJEKTPOHHBIE U
MOHHBIC IOTOKHU JOJHKHBI OBITH Pa3/ICTICHBI.

H3M€p€HU}Z UOHHO2O nomokda

beima  paszpaborana cuctemMa MOHHUTOPHUHTA JUI OTAEIBHOTO H3MEPEHMs
IUIOTHOCTH MOHHOTO M 3JIEKTPOHHOTO TOKOB M ObUIa ycTaHOBIIeHa B kamepe MIJID.
Houbl ¥ BNEeKTpOHbI pazfieieHbl Jpyr OT Jpyra C IOMOIIBIO 3JIEKTPOJOB C
IPOTHUBOTIOJIOKHBIM MOTEHIUAIOM U, B 9KPaHUPOBAHHOM KOPOOKeE (CM. puC. 2.4).

. Upl + Up1 Puc. 2.4. PazgesieHue aToMOB, 3JIEKTPOHOB U HOHOB

B U3MEPHUTEJIBbHOH roJ1I0BKe.
I I Ecim nipennonoxuTh, 4TO KaXKAbIM AJIEKTPOH U
e b | «S  WOH TOMajJaeT Ha »dJICKTPOAbl, IIJIOTHOCTH

MOHOB U 3JIEKTPOHOB OIPEAEIAIOTCA TOKaMHU Ha
anexkTpodax ; m [, M IUIOIAABI0 anepTypbl
O KOpOOKH. DTa cHCTeMa MOHHUTOpPUHra ObLia
® - —— YCTAaHOBJIECHA B LEHTPAJIbHOM  IOJIO)KCHUU
CHU3Y MNOIJIOKKH, (cM puc.2.3). K kopmycy crucTeMbl MOHUTOPUHIA MPHUIOKEH
TAaK)K€  YCKOpSIOIIMKA  MOTEeHUWand s  MHUHHMM3alUMMd  HapyLIEHUW
SKBUIOTEHIMAIBHBIX [IOBEPXHOCTEN MEXKY MOI0KKONW U HUCTOUHUKOM.
[I1OTHOCTP HMOHHOTO TMOTOKAa, NAJAIOUIEr0 Ha TOBEPXHOCTh TOJJIOKKH
3aBUCUT OT MHTEHCHUBHOCTH HOHOB, T€HEPUPYEMBIX B Iy4YKE 3JIEKTPOHOB
UCTIApUTENS,, OT MPOBUCAHUSI JJIEKTPUUECKOTO TOJIA 4Yepe3 ameprypy A
W3BJICUCHUS] MOHOB M3 OOJIACTM MCTOYHHUKA, a TakkKe OT (OKYCHUPOBKHM ITy4yKa

MOHOB, M3BJICYEHHOTO MTPUIOKEHHBIM noTeHnuanoM Ugy,. 30Ha reHepalyuu MOHOB
OTPAaHUYUBAETCS] CPABHUTEIHHO HEOOIBIIUM 00BEMOM HaJl PACILIaBICHHBIM Si, T1Ie
HCIIApSIOLINECS aTOMBI Si MOTYT CTOJIKHYTBCS 3JIEKTpOHAMU M3 MywkH. (puc.2.1).
CornacHo ¢dopmyne (2.1) reHepauus HOHOB MpPONOPLUHOHAIBHA Fe U ng;.
['eHepupoBaHME HOHOB MOXET OBITh ONMCAHO B MPOCTOH  MOJENH,
IpEINoJaraoieldl OJHOPOJHOCTh B 00bEME pacIIaBlIeHHOro Si ¢ 0a30BOH
momanbio A u Beicotoit H. C y4eTOM COOTHOIICHHUS 1JI TOKA AIMUCCUH [ gy

Iesy=A"F,q (2.2)

CucremMa MoHMTOpWHTra Oblna mojkiatoueHa k cucteMe MBE nmns m3smepenus
MOHHOW M AJIEKTPOHHOM TJIOTHOCTH B LIEHTPE MOAJOKKHU. bbula onpeneneHa ckopocTb
pocTa KpeMHHS R B 3aBUCHUMOCTH OT TOKOB dMHUCCUU [gsy. TOK gy, U3MEpsieTCs uepes
KOHTaKT C TOJUIOKKON U JIaeT CPEIHIOI IUIOTHOCTH 3apsija MOTOKAa YacTHUI] Ha BCEH
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TUIOIAAN TIOJUI0KKH, TJIE TOMUHUPYIOT 3IEKTPOHBI U3 AJIEKTPOHHOU myIiky. JInHeiiHas
3aBUCUMOCTh IIJIOTHOCTH TOKA AJIEKTPOHOB OT TOKA AMHUCCUU [gsy, YCTAHOBJIEHHAS C
MOMOLIbK0 CUCTEMbl MOHUTOPHUHIA TO3BOJIAET OTIEJIUTh HOHHYK) 4YacTh OT TOKa
HOMNOKKH gy CpeHsisl TNIOTHOCTh TOKA UOHOB [;,, OJTM3KA K JIMHEHHOW K IeHepalu
MOHOB, TPEJACTABICHHOIO MPOU3BENEHUEM I[gsy U R, HO 3HaUY€HUE, MU3MEPEHHOE B
CpeIHei i;,, MOKa3bIBAET 00JIee CIOKHYIO 3aBUCUMOCTb OT YCJIOBHIA pocTa. OTHOILIEHHE
Lion/iion SIBIISIETCA MEPOI TOTO, KAK MOHHBINA MYYOK (POKYCUPYETCS Ha LIEHTPE MOJII0KKH,
Wi CPOKyCHpOBaH B TOUYKe BHE IeHTpa. [lpu cTanmmoHapHOM MOHHOM MOHHUTOPE
noApOOHOCTH (DOKYCHPOBKHM HE MOTYT BBISICHEHBI, U YTOOBI TPOSCHUTH 3TOT MOMEHT
IS CIEAYIONMX 3a7ad MOHHBI MOHHTOP OBUT YCTAHOBJIEH MOJBIDKHOM JIMHEHHOM
MaHHUITYJIATOPE.

Jlunetino osudicywuticss UOHHBLL 30HO

[Toacucremsl MJID, KOTOpBIE UMEIOT 3HAUYEHHUE JJISI PACHpPENEICHUs HOHOB

nokazanel Ha pwuc.2.5. Ilractuna
7a W nuamerpoM 100 MM, pacmnosiokeHa Ha
[ \

f é‘l Hester ocu kamepbl. OHa MOAAEPKUBAETCS
-!L- Substrate |
|

I =t w  JepiKaTesieM MOIJIOKKH auametrpom 150

\
Vaalla N | > '
U@@:Hﬁﬁ —f Refecorring . MM H C/IEIaH TAkKe U3 KPEMHHUS.
\ £ lon probe T =8
\ Shutter  —

\
\
| /

o T g s / Puc.2.5. Cxema ycranoBkn MJID ¢
= / N30/ IMPOBAHHBIM MOIJI0KKOAePKATEM U
'1 NOABbIKHBIM HOHHBIM 30HA0M

Sboel — |

YyTh HUXE 3TOTO JepxKarens

pacrojio)KeH  KPEMHHEBOE  KOJIBLIO-

E:/Z(;)t;?:tgru " OoTpakaTelb, KOTOPBIN yIIy4laer

OJHOPOJHOCTh TEMIIEPATYpPHl  pajaua-

[IUOHHO HArpeTod MOJUIOKKU. DTH TPHU

YaCTH YCTAHOBKM H30JIMPOBAaHbl OT HArpeBaTesisi, OCU BpALICHUS, U TEIJIOBBIX

AKPAHOB, U K HUM MOTYT OBITh MPUJIOKEH MOTEHIMAN TMOMIOKKA MEexay 0 u -

1000B. Huxe (mpuOIM3UTENHHO 5 CM) OT IUIOCKOCTH TOJJIOKKH YCTAaHOBJICH Ha

bnaHIe TOABMKHBIA 30HMA JJII M3MEPEHHS HWOHHOTO TOTOKA M PACTOJOXKEH K

HAMNPABIICHUIO JIBUKEHHS NMEPIECHAUKYISPHO K MIOCKOCTH NMOMIOKKU. VcTOUHUKH

MOJIEKYJISIPHOTO ITy4Ka YCTAHOBJIEHBI B HIDKHEW 4YacTH KaMmepbl HA OTIEIbHBIX

¢nanneB. [loka3zaHHas >JeKTpOHHas MyIIKa JUIsi UCHApeHuss Si OKpyXKeHa

TEIUIO3AIIUTON, KOTOpas YCTAaHABJIMBACTCSd Ha IOTEHIMANE 3eMIU. Armeprypa

MO3BOJISIET U3BJICUEHNE HEUTPATbHBIX U MOHU3UPOBAHHBIX My4KkoB Si. [lonoxenue

Jiy4a OT OCH CMENIEHO TpUMeEpPHO Ha 70 mM.

Ha puc.2.6. uOHHBIA TOK NpEACTaBIE€H KakK (QYHKUIUS MOJIOKEHUS

JBHXKYIIETOCSI MOHHOTO 30H[1a BJIOJb NOMIOKKH. CepearHa MOMJI0KKH OTMEUEHA.
MO3HO cpa3y pacCMOTPETh TPU OTINYUTEIIBHBIE CBOWCTBA.
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2

lon current density, nA/cm

360
340
320
300
280
260
240
220
200
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\
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‘xo/ \
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—e— 400V
500V

—v— 600V

Puc.2.6. 3aBHCHMOCTD IVIOTHOCTH
HOHHOI'0 TOKA OT MOJIOKEHHS
B/10J1b JIBUKYIIETOCSI HOHHOTO
30H1a

(1) Hwuskuit (oxomo 20 HA/
cm?), HO JIOCTATOYHO
OJTHOPOJHBIN TIOTOK HMOHOB Si

n3MepsieTcs yxKe 0e3
MPWIOKEHHOTO  HaNpPsSHKEHUS

(V=0). (i1) CunpHbIil HEOTHO-
o POIHBIN IIOTOK IIOJIOKHUTEIIb-
4 HBIX MOHOB Si1 M3MEPSIOT TPH
20 40 60 80 100 120 140 160 180 OTpI/IHaTeJIbHOM HaHp}DKeHI/II/I
1 E-gun MOJJIOKKH B HECKOJIBKO COTEH

BOJIBT. ITorok IOYTH
MOJHOCTBIO COCPEJOTOUEH HAa OJHOM CTOPOHE MOJJIOKKHA OT IEHTPa, KOTOPbIU
CMEIIEH B CTOPOHY PACIOJIOKEHHUS OCH JJIEKTPOHHO-IY4eBOTO ucmaputesns. (iii)
®doKycHpoBKa MOTOKAa MOHOB CTAHOBUTCSA CUJIBHEE C YBEIWUYEHUEM HANPSIKEHUS,
KOTOpasi 00ECIeYMBAET MPEBBINICHUE MaKCUMaJbHOW IIJIOTHOCTH HMOHHOTO TOKa
Oonee yem B aBa paza (330 mA/cm? mpormB 150 HA/cM?) NIpHM NOBBINICHHU
BEITATHUBAaroero noyis ot - 400B no -600B.

Hcnonb3oBaHWe HOHOB, TEHEPUPOBAHHBIX TPU  DIEKTPOHHO-TYYEBOM
WCTIAPEHUU, MJis YNPaBICHUS TPOIECCAMU POCTa TETEPOCTPYKTYpP IO3BOJIAET
O0OXONUTBCSI B YCTAaHOBKaX  MOJICKYJIAPHO-JIYYEBBIX  YCTaHOBKax  0e3
JIOTIOJIHUTENIbHBIX HMCTOYHHKOB HMOHOB. KpoMe TOro, NmMpuMEHEHHUE HOHOB W3
AIEKTPOHHO-JIYUYEBBIX HCIAPUTENICH IS CO3JaHUsI MHOTOILICJIEBBIX 3alIUTHBIX
MOKPBITHA  CYIMIECTBEHHO  pacmupseT  (PYHKIMOHAIbHBIE  BO3MOXKHOCTU
ANEKTPOHHO-IYYEBBIX  MCHApPUTENEd M COOTBETCTBYIOIIMX  YCTaHOBOK.
[IpenyioxkeHHbIN CrOCO0 W CO3JaHHBIM MPUOOP — HWOHHBIA 30HJ HE HMEIOT
aHaJIOTOB B MHUPE U MOJHOCTHIO COBMECTUMBI C TEXHUKON MOJEKYJISPHO-ITYYEBOU
snuTakcud. [loTeHIMaIbHO ASTOT MPUOOP MOXKET MPUMEHSIThCA B KaXIAOW U3
BBICOKOBAaKYYMHBIX U YJIbTPaBBICOKOBAKYYMHBIX POCTOBBIX YCTaHOBOK, TJi€
HMMEIOTCS JIEKTPOHHO-TYy4YeBbI€ UCTIAPUTEIH.

OguuM U3 MpeuMyIIecTB Mpubopa SBISETCS MPOCTOTAa €r0 KOHCTPYKIIUU.
[Ipsimoit skoHOMHYEeCKH 3(PdeKT OT BHEApPEeHHs pa3paboTku oOpasyercs ot
SKOHOMMH CPEJICTB Ha MOKYNKY MOHHBIX MCTOUYHHMKOB U CJIOKHBIX AJICKTPOHHBIX
CUCTEM YIIPABJICHHS HOHHBIMM HMCTOYHHMKaMH. Kpome TOro, MUHUMHU3UPYIOTCS
AKCIUTyaTallMOHHBIE pacxojsl. [lpenmaraemplii MeTOq W NPUOOP MOXKET OBITH
WCIONB30BaH B  YCTAHOBKAX  MOJIEKYJISIPHO-IYYEBBIX  YCTAHOBKAax, TJi€
HEIIEJIECO00PA3HO UCTIOIB30BAHKE JIOTOJIHUTEILHBIX HCTOYHUKOB HOHOB.

B crnenyronux paszzgenax paccMOTpeHBI MpuUMephl HabmoaaeMbix 3¢ HeKToB
[IPU IPUMEHEHUU NOHHO-CTUMYJIMPOBAHHBIX METOJIOB.

120
100
80
60

o—g

\\
A,

.,._Hl—l—l\-—l#l:li\:ilf:‘:’l:g>g

Position, mm
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2.2. Jlenoma necuposanusi npu UOHHO-CIMUMYIUPOBAHHOM OCANCOCHUU, U
OoyeHKa pacnpeoenenuss HNIOMHOCMU UOHHO20 MOKA HA NOBEPXHOCMU
NOOJIOAHCKU

CyppMa SBIISIETCS JIETUPYIOLIEW IPUMECBIO K-THNA JJI1 3JIEMEHTOB [V
rpynnbl. E€ moBeaeHne mpu cerperanuu cuenaino €€ MOAEIbHBIM MaTEPUAJIOM IS
MMOBEPXHOCTHOM cerperanuu. J[is 1enei TaHHOM paOOThl JiBa CBOMCTBA CYpbMBI
nMeroT BakHoe 3HaueHue. (1) Ilpu Temmeparype moanoxku (okosno 600°C nmis
AOUTAKCUM S7), AJIMHA CEerperaly HacCTOJIbKO BEJMKAa, YTO MOYTH BCE aTOMBI Sh
CErperupyroT Ha MOBEPXHOCTh. (11) Si MOHHBIN TTOTOK BCTPAMBAET aTOMBI CYPbMBI
M3 MOBEPXHOCTH B 3MUTAKCHAIBHBINA CJIOM N-TUIA. TakOW METOJ JIETUPOBAHUSA B
HAay4YHOU JIUTEpaType HAa3bIBAIOT JIETUPOBAHHEM BTOpUYHBIMM HOHamu (DSI),
YTOOBI OTJIMYUTH €T0 OT MPSIMOTO BIPHICKA HOHOB JIETUPYIOIIEH TIPUMECH.

JI1s OTHOCUTENBHBIX U3MEPEHUM MOTOKA MOHOB ONMPEJIEIEHHOE KOJINYECTBO
cyOMOHOCTIOMHOrO MOKphITUS anatomos Sh (0,2 x monocmos (ML) = 1,356x10'
aTOMOB'CM™ BBIIIAPUBAETCA U3 UCTOYHMKA SUEHKU Sh MOJEKYJISIPHOIO IIydKa Ha
noBepxHocTh Harpetoit (600°C) momnoxku p-Si (10-20 Om-cm). 3atem ciou Si
ObLTM  BBIPAILIEHBl M3 YaCTUYHO HWOHU3UPOBAHHBIX IYy4YKOB ©O€3 BpalleHUs
ook, Ckopocth pocta Si coctaBmwiia 0.1 HM/cek. [1oCKOIbKY ClloM KpeMHUs
BBIpaIlleHbl 0€3 BpallleHus MOJIJI0KKU, Ha0JI0Aanach HEKOTopass HEPaBHOMEPHOCTD
JIETUPOBAHUSA Ha PA3JUYHBIX Yy4YacTKaxX TMOMJIOKKH B 3aBUCHUMOCTH OT WX
PACIIOJIOKEHUS 110 OTHOILICHHUIO K IMOJOKEHUIO AJIEKTPOHHOTO HCHApUTENs, KaK U
0>KH1AJIOCh.

[To pe3ynbTaram U3MEpPEHU yJIeIbHOTO COMPOTUBIEHUS YETHIPEX30HI0BbIM
METOJIOM OBUIM ONpEeNeNieHbl 3HAUYCHUS CpeIHe OOBEMHON KOHIICHTPAIUU
npuMecei 1 B COOTBETCTBYIOIIMX TOUYKAX HA MOBEPXHOCTH MOJIOKKH.

JnmuHa cerperanuu A onpenensercs cienyrouieit hopmynon

A=T2 (2.3)

7€, 1y — MOBEPXHOCTHAS! KOHIEHTpAIUs, # — O0bEMHasl KOHLIEHTPAIH.
M3MeHeHne KOHIEHTPALMK C TONIIMHOMN onpeenseTcs GopMyIoi:

F4
n(z) =n(0)e . (2.4)
[IpouHTErpUPOBAB 10 BCEU TOJIIMHE, HAUAEM

d
f n(z)dz = n.(0) — n,
0

50) 050
d

n(0)A (1 — e_E) = n.(0) — n,. (2.5)

OTtcrofa MOXKHO HaUTH JJIMHY cerperaiuu A, eciu u3BectHo 1(0).
[Tapametp n(0), umeMm, cBsizbiBasi ero ¢ uzMepsemoil BenuuuHou 7. Ilo
OTIpEeICTICHUIO
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SoN_ N
n=-=c (2.6)

S- momepeyHoe ceyeHue WM IUIouIaib, d- ToNImMHa oopasna, N — 4uciIo aTOMOB
puMecH B 00beMe.

d
N=J, dn, (2.7)
3necwk AN =n(z)Sdz, Torna
d d _z _d
N = Sfo n(z)dz = Sfo n(0)e idz = Sn(0)A(1 — e 3) (2.8)

IToncraBus (2.8) B (2.6), HaxoauM
1
7= —n(0)A(L - e )

NJIn
n(0)A (1 _ e_%) = 7d. (2.9)

IToncraBus (2.9) B (2.5), monyunm:
fid = ng(0) — n,
W

ng = ng(0) — nd (2.10)

Otcrona AjiHa Cerperaiuu:

A="9_ g 2.11)
n
Wcnons3ys 3nauenus 0 u npu d = 3x10°cm onpenenum cormacuo (2.11)
3HAYEHUE JJIMHBI CErPEralyy B COOTBETCTBYIOIIMUX TOUKAX.
[Ipu nenbra-IeTMPOBAaHUM C YYaCTUEM MOHOB U3BECTHO CIEAYIONIEE BBIPAKEHHUE,
KOTOPOE€ XapaKTepU3yeT 3aBUCUMOCTh KOHIIEHTPAIIMM BCTPOEHHBIX B PEIIETKY
aTOMOB MPUMECH OT INIOTHOCTH NMOTOKA HOHOB:

NR = F;pn OineNs (2.12)

rae n — o0beMHas KOHLIEHTpALUs JISTHPYIOIINX MpUMeceil, R — CKOpOCTb poCTa,
Fion — NOHHBIN NOTOK, Ginc — CEYEHUE BCTpauBaHUs Sh, Ms - TUIOTHOCTh aAaTOMOB

Sb.
N3 (2.12) MOXKHO OIIEHUTH IIOTHOCTh MTOTOKA HOHOB KaK:

Rn R

F. = =
ion
OincNg Oinc A

WJIA IUIOTHOCTh MOHHOTO TOKA Jipn=Fionq:
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Jion = —& (2.13)

Tinclh
rae g=1,6x10"kn — snemenTapubiii 3apan. Qs R=1x10%cm/cex; 7,.=0,5x10"cm?
(ny1s1 6005B) u n1s1 3HaueHuid A ¢ moMmopko (2.13) noaydyum 3HaAYEHUS MIIOTHOCTH
MOHHOTO TOKAa B COOTBETCTBYIOIINX TOUYKAX.
JIByMepHOE pacmpe/e/ieHne IUIOTHOCTH HOHHOTO TOKa Ha IMOBEPXHOCTH
MOJITIOKKHU TIPEJICTABICHO Ha puc.2.7.

0 - i
4,825E-08

40 - ; : | | 8,950E -08
| o 1,308E-07
30 i . ‘1.7205,07
300 60 \ 2133E-07
2,545E 07
20 - - 2,958E .07
3,370E-07
10
0270 § 90
Puc.2.7. 2D
10 - pacmpe/esienne
1 ILIOTHOCTH HOHHOI'O TOKA,
20 - & . (Alem?)
240 sy B2 &, 120
30 - 3 sl :
40 - Usub= -600V
E-Gun 180

Takum oOpa3oM, co3laHa KapTHHA pacupelelieHUusT HOHHOTO TOKa Ha
MOBEPXHOCTU TMOJUIOKKH. Kak ObUIO OTMEYEHO, MpSMbIE M3MEPEHUS! TUIOTHOCTU
MOHHOTO TOKAa OBUIM TPOBEIEHbl TOJBKO 1O OJHOW JHMHHUM M 3Ta JIMHUA
coOTBETCTBYIOT HanpasieHuo 90°—270°, Eciu cpaBHUTH JaHHEIE, TIONYyYEHHBIE C
MOMOILbIO MOHHOTO 30H]1a, U COOTBETCTBEHHbIEC JaHHBIE U3 PACUETOB, COBIA/ICHUE
3HAYEHHUI MOHHOTO TOKA JISKUT B npenaenax 20%.

2.3. @opmuposanue nanoocmposkos Ge Ha nogepxHocmu Si UOHHO-
CIUMYTUPOBAHHBIM MEMOOOM

HHuTepec 00yca0BiIEH YHUKAIbHBIMU (PU3NUECKMMU CBOMCTBAMHM KBaHTOBBIX
toue (KT), cBs3aHHBIMH C aTOMOMOJOOHBIM SHEPreTUYECKHUM CIIEKTPOM H
BO3MO>KHOCTBIO M3TOTOBJICHUSI HA UX OCHOBE ONTOAIEKTPOHHBIX MPHUOOPOB HOBOTO
nokoJsieHusi. C nmpuOOpHON TOYKU 3PEHHUS, ATOMOIOIOOHBIN AJIEKTPOHHBIN CHEKTP
HOCHUTEJIC B KBAaHTOBBIX TOYKAax B ClIy4yae, €CIIM PAaCCTOSHUE MEXKIY YPOBHSIMHU
3aMETHO OOJIbIIEe TEIUIOBOW HEPIHH, AT BO3MOXHOCTh YCTPAaHHUTh OCHOBHYIO
npo0sieMy COBPEMEHHOM MHUKPO- M ONTOJIEKTPOHUKH — «Pa3MbIBaHUE» HOCUTENEH
3aps/ia B SHEPreTUYECKOM OKHE TMopsaka kT, MpUBOAsIIEE K JIerpalallid CBOMCTB
npruOOPOB MPH MOBBIILIEHUH padoyell TeMIIEpaTyphl.

OO0iryueHre MOBEPXHOCTH MOTOKOM HU3KOIHEPreTUYECKUX MOHOB BO BpeMs
pocta  SBISETCS  MEPCHEKTUBHBIM  CIIOCOOOM  yHpaBi€HUS  IJIOTHOCTBIO
(opMupyIOIUXCSA OCTPOBKOB U PACIPENEICHUEM OCTPOBKOB II0 pa3Mepam.
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OpHako MEXaHU3MBbI BIMSHUS HOHOB Ha MPOLIECCHI 3apPOXKACHUS M POCTa OCTAIOTCS
BO MHOT'OM HESICHBIMH.

Hcnonb3oBaHne KUHETHYECKUX YpPABHEHUM CKOpPOCTEW TMO3BOJIIET Ha
aTOMHOM YpOBHE ONMCaTh 3apOKJIECHUE HAHOPA3MEPHBIX OCTPOBKOB Ha paHHEH
(cyOMOHOCIIONHOM) CTaAuu SMUTAKCHUAIBLHOIO POCTAa B YCIOBHSAX, JAJIEKUX OT
paBHOBecus. B pamkax paumccepTalMyd JaHHBIM MOAXOJ HPUMEHEH s
WCCJICIOBAHMS BIIMSHUS HU3KODHEPTreTUYECKHX HWOHOB, TPHUCYTCTBYIONINX B
MOTOKE  aJCOpOMPYIOMMXCS aTOMOB, Ha KOHIIEHTPALMIO  00pa3yroIuxcs
OCTPOBKOB.

[IpuHrManoch, 4TO CTOJKHOBEHHE HOHOB C TOBEPXHOCTHIO MPUBOAMUT K
oOpa3oBaHHIO J1€(EKTOB — TOBEPXHOCTHBIX BaKaHCHM WM BaKaHCHMOHHBIX
KJIACTepOB  —  SIBISIOLIMXCA  MECTaMH  NPEANOYTUTEIbHOW  HYKJICALHH.
PaccmaTpuBaiuch 1Ba MexaHM3Ma OOJETYeHHOrOo 0Opa3oBaHUs 3apojblilla Ha
nedexre:

a) 3apoJbIII C BEPOSATHOCTHIO, OJM3KOM K eIMHHIIEe, 00pa3yeTcsl U3 aTOMOB
MOBEPXHOCTH BHIOWBAEMBIX HOHOM;

0) arombl, BEIOMBaEMble MOHOM, HE UTPAOT 0COOOM posiH B 0Opa3oBaHUU
3apoJiblllia, HO CKOPOCTh OOpa3oBaHMs 3apojbllia Ha JedeKTe BBIIIE, YeM Ha
0e31epeKTHOM yyacTKe MOBEPXHOCTH (32 CUET MEHBILIETO pa3Mepa WIIW/U OOJIbIeh
SHEPTUH TUCCOIMALNN KPUTHUECKOTO 3apPOIBIIIA).

[IpoBoaMJIOCH YHCIEHHOE HWHTETpUpPOBaHHE OOOOLIEHHBIX KHHETUYECKHX
YpaBHEHUH MPU TUIMUYHBIX AJ1s cucteMbl Ge/Si 3HaueHUsaX TemnepaTtypsl pocra T,
BEJIMYMUHBI TOTOKAa aJCOPOMPYIOMIUXCS AaToMOB F W DJHEPrMM aKTHUBALUU
NoBEpXHOCTHON nudPy3un. Pe3ynabTarsl WHTETPUPOBAHUS MOKA3alHM, uUTO,
HE3aBHCHMO OT MEXaHH3Ma 0Opa30BaHUs 3apOJbILICH, KOHIIEHTPAIUs OCTPOBKOB
YBEJIMYUBAETCS C YBEJIMYEHHUEM JIOJIW MOHOB B aJCOPOIIMOHHOM NOTOKE A H
yMEHbIIaeTcsl ¢ yMeHblleHueM 1 wnu ¢ yBenuuenuem F. Ilpu gocrarouyno
HU3KUX 7 win OodblmMX F KOHUEHTpPALMs OCTPOBKOB COOTBETCTBYET POCTY B
OTCYTCTBUE€ HOHOB.  JTO CBS3aHO C TE€M, YTO B YKa3aHHBIX YCIIOBUSX
a7CcOpOMpPOBABIIMICS aTOM HE YCIeBaeT JOCTUTHYTh JedeKkra 3a cueT
MMOBEPXHOCTHON MUTpAIlMU IO BCTPEUH C IPYTUM aJIcOPOMPOBABIIMMCS ATOMOM.

[TomyueHsl BbIpaKeHHsI, CBS3BIBAIONINE XapaKTEPHOE 3HAUYCHUE JOJTM MOHOB,
IpU KOTOPOM CTAaHOBUTCS 3aMETHOW POJIb MOHHOW COCTaBIISIONIEH B 00pa3oBaHUU
OCTPOBKOB, C MapaMeTpaMu KpucTamiuzauuu. B ciydae oOpasoBaHMs 3apojiblia
110 MEXaHu3My (a)

A~(F/D)3o7! (2.14)

rie D - kodpduuueHt moBepxHocTHON muddy3zuu, 6 =Ft - CTeNneHb
TIOKPBITHSI TTOBEPXHOCTH 3a BpeMs ¢. [Ipu oOpa3oBaHWU 3apobIlIa IO MEXaHU3MY

()
A~ (F | D)D) g Q=D exp{[(j + 2)E; — (i +2)E; 1/(i + 2)kgT} (2.15)
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rme i W j - pa3Mep KPUTUYECKOTO 3apojbliia Ha Oe3maedexTHOM
NOBEPXHOCTH U Ha JIeEKTe, COOTBETCTBEHHO; E; M E; - SHEPrHH AMCCOLMALMM

3apoAbIIEH HA OTJAEIbHBIE aJaTOMBI.

N3BecTHO, 4YTO MakcHMajbHas IJIOTHOCTh OCTPOBKOB (Ge€ MpH JIMHEWMHBIX
pasmepoB okono 10 HM gomkHa ObITh mopsaka 102 cm? (mpu Gonplimx
TUIOTHOCTSIX OCTPOBKM CMBIKAIOTCSl B CIUIOLIHOM ciioi). [lanbHelee yBennueHue
IUIOTHOCTH HAaHOOCTPOBKOB BO3MOYKHO TOJIbKO TMPH YMEHBIIEHUH WX JMHEHHBIX
pasmepoB. OddekThl, HabMOAaEMble MPU HOHHOM OOJIYYECHHMH, TaKhe Kak
TpaHchopmalus QyHKIUKM paclpeesIeHHs 3apOoIbIIIeH o pa3MepaM U U3MEHEHHE
KOHLIGHTpAllMd OCTPOBKOB Ha IOBEPXHOCTHU, OOHAJEKHUBAIOT B TOM, 4YTO C
MOMOIIbI0 MOHHOTO BO3JEHCTBUA MOXXHO MOJIYyYUTh 00Jiee TUIOTHBIE MAaCCHUBBI
KBAHTOBBIX OCTPOBKOB 3a CUET YMEHBIIEHHUS pa3Mepa KPUTHUUECKOTO 3apOblllia.
OO6seryeHHOE 3apOoABIIICO0pa30BaHME Ha 3apPSHKEHHBIX JCPEKTHBIX IIEHTPax
(reHepupOBaHHBIX HOHHBIM OOJYYCHHUEM) SBISIETCS PE3YyIbTAaTOM TMOHMKEHUS
AKTUBAIITMOHHOTO Oaphepa 3apoJbIIIe00pa3oBaHUs TMPU  AIEKTPOCTATUYECKOM
B3aMMOJICHCTBUU 3apsja C aroMaMH 3apojbiimia. Mbl paccMOTpENd TaKke
MEXaHU3M, ONUCHIBAIOIIUI MOHUKEHUE aAKTUBALIMOHHOTO Oapbepa
3apoAbIIe00pa3oBaHMs MPU 3axXBaTe JJIEKTPOHA MeTacTaOMIbHOW GIyKTyanuen
agatoMoB. [IpuBeieHHbIE OIIEHKH YKA3bIBAIOT HA CYHIECTBEHHYIO POJIb CBOOOHBIX
HOCHUTENEH 3apsiaa, TeHEpUPOBAaHHBIX MOHHBIM OOJy4YEHHEM B IMPOLIECCE POCTa U3
YaCTUYHO-MOHU30BAHHBIX IOTOKOB, TaK pa3Mepbl KPUTHYECKOTO 3apo/Iblllia
COCTaBIIIOT Y2 OT KPUTHYECKOTO pa3Mepa HEUTPAIbHOro 3aponblma. Takxke
AHATUTUYECKUMU W  YHUCJICHHBIMA METOJaMHU TOJIYYEHbl 3aKOHOMEPHOCTH
3apoAbIIe00pa30BaHUsT TPU HU3KOIHEPreTUYECKOM HOHHOM BO3ICHCTBUM Ha
IpoLecc KOHJAEHcaluu MoJiekynspHoro mnortoka Ge Ha Si. B pesynbrare sToii
paboThl MOATBEPKIAEHO, YTO IMOJ BO3JEHCTBHEM HMOHHOIO OOIY4YEHMs IJIOTHOCTH
OCTPOBKOB YBEJIMUYMBAETCS M CTAHOBUTCS OoJjiee OJHOPOJIHOM, T.e. (QyHKIUS
pacupesesieHue OCTPOBKOB I10 pa3MepaM Cy»KaeTcsl.

OKCIEepUMEHTAIBHO UCCIIEIOBAHBI MPOLIECCHI dbopmupoBaHus
HaHopa3MepHbIX (Ge OCTpOBKOB B rerepocucremax Ge/Si, mosryuaeMbIX METOIOM
MOJIEKYJISIPHO-TTy4eBO# snuTakcuu. [l 60jee MMpoKOro BapbUpPOBAHUS CBOWCTB
MaccHuBa HAHOOCTPOBKOB (G€ Ha MOBEPXHOCTU KPEMHHS MCHOJb30BAJICA YACTUYHO
MOHU3UPOBAHHBIN NOTOK repManusa. Co3gaHue NOJOKUTENIBHO 3apsyKEHHBIX HOHOB
repMaHusl peaJn30BaHO B Mpolecce GOpMUPOBaHUS MOTOKA MaTepuana MpH €ro
WCTIAPEHUH U3 3JIEKTPOHHO-Iy4YeBoro ucnaputens (3JIN). bomGapaupoBka HOHOB
MOBEPXHOCTU PACTyIIEH TUICHKH MOIUGPUIUPYET TMPUIOBEPXHOCTHBIM CIIOU
KpUCTaJlJla MyTEeM BBEACHHUS JA€(PEKTOB, CO3IaHMs 3apSDKEHHBIX KOMIUIEKCOB,
POHUKHOBEHUEM MOTEHIIMAIIBHO YCKOPEHHBIX YaCTHUIl BIITyOb KpUCTaLIA.

Crpyktypa u Mopdosorus ocTpoBkoB (Ge UCCIeNOBaIUCh METOAOM
ckanupymomieii TyHHenbHOM Mukpockonuu (CTM). Jlanueie CTM mo3Bosimiu
OPOCIAEAUTh DBOJIOLUMIO pa3MEepOB M IUIOTHOCTH OCTPOBKOB TIepMaHUs B
3aBUCHUMOCTH OT DHEPrMM HMOHHOM CoCTaBjstomiel moroka (puc.2.8 u 2.9).
[IpoBeaena oreHKa JUMHUTUPYIOUUX (HAaKTOPOB, BIUAIONIMX HAa IUIOTHOCTh U
pa3Mepbl OCTPOBKOB U UX MECT MPEUMYILECTBEHHOTO 3aPOKICHHUS.
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Puc.2.8. CTM n3obpa:xkenust
HAHOOCTPOBKOB NPH
OomMO0apaupoBKe HOHAMH
pasaun4anoii 3nepruu (0, 600,
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Puc.2.9.3aBucuMocThb JJMHEIHOTO pa3Mepa (a) ¥ IIOTHOCTH (0) HAHOOCTPOBKOB OT
JHEPruM HOHOB

N3ydena posib 37€MEHTapHOTO 3apsiia B MPOIECCE 3apOAbIIIe00pa30BaHHUA.
OneHeH BKJIaX BJIIEMEHTAapHOTO 3apsijia, JOKAJM30BAaHHOTO B 3apoAbIIIE Ha
yMeHbIlIeHHe CBOOOAHOM »Hepruu 3apojsima. Merogom Mounte Kapio uzyueHo
nedexkToobpazoBaHue mpu 6OMOAPIUPOBKE TEPMAHUEBHIMH MOHAMHU MTOBEPXHOCTH
KpEMHUSI M pachpefiesieHue TOYEUYHBIX Ae()EeKTOB Mo IIyOMHE CloeB. AHAIu3
MaccuBa OCTPOBKOB T€pPMaHHs, MOJYy4YaeMbIX U3 YaCTUYHO HOHU3UPOBAHHBIX
MOTOKOB, mokazan (puc.2.8 u 2.9), uro uoHBI 3PHEKTUBHO BIUSIOT MPOIIECCHI

dbopMHpOBaHUS OCTPOBKOB UM Ha IUIOTHOCTb, pa3Mepbl, (QOpMBI M HX
pacnpeneneHusl.

2.4.  HonHno-cmumynupoeanHas penakcayusi HAanpsdjceHuss 8 2emepo-
CMpYKmMypax

Eme oaHuM BaXHBIM MPUMEHEHHUEM HOHHO-CTUMYJIMPOBAHHBIX METOJOB
ABJISIETCS YIIPABJICHUE peJlaKcallieil Hanps>KeHUs B CBEPXTOHKUX CIIOSX.
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N3-3a OONBIIOTO HECOOTBETCTBUS MAapaMETPOB pELIETOK KPEMHUS U
repmanus (4,12%), repmanuii 1 KpeMHUH - TepMaHUEBBIE CIUJIABbI, MOJIyYaeMble B
npolecce NceBIOMOP(GHOT0 MUTAKCUATBHOTO POCTa HA KPEMHHMEBBIX MOJIOKKAX,
OKa3bIBAIOTCS YIIPYTO HANPSKEHHBIMU U TIPU TAJIbHEUIIIEM POCTE WUJIM OTKUTE MPU
NOBBIIIEHHBIX TEMIIEpATypax PENAKCUPYIOT. M3BECTHO, YTO penakcanus yrnpyrux
HaIPsHKEHUM B SMUTAKCUAIBHBIX KPEMHHI-TE€PMAHUEBBIX CHOSIX MPOUCXOIUT MPHU
NPEBBIILICHUA KPUTUUECKOMN TOJIIMHBI SMUTAKCHAIBHOTO CJIOS MyTEM BBEJICHUS Ha
Mex(a3HOl rpaHUlle AMCIOKAIMil HecooTBeTcTBUA. [lpu 3TOM mpoHU3BIBarOIME
CErMEHTBhI BBOAMMBIX JHUCJIOKALMN MPOXOASAT YE€pPE3 PACTYIIMH SMUTAKCUAIbHBIN
cinon. Hamnune aucinokamui B 3MUTAKCHAIBHOM CJIO€ CYLIECTBEHHO YXYAIIACT
XapaKTepUCTUKU CJIOSl, OTPAHMYMBAs HCMOJb30BAHUE TAKUX CTPYKTYp A
CO3/1aHUA JIEKTPOHHBIX WJIM ONTHYECKUX MpuOopoB. Emé nu3BectHo, uyTo 3hPexTs
HaIPSDKEHUSI B FETEPOCTPYKTYpPax MOTYT TAKKE YJIydllaTb pabOTy 3JIEKTPOHHBIX
YCTPOMCTB TJIaBHBIM 00pa3oM 3a cueT JAepopMaluM 3alpeiieHHON 30HbI.
VYrpaBiaeHueM NOABMKHOCTA HOCHUTENEH B KaHajax M JPYruX OCOOEHHOCTEW Ha
0aze rerepocTpykTyp SiGe MOTJIH OBITh MOTYYEHBI BICOKO3((EKTUBHBIC MOJICBBIC
TpaH3UCTOPHI. Tak Ha3bIBa€Mble BUPTyabHbIC MOIIOKKHU, coaepxkanie cion SiGe
Ha TOAJIOKKaX KPEMHHMs, TIO3BOJISIOT OOECHEeYMTh HAJIEKHBIM  Crocod
MPUCIIOCOOJIEHHE TEeTEPOCTPYKTYpP, KOTOpPbIE HE MOAXOAAT JUIsl ATOW LEeNH H3-3a
HaIpsOKEHUs!, BBI3BAHHOTO HECOUETAaHUEM KpHUCTaIMYecKol pemetku. [Ipodiema,
KOTOpasi JOJDKHA Oblla perieHa: oOecredeHHe IJOCTHUKEHHS TMOJIHOTO WM J0
3aJJaHHOTO 3HAYEHHs CHATHUS HANpPSKEHHs] B CBEPXTOHKHX ciosix SiGe 3a cuer
YOpaBJISIEMON €ro penakcanuu. B paMmkax ucciieqoBaHuil ObUT IPEIJIOKEH METO,
KOTOPBI HMCTOJNB3Yysl MOHHYIO O0MOApaupoBKYy BO Bpemsi pocTa cioeB SiGe Ha
KPEMHHH, ITO3BOJISIET YNPABIATh pejakcaluend HanpspkeHus. s 3Toro npoBesieH
LIUKJI 3KCIEPUMEHTOB II0 U3YYEHUI0O MEXaHM3MOB M IPOLECCOB pPOCTa
AMUTAKCUATIBHBIX CJIOEB MOJI OOMOapAMpPOBKOM MOHaAMU BO Bpemsi pocta. CTeneHb
HaIpPSHKEHHOCTH CJI0EB onpeaessiack (puc.2.10) nmo cnexkrpam KOMOMHAIITMOHHOTO
paccesiHus Ha crieKTpomeTrpe Pamana.

L] L] ] ¥ ] v ] L} ] L4 ] L4 ] 1 !0
154 "
R, % L 0.8 Puc.2.10. Crenenn
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2.5.Tennosonemauueckue c60UCMBEa KPEMHUEBHIX NIEHOUHBIX P-N CHPYKMYP,
NONYYEHHBIX UOHHO-CIMUMYTUPOBAHHBIM GAKYYMHBIM 0CANCOEHUEM

M OHHO-CTUMYIMPOBAHHBIE METOJbl NPUMEHSUIUCh TAKXKE IJIs CO3JaHus
KPEMHHUEBBIX CTPYKTYpP, MO3BOJSIOMIUX MpeoOpa3oBaTh TEIUIOBYIO JHEPTUI0 B
anekTpuueckyr. [Ipsmoe mpeoOpa3oBaHre TETUIOBOM COCTABISAIONICH M3IIyYCHUS
ConHua M TeIla HAarpeTbiX TeJl, HauYMHAas OT IEOTEPMAalbHBIX HCTOYHUKOB 10
OTXOJSIIMX Ta30B TEILIOBBIX 3JEKTPOCTAHINM U METAJUTYPITUUYECKUX MPOU3BOICTB,
IIPEACTABIACTCS AKTYyaJIbHOM MHXXEHEpHOM 3azadyed. Hamu BblABHHYTA H
00OCHOBaHa HJIesl TEIJIOBOJIBTAMUECKOTO MPEeoOpa3oBaHMs, TO €CTh CO3JaHUs
npeoOpa3oBarenei TEIIOBOM SHEpPruu (I1T2) c MIPUMEHEHUEM
HEMOHOKPHUCTAUTHYECKOTO KpeMHUsA. OIHMM W3 BaKHEUIUX YCIOBUM DPAOOTHI
[ITD sBnsieTcs HEOOXOAUMOCTh BBEACHHS B TaKOW KPEMHUU MPUMECEH, TArOIINX
r1yOOKHE DHEPreTHYECKUE YPOBHH B KOHLEHTpanuu >101cm.

[IpoBoamnace 3KCIEpUMEHTAIbHAs MNPOBEPKAa BO3MOYKHOCTU MPOSBICHUS
TEIJIOBOJIbTAUYECKOro 3¢ ¢deKkTa Ha IJIEHOUYHBIX KPEMHHEBBIX p-n-CTPYKTYypax,
MTOJIYYEHHBIX B YCIOBUSAX, MUHUMHU3HPYIOIINX BIUSHUSA JETUPYIOMINX IPUMECEN.

Crpykryper g IITD  wu3roraBamBamM Ha  YCTaHOBKE  HMOHHO-
CTUMYJIMPOBAHHOIO BaKyyMHOro ocaxzacHus. [LIEHKM ocakIanu Ha MOMJIOKKAX
ucrapeHueM paboyero MaTepuasa Mpu ero pa3orpeBe MeKTPOHHBIM MMy4YKoM. Tak,
MIEHOUHBIE Si CTPYKTYpbl C p-n NEPEXoJoM (POPMUPOBAIUCH HCIAPEHUEM
MOHOKpuctaimnueckoro kpemuus Mapok K/[b-0,4 nnu KO®-20 cooTBETCTBEHHO
Ha mnoBepxHOCTh mnomioxkek KOD-20(111) u KJb-40 (100). Temneparypy
nojuioxkek BappupoBanu B npeaenax oT 950K go 1100K. Beut peanuzoBan pexum
OCQXKJIEHUS C BBICOKMMH CKOpPOCTSIMU ~1 MKM/MuH. Bpems ocaxaeHus IMIEHOK
COCTaBIISJIO B PA3JIMYHBIX PEKUMaxX BCEro oT 1 10 5 MuH.

HccnenoBanus NposiBICHUHN TEIIOBOJIbTAMYECKOTO d(PeKTa B MOTyUESHHBIX
oOpa3uax ObUIM MPOBEJEHBI B YCIOBUSAX PABHOMEPHOIO HArpeBa M MOCIEIYIOUIEr0
IJIABHOTO OXJIAXKACHUS BCEM CHUCTEMBI B TemmeparypHoM auarna3zone oT 300K mo
900K B oTCyTCTBHE TIpaiMeHTa TemuepaTypbl. XapaKTEepHBIE TeMIIEpaTypHbIC

3aBUCUMOCTH BO3HHUKAIOIIETO TEMHOBOTO HAMPSHKEHUS W TOKAa MPEICTaBICHBI Ha
Puc.2.11.

- U uB I, MKA/CM® TK
0,0 NS SMMIys . .
o ey, b0 200 500 e 700 800
¥ * Puc.2.11T
)] s 0,21 . nc.2.11 TemnepaTypHbie
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0 k00 400 g0 60D 700 800 e 4 HANPSZKEHHs X010CTOro Xona (a)
6 .
2 A ' \ H IVIOTHOCTH TOKA KOPOTKOI0
.
-4 Py 0.81 N 3aMbIKAHHSA (0) IpH
A
] A 1,01 ® PABHOMEPHOM HarpeBe
A
8] Missada aa 2] * CTPYKTYphBI
a)
1,41 )

Ha ocHoBe IMMOJIYYCHHBIX 3KCIICPUMCHTAJIBHBIX JAHHBIX MOKHO YTBCPK/IAATh,
4TO IUIEHKM Kak p-Talia, TaK W n-TUIIA, OCEDKI[éHHLIe Ha IOHJOXKH C
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IIPOTHUBOIIOJIOKHBIM THUIIOM MPOBOAMUMOCTH, HMEIOT CIEAYIOLUIME XapaKTepHbIC
OCOOEHHOCTH.

1. [Ipu paBHOMEpPHOM HarpeBe B OTCYTCTBHE TpaJleHTa TeMIIEpaTypbl Ha
ATUX MJIEHOYHBIX CTPYKTYpax BO3HUKAET TEMHOBOE HAIPSKEHUE XOJIOCTOTO XO0Ja,
BesIMYMHA KoToporo npu temneparype ~800K cocrasusier ~5-10 MB.

2. DddextrBHas reHepanus Hocutened HabOmomaercs npu T>500K u
COMPOBOXKIaeTCs ¢ yBenuueHueM temmnepatyp a0 900K poctom TeMHOBOTrO TOKa,
IUIOTHOCTh KOTOPOTO JOCTUTaeT y pasjiuyHbIX oOpa3noB 3HaueHud ~1,2-
2,5 MxA/cM?.

3. I3MeHEeHUs! TEMHOBBIX HAIPSKEHUS U TOKA KOPOTKOIO 3aMbIKaHUS IPH
poCTe TEeMIIEpaTypbl M OXJAXKIECHUU MPOUCXOAST IUIABHO M MO OJHOW KPHBOM C
PacX0XKICHUEM PE3YIHTATOB HE BbIIIE 5%.

[Tomy4yeHHbIE pe3yabTaThl SABIISIOTCS AKCIIEPUMEHTAIILHBIM
NOJATBEPKICHUEM POJU TIYOOKMX JHEPreTHUECKUX YPOBHEH B BO3HUKHOBEHUU
TEIJIOBOJbTANYECKOro 3(d@deKxra, a UMEHHO, BO3MOXXHOCTU €ro MpOSIBICHUS B
CTPYKTypaxX, C(HOPMHUPOBAHHBIX B BaKyyMHBIX YCJOBHUSIX C 3aBEIOMbBIM
UCKJIFOUEHHUEM JIOOBIX HCTOYHUKOB TIIYOOKMX IMpUMECEH, HO Mpu 0OecreyeHuun
BO3HUKHOBEHUS YIOMSHYTBIX TNIyOOKHX YPOBHEH B KOHIIEHTPALMSIX, TOCTATOYHBIX
TU1sl IposiBieHus 3 dekTa.

Heobxoaumo oTMeTuTh, BhICOKHMHM KO3(ppuuueHt 3eedeka y IITD moxer
ObITH OOYCIOBJIEH HE TOJNLKO BBICOKOM (>10'® cm™) koHueHTpammeil riyGoxkux
YPOBHEUW, HO M HaJIMYMEM MHKPOINPOCIOEK OKHCIIA, CKBO3b KOTOPBIE HOCHUTENN
3apAna TYHHEIUpyroT. [lo3ToMy myTh TOBBILIEHHS 3TOrO0 W JAPYTHX
TepMoaiekTpuueckux mapameTpoB [ITD Ha mMmI€HOYHON OCHOBE Takxke, IIO-
BUJUMOMY, MOKET OBITh CBSI3aH C HAMEPEHHBIM CO3JaHHMEM MOJOOHBIX oOjacTei
CHEUUaJIbHBIM JIETUPOBAHUEM B IPOLIECCE pOCTa IUIEHOK M, KakK II0Ka3aHO B
HacTosime paboTe, HOHHO-CTUMYJIMPOBAHHBIE METOAbl HauboJiee MOAXOAAT AJis
€ro OCYLIECTBIICHUS.

2.6.HonHo-cmumyauposanHoe  31eKmpOHHO-Iyuesoe  usuyeckoe 0catic-
OeHue napa

DNeKTpoHHO-NTydyeBoe  (pusnueckoe  ocaxnaenue mnapa (EB-PVD)
npeacTaBisgeT coboit 3 (PEKTUBHBIN MPOIECC I CO3JaHUsl TIOTHBIX MOKPBITHM,
BBICOKOH TETUIOBOK 3(()EKTUBHOCTHIO W OTHOCHTEIBHO BBICOKOW CKOPOCTBIO
ocaxJeHus. JlomomHUTENbHBIE MPEUMYINECTBA B ATOM IMPOIECCE MOTYT OBITh
MOJIy4YeHbl C OJHOBPEMEHHBIM HCIOJIb30BAHUEM HOHHO-CTUMYJIHPOBAHHOTO
ocaxknenus. Mlonnas 6oMOapIMpoBKa MOJUIOKKHA 00ECIIEYMBALCT JIYUIIHI KOHTPOIb
HaJ TPOIECCOM OCAXKJIEHUS, B pe3yJbTaTe JOCTUTAIOTCS HeoO0XoauMmas
Mopdosorust U yaydiieHHas aare3usi. KoHTponupys mIoTHOCTA TOKa W SHEPTUU
MOHOB, MOKHO TIOJIYYUTh TIOPUCTHIE, CTOJIOYAThle, TEKCTYPUPOBAHHBIC U
AMUTAKCHAIILHBIE CIIOH.

N3 o0mmx cooOpakeHWi MOXHO YTBEpXAaTh, YTO ITyTEM IOBBIIICHUS
AIIEKTPOHHOTO TOKA MCIAPUTENS U YCKOPSIOMIETO MOTEHITMATa MOKHO YBEITHYUTD
KOJIMYECTBO MOHM30BAHHBIX YACTHII, OCENAIONIMX Ha MOJIOKKe. Takum oOpazom,
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MOTOK TEHEPUPYEMBbIX HOHOB U 3(P(EKTUBHOCTh HX TPAHCIOPTUPOBKH K
MIOBEPXHOCTH TIOJIOKKH COOTBETCTBEHHO YBEITNIMBACTCS.

O6cyxnas npyrux (u3ndeckux (PaKTopoB ATOro MpoIecca, JHOHKHBI ObITh
YIOMSIHYTHI CJI€IYFOIIIHE:

[Iporecc pe-ucmapeHre aTroMOB 3a CYET HOHOB, OOMOApAMPYIOMINUX
MOJJIOKKY: M3 JHUTEepaTypsl m3BecTHo, uto mpu U, = 1 x3B xodddumnment
pacmblICHHs COCTaBIsieT ~ 1. B Hammx ompITax cTerneHb HOHU3AIUN COCTABIISET ~
0,15%. IlosTomMy 3TO pacmbpuieHue HE ObUTO MPHUHATO BO BHHMAaHHUE, IOTOMY YTO

OHO COCTABIISIET TOJNBKO ~ 10-3 wacTh motoka. OLEHKA BIMSHHS SJIEKTPOHOB Ha
MOHHOTO TOKa: (a) B Clly4ae OTPAKEHHBIX 3JIEKTPOHOB OT 3JEKTPOHHO-TYYEBOTO
UCTIApUTENsT - CIEelUalbHas KOHCTPYKIHUS JETEKTOpa T[O3BOJIAET OTACIUTH
AJIIEKTPOHHYIO U MOHHYIO COCTAaBIIAIONIME B IMOJIE MIOCKOTO KOHJIEHCATOpa, U OHU
PETUCTPUPYIOTCS OTAEIBHO HAa Pa3HBIX 3JeKTpojaax; (0) B cilydae BTOPHYHBIX
IIPOLIECCOB, BKJIIOYAsl HOHHO-3JIEKTPOHHOM 3MHMCCHUM -  3JIEKTPOJ HOHHOIO
JIETEKTOpa M3roTOBJIeH U3 uncTtoro Ta. [lpu sToM mpubopHas mOTpentHOCTU AJis
M3MEPEHHsI HOHHOTO TOKa cocTaBmia He 6onee 10%.

Bo MHorumx cnydasx Uit HOHHO-CTUMYJMPOBAHHOTO  OCAXICHUS
UCIIOJIB3YIOTCSL YCKOPEHHBIE HMOHBI HHEPTHOro rasa. Tem He MeHee, IOCIie
HEWTpanu3aluu 1Mo/ MOBEPXHOCTHIO, MOHBI ra3a MOTYT BbI3BATh IYy3bIPU, KOTOPHIE
MOTYT pa30pBaTh U MOBPEIUTH CTPYKTYPY IUIEHKHU. VCIOIb30BaHNUE YCKOPEHHBIX
COOCTBEHHBIX MOHOB, OOpa3yIOLIUMXCS B pe3yJbTaTe€ HOHM3ALUU HUCHAPSIEMBIX
aTOMOB, MpeojoJieBaeT 3Ty npoodsiemy. B mporecce EB-PVD, ucnons3yemsiii B
Hameil paboTe, MOHbI T€HEPUPYIOTCS MPHU CTOJKHOBEHHH 3JIEKTPOHOB, KOTOPHIE
MPUCYTCTBYIOT B OOJAcCTH HMCHApUTENsE BMECTE C HCIApAEMbIMU aToMaMu. JTa
MOHU3ALUS MPOUCXOJUT B 00sacTh BOJM3M TOBEPXHOCTH HCMAPSEMOIO
Marepuana, TaKk Kak B 3TOW 00JIACTH CYIIECTBYIOT BBICOKAasi KOHLIEHTpaUus
MCIIAPUBIIUXCS AaTOMOB M BBICOKAsl TNIOTHOCTH AJIEKTPOHOB. B 00nacTu nonuzanuu
MMEIOTCS TPU TPYIIbl AJIEKTPOHOB, BKIIAJbl KOTOPBIX NPUMEPHO HAa MOPAIIOK
BEJIMYMHBI PA3MYalOTC APYr OT Jpyra: OBJEKTPOHBI 3JIEKTPOHHOW IYIIKH,
KOTOopble obOsagatoT »Heprue 10 k3B; o0paTHO paccesHHBIE 3JIEKTPOHBI C
sHeprueit 100 3B - 10 k3B; Bropuunbie 31eKTpoHEI ¢ 3Heprueit 10 - 100 3B.

BakyymHas ycraHOBKa, OCHallleHHasi TypOOMOJIEKYJISIPHBIM HacocoM u 6
KBT 3J1€KTpOHHO-JIyYEBBIM UCIAPUTENIEM C OTKJIOHEHUEM BJIEKTPOHHOIO MyYKa Ha
270° MOCTOSSHHBIM MAarHMTOM H C YCKOpstomMM HamnpsbkenueM 10 kB
MCIIOJIb30BaJach JJI OCAXKACHHUS METAIMYECKUX IUICHOK M Il U3MEpEHHUs
MJIOTHOCTU MOHHOTO M 3JIEKTPOHHOI'O TOKAa C MOMOIIBI0O MOHHOTO JeTeKkTopa. B
KauecTBe Marepuana MOMJI0XKKUA ObUIM HCIOJIb30BAaHbl HUKEJEBbIE CIUIABBI,
KOTOPBIC SIBJISIIOTCS BOXKHBIM KOHCTPYKIITMOHHBIM MaTepHajoM Uil TYpOUMHHBIX
nonatok, Tpyo u T.a4. Tommuua miueHku Cr ObM OoT 6,5 MKM 110 9,5 MKM.
CrenaibHO CKOHCTPYUPOBAHHBIN JIETEKTOP MOHOB OB YCTAHOBJICH B BaKyYMHOM
KaMmepe B IMOJOXKEHHH, B KOTOPOM OOBIYHO YCTaHaBJIMBAIOTCS MOJJIOXKKUA. Pabota
ANEKTPOCTATUYECKOIO JIETEKTOPA OCHOBAH HA Pa3/ICJICHUN MOJOKUTEIBbHBIX HOHOB
M DJEKTPOHOB B TIOJIE MAPAUIEIBHBIX IUIACTUH IUIOCKOTO KOHJEHCATOpA.
KoncTpykius qerektopa U U3MEpUTEIBbHOIO TPAKTa MO3BOJISIET JOCTABIIATH K HEMY
MOHBI MPU HANPSHKEHUM cmenieHus 10 1.2 kB oIHOBpeMEHHO C NMPUMEHEHUEM
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COOTBETCTBYIOIIETO MOTEHIMANa K NOAJ10kKKe. CTPYKTYPHBIE 3JIEMEHTHI JE€TEKTOpa
U MOTEHIMAJIOB Ha €ro IJIACTUHAX PAaCCUUTHIBAIOTCA MCXOMAS U3 MPEIIOIOKEHUS,
YTO TMOJHBIM MOTOK MOHOB U 3JIEKTPOHOB, MPECEKAIOIIUNA JIUHUIO €r0 BXOJHOIO
OKHAa pa3feNsieTcs M perucTpupyercs. Pasmepsl nmerexrtopa: 35x35x40MM°,
IJIONIAb BXOJHOTO OKHa 1cm?,

Pe3ynbTaThl U3MepeHHe MIOTHOCTH MOHHOTO TOKa J; B 3aBUCUMOCTH OT
TOKa AMHUCCHUU BJICKTPOHHOM MYILIKUA UCHapuTens /. U MOTeHIHala CMEIeHUs
Ha MOOJJIOKKE MOKazaHbl Ha puc.2.12. 3HadueHHEe TUIOTHOCTM HMOHHOTO TOKa
BO3pACTA€T C YBEJIWYEHHEM IOTEHIIMAJIa CMEIIEHUS, KaK [OKa3aHO Ha
pucynke. O4eBHIHO, YTO 3TO 00Iasi 3aKOHOMEPHOCTh st Cr MpW HMOHHO-
CTUMYJIMPOBAHHBIM OCaXKJICHUU.

-
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¥ 200V
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0 t
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Emission current of the e-gun, mA
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The density of measured ion current, pA/lcm?
o
[+ \ \

Puc. 2.12. 3aBUCUMOCTb ITOTOKA HOHOB OT TOKA SMHUCCHUU JJIsl XpOMa.

ITpu 1.5, = 80 MA u Vs = 1200 B 1IOTHOCTP MOHHOTO TOKa JOCTUTAET
MakcHMabHOro 3Hadenust 11pA-cm™. Kpusble mis Cr UMEIOT B CEPEIMHE
AAaIria3oHa HW3MEHEHME XapakTepa 3aBUCHUMOCTM TOKAa JMHUCCHHM, KOIJa
CKOPOCTb YBEJIWYEHHUS INIOTHOCTH TOKA C SMUCCUOHHBIM TOKOM YMEHBIIACTCH.
DTO CHUXEHHE COBMAAAET JJIsl MOJOOHBIX METAJUIOB HayajaoM (hOPMHUPOBAHUS
30HBI IUJIABJICHUSI HAa MOBEPXHOCTH MaTtepuajia B Turie. Bce atm paznuuusa B
reiepauuu MOHOB ¢ mnoMompio EB-PVD gna Cr 3aBeicuTh OT  €T0
kod(pdunmenTa wucnapeHus, MNOTEPU TeEIJla U3-3a TEIUIONMPOBOJHOCTU U
M3JIy4YeHHs, a Takxke OT 3(P(PEKTUBHOTO IMOMEPEYHOrO CEUEHUS HOHHU3ALUU
atomoB Cr. Jlna BeiuucieHus: kodgduiimeHta noHu3anuu B mnpoiecce EB-
PVD, TtonmuHa OCaXAEHHBIX IUIEHOK W3MEPSIIM MUKPONpOPuIoMeTpoM
mapku 'Dectac 3030ST', a momepeuHble ceuyeHHEe OpsAMbIM aHanuzoM SEM.
N3MepeHnueM BpeMEHHM IIpolLiecca OCAXACHUs, ObUIM BBIYMCICHBI IOTOK
OoCakJlaeMbIX aToMOB W Koddduument wonuszaruu. ns Cr koadduimeHt

HOHU3ALIMU MOTOKAa OCeBIIMX aTtoMoOB coctaBui 0,15% npu Ttoke amMuccum 40
MA.
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JInsg TmpakTHYEeCcKuX mpooieM, BaKHO
OIICHHUTH TTOJTHBIN TOK HOHOB,
TeHEpUPYEeMBIX B OOJACTH HWOHU3ALNHU
BONIM3M  TOBEPXHOCTU  HCIIAPUTEIIS.
Ucnonb3zyst  cpennue 3 EdEeKTHBHBIE
3HAYeHUS (PU3MIECKUX BEIUIUH, MOXKHO
MOJYYHTh CIHEAYIOMYI GOpMyIy s
MOJTHOTO MOHHOTO TOKA:

Ii=1,0,4nL

rae I. Tox anekTpoHHou mymku (50-100
MA), O cpenHee 3HAYEHHUE

3G ()EKTUBHOTO  CEUEHUS  HOHU3AIUU
UCIIApSEMBbIX aTOMOB TIPH CTOJIKHOBECHUH
¢ anekrponamu (~10"7cm? npu sHepruu
anektpoHoB 10  k3B), n  cpenHss
MJIOTHOCTh aTOMOB B 00JIACTH MOHU3AITUU
(~10'* cm?), wm L cpemnss umHA
TPACKTOPUIl  3JEKTPOHOB B  00JacTu
noHuzaruu (~ 1-3 cm).

Mopdonorus mienok Cr Ha
MOJTOKKHU u3 CBEPXIIPOYHOTO
HUKEJIEBOTO  CIUTaBa  HM3y4eHa  C
MMOMOIIbI0 CKAHUPYIOWIEH AJIEKTPOHHOM
Mukpockonuu (SEM).

Puc. 2.13. SEM mn3o0paxenne Cr NOKpPBITHH
Ha MOJIOKKH U3 HUKeJIEBBIX cIjiaBax: (a) 0e3
cMmemennsi, Iems=40 MA; (0) cmemenus 800 B,
Tems=60 MA; (c) cmemienusi 800 B, Ieps=100
MA.

Puc. 2.13 paer wumocTpanuioo, Kak MOXHO pEryJupoBaTh MHUKPOCTPYKTYPY
nokpeITHid Cr IyTeM peryjaupoBaHUs NapaMETPOB YCKOPEHHBIX HOHOB, BIIASIOLIMX
Ha (popmupoBaHUE CTPYKTYyp HOKpbITHM. Puc. 2.13.a mokassiBaeT MOp(QOJIOTHIO
nokpeitust Cr 6e3 cmenienus, npu lems = 40 MA. 3epHa KpynHblE U OTIAEIBHO

pacniosioxkensl. Puc. 2.13.6: cmemenune 800 B, lems = 60 MA. 3epHa umeror
MEHBIIIME pa3Mephl U YacTUUYHO oObenuneHsl. Puc. 2.13.c: cmemenue 800 B, lems

= 100 MA. 3epHa oObEeIUHEHBI U HMEIOT Pa3BUTYIO CTPYKTypy. llpu sTOM
MukpodoTorpadus Ha puc. 2.13.c moka3sIBaeT CTOI0YATYIO CTPYKTYpY. U3BEcTHO,
YTO 3HAYMUTENIbHOE MPEUMYILECTBO HMMEIOT CTOJIOYAaThle MUKPOCTPYKTYPBI Jis
MPUMEHEHUSI TIPU BBICOKMX TEMIIEpaTypax, MOKa3bIBas JIyUIIyl0 YCTOWYHUBOCTH K
nedopMalio MeXIy MOKPHITHEM U MOJI0KKOM.
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2.7. Co30aHue  npomexdcymoumvlx  cloed Ol  KOPPEeKMuposKu
menio6apbepHbiX NOKPbIMULL UOHHO-CIMUMYIUPOBAHHBIM MEMOOOM

JInsi COBMECTMMOCTH KEPAMHUUYECKHMX BEPXHUX CIIOEB TEIUIO3AIIUTHBIX
MOKPBITUIA C TOAJIOKKAMU HAa OCHOBE HHKEJSl, HEOOXOAUMBI MEPEXOJIHBIE CIIOU.
Hamu pazpaboTana apxuTekTypa NEpeXOAHBIX CIIOEB, KOTOPble HMEIOT
XUMUYECKOE CpPOJACTBO UM TPAJUEHTHBIE TMEPEXOJbl MEXKIY BbIOpAHHBIMU
OTJEJIbHBIMU CIIOSIMH.

beutn  co3maHbl M MCCIENOBaHbl TI'PaAyHPOBAHHBIE  TEIIO3AILUTHBIC
nokpeitust (TBC), cocrosiiipe H3 MEPEXOJHOro CJ0s, CBS3BIBAIOIIETO CIOA,
OapbepHOro CJ0s MPOTUB OKUCICHHUS M KOPPO3HH, (PYHKUIHOHAIBHOTO BEPXHEIO
cinos, HaHeceHHoro EB-PVD B omHoM wnwukie. bbul  npemiokeH U
DKCIEPUMEHTAIIBHO PEAIN30BAH XUMUUYECKOE CPOACTBO MEXAY IIPOMEKYTOUYHBIMU
CIOSIMM M BEpPXHEM KEPaMHUYECKMM CJIIOEM Ha IOJJIOKKM C IIOMOIIBIO
MHOT'OCJIOWHOT'O MAKETa, UCIOJIb3yEMOTO B KAYECTBE alalTeP-MaTepHraa.

[Ipennaraemass apXUTEKTypa MHOTOCIOMHOM CTPYKTYypbl OCHOBaHa Ha
CIEAYIOIINE KPUTEPUH:

e Kaxxaplil cjI0if B CBOEM COCTAaBE UMEET XUMHUUYECKUI IJIEMEHT OOIIETO C
COCEIHUMH CIIOSIMH.

* DTO XMMHYECKOE CPOJICTBO CIOCOOCTBYET XMMHUYECKOH COBMECTUMOCTHU
MEK]y CIOSIMHU.

* ['pagueHTHBIN KOMITO3UIIMOHHBIN MEPEX0]l MEXIY CIOSIMU O0ecreyrnBaeT
MEXaHUYECKYI0 COBMECTUMOCTb.

* Hcnonp30BaHuEe YCKOPEHHBIX HMOHOB JUIA aKTMBAallMM IIPOLIECCOB POCTa
IUICHOK IPUBOJUT K 0Opa30BaHUIO HEOOXOAMMOW MOP(OJIOTUH M YIIyYIIEHHOU
aJre3nu.

Coating System
Material Function
LS5 porous zirconia Functional
thoghnet alumina TBC Cover Layer

(ZTA)

L4 AIZOS, AIN Barrier for oxidation

and corrosian
L3 Graded ALSiy BC2 Bonding Layer
L2 NiSiy, Transition Layer
L1 Ni-based Supera"oy Thermo-mechanical
super alloy loading

Puc. 2.14. Ilpeasaraemasi MHOTOCJIOHHAsSI CTPYKTYpPa

Ha pucynke 2.14. npexcraBieHa — mpejjiaraéMas — apXUTEKTypa
MHOT'OCJIOMHOTI'O ITaKeTa:
o 1: ITomimosxka Ha OCHOBE HUKEJIEBOT'O CILJIaBa.
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*[.2: Tlonmo>kka Ha ocHOBEe Ni CHJIUIIMPOBAH JJIS JIYYIIETO KOPPO3HOHHOMN
CTOMKOCTH U COBMECTUMOCTH CO CIJIEIYIOIIUM CIIOEM, KOTOPBIA TaKK€ CONEPIKUT
Si.

*[.3: CasspiBaroniuii ciioii Si-Al, KOTOpPBIM MOXET 3aMEHUTh TPATUIIMOHHO
ucrnonb3zyemoro gopororo Pt-Al. ['panuentHas kommno3unus oOecleuyrnBaeT
XOPOIIYIO PETYIUPOBKY KOI(PPHUIIMEHTOB TEMIOBOIO PACIIUPEHUS.

*[4: KepaMmuueckuii Cjo#l CIIy»KUT 0apbepoM OKHCIICHUS.

*L5: Tenno OapbepHBIi CION CHU3UT TEIJIONPOBOJHOCTh M ONTUMHU3ZHPYET
CKOPOCTH OXJIaXKICHUS.

B wuonno-ctumynupoBannori EB-PVD cucreme wucnonesyercs 6 kW
AIEKTPOHHO-IYYEBOW UCMAPUTENIb C OTKJIOHEHUEM 3JIEKTPOHHOTO IMmydka Ha 270°
MMOCTOSITHHBIM MAarHUTOM M C ycKopsrommM Hanpspkenuem 10 kV. s uzmepenus
IJIOTHOCTH MOHHOTO U 3JIEKTPOHHOTO TOKA, CIEIUATIbHBIN JIETEKTOP MOHOB OBLI
YCTAHOBJICH B MOJIOKEHUU MOJJI0KKA. OCHOBHBIE JIaHHBIE MPOIIECCA MOTYT OBITh
IIEPEYNCIIEHB]  CIIEAYIONMM 00pazoM: Bakyym: 1075-5-10° mbar; Tox smuccuu
anekTpoHHou nymku: 15 MA no 400 MA B 3aBUCMMOCTH OT HCIHApPUBIIEHCS
MeTajula M 3Tanbl npoiecca; noreHuuan cmemenus: or 0 qo 1000 B. B kauectse
nokpeiTuii 06T BbIOpaH: (Ti-Al), Si- (Si-Al); B xauecTBe MOJJIOKKU - CIJIaB Ha
OoCHOBE HUKels 617. PaccTossHME MEXTy MOBEPXHOCTHIO UCIIAPEHUS U TIOJIOKKON
coctaBiis1o 150 MM. ToNIUHBI HATUJICHHBIX TIJIEHOK OBLITU U3MEPEHBI C TTOMOIIIBIO
MPSIMBIX aHAJIM30B MONEPEUHbIX ceueHuid B SEM.

[IpucnocobneHre BEpXHEro CJIOS B CTEK MPOMEKYTOYHOTO  CJIOS
ocymiecTBisieTcs: ocaxaeHueM (ZrO, + Al,O3) u C -ZrO; ra (Ni-Al-Si) mopioxky
(Puc.2.14, Tabnuma 2.). AHamu3 TOJYYECHHBIX PE3yJbTATOB IMOKA3bIBAET, YTO
BEpXHUM cJIOM 1 1O cBOEMy CcTeXHMOMETpuuecKkoMy cocTaBy Zr(Q,, Bce OCTalIbHbIC
CJIOM TaK¥X€ COOTBETCTBYIOT KPUTEPHUSM, ONPEICTEHHBIM BbIIIIE.

Taoauma 2.
XHUMHYECKHH COCTAB MHOTOCJIOMHOI0 MaKeTa U BU/I MONEPEYHOIr0 CeYeHU s
EDS-Measuring on Cross-Section of Sample, 25kV Z10,-Al,03-Al-Si-Ni
Atom-% EDX-Points

N Al Ti Cr Fe Co Ni Mo Si (o) Zr >

1 3,49 0,00 0,00 - 0,13 - 6,52 59,86 30,0

2 47,80 - 0,08 0,07 = 0,18 - 1,22 4852 2,12  100,0

3 52,25 - 0,03 0,13 - 0,12 - 1,78 4533 0,37 100,0

4 14,33 = = = = 0,26 = 68,29 17,11 = 100,0

5 67,10 005 807 052 529 1728 1,69 - - - 1000 ! s

6 2,17 037 2597 121 1148 53,65 5,15 = = = 100,0 b

Nonno-ctumynupoBanusii. EB PVD Opin ucnons3oBaH At MOTydeHUs
KoMmmosunuu rpaayupoBaHHbeix Ti u Al u Si-Si-(Al) mokpeituii. MHOTOCTONHBIE
CTPYKTYphl C 3a/JlaHHBIMH  CBOMCTBaMU OBUIM MOJYYEHBl C MOMOUIBIO
KOHTPOJIMPYEMBIX MapaMeTpoOB IMPOLEcca, TaKue KaK TeMIeparypa IMOIJIOKKH,
SHEPIruu MOHOB U IJIOTHOCTh MOHHOTO MOTOKA (puc. 2.15). B pe3ynbTaTe B3auMHOM
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mnddysuu Ni, Ti, Al, Si, obecnieunBaercs ynydieHHas aAre3us MpoMeKyTOYHOTO
cJiost (amanTalys MaTepuaa) ¢ MoAJI0KKOW Ha OCHOBE HUKEISI.

bbuta  moATBep)KACHA ~ BO3MOXKHOCTh ~ M3TOTOBJICHHS ~ MHOTOCTIOWHBIX
MOKPBITUH ~ MeTa/lI-kepaMHKa C  TPOMEXKYTOUYHBIMH  CJIOSMH  HOHHO-
CTUMYJIMPOBAaHHBIM METOJOM B OJIHOM TEXHOJOTHMYECKOM IuKie. BepxHue
kepamudeckue ciaou ZrO, / AlO, ObuiM ocaxaeHbl B TOM K€ O0OpYJIOBaHHH,
MoKa3ajdl OTIUYHYI0O COBMECTUMOCTh C TPOMEKYTOYHBIMU  CIIOSIMH U
MPOAEMOHCTPUPOBAIN HEOOXOIMMBIE TTApAMETPhI JJISl TEIUIO3AUTUTHBIX MOKPBITHHA.
OTOT (haKT JaeT BO3MOXKHOCTH CO3/IaHUs TETJIO3aUIUTHBIX MOKPHITHI Ha OCHOBE
IIMPOKO PACHPOCTPAHEHHBIX MATEPUAIOB C MOMOIIBI0 HOHHO-CTUMYJIMPOBAHHOTO
METO/1a.

3AKVIIOYEHHUE

Ha ocHOBe mpoBenEHHBIX HMCCIENOBAHUM IIO0 AOKTOPCKOM AUCCEPTALUM HA
Temy «MOHOCHJIaHOBAsI TEXHOJIOTHS MOJYYEHHUS MOJUKPUCTAININYECKOTO KPEMHHUS
U  HOHHO-CTUMYJHUPOBAHHBIE METOJIbI  CO3JaHUS KPEMHHMEBBIX CTPYKTYp»
MPEJICTABJIEHBI CIEIYIOIINE BHIBObI:

1. Pa3paboTraHa MOHOCHJIAHOBasi TEXHOJOTHS IMOJTYYCHHS TMOJTUKPUCTAILIN-
YECKOTO KPEMHHSI Ha OCHOBE CHHTE3a AJIKOKCMCWJIAHOB B PE3yJIbTaTe MPSMOMU
PEAKIMN METAJUTYPTru4e€CKOr0 KPEMHHUSI U CIIUPTA M CO3JAaHO SKCIIEPUMEHTAIBHOE
TEXHOJIOTUYECKOE 000PYI0BAHUE JJISI €70 OCYILECTBICHUS.

2. BniepBbie MpoBEIeH MPOIECC U3MEIBLYECHUSI KPEMHHUS 10 pa3MepoB oT 30
1o 100 MKM B cpele JKUIAKOCTH, NMPUMEHSEMOM B IOCIEIYIOLIEM B KAadecTBE
pAacCTBOPUTENISI B CUHTE3€ AJIKOKCUCWIIAHOB, YTO 3AIUINACT HOBBIC MTOBEPXHOCTH
KPEMHHUEBBIX YaCTHUI OT BO3ACHCTBHUS KHUCIOpOAAa W BJark, B pe3yJbTare
HCKJIIOYaeTCs MHAYKUMOHHBIM TEpUOJ NPsAMOWM pPEaKIUU METaLTypruueckoro
KpPEeMHHUS U CIUPTa, a TaKKe HCKII0YACTCsS MPOTEKaHUsS MOOOYHBIX pPeaKIuid 10
BJIIMSTHHEM BOJIBI.

3. IlpenyioxkeHn cnoco0 T03MPOBAHHOM MOJA4YM CYCII€3UH, COCTOSIIEH H3
YaCTHI] METAILUTYPTUYECKOTO KPEMHUSI, OPOIIIKA KaTaau3aTopa U pacTBOPUTEIA, B
pEAKTOp, KOTOPBIM KOMIICHCUPYET M3PACXOJOBAHHBIM B TMPOLECCE pPEaKIUu
KpPEMHUH, U TTOKa3aHO CTA0UJILHOE MPOTEKAHUE PEaKI[MU CUHTE3a.

4. TlpennoxeH METoJ aKTUBALMU PEAKIIMOHHOM Cpelbl, A€ MOCTOPOHHBIC
MPUMECH, MOCTYNAIOIIME B PEAKIHOHHYIO CPEAY B COCTABE METAJUTyprHYE€CKOro
KPEMHUSA, YHOCATCA M3 PEAKTOpPA C HU3BIUIIKOM PACBOPHUTENS, B PE3YJIbTATE YETO
YPOBEHb pPACTBOPUTENISI W  AKTUBHOCTb PEAKIIMOHHOM CpEellbl  OCTAarOTCA
MOCTOSHHBIMU, TPUYEM H3JIUIICK PACTBOPUTENS HEMPEPHIBHO YyAAISACTCS U3
peakTopa uepe3 KepaMUuecKyr MeMOpaHy, yCTaHOBJICHHYIO B CTEHKaX peaKTopa.

5. YCTaHOBJIEHO, YTO OJJHOBPEMEHHOE MPUMEHECHUE TEXHUYECKUX PEIICHUN
M0 H3MEJIBUCHUIO KPEMHHS B CpPEAEC PacTBOPUTENS, JO3UPOBAHHOW TmoAayde
CyCIIEH3MM B PEaKTOp M YJIAICHUIO U3JUIIEK PACTBOPUTENS BMECTE
pPacCTBOPEHHBIMM B HEM MOCTOPOHHUMH TPUMECSIMHU OOECIEYMBAECT COXPAHECHUE
MOCTOSHHOTO KOJMYECTBA KPEMHMS, KaTallu3aTopa M PACTBOPUTENS HA BECH
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MEPUO/T MPOTEKAHMS ITPOLIECCA CUHTE3A U PEATU3ALUIO MTOJHOCTBIO HEMPEPHIBHOIO
Ipouecca CUHTE3a aJIKOKCUCHIIAHOB.

6. Ilpemyoxen MeToJl NPUTOTOBJIEHUS ATUJIATa HATPUs B 3aLUTHON Cpele
TETPAITOKCUCWIIAHA U B PE3yJIbTaTe MPUMEHEHHUS CBEKEIPUTOTOBIEHOIO 3TUIATA
HaTpus B KauecTBE KaTaJu3aropa IIPU CHHTE3€ MOHOCWIAHA JOCTUTHYTO
YBEJIIMYEHUE IPOU3BOJUTEIBHOCTH TEXHOJIOTMYECKOTO Ipolecca 3a  CYET
YMEHBIIECHUS! BpEMEHU KOHTAKTa peareHToB 0oJsiee 4yeM B 5 pas.

7. BmepBble MpenyioKeHO OYHIIEHHE MOHOCHJIaHa Ha abcopbepe, rne B
KauecTBe a0COpPOEHTa HCIONB3YeTCS TPUAITOKCHUCUIIAH, OXJIAXJACHHBINM HUXKE -
140°C u MoHOCHJaH OTHENSIeTCS OT TPUITOKCHUCWIIAHA paszjaeieHueMm ¢da3 mnpu
temneparype -80°C Ha pa3nenuTene, yCTaHOBICHHOM B BEpXHel yactu abcopbepa,
B pe3y/ibTaTe 4ero o0ecreurnBaeTcs riy0okash O4MCTKa MOHOCHJIaHA B KOPOTKOM
TE€XHOJIOTHYECKOM LIHKJIE.

8. IlpemnoxeHsl cnoco® pas3zeieHuss U KOHTPOJS IOTOKA 3apsKEHHBIX
YaCTULl M YCTPOMCTBO AJIi €r0 OCYLIECTBJICHHUS, MO3BOJSIOLIME HCIIOJIB30BATH
VOHBI, T€HEPUPOBAHHbBIE MPU JICKTPOHHO-TyYEBOM HCIAPEHUM, Uil KOHTPOJISI U
YIPABJICHUS MPOLECCAMU HA POCTOBOM MOBEPXHOCTH.

9. JIOCTUTHYTO IOBBLILIEHHE YpOBHs Jjeruposanus g0 10 cm? myrem
MOHHO-CTUMYJINPOBAHHOIO BCTPAMBAHMSI aTOMOB CYpbMbl B KPHCTAJUIMUYECKYIO
pELIETKY KPEMHHMSI BO BPEMS pOCTa IIPH JIE€1bTA JETHPOBAHUH.

10. DOKCHnepuMEHTalIbHO JI0Ka3aHAa BO3MOYKHOCTh LEJIEHAIPABICHHOTO
YIPABJIEHUS CTENEHBIO PEJIAKCAllMy HANPSKEHU B FETEPOCTPYKTYpax BO BpeMs
uX (QOpMHUpPOBaHUS TPU HOHHO-CTUMYJIMPOBAHHOM  MOJEKYJISPHO-ITy4eBON
AIUTAKCHH.

11. YcranoBneHo, 4to npu (HOPMHUPOBAHUM HAHOOCTPOBKOB T'€pMaHUs Ha
IIOBEPXHOCTU KPEMHHUS METOJAOM HOHHO-CTUMYJMPOBAHHON  MOJIEKYJISIPHO-
Jy4eBOW DSIUTAKCMM MAKCHUMaJbHOE YBEIMYEHUE UX IUIOTHOCTH M CY>KEHHE
(GyHKUMU pacnpeiesIeHus 0 pa3MepaM JOCTUraeTcs npu 3Hepruu noHos 2003B.

12.  O6napyxeno mnpu Temnepatypax Bbime 500K  nposBienue
TEIJIOBOJIbTAUYECKUX CBOMCTB KPEMHMEBBIX IUIEHOYHBIX p-n CTPYKTYD,
MOJIyYEeHHBIX HOHHO-CTUMYJIMPOBAHHBIM BaKyyMHBIM OCaKICHUEM.

13. TlpemsoxeHOo co3AaHUE MPOMEXKYTOUHBIX CJOEB C€ XUMHYECKUM
CPOJACTBOM M TPATUEHTHBIM MEPEXOJOM ISl KOPPEKTUPOBKHU TEII00APbEPHBIX
HNOKPBITUHA HOHHO-CTUMYJIMPOBAHHBIM METOOM.
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INTRODUCTION (abstract of doctoral dissertation as a scientific report)

Topicality and relevance of the subject of dissertation as a scientific
report. To meet the demand of electronic and solar PV productions, manufacturers
produce a big part of 300MT silicon production by hydrogen reduction of chlorine
compounds. Unfortunately, this technology is power consuming and not ecology-
safe owing to toxic wastes of production. For this reason, alternative ecology-safe
technologies of polysilicon production with low-energy consumption and low cost
of production are in great demand.

Considering the growth of silicon demand in next 5 years, it is neccesarry to
apply a monosilane technology instead of treechlorsilane one in new plants. Since
the monosilane technology is realized for lower temperatures and has high
conversion of precursors, it is possible to spare up to 90% of energy in production
of granulated polysilicon in boiling-layer reactors as compared to the traditional
Siemens process. But today monosilane technology which is applied in industry
aslo based on chlorsilane procceses and requers big CAPEX and still remains not
ecology-safe, thats why this problem still needs a solution. A cardinal solution of
this problem could be a monosilane technology based on direct reaction of
metallurgical silicon and low alcohols. The presence of the induction period in the
direct reaction of metallurgical silicon and low alcohols prevents the application of
this technology in the industry. A big knowledge about the mechanism and
conditions of heterogen catalysis reaction need to solve this problem. A direct
reaction of metallurgical silicon and low alcohols and disproportionation of
alcoxysilanes, mechanism of influence of catalysis, activation procces are not
studied enough.

A number of works have been done to develop the using renewable energy
resources in Uzbekistan. For example, starting the company on primary raw
material of solar energy - metallurgical silicone, based on local quartzite.
Compliance of the let-out metallurgical silicon to requirements of electronics and
solar power requires its repartition through process of deep purification into
polycrystalline silicon and this task waits for its decision. Proceeding from this,
devoloping of low energy comsumping, ecology-safe technology of monosilane
with less capital expenditure is actual in our Republic. Performance of target
scientific researches, in particular, researches on Research on the development of
non-chlorine monosilane technology of polycrystalline silicon production and
creation of processing equipment for its high-quality implementation; development
of ion-stimulated methods for creation of the silicon structures for formation of
perspective structures of solar elements on the basis of silicon and application of
these methods: for increase the level of alloying of silicon structures during their
growth; for a relaxation of mechanical stress in heterostructures; for formation of
midget and superdense nanoislands; for manifestation of thermovoltaic properties

3 Jens Ulltveit-Moe. REC Silicon — Nordic Energy Summit 2016, Oslo, 17 March 2016,
http://hugin.info/136555/R/1995001/734790.pdf
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in silicon structures; and also the creating the intermediate layers between
functional coating and substrate are an actual tasks. The dissertation is devoted to
a certain extent the tasks specified in the Decree of the President of the Republic of
Uzbekistan by UP-4512 of March 1, 2013 "About measures for further
development of alternative energy sources" and in the Resolution of the President
of the Republic of Uzbekistan PP-1442 "About priorities of development of a
promydennost of the Republic of Uzbekistan in 2011-2015" of December 15, 2010
and also in other standard and legal documents accepted in this area.

Conformity of the research with the main priorities of development of
science and technology development in the Republic. The dissertation work has
been carried out in accordance with the priorities of development of science and
technologies in the Republic: II. «Power engineering, energy and resource saving»
and III. «Development and use of renewable energy sourcesy.

Review of international scientific researches on theme of the dissertation
as a scientific report®. New monosilane technologies for polysilicon production
are developed in many research centers in the world. All the leading companies —
producers of polycrystalline silicon, such as GCL Poly Energy (China), Wacker
Chemie (Germany), OCI (South Korea), Hemlock Semiconductor Corporation
(USA), REC Silicon (Norway-USA), SunEdison inc. (USA), and the research
centers such as Carnegie Mellon University, lowa State University (USA),
Laboratoire de Génie Chimique UMR CNRS (French), Tohoku University (Japan),
University Stuttgart (Germany), University of Basel (Swiss), Dutch Institute For
Fundamental Energy Research (Holland), Telemark University (Norway), Moscow
state university and Kazan federal university, Nijegorod state university, Tomsk
state university, Institute of physics of semiconductors Siberian filial of Russian
Academy of science (Russia), National technical university (Ukraine), Institute of
Ion-plasma and laser technologies Uzbek academy of science, Tashkent state
technical university (Uzbekistan) have begun to actively develop and use a
monosilane technology of polycrystalline silicon.

® Review of international scientific researches was done based on theme of the dissertation Ch. Roselund
“SunEdison begins production of electronic grade polysilicon using fluidized bed reactor technology”. PV
magazine, 10/2014, http://www.pv-magazine.com; Jens Ulltveit-Moe. REC Silicon — Nordic Energy Summit 2016,
Oslo, 17 March 2016, http://hugin.info/136555/R/1995001/734790.pdf; Ch. Roselund “The slow grind of FBR
polysilicon” PV magazine, 09/2015, pp.89-91, www.pv-magazine.com; Ran Fu, Ted L. James, and Michael
Woodhouse. Economic Measurements of Polysilicon for the Photovoltaic Industry: Market Competition and
Manufacturing Competitiveness IEEE Journal of photovoltaics, Vol. 5, No. 2, 2015, pp.515-524; Wataru Shindo,
Tadahiro Ohmi. Ion energy, ion flux, and ion mass effects on low-temperature silicon epitaxy using low-energy ion
bombardment process. J. Appl. Phys. 79 (5), 1996, pp. 2347-2351; S. N. Chebotarev et al. Features in the Formation
of Ge/Si Multilayer Nanostructures under Ion Beam Assisted Crystallization Technical Physics Letters, 2013, Vol.
39, No. 8, pp. 726-729; A.C. ITamenko u ap. OCOOCHHOCTH JETUPOBAHUS CYPHMOU B IPOIECCE MOHHO-ITYUEBOH
KpUCTAJTU3alii KpeMHusl. DU3nKa ¥ TEXHUKA MMOJTyIpoBOaHUKOB, 2016, ToM 50, BeIT. 4, ¢.553-556; T.S. Perova et
al. Strain, composition and crystalline perfection in thin SiGe layers studied by Raman spectroscopy. Thin Solid
Films, v.517 (2008) pp.265-268; D. Appy, H. Lei, Y. Han, C. Wang, M. C. Tringides, D. Shao, E. J. Kwolek, J. W.
Evans, P. A. Thiel. Determining whether metals nucleate homogeneously on graphite: A case study with copper.
Phys.Rev.B.90.195406 (2014); Novel Silicon Based Technologies. By editors: Roland Levy, Springer, (2012), DOI
10.1007/978-94-011-3430-9 and the other sources.
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In a world on the area of development of polysilicon production by
monosilane technology, and the formation of complex heterostructures and other
silicon structures using methods of ion stimulated obtained a number of results,
including the following: developed a vibrating fluidized bed reactor operating at
high pressures and low temperatures (SiTec Applied Research, Germany);
achieved a sharp reduction in energy consumption in the production of granular
polycrystalline silicon in a fluidized bed reactor (REC Silicon, USA) devoloped a
process for producing granular electronic grade polysilicon from monosilane in a
fluidized bed reactor(SunEdison inc, USA.); reduced the stress of the silicon
structures at the molecular beam epitaxy (MBE) by ion stimulation and control of
growth processes and formed intermetallic layer with increased hardness in ion-
activation of electron beam physical vapor deposition (Stuttgart University,
Germany); determined the effectiveness of the impact of the ionic component in
the nucleation process at a degree of ionization of the flow of 10* (Iowa State
University, USA); was devoloped the physical processes that occur under ion
irradiation surface growth alloyed wide range of silicon layers of impurities in the
method of molecular beam epitaxy, and developed the physical basis of the
impurity doped silicon layers and layers of silicon-germanium solid solution in a
low-energy 1on irradiation (Nizhny Novgorod State University, Russia).

Nowdays, the development of new effective technologies for the synthesis of
monosilane, and the ion-stimulated methods of creating structures based on
semiconductors and metals is conducted a number of studies, including the
following areas: reduction of specific energy consumption in the preparation of the
granular silicon from monosilane in the fluidized bed reactor; development of
environmentally safe and high efficient monosilane technologies; study of ion-
stimulated nucleation of graphene on metal surfaces; the formation of the
passivation layer by ion-stimulated method of monosilane for structures of high-
performance solar cells based on silicon n -type and obtained important
experimental and theoretical results.

Degree of study of the problem. The scientist of Silicon Solar Inc. (USA)
developed a method of monosilane production from trietoxysilane with catalyst
KF/ALOs; (Patent WO042445A2, 2008) where the reagent conversion was
achieved close to 100%. Showa Denko K.K. (Japan) also achieved the maximally
high results for trialkoxysilane conversion (JP2008281206, US20110200513);
however, the result was achieved for trimetoxysilane only. From 2000 to 2010
Momentive Performance Materials Inc. (USA) patented several technologies of
trietoxysilane synthesis with catalysts on the basis of Cu,O, CuCN and Cu(OH),
(Patents US7429672, US7339068, US7652164); however, all the reactions run in a
continuous-cyclic mode. Such a mode means that the reagent feeding is realized
periodically; the reaction after the induction period runs non-continuously and then
stops. The problem of induction period of direct reaction of metallurgical silicon
and low spirits restrains commercial application of this technology. Therefore,
development of an effective monosilane technology for polysilicon production
remains an actual problem.
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The ions for activation of surface processes, particularly for formation of
silicon-based structures, have been used for a long time. The scientific group from
Stuttgart University (Germany) applies ions for stimulation of the growth
processes of molecular-beam epitaxy (E.Kasper and others) and electron-beam
deposition of vapor (K.Maile, A.Lyutovich). K.Nordlund and F.Dzhurabekova
(Helsinki, Finland) are actively engaged in the study of radiation effects, changing
radically the properties of materials based on the interaction of ions with solids.

The ion-stimulated methods are successfully developed and used for studies
and applications by the scientific group from Nijniy Novgorod (Russia). The
studies of the physical processes under ion irradiation of the silicon surface
implanted with different impurities and the development of physical fundamentals
for impurity doping of silicon layers and those of solid solutions silicon-
germanium under low-energy ion irradiation are carried on by the scientific group
of Shengurov V.G. Irradiation of crystalline silicon with super-high doses of rare
gas leads to formation of a new allotropic form of silicon (Mishin A.L.). The
formation processes of nanostructural systems composed of silicon nano-inclusions
in an amorphous Si matrix are actively studied by Trushin S.A. In most cases the
researchers use special sources of 1ons to make an effect on the growth surface in
molecular-beam epitaxy, for example the group of Dvurechenskiy A.V.
(Novosibirsk) studies self-organization of Ge nano-islands on silicon under pulse
irradiation with a beam of low-energy ions. Despite the success achieved, for many
proposed methods to be realized it is necessary to have complicated systems of ion
sources that can be incompatible with standard equipment of high-vacuum
deposition, particularly set-ups of molecular-beam epitaxy. Therefore,
developments of methods of ion generation by electron-beam evaporation for
activation of the surface processes are of great demand.

Connection of the dissertational research with the plans of scientific
research works. The dissertation research is carried out according to the plan of
scientific and technical work of the Institute of ion-plasma and laser technologies
in the framework of research projects FA-A4-F057« Development of technological
scheme of polysilicon production» (2015-2017), A4-FA-F172 «Development of
technology of production of thin-layer, granulated and volume crystals of silicon
from monosilane» (2012-2014), FA-A15-F126 «Development of technology and
equipment for production of polycrystalline silicon» (2009-2011), FA-F2-F097
“Study of growth processes of nano-islands and centers of crystallization of
organic and inorganic materials” (2007-2011), bilateral projects under
Intergovernmental agreement about scientific-technical cooperation between the
Republic of Uzbekistan and Germany USB001/99 “Application of ion beams in
molecular-beam epitaxy” jointly with Stuttgart University (1999-2001),
UZB02/002 “Formation of protective covers on reinforced carbon substrates by
methods of chemical vapor deposition (CVD) and ion-activated physical vapor
deposition (IA PVD)” (2003-2005), UZB 01/007 * Relaxation control in SiGe/Si
heterostructures under in-situ ion bombardment for ultraspeed field transistors”
(2007-20009).
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The purpose of the research research is to develop a monosilane technology
of polysilicon production and ion-stimulated methods for creation of silicon
structures.

To achieve the purpose the following tasks of the research were formulated:

to develop of an effective technology of alkoxysilane synthesis by way of
exclusion or minimization of an induction period of the direct reaction of
metallurgical silicon and ethyl alcohol;

to search of ways of continuous activation of reaction medium in
alkoxysilane synthesis and exclusion of accumulation of non-desirable impurities
that can be catalysts of the side reactions in the reaction zone;

to develop catalyst preparation for catalytic disproportionation of
triethoxysilane based on local raw materials;

to develop of a monosilane technology of polysilicon production on the
basis of the alkoxysilane process;

to develop and create of an experimental set-up for practical realization of
monosilane technology of polysilicon production;

to develop of a method of separation and control of charged particle flows
with the help of ions generated under electron-beam evaporation for control and
management of the processes on the growth surface;

to study of the processes of silicon doping under low-energy ion irradiation
during the growth;

to study of a possibility of controlling the relaxation of mechanical stresses
in super-thin heterostructures silicon-germanium with the use of silicon ions during
the growth;

to study of the formation processes of high-density and small-sized
monocrustalline nano-islands with the use of ions under molecular-beam epitaxy
and determination of optimal conditions for maximal density and minimal size of
nano-islands to be achieved;

to study of thermovoltaic properties of silicon film p-n structures produced
under ion-stimulated vacuum deposition;

to study of a possibility of creating the intermediate layers by the ion-
stimulated method for adjusting of thermal barrier coatings.

The objects of the research are silicon crystals, silicon-organic compounds
(tri- and tetraethoxysilanes), silicon compounds with hydrogen (silanes), epitaxial
thin-film and multi-layer structures based on silicon etc.

The subject of the research is the physical-chemical processes of synthesis
of organic and hydride compounds of silicon, crystal growth, epitaxy growth and
ion-stimulated processes of layer and cover formation.

The methods of the research are scanning electron microscopy (SEM) and
scanning tunneling microscopy (STM), Raman and Fourier transform infrared
spectroscopy (FTIR), gas chromatospectrometry and mass spectrometry with
inductively coupled plasma (/CP-MS).

The scientific novelty of the research consists of the following results:

developed a technology of alkoxysilane synthesis on the basis of direct
reaction of metallurgical silicon and alcohol. The technology is high selectivity
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relative to the main product (over 95%) and has a high degree of conversion (close
to 100%);

excluded, for the first time, an induction period of the direct reaction of
metallurgical silicon and ethyl alcohol, which allowed the technological process to
run in a continuous mode;

proposed and realized a method of continuous activation of the reaction
medium in alkoxysilane synthesis by way of removing the soluble impurities
together with a solvent excess through a porous ceramic membrane;

developed a monosilane technology of polysilicon production with the use
of alkoxysilanes.

the absence of aggressive precursors and reaction intermediate products in
the synthesis process allows a high degree of monosilane purity for single stage
distillation;

proposed a new method of catalyst preparation for catalytic
disproportionation of triethoxysilane. Natrium ethylate prepared in a medium of
tetracthoxysilane, as a result of interaction of metallic natrium and absolute ethyl
alcohol, has high activity and is easily regenerated owing to which the process of
monosilane synthesis can be performed at room temperature in continuous mode;

developed and created an experimental set-up for polysilicon production
on the basis of the monosilane technology where the new technology was
successfully tested and all the proposed technical solutions were realized;

proposed a method of separation and control of charged particle flows and
an device for its realization, which allowed the ions generated under electron-beam
evaporation to be used for control and management of the processes on the growth
surface;

increasing doping level reached to 10" ¢m™ by ion-stimulated antimony
atoms embed in the crystal lattice of the silicon during the growth;

proposed and realized a method of ion-stimulated relaxation of stresses in
Si1/Ge heterostructures during the growth;

it was found that the formation of germanium nanoislands on the silicon
surface by ion-stimulated molecular beam epitaxy maximizing the density and
narrowing of the size distribution function is achieved at 200eV an energy of ions;
it found that at temperatures above 500K the thermovoltaic properties of

thin film silicon p-n structures obtained by the ion-stimulated by vacuum
deposition is manifested;

proposed a method of creation of intermediate layers with chemical
affinity and gradient transition for adjustment of thermal barrier coatings by the
ion-stimulated method.

Practical results of the research:

It has been found a chromatography that when water in the alcohol increases
more than 0.02% may occur side reactions during the synthesis of organosilicon
connections tri- and tetraethoxysilane;

Was established using the simulation program SIMION 6 that when
approaching ion probe with dimensions 30x30x35mm to position of the substrate
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does not change the state of equipotential surfaces between the flow source and
substrate;

It has been found that due e-beam evaporator where crucible was loaded
with Ti and Al in a ratio of 10: 1 in the upper part of the crucible a layer composed
of many particles with sizes ranging from 5 microns to 20 microns has been
formen and X-ray structural analysis revealed that it the composition comprises
mainly of intermetallic TiAls;

It has been found that vaporizing the layer consisting of particles of TiAl; by
electron beam can be increased a share of intermetallics in proportion 2.5 in the
layer growth by ion-stimulation.

Reliability of the obtained results is confirmed by the fact that modern
methods and approaches of material science and physical electronics have been
used for the studies. The experimental conditions have been thoroughly analyzed.
For every stage of work the modern analytical equipment with high accuracy has
been used. The experimental results have been scrupulously processed. The results
obtained and the conclusions are in good agreement with other authors’ theoretical
and experimental works devoted to physical-chemical mechanisms of synthesis
and film growth.

Scientific and practical values of the research results. The theoretical
significance of the study results of this dissertation lies in revealing the
mechanisms of operation of one-chlorine-based catalyst in heterogeneous catalysis
and natrium ethylate in catalytic disproportionation. The knowledge obtained in
the course of the work implementation allowed better understanding of the
physical-chemical processes of synthesis and selection of optimal conditions for
chemical reactions in the required direction. The revealed mechanisms of the ion
effect on the growth surface will be useful for prediction of some parameters of
formed structures.

Practical significance of the developed monosilane technology is that this
technology allows a significant decrease in cost price of the products and an
increase in its competitive ability at the world market. Important practical
significance has a method of separation and control of charged particle flows and
an apparatus for its realization. The proposed method and created device has no
analogs in the world and fully compatible with the equipment of molecular-beam
epitaxy. Potentially this device can be used for each of the high-vacuum and
ultrahigh-vacuum installations of growth where there are electron-beam
evaporations. The direct economic effect of the applied development is formed by
saving the funds for purchase of ion sources and complicated electronic systems of
ion source control. Besides, the operating costs are minimized.

Application of the research results. Due the process of developing of
monosilane technology of polycrystalline silicon, and ion-stimulated methods of
creation of silicon structures:

on the basis of the new developed technology of alkoxysilanes synthesis by
direct reaction metallurgical silicon and alcohol were received 7 patents in seven
countries: «A method for preparing trialkoxysilane» (IAP05023, 31.03.2015,
Uzbe-kistan), «A method for preparing trialkoxysilane» (US9156861, October 13,
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2015, USA), «A method for preparing trialkoxysilane» (JP5836489, Dec. 24,
2015, Japan), «A method for preparing trialkoxysilane» (EP2754664, July 16,
2014, EU), «A method for preparing trialkoxysilane» (TW201339094, October 01,
2013, Taiwan), «A method for preparing trialkoxysilane» (CN103797018, May 14,
2014, China), «A method for preparing trialkoxysilane» (KR101422080, July 16,
2014, Korea Republic). Simultaneous application of technical solutions such as
milling of silicon in a solvent medium, dosed feed of suspension into the reactor,
removing excess of solvent together with dissolved therein impurities and
excluded the induction period provides maintain a constant amount of silicon,
catalyst, and solvent in the entire period of a synthesis process and ultimately
implement fully continuous process of alkoxysilane synthesis;

on the basis of the new developed technology of monosilane synthesis by
catalytic disproportionation of trialkoxysilanes were received 7 patents in seven
countries: «A method for preparing monosilane by using trialkoxysilane»
(IAP05179, 31.03.2016, Uzbekistan), «A method for preparing monosilane by
using trialkoxysilane», (US9278864, March 8, 2016, USA), «A method for
preparing monosilane by using trialkoxysilane» (JP2015535802, December 17,
2015, Japan), «A method for preparing monosilane by using trialkoxysilane»
(EP2905258, August 12, 2015, EU), «A method for preparing monosilane by using
trialkoxysilane» (TW201425222, July 01, 2014, Taiwan), «A method for preparing
monosilane by using trialkoxysilane» (CN104797527, July 22, 2015, China), «A
method for preparing monosilane by using trialkoxysilane» (KR101532142, June
26, 2015, Korea Republic). The proposed technical solutions the separation of the
products of alkoxysilanes synthesis, trialkoxysilanes selection, preparation of the
catalyst and purification of monosilane provide deep purification of trialkoxysilane
and monosilane in a short manufacturing cycle, increasing the productivity of the
process and the implementation of a continuous process;

on the basis of the developed method of separation and control the flow of
charged particles and device for its implementation - ion probe received a patent
“A method of separation and control the flow of charged particles and device for
its implementation” (IAP 02958, 29 Dec., 2005, Uzbekistan). With the help of the
proposed solutions: increased the doping level of antimony atoms embed in a
silicon crystal lattice by ion-stimulated method during the growth; carried out an
ion-stimulated relaxation of stresses in the heterostructures, and experimentally
demonstrated the possibility of controlling the degree of stress relaxation in
heterostructures; it was formed an array of germanium nanoislands on the silicon
surface by ion-stimulated molecular beam epitaxy, and the increase in density and
narrowing of the size distribution function under ion irradiation was shown; it was
found the expression at temperatures above 500K thermovoltaic properties of film
silicon p-n structures obtained by the ion-stimulated vacuum deposition; created an
intermediate layers with a chemical affinity and gradient transition to adjust of
thermal barrier coatings by ion-stimulated method.

the development of monosilane technology of polycrystalline silicon and the
establishment of the experimental plant was attracted foreign investment from
South Korean company OCI in the amount of 500,000 US dollars. (Act of
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06.12.2012, on the completion of the Contract between the Institute of ion-plasma
and laser technologies and OCI Company from 17.08.2010 years). Beside the
interest one of the leading companies and one of the top three largest producers of
polysilicon, confirming the high level of development, attracted investment
allowed to create a new innovation technology and the installation, and equipped a
laboratory with modern devices and equipments;

an agreement on granting a license for an invention patent IAP 02958 the
"Method of separation and control the flow of charged particles and device for its
realization" (The contract is registered in the AIS Uzbekistan NoSIP 4/2016 from
01.04.2016, "Rasmiy Ahborotnoma", No.5 (181), 2016, p.238). This license
agreement allows the possibility of application the devolopment in production, and
also the implementation of high-tech products in the internal and foreign markets.

Approbation of the research results. The main results of the dissertation
study have been reported and discussed at republican and international conferences
on physical electronics UzPEC-3, UzPEC-5, IPEC-5, IPEC-6 (Tashkent 1999,
2002, 2005, 2009, 2013), International Conference on Plasma Surface Engineering,
(Garmisch-Partenkirchen, Germany, 2008); problems of fundamental and applied
physics (2006, 2010, TomkenT); International Workshop “Recent Advances in the
Physics of Low-dimentional Nanoscale Systems” (2011, Tashkent); at
international conferences “Science on Polymers: contribution to innovation
development of economy” (Tashkent, 2011), IX Conference on actual problems of
physics, materials science and silicon diagnostics, nanoscale structures and devices
based on it "Silicon-2012" (2012, S.-Petersburg); X Conference on actual problems
of physics, materials science and silicon diagnostics, nanoscale structures and
devices based on it "Silicon-2014" (2014, Irkutsk), and at the seminar of the
Institute of lon-Plasma and Laser Technologies (15.04.2016), and at the seminar of
the Scientific Council on Award of Scientific Degree of Doctor of Sciences
16.07.2013.FM/T.12.01 at the Physical-Technical institute, Institute of Ion-Plasma
and Laser Technologies and Samargand state University (09.06.2016.).

Publication of the research results. The dissertation results were
published in 68 scientific works that fully reflect the dissertation content. Of them,
13 papers in journals including 11 in reviewed international ones, 15 patents
including 12 foreign ones, 36 abstracts in Proceedings of international and
republican conferences.

THE MAIN CONTENT OF DOCTORAL DISSERTATION AS A
SCIENTIFIC REPORT

In the introduction of the dissertation, the topicality and relevance of the
research are substantiated, the aim and objectives of the research, its object and
subject are formulated, its conformity with the priorities of development of science
and technology of the Republic of Uzbekistan is shown, the scientific novelty and
practical results of the study are described, the theoretical and practical
significance of the obtained results are revealed, a list of introducing the research
results into practice, published works are provided.
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1. A monosilane technology of polysilicon production

Production of polycrystalline silicon from monosilane is a promising way.
Monosilane under normal conditions is a gas with a boiling point -112°C. At
temperatures above 700°C and monosilane decomposes rapidly on silicon and
hydrogen, which is the basis for the production of high purity silicon.
Silane as compared with traditional technology trichlorosilane has several
advantages: low decomposition temperature of monosilane and lower energy
consumption; the reaction products are no aggressive chemical agents that reduce
the purity of silicon; a significant difference in physical and chemical properties of
the silane and other compounds allows for more effective purification of
monosilane from the most harmful impurities; besides himself monosilane and
mixtures is a commercial product, necessary for the manufacture of semiconductor
devices, including the release of solar cells made of amorphous silicon. However,
this technology has drawbacks. Traditional methods of production of monosilane
are quite complicated, which leads to the high cost of high-purity monosilane for
the semiconductor industry. Alkoxysilane process for producing monosilane is one
of the promising methods, which are designed to replace traditional trichlorosilane
polysilicon production technology.

1.1. Technology of alkoxysilane synthesis

A direct reaction of metallurgical silicon and ethyl alcohol runs according to
the following scheme:

Si + (4 - n)C,HsOH — nSiH(OC>Hs)s + (1-n) Si(OC:Hs)y + (2-n) H,  (1.1)

where n is from 0 to 1. And the maximal selectivity to triethoxysilane
SiH(OC2HS); is achieved with n = 1 and the equation (1.1) becomes:

Si + 3C;H;0H — SiH(OC>Hs); + H. (1.2)

Equations (1.1.) and (1.2) are also valid for other alcohols with C,Hs
substitution of the corresponding radical R; for example, replacement of C,Hs by
CH; leads to the equations:

Si + (4 - n)CH;0H — nSiH(OCH;); + (1-n) Si(OCH;3), + (2-n) H, (1.3)
and

Moreover, increasing the number of carbon atoms in R reduces the reaction
ability of alcohols. Therefore, all the technical solutions useful for reactions with
ethyl alcohol a priori are also operable for methyl alcohol.

For a long time the development and application of the alkoxysilane method
was restricted by the presence of an induction period of the direct reaction of
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metallurgical silicon and low alcohols. As a result, the reactions were carried out,
at best, in a continuous-cyclic mode for low reaction rates, and the process
consumes a lot of energy per unit of product.

As known, the induction period of the direct reaction of metallurgical silicon
with alcohol can be from several hours to tens of hours. The main cause of the
induction period is an oxide film on the silicon surface due to rapid oxidation of
silicon with atmospheric oxygen. In order to reduce the induction period duration
an additional step of reaction medium activation was proposed to be introduced
into the alkoxysilane synthesis process [Pat.US 5783720] where the activation is
made at temperatures up to 400° C and hydrogen and nitrogen are proposed to be
used as an activating agent. The authors state that the activation process in practice
takes much time from 5 to 10 hours, which affects the technology efficiency. To
shorten the induction period, silicon in form of powder was recommended to be
preliminary treated with hydrofluoric acid to remove an oxide film from the
surface of particles [Pat. JP511692, Pat. US5177234]. These solutions lead to
additional complications because after treatment with hydrofluoric acid the silicon
powder must be cleaned and dried in an inert atmosphere, which dramatically
complicates the synthesis process. Some papers proposed to make the activation of
the reaction mass by holding it at higher temperature in the atmosphere of nitrogen,
argon and others [US5177234, US4727173] and to preliminarily mix silicon with a
catalyst in the inert atmosphere for 8 hours [US4487949]. To activate silicon
before synthesis, haloids: chlorinealkily, hydrogen chlorides, ammonium chlorides
[US5177234] or NH4HF, [ER517398] were proposed to be introduced.

It should be noted that introduction of substances such as haloids or
alkylhaloids into the reactor before synthesis, there is an additional operation of
cleaning of the target product from these impurities, for example by distillation,
which reduces productivity and complicates the technology of alkoxysilane
production. Thus, the analysis shows that there is no clear understanding of the
causes and nature of the induction period during the direct synthesis of
alkoxysilanes, especially when there are no effective solutions of this problem. The
proposal of additional reagents to be used in synthesis naturally requires their
removal from the final product, but it leads to additional operations in the
manufacturing process, which complicates the technology of alkoxysilane
production and inevitably increases the cost of the final product.

We have proposed to exclude the causes of this problem — no oxide film
formation on the surface of just ground particles of silicon during the milling
process. There is also a problem of moisture. The point is that the silicon powder
is very hygroscopic and intensively absorbs moisture from the environment. In the
reaction this moisture behaves, on the one hand, as a factor blocking the start of the
target reaction and, on the other one, causes undesirable side reactions. Thus, the
preparation of silicon in a protective environment, in our case in a solvent,
eliminates not only from oxide film formation, but also from excess of moisture in
the reaction medium.

It is also known that besides the main reactions of alkoxysilane synthesis in
the reactor there are side reactions leading to formation of oligoalkoxysiloxane,
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water and other by-products that are gradually accumulated in the reaction medium
and reduces the process rate [US5783720, JP511692, US6090965, US4931578].
Many of these side reactions are catalyzed by metals, most of which is present in
initial silicon as impurities. The used silicon mass comprised by initial silicon,
impurities and alkoxyisiloxane is accumulated in the reactor, which reduces the
reaction rate. These processes make it necessary to regenerate the solvent for
further use in the synthesis of alkoxysilanes.

Thus, a key challenge in the practical implementation of the alkoxysilane

process is to develop a method allowing the synthesis reaction with high
conversion in silicon and alcohol, regulation of a composition of the reaction
products and multiple recovery of solvent and its reuse. This problem can be
solved by eliminating or minimizing the induction period of the synthesis reaction,
activating the reaction medium, simplifying the technology and running the
reaction of alkoxysilane synthesis in a continuous mode.
As a result, a new technology of alkoxysilane synthesis by direct reaction of
metallurgical silicon and low alcohols (methanol or ethanol) has been developed.
The physical basis of the proposed technical solutions of how to activate the
reagents is that the milling of raw silicon is performed in the environment of a high
boiling solvent, not in the air, which makes it possible to avoid a layer of natural
oxide SiOx inevitably formed on the surface of just ground particles of
metallurgical silicon during their contact with atmospheric oxygen. This reaction
runs at any temperature, including room one, and is independent of chemical purity
of silicon. A scheme of the alkoxysilane synthesis process is presented in Fig. 1.1.
and General view of the experimental setup for the implementation of the process
of synthesis of monosilane is presented in Fig. 1.2.
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Figure 1.1. A scheme of the process of triethoxysilane synthesis by direct reaction of
metallurgical silicon and ethanol

The alkoxysilane synthesis technology includes the following processes:
preparation of technical silicon and catalyst, preparation of absolute alcohol, the
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direct reaction of silicon and ethanol in the presence of a catalyst to synthesize
ethoxysilanes, separation of alkoxysilanes.

In general, a new solution is that the process of silicon and catalyst milling up
to a size of particles 30-100 micrometers is performed in a protective environment,
namely in a solvent medium, in our case Terminol 66. Milling is performed with a
planetary ball mill. Further, a suspension with silicon and catalyst in predetermined
proportions feds into the reaction chamber. There is a homogenizer in the scheme
of triethoxysilane (TES) synthesis to stabilize the composition and mechanically
activate a mixture of catalyst and silicon. Dosing suspension feed into the reactor is
realized with a peristaltic pump.

The reactor is equipped with a four-tier blade mixer with the speed of
rotation up to 1000 rpm, electric heating up to 260°C, and inlets for suspension and
absolute alcohol feeding. The reactor is also equipped with flanges where the
membrane filter for removal of extra solvent with impurities is mounted. The filter
is the ceramic disk with the average sizes of pores about 5 um. Filtration is made
by the difference of pressures created by a vacuum pump. These solutions allowed
excluding the induction period of the reaction of triethoxysilane synthesis. The
copper monochloride CuCl was used as a catalyst.

Fig.1.2. General view of the experimental setup for the implementation of the process of
synthesis of alkoxysilane
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conditions, i.e. by a dry method to a size of particles up to 30-100 microns, and
loaded with a catalyst into the reactor, after reaching a temperature of 240° C of
the reaction mixture, alcohol - absolute ethanol was fed to the reactor with the rate
of about 600 ml per hour. At the moment of appearance of the liquid product from
the reactor and then every 30 min the samples were taken. Analysis of the samples
with a gas chromatograph Agilent® GC 7890A showed that the triethoxysilane
synthesis reaction of metallurgical silicon and ethyl alcohol began only 150
minutes after alcohol feeding, and its intensity gradually increases (Fig. 1.3, Curve
1), then the reaction damped at 500 minutes after the beginning of the alcohol
feeding. Selectivity in triethoxysilane was 70%.

The second experiment was carried out under the same conditions as in the
first one, but with the fundamental difference in environment of reagent
preparation. Milling of metallurgical silicon was made by a wet method directly in
the solvent environment - THERMINOL® 66. During the milling process a
catalyst was introduced into the suspension. The synthesis reaction started at the
beginning of the tenth minute after the alcohol feeding into the reactor and the
reaction rate increased for the first 60 minutes (Fig. 1.3, Curve 2). The reaction rate
of triethoxysilane synthesis began to decrease after 180 minutes of the process, and
the reaction completely damped at 260 minutes after the start of the alcohol
feeding. Selectivity in triethoxysilane was 94%. The reason for the reaction
damping in this case is complete consumption of silicon loaded in the beginning of
the synthesis process.

In the third experiment under the same conditions the silicon consumption
was compensated by silicon feeding into the suspension according to the formula:

ms; = k;'mres + kymreos, (1.5)

where mrgs 1s the mass of triethoxysilane, mrros 1s the mass of tetraethoxysilane
obtained in units of time as a result of the direct reaction k; and k, are the
coefficients taking into account consumption of silicon in the synthesis of tri- and
tetracthoxysilane, respectively. In this case, k; = 0.171 and k, = 0.135. The
synthesis reaction started nine minutes after the beginning of the alcohol feeding
into the reactor, the reaction rate increased for the first 90 minutes and then
stabilized (Fig. 1.3, Curve 3) at 400 g/h of triethoxysilane. The reaction was
deliberately stopped at the 250th minute after the start of alcohol feeding because
of the appearance of an abundant mass of foam in the reaction products. Feeding of
additional amounts of solvent in the suspension resulted in increasing the reaction
mass in the reactor, which caused foam formation. Selectivity in triethoxysilane
was 93%.

In the fourth case, we have implemented all the proposed technical solutions
for the alkoxysilane synthesis process: 1) silicon milling in a protective
environment, 2) continuous compensation of silicon consumption, 3) continuously
removal of excess solvent through the porous ceramic membrane mounted on the
reactor wall. The synthesis reaction started ten minutes after the start of the alcohol
feeding into the reactor, the reaction rate sharply increased for the first 60 minutes,
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then after the ~120th minute there was a slow growth, and further the rate
stabilized (Fig. 1.3, Curve 4). For 500 minutes of continuous feeding of the
suspension consisting of 600 g of silica and 1200 g of solvent - THERMINOL® 66
into the reactor, 3380 g of triethoxysilane and 141 g of tetracthoxysilane were
obtained. Selectivity in triethoxysilane was 96%.

After filtration and cleaning, the solvent is returned to the technological
process. Analysis showed that the impurity composition of filtercake solvent
corresponds to that of initial metallurgical silicon. It can be concluded that the
impurities in the initial silicon particles (solid phase) go to the solvent (liquid
phase) and they are removed as the excess solvent through the membrane pores.
The size of the pores in the membrane was 5 microns. The loss of silicon after
removal of the excess solvent was less than 1%.

1.2. Synthesis of monosilane by using alkoxysilanes

The procedure described in the previous section - alkoxysilanes synthesis
technology 1s the basis for the development of technologies of monosilane
synthesis, which is the next step in the way of development silane technology of
polycrystalline silicon.

As a result of studying the processes of monosilane synthesis by catalytic
disproportionation, also analysis of the literature and patent data identified the
following factors that impede to the effective implementation of the process:

desire to purification of triethoxysilane obtained by the direct reaction of
metal silicon and alcohol up to 99.999% purity requires complicated multi-stage
process and equipment;

catalysts proposed for disproportionation process are or especially dangerous
substances (for example, tert butoxide) or have low activity, requiring much time
for the process flowing and reducing its effectiveness;

monosilane purification is carried out in a multistage process and as result, it
leads to complication of structure of the equipment and increases production costs;

monosilane synthesis process is a batch process.

Studies have primarily were aimed to solving these problems. As a result, we
developed a new technology of synthesis of monosilane without these
disadvantages and experimental installation of its implementation (fig.1.4).

Monosilane synthesis by catalytic disproportionation of triethoxysilane is as
follows:

4SiH(OC>Hs)s — SiHy + 3Si(OC:Hs)y (1.6)

After separation of ethoxysilanes in special columns, triethoxysilane is
collected in a special container; from this container triethoxysilane goes to the
adsorber by dosing pump. A degree of triethoxysilane cleaning with the real
temperature of the adsorber reaches >99.99% that is sufficient for monosilane
synthesis.

Sodium ethylate was used as a catalyst. Sodium ethylate quickly captures
moisture from the air atmosphere. Even the standard samples of sodium ethylate
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from Sigma-Aldrich delivered in a special container under inert gas protection
forcedly contact with atmosphere air when the samples are loaded into a reactor
and partially lose their activity. Therefore, the sodium ethylate preparation was
proposed to be performed before its use in a protective environment of
tetracthoxysilane. For a catalyst to be prepared, metallic sodium with purity of at
least 99.9% is slowly dissolved in absolute ethanol alcohol taken in an excess
amount exceeding the stoichiometric one by 5 times. After full dissolution of
sodium, tetracthoxysilane is added to the solution, then ethyl alcohol is distilled off
and the solution of just prepared sodium ethylate in tetracthoxysilane goes to the
reactor for monosilane synthesis. The envoriment of tetracthoxysilane fully
protects the catalyst surface from atmospheric moisture with its initial activity.

Y

Fig.1.4. General view of the experimental setup for the implementation of the process of
synthesis of monosilane

The catalytic disproportionation of triethoxysilane is performed in a reactor
where the catalyst solution - sodium ethylate dissolved in tetraethoxysilane in 1:15
proportions - is fed from the bottom. The ratio of catalyst solution and
triethoxysilane in our experiments was between 1:10 and 1:20. The use of just
prepared sodium ethylate as a catalyst makes it possible to reduce the contact time
more than 5 times. The monosilane synthesis reaction was performed at a
temperature ranging from 0 to 50 C at a pressure of 1 to 2 bar. Sodium ethylate
from Sigma-Aldrich was used for comparison. The results obtained under different
conditions of monosilane synthesis are shown in Table. 1.

The results showed the high efficiency of the just prepared catalyst of sodium
ethylate.
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Table 1
The experimental results of monosilane synthesis

%]

2 Temperature, The reaction period, Conversion of

E Catalyst °C min triethoxysilane, %
Sodium ethylate of o

! Sigma-Aldrich >0 150 9%

) Sodium ethylate, 50 30 100%
freshly prepared

3 Sodium ethylate, Room temp. 30 > 99%, marks
freshly prepared

4 Sodium ethylate, just 0 90 =~ 959,
prepared

Further, for realization of the continuous process of synthesis, triethoxysilane
was fed into the reactor at the constant rate of 200 mL per hour with a dosing
pump GRUNDFOS® DME 60-10 AR. Gas-chromatographic control of the
samples from the reactor showed that the content of triethoxysilane in the reaction
mixture remained constant within £ 5%. Gaseous monosilane was continuously
withdrawn into the collector where it was condensed on the collector walls cooled
by liquid nitrogen. Moreover, at the reactor outlet gaseous monosilane passed
through an adsorption trap where it was freed from ethoxysilane vapors. From the
collector liquid monosilane was directed to further purification on the absorber
where triethoxysilane cooled below -140°C was used as an absorbent. The contact
time in the absorber was 15 minutes. Then monosilane was separated from
triethoxysilane at -80° C. Purified monosilane was directed into a reservoir for
accumulation.

Thus, the proposed technical solutions for the monosilane synthesis allows:

- increasing the productivity of the technological process by reducing the

contact time of the reactants more than 5 times;

- maximizing the conversion of triethoxysilane;

- ensuring the monosilane synthesis reaction in a continuous mode with the

high and stable rate of synthesis.

1.3. Growth of polycrystalline silicon by monosilane

Monosilane was directed from the collector to the reactor through the gas
distribution system for growing the rods on the surface of seeds made of high-
purity silicon. A pyrolysis method - thermal decomposition of monosilane - was
used to obtain polycrystalline silicon. The process follows the following scheme:

SiH, — Si + H> (1.7)

Thermal decomposition of monosilane starts at a temperature of 450°C and
reaches 100% decomposition of molecules at 950°C. The rod temperature is given
by direct resistive heating of the silicon rod - seed. The optimal temperature is
850°C for which the rate of crystal growth was 0.4 kg / m?shr and monosilane
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conversion was above 99%. At higher temperatures the homogeneous formation
silicon particles begins, which leads to loss of monosilane.

For indirect estimation of monosilane purity and polycrystalline silicon
quality the silicon substrates for epitaxy were placed in the pyrolysis reactor. The
resistivity of silicon films grown from monosilane at 750°C was 0.96 ohm per cm.

Polycrystalline silicon from monosilane can be also obtained in fluidized bed
reactors. In this case, power consumption can be dramatically reduced and the
polycrystalline silicon granules with sizes from 1 to 3 mm can be produced. With a
specially designed reactor, the possibility of obtaining polycrystalline silicon
granules in a continuous mode is shown. Monosilane in a mixture with hydrogen
was supplied into the reactor from the bottom. The initial particles of silicon with
the size within the range 63-100 microns were loaded into the reactor from the top.
Due to the sharp increase in the growth surface the rate of polysilicon growth
increases; due to the continuous removal of ready granules from the fluidized bed
power consumption of product unity was sharply reduced.

Thus, a new technology has allowed for the first time realization of the
process of monosilane synthesis by a chlorine-free alkoxysilane way in a
continuous mode and production of polycrystalline silicon by its thermal
decomposition. The high selectivity in main product has been achieved (over
95%), as well as the high conversion of the reactants (over 99%). Simplification of
technological equipment has allowed reducing the capital costs for creation of
manufacture according to the proposed technology.

2. lon-stimulated methods of creation of silicon structures

Now there is a great tendency of the using a multilayer compositions
consisting of alternating layers of semiconductors, metals and dielectrics of nano-
meter thickness. A method of molecular-beam epitaxy (MBE) is one of the main
methods for creation of such heterostructures; it allows growing thin continuous
films perfect in structure and surface morphology. However, elastic deformation
and defects when the heteroepitaxial films are formed have an influence on a
mechanism of film growth, particularly for great mismatch of the lattice
parameters of film and substrate, which makes it difficult to use MBE for
producing thin thickness-homogeneous heteroepitaxial films.

The use of ion beams in combination with molecular beams can significantly
change the situation, since ions can transmit energy of the atom, the pulse directly
on the substrate surface during growth. As known, with the ions it is possible to
significantly decrease epitaxy temperature, to create or destroy structural defects
with well-controlled parameters of ions in right moment and at right place, to have
effect on a mechanism of nucleation and growth of heteroepitaxial films.
Theoretical basis of the ion to stimulate growth processes are based on a
combination of the two aspects of modern condensed matter physics: theory of
epitaxial structure formation and radiation physics of solid. On the surface the
main atomic process are adsorption, desorption, surface diffusion and inclusion in
a monoatomic chain. It is evident that these known elementary atomic process
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along with the influence factors provide a variety of the mechanisms of stimulated
growth, which requires, however, development of other methods of analysis
allowing consideration of 1on-stimulated growth as a whole.

The typical MBE setups have an electron-beam evaporator (EBE), for
example for creation of a silicon flow to grow the Si-Ge structures. As known, an
electron beam used in EBE to heat a working substance loses its energy while
deceleration as a result of different elastic and inelastic processes. Some part of
this energy is taken away by in inversely scattered electrons, which reduces the
EBE efficiency. The coefficient of inversely scattered electrons  depends weakly
on primary electron energy and strongly on the atomic number of elements being
in a substance from which the electrons are reflected.

While electron-beam evaporation, the electrons with energy of accelerating
voltage 6-10 kV partially ionize the evaporated flow; the cross section of atom
ionization is independent of the flow density and a degree of ionization remains
constant for a given value of electron energy. These ions will be accelerated to the
substrate by applying negative voltage to it. For a traditional arrangement of
evaporator and substrate this ion flow has the same spatial distribution as the main
flow of material and requires no special scanning along the substrate of large
diameter.

2.1. Application of ions generated under electron-beam evaporation as a
tool to activate surface growth processes

A method of separation and control of charged particles and an apparatus for
its realization has been proposed. The problem to be solved by this development
lies in the fact that the direct current measurement is impossible to determine the
proportion of positive ions and electrons in mixed streams of particles. For
example, under electron-beam evaporation there is such a flow when in the
effective space there are both positive ions and electrons reflected from a target;
their maximal energy is equal to the energy of primary electrons. In this process
the positive ions appear as a result of collisions of electrons with atoms of
evaporated materials. The use of these ions as a tool of modification of growing
layer properties requires creation of methods and devices for control of ion flow
parameters.

lon source

Using the silicon electron gun as a source for silicon ions no additional ion
source is needed and contamination can be prevented. In the area above the
silicon melt the flux of evaporated atoms is ionized partially by the interaction
with the electron beam, see Fig. 2.1. The probability for a silicon atom to be
ionized by electron impact is given by the product of the flux density of the
electron beam Fe and the cross section for ionization a. This probability
multiplied with the density of evaporated silicon atoms ng; gives the number of

ionizations per time and volume g, ,, see Eq. (1) and Fig. 2.2.
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The design and the operating conditions of the e gun (e-beam focusing,
acceleration voltage, condition of the silicon crucible) influence evaporation and
the generation of ions but the major parameter is the emission current /pgy
affecting the flux density of the electron beam Fe as well as the temperature and
size of the melt and so the density of evaporated silicon atoms ng;. The e gun
also produces different kinds of radiation and a high number of reflected and
secondary electrons. These electrons, caught in the magnetic field above the melt,
can affect ion mobility and
lifetime. To protect the growth

| e chamber from evaporation and
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see Fig. 2.3.

substrate!  reflector ring

arm

shielding with

U, oo substrate
~ [ potential

-

chamber axis

Fig. 2.3. Position of the ion
measuring head

[

electron beam evaporator

Substrate potential

112



The density of the ion flux impinging on the surface de- pends on three
mechanisms: first the number of generated ions in the e gun (generation), second
the probability for an ion to leave the e-gun aperture before recombinating or hit-
ting the shielding (extraction), and third the chance for an ion to hit the substrate
center (focusing). Extraction, focusing, and the ion energy can be substantially
modified by applying a negative voltage Usub to the substrate, see Fig. 2.3. Ion
beam focusing and the relative position of substrate and e gun can cause a density
distribution over the substrate. The ion flux superposed by electrons from the e
gun causes a current /syb that can be measured at the substrate contact during

growth. For exact measurements electron and ion currents must be separated.
lon flux measurement

To measure the ion and electron densities separately a monitoring system
was developed and attached in the MBE growth chamber. Silicon atoms, ions, and
electrons are separated by electrodes with opposite potential +U,, in a shielded

O T Upl box, see Fig. 2.4.

pl
Fig. 2.4. Separation of atoms, electrons, and ions in
the measuring head

electrodes, the densities of ions and electrons
are given by the currents on the electrodes I,
and /., and the area of the aperture of the box.
This monitoring system was mounted in the
center position below the substrate, see Fig.2.3. The substrate potential was
applied to the box and arm to disturb the electric field as little as possible
compared to growth conditions without the monitoring system.

The 1on flux impinging on the substrate surface depends on the net rate of
ions generated in the electron beam evaporator, on the punch through of the
electric field through the aperture for extraction of ions from the source region,

and on focussing the extracted ion beam by the applied potential Uy, The
generation of ions is restricted to a rather small volume above the molten Si where
the evaporated Si atoms may be hit by the magnetically deflected emission
current electrons (Fig.1). According to Eq. (1) the generation of ions is
proportional to Fe and ng;. The generation of ions can be described in a simple
model assuming uniformity in a volume with the base area 4 of the molten Si
and a height /4 defined by the electron beam deflection. Considering the relations
for the emission current /pqy:

e T — <+ Assuming that every electron and ion hits the

©)

< I —

lesy=A*F *q (2)

A monitoring system was developed and attached to the MBE system to
measure ion and electron density in the substrate center. The Si growth rate R
depending on the emission currents /sy was determined. The current /g, measured
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at the substrate contact gives the average charged particle flux density on the whole
substrate area which is dominated by electrons from the e gun. The linear
dependence of the electron current density, proven with the monitor on the
emission current /gsy , enables to separate the ion part from the substrate current
Iwp . The average ion current density /ion is nearly linear to the ion generation
represented by the product of /gsy and R, but the value measured in the middle iion
shows a more complicated dependency on the conditions. The ratio fion /iion 1S @
measure of whether the ion beam is focussed to the substrate center, or focused to a
point outside the center. Details of focusing are not understood and a moveable ion
monitor was installed for the next investigations to clarify this point.

Linear Motion Ion Probe

The MBE subsystems which are relevant for the ion distribution are
sketched in Fig.2.5. The 100 mm diameter wafer is positioned at the chamber axis.
It is supported by a 150 mm diameter wafer holder made also from silicon. Slightly
below that holder is a silicon reflector ring which improves the temperature
homogeneity of the radiative heated wafer. These three silicon parts are insulated
from the heater, the rotation axis and the heat shieldings, and a substrate potential
between OV and -1000V may be applied to them. Below (about Scm) the substrate
plane the moving arm with the ion flux measuring head is mounted on a flange and
positioned that the moving direction is perpendicular to the wafer flat. The

molecular beam sources are mounted at

= the bottom of the chamber on separate
2 swsae (), flanges. The shown Si electron gun
- Reflectring ,  cvaporator is surrounded by a heat
swe .  shielding which is set at ground potential.
o L g / An aperture allows the extraction of
1= neutral and ionized Si beams. The beam

el \\1 1 position is off axis by around 70mm.

\

) Fig. 2.5. MBE setup with an isolated holder
of the substrate and a mobile ion probe

Electron gun
evaporator

In Fig. 2.6 the ion current is
represented as a function of position along the moving ion probe. The substrate
middle is given in the figure. It is possible to see three distinctive features. (i) The
low (about 20 nA/cm?) but rather homogeneous flow of Si ions is measured with
no applied voltage (V=0). (i1) The strong inhomogeneous flow of positive Si ions
is measured for negative voltage of substrate several hundreds Volts. The flow is
fully concentrated on one side of the substrate from the center that is shifted to the
axis of electron-beam evaporator. (ii1) The focusing of the ion flow becomes
stronger with the raise in voltage up to 330 nA/cm? versus 150 nA/cm? with the
sweeping field from — 400 V to -600 V.
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The use of ions generated by electron-beam evaporation for control of the
processes of heterostructure growth allows no additional source of ions in
molecular-beam setups. Moreover, the use of ions from electron-beam evaporators
for creation of multi-purpose protective coatings significantly expands the
functional possibilities of electron-beam evaporators and appropriate setups. The
proposed method and ion probe have no analogs in the world and is fully

50 compatible with equipment of
40 . —a—OV molecular-beam epitaxy. One of
-1 v . .

200 / h ey | the advantages of the ion probe is

280 . . . . .
260 ] / \ —v—s600v| | simplicity of its  design.
g 240 ] v \y Centre of substrate . . .
S 207 \ Potentially this device can be
c 7 .
5 20 \v used for every high-vacuum and
[} 1 \ .
§ 1607 . \ ultrahigh-vacuum  setups  of
Ao R \ growth where there are electron-
3 197 *\;\\ beam evaporators.
c
S 60 N\

;‘ZE ___,.f.f.\.7.#::2112,5,,:‘:',)‘ Fig. 2.6. The.dependen.c? of of ion

0] current density on position along

20 40 60 8 100 120 140 160 180 moving ion probe
T E-gun Position, mm

In the next sections the examples
of the observed effects and applications of the ion-stimulated methods are under
consideration.

2.2. Delta-doping under ion-stimulated deposition and estimation of distribution of
ion current density on substrate surface

Stibium 1s a doping impurity of the n-type for IV group elements. Its
segregation behavior makes it a model material for surface segregation. Two
features of stibium is very important for the purpose of this work. (i) For substrate
temperature of about 873K the segregation length is so large that almost all the Sb
atoms segregate on the surface in Si epitaxy. (i1) The Si ion flow builds the Sb
atoms from the surface into the epitaxial n-type layer. This method of doping is
called as doping with secondary ions (DSI) to differ it from direct injection of
doping impurity ions.

For relative measurements of the ion flow some amount of sub-monolayer
coating of Sb adatoms (0.2 x monolayer (ML) = 1.356x10'* atom-cm™) was
evaporated from the Sb source onto the p-Si substrate surface 10-20 Ohm-cm
heated up to 873K. Then the Si layers were grown from the partially ionized beams
without substrate rotation. The growth rate was 0.1 nm/s. Since the silicon layers
were grown without substrate rotation, some non-uniformity of doping on different
substrate parts was observed depending on their position relative to electronic
evaporator position, as expected.
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As a result of resistivity measurements by the four-probe method, the values

of the mean bulk concentration of impurities 7 were defined at appropriate points

of the substrate surface.
The segregation length is defined by the following formula

A=Ts, (2.3)

where 7, 1s the surface concentration, # 1s the bulk one.
The change in concentration is defined by the formula

n(z) =n(0)e . (2.4)
Integrating over thickness, we obtain

d
f n(z)dz = n,(0) —n,
0

or

n(0)A (1 — e_i) = n.(0) — n,. (2.5

From there it is possible to find the segregation length A if we know n(0).
The parameter n(0) we can find from the following relation

=_N_N
A== (2.6)

where S is the cross section or area, d is the sample thickness, N is the number of
impurity atoms in bulk.

N=["dN, (2.7)
Here dN =n(z)Sdz, then
N =S [ n(z)dz = S [ n(0)e idz = Sn(0)A(1 — ) (2.8)
Substituting (2.8) in (2.6) we obtain
1 _a
n= an([]}ﬂ(l —e 1)

or
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n(0)A(1 - e—%) — 7d. (2.9)
Substituting (2.9) in (2.5) we obtain
fid = ng(0) —n,
or
n, = n.(0) —nd (2.10)

From there the segregation length is

_ ns(0)
A=—"r— d (2.11)
With the values of 1 and d = 3E cm we define, according to (2.11), the
segregation length at appropriate points.
For delta-doping with ion participation one knows the following expression
that characterizes the concentration dependence of impurity atoms built into the
lattice on 1on floe density

MR = FionOincNs (2.12)

where 7 is the bulk concentration of doping impurities, R is the growth rate, Fj,, is
the ion flow, g, is the cross section of Sb inbuilding, n; is the density of Sb
adatoms.

From (2.12) it is possible to estimate the ion flow density as

En R

F, ion — =
Oincls Oinc A

or the ion current density Jipn=Fiong-:

Jion = —2 (2.13)

Tincl
where ¢ =1,6E"° C is the elementary charge. For R=1E%cm/sec; 0i,.=0,5E"°cm?
(for 600 eV) and for A with (2.13) we obtain the density of ion current at
appropriate points.

The two-dimensional distribution of the ion current density on the substrate
surface is presented in Fig. 2.7.

Thus, we have a picture of the distribution of ion current on the substrate
surface. As noted, the direct measurements of the ion current density were
performed with one line and this line corresponds to the direction 90°—270°. The
data obtained with the ion probe and the calculation data are in agreement within
20% accuracy.

117



' 8,950E-08
1,308E-07
1,720E-07
2,133E-07

i ]
2,545E 07
- i
3,370E-07

90

0 - e
4,825E.08
40 ? ‘

30
300

20

10

0 270 (S
A Fig. 2.7. The 2D

distribution of the ion

current density, A/cm?

10

20

240 " | Ty 120
30 - — ,

i Ugub= -600V

2.3. Formation of Ge nano-islands on Si surface by ion-stimulated method

Interest is due to unique physical features of quantum dots associated with
an atomic-like energy spectrum and due to a possibility of producing
optoelectronic devices of a new generation on their basis. From the point of view
of devices, in the case when the distance between the levels is much greater than
thermal energy an atomic-like electronic spectrum of charges at quantum dots
makes it possible to remove the main problem of present-day micro- and
optoelectronics, namely “smearing” of charge carriers in an energy window of an
order of kT, which leads to degradation of device features for higher temperature.

Surface irradiation with low-energy ions during the growth is a perspective
method of controlling the density of formed islands and the island distribution in
size. However, the mechanisms of ion effect on the processes of nucleation and
growth remains unclear in many respects.

The use of kinetic rate equations allows at an atomic level describing
nucleation of nano-dimensional islands in the early (submonolayer) stage of the
epitaxial growth under conditions far from equilibrium. In this dissertation, this
method is used to study the effect of low-energy ions present in a flow of adsorbed
atoms on concentration of formed islands.

It was accepted that ion collisions with surface leads to defect formation —
surface vacancies or vacancy clusters — being points of preferable nucleation. Two
mechanisms of facilitated formation of nucleus on defects were considered:

a) a nucleus is formed from the surface atoms knocked-out by an ion with
the probability close to 1;

b) knocked-out atoms play no special role in nucleus formation but the
nucleus formation rate at a defect is higher than that at a defect-free area (owing to
less size or/and higher energy of dissociation of critical nucleus).

Numerical calculations of generalized kinetic equations for the values of
growth temperature 7, adsorbed atom flow F and activation energy of surface
diffusion typical for the Ge/Si structure were performed. The integration results
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showed that irrespective of a mechanism of nucleus formation the island
concentration increases with the raise in a share of ions in the adsorption flow A
and decreases with the decrease in T or with the raise in F. For rather low 7 or high
F' the island concentration corresponds to the growth when there are no ions. That
is associated with the fact that under indicated conditions an adsorbed atom has no
time to reach defect owing to surface migration until it meets another adsorbed

atom (the similar effect for the initially defected surface was found by P. Jensenu
et al, Surf. Sci. 412/413, 1998, p. 458).

The expressions connecting a characteristic value of the ion share for which
the ion component plays a vivid role in island formation with crystallization
parameters were obtained. In the case of nucleus formation according to the
mechanism (a)

A~(F/D)"36! (2.14)

where D is the coefficient of surface diffusion, € = Ft is the degree of surface
coating for time ¢. For the nucleus formation under mechanism (b)

A~ (F [ D)D) g Q2= ) exp([(j+ 2)E; — (i + 2)E; 1/(i + 2)kpT}  (2.15)

where i and j are the size of critical nucleus on the defect-free surface and on the
defect, respectively; E; and E; are the energy of nucleus dissociation into separate

adatoms.

It is known that the maximal density of Ge islands with linear size of about
10 nm is to be an order of 10!? cm™ (for higher density the islands are collected in
a continuous layer). Further increase in the nano-island density is possible only
when their linear sizes decrease. The effects observed under ion irradiation such as
transformation of the function of nucleus distribution in size and change in island
concentration on surface give hopes that under ion action it will be possible to
obtain denser blocks of quantum islands by decreasing a size of the critical
nucleus. The facilitated nucleus formation at charged defect centers (generated
under ion irradiation) is a result of decreasing an activation barrier of nucleus
formation in electrostatic interaction of charge with nucleus atoms.

A mechanism describing a decrease in activation barrier of nucleus
formation in electron capture by a metastable fluctuation of adatoms was also
considered. The estimations points to a significant role of free carriers of charges
generated under ion irradiation in the process of growth from partially ionized
flows; the sizes of critical nucleus are Y4 of the critical size of neutral nucleus. Also
by analytical and numerical methods the regularities of nucleus formation under
low-energy ion irradiation during the process of condensation of Ge molecular
flow to Si were obtained. As a result, it was confirmed that under ion irradiation
the island density increases and becomes more homogeneous, i.e. the function
island distribution in size is narrowed.

The formation processes of nano-dimensional Ge islands in Ge/Si
heterosystems obtained by molecular-beam epitaxy have been experimentally
studied. A partially ionized flow of Ge was used to vary the features of a block of
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Ge nano-islands of the silicon surface. Positively charged ions of Ge were obtained
in the process of flow formation of a material evaporated from electron-beam
evaporator (EBE). Ion bombardment of growing film surface modifies a near-
surface layer of crystal by defect formation, charged complex creation, penetration
of potentially accelerated particle into crystal.

Structure and morphology of Ge islands were studied by scanning tunneling
microscopy (STM). The STM data allowed the evolution of sizes and density of
Ge islands to be observed depending on ion component energy (fig.2.8 and 2.9).
The estimation of the limiting factors influencing the density and sizes of islands
and their lces of preferable nucleationwas made.
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Fig. 2.8. The STM images of
nano-islands under
bombardment by ions of
different energy (0, 600, 1000,
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Fig. 2.9. The dependence of linear size (a) and density (b) of nano-islands on ion energy

The role of the elementary charge in the process of nucleation was studied.
The contribution of the elementary charge, localized in the nucleus to reduce the
free energy of the nucleus. The defect formation due the bombardment of the
silicon surface by germanium ions and the distribution of point defects in depth
layers was studied by Monte Carlo method. Analysis of a block of Ge islands
obtained from partially ionized flows showed that the ions effectively influence the
processes of formation of islands, their density, size and distribution. The
following experiments were carried out at relatively low ion energies of about 100-
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600 eV. At the same time, super-dense array of islands (5h1011 cm 2) maximum
narrowing of the distribution function were formed at ion energy of 200 eV.

2.4. lon-stimulated relaxation of stresses in heterostructures

Another important application of ion-stimulated methos is the management
of stress relaxation in ultrathin layers. Because of great parameter mismatch of the
lattice of Ge and Si (4.12 %), the germanium and silicon-germanium alloys
produced in the process of pseudomorphic epitaxial growth on the silicon
substrates are elastically stressed and during the further growth or annealing for
higher temperatures they relax. It is known that relaxation of elastic stresses in the
epitaxial silicon-germanium layers takes place when the thickness of the epitaxial
layes exceeds a value of the critical one; that can be done by introducing mismatch
dislocations at the boundary. The segments of introduced dislocations go through
the growing epitaxial layer. Dislocations in the epitaxial layer significantly worsen
the layer characteristics, which leads to limiting the use of such structures for
creation of electronic and optical devices. It is also known that the effects of
stresses in heterostructures can also improve operation of electronic devices owing
to deformation of the forbidden zone. The high-effective field transistors could be
obtained by controlling carrier mobility in channels and other parameters of SiGe
structures. The so called virtual substrates containing the SiGe layers of the silicon
substrates provide a reliable method of heterostructure arrangements unsuitable for
this purpose because of stresses caused by lattice mismatch. The problem to be
solved is full or partial removal of stresses in superthin layers of SiGe owing to
relaxation control. Within this study a method of controlling stress relaxation under
ion bombardment during the growth of the SiGe layers on silicon has been
proposed. The experiments were performed to study the mechanisms and processes
of epitaxial layer growth under ion bombardment during the growth. A degree of
the layer stresses was defined (Fig. 2.10) with the use of the spectra of combination
scattering by a Raman spectrometer.
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2.5. Thermovoltaic features of silicon film p-n structures produced by ion-
stimulated vacuum deposition

The 1on-stimulated methods were used to create silicon structures allowing
conversion of thermal energy into electric one. Direct conversion of solar energy
and heat of heated bodies, beginning from geothermal sources, waste gases of
thermal electric power stations and metallurgical productions is an actual and
topical engineering problem. We have proposed and justified an idea of
thermovoltaic conversion, i.e. creation of thermal energy converters (TEC) with
the use of polycrystalline silicon. One of the most important conditions of TEC
operation is introducing impurities with deep energy levels of >10'*cm™ into such
silicon.

The thermovoltaic effect was experimentally tested for the film silicon p-n
structures produced under conditions minimizing the effect of doping impurities.
The TEC structures were produced with the setup of ion-stimulated vacuum
deposition. The films were deposited on the substrates by evaporation of a working
material with its heating by an electron beam. The film Si structures with the p-n
transition were formed by evaporation of monocrystalline silicon of quality KDB-
0.4 or KEF-20 onto the surface of substrates of KEF-20 (111) and KDB-40 (100),
respectively. The substrate temperature was varied within the range 950-1100K. A
mode of deposition with the high rates ~ mkm/min was realized. The time of film
deposition was from 1 to 5 min for different modes.

The thermovoltaic effect was studied in the samples under conditions of
uniform heating and subsequent smooth deposition of the whole system within the
temperature range 300-900K with no temperature gradient. The characteristic
temperature dependences of dark voltage and current are presented in Fig. 2.11.
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Fig. 2.11. The temperature dependences of idling dark voltage (a) and short-circuit
current density (b) for uniform heating of the structure being a KEF-20 film on the
surface of the KDB-40 (100) substrate
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On the basis of the experimental data obtained one can state that the films of
both p-type and n-type deposited on the substrates with opposite type of
conductivity have the following characteristic features.

1. For uniform heating with no temperature gradient on these film structures
there is idling dark voltage; its value is ~5-10 mV for temperature ~800K.

2. Effective generation of carriers is observed for T>500K and when the
temperature increases up to 900K there is dark current; its density is ~1,2-
2,5 mkA/cm? for different samples.

3. Changes in dark voltage and short-circuit current with the raise in
temperature and cooling take place smoothly and along one curve with discrepancy
of results not higher than 5%.

The results obtained experimentally confirm a role of the deep energy levels
in appearing the thermovoltaic effect, namely its manifestation in structures formed
under vacuum conditions with exclusion of any sources of deep levels but when
the concentration of the indicated levels is sufficient for their appearing.

It should be noted that the high Zeebek coefficient of TEC can be caused not
only by the high concentration of deep levels but also by the presence of
microlayers of oxide through which the charge carriers are tunneled. Therefore, an
increase in this parameter and in other thermovoltaic parameters of film-based
TECs can be connected with purposeful creation of specially doped areas in the
process of film growth and, as shown by this work, the ion-stimulated methods are
more suitable for this goal.

2.6. lon stimulated electron beam physical vapour deposition

Electron beam physical vapour deposition (EB-PVD) is an effective process
for dense coatings, high thermal efficiency, and relatively high deposition rates.
Additional benefits can be gained in this process with the simultaneous usage of
ion-assisted deposition. lon bombardment of the substrate provides a better control
of the deposition process and the resulting adhesion of the films, their morphology
and chemical composition. By controlling the current density and energy of ions,
porous, columnar, textured and epitaxial coatings may be obtained.

From common reasons it can be confirmed that the increase of the degree of
ionisation of particles depositing on the substrate, is possible by magnification of
the electron current of the evaporator (at constant power) and accelerating potential
on the substrate. Thus, the current of generated ions and efficiency of the
extraction them on the substrate accordingly increases.

Discussing of other physical factors of this process the following must be
mentioned:

Atoms re-evaporation (scattering) process due to the ions bombarding the
substrate: in the literature it is shown that by U, = 1 keV the scattering coefficient

is ~1. In our experiments the degree of ionization is ~0.15%. Therefore this

scattering has not been taken into account because it is only ~10-3 part of the flow.
The estimation of the electrons effect on the ion current: (a) In the case of reflected
electrons from the e-beam evaporator - special construction design of the detector
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allows us to separate the ionic and electronic constituents in the field of a parallel-
plate capacitor and they are detected separately at different electrodes. (b) In the
case of secondary processes including ion-electron emission — the ion detecting
electrode is constructed from pure Ta. In so doing the assessment of the
instrumental error by measuring the ion current is not more than 10%.

In many cases accelerated gas ions are used for ion- assisted deposition.
However, after neutralizing under the surface, the gas ions can cause bubbles,
which can tear and damage the structure of the film. Usage of the accelerated
‘self’ ions, generated as a result of ionization of evaporated atoms, overcomes
this problem. In the EB-PVD process, used in the present work, the ions are
generated by the collision of electrons, which are present in the field of the
evaporator, with the evaporated atoms. This ionization takes place in the area near
to the surface of evaporated material, because in this area there is a high
concentration of evaporated atoms and a high current density of electrons. There
are three groups of electrons, whose contributions are approximately the same
order of magnitude in the process of ionization:

- electrons of the e-gun, which have energy 10 keV;
- back-scattered electrons with energies 100 eV—-10 keV;
- secondary electrons with energies 10—100 eV.

A vacuum chamber equipped with a turbomolecular pump and a 6 kW
electron beam evaporator with a 270° beam deflection by a permanent magnet
and 10 kV acceleration voltage were used for the deposition of metal films and
to measure the density of ionic and electronic current with the ion detector.
The substrates used were nickel-based alloys, which are an important structural
material for turbine blades, tubes and pipes, etc. The thickness of the Cr films
were from 6.5 pm up to 9.5 um. A specially designed ion detector was installed
in the vacuum chamber in the position, where the substrates are usually
mounted. The operation of the electrostatic detector is based on the separation
of positive ions and electrons in the field of a parallel - plate capacitor. The
construction of the detector and the measuring tract allows delivery of ions to it
of a bias potential of up to yl.2 kV simultaneously with the application of a
corresponding potential to the substrate. Structural elements of the detector and
the potentials on its plates are calculated by assuming that the complete
collection of all ions and electrons, acting on its input window is realised. The
dimensions of the detector are: 35x35x40 mm®, the area of the input
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evaporator /e and bias potential on a substrate are shown in Fig. 2.12.
Magnification of the density of the ion current increases with an increase in
the bias potential as seen in the figure. Obviously, it is a common regularity for Cr
in ion assisted deposition process.

At I, = 80 mA and Vs = 1200 V the ion current density reaches a
maximum value 11pA-cm™. The curves for Cr has in the middle of the
range the emission currents change, the rate of increase of current density with
emission current decreases. This decrease coincides for these metals with the
beginning of formation of a melting area on the surface. All these distinctions in
ion generation by EB-PVD for Cr are bound to depend on its coefficient of the
evaporation, the heat losses by means of a thermoconductivity and radiation, as
well as from the effective cross-section of ionisation of atoms of Cr. To calculate
an ionisation coefficient of the ion assisted EB-PVD process, the thickness of the
deposition films was measured with a ‘Dectac 3030ST’ microprofilometer and
with direct SEM examinations of sections. Measuring the time of the deposition
process, the flow of deposited atoms was obtained and the calculation of the
ionisation coefficient was possible. For Cr the ionisation coefficient of the flow of
settled atoms is 0.15% at the emission current 40 mA.

For practical problems it is important to estimate the complete ion current,
generated in the field of ionization near the surface of the evaporator. Using
average effective values of physical quantities it is possible to obtain the following
phenomenological formula for a complete ion current:

e

li=1,0,4nL (2.16)

where /[ is the current of the electron gun (50-100 mA), o, the average value of

effective cross-section of ionisation of the evaporated atoms at collision with
electrons (~10"7cm? at energy of electrons 10 keV), n the average density of atoms
in the field of ionisation (~10'* ¢m™), and L the average length of trajectories of
electrons in the field of ionisation (~1-3 cm).

The morphology of the Cr films on nickel-based supper alloy substrates was
studied using scanning electron microscopy (SEM). Fig. 2.13 gives an illustration,
how the microstructure of a Cr coating can be controlled by controlling the
parameters of the accelerated ions, influenced to the formation of the structure of
coatings.

Fig. 2.13a shows the Cr coating without bias, lems = 40 mA. The grains are large

and separate. Fig. 2.13b: bias 800 V, lems = 60 mA. The grains are smaller and
partially united. Fig. 2.13c: bias 800 V, Iems = 100 mA. The grains are united and

higher. The micrograph in Fig. 2.13c shows a columnar (dendrite) structure. It is
known that the significant advantage of the columnar microstructure for high
temperature application gives better strain tolerance between the coating and the
substrate.

Effects of ion beam assisted deposition, beam sharing and pivoting in EB-
PVD processing of graded thermal barrier coatings was investigated. Processing
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technology was developed to form graded TBCs by coupling ion beam assisted
deposition with substrate pivoting in the alumina-YSZ system.

L1: Ni-based substrate;

Fig. 213. SEM image of Cr coating on Ni-
based alloys: (a) without bias, Tepms = 40

mA; (b) bias 800 V, Iems = 60 mA; (¢)
bias 800 V, Iems = 100 mA.

Graded thermal barrier coatings, which
consist of transition layer, bonding layer,
barrier for oxidation and corrosion
functional cover layer deposited by EB-
PVD in a one-step cycle were
investigated. The chemical affinity
between the intermediate layers and the
adjustment of the ceramic top layer to
the substrate via this multilayer stack as
a material adapter is proposed and
experimental realized.

Proposed for the multilayer stack
architecture is:

each layer has a chemical element
in common with neighbouring layers;

this chemical affinity ensures the
chemical compatibility between the
layers;

the graded compositional
transition between the layers ensures
mechanical compatibility;

the use of accelerated ions for
activating the growth of the films leads
to formation of the necessary
morphology and improved adhesion.
Here is the proposed architecture of the
multilayer stack shown (Fig.2.14):

L2: Ni-based substrate is siliconized for better corrosion resistance and for
the compatibility to the next layer which contains Si, too;

L3: 1s a bonding AISi which will replace conventionally used expensive
PtAl. The graded composition provides a good adjustment of thermal expansion

coefficients;

L4: serves as an oxidation barrier;

L5: has to lower the thermal conductivity and to optimize the cooling rates.
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Coating System

Material Function
LS porous zirconia Functional
thoghnet alumina TBC Cover Layer
(ZTA)
L4 ALO,, AIN Barrier fc-rl oxidation
and corrosian
L3 Graded ALSiy BC2 Bonding Layer
L2 NixSiy Transition Layer
L1 Ni-based Superaﬂgy Thermo-mechanical

super alloy loading

Fig. 2.14. The proposed multilayer stack.

In the Ion Assisted EBPVD system, a 6 kW electron beam evaporator is
used with a 270° beam deflection by a permanent magnet and with a 10 kV
acceleration voltage. To measure the density of the ionic and electronic current, a
special ion detector was installed in the position of the substrate. The main process
data can be listed as follows: vacuum: 10°-5-10°mbar; emission current of the e-
gun: 15 mA to 400mA dependent on the evaporated metal and stages of the
process run; bias potential: O V to 1000 V. As coatings: (Ti-Al), Si-(Si-Al) was
chosen; as substrates- nickel-based alloy 617. The distance between the
evaporation surface and the substrate was 150 mm. The thicknesses of the
deposited films were measured by direct SEM examinations of cross-sections.

The adjustment of the top layer to the intermediate layer stack is exhibited
by the deposition of (ZrO,+ Al,Os) and C —ZrO; on the (Ni-Al-Si) substrate.
(Fig.2.15, Table 2.)

The top layer 1 shows a stoichometric composition of ZrO,

Table 2. Chemical composition and cross-sectional view of the multilayer stack

EDS-Measuring on Cross-Section of Sample, 25kV Z1r0»-Al,03-Al-Si-Ni
Atom-% EDX-Points
N Al Ti Cr Fe Co Ni Mo Si (0} Zr >
TR S R JE N, W |
1 349 0,00 0,00 - 0,13 - 6,52 59,86 30,0 1 ti
2 47,80 - 0,08 0,07 - 0,18 - 1,22 48,52 2,12 100,0
3 52,25 - 0,03 0,13 - 0,12 - 1,78 45,33 0,37 100,0
4 14,33 - - - - 0,26 - 68,29 17,11 - 100,0
5 67,10 0,05 8,07 0,52 529 17,28 1,69 - - - 100,0
6 2,17 0,37 2597 1,21 11,48 53,65 5,15 - - - 100,0 8
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A method of ion-stimulated electron-beam physical deposition of vapors was used
to produce the compositions of Ti-Al and Si-Al coatings.

The multi-layer structures with the preset features were grown with the
controlled parameters of the process such as substrate temperature, ion energy and
ion flow density (Table 2).

As a result of mutual diffusion of Ni, 7i, A, Si, improved adhesion of an
intermediate layer (adapting material) with nickel-based substrates is used at the
boundaries.

The possibility of producing multi-layer coatings of metal-ceramic by ion-
stimulated method in a one-step cycle was confirmed.

The upper ceramic layers ZrO, / AlO, deposited in the same equipment
showed the excellent compatibility with the intermediate layers and demonstrated
the necessary parameters for thermal barrier coatings. This fact enables the
creation of thermal barrier coatings based on the widespread materials by ion-
stimulated growth.

CONCLUSION

On the basis of the research on a doctoral thesis on «A monosilane
technology of polysilicon production and ion-stimulated metohods for creation of
silicon structures» provided the following conclusions:

1. Developed a monosilane technology of polycrystalline silicon
production, based on the alkoxysilanes synthesis by the direct reaction of
metallurgical silicon and alcohol, and created an experimental process equipment
for its implementation.

2. For the first time held a silicon milling process to the size from 30 to
100 microns in the liquid medium used subsequently as solvent in the
alkoxysilanes synthesis, that protects the new surfaces of the silicon particles from
exposure to oxygen and moisture, as a result excluded the induction period of the
direct reaction of metallurgical silicon and alcohol, and excludes flow of side
reactions under the influence of water.

3. A method for dosed supply of suspension, which is consisting of
particles of metallurgical silicon, catalyst, solvent and the powder was proposed,
whereby, the silicon consumed in the reaction process is compensated and
provided a stable reaction;

4. A method is proposed for the activation of the reaction medium,
where impurities entering the reaction medium composed of metallurgical silicon,
entrained from the reactor with excess of solvent, whereby level of the solvent and
the activity of the reaction medium remains constant, the excess solvent is
continuously removed from the reactor through the ceramic membrane which is
mounted in the walls of the reactor.

5. It has been found that the simultaneous use of technical solutions for
milling silicon in a solvent, dosed supply of suspension into the reactor and
removing excess solvent together with dissolved therein impurities provides
maintains the constant amount of silicon, a catalyst and a solvent for the duration
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of the process of synthesis and realization of a fully continuous process of
alkoxysilane synthesis.

6. A method 1s proposed for preparing sodium ethoxide in a shielding
medium of tetraecthoxysilane and the application of freshly prepared sodium
ethylate as catalyst in the synthesis of monosilane provides increasing of the
process productivity by reducing the contact time of the reactants in more than 5
times.

7. For the first was proposed the purification of monosilane in the
absorber, where triethoxysilane cooled below 133K used as an absorbent and
separated from triethoxysilane by the phase separation at a temperature of 193K in
the separator which is established in the top of the absorber, whereby the deep
purification of monosilane is provided in a short manufacturing cycle.

8. A method of separation and control the flow of charged particles and
device for its implementation, which allowed the ions generated by electron-beam
evaporation to control and management of the processes on the growth surface
were proposed.

9.  Increasing doping level reached to 10" cm™ by ion-stimulated
antimony atoms embed in the crystal lattice of the silicon during the growth with
delta doping;

10.  Experimentally proved the possibility of purposeful management of
the degree of stress relaxation in heterostructures during their formation in ion-
enhanced molecular beam epitaxy.

11. It was established that the formation of germanium nanoislands on the
silicon surface by ion-enhanced molecular beam epitaxy maximizing the density
and narrowing of the size distribution function is achieved at 200eV of an ions
energy.

12. It is found that at temperatures above 500K the thermovoltaic
properties of thin film silicon p-n structures obtained by the ion-stimulated by
vacuum deposition is manifested;

13. The creation of intermediate layers with a chemical affinity and
gradient transition to adjust the thermal barrier coatings by ion-stimulated method
was proposed.
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	       Маъруза шаклидаги докторлик диссертацияси мавзуси Ўзбекистон Республикаси Вазирлар Маҳкамаси ҳузуридаги Олий аттестация комиссиясида 30.06.2015/B2015.2.Т522 рақам билан рўйхатга олинган.
	Маъруза шаклидаги диссертация мавзусининг долзарблиги ва зарурати. Бугунги кунда электроника ва қуёш энергетикаси талабларини қондириш учун жаҳонда ишлаб чиқариладиган йиллик 300 минг тоннадан ортиқ поликристалл кремнийнинг аксарият қисми кремнийнинг хлорли бирикмаларидан водородни тиклаш усули ёрдамида олинади. Мавжуд хлорсиланли технологияларнинг юқори энергия талаблилиги, атроф муҳитга салбий таъсири сақланиб қолиниши туфайли поликремний ишлаб чиқаришнинг тежамкор ва экологик хавфсиз технологияларини ишлаб чиқиш ва саноатда жорий қилиш муҳим аҳамият касб этади.
	 Жаҳонда кейинги беш йил давомида поликристалл кремнийга бўлган талаб икки ҳисса ошиши кутилаётган бир пайтда хлорсиланли технологиялар ўрнига энергия сарфини кескин камайтириш имконини берувчи моносиланли технологияларни жорий қилиш алоҳида аҳамият касб этиб бормоқда. Лекин ҳозирги кунда таклиф қилинаётган моносиланли технологиялар ҳам хлорли жарёнларга асосланганлиги туфайли уларга хос экология ва улкан капитал харажатлар муаммолари ечимсиз қолмоқда. Бу муаммонинг ечими моносилан орқали кремний олиш жараёнида кечадиган гетроген катализ реакциялар шарт-шароитлари ва механизмларини комплекс тадқиқ қилиш, металлургик кремний ва спиртларнинг бевосита реакцияси ва алкоксисиланлар диспропорцияси жараёнлари, уларда қўлланиладиган катализаторларнинг таъсир механизмлари, ҳамда уларни фаоллаштириш шароитларини ўрганишни талаб қилади.
	Тадқиқотнинг республика фан ва технологиялари ривожланиши- нинг устувор йўналишларига боғлиқлиги. Мазкур тадқиқот республика фан ва технологиялари ривожланишининг II. «Энергетика, энергия ва ресурстежамкорлик» ва III. «Қайта тикланувчи энергия манбаларидан фойдаланишни ривожлантириш» каби устувор йўналишлари доирасида бажарилган.

	01.04.04 – Физическая электроника

	Ташкент – 2016
	Тема докторской диссертации в виде научного доклада зарегистрирована под номером 30.06.2015/B2015.2.Т522 в Высшей аттестационной комиссии при Кабинете Министров Республики Узбекистан.
	В мире по разработке моносилановых технологий производства поликристаллического кремния, а также по формированию сложных гетероструктур и других кремниевых структур с применением ионно- стимулированных методов получен ряд результатов, в том числе следующие: разработан вибрационный реактор кипящего слоя, работающий при высоком давлении и низких температурах (SiTec Applied Research, Германия); достигнуто резкое сокращение расхода энергии при производстве гранулированного поликристаллического кремния в реакторе кипящего слоя (REC Silicon, США); разработан способ получения в реакторе кипящего слоя грунулированного поликремния электронного качества из моносилана (SunEdison inc., США); уменьшено напряжение кремниевых структур при молекулярно-лучевой эпитаксии (МЛЭ) путем ионной стимуляции и управления ростовых процессов  и сформирован интерметаллический слой  с повышенной твердостью при ионно-активированом электронно-лучевом физическом осаждении пара (Stuttgart University, Германия); определена эффективность воздействия ионной составляющей на процессы зародышеобразования при степени ионизации потока от 10-4 (Iowa State University, АҚШ); исследованы физические процессы, имеющие место при ионном облучении поверхности роста легированных широким спектром примесей слоев кремния в методе молекулярно-лучевой эпитаксии, а также разработаны физические основы примесного легирования слоев кремния и слоев твердого раствора кремний-германий в условиях низкоэнергетического ионного облучения (Нижегородский государственный университет, Россия).
	ASHUROV KHATAM BAKHRONOVICH
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	Tashkent – 2016
	 Considering the growth of silicon demand in next 5 years, it is neccesarry to apply a monosilane technology instead of treechlorsilane one in new plants. Since the monosilane technology is realized for lower temperatures and has high conversion of precursors, it is possible to spare up to 90% of energy in production of granulated polysilicon in boiling-layer reactors as compared to the traditional Siemens process. But today monosilane technology which is applied in industry aslo based on chlorsilane procceses and requers big CAPEX and still remains not ecology-safe, thats why this problem still needs a solution. A cardinal solution of this problem could be a monosilane technology based on direct reaction of metallurgical silicon and low alcohols. The presence of the induction period in the direct reaction of metallurgical silicon and low alcohols prevents the application of this technology in the industry. A big knowledge about the mechanism and conditions of heterogen catalysis reaction need to solve this problem. A direct reaction of metallurgical silicon and low alcohols and disproportionation of alcoxysilanes, mechanism of influence of catalysis, activation procces are not studied enough.




