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ViccnepoBaHo dhopMupoBaHe Me3oNopuCTbIX MIEHOK ANXalbKOreHnAoB nepexoatbix Metamios (MoSs, WSs)
B XOAe MpoLecca XMMUYECKOro ra3oasHoro oCa)kAeHusi ¢ MCMNoJib30BaHMEM ra300bpa3HOro cepoBofopoaa
TepMuyeckn pacnbiasiemoro nepexogHoro metanna (Mo unun W). Wccneposatbl Mopdhonorusi, cnekTpbl KOM-
OGUHALMOHHOrO paccesiHnst CBeTa, (POTOIIOMUHECLEHTHBIE CBOMCTBA 1 3JIEKTPUYECKast MPOBOAMMOCTb MJIEHOK

ANXaNnbKOreHNA0B NepexoHblX METAJIJIOB, MNOJIYHEHHbIX MPU Pa3INYHbIX KOHUEHTPALNAX NPEKYpPCOpPOB U ONU-

TENBHOCTU OCa>XAeHWNA. npOBeAeHHbIVI AHaJ/IN3 NO3BOJINT BbIABNTb OCHOBHbIE CTaANN POCTa MJIEHOK! CbOpMI/IpO—

BaHNE OCTPOBKOB B BNAE N3OJINPOBAHHbIX ABYMEPHbIX KPUCTANJINTOB; HaCTUHHOE HANNOXKEHNE KPUCTANJIUTOB Npun

UX MOCTEMEHHOM Pa3pacTaHumn B NJIOCKOCTU MOAJIOKKM; (hOPMMPOBAHUE CMJIOLIHON NAaHapHOI nneHku; obpaso-

BaHWNe n ,qaane|7|Luvu7| POCT NNACTUH4HATbLIX KPUCTANIJINTOB, OPUEHTUPOBAHHBIX NEPNEHANKYNAPHO K MOBEPXHOCTHN

nogsioxkkun. KavecteeHHble namenennsi Moponorum, hoTONOMUHECLEHTHON U 3/1EKTPUHECKON NMPOBOANMOCTEN

Ha Pa3/inyHbIX CTaANsIX (POPMNPOBAHUS MOKPbLITUIA AUXaSbKOTEHNAAMMN MEPEXOLHbIX METaNIOB OOBSCHAIOTCS C

y4HeTom B3aVIMO,ELeI7ICTBI/I$I nx 3ﬂeKTpOHHOI7I noaocncTemMbl C I'IOp,ﬂO)KKOﬁ N coceaHNMN KPpUCTaNJIMTaMun.
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1. BBEAEHUE

JuxanbkoreHu bl nepexoaubix Merasuios (IITM)
[IPEJICTABJISIOT CODO0I KJIacC COeJMHEHHI, KOTOpPBIE,
6J1aroIapsi CBOMM yHUKAJbHBIM CBOCTBaM, IPUBJIEKA-
10T 3HAYUTE/IbHOE BHUMAHKE B HAYYHOM M TEXHUIECKOM
coobiecTse B mocsenune jgecarmierns [1-3]. Kpucras-
snygeckas pemerka JIIIM nmeer cioucTyio CTpyKTy-
py. OTymaureIbHBIM CBOWCTBOM 3TOil CTPYKTYDbI B~
JIZETCsl TO, YTO BCE KOBAJICHTHBIE CBI3U MEXKIY aToO-

* E-mail: loginov.ab15@physics.msu.ru

MaMHU 3aMBIKAIOTCA BHYTPH CJIOsI, 8 MEXKCJIOeBasi CBA3b
peajmm3yercst cJiabbIM BaHI€PBAAJILCOBBIM B3aUMOJIeli-
CTBUEM, YTO, B YACTHOCTH, [TO3BOJIAET JIETKO OTJIEJIATH
CJION JIPYT OT APYyra U HCIOJIb30BATH M30JUPOBAHHBIE
CJIOW JIJIsi TIPOBEJIEHMS] UCCJIEIOBAHUMN, JIJIsi CO3/IaHUsI
YCTPOUCTB 3JIEKTPOHUKU Ha ocHOBe MoHOc0eB JIIIM u
Ut apyrux neseit. Xuvmumdeckas dopmysta JIITM o6bra-
Ho 3anucbkiBaeTcsa kKak MoXs, ie M — aTom nepexo/i-
noro merauta (Mo, W, Re, V,Ta u ap.), a X — xa/b-
kored (S, Se, Te). Oaunounstii cioii JIIIM moxer 6bITH
[IPEJICTABJIEH B BUJE YE€PEIyIONINXCH JIBYMEPHBIX T'eK-
CaroHAJIbHBIX CTPYKTYP, JBE U3 KOTOPBIX 00Pa30BAHbI
ATOMAMU XAJIbKOT'€HOB, & MEXKJy HUMHI PACIIOJIOXKEHA
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TPeTbsl U3 aTOMOB IIEPEXOJHOr0 MeTajuia. Pe3ysbTu-
pyommas crpykrypa mouocsaoss JIIIM mpu takoit yma-
KOBKe aTOMOB X—M—X 0OKa3bIBaETCs JUIIEHHON ITEHTPA
WHBEPCHUM, YTO IIPUBOJUT, COBMECTHO CO CPABHHUTE]Ib-
HO OOJIBITION MACCOWl ATOMOB, K BO3SHHUKHOBEHUIO DsIa
YHUKAJIbHBIX CBOCTB (HAJUYUE HEIKBUBAJIEHTHBIX J0-
aud (K u K') B 3aKoHe jucrnepcun 951eKTPOHOB, CIId-
HOBOE DACILIEILICHUE BAJEHTHON 30HBI U Jp.) U JejaeT
BO3MOXKHBIM PACCMATPUBATH TAKIE MATEPUAJIBI B Kade-
CTBE OCHOBBI [IJIsl CO3JIaHUsI IIEPCIIEKTUBHBIX yCTPOUCTB
CIIMHTPOHUKHU U JOJUHTPOHUKH [4,5].

Ornenpabie Monokpuctasisl JIIIM, conepzkariue
OJINH WJIM HECKOJIbKO CJIOEB, IPOSBJIAIOT SPKO BBIPA-
JKEHHbIE JIBYMEpHbIe CBOiicTBa. DddeKThl pasMepHO-
0 KBAHTOBAHMWS, CBI3aHHBIE C MaJION TOJIIUHON TAKUX
KPUCTAJUIUTOB (BILIOTH 10 10 HM), IPUBOAAT K IPOSIB-
JIEHUIO (PUBUYIECKUX CBONCTB, 00YCJIOBJIEHHBIX JIBYMEp-
HBIM XapaKTepoOM 3JIEKTPOHHOI'O Ta3a B 3TUX CTPYK-
rTypax [6,7]. B uacTHOCTH, 3HAYUTENHHO YMEHbIIEHHOE
JIJIEKTPUIECKOE SKPAHUPOBAHNE MIPUBOJUT K YBeJIN-
YEHUIO SHEPIUU CBSI3U CBA3aHHBIX COCTOSHUI 3JIEKTPO-
HOB U JBIPOK U BEJIET K BO3MOYKHOCTH CYIIECTBOBA-
HUs 9KCUTOHOB U TPUOHOB (1 HABGJIIOeHIs CBI3AHHbBIX C
HuME 3hPEKTOB) IPU KOMHATHBIX TEMIEpaTypax, 4To
OTKPBIBAET JIOPOTY K MX MPAKTUIECKOMY HCIIOJIb30Ba-
Huo [8,9]. 3amMeHa THIIA TEPEXOIHBIX ATOMOB B XUMI Y€~
CKOIl CTPYKTYPe [P MaJIO U3MEHSIFOIIENCs KPUCTAJLIN-
JeCKON pelrerke MOXKEeT KapIUHAJBHO U3MEHUTH CBOIi-
crea JIIIM. Tak, B 3aBUCHMOCTH OT 9uCJI& d-3JIEKTPO-
HOB y IIEPEXOJ/IHOTO aTOMa 30HbI B 3JIEKTPOHHOM CITEK-
Tpe BaIOJIHAIOTCI Pa3audHbiMu criocodamu, u JIITM
MOXKET IIPOSIBJIATH KAK METAJJIMIECKHUE, TAK U IOJIyIPO-
BOJIHUKOBBIE WJIN JIndJieKTpudeckue cBoiictBa. Codyera-
uue paziananbix Tunos JIIIM co cxoxeit Kpucrasinte-
CKOIl PEIIeTKO BeJleT K (hOPMUPOBAHUIO SMUTAKCHAIb-
HBIX T€TePOIEPEXOIOB, KOTOPBIE MOTYT OBITH UCIIOIH30-
BaHBI B PA3JINIHBIX JIEKTPOHHBIX ycTpoiicTBax [10-12].

Ocobwrit unrepec AIIM mpeacTaBisgioT st OITO-
9JIeKTPOHUKHU. 1Ipy yMeHbIeHNN KOJIMIeCcTBa CJIOEB B
KpHUCTaJjie 10 OHOro noJrynpoBoaaukosbie JIIM me-
PEXOJST OT HEIPSIMO30HHOI'O COCTOSIHHS K IIPSIMO30H-
HOMY, BCJIEJICTBUE YEr0 MHOIOKPATHO IOBBIIIAIOTCS Be-
POSATHOCTH SJIEKTPOHHBIX IIEPEXOI0B U 3D HEKTUBHOCTH
COOTBETCTBYIOIIUX IIPOIECCOB, CBSI3AHHBIX C ITOIJIOIIE-
HUEeM Wi uciyckauueMm GporoHos. Tak, Hapumep, Mo-
nocsioit MoSy (0HOrO M3 caMbIX PacCIpPOCTPAHEHHBIX
upezcrasuresteit JITIM) mozxker noriomars xo 20% na-
JIAIOIIET0 Ha HEro CBETOBOI'O UBJIyYeHHs B HEKOTOPOM
Jquanasone juMH BoiH [13, 14|. Baknoe BimsiHHe Ha
cpoiictBa JIIIM okaspiBaeT MOpPGOIOTrUst UCCIEIYyEMBIX
o6pasios. [logasiistroliee Yncio paboT CKOHIIEHTPUPO-
BAHO HA U3YyYEHWUM U IIPUMEHEHUU ILJIEHOK WJIU OTJIEJIb-
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wbix KpuctaamutoB JIIIM, mIockocTu aTOMHBIX CJIOEB
B KOTOPBIX IaPAJLIeJIbHBI HOJJIOKKE (TaK HA3bIBAEMbIE
waHapHble Kpucrasmrsl) [15-17]. Ho, Tak Kak cBoii-
crea JIIIM kpucra/umra 3aBUCAT B TOM YHCIE U OT
€ro OKpyzkeHus (HaIpuUMep, OT XapaKTePUCTUK COIPU-
Kacalomeicss ¢ HuUM HO,ZLJ'IO}KKI/I), onpeJleJICHHbIA UHTe-
pec npeacrasaor mieaku JIITM, cocrosimue u3 Kpu-
CTAJIJTITOB, ATOMHBIE CJION KOTOPBIX OPUEHTHUPOBAHBI
[IEPIIEHINKYJIPHO O/IJIOXKKE, U KOHTAKT MEXK/Ly HUMEI
Or'paHUYIEH OTHOCUTEJILHO HeOOIbINON obsacTbio. Ta-
KU€e KPUCTAJIJIUThl HA3BIBAIOT «BEPTUKAJIBHO OPUEHTHU-
poBauHbIMEI». [liteHKHN, cocrosmue u3 OOJBIIOrO YnC-
Jla TaKUX BEPTUKAJIBHO OPUEHTHPOBAHHBIX KPUCTAJLIN-
TOB, UMEIOT 60JIee BBICOKYIO Y/EIbHYIO IOBEPXHOCTH U
00beM MaTepuaJIa Ha eIUHUILY IIJIOMAIN TOJIOKKHA 110
CPaABHEHUIO C ILJIAHAPHBIMU CJIOSIMU, 9TO MOYKET KOJIU-
JeCTBEHHO M Ka4eCTBEHHO YJIyYIIUTh HEKOTOPbIE I1apa-
METPbI yCTPOICTB, CO3/laBaeMbIX Ha ux ocHose [18,19)].

OaHuM M3 caMbIX HPOCTBIX (M HAMbOJIEE PACIIPO-
CTPAHEHHBIX JI0 HACTOSIIEr0 BPEMEHH) METOJOB II0-
JIyIEHUsI Pa3/InIHbIX JIBYMEPHBIX MaTepuajioB, B TOM
qucie u JIIIM, cram meros MexaHnIeCcKOro pacIiernie-
Hust obbemuoro kpucrasia [20]. Iloaydaemble Taknm
obpazom 1ranapubie Kpuctaautel JIIIM wmmeror mo-
epevHble pa3Mephbl BILUIOTH JI0 HECKOJIBKUX IECSITKOB
MHUKPOMETPOB U 00JIAIAI0T HANJIYJIIAM 10 CPABHEHUIO
C JIDYIUMHU METOJIaMH CTPYKTYPHBIM KadecTBoM. Me-
TOJ[ MEXaHUYECKOTO PAaCIIeIJIEHUs] IIMPOKO HUCIIOJIb3Y-
ercsi IPU u3yvueHuu (QyHIaMEHTAJbHBIX CBOWCTB ILjIa-
napubix JIIIM cTpyKTyp, OJHAKO MaJIO MPUTOJIECH JIJIs
[IpUMEHEHHUsI B IPOMBINLJIEHHOM ITPOU3BOJICTBE U3-3a
IJTOXO# BOCIIPOM3BOIUMOCTHU PE3YJIbTATOB U HEBO3MOZK-
HOCTHU MACIITAONPOBAHUA TAKON TEXHOJIOTHH.

MeTo, XUMUYECKOr0 OCaXKJIeHWUsI U3 Ia30Boil da-
3b1 (CVD — chemical vapor deposition) paccmarpuba-
€TCsl B HACTOsINEe BPpEeMs B KAadeCTBE OJHOIO U3 HaU-
6oJtee MEePCIEKTUBHBIX AJbTEPHATUBHBIX CIIOCODOB TI0O-
JIyIEHUsI TOHKOILJIEHOYHBIX JIUXaJIbKOT€HUIOB [IEPEX0I-
HBIX MeTas/utoB [21]. C ucrnop30BaHEEM STOTO METO/IA
BO3MOXKEH CHHTE3 MATEPUAJIOB C JTOCTATOYHO BBICOKON
CTEIEeHbI0 YUCTOThI, KOHTPOJIUPYEMOil MOpdosiorueit u
xummyeckuM cocraBoM. CVD-mponece cocrout B op-
MHUPOBAHUU MATEPUAJIOB B PE3yJIbTaTe XUMUIECKON pe-
AKIMK, IPOTEKAOIIEN Ha IOBEPXHOCTHU IOJJIOXKKHU, Ha-
XOJIsIIIEelcst B KOHTaKTe ¢ ra30Boil (hazoil, cojieprKalieit
HeobxoamMbIe TpeKypcopbl. it momygerns ITIM mpe-
KYPCOPBI, COJIEPKAIINE TEPEXOIHBIE METAJIIbI M XaJlb-
KOPEHbI, BBOJISITCSI B PEAKIIMOHHYIO KaMepy, Kak Ipa-
BUJIO, TIOCPEJCTBOM TEPMUYIECKOTO PA3JIOKEHUS UCXOJI-
HBIX peareHToB. K mpemmyimecTBaM MeETO[a XUMUYIE-
CKOI'O OCaXKJeHWsl U3 ra30Boil (a3bl MOXKHO OTHECTHU
BO3MOXKHOCTU KOHTPOJISI TOJIIMHBI IIJIEHKH, €€ CTPYK-
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TYPbl U XUMUYECKOI'O COCTaBa, a TaKyKe CII0COOHOCTU
OCaKJIeHus Ha, OOJIBINUX ILIOMAAAX U MOBEPXHOCTSIX
Paz3IUIHOTO MIPOMUIIS.

PazButue sroro merojia HEOOXOIUMO [IJIsI COBEP-
[IEHCTBOBAHUSI TEXHOJIOTMH ITPOU3BOJICTBA yCTPOUCTB
SJIEKTPOHUKHU U OITORJEKTPOHUKHU, OCHOBAHHBIX Ha
JIIM, Takmx Kak TPaH3UCTODPBI, COJHEYIHBIE SJIEMEH-
ThI, cBeTOMOABI U apyrue [10, 12, 22]. Mopdomorust
JIIM-11eHOK, KOTOpasi CyIEeCTBEHHBIM 00Pa30M BJIH-
€T HA BCE WX CBOMCTBA W BO3MOXKHOCTH IIPUMEHE-
HUsI, CUJIbHO 3aBucuT OT mnapamerpoB CVD-cunresa.
Hecmorpst ma mmpokyo pacapocrpanertocts CVD-
MeTO/1a, apaMeTPbl CUHTe3a B OOJIBITUHCTBE CJIyIacB
BBIOMPAIOTCS SMIUPUIECKH Ha OCHOBE JIOCTATOYHO 00-
IUX WCXOJHBIX IpejcTaBjeHuii. B wacTtHocTH, B CBs-
31 C 9TUM MPEICTABIIACTCH HEOOXOIUMBIM HCCJIEI0BA-
nre Mexaunn3mMoB dopmuposanus JIIIM-mieHoK, BKITIO-
Jasl BbISIBJIEHUS B3aMMOCBSI3U M3MEHEHUN uxX pusnude-
CKHUX CBOMCTBA € IMapaMeTpPaMU UCIIOIb3yEeMbIX [IPOIIEC-
coB cuuTe3a. JlerampHoe m3ydenme mporecca popMu-
poBanus 1tenok JIIIM neobxoimmo TakxKe Jjisi pas-
BUTHs METOJIOB KOHTPOJUPYEMOTrO U3MeHEHUs (hu3nde-
CKUX CBOHCTB, MOpGOJOrnn u 0COOEHHOCTENH CTPYKTY-
PBI TOJIYYAEMbIX MATEPHAJIOB.

B wacrosmeit pabore mpejicTaBiIeHBI PE3YJIbTATHI
9KCIIEPUMEHTAJIbHOIO HUCCJIe/IoBaHusl  (DOPMUPOBAHUSI
maenok MoSs u WSy ¢ 1e/ibio BBISIBIEHUST 0COOEHHO-
creil U3MeHeHUsI UX MOP(MOJIOrHYecKUX U (PU3UIECKUX
CBOMCTB IIPU KCIIOJIb30BAHUK IIPEJJIOYKEHHON HaMu
HOBOi1 pazHoBuHOCTH MeTonukn CVD-cumaresa [23],
BKJIIOYAIONIEl NCIIOJIb30BAHNE B KAYECTBE IIPEKYPCOPOB
ra3zo000pa3HoOro CepoBOJIOPO/A U TEPMUYECKU PACIIbI-
sgsiemoro Mo mwim W. CrpykrypHO-MOpPhOIOrnIecKne
CBOICTBA ¥ COCTAB IIOJIyYEHHBIX IIJICHOYHBIX MaTe-
PHAJIOB  AHAJM3UPOBAJINCH C IOMOIILIO PACTPOBOI
asteKTponHoil Mukpockomuu (POM), crnekrpockonuu
koMbunaronuoro paccestaust csera (KPC) u  do-
rosrromuHectieHTHOH  (DJT) Takxke
[IPOBOJIJIOCH MCCJIEIOBAHNE JIEKTPUIECKON TPOBO/IN-

CIIEKTPOCKOIINU.

MOCTH 06pa3u013 IIOJIy9IaeMBbIX IIJICHOK.

2. 9KCITEPUMEHTAJIBHA{ YACTb

Hns cunresa mwienok MoSs n WSy ncrosb3oBasiach
noBas Bapuarusg CVD-merona, npeicraBiennas HaMu
pasee [23]. OTyinauTebHON 0COGEHHOCTHIO TAHHOTO Me-
TOJA SIBJISIETCsI MCIOJIL30BAHUE B KAUECTBE HCXOJHBIX
peareHToB ra3000pa3HOTO CEPOBOOPOJIA U MeTaJInde-
CKUX MOJIUO/ICHA UJTH BOJIh(DpaMa B BUJIe TOHKUX HUTEIA.

Peaknmonnasi kamepa o0bemMoM D IpeaBapu-
TEJILHO OTKAYMBAETCS JIBYXCTYIEHYATHIM ILJIACTUH-

JaTO-POTOPHBIM BaKYyYMHBIM HaCOCOM IO JIaBJICHUSA
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8.0
HaTeKaTeb,
ImaeT B peakImoHHyI0 Kamepy. KoHTpoaupyembrii c
oMoIIpio jarduka llupanun ypoBeHL aBJeHUsS B

1073 Mbap. CepoBOJOpOL HUepe3 UrOJbIATHIH
KOHTPOJIUPYIOMMUI €ro TMOTOK, IOCTY-

PEaKIMOHHON KaMmepe JIOCTHIaeTcs ypaBHUBAHUEM
CKOPOCTEIl  OTKAYKM, 3aJaBaeMoil  (HOpBaKyyMHBIM
U IOCTYIUICHH# CEPOBOJOPOJA dYepe3 pe-

Cunre3 Bcex 00ODPA3IOB,

HaCOCOM,
CYJINPYEMbIil HATEKATEJb.
UCCJIEIOBAHHBIX B JIAHHOW pPaboTe, TPOBOIWJICA IIPHU
JIaBJIEHNH cepoBomoposa B Kamepe 8.0 - 107! mGap.
Tlorok cepoBoIOpOa, MOCTYIAIOIIEr0 B KaMepy IO
KBapIeBoil TpyOKe, HAIPABJISETCH HA CHCTEMY IIa-
pasutenbubix HuTelt 3 Mo wium W. Hutn kpensgrces K
MeTaJIJINIECKUM JIepyKaTe/IsiM U HArpeBarTCsl IIpoTe-
KAIOIUM Yepe3 HUX SJIEKTPUIECKUM TOKOM BEJIMIMHOMN
500—-900 MA Ha OJIHY HUTB JO TEMIIEPATYPHI, JieXKaIei
B auarasone or 1000 go 2000°C. Temmeparypa aureit
KOHTPOJIIPYETCS C IIOMOIIBIO ONTHIECKOTO IIIPOMETPA,
gepe3 CTEKJISTHHYIO KPBIIIKY PEeaKIMOHHO Kamepbl. B
pe3y/ibrare IIOCTEIIeHHOIO TEePMUYECKOI0 WCIAPEHUs
HarpeThIX HHTEeH Cco37JaeTcsd Ta3000Pa3HbI  TOTOK
ATOMOB METaJLJIA, YBJIEKAEMBIil IIOTOKOM CEPOBOIOPOIA.
CepoBo10poy1, 06,1y BaIOIIHil HArpeTble HUTU, YaCTUIHO
pasjiaraercst Ha BOJOPOJ U cepy. llepreHauKyJisipHO
(nmu mop, yruiom s0 40°) K ofbImieMy I[OTOKY ras3a Ha
3a/laHHOM paccrogaun H—30 MM OT HUTel pacroJjara-
ercsi mojyIoXKKa. IlojioKKa Kpenurcess K KpeMHUEBOI
[LUTACTUHE, BBIIOJIHSIIONIE TAKXKE POJIb HAIDEBATEJIS.

PesucruBHbIil HArPDEB KPEMHHMEBOW IJIACTUHBI IIPH
[IPOILYCKAHUN TOKa ITO3BOJISIET YCTAHABJIMBATH TEMIIE-
paTypy 3aKpersieHHON Ha Hell MOJJIO?KKU Ha BBIOpaH-
mom yposHe or kKomuaTHO# 10 1300°C. Temmepary-
pa HOJJIOZKKU TaKKe KOHTPOJIMPYETCS ONTUIECKUM I~
pomerpoM. Ilpu 5TOM HEOIHOPOIHOCTH pacipejelie-
HUAsI TEMIIEPATYDPHI IO IIOBEPXHOCTH IOJJIOXKKU yIU-
TBIBAJIACH C IOMOIIBIO METOJMKM, MPEICTABICHHON B
pabore [24].

Ha puc.1l cxemaTuyeckKu IpeJCTaBIEH HUCIOJIb30-
BaHHBIA MeTon ocaxkaenus: JIIIM-1meHok ¢ moMOIILIO
CVD-cunresa B cmecu mapos Merasuia (Mo mm W) n
cepoBonoposia (HaS), aKTHBUPYEMOTo 3a CYeT KOHTAKTa
C HArpeThIMHU MEeTaJUIMYeCKUMU HUTsiMu. [IpeacraBien-
HBIIl HA pHUC. ] IpUMep MOKA3bIBAET UCIIOJb30BAHUE B
KavuecTBe MOJJI0KKHN OKHCIeHHoro kpemuust (Si(100)) ¢
roJruHOi ctost okenpa (Si0z) 300 HMm. B pabore Takke
HCITOJTb30BAJIACD TIOJJIOKKHU APYTUX TUIIOB: IIOJINPOBAH-
HbIE IUIACTUHBI Si ¢ KPUCTALIOrpadUIeCcKOil OpueHTa-
muedt nosepxuoctu (100) u (111); miacTuHbI I1aBJIEHO-
ro KBaplia; IJIACTHHBI [LIABJIEHOTO KBapIia C MOJIHOIe-
HOBOU TIJIEHKOM TOJIIUHOM 3 HM, HAHECEHHON METOI0M
MarHeTPOHHOI'O PACIIBLIEHUsI; CBEXKECKOJIOTAsl CJIHOJIA;
[TOJIMK PUCTAJLJINIECKasi KOPYHI0Bas KEpaMUKa C pa3Me-
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H,S flow

Mo/W filaments

Puc. 1. Cxema ncnonb3osaslerocs B pabote metoga CVD-

cnntesa AMM-nnenok (MoS2 nan WS2) Ha nognoxke B Bu-

A€ OKNCNEHHOIo KPEMHUA C NCNOJIb3OBAHUEM B Ka4eCTBE Mnpe-

KypcopoB rasoobpastoro ceposogopoga (HzS) v nonyvaemo-

ro TEPMUYECKUM pacnbiieHnem Huteli metanna (Mo nan W
COOTBETCTBEHHO)

pom 3eper 1-10 MKM; Takast ke KepaMuka co cjioem Pt,
HaHECEHHBIM 3JIEKTPOJINTHIECKUM 00Opa3oM. Bozmoxk-
HOCTH ObICTPOro (XapakTepHoe BpeMs Hopaika 1c¢) u
HE3aBUCUMOI0 U3MEHEHUsT KOHIIEHTPAINIA TPEKYPCOPOB
B I'a30BOil CMECH CYIIECTBEHHO OTJINIAET MCIOJIb30BAH-
HYIO METOJIUKY OT TPaJMIIMOHHO, UCIIOJIb3YOIIeil Ipe-
KyPCOPbI, (GOPMUPYIOIINECs, HAPUMED, ITyTeM Pasyio-
JKeHus ToporkoobpasHbix S u MoOs mim WO3 [25].
O iHUM U3 Pe3yJIbTATOB JIAHHOIO IIPEUMYIIECTBa ObLIA
Majiasl JIUTEIbHOCTh (DOPMUPOBAHUST CILIOITHOTO IO~
kpbiTust M0Ss, KoTOpasi cocrasJisijia 0KoJIo 15 ¢, 94To Ha
[TOPSIJIOK MEHbIIE 110 CPaBHEHUIO, HAIIPUMED, C TPa/Ii-
[IOHHON MeTo/uKoi [25]. Takzke HCIOIb30BAHHAS Me-
TOJUKA O0DECHEUNBAET BO3ZMOYKHOCTH KOHTPOJUPYEMO-
IO OCaXKJIEHUsI U, COOTBETCTBEHHO, MUCCJICIOBAHMS PO~
recca (pOPMUPOBAHUS TLIEHOK, BKJIIOYAsT U3MEHEHUE MX
CTPYKTYPHO-MOPAOJIOTHIECKUX OCODEHHOCTEH, Ha Ca-
MBIX PaHHUX STAllaX, YTO OBLIO MCIIOJB30BAHO B Ha-
crosteir pabore. CKopocTh (DOPMUPOBAHUSI CILIOITHO-
IO MOKPBITUSI B UCTIOJBb30BAHHON HAME KOHMUTYPATIN
CVD-cunresa onpeiesisiercsi MOCTYIANUMA B pPeak-
[IMOHHYIO 30HY Ha IIOBEPXHOCTH IOJJIOXKKH ITOTOKAMU
MeTauia (OUpeiesgaeTcst CKOPOCThIO UCHAPEHHs] MeTal-
JIMYECKUX HUTEH W 3aBUCHUT, B YACTHOCTH, OT UX TEM-
epaTypbl) U CepOBOJIOPOJA, & TaK¥Ke OT PACCTOSHHUSI
MEXK/Iy MOIJIOKKOHN u mHuTsmu. [Ipm stom, kak Oymer
[MOKA3aHO HUKE, PE3YJIbTATHI OCAXKJICHUs CJIab0 3aBU-
CSIT OT MaTepuasa 1 TeMieparypsl (B quanasone 500—
800°C) 110/yI0KKH.
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Jljisi BBIsIBJIEHUs] U W3Y4YEHUsl PA3JIMUHBIX CTa Uil
dopmuupoBanus mwrenok MoSy u WSs 6b110 TIpOBeEIe-
HO HECKOJIbKO cepuii sxcuepumerToB 1o CVD-cunresy,
OTJIMYAIOIINXCS JPYT OT Jpyra TeMIepaTypoil HUTEI,
MOTOKOM CEPOBOJIOPOJIA U PACCTOSTHUEM OT HUTEH 10
[IOJIJTOYKKY [IPU HEU3MEHHOW TeMIlepaType MO/ JIOKKH,
pasnoit 780°C. IlosyueHnble 06pas3Mbl IIEHOK HCCJIE-
JIOBAJIUCH C MTOMOIIBIO PACTPOBOTO 3JIEKTPOHHOTO MUK-
pockona (POM, Supra 40, Carl Zeiss), caabxeHHoro
KOH(POKAIBHBIM OINTHYECKUM MHKPOCKOIIOM CIIEKTPO-
MeTpa KoMOuHanuoHuoro paccesnus csera (HORIBA
LabRAM HR Evolution UV-VIS-NIR-Open) ¢ Bo3-
Oyxkernem ¢ nomompio gasepa Nd : YAG (532 Hwm,
14 MBT) u cekTpoMeTpa jig usMepenust hoTOIIOMU-
necuenruu (Horiba Jobin-Yvon NanoLog-4), ocrarmen-
Horo II3C-znerekropom InGaAs (st paGoTsl B Iuamna-
zone 8501600 Hm) u @Y RI28P (1151 paboThl B Ana-
nasone 180-850 um). V3mepenue 3/1eKTPUIECKON 1IPO-
BOJMMOCTH TLIEHOK OCYIECTBIISIOCH ¢ TIOMOIIBIO THKO-
ammepmerpa Keithley 6487.

3. PE3VJIBTATHI 1 OBCY2KJIEHUE

CocraB IpOyKTOB OCAXKIEHUA, [TOIYIaEeMbIX B XO-
Jie TIPOBEJIEHHBIX UCCJIeJIOBAHUIL, OIIPEIEIslICS MaTepy-
AJIOM HUCIOJIb3yeMblx Merajummdeckux uureit (Mo wiu
W). Ha puc. 1 upencrasienst xapakrepabie POM-uz0-
OpazkeHust IIeHOK M0Ss, 10JIy YeHHBIX IIPU BAPbUPOBa-
HUU JJIATEIBHOCTH ocaxkaenus oT 15 mo 120 c. ITo gan-
HBIM IIPEeJbLLYIIUX UccaegoBanuii [23], a Takxke B cooT-
BETCTBUU C IPUBEJIEHHbIMU HIKe pesysbraramu KPC-
CIIEKTPOCKOIIUU COCTAB II0JIy9aeMbIX ILJIEHOK COOTBET-
crByer MoSs. B maHHBIX SKClepuMeHTax B KadecTBe
[TOJIJIOXKKY UCIIOJIb30BAJIUCH TIJIACTUHBI MOHOKPHUCTAJI-
JIMYECKOro Si ¢ OKCHAHBIM cjaoeM Tosumuoit 300 M.
Temmeparypa momIoKek HOIEPKUBAIACH HA YPOBHE
780°C. Yepes KaxkIyIo U3 CeMU MOJINO/IEHOBBIX HUTEIH
roJiuHoit 60 MKM nporekas Tok 0.83 A, uro mnpupo-
JWIO K WX HArpeBy n0 Temmeparyp nopsiaka 1500 °C.
TTorok cepoBoOpOIa yeTaHABIMBAJICST TAKIM 00PA30M,
qT00BI JABJIEHNE B Kamepe, OTKadnBaeMoil (popBaky-
YMHBIM HacocoM, cocTaniisio 8.0 - 10~ mbap. Paccros-
HU€ OT MOJIMOJIEHOBBIX HUTEN 70 MOMJIOKKI COCTABJIS-
J10 5 MM. U3 POM-n306parkeHuil BUIHO, 9TO JlazKe IIPU
MHUHMMAaJbHOM BPEMEHH OCaXKJeHWsi, paBHOM 15c, Ha
MMOBEPXHOCTU TIOJJIOKKN (DOPMHUPYETCsT MPAKTUIECKN
CILIOIITHOE TOKPBITHE B BUJIE TVIAJKON IJIEHKU 0e3 sB-
HBIX [IPU3HAKOB HAJIUYIUsT MOP(OJIOITIECKUX BBICTYIIOB
(puc. 2¢). Ilpu yBesndeHuun BpeMEHU OCAXKICHUS Ha-
OJTI0TAINCH BLICTYTAIONIE HaJl OCHOBHON TJIA KON IO~
BEPXHOCTBHIO 00pa30BaHuUsl, OpDUEHTUPOBAHHBIE II€PITEH-
JIMKYJISPHO To/yIozKKe. Ilnactunyarast (popma u opu-
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Puc. 2. POM-u3obpaxerus MoSa-maTeprana, nosy4eHHOro Ha NOANIOXKKAX N3 OKMCAEHHOMO KPEMHUS MPY Pa3ANYHbIX LAUTENb-

HocTsix npouecca CVD-cuHTesa: a, b — gantensHocTb npouecca 5MuH, ToK Hakana 0.77 A Ha ofHY HUTb, PacCTOsIHME MeXAy

NOANOXKKOW 1 HUTSMU 6 1 5 MM COOTBETCTBEHHO; ¢, d, e, f — Tok Hakana 0.83 A Ha ofHY HUTb, PACCTOSIHUE MEXAY MOAJIONK-

KO 1 HUTAMU 5 MM, aanTensHocTb ocaxgerus 15, 30, 60, 120 ¢ cootsercTBenHo. CTpenkoli ykasaHo MeCTo hOpMMpPOBaHMS

BEPTNKAJIbHO OPUEHTUPOBAHHOIO KpuctannuTa. /sobpaxerus nonydensl B ogHoM MacwTabe, mMacwTabHbIi OTpe30K Ha BCex
n3obpaxxeHusix paseH 300 HM

eHTAIlNs TAKUX 00Pa30BAHUN OTHOCHTEIHHO MOJTIOKKN
CTaHOBATCH OOjiee SBHBIMU C yBEJUICHUEM IJIATE]Thb-
HOCTH Iporecca ocaxienus (puc.2d, e, f). Ilpu min-
tesibHOCTH 120 ¢ I1acTHHYIATBIE 00PAa30BaHIs HAHOMET-
POBO#l TOJIMUHBI JOCTUTAIOT JATEPAJbHBIX Pa3MEPOB
(BIIOJIb U NEPHEHUKYIISIPHO IIOBEPXHOCTU HOJJIOXKKHY )
100-200 am (pue. 2f). Hust msydenusi 6ojiee paHHUX
crajuit popMupoBanus 1IeHKH MoSs ObLIN IIPOBEIEHbI
skcuepumenTbl CVD-cunTe3a, B KOTOPBIX I yMEHB-
IIIEeHUsT CKOPOCTHU OCAYKJICHUS TOK, IPOTEKAIONTUI Tepes
KaXKJIyI0 U3 CeMH MOJIMO/IEHOBBIX HUTEHl ObLI CHUXKEH
g0 0.77 A. Tlpu TakoM TOKe HaKaja HATEH U PaCCTO-
SHAU MEXKJIy HUTSIMHU W IOJJIOKKO#, paBHOM 6 MM, 3a
5 MUH (POPMUPOBAJIUCH ITOKPBITUSI, XapaKTepHasi MOP-
doJstorust KOTOPBIX IpecTaBiena Ha puc. 2a. Kak Bu-
HO U3 MPEJCTABJICHHOIO HA ITOM pucyHke PIM-uzo-
OparKeHusl, OCaXKIAEMbIli MaTepuaj COCTOUT U3 H30-
JINPOBAHHBIX JIPYT OT JPyra OCTPOBKOB IIOCKOi (hop-
MbI ¢ onepedabivu pazmepamu 50-150 am. Hekoropsre
13 OCTPOBKOB NMEIOT OTPAHKY, COOTBETCTBYIOILYIO KPHU-
crajumiaeckoit cTpykrype MoSq. Ilpu Takux ke mapa-
MeTpax pPOoCTa, HO IIPU YMEHBITEHUN PACCTOSHUNA MEXK-
JIy HUTSIMI U TIOJJIOXKKON 710 5 MM (puc. 2b) cKOpocTh
OCaXKJICHUSI yBEJIUIMBAJIACH, U MODPMOJIOTrUs ILICHKH
vensiiach. C yBeJIMYIeHneM JJIUTEIbHOCTHA OCAXKICHUS
HaOJIIOJIAETCA TOCTEIIeHHOE CJUSHUE OCTPOBKOB. [Ipm
9TOM B MECTaX UX COIPUKOCHOBEHUs (DOPMUPYIOTCS JIU-
HEHHbIE CTPYKTYPBI, KOTOPBIE IOCJIE€ 3AIIOJTHEHUS OC-
HOBHO# 9aCTHU MOBEPXHOCTH TOJJIOZKKU, BUINMO, CTAHO-
BSITCSL IEHTPAMU 3aPOXKIEHUS] [IJIACTUHYIATBIX 00pa30-
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BaHUI, OPUEHTUPOBAHHBIX MTEPIEHIUKYJ/ISIPHO 0/JIOK-
Ke 1 HaOJIIOJIaeMbIX, HAIIPUMED, Ha puc. 24, e, f.
Anajiornunble n3MeHeHUsi MOPQOJIOTUH ILJIEHOK B
[IpOTIecce OCAXKIEHUS HAOJIONAJNCh W IPU CHHTE3€
C HUCIOJIb30BAaHUEM BOJIL(MPAMOBBIX HUTEH IMaMETPOM
10 MrM. 3-3a MeHbIIIEro JaB/IeHUsI [1aPOB UCIAPSIEMO-
ro merasuia (W) [26] Takue HUTH TPUXOIMIOCH HAIDE-
BaTh 10 Oosbmux Temueparyp nopsaka 1700°C, mpo-
IycKasl yepe3 Kaxkjiyto u3 cemu Hureil Tok 0.42 A. Ha
puc. 3 npejicrasyienbl POM-u306parkeHust 101y YeHHBIX
wreHoK WSs, IPOIECC OCaXKIeHNUsT KOTOPBIX ITPOXO/ I
Ha II0JIJIOXKKAX, ILJIOCKOCTb KOTOPBIX ObLIa PAaCIIOJIO-
JKEHa I10J] YIVIOM K ILUIOCKOCTH HuTeil. Takum obOpa-
30M, Ha KaXKJIOM #3 00pa3I0B MOXKHO OBLIO OIpejie-
JINTH BJIUSHUE DPACCTOSIHUS MEXKIY IOJJIOKKOW U HU-
TSIMM Ha CKOPOCTb OCAXKJIEHUsI W, KaK CJIeJCTBHE, Ha
MOPQOJIOTHIO IUIEHKU. B KadecTBe IO/JIOXKEK TaKKe
HCITOJTb30BAJIACH TIJIACTHHBL Si ¢ OKCHIHBIM CJIOEM TOJI-
munoit 300 uM. TemmepaTypa MOJIOXKEK yCTAHABINBA-
sgack pasroii 920°C, maBjaeHue cepoBOJOPOJa B KaMe-
pe pasHaToch 8O- 107! MBap, BpeMs cCHHTE3a COCTABIA-
jio 8 muH. Ilpy Takux nmapamerpax B Tex 00JIacTsX Ha
TOJIJIOXKKE, PACCTOSIHUE JI0 KOTOPBIX OT BOJIB(DPAMOBBIX
HUTEl OBLIO0 MAaKCHMAIbHBIM (5 MM ), HAOIIIONAJICS POCT
OTIEIbHBIX KpUCTAIUTOB WSS9 MIPABUIILHON TPEYTOJIb-
HO#1 POPMBI C JlaTepabHBIMU Pa3MepaMy OKOJIO 1 MKM
(puc. 3a). [Ipu ymenbIeHnn paccTognus 10 HuTei (T. e.
upu 6oJiee BBICOKOT CKOPOCTHU OCAKICHUS ), KPUCTAJLIU-
To1 WSa, Kak u B ciaydae ¢ MoSy (cMm. puc.2d), Ha-
YUHAJN «CTAJKUBATHCS» JPYI C JIPYrOM, 9YTO B KO-
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Puc. 3. POM-uzsobpaxeHnunsi WSz-maTepnana, nony4eHHOro B NpoLiecce CUHTE3a, NPOBOAUBLUErOCs MPY PasinyHbIX PAaCCTOSHHUSIX

mexgy W-nutamn u nognoxkoii: 5mm (a); 4.6 mm (b); 4.2mm (c); 3.8mm (d); 3.4mm (e); 3mm (f). Crpenkamn ykasaHsbl

MecTa popMMPOBaHUS BEPTUKAILHO OPUEHTUPOBAHHBIX KpUCTananTos. Bce nsobpakeHusi npeacTasneHbl B ogHOM macluTabe,
MacLwTabHbIli 0OTpe3oK paseH 1 MKM

Puc. 4. POM-un306paxenuns MoS2-ni1eHOK, NONYHEHHbIX Ha PasanyHbIX NOANOXKKAX NPU NCMONb30BAHMN OGUHAKOBbIX NapameTpoB

CVD-npouecca: nonmposaHHble Si-nnactutbl (a); nnactuHbl nnasneHoro keapua (b); Mo Ha nnasneHom kBapue (¢); cBexxecko-

notasi cntopa (d); kopyHaoBasi nonmkpuctananyeckas kepamuka AlaOs (e); Pt Ha kopyHaoBoii kepamuke (f). Bce nsobpaxkeus
npeAcTaB/ieHbl B 0g4HOM MacwiTabe, macwTabHblii oTpesok pased 500 HM

HEYHOM WTOre HPUBOIAMIO K (HDOPMUPOBAHHIO CILJIOII-
HOHl IUIEHKU, & JIMHEWHBIE CTPYKTYPhI, 00pPa3yIoIuecs
B MecTax KOHTAKTOB OCTPOBKOB JByMepHOTO WSs, BbI-
CTyHAJN B KadeCTBE 3apObIIeOOPA30BaAHU JJIs 110~
caeyiorero hbOPMUPOBAHUS TIACTUHIATHIX KPUCTAJ-
JINTOB, OPUEHTUPOBAHHBIX IEPIIEHINKYJISAPHO TOBEPX-
HoCcTH NOMIOKKHA (puc. 3b,¢). B 0bsacTsix MOJIOKKH,
PACIIOJIOZKEHHBIX Ha MEHBIINX PACCTOSHUAX JI0 HUTE,
IUIEHKA ITIOJIHOCTBIO MOKPBIBAJIA IO/JIOKKY U HAOJIIO-
JaJICS BBIPAYKEHHBIN POCT BEPTUKAJIHHO OPUEHTUPOBAH-
HBIX KPUCTAJUIATOB (CTEHOK) M3 MECT UX 3apPObIIieos-
pa30BaHMs HA MEXKOCTPOBKOBBIX (MEXK3EDEHHBIX) I'pa-
urax. CyIiecTBeHHBIM OTJIUYHEM B JUHAMUKE POCTA
wreHok WSs 110 cpaBaennto ¢ MoSs Obliia 3HAYUTE/IBHO
MEHBIIAasi CKOPOCTH 00PA30BAHUS NCXOHBIX OCTPOBKOB.
Pasmep kpucrammuros WSs, mepejt TeM Kak OHU HAYU-
HaJIl COIPHUKACATHCS JPYT C JPYI'OM, COCTaBJIAJ OKO-
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J10 1 MKM, ¥ KPUCTAJITUTBI yCII€BAJIM [IPUOOPECTH TIpa-
BUJIbHYIO TPEyTOJILHYIO OTpaHKy. Pa3mep Kpucrayuim-
ToB M0S9 TIepe| ux cpactanueM ObLI MOYTH HA TOPSIOK
MEHBIIE U COCTABJIAN B cpeHeM OKOJo 150 HM.
DKCIEPUMEHTHI 0 OCaXKAeHUI0 MoSo-TIIeHOK Tak-
’K€ TIPOBOJWINCH C WCIIOJIB30BAHUEM IIOJJIOXKEK, W3-
TOTOBJIEHHBIX U3 PA3JIMYHBIX MaTEPHAJIOB, Pa3/IHYalo-
IIIAXCSI COCTABOM, KPUCTAJIOTPAMDUIECCKON OPUEHTAIIN-
eil U CTEleHbBIO IePOXOBATOCTU IIOBEPXHOCTH. B Kade-
CTBE IIOJIJIOKEK HCIIOJIb30BAJINCH: IIOJIMPOBAHHBIE I1JIa-
cruHbl Si ¢ Kpucrautorpadudaeckoil opueHTarnueii mo-
BepxHoctn (100) u (111); mwractunsr Si(100) ¢ oxcui-
HBIM cjoeM TosuHoi 300 HM; IUIACTUHBI T1JIABJIEHO-
ro KBaplia; IJIACTHHBI [LIABJIEHOTO KBapIa C MOJIHOIe-
HOBOU IJICHKO! TOJIIIMHON 3 HM, HAHECEHHOU METOIOM
MarHETPOHHOI'O PACIBIJIEHUS; CBEXKECKOJIOTAsS CJIIOJIA;
ITOJTMKPUCTAJJINYECKasi KOPYH/I0Basl KepaMUKa C pa3Me-
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Puc. 5. a — KPC-cnektpbl MoS2-maTeprana, noay4eHHOro npu pasHbix AJINTENbHOCTSAX ocaxkaeHusi. CnekTpbl HOPMUMPOBaHbI
Ha MHTEHCUBHOCTb JIMHNWN 520 CM_l, COOTBeTCTBy}OLLI,eI‘/'I KPUCTannn4eCkoMy KpeEMHUIO. ,D,ﬂﬂ HaAarnAOHOCTU CNEKTpPpbl CMELWEHbI B
BEPTUKAJIbHOM HanpaBJ€HUN. b —_— 3aBI/ICI/IMOCTb PaCCTOAHNA MeXAy KPC-I‘II/IKaMI/I MOSQ OT OJTNTENBHOCTU OCaXKAEHUA

pom 3eper 1-10 MKM; Takast 2Ke KepaMHuKa co cjioeM Pt, JleHHBbIX crajuii B dpopmupoBanun JIITM-1eHok, oau-
HAaHECEHHBIM 3JIEKTpoJuTHIecKuM obpazom. IIpomecc HaKOBBIX IJIs1 nX 0boux TtunoB. Takoe momobme Mmopdo-
CHHTEe3a MMPOXO/IMJI IIPU TemIeparypax moiozkek H500—  JIOTMYIecKAX XapaKTEePUCTUK ITUX MATEPHUAJIOB, & TaK-
700°C, npu Toke HakaJja MO IeHOBbIX HUTel 0.83 A, 2Ke MOPQOJIOTHH ME30IIOPUCTBIX HAHOIPA(DUTHBIX ILIe-
PaCCTOSIHUU OT TIOBEPXHOCTH IIOJJIOXKEK JI0 HUTEH 5 MM, HOK, TaKzKe osryuaeMbix ¢ nomorpio CVD [27], moxer
nmasyenun ceposogopona 8.0 - 107! Mbap n mmTennHO- O00BACHATHCS UX CJIOUCTON aTOMHOI cTpyKTypoit. O6-
cru ocazkenust 7 muH. Kax sro cienyer u3 POM-uszo- pasisl MoSs, oTBevaroliye pa3jimIHbIM CTaIUsIM POCTA
OpaskeHuil, HEKOTOPbIE U3 KOTOPBIX IIPEJICTABJIEHbI Ha  ILJIEHOK, TaKyKe HMCCJIEJOBAJIMCH METOIOM CIIEKTPOCKO-
puc. 4, MopdOoJIOrns IJIEHOK, MOy YeHHBIX [IPU yKA3aH- mun KPC. B kagectse mpumepa KPC-criekTpsr 151 Mma-
HBIX YCJIOBUSX, ObLIa IPUMEPHO OJIMHAKOBOI /I BCEX  TepHaJa, HMOJIyIeHHOIO Ha IOJJIOKKAX W3 IIOJUPOBAH-
THUIIOB TOJJIOYKEK, HE3ABUCUMO OT COCTaBa MaTepuaJia u HOTO Si IIpH JJIUTEIbHOCTSIX IIPOIecca OcazkIeHust 15,
CTENeHU MIePOXOBATOCTU (IIEePOXOBATOCTH Y KOPYHIO- 30, 60, 90 ¢, mpuBenensr HA puc. Ha. CueKTpbl HOPMU-
BOI KEPpAMUKHU U SJICKTPOJTUTUIECCKH OCAYKICHHON T11a- POBAJIIICH Ha HHTEHCHBHOCTE uHnE 520 cM !, cooTBeT-
TUHBI OBLJIA CYIIECTBEHHO BBIIIE, UM Y IOJJIOXKEK JIPY- cTBYyIOIIel KpeMHUtO. [Ipu 3T0M Ha puC. 5 CIEKTPHI JJIst
rux TUHOB). IIpU TIONBITKE HMCIIOIB30BAHMSI METAJIIIN- HAIJIsIIHOCTU CMEIEHbl B BEPTUKAJIbHOM HAIIPABJIEHUU.
geckoro Ni B KadecTBe HOJJIOXKKU BMECTO OCAXKIEHIS Ha manmpix cmexkTpax BUAHBI XapakTepuble mas MoSs
MoSs-111eHKu HAOJIO1AI0CH CYIbMUIMPOBAHNE HUKEJISI JINHUAU (E219- 1 A1 4-MOJIBL), PACIOJIOKEHHBIE Ha, YaCTO-
¢ obpazoanueM NiS. CTONKOCTH K BO3IEHCTBUIO CEPO- rax 383 u 407cm~ !, a Taxxke KPC-yuHus KpeMmHHsI
Bozopoa ripu Temireparypax 500-800°C aBisercs, Bu- (521 cm™ 1), w3 KOTOPOTO OBLIA HU3TOTOBJIEHA TOJIOK-
JIIMO, €JIMHCTBEHHBIM OI'PDAHUYEHUEM IIPU BBIOODE I10J1- ka [18]. C yBesmveHneM JyMTeIbHOCTH OCAXKIEHUST Ha~
JIOXKEK JIJIsI ToJIydenHus 1ieHoK MoSs. Ilpu cobiroe- 6JI0/1aJ10Ch yBeImdeHrne naTeHcuBHOCTH M0oSo-tuHuil n

HUW 3TOTO YCJOBUS MATEPHUAJI IMOJIOKEK HEe OKA3bIBAECT  HEKOTOPOE CMEIIEHHE MX MAKCHMYMOB II0 OTHOIIEHUIO
CYIIECTBEHHOTO BJINSIHUS HA MEXaHI3M (hOPMUPOBAHUS ApyT K apyry u K guann Si B cuekrpax KPC. Ha puc. 5b
wreHoK MoSsy. DT0, B 9aCTHOCTHU, MOXKET CJIYXKUTh OC-  M300parkeHa 3aBUCUMOCTH PACCTOSIHUS MEXKIYy MAaKCU-
HOBaHUEM J[JIsI BO3MOXKHOCTHU OOOOINEHNS PE3Y/IbTATOB vmymamu KPC-muauit MoSy ot mgimmrenbHOCTH OCax ie-
UCCJICIOBAHUN, MPOBEJICHHBIX PA3JIMIHBIME MeTogamMu  Husd. [IpuwHuMas Bo BHEMaHUe TOT (aKT, 9TO ITOJI0KEe-

(KPC, ®JI, usmepeHue 3J€KTPHUIECKOIO COIPOTHBIIE- Hue mMakcumyMoB KPC-muauit MoSsy ompejesisiercsi, B
HUsI) JJIsl IUIEHOK, BBIPAIEHHBIX HA PA3HBIX MOJJIOK- TOM YHCJIe, KOJIMIECTBOM aTOMHBIX cjoeB [18], mpes-
KaX, BBIOMPABIIUXCS 3 COOOPaKeHUil yI00CTBa peasin- CTaBJIEHHBIE Ha DUC. Db HAHHBIE YKA3BIBAIOT HA HEMO-
3aly KaXKJI0l KOHKPETHO! MEeTOIIMKHY. HOTOHHBIN XOJI 32aBUCUMOCTHU UHCJA ATOMHBIX CJIOEB B

KpucrajuTax MoSs, coCTaB/ISIIONUX 10Ty YeHHbBIH Ma-
Pesynprarer POM-uccneposanuit Boisiiim Mmopdo- TepUaJI, OT JIUTETLHOCTH TPOIECCa OCAYKICHUS: Ha Ha-

JIOTUIeCKNe USMEHEHU s B I10JIyJYa€eMOM IIpU OCaK/JICHNN JaIbHOM 3Talle TOJIIUHA KPUCTAJUINTOB yBEJININBACT-

MaTepuaJie, KOTOPbIE€ YKa3blBalOT Ha HaJIXIHE OIIpeie-
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Puc. 6. a — CnekTpbl PJI-nnerok MoSz, nonyHeHHbIX Npu pasinyHoll ANNTENBHOCTY Npouecca ocaxaeHus (ANs HarnsgHOCTM
CMeKTPbl CMeLLEeHbl OTHOCMTENILHO APYr Apyra Mo BEPTWKasM, 8 HOPMUPOBOYHbIE KOI(PMULMEHTbI YKa3aHbl PSAOM C COOTBETCTBY-
OLUMMI KPUBBIMM). b — 3aBUCUMOCTb UHTEHCUBHOCTU CaMOro nHTeHcreHoro PJ1-nuka oT BpeMeHU OcaXKAeHs

¢ OT MPUMEPHO 2—3 710 4-5 aTOMHBIX CJIOEB, & 3aTeM,
rocsie 60 ¢, YUCJIO CJI0EB YMEHBIIAETCS.

Takast B3anUMOCBSI3b YUC/Ia CJIOEB U MOJOKEHUST JIU-
uuit KPC koppesiupyer ¢ POM-nabuitoienusiu, B KO-
TOPBIX HA HAYAJIBHBIX CTAIUAX OTMedaeTcs (hopMupo-
BaHWE W IIOCTEIIEHHOE yBeJIMYIeHUEe ITONMEPEIHBIX pPad-
MEPOB U TOJIIUHBI IJIACTUHYATHIX KPUCTAJIJIUTOB IPU
COXPaHEHNH TPENMYIIECTBEHHO TOPU30HTAIBLHOIO Pac-
[TOJIOYKEHNS COCTABJIAIONINX WX ATOMHBIX cjoeB. Ha
BTOPOM 3Talle IIPEUMYIIECTBEHHBIM OKa3bIBaeTCst 0Opa-
30BaHMe M POCT KPHUCTALIATOB Mo0Sy, 00pasoBaHHBIX
ATOMHBIMU CJIOSIMH, OPUEHTUPOBAHHBIMA B BEPTUKAJIb-
HOM HAIIpaBJIeHUH (T. €. MePHEHIUKYJISPHO MOJJIOKKE),
C MEHbIIE TOJIIMHON, COOTBETCTBYIONIEN 23 CII05M.

Cosmectro ¢ m3mepennemM KPC-crekTpoB peru-
crpupoBasinck u cuekTpbl OJI MoSs-mrenok, xapax-
TepHbIE IPUMEPHI KOTOPBIX IPEJICTABJICHBI HA puc. 6a.
Cuexkrpbl @JI HOpMHUPOBAIUCH 110 WHTEHCUBHOCTU HA
maxcumym KPC-ymmamun 408 em™ !, Takas mOpMUPOB-
K& [MO3BOJIAET y9IeCTh & INTUBHBIA BKJIAJ B MHTEHCHB-
woctb DJI, onpesnensiemblii 06beMOM MaTepualia, I0-
MaJIAIoNero B 00J1acTh BO3OyKAeHUs. Kak BUIHO HA
puc. 6a, HopmupoBanubie cuekTpbl DJI mensrorTcsa ka-
YeCTBEHHBIM 00PA30M 110 Mepe YBEJUUCHUs JTTHTEIIh-
Hoctu ocazkjienus. HopmupoBodnbie K03MDMUITMEHTHI
yKa3aHbl HA PUCYHKE JJIs KaXKJI0ro U3 crekTpoB. [Ipu
MaJIbIX JIINTEJBHOCTAX ocaxkjaenus (15-30¢) B DJI-
CIIEKTpaX BUJIHBI JIBE IIOJIOCHI C MAKCUMYMOM Ha JIJIU-
nax BostH 632 u 680 aM. CoryiacHO JTUTEPATYPHBIM JAH-
ubM, Takue PJI-nosocel cBa3anbl ¢ B-srcntoHoM (28]
u A-skcurosom (Tpuorom) [29]. IIpu nanbHedinmem yBe-
JudeHnn BpeMeHn ocaxkjienus crekrp PJI cymecTsen-
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HO MEHsIeTCs: BO3HUKAET MK Ha JIJIMHE BOJIHBI 655 HM,
KOTOPBI CBsA3aH ¢ pacialoM A-3KCUTOHA, a WHTEHCHUB-
HOCTH B-3KCUTOHHOrO NMHUKa CYNIECTBEHHO CHUKAETCS.

JlasibHeiiIee yBeJIMaeHne JUINTEIbHOCTH OCarKIe-
HUsI IPUBOJUT K TOMY, YTO MHTEHCUBHOCTH A-3KCUTOH-
HOTO IHKa BO3PACTAET HA HECKOJIBKO MTOPHA/IKOB, U IU-
K B- u A-3KCHUTOHOB 1epecTaroT OBITh PA3JIMINMbIMEI
Ha ero done. OTMedYeHHOE BUJIOM3MEHEHNE CIEKTPOB
OJI MmoxkeT 00BACHATHCS TEM, YTO HA HAYAJIbHBIX ITa-
ax pocTa IVICHKN KPUCTAJTUTE M0So paciosiaraiorcst
[IPEUMYIIECTBEHHO MAaPAJIIEIbHO MOJJIOXKKE, COIPUKa-
casiCh ¢ Hell Bceil CBOe#l IJIOCKOCTBIO. Takoe pacrosio-
JKEHUE ONTUMAJIBHO JIJIsi 00eCIeYeHusl B3anMOIeiCTBUsI
9JIEKTPOHHBIX IOJICUCTEM KPUCTAJJIMTA ¥ IIOJJIOXKKH,
KOTOPOE MOYKET HIPHUBOJUTH K CO3IAHUIO NM-THIIA ITPO-
BoguMocTu B M0oSs 1, Kak CJIeJCTBHUE, K CHUZKEHUIO UH-
rercuHOCTH A-3kcuronHoro nuka @JI [30,31].

[Tpu yBe/myeHnn JJINTEJIBHOCTH OCAXKICHUS U3 JIH-
HEHHBIX 1edEKTOB Ha T'PAHUIAX ILIOCKUX 3€PeH Ha-
quHAIOT 00pa30BBIBATHCH KpuctaumTbl MoSs, opu-
E€HTUPOBAaHHBIE IEPIEH IMKYJISPHO TOBEPXHOCTU, KOTO-
pble CBsI3aHBI C IOJJIOXKKOII He BCell IJIOCKOCTBIO, a
Juith  HeGobIIoi obacThio Ha ux Topre. OrcyT-
crBue 3(P@PEKTUBHOTO KOHTAKTa C IOJJIOXKKOI MpUBO-
JUT K YMEHBIIEHUIO CTEIEeHU JIONUPOBAHUSI WM, COOT-
BETCTBEHHO, CHUKEHUIO 3(MDQPEKTUBHOCTU ITO/IABJICHUS
uaTeHCUBHOCTH A-3KcuToHHON mosocer PJI, 1. e. K po-
CTY MHTEHCUBHOCTH 3TOM IIOJIOCHI C yBEJIUYEHUEM Pas3-
MEpPOB BEPTUKAJIBHO OPUEHTUPOBAHHBIX KPUCTAJIIITOB.
Ha puc. 6 b npeacrasiena 3aBUCHIMOCTD MaKCUMAJIBHOMN
unarercusHoctu @JI (pu HOpMuposke crektpa @JI Ha
KPC-nunauio 408 CM_l) OT JJINTEJIbHOCTH OCAaXKJICHU,
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Puc. 7. a — 3aBNcUMOCTb BENMYMHBI TOKA MEXAY KOHTaKTaMu OT AAMTeNbHOCTU ocaxaeHust MoSa-maTtepuana. Vameperns cu-
Jibl TOKA MPOBOAMMNCH NPY MOCTOSIHHOM MpuoKeHHOM Hanpsikennn 2.0 B mexay Pt-kontaktamu. b u ¢ — POM-n3obpaxerus
NJAeHOK, NosyyeHHbIX npu BpemeHun ocaxxgeHus 500 n 120 ¢ cooTBeTCTBEHHO

KOTOpasi, TaK K€ KaK M 3aBHCHUMOCTB, IIPEICTABJICH-
Hasl Ha puUC. Hb, UMeeT HEMOHOTOHHBI XapaKkTep, OTPa-
JKAMOIINN HAJIMYMEe Pa3IuIHbIX CTauii (hpOpMUPOBaHUSI
MoSs-maTepuada.

JajbHeillliee yBeJIMYeHUE JJINTEJTBHOCTH OCAXK e~
HUs BeJleT, Kak ObLIO 1oKa3aHo panee [23], Kk yrosiie-
HUIO BEPTUKAJIHHO OPUEHTUPOBAHHBIX KPUCTAJIIUTOB, 1
cHuzkernto nHTeHcuBHOCTH PJI BCencTBHE TOTO, YTO
MoS, 1pu yBeJWYeHHH YUCIA CJIOEB IIEPECTAET OBITH
IPSIMO30HHBIM TIOJIyTPOBOIHUKOM U JIEKTPOHHBIE IT€-
pexoJibl ¢ u3yydenueM (HOTOHA UIYyT OOJiee HU3KUMU
remmamu [29].

B nomnosienne K onucanabiM uccienoanusim KPC
u OJI 6L MPOBEJAEHBI U3MEPEHUsT IJTEKTPUICCKOM
npoBoaumocTu hopmupyemoro MoSs-marepuasia Hemo-
cpencreerno B xoge CVD-nporiecca (in sitw). st aTo-
ro Ha 1oBepxHOCTh AlyO3-TI0JIOKKY 3JIEKTPOIUTHYIE-
CKIM CITOCOOOM OBLIM HaHeceHb! aBa Pt-KoHTakTa B BU-
Jie BJIOYKEHHBIX JIpyTr B zpyra rpebenok. B xogme oca-
JKJIEHUsT U3MepsICsl TOK (¢ MOMOIIBIO TMKOAMIIEPMET-
pa Keithley 6487) mexky mIaTMHOBBIMU KOHTAKTAMU
[IpU [TOCTOSTHHOM TIPHUJIO?KeHHOM Hampsizkennn 2 B. ['pa-
UK 3aBUCIMOCTH IPOTEKAEMOT0 TOKA (IIPOBOIANMOCTH )
OT BpPEMEHU OCaXKJeHWs IIpejcraBjieH Ha puc.7a. Ha
JaHHOM rpaduKe OTYeTINBO BBIIEIAIOTCHS 4 obactu,
KOTOpbIE YKa3bIBAIOT Ha HAJUYNE PA3JIUIHBIX CTaIuil
dopmupoBanust marepuaja. Obsacts 1 xapakrepusy-
eTCsi MUHAMAJBHBIM 3HAYEHUEM ITPOTEKAIOIIEr0 TOKA,
BEJIMIMHA KOTOPOT'O OIPEIeJIsieTCst COOCTBEHHOM ITPOBO-
auMOocThIo Aly O3-1101JT0KKH.

B obmacrax 11, 111, 1V, Boiaenennsix va puc. 7a, oT-
MeJaJjioCh U3MEHEeHMe BeJIMYUHBI IIPOTEKAIOIIEro TOKA,
KOTOPOE MOXKEeT ObITh allllPOKCUMUPOBAHO CTEIeHHbI-
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MU 3aBUCHMOCTSIMU C PA3JIMIHBIMA TIOKA3ATEISIMHI, YKa-
3aHHBIME Ha I'paduKe, [IPe/ICTaBJIEHHOM B JIBOWHBIX JIO-
rapudMUIECKIX KOOpuHaTaX. Hajanune ykazaHHbIX 4-
X obJlacTeil B 3aBUCHMOCTY U3MEHEHUS JIEKTPUIECKON
[IPOBOJIMMOCTH OCAXKJIAEMOI0 MaTepuaJia OT BPEMEHU
corsacyercs ¢ ganabivu o usmenernto KPC (puc. 5b)
u DJI (puc.6b). Ha mauaabHoM 3Taie, COOTBETCTBYIO-
mem obstactu I Ha puc. 7a, uger dopMupoBaHue Kpu-
cranmToB MoSs, H30JIMPOBAHHBIX (B TOM THCJIE JIeK-
rTpudecku) apyr or apyra. COOTBETCTBEHHO, 3JIEKTPU-
9ecKasi TPOBOINMOCTD MEXK Y KOHTAKTAMU HA TTO/[JTOXK-
K€ OKa3bIBAeTCs MUHUMAJIBHOW U HEM3MEHHOH BILJIOTH
JI0 MOMEHTa, KOIJ[a BO3HUKAET KOHTAKT MEXK/Ly OTJIeJIb-
HBIMIA KPUCTAJUINTAMA 1 00PA3yeTcs MEePBBIil COeInHS-
FOILIUI JIBA DJIEKTPUYECKUX KOHTAKTa KJIaCcTep U3 KPU-
crajmmroB MoSs. Ha srtame dhopmupoBanusi marepua-
Jta, coorBercTBytommeM obsactu 11 ma puc. 7a, miomans
KOHTAKTOB MEXK/Iy OTJEeJIbHBIMU KPUCTAJIMTAMU yBe-
JINYUBAETCsI, T.€. UJET UX IIOCTEIIEHHOE CPaCTaHhe U
obpazoBanue cruromrHoii merkn. [locste Toro kak oopa-
3yeTCs IePBBIil HETPEPBIBHBIN KAHAJ IPOTEKAHUS JJIEK-
TPUYECKOTO TOKA OT OJIHOTO DJIEKTPUIECKOIO0 KOHTAKTA
10 apyroro mo MoSs-11eHKe, TPOBOIUMOCTD HAYMHHA-
erT pe3Ko yBesmuamBaThed. Haburomaemoe peskoe yBe-
JINYEHUE TTPOBOIUMOCTH MOXKET OBITH OIMCAHO C IIOMO-
B0 TEPKOJISIITUOHHON MOJIEJIU IPOBOJMMOCTH, B KOTO-
POl IPOBOJIUMOCTE PACTET C yBEJIMICHUEM YNCIIa Iy Tei
POTEKAHUsI JIEKTPUIECKOTO TOKA uepe3 IIIEeHKY [32].
DTOT 3Tal MOXKeT ObITh OXapaKTepU30BaH CTEIeH-
HOI 3aBUCUMOCTBIO ¢ TToKasaTreneMm [y = 3.6 + 0.1. Ha
srarne GOPMUPOBAHUS OCAYKIAEMOIO MATEPHUAJIA, COOT-
BercTByoriem oosactu 111 na puc. 7a, nanbueiiniee yBe-
JINYEHUE JIEKTPUIECKOIl IIPOBOIUMOCTH OIIPEIE/IsIeTCsI
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pocrom Tostmuabl MoSs-1tenku. Perucrpupyemast Be-
JIMIUHA TOKA U3MEHSAETCS MPAKTHIECKY JIMHEHHO C yBe-
JIMYEHUEM JIJIUTEIbHOCTI OCAXKIeHHs ([I0KA3ATE/Ib CTe-
neau B = 1.0 + 0.2). MoKHO OTMETHTH, YTO aHa-
JIOTUYIHBbIE 3aBUCUMOCTH, COJEpIKallue TPU Jrara, Obl-
JIA TIOJIYI€HBI [[JIsi M3MEHEHUsI IIPOBOIMMOCTH JIJIs TLIe-
HOK M3 YTJIEPOJHBIX HAHOTPYOOK IIPU YBEJMYEHUU UX
KoHIeHTparmu [32]. Paszauaust B OKa3aTeIsAX CTEICH-
HBIX 3aBHCHMOCTSX JJIs HAHOTPYOOK (cM. [32]) u 1ute-
HOK MoSy (M. puc. 7a) ONPeNessIFoTCsi, BUIUMO, TEM,
9TO KOHTAKTHI MEXK/Iy HAaHOTPYOKaAMU TOYEUHbIE, a JIJIst
wrocknx Kpucrawmros MoSs — muneitasie. Kpome
3TOoro, npu (popMupoBaHur MoSs-ILIeHOK HADIIOIAETCS
TaKzKe 3Tall, COOTBeTCTBYIomuit odbactu IV wa puc. 7a,
HA KOTOPOM POCT 3JIEKTPUIECKON TPOBOJIUMOCTH MO-
KeT 00bsICHATBCSI 00Pa30BaHUEM BEPTUKAJBHO OPHUEH-
TUPOBAHHBIX KpucrajauToB. O6/1acTh KOHTAKTOB Ta-
KAX KPHUCTAJUINTOB YBEJINIUBAETCS 110 MEpPe yBeJrmde-
HUsl JIITETLHOCTH TPOIECCa OCAXKJICHUsI, 9TO TIPUBO-
JIUT K POCTY IIOKA3aTe/Isi B CTEIIEHHOl 3aBUCUMOCTH Be-
JIMIUHBI TPOTEKAIONIETO MEXK/Yy KOHTAKTAMU JIEKTDHU-
4geckoro Toka: fSry = 1.266 £ 0.003.

[Tocne 3aBepmenus muposenenus CVD-mporecca,
COIIPOBOXK IABIIIEr0CsI i1 SitU-U3MEPEHUEM COIPOTUBJIE-
HUs IUIEHOK, ¢ momombio POM mpoBoauicsa amasu3
mopdosorun 06pasnos. CoorBercrByiomtue POM-u3zo-
OpakeHusI JjIsI 0OPA3IOB, MOJIYIEHHBIX MPUA JITUTEIh-
noctu cuHTe3a 500, 120 ¢, npecraBieHbl Ha puc. 7a, b.
Mopdoutorust IIeHKH, Oy I€HHO! IPHU [JIATETHHOCTH
cunresa 500 ¢ (puc. 7b), naeHTUIHA IIEHKAM, [0y YaB-
IIIMCS Ha TIOJJIOXKKAX APpyTuX TUNoB (eM. puc. 4). Ilpu
JumresbHOCTH ocaxkaenus 120 ¢ (puc. 7c¢) HabI01aI0T-
Cs 3aMETHBIE Pa3JIMdus, OIpeIeIseMble, B TOM YUCJIE,
3EePHUCTOIl CTPYKTypoii Marepuasia moioxexk AlsOs:
BEPTUKAJIBHO OPUEHTUPOBAHHBIE KpHUCTALIATHI MoSo
00paszyroTcst Ha MOBEPXHOCTH B MEHTPAILHON YaCcTh 36~
pen Al,O3 (6okoBasi uacTh KaJpa Ha PHUC. 7¢), OJHAKO
HA TpaHUIe MeX/ly 3epHaMu (B NIEHTpe KaJpa) KOJi-
9eCTBO TAKNX KPUCTAJUINTOB 3HAYUTEIbHO MEHBINE, U
[JIEHKA COOTBETCTBYeT cTpykKType MoSs ¢ Kpucrauim-
JeCKON OpHeHTaIlMell CJI0eB IPEMYIIEeCTBEHHO apaJi-
JIEJIbHO TIOBEPXHOCTH IO/IJIOXKKH.

Jamroe HADJIONEHNE MOXKET ObITh OObSICHEHO TEM,
9TO IIPU [TOCTOSIHHOM IIOTOKE I'a3000pa3HbIX IIPEKYPCO-
POB Ha HAKJIOHEHHOI! 110 OTHOIIIEHUIO K HEMY TIOBEPXHO-
CTH KOJIMYIECTBO MOJIEKYJ/I-IIPEKYPCOPOB, IOIA IAIOIINX
HA eJIMHULYY [JI0MAAM (CIIeA0BATEILHO, B CKOPOCTH PO-
CTa IJIEHKN), MEeHBIIe, YeM Ha MOBEPXHOCTHU, PACIIOJIO-
JKEHHOW MEepIeHIUKYISAPHO Ta30BOMY IMOTOKY. Tarum
obpa3oM, HA puC.7C¢ IUIEHKA HA T'DAHUIE 3€PEH eIre
HaXOJMTCS Ha 3aBepIiarolieil crajuu (GopMupoBaHUsI
CILJIOIITHOM ILJIEHKHU, a 00JIACTh BIAJIM OT T'DAHUIBI —
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y2Ke Ha CTa/Inu 00PA30BAHNS BEPTUKAJIHLHO OPUEHTUPO-
BaHHBIX KPUCTAJINTOB.

Puc. 8. Cragun pocta nnerok AMNM: | — chopmuposarue nso-
NIMPOBaHHbIX OCTPoBKOB; || — nepkonsi.unonHas cragus; 1l —

dhopmuposatune cnnowHoii nnenku; IV — Hykneaums n poct
BEPTUKAJILHO OPUNEHTNPOBAHHbLIX KPUCTAIINTOB

Taxum 0O6pa3oM, JaHHDBIE, Oy YEeHHBIE C TOMOIIHIO
pasmmasabix Meroauk (POM, KPC, ®JI u in situ-us-
MEPEHUN 3JIeKTPUICCKONI npOBoAI/IMOCTI/I) COTIJIACYIOTCH
JPYT € APYTOM U, B YACTHOCTHU, CBUJIETE/ILCTBYIOT O Ha-
JINYAU HECKOJIBKUX CTaIuil B (DOPMUPOBAHUU MAaTEPHA~
Jla, KOTOPbIe CXeMAaTUYIECKH IIPEJICTAB/IEHbl Ha PUC. 8 U
BKJIIOYAIOT CJIEJYTOIIIE STAIIBL.

I. O6pasoBanue OTHEIBHBIX KPUCTAJIJIUTOB HA I10-
BEPXHOCTHU IOJIJIOKKU. ATOMHBIE CJIOM B KPUCTAJLIU-
Tax OPWEHTHPOBAHBI MAPAJIIETHLHO MOBEPXHOCTHU IIO/I-
JIoKKH. OTCYyTCTBHE KOHTAKTOB MEXKJy KPUCTAJIIUTA-
MU IPUBOJUT K OTCYTCTBHIO 3JIEKTPUYECKOIl IIPOBO-
aumoctu. [Ipu 9TOM XOpOommit KOHTAKT € HOJJIOZKKOM
[IPUBOJIAT K [IEPEPACIIPEICIICHIIO 3aPsI/IOB U JIOUPOBAa~
HUO KPUCTAJIIUTOB 3JIEKTPOHAMU, KOTOPOE IIPOSIBJISIET-
¢ B Ipeobsiaanuu mojoc A- u B-9KCUTOHOB B ClieKTpe
®JI 1 oJABIEHUT TTOJIOCHI, CBSI3AHHON ¢ A-5KCUTOHOM.
Tommuaa TaKUX KPUCTAJIIATOB B COOTBETCTBUU C JIAH-
weiMu KPC, cocrasiisier 2-3 aromubix cjost MoSs.

II. O6beaunenne KpUCTaaInTOB, Pa3paCTAIONUXC
BJIOJTb TIOBEPXHOCTHU TOJIOKKH. PocT pasmepoB Kpu-
CTAJJINTOB BIOJIb MMOBEPXHOCTH TO/JIOKKN TTPUBOIAT K
BO3HUKHOBEHUIO MEXKJIy HUMHU KOHTAKTOB, B TOM YHC-
Jie 3JIeKTpUIecKnX. Bo3HUKAIONIAs TTPU STOM JIEKTPHU-
qecKasl MPOBOANMOCTD YBEJIUINBACTCA C YBEJTUICHUEM
JUIATEIbHOCTU OocazkieHust. OJJHAKO TOJIIUHA OTJIeJIb-
HBIX KPUCTAJLIUTOB OCTAETCA AHAJIOTHIHOM dTary I (2-3
ATOMHBIX CJIOS).

III. Poct KoJimyecTBa aTOMHBIX CJI0€B B KPUCTAJ-
gurax MoSsy, dopMHUDPYOMUX CIUIONIHYIO —ILIEHKY.
IIpomoimkenne mporecca OCaXKIEHUsT TPUBOINT K
YBEJIMUYEHUIO  TOJIMHBL  IileHku  MoSs,  KoTopoe
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COIIPOBOXKIAETCSI POCTOM €€ 3JIEKTPUIECKON [TPOBOJIM-
moctu u unarencusaoctu OJI, orcyrcrsue A-skcuTon-
HOI'O IMKA B CIIEKTPEe KOTOPOIl CBUJIETEbCTBYET O CO-
XPAHSOIIEMCSI B3aUMOJIEHCTBUN C IIOJIOXKKON U -
(BEKTUBHOM JIOTMPOBAHUN JICKTPOHAMU.

IV. O6paszoBanne u poct KpucTaaauTos MoSs, opu-
E€HTUPOBAHHBIX IIEPIIEHIUKYJISIDHO IOJJIOKKe. JInHeii-
HbIE CTPYKTYPHBIE JIeDEKTHI, BOSHUKIITHE TPU KOHTAKTE
KPHUCTAJITUTOB, Pa3PaCTAIONIUXCST BJIOJIb TOBEPXHOCTH
[TOJIJIOXKKH, CJIy2KaT IeHTpaMu 00pa3s0BaHUsI KPUCTAJI-
JINTOB, PACTYIIUX TEPHEHIUKYISPHO moioxkke. OT-
CYTCTBUE TIPSIMOTO KOHTAKTA C TOJJIOXKKOI TPUBOJIUT K
YCTPAHEHUIO JIONUPOBAHKUS U COOTBETCTBYIOIIEMY CHsl-
THIO TOJIaBJIeHusT A-3KCUTOHHOTO nuKa B criekTpe DJI.
Tosmuna BepTUKAIHHO OPUEHTUPOBAHHBIX KPUCTAJLITH-
TOB Ha HAYaJbHBIX CTAUSX UX POCTA COCTABJISET 2—3
ATOMHBIX cJjios. [lo Mepe yBejWYeHWs JINTEJHBHOCTU
OCaXKJIeHUsI TOJIIUHA ¥ JIATepaJbHble pa3Mepbl KpH-
CTaJIJIATOB YBEJIMYUBAIOTCS, ITO BEJIET K CHUYKEHWIO UH-
TEHCUBHOCTH A-3KCHUTOHHOI'O IIMKA U CMEIEHUIO €r0 10~
JIOXKEHUS B JUIHHHOBOJIHOBYIO o0sracTh (cM. [23]).

JlanHasi MOJIEJIb POCTA U IIE€PEXOJIa OT «JIaTePaJIb-
HOIT» MOpPQOJIOTUN ILJIEHOK K «BEPTUKAJIBHOW» TaK¥Ke
MOYKET TPUMEHSITHCSI JIJIsl OIMUCAHUS OCAYKJICHUS JIPY-
IUX JIByMEPHBIX (CJIOUCTBIX) MATEPUAJIOB, TAKUX Kak
rpadeH, rekcaroHajbHBIH HUTPU OGopa u JIp.

4. SAKJIFOYEHUE

B pesymbpraTe mpoBesnenHoil pabOThI OBLIN TOJTY e~
Hbl JIaHHBIE, YKa3bIBAWOIINE HA HAJMYNE HECKOJbKUX
crasmii B poriecce nosryderust JIIIM-marepuasios npu
ocakJileHnu u3 razosoit daszpl. Habiomaembie n3me-
nenus B cuektpax PJI cornacyrorces ¢ mnpejjaraemoit
MOJIeJIbI0 (POPMUPOBAHKS TAKUX MATEPUAJIOB B YaCTH,
00bACHATONIEN MPOSBICHUE SKCUTOHOB PA3JIMIHOIO THU-
1a U3-3a B3aMMOJIEHCTBHSA WA €0 OTCYTCTBUA (hOPMU-
pytomuxcst JITIM-kpucraioB MoSe u WSs ¢ mojjiox-
koii. Paszpaborana monenn pocra mwienok JIIM (rakux
kaK MoSo u WS2) B X01e XUMHUIECKOTO OCAXKICHHs U3
ra3oBoii (pasbl, B KOTOPOM B Ka4eCTBe IIPEKYPCOPOB UC-
[TOJIB3YHOTCsI Fa3000pa3HbIil CEPOBOIOPO/I U TEPMUIECKHT
pacmbLIsgeMbIil MOJIMOIEeH Wil BOJbdpaM. BoisgBien-
mble it MoSe u WSy cragun popMupoBaHus ILICHOK
BKJIIOUAIOT CJIEJIYIONIHe STambl: 1) o6pa3oBaHue U301~
POBAHHBIX KPUCTAJLIMYECKUX OCTPOBKOB; 2) 00pa3oBa-
HU€ KOHTAKTOB MEXKJY PA3PACTAIONIUMUCH KPUCTAJLIN-
Tamu; 3) (POPMUPOBAHUE CIJIONIHON TOJMKPUCTAJLIN-
4yeckoii 1ieHku; 4) obpazoBaHue U POCT BEPTUKAJIBLHO
OPHEHTHPOBAHHBIX KpucTainToB. Mopdosorudeckne
OCODEHHOCTH TIJIEHOK Ha JAHHBIX CTAJIAsIX ObLJIN BbISIB-
JIEHBI C IIOMOIIBIO PACTPOBON 3JIEKTPOHHOU MUKPOCKO-
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nun (POM). ITo pesynsraram KPC- u @JI-ciekTpocko-
uu OBLIO YCTAHOBJIEHO, UYTO CPEJIHEE KOJTMIECTBO CJIOEB
B KpPHUCTAJLINTaX [IJIEHKU MEeHsIeTCs HEeMOHOTOHHO. [Toka
IJIEHKA HEe CTAaJIa CILJIONTHOW, KPUCTAJIUTHI COCTOAT U3
2-3 c1oeB, 3aTeM KOJIMIECTBO CJIOEB BBIpACTAET J0 4-5.
OpHako mocjie 06pa3oBaHus BEPTUKAJIHHO OPUEHTHPO-
BAHHBIX KPUCTAJLJINTOB UX TOJIIMHA BHOBb CHUXKAETCSI
J0 2—3 CJI0eB, ITO OTPAYKAETCSI Ha IMOJIOKEHUH JIMHIIT
B cuekrpax KPC. Cuekrper @JI Takke KadecTBEHHO
MEHSIIOTCsI B XOJIe OCarKJIeHusl IJIeHKu. Ha HadaJibHbIX
sranax B crekTpe PJI mpeobiagaror JTUHUU, CBsI3aH-
Hole ¢ pekoMbunanueir A- u B-skcuTonoB, ogHaKko 1Ipu
(GOpPMUPOBAHUN BEPTUKAJBHBIX CTPYKTYP IOSIBJISIETCSI
HOBBII UK, CBA3aHHbIN ¢ peKOMOUHaImen A-3KCuToHa,
Ha GoHE KOTOPOr0 MCXOHBbIE SKCUTOHHBIE ITUKN 9€pe3
OIIPEJIeJIEHHOE BPEMSsI OCazK/IeHNUs IIEPEeCTaIOT OBITH pas-
JimauMbl. VI3MepeHusl IIPOBOAUMOCTH ILJIEHKH B XOJIE €€
OCaKJI€HUS TAKKe [TOITBEPIKIAIOT OIIIMCAHHY IO MOJIEJIh.
3aBUCUMOCTH ITPOBOJINMOCTHU OT BPEMEHH COOTBETCTBY-
er 4YerThIpeM 3dTalaM, KOTOpble MOI'YyT ObITh COIIOCTAB-
JIEHBI CO CTRJIMSAMH POCTA IIJICHKW, [IPEICTABIEHHBIMI
B IpejiaraeMoii Mojiesin pocra. Oupejesierre cra it
dopmuposanus mwienok JIIM u dpusmdeckux cBoiicTs,
XapaKTePHBIX JJIsi KayKJI0W M3 CTaJiuii, CrioCOOCTBYIOT
pasButuio Texuosioruit CVD-cunreza IIIM-marepua-
JIOB C 3apaHee 33/IaHHBIMEI CBOMICTBAMU.

Baaromapuoctu. B pabore ucrosib3oBaiock 000-
pyzoBaHue Y4UeOHO-METOJMIECKOI0 IEHTPA JINTOIPa-
dun u muxkpockormu MI'Y um. M. B. JIomonocosa.
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(rpanT Ne23-22-00132). VccnegoBanust Mopdosorude-
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Donjla pasBUTHA TEOPETUICCKONH (PUBMKHM M MaTeMa-
tukn «BABUC» (rpant Ne21-2-10-34-1). Onruueckue
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