Huxeropoackuii rocygapctBennslii yauBepeuteT uM. H.W. Jlo6aueBckoro

HaHI/IOHaHLHIﬂﬁ HCCJ'ICI[OB&TGJIBCKI/Iﬁ YHUBCPCUTCT

YueOHO-Hay4YHBIH U MHHOBAIITMOHHBIN KOMILIEKC
"HoBble MHOTO(YHKITMOHATIBHBIE MAaTEPHUAIbl 1 HAHOTECXHOJOTHH"

[Ienrypos B.I'.,
HenuncoB C.A.,
Yankos B.1O.

MoJiekyasipHO-JIy4YeBasi SMUTAKCHSA KPEMHHS U KPeMHUIi-TepMaHus
(Y4eOHO-METOAMYCCKII KOMILIEKC)

Meponpustue 2.2. Pazpute ceTeBor HHTETPALUN C BELYLIUMH
YHUBEPCUTETAMHU CTPAHbI, HAYYHO-UCCIIEA0BATEIIbCKUMU UHCTUTYTaMU
Pocculickoi akaieMuu HayK, NPEANPUATUIMU-IIAPTHEPAMH, CO3JAHUE HOBBIX
dhopM B3aUMOICHCTBUS

VYyebHble TUCTTUTUIHHBL: «DPU3NYECKIE OCHOBBI TEXHOJIOTMH MaT€pUasoB,
MOJTYTIPOBOTHUKOBBIX MPUOOPOB U MHTETPATILHBIX MUKpOCXem», « TexHomorus
KBaHTOBO-PAa3MEPHBIX HAHOCTPYKTYP»

CneunansHocTH, HanpaBiieHus: «dusnkay, «HaHoTexHOTOTHD,

«HaHOTEeXHOIOTHS B AJIEKTPOHUKE», « MUKPOIIEKTPOHUKA U
MOJTYTIPOBOTHUKOBBIC MPUOOPHD, « ITEKTPOHUKA U HAHODICKTPOHUKA

HHI'Y, 2010



VY4eOHO-METOANYECKNIT KOMIUIEKC COCTOUT U3:

— Kypc nexuuit «MonekyasipHO-TTydeBasi 3MUTAKCUS KPEMHHS U KpEMHUU-TepMaHus» /
Cocr. lllenrypos B.T"., Jlenncos C.A., Hankos B.}FO. — H.Hosropoa, HHI'Y, 2010. — 49 c.;

— Jlaboparopnas pabora «ONUTAaKCHAIbHOE HApallMBaHHE CIIOEB KPEMHHUS METOJ0M
cyonmumanuu B Bakyyme» / Coct. lllenrypos B.I'. — H.Hoeropox, HHI'Y, 2010. — 13 c.;

— JlabGopatopHas paborta «M3ydeHune NedeKTOB KPUCTAUIMYECKOTO CTPOCHHUS B TUICHKAX
KPEeMHHUS, TOJYYEHHBIX MOJEKYIspHO-TydeBoi smurtakcuein» / Cocr. UlenrypoB B.I'. —

H.Hosropox, HHI'Y, 2010. — 17 c.

Y4eOHO-MEeTONNYECKUI KOMIUIEKC Oa3upyercsi Ha JIeKIIMOHHOM Kypce Mo (hU3HKO-
XUMHYECKMM OCHOBaM METOJa MOJIEKYJSIpHO-TydyeBol anutakcuu (MJID) cioeB kpemHus u
TBEPJIOTO pacTBOpa KpEMHUH-TrepMaHui, 1 Ha 1a00paTOpHBIX paboTa, KOTOPbIE IPOBOAATCS B
TEUYEeHUE psja JIeT Ha Kadeape BSJIEKTPOHHUKM TBEpAOro Ttena (usnueckoro ¢axkyiabTeTa
Huxeropoackuii rocynapcrsennblil yausepcurer um. H.M. Jlo6aueBckoro.

[TorpeOHOCTH B CO3AaHUU MHUKpPO-, HAHO- M ONTOXJIEKTPOHHBIX MPHOOPOB HA OCHOBE
KpeMHHUs 00yCIOBUIM HHTEHCUBHOE Pa3BUTHE ITOI'0 HANPABJICHUS B I1OCIIEAHEE AECATHIICTHE.
OCO0EHHO 3TO YCWIMJIOCH B CBA3M C IIUPOKUMH BO3MOXKHOCTSAMH HCHOJIb30BaHUS
reTEPOCTPYKTPYpP Ha OCHOBE CTPYKTYp Si;-xGex/Si B cO3MaHMM HOBBIX OINTO3JIEKTPOHHBIX
nprOOPOB, KOHKYPEHTHO CIIOCOOHBIX MpHOOpaM Ha OCHOBE coeanHeHui AzBs.

Onucanue merona MJID HauMHaeTcs ¢ KpaTKUX CBEICHHUH O (PU3MYECKHMM OCHOBaM
JTAHHOTO TMpoIlecca, pPaccMaTpUBAIOTCA €ro OCOOEHHOCTH, HCIOJIb3yeMble MaTepualbl U
000pyI0BaHUE, PEXKUMBI TIPOBEICHHS, YKA3bIBAIOTCS TUIIBI Je()EKTOB, BO3HUKAIOMINX B CIIOSIX
Si u SiGe B 3aBHCHMOCTH OT YCIIOBHH pOCTa, METOJIbI KOHTPOJISI CBOMCTB CJIOEB B MPOIIECCE
pocTa. B 3akitoueHne paccMaTpuBarOTCsl EPCIEKTUBBI PA3BUTHUS METO/1A.

Y4eOHO-MEeTOIMYECKUH KOMIUIEKC MpHU3BaH IOMOYb CTYJEHTaM TIJIyOXe U3y4uTh
OCHOBHBIE u3nueckue siBieHus B metoge MJID Si u SiGe.

JlabopaTtopHble pabOTHI, IMOCBSIIECHHBIE HCCIEIOBAHUIO CTPYKTYPHBIX CBOWCTB CJIOEB
KPEMHHUS U KPEMHUI-repMaHts, BBIPAIIEHHBIX JaHHBIM MeTo10M. [lockobKy 1abopaTtopHbie
paboThI HOCAT MCCIEI0BATENbCKHM XapaKkTep, TO OHU Jal0T BO3MOXHOCTb CTYAEHTY C/eJaTh
CaMOCTOSITENIbHBIC BBIBOJIBI IO PE3YyJIbTaTaM HCCIICIOBAHUS, T.€. SIBISIOTCS KaK ObI BBEJICHHEM

B JAJIbHEHIITYIO CAMOCTOSITENIbHYIO paboTy.
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BBenenue

WHTEeHCMBHOE DPAa3BUTHE MHKpPO-, HAaHO- M ONTOXIEKTPOHUKU OOYCIOBJICHO YCHJICHHEM
B3aUMOJICHCTBUS (GyHIAaMEHTAIbHBIX HAayK W HOBEHIIMX HampaBiieHul TexHonoruu. K
MOCJICIHUM OTHOCHTCST W METOJ MOJICKYJIApHO-ITy4deBoil snutakcuu (MJID), koTopbrit
IpeBpalaeTcs U3 K30THUYECKOro JabOpaTOPHOTO METOJla MCCIEIOBAaHUS MPOIECCOB pOCTa
TOHKHUX CJIO€B U CHEIHAIbHBIX MHOTOCJIOMHBIX CTPYKTYpP B OJiHA U3 BECbMa MEPCHEKTUBHBIX
0a30BBIX TEXHOJOTUH TBEPAOTEIHHON ANEKTPOHHUKH.

B ocHoBe 3TOr0 Merona JEKHT BO3MOXKHOCTH POCTa IO CYIIECTBY B KHHETUYECKOM
peKUMe B OTIIMUKE OT O0Jiee TPaAUIIMOHHBIX METOJIOB, TJI€ POCT HJIET B YCIOBUSX, OMU3KUX K
TEPMOJMHAMHYECKOMY PaBHOBECHIO.

OcoOennoctu, npucymnie mMetony MJID, nenatoT ero yqoOHBIM AJisi MCCIEA0BATENbCKUX
Hene W A7 JIEMOHCTpPAllMU HOBBIX HUJEH, CBA3aHHBIX C TOHKHUMH CJIOSMU U PE3KUMHU
rpaHuLIaMU pa3jea.

OaHuM K3 BaXHEHIIMX MOJIYIPOBOJHUKOBBIX MaTepUajoB, MCIOJIb3YEMbIX B HACTOsLIEE
Bpemsi, sBisercs kpemHuil. Ha ocHoBe kpemuus wusrotosisiercs 90 % Bcex BuIOB
MOJIYIPOBOJHUKOBBIX yCTPOWCTB, C TOMOIIBI0O KOTOPBIX YCHUJIMBAIOT M PETYIUPYIOT
AIIEKTPUUYECKUE TOKH M HANPSDHKEHUs, 00padaThIBAIOT U XPpaHAT WHPOPMALHIO, TPEOOpa3yroT
COJIHEYHYIO PHEPTHIO B DJIEKTPUUECKYIO U MHOTO€ JPYTO€.

[Ilupokoe mNpUMEHEHHUE KpPEeMHHUs OOBACHSIETCS JOCTAaTOYHO OONBIIOW IIUPUHON
3aMpeleHHON 30Hbl, YHUKAJIbHBIMU OCOOCHHOCTSIMU TPABJIEHUS, BHICOKUMU MEXaHUYECKUMHU
CBOMCTBaMM €ro OKCHJAa U TPAKTHUUYECKH HEOTPAHUYEHHBIMU TPUPOAHBIMU 3aracaMu
MOCIIEHETO.

B npousBoacTtBe caMmbIXx pa3HOOOpa3HbIX NPUOOPOB HAa OCHOBE KPEMHHUS ILIMPOKOE
pacrpocTpaHeHHe MOJIYYMIN TMPOLEcChl (OPMHUPOBAHUS MOHO- U TMOJUKPUCTAIUIMYECKHUX
IUICHOK KPEMHMSI Ha KPEMHUEBBIX U APYTUX MOANOKKax. [lonmydeHne MOHOKpUCTAIIIMYECKUX

IMJICHOK Ha MOHOKPHUCTANIMYCCKUX IMOAJIOKKaAaX HA3bIBACTCA IMUTAKCUAJIbHBIM HAapAIIMBAHUCM

WIM TIPOCTO DIHWTaKCHed. B TEeXHOJMOrmm KpeMmHHST METOJ JMUTAKCUM >KeJaTeIbHO
MCII0JIb30BaTh M0 MHOTUM NpUYMHAM. B yacTHOCTH, C €ro mOMOIIbI0 MOKHO JIETKO MOJIY4aTh
IJIEHKU, OTJIMYAIOIIKECS OT MOAJIONKKHU KakK MO TUILY JETHPYIOLIEH TPUMECH, TaK U 110 YPOBHIO
KOHIEHTpaluu (a cieloBaTelIbHO, U IO YACIbHOMY CONPOTHUBIEHHIO). BO3MOXKHO Takxke
HETMIPEPHIBHOE HW3MEHEHUE JIETUPOBAHUS ONUTAKCHATbHOW TUICHKA B TpOIECCE €€
HapalMBaHUs, YTO NPUBOJUT K IOCTENIEHHOMY HW3MEHEHUIO YPOBHS JIETUPOBAHUS 110

TOJIIHWHE IMIICHKHA.



Jpyroe Ba)xHO€ NPUMEHEHHE DIIUTAKCHA HAXOAWUT TAKKE IPU M3TOTOBICHUU B KPEMHUH
3aMKHYTBIX O0JIaCTel, KOTOpBIE OTJIMYAIOTCA OT OKPYKAIOIIEH MacChl KPEMHUS BEIUYHHOM
YAEIbHOTO CONPOTUBIECHHUS WJIM TUIOM THPOBOAUMOCTH. Takue “‘CKpbITbIE”, WIH
“3aXOpOHEHHBIE”, CIIOM HIMPOKO HCIOJB3YIOTCS B TEXHOJIOIMM HHTETPAIBHBIX CXEM UL
CO3/laHUsl OTPAaHMYECHHBIX CHJIBHO JIETMPOBAHHBIX 00JacTed, pacloJIOKEHHBIX —IOJ
TPaH3UCTOPaMH, KOTOpPbIE HM3rOTABIMBAIOTCS B HAPAIIMBAEMOM CBEPXY JIUTAKCHAIBHOM
cIoe.

Tperbst BaxkHas 0051acTb TNPUMEHEHUS SHUTAKCHHM CBA3aHa C  BO3MOXKHOCTBIO
WCIIOJIb30BaHUsl M30JMPYIOIIMX IOMJIOXKEK. B KauecTBe NOIIOKEK [UIsl AIUTAKCHAIBHOIO
HapallMBaHUS KPEMHHS MOXXHO HCIOJb30BATh MOHOKPHCTAUTMYECKUE IUIACTHHBI camdupa
(okcuga aIIOMMHMS) M IIIOUHEIM ONPEICIICHHOM OpHEeHTalUuu, IOpU KOTOpPOH HX
KPUCTAJZIMYECKUE PEUIETKH ‘“‘COBMECTHMBI” C PEIIETKOM KpEMHHUS B TOM CMBICIE, 4YTO
MO3BOJIAIOT IOJIy4aTh MOHOKPUCTAJTIMYECKUE DIIUTAKCUAIIBHBIEC IIJICHKH XOPOIIEro KayecTBa.
N3onupyromas mpupoaa MOJUIOKKHA 00ecIedrBaeT OOJBIIYI0 TEXHOJOTHYECKYI0 T'MOKOCTh
IPU CO3JIaHUU B BBIIIEIEKAUUX CIOSIX KPEMHHUS HHTETPAIbHBIX CXEM C IIOBBIIIEHHON
IUIOTHOCTBIO YIAKOBKU. JIUTAaKCUAIbHOE HapallMBaHHE IIJICHOK HA IIOJUIOKKE U3 TOIO XKe

Marcepuajia, B YaCTHOCTH pPOCT KPCMHHUA, HA3BIBACTCA H30- WU TOMODIUTAKCUEH.

OIHUTaKCUAIIBEHOE HapalllyBaHUMC MaTCpuallia Ha I/IHOpOIlHOfI INOJJIOKKE  Ha3bIBACTCA

reTepo3nuTakcued (pocT KpeMHUs Ha cardupe).

[eteposnutakcuanbhbie cTpykTypbl (I'C) SiGe/Si  mpuBiekaroT BHUMaHHE B CBSI3H C
UCIIONIb30BaHUEM HX TPU U3TOTOBJICHUU TMPUOOPOB C yMYUIICHHBIMU XapaKTEPUCTUKAMHU, a
TaKkXke C Hay4dHoW To4ku 3penus. Hcmomp3zoBanme I'C co crnosmu SiGe 3HAYMTETHHO
yIIy4IIaeT MmapaMeTpbl KPEMHUEBBIX MPUOOPOB, OCOOECHHO CBEPXOOJBIIUX HHTETPATBHBIX
cxem (CBUC). Kpome »sToro, Hanmuuue MeXaHHMYeCKMX HampspkeHud B Takux [C
MoIU(DUIIUPYET 30HHYIO CTPYKTYPY MOJYIPOBOJHHUKA, YTO MPUBOAMUT K TOSIBICHUIO HOBBIX
MOJIE3HBIX ONTHUYECKUX M DJIEKTPUUYECKUX CBOMCTB, YTO JEJIAET BO3MOXKHBIM pPeallU3aIfio
CBETOM3IIYYAIOMINX TMPUOOPOB JaXe B  HENPSMO30HHOM Marepuaine. bumnonspHbie
TPaH3UCTOPBI, H3roTOBICHHBIE Ha ocHoBe I'C SiGe/Si, B Hacrosiiee BpeMsi CTald
KOMMEPUYECKH JOCTYIHBIMU pUOOpaMu.

bonwmoe BHMMaHme ynensercs uccienoBanuio 3tux ['C st mpuOOpPOB THIIA TOJIEBOU
tpausucrop (FET), koTopsie mmpoko npumMeHstoTest B TexHosoruu usrotonenns CBHC. Ha
ocHoBe ['C SiGe/Si CcTaHOBHUTCS OCYIIECTBICHHOW TakKe pealu3aius ONTHYECKUX
MEXCOSIMHEHHU U ONTO3IEKTPOHHBIX HHTerpalbHbIX cxeM (OUC). Bee aTn 3amedartenbHbIe

cBoricTtBa 3TUX ['C B 3HAUMTENBHOM CTENEHHM 3aBHUCAT OT YCIOBUM BBIPAIMBAHUSA 3TOTrO



MaTepuaia U 0COOEHHO OT KOHTPOJI IOBEPXHOCTHBIX peakiuii, (GOpMHUPOBaHUS JUCIOKAIIUI
U PEe3KOCTU TPAHUIBI pasfienia, KOTOPble CHIIBHO BIMSAIOT HAa XapaKTEpUCTUKHU MpuOOopoB. B

JAHHBIX JIGKIUAX 00Cy)KaaroTcs ycinoBus BeipamuBanust ['C 1 ux cBoiicTBa.

CymHOCTb npoiecca MOJeKYJISIPHO-Iy4eBOii IMUTAKCUH

MounekynsapHo-nydeBast snutakcus (MJID) siiseTcss THOKOM TEXHOJIOTHEH BBIpaIllMBaHUS
TOHKHMX 3IHUTAKCUAIBHBIX CTPYKTYpP MOJYIPOBOJHUKOB, METAUIOB M JIUAIEKTpUKOB. [lpum
MJID TOHKME IUIEHKH KPUCTAJIM3YIOTCSI C IOMOIIbIO PEaKLUi MEXTy MOJIEKYJISIPHBIMHU WU
aTOMapHBIMU IyYKaMHM COCTABJISIOIIMX 3JIEMEHTOB M IOBEPXHOCTHIO MOJJIOXKKH, KOTOpas
MOJJICP>KUBACTCS MPU MOBBIIIEHHON Temmeparype B cBepxBbicokoM BakyyMme (CBB). Coctas
pPacTyILIEro 3MUTAKCHAIBHOTO CJI0SI U YPOBEHb €ro JETMPOBAaHUS 3aBUCAT OT COOTBETCTBEHHO
JOCTHDKAMBIX CKOPOCTEH M3 COOTBETCTBYIOIIMX HMCTOYHHKOB. CKOpOCTH pocTa OOBIYHO
noctatoyHo Hm3Kkas — 1 Mkm/gac (1 MoHOCHOI/C), 4TO oObOecrnedynBaeT MOBEPXHOCTHYIO
MUTPALMIO MAJA0MIMX YacTULl Ha MOBEPXHOCTU pocTa. CrenoBaTenbHO, MOBEPXHOCTh
pacTyllel IJIEHKU OYeHb riiajakas. Jljis npeppiBaHus IOTOKOB ITYYKOB UCIOJIB3YETCSI IPOCTHIE
MEXaHUYECKHE 3aCIIOHKHM Ha (POHTE MCTOYHHMKOB Iy4yKa, T.C. JJIS Hadala W OKOHYAHHUS
OCAXKIEHMS U JIETUpPOBaHUs. VI3MeHeHus B cOCTaBe W JIETUPOBAHUU MOXXHO TaKUM 00pa3zom
OBbITh PE3KUMHU Ha aTOMHOM YPOBHE.

Otmune MJID oT mpenpliylinx TEXHOJOTMH BaKyyMHOIO OC&XKJEHHUS 3aKIIOUYacTCs B
0ojyee TOYHOM KOHTpPOJIE MOTOKOB My4Kka M ycinoBUil pocTa. [IoCKOIBbKY 3TO BakyyMHOE
OCaXJieHHe, TO pocT B Meroae MJID BhIMOTHSAETCS TMpPU  YCIOBHUSAX, JANEKUX OT
TEPMOJMHAMHYECKOIO  pPAaBHOBECHS U  PEryJIUPYIOTCS B  OCHOBHOM  KHHETHKaMH
MOBEPXHOCTHBIX IPOLIECCOB. JTO HAXOAWUTHCA B KOHTpPAacTe C JPYrUMH METOJaMH
AMUTAKCUAIBHOTO POCTa, TAKUMH Kak XHIKO(ha3Hasi SMUTAKCUs WK razodaszHas dMUTAKCHs,
KOTOpBIE MPOBOASTCS B YCIOBUSAX OMU3KHX K TEPMOAMHAMHUYECKOMY PaBHOBECHUIO U Oojiee
4acTO peryIupyeMbIX Ipoueccamu AMGpy3uu, TpOUCXOJAIINX B )KUJIKOW UM ra3oBoi ¢ase,
OKpYXKaroIlled KpUCTAIIINYECKYIO MOTIOKKY.

CymHocTh mpolecca COCTOMT B HCHApEHMHM KPEMHHMS M OJHOM WM HECKOJBKHX
nerupytomux npumeceid (puc.l.). Mcmapsiemoe BemecTBO C OTHOCUTEIHHO BBICOKOM
CKOPOCTBIO MEPEHOCSTCS B YCIOBHSAX BaKyyMma Ha MOIOKKYy. Huskoe naminenue mapos Si u
JETUPYIOLIEH TPUMECH TapaHTUPYET HUX KOHICHCALIMIO HA OTHOCUTENBHO XOJIOJAHOMN

IOOJIOXKKCE.
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Puc. 1. Cxematndeckoe nzo0paxenue ycranoBku MJID Si [1].
1 — repmomnapa; 2 — KBapUEBbIA KPUCTAIT — U3MEPUTENH TOJIIIMHBI, 3 — TETUIOBOU 3KpaH; 4 —
HarpeBaTellb; 5 — MOIOKKa; 6 — IeprkaTenb; 7 — OKHO IS BU3yaJIbHOTO HAOMIOACHUS; § —
MacCc—CHEKTPOMETP; 9 — HOHU3ALMOHHBIN BakyymmeTp; 10 — Mexanuueckuii 3atBop; 11 —
HUCTOYHUK CYpPbMBI; 12 — 3JIeKTpOHHAA MYyILIKA U UICTOYHUK KpEeMHUS; 13 — TUTAHOBBII

TeTTepHBIN Hacoc; 14 — TypOOMOIIEKYISPHBINA HACOC

OmHuM U3 OCHOBHBIX TpPeOOBaHUM, KOTOPOE HEOOXOAMMO ISl SMUTAKCHAIBHOTO POCTa
CJI0€B, sBIIsIETCS oOecreyeHre TpedyeMoil BeIMUMHBI 1aBlIeHUs! B pocTOBOI kamepe. OObIYHO
MJID kpeMHHS IPOBOAAT B CBEPXBBICOKOM BaKyyMe IIPHU JaBJICHUU 10% - 10%° Topp.Oto0
TpeOOBaHUE OMpeAesseTCs YCIOBHEM, 4TOOBI CpeAHss JJIMHa CBOOOJHOro mpolera aTomMoB
WJIM MOJIEKYJI KPEMHMSI TIPEBBIILIANA PACCTOSHNUE OT UCTOUYHUKA JI0 MOANI0KKU. CpeaHsis IuHa
CcBO0OOTHOTO TIpoOera aToMa (MOJICKYJIBI) ONPEAEIISIETCS BhIpaXkeHueM [2]:

L = 5-10%P, (1)

rae L — anmuna cBoboaHoro npobera (cm) u P — nanenue B kamepe pocrta (Topp). [pu
nasermn 107 Topp 3Hauenue L paBHO 5-10° cm.

[TockonbKy B CBEPXBBICOKOM BaKyyMe€ CTOJKHOBEHHS MEXAY aTOMaMH MalOBEPOSTHBI,
CKOPOCTh TIEPEHOCa OIpeAeNsieTcss B OONbIICH CTENEHW TEPMUYECKON SHEpPrHeu, uem

i dy3HOHHBIME TIpOIIEcCaMu, TOATOMY MPOIIECCOM HapalllMBaHMs cIoeB B MeToae MJID Si
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MOXHO YIIPaBIIATh MTyTeM HU3MEHEHHUsI TTapaMeTpOB UCTOYHHMKA. OTCYTCTBHE TPOMEKYTOUHBIX
peakuuii U 11 Py3uoHHBIX FIPPEKTOB (KaK MPH ra30BOi MUTAKCHH) HAPAILY C OTHOCUTEIBEHO
BBICOKOH TEPMHUYECKOW CKOPOCTBIO IMO3BOJSET OBICTPO HM3MEHSTH IMapaMeTphbl CIOS IPHU
JIFOOBIX U3MEHEHUSIX B HCTOYHUKE.

Temmneparypusiii auanazon mist MJID Si nexut B npegenax ot 400 go 800°C. TexHuuecku
BO3MOYKHO MIPUMEHEHHE U 00JIee BHICOKUX TEMIIepaTyp, OAHAKO 3TO MPUBEACT K YBEIUUYCHUIO
muhdy3un mpuMecH U3 MOoUI0KKH. CKOPOCTh POCTa 3MUTAKCHAIBLHOTO CIIOS COCTABIISIET OT

0,01 mo 0,3 MKM/MMUH.

Yeranoska MJID Si

PocToBbIe KaMepsl YCTAaHOBOK JJIsi MOJIEKYJISIPHO-JIy4€BOM SIUTAKCUU HU3TOTOBISAIOTCS W3
HEPXKaBEIOIIEH CTamu ¢ OONBIIUM YHUCIOM (DIaHIEB U TMOACOSIUHEHHS CPEICTB OTKAUKH,
TEXHOJOTMYECKHUX U aHAIMTUYECKUX YCTPOMCTB U CUCTEM, a TaKXKE YCTPOUCTB JJIS 3arpy3KH,
BBITPY3KHU U FOCTUPOBKHU IIOJIIOKEK.

B BakyymHOIl kamepe 10/KEeH ObITh oOecrieueH «0e3MacisHbIi» CBEPXBBICOKUI BaKyyM
HOpsIAKa 11107 = 1-10® ITa. Tomeko B Takmx YCIIOBHUSIX BO3MOXKHBI 3JI€KTPOHHO-HOHHBII
CHEKTPOCKOIMYECKUI aHaIu3 IOBEPXHOCTM MAaTepUaloB U BBIpAIMBAaHHUE IJICHOYHBIX
CTPYKTYp MeTonoM MJID.

[Tpu aHanu3e MOJUIOKEK U BBIPAIIEHHBIX CTPYKTYP B BaKyymMe HEOOXOIUMO YYMTHIBATh,
YTO BpeMs TOKPBITUS UX TIOBEPXHOCTH MOHOMOJIEKYJISIPHBIM CI0€M ra3a OyJeT OnpenesiThes
KOHIEHTpalMel OCTaTOYHBIX MOJIEKYJ B BAKYYMHON KaMepe.

Hcnonp3ylo Ta30KMHETUYECKYIO TEOPHI0, MOKHO PaccuuTaTh 3TO BpEMs IO CIEAYHOLIeH
bopmye:

r N YM-T
"7T385 P @

rze Y — ko3¢ GUIMEeHT NpUInIaHus;
P — naBnenue;
T — TemmiepaTypa rasa;
No — KOHIIEHTpaIHs MOJIEKYJ B 00BeEME.

Tak 114 KUCIOPOJA Trowp ~5-10%-1/P cu 11 CO Tyoip = 2:10°-1/P c.



Orcroga BUAHO, YTO B 3aBHCHMOCTH OT NApLHAIbHOIO NABJICHHMS B BaKyyMHOH KaMepe
BpEMs TOKPBITHSI TOBEPXHOCTH MOHOMOJIEKYJISIPHBIM CIIOEM COCTaBJISIET OT HECKOJIBKUX
cexynn (mpu P = 107 - 10™ ITa) 10 HeckombKux mecsTkoB gacos (mpu P = 10°° - 10 ITa).

VYuuTeIBasg, 4YTO BpeMs aHalu3a CTPYKTYp B CBEPXBBICOKOBAKYYMHBIX CHCTEMax
coctaBsieT B cpenneM 10-30MuHYT, BAKyyM B HUX JIOJDKEH OBITH IMOPSIIKA 10 - 107 Ia.

[Monnep:kanue CBEPXBBICOKOTO BaKyyMa B paboumx Kamepax YCTaHOBOK aiusi MJID B
npoIecce AMUTAKCUATBHOTO BBIPALIMBAHMS TUICHOK OOYCIIOBJIEHO HHM3KOW CKOPOCTBIO POCTa

*u HUXKE).

CTPYKTYPBI M YPOBHEM JIONYCTUMBIX (DOHOBBIX MpuMecel (Topsiika 10 - 10 e
Wrak, cpeacTBa oTKayku Jyuisi ycTaHOBOK MJID moiKHBI 00ecrieunBaTh:
— MoNy4YeHune 0e3MacIsTHHOTO BaKyyMa BO BCEM JHAIa30HEe JaBJICHUNL;
— IIPENEIbHBIN BaKyyM IOpsIKa 10®- 107 Ia;
— MOJAJEpKaHWe TUHAMHYECKOrO BaKyyMa B IIPOIECCe POCTa MOpsIKa 107 -10°® Ia;

KpOME€ TOI'O 3TH CPCACTBA MOJI’KHBI o0ecneyuTsy H OTKAQ4YKy HMHCEPTHOI'O Ira3a B AHUAIIA30HC

-2 - o
naBiernst 107 - 107 ITa, MPUMEHSEMOT0 TIPH HOHHOH 00paboTKe MOBEPXHOCTH MOJIIOXKEK.
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Puc.2. Cxema npocreiimeit 3¢ y3noHHON SUEHKN A1 MOJIEKYISIPHO-ITyYKOBON
snutakcuu [3]: 1 - turens u3 BN, rpadura wiu kBapia; 2 - auadparmMa u3 Toro e
Marepuaia; 3 - CUCTeMa TEIIOBBIX IKPAaHOB; 4 — TepMonapa; S5 - OMUYECKHUI HarpeBaTesb ¢

HU30JIATOPOM; 6 - HCIapsACMOC BCIICCTBO.



BbimonHuTh AaHHBIE TpeOOBaHUSA CPEACTBAMU OTKAa4yKW, paOOTAIOMIMMU Ha KaKOM-TO
OTHOM (PU3UYECKOM IMPHUHLUIE, TPAKTUYECKH HEBO3MOXKHO, TIOITOMY BaKyyMHBIE CHCTEMBI
yCcTaHOBOK Juisi MJID, kak mnpaBuiio, KOHCTPYHPYIOTCSI Ha OCHOBE MAarHUTOPa3psAHbIX U
CyOJIMMAaIMOHHBIX HACOCOB.

[TockonbKy KpeMHHUH SIBISETCS XMMHUYECKH AaKTHBHBIM BEIIECTBOM U JUIsl 00ecredeHHUs
HYKHBIX CKOPOCTEM pocTa TpeOyercs HarpeB HUCHapseMOro marepuaia J0 TeMIEepaTyphl,
BhIie Temneparypsl riasneHus (~1410°C), To ucnonb3yercst OecTUTEeNbHBIH MCTOYHHUK C
3IEKTPOHHOIYYEBBIM CIIOCOOOM HarpeBa, MpU KOTOPOM pPa3orpeBaeTcsi TOJIbKO MOBEPXHOCTh
ucnapseMmoro BeuiectBa. CaM KpeMHUI 3aKperuisieTcss Ha OCHOBAHHH, OXJIaXJ1aeMOM BOJIOH,
TaK, YTO MECTO KOHTaKTa paboyero BeulecTBa ¢ KOHCTPYKIIMOHHBIM MaTEPUATIOM HaXOIUTCS
IIPY HA3KOM TemIiepaTrype.

OCHOBHBIM MCTOYHHMKOM JJISl MCIIApEHMsI JETUPYIOLIEH mpuMmecu siBisietcs 3¢ ¢dy3noHHas
aueiika (sueiika Knyzncena), momemienHasi B kamepy pocrta (puc.2) OnHa npeacraBisieT coboi
KBa3M3aMKHYTBII COCYJI-THI'€Jb, M3TOTOBJICHHBIN U3 MUpOJIUTHYECKOro HUTpuaa 6opa (BN),
rpadura, OKpY>KCHHBIN TAHTAJIOBOW WM BOJH(PAMOBOI CIHPATbIO HA H30JIATOPE, CITY KA
PE3UCTUBHBIM HarpemaTelieM. B Turenasr momemarT HCIapsieMoe BEIIeCTBO, Mapbl KOTOPOTO
BBIXOJST uepe3 HeOONbIIOEe OTBEPCTHE B HAIIPABJICHUU MOAJOKKH, HA KOTOPOU MPOUCXOTUT
snuTakcus. Temieparypa KOHTPOJIMpPYETCs TepMonapou. IIpuHIMD neicTBHs SYEHKH
Knyncena xopomo wus3BecTeH. OTMETHM JIMIIb HEKOTOPbIE CYILECTBEHHBIE JETAJH.
OTHollIeHHE TIIOIIAIU OTBEpCTHsl auadparMbl K IUIOMIAM TOBEPXHOCTH HCHApSIEMOro
BEIIEeCTBAa JIOJDKHO ObITh MeHbIe 1:10. MonekymsipHbI MOTOK U3 slUEHKU pacCUMTHIBAETCS

COTJIaCHO COOTHOIICHHIO
j=351.102.P/JW.T @)

rae P — naBneHue napa;
W — macca Monexyi;

T- Temneparypa siueiKu.

Kectkue TpeOoBaHUS K YMCTOTE MOJIEKYJISAPHBIX MMYYKOB 3aCTaBJISIIOT MCIOJB30BaTh MPHU
U3TOTOBJICHUM SIY€EK CBEPXUUCTBIE TYTOIUIAaBKHE METaulbl, HUTpUA Oopa, rpadut. s
HarpeBaHusl IPUMEHSIOTCS CTAOMIN3UPOBAHHBIE HICTOYHUKU TOKA CPEAHEN MOIIHOCTH.

B xamepe pocrta ycraHoBkn MJID sueiiku NOMEIIEHBl B KpHUONAHENIb, OXJAXIAEMYIO
KHUJIKUM a30TOM, U CHaOKeHbl OBICTPOJCHCTBYIOIIUMHU 3acCIOHKaMU JJI yIpaBieHUs
MOJIEKYJISIPHBIMHM ITy4KaMu. Bapbupys TemmepaTypy sS4YeiKd MOXKHO OBICTPO YIPaBIISThH

YPOBHEM JIETHUPOBAHMSI.
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VYerpoiicTBa A1 HarpeBa MoJIOKKH MPECTABIsET COO0N JepiKaTeb ¢ HarpeBaTeIbHBIM
snemeHToM. llocnenuuii crenan M3 MUPOJMTHYECKOro TpaduTa B BUIEC MEaHIpa, WIH U3
BosibPpamMa. MeaHIp MOHTHPYETCS B OXJIAXKIAAEMBIH BOJOM CTAIBHOH KOXYX C
MOJIMOICHOBBIMH 3KpaHaMu. Mexay HarpeBareleM ¢ IOJJIOKKON yCTaHaBIUBAETCS
KpEeMHHUEBAas IUIACTHHA, UCTIOJIb3yeMasl B KauecTBe auddy3opa u ciysxkamias s o0ecredeHus
OJIHOPOAHOCTH HarpeBa NoAioXKku. C 1ienpio 00ecredeHnsl OJAHOPOJHOIO PACIPEAEICHUS
TOJNIIMHBL  OCaXJAaeMOIro CJIOA M0 IUIOAAU IOJIOKKHA KOHCTPYKLHS — JeprKaTens
[IpeAyCMaTpuBaeT BO3MOXXHOCTh BpallleHUs IMOUIOKKH B mpouecce ocaxzacHus. KoHTpousb
TEMIIEpaTypPbl NOIJI0KKH OCYLIECTBISIOT C TOMOIIBI ONTHYECKOTO MUPOMETPA.

[TosryueHne TOHKOIJIEHOYHOM CTPYKTyphl MeronoM MJID B oaHOKaMepHOM yCTaHOBKE
BKJIFOYACT CIEAYIOIIME ONEepaLluNn:

1. 3arpy3ka MOAJIOKKH B BaKyyMHbIH 00BeM kamephl. [lomoxkka mpenBapUTENbHO
YCTaHaBIMBAETCA Ha MOMJIOXKKOAEp)KATENb W 3aKpEeIUIsieTCsI Ha HEM C  IOMOILIbIO
MEXaHUYECKUX NMPHKUMOB. llomoxkonepxkaTesnb BpydYHYO yCTaHABIMBAETCS HA JIep KaTellb
NPEIU3NOHHOTO MAaHUITYJIATOpA MPH aTMOC(HEPHOM JIaBICHUH B paboueii kamepe.

2. IlonyyeHune CBEPXBBICOKOTO BaKyyMa ¢ 00€3ra)kKMBaHHEM BCEil CUCTEMBI. DTa Oreparus
mutes o0buHO 20-48 yacoB. O6e3raxkuBanue npoBoautTcs mpu Temmepatype 250—400°C ¢
IIOMOIIBIO CIIEIUAIBHBIX HAIPEBATEIbHBIX YCTPOUCTB.

3. TloaroroBka MOBEPXHOCTU MOJJIOKKH. JTa oOIepalus MPOBOJUTCS C IOMOIIBIO
KOMOMHHPOBAHHOW TEIJIOBOM M MOHHOM 0OpaOOTKH MOBEPXHOCTU MOJJIONKKU C KOHTPOJIEM
CTPYKTYpPbI U XUMHYECKOT0 COCTaBa Ha aTOMapHOM YPOBHE METOJIaMH JU(PPAKLIUU OBICTPHIX
AIIEKTPOHOB U 0XE-CIIEKTPOCKONUHU. TernoBas 00paboTKa MPOU3BOAUTCS 32 CUET KOCBEHHOTO
HarpeBa IMOJJIOKKH, HMOHHasE 00pabOTKa OCYIIECTBISETCS C IOMOIIBI0 HMOHHOM ITYIIKH
pacTpoBOro TUIA.

4. DOnurakcuanbHeld pocT. OH OCYIIECTBIISETCS 3a CYET YNPABICHUS MOJIEKYJISIPHBIMU
IIy4KaMH, HaIlpaBiIs€eMbIMH Ha IOJUIOKKY, W PEryJMpPOBaHUS TEMIIEPATypbl NOBEPXHOCTH
noIOKKK. 1Ipn snuTakcHanbHOM BBIPAIMBAHMM IUIEHOK OCYILECTBIIIETCS KOHTPOJIb
IUIOTHOCTH M XMMHYECKOTO COCTaBa MOJIEKYJIIPHBIX IIyYKOB C IOMOILBIO KBaJIPYIOJBHOTO
macc-criektpomerpa (KMC), a Takke KpUCTAUIOTEOMETPHU PACTYLIMX IJICHOK METOJIOM
mudpakiuu  ObICTphIX 3ekTpoHOB (IBD). Ilpu 3TOM BO3MOXHA ONepaTHBHAs OICHKA
CIJIKMBAHMS TIOBEPXHOCTH MOJJIOKKHU B HAadase 3MUTAKCHAIBHOrO pocta. Ilocne nomyuenus
AMUTAKCUAIBHONW TJIEHKM BO3MOXKEH KOHTPOJIb C(HOPMHPOBAHHOTO MPOQHIS JETUPOBAHMS.
Jns sroro Ha HebOosbmioM ydactke (1-2 MM2) MIPOBOJUTCS IMOCJIONHBINA AaHAIU3 METOJOM

BTOPHYHOM HOHHOM Macc-criekTpomerpun (BUMC).

11



5. BeIrpy3ka MOJTy4eHHOH CTPYKTYypbl M3 BakyymMHOro ooObema. IIpomsBomuTcs mocie
pasrepmeTru3anuu KaMCpbl IIYTEM OTCOCANHCHUA U BBIIBUKCHUA MpEeHU3UOHHOTI'O

MaHUITYJIATOpPA U3 KaMEPhI U CHATHUA C HET'O NOJJIOXKKOACPKATCIIA.

I/I3Mepl/ITeJIBHbIe cpeacrea 1Jid U3y4YCHUS MPOLHECCoB
IMUTAKCHAJIBHOI'0 pocCTa

W3MepuTenbHblE CPEACTBa, MCIOIb3YEMbIE IIPU M3YYEHUH IPOLECCOB AMUTAKCHAIBHOIO
pOCTa, MOXHO pa3JesIuTh Ha CPEACTBAa KOHTPOJS YCIOBHMH Ipoliecca MUTAKCUH, CPEICTBA
KOHTPOJISI M M3Y4YEHUs KadeCTBEHHBIX M KOJMYECTBEHHBIX MapaMeTpOB MOBEPXHOCTH U
OOBEMHBIX  CBOMCTB  TBEpAbIX  Tel.  M3MmepuTenbHble  OpOLEAYpPbl  MPOBOISATCS
HEIOCPEICTBEHHO B MPOIIECCE POCTA WIIM Ha dTanax, HEIOCPEICTBEHHO IPaHUYallliX ¢ HUMH,
0e3 wu3BieueHUs oOpas3lla M3 BaKyymMa, M Ha BHEIIHUX YCTPOMICTBax IOCJIE H3BJICYCHUS
o0pa3ua u3 BakyyMHOM KaMephl U MPOBEICHUS JONOJHUTEIbHbBIX ONEpaLuil HaJl HUM.

B kauecTBe cCpenCcTB KOHTPOJIL YCIOBUI SHUTAKCHAIBLHOIO pOCTA MCIOJB3YIOTCA
BaKyyMMETpbl pa3JIMYHbIX THUIIOB, MAaCC-CHEKTPOMETPbI, H3MEPUTEIU TEMIIEpaTypbl -
TEpPMOIIapHbIE WIN PaJdallMOHHbIE, IPUOOPHI AJI1 U3MEPEHUS TOJNILMHBI PACTYIIErO CJIO0sl 110
C/IBUT'Y YaCTOThI KBApPLIEBOI'O PE30HATOPA M ONTUYECKHE (IJUTUIICOMETPBI),

JUtn u3ydeHHMsl TOBEPXHOCTH U OOBEMHBIX CBOMCTB TBEPABIX Tel B BaKyyMHBIX
AMUTAKCUAIBHBIX YCTAaHOBKAaX MCIIONB3YIOTCS METOAbl TU(PaKUUU 3JIEKTPOHOB HHU3KHUX
sHepruii, anexkTpoHHoi Oxe-cnekTpockonuu (30C) NoBepXHOCTH, BTOPUYHON MOHHOM Macc-
cnektpockonuu (BUMC), peHTreHOBCKOM Tudpakiuy U Apyrue, MeHee pacipoCTpaHEHHBIE,
HaIpHUMep, CIIEKTPOCKOIHNS SHEPTETUUECKHUX TIOTEPH IJIEKTPOHOB.

s aHanu3a XMMHUYECKOTO COCTaBa M MHTEHCHBHOCTH MOJIEKYJSIPHBIX IMYYKOB M COCTaBa
atMocepsl pabouell kamepbl MpUMEHsIETCS KBaapynoibHbIM Macc-criektpomerp (KMC) ¢
nuanazoHoM Macc 1-300. JlaTyukoM sIBIsieTcs KBaJApYHOJIbHBIN (UIBTP Macc, CHa0)KEHHBIN
IIPEIBAPUTEIBHBIM CEJIEKTOPOM SHEPTUN U MOHU3ALMOHHON KaMepOH OTKPBITOTO THUIIA.

KoOHTponb YMCTOTHI MOAJIOKEK W IUIEHOK OCYIIECTBISIETCS C IOMOIIBIO 3JIEKTPOHHOTO
0’Ke-CIIEKTPOMETPa, KOTOPBII MO3BOJISIET ONPEAEATh IJIEMEHTHBIM COCTaB MOBEPXHOCTH C
qyBCTBUTEIbHOCTRIO 110 0,1% MoHOCHOS (10' ar/cm?). [Ipy HanuuuM HOHHON MYUIKU
BO3MOYKEH MOCIOMHBIN aHaIU3 2JIEMEHTHOro cocTaBa Metogom J0C.

Jns aHanM3a HU3KMX KOHUEHTPALMM MPHUMECEW HMCIOJIb3YeTCs BTOPUYHO-MOHHBIA Macc-

cnexktpoMerpuueckuid ananuz (BUMC), oOecneunBaromuii 4yBCTBUTEIBHOCTH 10 10°
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MOHOCOs. B KadecTBe naTuMKa MOXKET HCIOJB30BaThCA KBAJPYHOJbHBIN Macc-(QUiIbTp,
NPUMEHSIEMBIN JUIsI aHallM3a MOJEKYISPHBIX IYYKOB, a WCTOYHUKOM BO30YKICHHS
UCCIIElyeMOTO0  OOBEKTa CIY)KUT HOHHAs IyIIKa CO CKAaHMPOBAaHHEM Jiydya U
nuddepeHIMaIbHOM CUCTEMON OTKayku. Breicokas uyBcTBHTENBbHOCT, MeTroga BHUMC
MO3BOJIIET MPOBOJIUTH U3yYEHHE TPAHUI] CJIOE€B, MUTPALIUU YACTHII, PO JETUPOBAHUS U
T.J.

Kpucramnorpadpuyeckuil aHaan3 MOAJOXKEK M IUIGHOK B MPOIECCE MX BBIPALIMBAHUS
MIPOU3BOJUTCS C MOMOIIBI0 CHCTEMbI AU(PPAKINKU OBICTPHIX 37eKTpoHOB (IBJ), cocrosiieit
W3 DJIGKTPOHHOW mymku ¢ 3Heprued 5-50 kaB u duyopecuentHoro skpana (@ 100 mm).
[Ty4ok 5JEKTPOHOB HAmpaBIAETCS Ha TMOMIOXKKY IMOA YriaoM, OmuzkuMm kK 1°. OH Moxer
OTKJIOHATHCS AekTpoctaruuecku ot 0 qo 4°. Mcnons3oanue JIbD B mpoliecce pocTa MIEHOK
MO3BOJIIET OOHAPY)KUBATh HEXKEJIATeIbHBIE POCTOBBIE CTPYKTYpPbl U OTKOPPEKTHUPOBATh
paboure mapameTpbl Tpollecca, a TaKKe OMPENENATh MapaMeTpbl dJIEMEHTApHON SYeHKu
CTPYKTYpBHI.

Jns xpuctaiiorpaduueckoro aHajin3a BBIPAICHHBIX TUIEHOK MCIOIB3YETCSI TaKXKE METO/
Tubpakuy MEAJIEHHBIX 3JeKTpoHOB ([IMD), KoTopHIi MO 01HON AU(PAKIIMOHHONW KapTUHE
MO3BOJISIET OMNPEICIUTh 3JIEMEHTAPHYIO SYeMKy CTpyKTypbl. i1 ero ocyuiecTBieHus
MPUMEHSICTCS CHCTEMa, cocTosIIas u3 3nekTponHoi mymku (10-1500 3B), yeTbipexceTouHOoM
ONTUKH U (PIYOPECLEHTHOrO 3KpaHa. DTOT METO/I, OIHAKO, HEJb3s UCII0JIb30BATh B IIPOLIECCE
3MUTAKCUATBHOTO POCTa CTPYKTYP.

Hapsiny ¢ yka3aHHbIMM METOJaMHU B PsSA€ YCTAaHOBOK, JJII XMMHYECKOTO aHaiu3a
MOBEPXHOCTU MCIOJIB3YETCSI METOJ] PEHTI€HO - 3JIEKTPOHHOW CIIEKTPOCKOIUHU € pa3pelieHueM
10 MIyOUHE 710 5 HM € YyBCTBUTEIBHOCTBIO 10 10" moHOCITOS.

HauOonee oOmmMpHBIA apceHal CpPeACTB HCHOIb3YeTCs AN HM3ydeHHs oOpas3lioB BHE
pocToBbIX Kamep. CroJ1a BXOIAT METO/IbI 3IEKTPOHOrpaduu, peHTTEHOCTPYKTYPHOTO aHAIN3a,
MIPOCBEUYMBAIOIIECH U PACTPOBOM JIEKTPOHHON MUKPOCKOIHMH, B TOM YHCJI€ MPOCBEUUBAOIICH
JJIEKTPOHHOM  MHKPOCKOIIMM  TIONEpPEYHBIX  Ce4eHUH  CTpykTyp. i u3ydeHuns
ANIEKTPO(U3NYECKUX M CTPYKTYPHBIX CBOMCTB 0Opa3lOB HCHOJb3YIOT CIEKTPOCKOIHIO -
(OTO3TEKTPOHOB, JIOMHUHECLUEHIIMH, OTpaXeHHus B  YyIbTpadHOJIETOBOM JAMAIA30HE,
UH(QpaKpacHyl0  CHEKTPOCKONHIO  TOIJIOIIEHUS, pa3MyHble METOAMKH  U3MEpEeHHS

XO0JIJIOBCKUX MapaMeTpoB U UX TeMIIepaTypHbIX 3aBucumocteit ot 4 1o 300 K.
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OcHoBHbIe pHU3HYECKHE MPOIECCHI, MPOTEKAIOIIHE HA
MOBEPXHOCTH MOAJI0KKH pu MJID Si

ONUTAaKCHANBHBIA ~ POCT  CJIOEB € YIOPSJIOYCHHBIMH  PEKOHCTPYHUPOBAHHBIMH
MOBEPXHOCTSAMU TIONYyYeH TMPU TEMIIepaType BBIIIC HEKOTOPOH MHUHHUMATBHOU T smin.
Tsmin-3aBHCUT OT OpHeHTanuu moBepxHoctu momaoxku. Jast Si(100) oma MHOro Huke, 4em
qutst Si(111), i BUIMHAIBHOM MOBEPXHOCTH Tsmin.HIOKE, yeM uist Si(111) ¢ pasopuenTanueit
nosepxuoctd  menbire  0,5°.  Tlpu  Temmeparype  HEXKE  Tgmin.  [IPOUCXOJUT
Pa30pUEHTUPOBAHHBIN POCT IO JAHHBIM METOJa MU(PAKIIUU MEATIEHHBIX 3JICKTPOHOB.

OnuTakcuadbHbld pocT B Meroae MIJID peann3yercs Ha MNOBEPXHOCTH IMOJIOXKKH.
HawnGosiee Ba)XHBIMU TTOBEPXHOCTHBIMHU MTPOIIECCAMH TIPU STOM SIBJISIOTCS CIICTYIOIIHE:

1. angcopOumsi OCHOBHBIX aTOMOB WJIM MOJICKYJI, IMAJAIONMX Ha IMOBEPXHOCTH
ITOJUTOKKH,

2. TIOBEPXHOCTHASI MUTPALUS U JUCCOIUAIIHS aICOPOMPOBAHHBIX MOJICKYII,

3. BHEApPEHUE OCHOBHBIX aTOMOB B KPHUCTAJUIMYECKYIO PEIICTKY MOJUIOKKHU WU
YK€ BBIPAIIEHHOTO SMUTAKCUAIBHOTO CJIOS,

4. TepMudeckas JeCOpOIMS YACTHI], HEBHEAPEHHBIX B KPHCTAUIMYECKYIO
pelIeTKy,

5. oOpa3oBaHMe M JaIbHEHIIMA POCT IBYMEPHBIX 3apOAbIIICH KpHCTauia Ha
MOJIJIOXKKE,

6. B3ammHas 1 y3us aTOMOB, BCTPOUBIINXCS B KPUCTAUTMIECKYIO PEIIETKY..

OCHOBHYI0O pPOJIb B TIPOILIECCE SIUTAKCHAIBHOTO HApPAUIMBAHUS WrPalOT HavaJlbHbIE
MPOLIECCHl  3apOJBIIICOOPA30OBAHMsI U PA3BUTHS pPOCTa Ha TMOBEPXHOCTH MOMJIOXKKHU. Ha
aTOMHOM YPOBHE SIHUTAKCUATBHBIN MPOIECC 3aKIIOUAETCS B 00pa30BaHUU YIOPSTOYEHHBIX
arperartoB ¢ NOCHEAYIOIEH JOCTPOUKON AaTOMHBIX IIIOCKOCTEM MOHOKPHCTAUIMYECKON
MOJIOKKH.

CoBpeMeHHbBIE TMPEACTABICHUS O MEXaHU3Me KOHJEHCAIMM W3 TMapoBoil (a3l u
OPUEHTHPOBAHHOM POCTE CBOMSATCS K clieayronieMy. [IoBepXHOCTh MOJIOKKH HWMEET, Kak
W3BECTHO, OMPEJCICHHBI TOTCHIMAIBHBIA penbed, COOTBETCTBYIONIUN PaCIOI0KEHHUIO
y3JI0B €€ KPUCTAUIMUECKOW pemieTku. [l peanbHOM MOBEPXHOCTU CTPOTOE UepeOBaHHUE
MOTECHIMATBHBIX OaphepoB W SM HapyllaeTcss IOJ BIUSHUEM CTPYKTYPHBIX Ae(EeKTOB
MMOBEPXHOCTHU: aJCOPOMPOBAHHBIX aTOMOB, CTYIEHEH. OOYCIOBJICHHBIX BBIXOJIOM BHUHTOBBIX

mucnokanuid, u ap. (puc. 3). OOBIYHO STH OeEeKTHl MPHUBOIAT K BO3ZHHKHOBEHHIO OoJjiee
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IyOOKHX MOTEHIHMAIBHBIX SM M TEM CaMbIM AaKTUBU3UPYIOT IOBEPXHOCTh, MOCKOJBKY
AKTUBHOCTH MIOBEPXHOCTH OMPEEINISIETCS TUIOTHOCTHIO CBOOOTHBIX aTOMHBIX CBSI3CH.

ATOMBI OCaXXKJa€MOTO BEILECTBA IMPU CTOJKHOBEHUU C MOIJIONKKOH MOTYT TMOIAaJaTh B
NOTEHLMAJbHBIE SIMBl B pe3yibTare QIYKTyaluid TEIoBOM »HEpruu (0COOCHHO MpHU
MOBBIIICHHBIX ~ TEMIepaTypax MOJJIOKKH), aTOMbl MOTYT HEPEXOJIUTh B COCETHHUE
MOTCHIMATIbHBIE SIMBI W TakKUM O0pa30M IEPEMEIIAThCsS IO TMOBEPXHOCTU TOMJIOKKH -

MUTPUPOBATH, & IIPU OYEHb BBICOKUX 3HAYEHUSAX TEMIIEPATYPBl MOT'YT PEUCIIAPSATHC.

Puc.3. Cxema MOBEpXHOCTH KPHCTaIa ¢ TOYeUHbIMU aedexramu [5].
1 — cBOOOHBIN U3NIOM; 2 — «OTPABIICHHBI» U3JI0M; 3 — BaKaHCHUS Ha Kparo CTyNeHH; 4 —
aToM, a/IcCOpOMPOBAHHBIN KpaeM CTYIEHHU; 5 — aTOM IPUMECH, aIcOPOMPOBAHHBIN KpaeM
CTYIIEHH; 6 — aTOM TPUMECH, aJICOPOUPOBAHHBIN HA TTIOBEPXHOCTH; 7 — aTOM,

aHCOp6HpOBaHHBIﬁ MMOBCPXHOCTHIO, 8 — BakaHCHS Ha IMOBCPXHOCTH.

[TonaB B Oojnee TriIyOOKYyI0 MOTEHLUAIbHYIO MYy, HalpUMep, BCTPETHB NpPU MHUTPAIUH
BaKaHCHIO WJIM CTYNEHBKY Ha MOBEPXHOCTH (pHUC. 3), aTOM yCTaHABJIMBAET MPOYHYIO CBSI3b C
COCEIHUMH aToMaMu Kpucrtamia. K 3ToMy aToMy NpHUCOEIUHSIOTCS JIPYyTrUe U, B KOHEUHOM
cyere, MPOUCXOINT JOCTpaBaHUE KPUCTAUIMYECKOH miockocTu. Takum oOpazom, Grnarogapst
HAJIMYHUIO TTOBECPXHOCTHBIX Heq)eKTOB Ipru KOHJACHCAIIMKU AaTOMBI HaxXOoIsAT Haunboiee
yCTOI\/JI‘-II/IBI)IG COCTOsIHMA HA MOBCPXHOCTH ITOAJIOXKKH.

[Tpr HEBBICOKMX TeMIlepaTypax [UIHHBI MOBEPXHOCTHOU Muddy3un aTOMOB HEBEIUKHU, U
BEPOSATHOCTh BCTPAMBAaHMS aTOMa B MECTE IEPBOHAYAIBHOIO MOMAJaHUA Ha IMOJJIOXKKY
yBelInunBaeTca. B pe3ynaprare 3TOro mMpoOMCXOIUT POCT B BEPTUKAJIBLHOM HAMPABICHUU U
o0pa3oBaHMEe TPEXMEPHBIX 3apojsimieid. [ momydeHuss HU3KOACPEKTHBIX CIIOEB C

BOCITPOHU3BOJUMBIM MI/IKpOpeHLe(I)OM MNPpEAIIOUTUTCIICH POCT B TOPU30HTAIIbHOM HAIIPaBJICHUU
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(BIOJIb MOJIOKKHU), KOTOPBIN MPECTABIAETCS KaK JOCTpauBaHHUE U NIEpPEeMELICHHE CTYIEHEH.
[Tpu BBICOKHMX TeMIepaTypax U COXPAaHEHHWH HE3HAUMTEIBHOTO MEPECHIICHUs 00pa3oBaHHE
TPEXMEPHBIX 3apOAbILIEN MATOBEPOSATHO U Majla CKOPOCTh BEPTUKAIBHOI'O POCTA.
[ToBepXHOCTHBIE MPOIECChl, MpoTekarome npu MJID Si, XapakTepusylTcs psIoM
COOTBETCTBYIOIIUX KUHETHUECKUX MapamMeTpoB. CKOPOCTh MPUOBITUS OMUCHIBAETCS TOTOKOM
IpUOBIBAIONINX YacTHLl, KOTOPBIM ONpeAenseTcss YMCIOM aTOMOB, MaJalolUX Ha €IUHULY

MOBEPXHOCTHU B CEKYH]TY.

IIpemynurakcuajabHass 00pad0TKAa NOBEPXHOCTH MOAI0KKHU

BaxxueiM TpeboBaHMeM K mporieccy MJID Si sBasiercss mpeadnuTakcuanbHas in Situ
obpabotka momnokKH Si. CyIIecTByeT TPH OCHOBHBIX METOAA OYHUCTKH IOBEPXHOCTH
(BBICOKOTEMITEPATYPHBIN IPOIrpeB, HOHHAs OOMOApIMpPOBKa, CO3JaHUE 3aILUTHBIX HOKPHITHH
C BO3TOHKOM MX IIPOIPEBOM B CBEpXBbICOKOM Bakyyme CBB).

Bricokoremneparypubiii omkur npu 1s=1000-1250°C anutensHocThi0 10 10 MHHYT
yaansieT eCTECTBEHHBIH OKHCET U aacopOupoBaHHBIC MpuMecH ucnapeHueM. OgHaKo Takoi
C10co0 MOATrOTOBKH MOAJIOKKH MPUBOJUT K YBEIIMUEHUIO KOHIIEHTPALIUK HEJIETY4el IpUMecH
Ha TOBEPXHOCTH TMOJUIOKKHA. TakumMu TpUMECIMH SBJISIIOTCA yriaepon u Oop. Haubomee
TPYAHO YZAAJIAETCA C IOBEPXHOCTH KPEMHMS YIJIEPOX, KOTOPBIM AKTUBHO pPEArupyeTr ¢
KpeMHHUEM IpH TeMnepaTypax Bbiiie 850°C, oO6pa3ys TyromiaBkue MajaoieTydyue KapOou bl

Bropoii cnoco® OuYMCTKHM NOBEPXHOCTH MOJIOKKH — 3TO MCIOJIb30BaHHE OO0JyuyeHUs
HU3KOSHEPreTUYEeCKUM ITYYKOM HMOHOB HMHEpPTHOro rasa. [l ycTpaHeHus paJaMalMOHHBIX
neeKTOB JIOCTaTOYHO TPOBECTH KPAaTKOBPEMEHHBIH OTXHUT mpHu Temmeparype 800-900°C.
OpHako OCHOBHBIE HEIOCTATKM 3TOr0 MeToAa (paJuallMOHHbIE TMOBPEXKIEHUS KpHUCTallia,
3aXBaT B IIOBEPXHOCTHBIN CIIOM aTOMOB MHEPTHBIX I'a30B, 3arPs3HEHUS 33 CUET PACHBbLICHUS
CBB-apmarypsl) 10 CHX MOpP OJHOCTBIO HE YCTPAHECHBI.

Kak BBIICHMIIOCE B XOJie¢ MHOTOYHMCICHHBIX WCCIIEJOBAaHWM, OCHOBHOM OCTAaTOYHOM
IPUMECBIO, KOTOpas —COXpaHsllach Ha  IOBEPXHOCTSAX  MOHOaTOMHBIX  (Si, Ge)
MOJIYTIPOBOJHUKOB IIOCIE YMEPEHHOI'O NpOrpeBa, sBisieTcs yriaepoa. Ha mnoBepxHocTH
KpemHHus yriepoq npu T > 700°C HaxoguTcs B OCHOBHOM B (opMe KapOHuaa KpEeMHHS, IS
OCTaJIbHBIX MaTEPUaJIOB XUMUYECKUE COEIMHEHUSI HEe OOHapyKeHbl. [ TaBHBIN MyTh, KOTOPBII
Opearnowio OOJIBIIMHCTBO HCCeNoBaTeel, JUIsl yCTpaHEHHs Yriiepoja C MOBEPXHOCTH

INOJJIOKKH OCHOBAH Ha yTJ'ICpOZ[O(I)O6HOCTI/I OKHCJIOB TOJYIIPOBOAHHUKOB. Ecmu co3zgath

16



TOHKYIO (IIECSTKM aHTCTPeM) CIUIONIHYIO OJHOPOJHYIO IUIGHKY OKHCIIOB, TO BCE
yIIIepOJ0COoIepIKaIue 3arps3HEHsT OyIyT COCPEIOTOYCHBI Ha MOBEPXHOCTHU ITOM IUICHKH,
No-BUAMMOMY, B (u3aacopOupoBaHHOM cocTossHuu. [Ipu nocnenyromem narpese B CCB onun
UCTIAPSIIOTCSI paHbIlle, YeM IMPOU30MIET BO3TOHKA OKHCIOB. DTOT 3alllUTHBIA CIOH MOXKHO
yAQIATh B BaKyyMme JIMOO myTeM HarpeBaHus IpHu Temriepatype Hmwke 1000°C, nubo myrem
B3aUMOJICHCTBHS C MOJICKYJISIPHBIM TIOTOKOM KPEMHHs Ha HAYalbHBIX CTaUSAX pOCTa IPH
temmneparype ~ 850°C

HeoO0XoMuMbIM  YCIIOBUEM CTPYKTYPHOTO COBEPIICHCTBA CIIOCB SIBJSICTCS HMX YHUCTOTA,
KOTOpasi ONPEACISICTCS OTHOIICHHEM CKOpPOCTEH ancopOluu 3arps3HsIONeld NPUMECH H
KPEeMHHUSA. DTU CKOPOCTU B CBOIO OUEPE/Ib ONPENEISIOTCS MPOU3BEICHHEM MTOTOKA A a0IINX
Ha TIOJUIOKKY aTOMOB | K03 durmenta npunumnanus. OObIYHO cYMTaIOT, 4TO B MeToae MJID
ko3 durment npuinnanus Si paBeH eauHUIE. [IOTOK aTOMOB KPEMHHsS ONPEICIIsACTCS
TEMIIEPaTypoil HMCTOYHMKA, €ro pa3MepoM U paAcCTOSIHUEM [0 TIO/UIOKKH. MeHee
OTIPENIEICHHOW SIBJISIETCS BEJMYMHA CKOPOCTH aJCOpOLMU  3arps3HSIONICH IPUMECH,
MOCKOJIBKY 3aBHCSAIIMIA OT TEMIIEPATyphl TMOMIOXKKHA KOI(QOUIIMEHT MPHUINIIAHUS Pa3IndeH
JUTSL Pa3HBIX T'a30BbIX MPUMECEH, UMEIOIIMXCS B OCTATOYHOM atMocdepe.

Haunbonee BaKHBIM CIEPKUBAIOIIAM (PAKTOPOM TPH  BBIPAIIMBAHUN  SIUTAKCHEH
COBEPIICHHBIX 110 CTPYKTYpE CI0EB Si sBJISIETCS KUCIOPOA. B3anMoeiicTBie MOTOKa aTOMOB
KPEMHHUS C KUCJIOPOJOM Ha MOBEPXHOCTU MOJUIOKKH MPHBOIAUT K 00PAa30BAHUI0 MOHOOKHCH
(SiO). Ilo TeopernueckuMm oreHkam mpu Temreparype Ts < 600°C u naBjaeHHH KUCIOpoja B
poctoBoii kamepe, paBHOM Poy=10® Topp, mrotHocts Momekyn SiO Ha HOBEpPXHOCTH

NoAJOKKU Oynmer Oomblie 10%° cm

. B »ToM cnywae OyayT pacTH CIOM KpEeMHUs
MOJTUKPUCTAITMYECKHUE WIH aMOP(HBIE IO CTPYKTYPE.

CopepxaHue B OCTaTOYHOM aTrMocdepe yriaepoaoco/epKalluX COEIUHEHUN TaKke
NPUBOJIUT K YXYIIICHHIO CTPYKTYPHOTO COBEPILICHCTBA CIIOEB Si.

[IpyHuMnUanbHOE  OrpaHMYEHHME  HA ~ MUHUMAJIbHOE  3HAUEHHE  TEeMIIepaTypbl
SMUTAKCUAIBHOTO POCTa OMpEAeNseTCs BPEMEHEM, HEOOXOAMUMBIM sl TOro, YTOOBI
OCaXKJIaeMbI aTOM BCTPOWJICA B pacTyIuil Kpuctami. OHO JOJKHO OBITh MEHBIIIE BPEMEHU
OCAKJIGHUS] MOHOCJIOS. JTa KpUTHYECKas TeMIepaTypa Ha3bIBAaeTCA TeMIEpaTypou
snuTakcu. OHa ABISIETCS] BETUYMHOM YCIOBHOM, MOCKOIBKY MEPEX0] OT SMUTAKCHAIBHOTO
HapalMBaHUs K POCTy aMOpP(HOTO CIOsl 3aHMUMAeT 3HAYUTENbHBIM nHTepBal. PocT cnost mpu

TEMIICPATYPEC MOMJIOKKH M3 ITOTO HHTEPBAJIa COIMPOBOXIACTCA HAKOILJICHHUEM )Ie(i)eKTOB B

HEM, IIPUBOJAIINM K CPBIBY SIIUTAKCHAJIBHOT'O HapalluBaHUA.
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CTpyKTypHOE COBEPIIEHCTBO HEJIETHPOBAHHBIX
CJI0eB KpeMHHUS

HauanpHas Temneparypa snuTakcuu KpeMHUs Ha rouiokke opuenrtarmu (100) mpu MJID
co ckopocthio ~ 0,3 MmkM/u. ompenenena paBHoit 165°C. Ilpu 3TOM SMUTaKCHATBHBIN CIION
KPEMHHUSI BOCIIPOM3BOJAMII CBEPXCTPYKTYpY Tumna (2x1), moyoxkke Iepel HadalioM
ocaxaenus. B obmactu Ts =120 - 140°C ocaxnancs cioit co crpykrypoir (1x1). Ilpu Ts
Hwke 100°C ocaxxganmucy amopdHbIe ciaou KpemHUsA. HecMOTpsi Ha CTONb HHU3KOE 3HAYCHHE
KPUTUYECKON TeMIIepaTypbl SIUTAKCHUHU, IPOLIECC BEAYT, KaK mpaBmio, npu s~ 600°C, uro
MO3BOJISICT TIOJIy4aTh SHHUTAKCHAJIbHBIE CIOM C HHU3KOW KOHIEHTpanued CTPYKTYPHBIX

ne(deKTOB U JTyUIIUMH 3JIEKTPOOU3NUECKUMU XapaKTePUCTUKAMH.
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Puc.4. 3aBucumocTy naoTHOCTH AedeKToB ynakoBKH (Nyy B IIIEHKaX KPEMHHS OT

JaBJICHHA OCTAaTOYHBLIX I'a30B (a), NPpOAOJKUTCIIBHOCTU OTKUT'a ITOJJIOKKHN (6) n OoT

TEeMIEPaTypbl MOAJIOKKH (B) IPU SITUTAKCHH.

19



Pe3ynpTarthl pasnuYHBIX PabOT MO HMCCICIOBAHUAM JEPEKTHOCTH BBIPALICHHBIX CIOEB
CYIIIECTBEHHO pa3iuyaroTcs. Tak, B [6] mosydeHbl 3HAYCHHUs IIOTHOCTH JMCIOKAIUN B
KpeMHHEBBIX cl1osix ~200 cM™ BHE 3aBHCHMOCTH OT TeMIepaTypbl moaoxku (600 - 1050°C),
ckopoctu BbipamuBanus (0,2 — 1,4 mxm/4) u Tommuasl TwieHok (0,3 — 9,0 mxMm). 3HaueHUe
IUIOTHOCTH JMCIOKaWMi B  osnurakcHanbhbix  cunosx  10°-10* em?  momydenst  mpu
temneparypax pocra 400 -1100°C.

JeranbHbiii aHanu3 aedeKToo0pa3oBaHMsI B JMHUTAKCHAILHOM KPEMHHH, IOJYICHHOM
metogoM MJID mokasai, 4To MIIOTHOCTH JUCIOKAUN U Ne(PEKTOB YIIAKOBKH CYIIECTBEHHBIM
00pa3oM 3aBHCAT OT TEMIIEPAaTypbl W JUIMTEIBHOCTH MPEIIIHUTAKCHAILHOTO TIPOrpeBa
MOJJIOKKH, TEMIEPAaTypbl TIOUIOXKKMA TpPH DIHUTAKCHH, CKOPOCTH pPOCTa, JaBICHUS
OCTaTOYHBIX T'a30B (puc.4. a,0,B).

[TlpuyriHaMu, OTBETCTBCHHBIMH 3a BO3HHUKHOBEHHE CTPYKTYPHBIX JE(EKTOB, CUHTAIOT
npucyrctBue yactull SiO, Ha MOBEPXHOCTH KPEMHHUSI, MOSIBISIOIIUXCS IPH HEMOIHOM
yIaJeHUH 3alTUTHON IJICHKU B TIPOIIECCE MPOrPeBa WM aJICOPOIHIO KHCIOPOI0COASPIKAIIIIX
KOMIIOHCHTOB OCTaTOYHOW aTMoc(epsl Ha TMOBEPXHOCTH MomIokku. Coolmaercs o
KOHIICHTpanuu auciokanui 500 em? mpu ckopoctu pocta 5 — 15 mxm/4., Ts =700 - 1000°C
1 opueHTanusx nmoproxek (100) m (111).

B orcyrcTBHEe HAMEPEHHOTO JICTUPOBAHUS SIUTAKCUAIBHBIC CIIOM KPEMHUSI MOTYT UMETh
MIPOBOAMMOCTE P-THIIA, YTO OOYCIIOBJICHO JISTHPOBAHHEM IUICHOK OOpOM, COAEpIKAIIUMCS B

14 -3
HCIIapACMOM KPCMHUU. ypOBCHB HCHAMCPCHHOI'O JICTHPOBAHUA COCTABJIACT ~ 107" em™.

JlerupoBanue cj10eB KpeMHus B npouecce MJID

BBenenue nerupyromieid npumecu B cioit Si B mporecce MJID oTHocuTesl K Hambouee
BaXHBIM Tpo0jeMaM B IUIAHE UCIOJNb30BaHUS JaHHOTO METo/Aa JUIs HM3TOTOBJIEHHUS
MOJIYTIPOBOJTHUKOBBIX MpHOOpOB. BBeneHue Jerupyromux npuMeceid HampsiMylo CBSI3aHO C
AJIEKTPUYECKUMU M ONTOAIEKTPOHHBIMU CBOMCTBAaMU NPHUOOPHBIX CTPYKTyp. I[losTomy
CHOCOOHOCTh KOHTPOJIUPOBATh MPOLIECC BBECHUEM ONPEICICHHBIX JIETUPYIOLIMX 3JI€MEHTOB
SBIISIETCS HEOOXOMUMBIM YCIOBHEM IIpH BBIpAIlMBaHUM MeTogoM MJID 1npuOOpHBIX
CTPYKTYP.

YpoBHEM JIETMPOBAaHHUS CIIOEB YIIPABJISAIOT PEryJIUPOBKON INIOTHOCTH MOTOKA MPHUMECHBIX
aTOMOB OTHOCHUTENIBHO TMOTOKa aroMoB Si. [IpakTWdecku Uil HCHApEeHUs MpPUMECH

UCTIONB3YIOT siueiiky Knyocena. Beibop copTa nerupyromiero anementa B meroge MJID Si ¢
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OJIHOIl CTOpPOHBI OrpaHHuY€H HEOOXOIUMOCTbIO HUMETh HHU3KOE [aBJCHHE NapoB MpHU
HeBbICOKUX (£200°C) Ttemmeparypax (BO H30€KaHMM HEXKEIATEIHHOTO PEHUCIIAPEHUS
IPUMECH TIPU MPOTPEBE KaMephl), a ¢ APYroi CTOPOHBI MPH TeMIiepatypax He Boie ~1100°C
o0ecrieunBaTh MOTOKH BIUIOTH JI0 ~10% em2ct

[To TuM npuunHaM HauboJiee YacTO MPUMEHSIEMbIE B TEXHOJIOTMH KPeMHUs npumecu AS,
P ucnapstorcst cnumikoM ObICTPO, a B — CIUIIKOM MEJIEHHO, YTOOBI 3 PEKTUBHO YyIPABIATH
uXx motokamu. B pesynbrate yamie npuberarot K ynorpebdaeauto Sb, Ga mmu Al.

Ha puc.5 mnpuBeneHbl 3aBUCUMOCTH HMHTEHCUBHOCTH MOJIEKYJISPHBIX IYYKOB H
KOHIICHTPALUH JISTUPYIOUINX IPUMECEH B CJI0€ OT TEMIIEpaTyphl UCTOYHHUKA B MPUOIMKEHUH,
yro K03 dunument npunumnanus paseH 0,01 [1]. KBagpatom o6o3HaueHa obiacts Haubosee
MNOAXOJAUIMX TEMIEpaTyp MCTOYHHMKA, OOECHEeYMBAIOIIMX H3MEHEHHE KOHIICHTpAluu

MIPUMECH B CJIO€ OT 104 o 10%° em,
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Temnepamypa ucnapeHusa npumecu, °C

Puc. 5. 3aBucuMocTh CKOpOCTeﬁ OCaXIACHUA HpHMeCeﬁ )51 ypOBHCfI JICTUPOBAHUS CJIOCB

KPEMHHUSI OT TEMIIEpaTypbl MOJIEKYJISIPHOTO HCTOYHHKA [1].

Jpyras CIOXHOCTb - 3TO TeMIepaTypHas 3aBUCUMOCTb Ko3(dduiMeHTa NpUIUNaHUs
npumecei. [Ipumecu ¢ SHEPrUsAMU CBA3M C KPEMHUEM, MEHBIIIMMHU 3HEPTUU CBS3H KPEMHMS C

KPEMHUEM, UMEIOT OMU3KUH K HYII0 KOA(P(UIMEHT MPUIUMAaHusA B OOJAaCTH TeMIleparyp,
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UCronb3yeMbix B Meroge MJID Si. Tunmynele 3HadeHHs KOd(Q(OUIMEHTA MPHIUITAHUS
npumeceii k noanoxke coctanisoT 0,001 - 0,1. OH O6pIcTpo yOBIBaET C POCTOM TEMIIEPATYPHI
(puc.6), 4To yKa3pIBa€T Ha BBICOKYIO BEPOSTHOCTb AECOPOLMU IPUMECH C IOBEPXHOCTH
noaoKku. Hanmuyue TemmepaTypHOM 3aBHCHUMOCTH Ko3((uIlMeHTa NMPWIUIAHUSA C OJHON
CTOPOHBI TO3BOJISIET YIPABJIATH YPOBHEM JIETMPOBAHHUS PACTYIIETO CIJIOS, a C JApPYrou
BBI3BIBACT HEOOXOAMMOCTh TOYHOTO MOJAEP)KaHUS TEMIIEpaTypbl MOJUIOKKH B IIpOLEcce
pocra. Merox wHcrapeHMsl JIETMPYIOIIEH IpUMECH HMeeT Oosbline BO3MOXKHOCTH JUIS
JICTUPOBAHUS DIHUTAKCHAJIbHBIX CJl0eB. VMelTcs naHHble O BbIpalllUBaHUMU CIIOEB C

KOHIIEHTpallUe MPUMECH OT 10% o 10%° em,
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Puc.6. 3aBucumocts ko3ppuireHTa NpUIUNaHus IpuMecel OT TeMITEpaTyphbl

noT0KKH [1].

JlerupoBanue B MJID Si nmpu temnepatypax pocra Beitie 450°C xapakTepu3yeTcs CUIIbHOM
MOBEPXHOCTHOM CEerperanuen NpuMecH, 3aKI04aronIencs B 3aXBaTe NPUMECH TTOBEPXHOCTHIO
pactymiero cnos. J[BWKymias cuiia MOBEPXHOCTHOM cerperanuy OOYCIIOBJICHA pa3inuueM

OKPY>KCHHA aTOMa NpUMECH B o0beMe U Ha MOBEPXHOCTH KpUCTAJLJIA UIJIU, APYTUMHU CJIOBAMU,
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CTpEMIICHUEM TpUMeCH K 00pa30BaHUIO MOBEPXHOCTHBIX (ha3, UTO SBISIETCS XapaKTepHOU
YepTOil MHOTHX MPOIIECCOB HA MOBEPXHOCTH.

DTO0 crpaBeUIUBO AJIs BCEX JICTUPYIOMINX MPUMeEcel B KPEMHUU, B TOM YHCIIE M TAKUX, KaK
Ga u In (pu BeIpalMBaHUK CIIOCB P-THIIA IPOBOAMMOCTH) M SD (IpH BBIpAIIIMBAHUH CJIOEB N-
TUIa MPoBOAUMOCTH). CIIpaBeNIMBO 3TO U ISl B, XOTS U B MEHBIIICH CTCTICHH.

W3-3a MOBEpXHOCTHOM Cerperamnuu mpuMecH ee mpoduiIi KOHIICHTPAIMH 110 TIIyOUHE CIIO0s
MPETEPICBAIOT 3HAUMTEIbHBIC UCKAKEHUsS. Tak, BHIPAIIMBAHUE CUIBLHOJIETHPOBAHHOTO CIIOS
Ha CJIa00JIETUPOBAHHOM, TPUBOIUT K OOpPA30BAHUIO TPOTSHKCHHOW TMEPEXOIHOW 00JIaCTH
(HeckoIIbKO coTeH HaHoMeTpoB). [locnemyromiee BbIpaliiBaHUEe BHOBH C1a00JETHPOBAHHOTO
CJIOSl TIPUBOJUT K PA3MBITHIO MPO(HIIS JTETUpOBaHUs, HECMOTPS HA PE3KOE yMEHBIICHUE

MOTOKA MPUMECH M HU3KYIO TeMIiepaTypy pocra (puc.7).
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Puc.7. Konnentparmonssie npoduiu 6opa u gocdopa B p-p*-p u N-N"-N cTpykTypax

COOTBETCTBEHHO: ® - 60D, X - pocdop (MyHKTUpOM 0003HAUEHBI pacyeTHbIe Mpohuin) [7].

OO0pa3zoBaHre MPOTSHKEHHBIX TMEPEXOAHBIX 00JacTeld MOXHO OOBSCHUTH CIEIYIOIINM
oOpazom. B Hauane ocaxiaeHus JETHPOBAHHOTO CJIOS HM3-3a CHJIBHOM ITOBEPXHOCTHOMN
cerperamyy 3Ha4uTeNIbHas YacTh TPUMECH 3aXBaThIBAC€TCS MOBEPXHOCTHIO pocTa. OOpaszyercs
oborareHHasi MPUMEChI0 00JIaCTh BOIM3H MOBEPXHOCTH, KOHIIEHTPAIIUS PUMECH B KOTOPOI

Ha HCCKOJIBKO IMOPAAKOB BCJIMYMUHLBI BbIINIC KOHUOCHTPALIUNU B CJIOC. Pe3koe cHM>KEeHHE MOTOKa
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IpUMECH TakKe HEe MPUBOAUT K OOPAa30BaHMIO PE3KOr0 KOHIIEHTPAIIMOHHOTO MPOQuIIs,
MOCKOJIBKY TIOCJI€ YMEHBILEHUS MOTOKA MPOAOIKACTCS JIESTUPOBAHUE PACTYILETO CJIOS 3a CUET
MOJMUTKA U3 000TaIEHHOTO MPUMECHIO TTIOBEPXHOCTHOTO CIIOS.

CymiecTBOBaHHE IOBEPXHOCTHOM cerperanuyd 3aTpyAHSET BbIPAIlMBAHUE CJIOEB C
3aJaHHBIM TpO(UIEM pacHpelesieHus NPUMECH U, B YacTHOCTH, IOIYYEHHE PE3KUX
KOHIEHTPAIIMOHHBIX IEPEX0/I0B, TOHKUX CHIJIbHOJIETHPOBAHHBIX CIIOEB M O-JIETUPOBAHHBIX

cioes Si.

MeToabl AKTHBALIMM MPOI[ECCA BXOKIECHUNA AaTOMOB
JIETMPYIOLIell MPUMeCH B CJIOM KPEeMHHUS IPU MOJIEKYJISIPHO-
JIy4eBOM IMUTAKCUH

Kak 6bu10 0TME4YeHO, 3 (GEKTh HU3KOW BEPOSITHOCTH BHEAPEHHUS JICTHPYIOIICH MIPUMECH B
cimoii  Si M MOBEPXHOCTHOM cerperandd ee JeNalT MPAKTHYECKH HEBO3MOXKHBIM
BBIpAIMBAHUE CJIOCB C 3aJaHHBIM MPOo(UIeM pachpeeieHuss KOHICHTPAIUN JISTHPYIOICH
PUMECH.

C 1enpio npeo0IeHUs] TPYAHOCTEH, BO3HUKAOIIMX C JICTHPOBAHUEM CIIOCB Si B MeTOe
MJID v cBSA3aHHBIX C MMOBEPXHOCTHOM cerperamueil mpuMecH, ObUTH ONPOOOBaHbBI HEKOTOPHIE
noXxo/bl. MIX MOXKHO pa3/e/iuTh HA TPU OCHOBHBIC TPYIIbBI: HU3KOIHEPTETUUCCKAs MOHHAS
UMIUTIAHTaluMsA, TBepAodasHas OSIUTAKCUS | JICTHPOBAHHE, YCHJICHHOE MPHIOKECHHEM
noteHnuana kK mnoiokke — Potential-Enchanted Doping (PED) (unm nerupoBaHue

BTOpH‘{HOﬁ HMHHaHTaHHefI). Huxe paccMaTpruBacTCA Ka)KIbIi U3 3TUX METOIOB.

Huskosnepeemuueckas uonnas umnianmayus [8].

B oTroM MeTose aroMbl JIETUPYIOIEH TPUMECH BBOMISATCS HEMOCPEJICTBEHHO B
CyOIOBEPXHOCTHOE COCTOSIHHE, IPEOoJieBas, TakKUM 00pa3oM, HX cerperainuio. Panee
COO0IIANIOCh O MPHUMEHEHUH 3TOTO METOAA JUIS JOCTMIKEHHS €IMHUYHOTO KOd(pQHIMEeHTa
BHEIPSHHMS cieayronux npumeceii: As, Sb, In u Ga mpu temneparypax pocra Ts > 500°C.

B »TOM MeTOZEe MOTOK HMOHOB JIETUPYIOLICH MPHUMECH HANpaBiseTcs Ha MOBEPXHOCTH
MOJJIOKKH OJHOBPEMEHHO C TMOTOKOM MatpudHoro sjemeHta (Si). Ilpu 3TOoM aTOMBI

JETUPYIOLIE TPUMECH HENpPEepPhIBHO BHEAPSAIOTCS B PEHIETKY pacTyIIEro KpucTaia.
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Koaddumuent npununanus mpumecd ObUT OJM30K K €IWHUIIE W JIOCTHUTAIUCh PE3KHE
npod M pacnpeaeseHns IPUMECH I0 IIyOuHE CI0eB.

XOTsl AaHHBIA METOJ UMEET, MO-BUAMMOMY, IPEUMYIIECTBA IO CPABHEHUIO C METOJIOM
COMCIIapeHHs] JIETHPYIOUIeH MpUMEecH, HEKOoTopble Mpoljembl emie ocTtatoTcs. [l
YMEHbILIEHUS TOBPEXKACHUI, BOZHUKAIOIIUX IPH HOHHOM MMITJIAaHTALIUU, SHEPTUSI BHIOUpPAETCS
MuHUManbHas. [loaBHXKHOCTE HOCUTENEH 3apsiia U BPEMsl KU3HU, CPAaBHUMBIE C ITHUMH
napamMeTpaMu B 00bEMHOM MaTrepuaie, JOCTUTAIUCh TOJIBKO IPU BBICOKHX TEeMIIEpaTypax:
npu 900°C npu umruianTanun noHoB As’ ¢ sHeprueii 800 5B wmm npu 600°C npu >Hepruu
noHoB 400 3B. Opnako wucciemoBanue (HOTOIFOMUHECHCHIIMA BBISBUIIO CHJIBHBIM €€ IHK,
KOTOPBI CBA3BIBAIN C HOBPEKICHHUAMH, BbI3BaHHBIMK MoHaMu As” ¢ sneprusimu 200 3B npu
temneparype pocra 500°C. [axke mnpu HU3KHX DSHEPrusx TpeOyeTcs MCIOIb30BaHUEe
TeMIeparyp pocra 0ojiee BICOKUX, YeM T€, KOTOpble HEOOXOANMBI IPHU BHIPAIIIMBAHUH CJIOEB
0e3 BO3JCCTBHS HOHOB.

Kpome TOro, nns coszgaHusi MOTOKAa HOHOB HEOOXOJUMO HCIOJIb30BaTh JOCTATOUHO
CJIO)KHO€ M JOPOroCTOSIEE YCTPOMCTBO, a PACIONOKEHHE MCTOYHMKA HOHOB B POCTOBOM
KaMepe MOXKET MPHUBECTH K JOMOJHUTEIBHOMY 3arpsi3HEHHIO PACTYIIETO CJIO0s KPEeMHUS

HCKOHTPOJHUPYCMBIMHA TPUMECAMHU.

Teepoogpasnas snumakcus (TDI) [9].
B sTOM MeETOME POCT JETHPOBAHHBIX CIOEB IPOMCXOJWT B JIBE CTAJWH: BHAYaAlC MMEET

MECTO OCaKJIEHUE IIPU OYEHBb HU3KUX TEMIIEPATypax, IPU KOTOPBIX Cerperanusi KHHETUYECKU
orpanuyeHa. M3 npaktuueckux cooOpakeHui 0ObIYHO BHIOMPAIOT KOMHATHYIO TeMIepaTypy,
YTOOBI BBIPACTUTH aMOP(HYIO MIeHKY KpeMHus. Ha BTopoil cragum matepuan ¢ amopdHOi
CTPYKTYpOl TOJBEpralT pEeKpUCTaIM3allUd B Ipoliecce OTkura. Bes a3ta mpouenypa
IPOMCXOIUT Oe3 TmepepriBa B YCIOBUSAX CBEPXBBICOKOIO BaKyyMa IpHM HAJIMYUU YHUCTOU
MOBEPXHOCTH TMOJJIOKKH TMepel] OCaXJAEHUEM aMOpPPHOro cjos. DTO HEOoOXOAMMO s
oOecrieyeHrs BBICOKOTO KayecTBa pekpucTamau3auuu. [lockonpky nerupyromas npumech
3aXOpOHEHa B CaMOM CJIO€, TO 3a BPEMsI PEKpUCTAJNIM3ALMN [TOBEPXHOCTHAsI Cerperamus He
urpaer ponu. OObeMHas uddy3us OOBIYHO HE3HAuUTeNIbHAa NpPU TEMIepaTypax
peKpHCcTaIIM3aIHK, KoTopas coctanisieT ~ 600°C.

B To e Bpemst JTaHHBII METO] UMEeT Psil HEAOCTaTKOB. Bo-nepBhIX, NMpH BBIPALIMBAHUN O-
JIETUPOBAHHBIX CJIOEB U JPYTHX CJIOEB CO CBEPXPE3KUM IEPEXOIOM MEKIY JETHPOBAHHBIMU

CIIOSIMU HEO0OXOJMMO YUYUTHIBaTh AUQPQY3UI0 MPUMECH B MPOLECCe PEKPUCTAIIN3ALNU.
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Hexoropeie uccaemoBarean oOHapy:kuin ycuienue muddysun Sh Ha rpanuie paszgena
KpHCTaJUINYecKas/aMoppHas B cl0sX Si, BBIpalIeHHBIX MeToioM T PO,

Bo-BTOpBIX, JerHpOBaHHbIC CIOM Si, MOJXy4eHHbIE METOJOM T@0D, OOBIYHO MPOSBISIOT
3aHIKEHHYIO TOJBMKHOCTh HOCHUTENeH 3apsiia, a »dJIEKTpUYecKas AaKTUBHOCTb AaTOMOB
npumecu MeHee 100%. IToaToMy OOBIYHO MPOBOJAAT AOMOJHHUTENBHBIA OTKHUI CIIOEB IMPHU

temneparypax ~900°C.

Jlecuposanue, ycunennoe npunodicenuem nomenyuana Kk nooaoacke [10].
Ecau motok atomMoB Si BMeCTe € TEPMHYECKH HCHAPSIEMbIM MOTOKOM SD 4acTHYHO

MOHU30BaTh, a K MOAJIOKKE IPUIOKHUTh OTPULATEIbHbIN MOTEHLIUAN, TO BHEJPEHUE aTOMOB
Sb yBenmuumBaeTcss Ha HECKOJILKO MOPSAKOB BenumuuHbl (puc.8). Ilpu wucnoiabp3oBaHHM
cMmenenust, pasHoro -10 kB, komuyectBo MOHOB Si B moTOKe cocraBisier okoino 10%. B
HOCJEIYIOEM IPU COBEPIIEHCTBOBAHMU 3TOr0 MeETOJa OKa3ajloch, YTO JIOCTaTOYHO K
HOJUIOKKE MPWIOXKUTh cMmelleHue B -1 kB. DTo 1o3BOjiseT yMEHBLIMTH BO3MOXKHOE

PaCHbIJICHUC U ITOBPCKACHUC KpHCT&J’IJ’IH‘-IGCKOfI PEIICTKHU CJIOS IPHU UMILIAHTAllU NOHOB S|+
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Puc. 8. Konnenrparms Hocureneit 3apsina B OC Si, nerupoBanHbIX Sb B mporecce

BBIPAIIMBAHUS U TIPHJIOKEHUS MOTEHIMANA K moaioxke [10].
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Wonsl Si* ecTecTBEHHO MPHCYTCTBYIOT B JOCTATOYHOM KOJNHYECTBE B MOTOKE KPEMHHUS,
CO37aBaCMOM DJICKTPOHHO-TYYEBBIM HCHAPEHUEM, M OHU MOTYT OBITb YCKOPEHBI 10
HAIpPAaBJICHUIO K IOJUI0KKE MPOCTHIM MPUIOKEHUEM OTPULIATEIBHOIO MOTEHIMANA K Hell. B
TaKOM TPOCTOM YCTPOMCTBE MOTEHLMA] Ha IOAJIOKKE OINpEAeNsieT HE TOJIbKO IHEPrHI0
MOHOB, HO TaKXe KoJUIMMHUpyeT uX. IlockoiabKy cOOp HMOHOB B 3THUX YCIOBHUSIX 3aBHCHT OT
FEOMETPUM POCTOBOM KaMepbl U JAepiKaTeis MOMJIOKKH, TO B PAHHUX IKCHEPHUMEHTaX s
JOCTUXKEHUSI JOCTaTOYHO BBICOKOM IUIOTHOCTM HMOHOB M JIOKAIM3allMM MX Ha IOJJIOKKE
MPUKIaAbIBATIOCH HaNpshKeHue BIIOTh 10 —1000 B.

Opnnako 3(QeKTUBHOCTh BHEIPEHHs] MPUMECH, MPOMOPIHOHATIbHAS TOTOKY HOHOB,
3aBUCHUT OT TOKA SMUCCHH JIEKTPOHHO-JTy4EBOI0 UCIIAPUTEINS U, CIIEA0BATEIBHO, OT CKOPOCTU
pocra cIiosl.

Handpe 1OBEPXHOCTHOTO IOKDHITHS IPUMECH BILIOTh 10 Bemmumabsl ~10™ ar/em?,
bopMupyeMoro B mpoiiecce MOBEPXHOCTHOU cerperanuu mnpu MJID Si, 1ano BO3MOXHOCTh
UCIOJNB30BaTh 3((PEeKT BTOPUYHON HMMILIAHTALUU ISl JOCTHXKEHUSI BBICOKON KOHIIEHTpAIUU
MPUMECH B cj0o€. BHeapeHue Jerupyromei npumMecu B CJIOW MPOUCXOJIUT B 3TOM METOJE B
pe3yJibTaTe JBOMHOTO CTOJKHOBEHHS MEXKIY OCHOBHOM IMANAOLIECH YACTUUEH M aJaTOMOM
JIETUPYIOLIEH MPUMECH.

Bropuunas ummiantanus Sb B ciou Si B mporecce MJID Obuta IpOIEMOHCTPUPOBAHA B
CIIEYIOIIMX IKCIEpUMEHTaX. B kauecTBe MEpBUYHBIX YCKOPEHHBIX YaCTHIl UCIIOJIb30BAIUCH
HI3KODHepreTuueckue HoHbl Sit (200 5B), KOTOpbIE TeHEPUPOBAINCH 3a CYET YACTUYHOIM
MOHM3AIMKM aTOMOB Si. DHeprus HMoHOB Si* perymupoBanmach HPUIOKEHHEM PA3HOCTH
MOTCHIIHAIOB MEXTy TOJI0XKKON U 3a3eMJIEHHBIM UCTOYHHMKOM mapoB Si. TTocie ocaxxaeHus
oydeproro cios na Si(100) Obuta ocakaeHa Jerupyromias npumech (Sb) Ha moBepxHOCTH
pocta mipu Ts=650°C. Ilpm 3TOii Temmeparype MOBEpPXHOCTHAsl CETperamus OTPaHUYNBACT

3, OmgHako Korga

BXOXKJICHHE TIPUMECH 0 OOBEMHOW KOHIEHTPAIMU NSbSIO16 cM
MOBEPXHOCTh POCTa ObLIa MOJBEPTHYTAa BO3JACHCTBUIO HU3KOIHEPIETUYECKUX HMOHOB Si*, To
0o0beMHas KOHIICHTPAIMsI YBEIMYMBATACh HA TPH MOPSIKA BETMUYMHBI (BIUIOTH 110 10% CM'3).
B nocnenyromem azncioil  obGemHsics  3a  CYET  BHEJIPEHMsS] IMPUMECH, BBbI3bIBas
SKCIOHEHIIMAJBHYIO 3aJIEP)KKY YpOBHS JierupoBanus. KonndectBo BHEAPEHHBIX aTOMOB Sb
MOYTH UJEHTUYHO KOJMYECTBY NEPBOHAYAIBHO OCAXKIAEHHBIX. JTU IKCIIEPUMEHTHI MMOKa3aH,
4TO:

- pacrmibiIeHKe aToMOB Sh He3HauMTeTbHO HpH SHEPruu HOoHOB Si* ~1500 5B;

- aTOMBI Sh BHEZIPSIFOTCS B PEMICTKY Si B O3HMIINN 3aMEIICHHS,
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- JlaKe TPU BBICOKHX YPOBHSX JICTHPOBAaHHS CJIOM Si MMENH MOJBM)KHOCTh HOCHUTEJCH
3apsijia, CPAaBHUMYIO C ITOJBHYKHOCTBIO B 00bEMHOM Si.

Opnako B ciydae JErMpoBaHMs ClI0€B KpeMHus rawimeM BiusHue PED mnpossisuiocs
OuUeHb CJIa00 B HIMPOKUX MpeAesiaX M3MEHEHHs BEJIMYMHBI M 3HaKa NPHUKIAIbIBAEMOTO K
OJUIOKKe ToTeHnuana. Habmogaemas pasuuiia mexay Sb u Ga mpu PED moxer ObiTh
CBs3aHA C pa3IMYMEM CBOWCTB aJlaTOMOB AITHX JJIEMEHTOB: CypbMa 00pa3yeT IBYMEpHOE
MOKPBITUE, a TAMUH — (QopMmupyeT TpexMepHbIe OCTPOBKM (Kiactepel). B pesynbTate B
HepBOM cliydae oOecrieunBaeTcsi BHeApeHue Sh, a BO BTOpoM ymeHblmaercs moctyn Ga k
MeCTaM BHEJIPEHHs U TOMUHUPYET paclblICHHE JaKe MIPU HU3KUX CMEUICHUSIX.

Urobb1 n3bexars 00pazoBaHus (HOPMUPOBAHHS TPEXMEPHBIX KiactepoB Ga, mpoOoBanu
npeocaxaaTh TOJbKO 1/3 MOHOCHOs rajudsi Ha MOANOXKKY Si, Ilpu 3THX ycloBHSX, Kak
MOKAa3aJ0 MCCIEIOBAHUE C HCIOJIb30BAHUEM CKaHUPYIOLIEr0 TYHHEIHLHOTO MHKPOCKOIIA,
bopmupyercst IByMepHast MOpQoIIoTus afaciaoeB rauns Ha nosepxuoctu Si(100).

Hcnonb30BaHNE BBICOKOTO NOTOKA MOHOB Si° M 3HAYMTENHFHOTO CHIDKEHHE BETMYHMHEI
MpUKIIaasBaeMoro kK mojioxke noreHmuaita (¢ 1000 B no 100300 B), mpenocaxnenue
azcnos Ga ¢ mwiotHoctsio 1,610 em™ mokasano CJIE1YIOLUE PE3YyIbTaThl IKCIIEPUMEHTOB.
[Tpunoxkenne K mojioxkke moreHiuana V= -100 B mpuBoamio K BBIPAIIMBAHUIO CJIOS C
N=5-10" em™ u cerperanuu 0oJbIIeH yacTu rajutus. [1pu moBeimeHuy noreHmana 10 V= -
300 B na mpodumiie pactpeneneHuss KOHICHTPAIMU CHAYaJla TOSBISICS IMHK, a 3aTEM CIIaj
KOHIEHTPAIUU TaIusl U Y OBEPXHOCTHU CJIOSl €€ BEJIMYMHA JOCTUrajga 3HaUYeHUs, MEHBIIETO
Ha TOPSAO0K BeTWMYuHbI. OYEeBHIHO, YTO MPH STOM HAYMHAET JOMUHUPOBAThH JECOpOIUsS 3a
cueT pacmbuieHus ancios Ga.

[Tepexopl OT OTHOTO YPOBHS JIETUPOBAHUS K APYTOMY MOTYT 33]1aBaThCsl TIEPEKITIOYCHUEM
CMEIleHUs Ha MojIokKe. OJHAKO afciiol MPOJOIDKAET CYIIECTBOBATH MPU ITOM, MOATOMY
HEO0OXOUMO MPUHUMATH MEPHI AJI TOTO, YTOOBI BHEJPEHUE JIETUPYIOLIEH MPUMECH B CIIOM
OBLJIO0 HE3HAYUTEILHBIM TP BRIPAIIIMBAHUN €r0 0€3 MPUIIOKEHHS MOTSHITHAJIA K TIOIIOKKE.

Mexanusm PED unrencuBHOo oOcyxnaerca. Boicokas 3¢ (eKTUBHOCTh MNPUIIOKEHUS
OTpHUIaTeNbHOT0 ToTeHIana Ha PED 3akitouaeTcst B TOM, YTO MPOLIECC BHEIPEHUS IPUMECH
YCHJIMBAETCS 3a CUET BOBJIEUEHHS B Hero MOHOB Si*. CTHMyNAIMS TIpOIEcca JerHpOBaHMS
JIOIHKHA TIPOMCXOIUTH OO0 3a CUET MPUTSIKEHHS K TOIOKKE OONBIIEro Yncia HoHOB Si' B
ANEKTPUIECKOM TI0JI€, YTO BEAET K YBEIIMUCHUIO YUCIIa B3aUMOJICUCTBUI MOH-TIPUMECH; JTHOO0
Omaromaps yBENIMYEHHIO DJHEPTUM HMOHOB, 4YTO BEACT K PACIIUPEHHIO paauyca

B3aUMOICHUCTBUSI.
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Henw3s He ydWTHIBATH: a) BBI3BAHHOE MOHAMH Si  pa3lioKeHHE ancopOMpOBAHHOM
IPUMECH JI0 TAKOTO COCTOSIHUS, KOTOpoe TpeOyeTcs Ui ee BHEIPEHHUS B CJIOW (IpeBpalieHue
KJacTepoB Sy B MOHOMEpBHI WJIM JUMEPbI C BBICOKOW PEAKIIMOHHOH CIIOCOOHOCTHIO); 0)
MOBEPXHOCTHYIO  auddy3uro mpumecu B anaciaoe; B) ©W  (GOPMHPOBAHHE  MECT
MPEIOYTUTEIHHOTO BHEAPEHUSI.

[To-Buaumomy, meron PED paGoraer mpu Hamuyuu ajciiosl JISTHPYIOLIEH NpuMecH
NopsAKa 10* em™. [IpuknanpBaeMblii MOTEHIMAT BBIOUPAIOT JOCTATOYHO BBICOKHUM, YTOOBI
obecreunTh UMILIAHTAIMIO0 "BOMBaHWEM'", HO C JAPYrod CTOPOHBI HU3KUM, YTOOBI M30EKaTh
pacnbuieHus. CuuTtaeTcs, 4To MeTo Manod(h(EeKTHUBEH B Cllydyae UCIOJIb30BaHUS MPUMECEH,
aTOMBI KOTOPBIX (DOPMHUPYIOT HA IIOBEPXHOCTH POCTA KJIACTEPHI.

Mexanusm no PED Opin Taxke cMomenupoBaH METOAOM MOJIEKYJISIPHOM JIMHAMUKH.
OCHOBHBIM JOMYIIEHUEM MPEAJIOKEHHON MOJENU SBISUIOCH TO, UTO MPUMECHh BHEIIPSIETCS 3a
cuer nedekToB. B pesyinpTaTe CTONKHOBEHMS HOHOB Si' ¢ MOBEPXHOCTHIO PACTYIIETO CIIOS
o0pa3yeTcs MPOCTPAHCTBEHHBIN KACKaJ, YTO BBI3BIBAET T€HEPALIUIO NePEKTOB, PACHIBIIICHUE U
TPAHCIIOPT JIETUPYIOLIEH NpPUMECH BHHM3 OT MOBEPXHOCTH Kpucramwia. MHIynupoBaHHbIE
noHaMH JedeKThl NEHCTBYIOT KaK IIEHTPhl T'eTTEPUPOBAHHUS aToMOB mpumecH. PacuerHas
3aBHCHUMOCTh KOHIICHTPAIIMH MPUMECH B CIIO€ OT BEIMYUHBI MPHUKIAIBIBAEMOTO K MOJIOXKKE
NOTEHIIMaa COBNAAAlIa C SKCIIEPUMEHTAIbHBIMU JTAHHBIMU.

Takum 00pa3oM, TPOBEICHHBIN BBIIIE aHAJIN3 METOJOB MOBBIIICHUS 3(PEeKTHBHOCTH
JerupoBaHus cioeB Si B Metome MJID mokasan cieayroiee. XOTs HU3KOIHEpPreTHUeCcKast
MOHHAsl WMMIUIAHTAlUA JaeT Oojee KOHTPOIUPYeMbId MpoduiIb JETHMPOBAHUS, ITOT METOJ
TpeOyeT UCHOJb30BaHUSl TOBBIIIEHHBIX TEMIIEpaTyp pOCTa, a TaKXe CIO0XKHOrO0 |
noporocrosimiero  obopynaoanus. Kpome Toro, wuMeroTcs TPYAHOCTH B JIOCTHKEHUU
Marepuana MPUEeMIIEMOI0 KadecTBa IMPU YpPOBHE JIETUPOBAHUS BbILIE, YEM 1-110% em™. C
Jpyroil CTOPOHBI, METOJ| TBepAO(ha3HOW SNUTAKCHU MOXKET YacTUYHO HPEeoJIoNieTh Te
TPYIHOCTH, KOTOPbIe BO3HHKAIOT MpPHU JETHPOBaHUM ciioeB Si B Merone MJID. OnmHako mpu
ATOM YBEJIMYMBAETCS] BPEMsI BBIPAILIMBAHUS CTPYKTYpPbI M MPOUCXOAUT Jerpasiallusl KauecTBa
CJI0eB (3aHIKEHHBIE BEIMYMHBI TIOJIBUKHOCTH HOCHUTENEH U ycunenue nud@y3uu npuMecu B
npoliecce peKpUCTAIIN3AIMHN).

bonee mnonxonmdumm  SBISIETCS  METOJ JIETUPOBAHUS, YCUJICHHBIH MPUIIOKEHUEM
NOTEHLIMada K TOMJIOKKE, WM METOJ JIETUPOBAHMUS BTOPUYHOM HMIUIAHTaLUEH.
Bo3moxkHOCTH 3TOrO0 Merona ObLIM IMPOAEMOHCTPHPOBAHBI TPHU JISTUPOBAHUHM CJOEB  Si
cypbMoii. C MOMOIIBIO 3TOTO MeTOJja OBLIIO BO3MOXKHO YIpaBjIeHUE NMPOodUIeM JIerHpoBaHUs

U JOCTIKEHHE MaKCHMAJIbHOW KOHIICHTpAIlMH €€ B CIOosAX Si N5b=3'1019 em (T. e. BBIIIE
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mpejiesia pacTBOPUMOCTH 3To mpumecu). OmHAKO B cllydae WCIOIb30BaHHS JIPYroi
pacIpoOCTPaHEHHO! JIETUPYIOLIEH ITPUMECH — TaJIds YBEIMYEHHs KOHLICHTPALMK [IPUMECH B
ciosix b0 He HabiroAanoch, au00 HAOIIOAATIOCH MPH OTPAHUYCHHOM KOJIMYECTBE STOU

IMPUMECH Ha ITOBEPXHOCTHU POCTA.

Caou kpemuus Ha candupe (KHC)

KpemuueBbsie npuOOphl, U3rOTOBJIEHHBIE HAa OCHOBE JMHMTAKCHAIBHBIX CJIOEB, KOTOPbHIE
BBIpAICHBl HAa KPEMHUEBON TMOJUIOKKE, HWMEIOT TaKhe HEJIOCTaTKH, KaK Tapa3sHTHEIC
JICKTPUYCCKUE 1IN, BO3HHUKAIONIME BCJICACTBHC OOJBIION EMKOCTH H30JUPYIOIIETO
p-n-nepexona. OMH U3 CIIOCOOOB pEIIeHUs 3TON MPoOIeMbl 3aKitoyaeTcs B POpMUPOBAHUU
OTJIEIbHBIX MPUOOPOB HAa HEOOJBIINX OCTPOBKAX KPEMHHUS Ha MOJJIOXKKE, BHITOJTHEHHOU W3
U30JISITOpPa. DTO CTAHOBHUTCS BO3MOYKHBIM ITPH MCIIOJBL30BAHUU CTPYKTYP KpeMHHU Ha carndupe
(Al,03). Tak kak MaTepuasl MOJIOKKHA B 3TOM Clydae OTIIMYACTCS OT MaTepuaya Clos, TO
3TOT MPOLIECC HA3bIBACTCA FETEPOINUTAKCUATILHBIM.

Hcxons w3 aHanmmM3a Tmpolecca OpPUEHTUPOBAHHOTO HapacTaHus ObUIO  CAENaHO
MPEIIOJIOKCHHe, YTO  CpacTaHWE IMPOUCXOJUT TMPU  B3aUMHOW  MapaUICTbHOCTH
TUIOTHOYIIAaKOBAHHBIX HAMPABICHUH B TJIOCKOCTH paslieia JIBYX KPHCTAUTMYSCKUX PEIICTOK.
beuto mpeaoxkeHo aBa KPUTEpHs, NMPHU BBIMOTHEHUH KOTOPBIX MOXKET OBITH obOecreyeHa
B3aMIMHAsi OPUEHTAIUS ABYX KPUCTAJIIOB:

1) permkynspHas TUIOTHOCTh B IUIOCKOCTH HApacTaloMIEro KpUCTaia JODKHA OBITh
BBICOKOM;

2) peTHKYJspHAs TUIOTHOCTH B COTPUKACAIOIINXCS TUIOCKOCTSIX KPUCTAIUIOB JIOJDKHBI OBITH
OJIMHAKOBBIMH, a UX CUMMETpPHSI TOAOOHOM.

[TpumepoM STOro SIBISETCA SMUTAKCUS CIIOEB KPEMHHS C KyOMYeckoW (Thma anmas)
perreTkoi Ha moanoxKy u3 carndupa (Al,03) ¢ poMO03IpHUECKOi PEIIETKOM.

W3 mepBOro KpuTepus BBITEKAET, UYTO ONPEICIIONIYI0 pOJIb TPH CpPacTaHUU B
paccMaTpuBaeMOM  CiIy4ae  JOJDKHBI —~ WrpaTb  TpU  COBOKYMHOCTH  HauOolee

IUIOTHOYNAKOBAHHBIX IIOCKOCTeH pemeTku kpemuus: {100}, {110} u {l11} u pemerku

candupa {1120}, {0001} u {0112 }. ITocne 3TOrO CpaBHEHUEM PETUKYISIPHBIX IIOTHOCTEH
B YKa3aHHBIX IIOCKOCTSIX HAXOJST BO3MOKHBIE BUJIBI B3AUMHOTO COOTBETCTBUS MKy HUMH,

4TO OTBCYACT Tpe60BaHI/I}IM BTOPOI'0  KPUTCPHUA. OpHeHTI/IpOBaHHOG HapaCTaHHuC B
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paccMaTpuBacMOM CJIydac IMPOUCXOJUT TaK, YTO aTOMBI KPEMHUA 3aHUMAIOT 11O IIOBEPXHOCTHU

MecTa, KOTOPBIE COOTBETCTBOBAIIM ObI aTOMaM allOMHHUS NPH Nipo1obkeHnu pemetku Al,Os.

Ha puc. 9. MNpEACTABJICHBI CXCEMbl B3aMMHOI'O PAacCIIOJOXKCHUA aTOMOB B IIJIOCKOCTHU

cpacranus it pemérok Al,Oz u Si, a B Tabnuiie 1 ykazaHbl COOTBETCTBYIOIINE UM Pa3HOCTH

11(570)5(0)1{0): N

Puc. 9. Cxema B3auMHBIX pacHOJOXKEHUH aTOMOB
KpeMHUsl (KpyoHblE) M  allOMUHUSA (MEJKHE) B
kpuctayuimieckux pemérkax Al,Osu Si:

a) (110) Si na (1120) Al (8 Al,O3);

6) (100) Si ma (0112) Al (8 Al,O5);

B)(111) Si ua (0001) Al (8 Al,O3).

Tabnwna 1.
HecootBercTBre nepno 0B B cpacraroruxcs miockoctsax Al,Osz u Si.
HecootBeTcTBUE
ITnockoctn Homep pucynka
nepuonioB, %
{110} Si || (11?0) Al,O3 5 a
{100}Si || (0112) Al,05 6 6
{111} Si || (0001) Al,O3 15 B
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Pe3ynbrarhl moka3pIBalOT, YTO B MEPBBIX ABYX Clydasx HaOII0JaeTcsl BHICOKUI YPOBEHb
COOTBETCTBUS TIEPHUOIOB PEIIETOK, & B TPETbeM — HU3KHUH.

Kpome HECOOTBETCTBHS MapaMeTpOB pPEHICTOK KPEeMHHUS W carndupa, CYIIECTBYET H
0osbIiIoe paznuure B KodpuIueHTax JUHEHHOTo paciiupeHus 3TuX Marepuaios. [loaTtomy
IpU BBICOKOM TeMIlepaType MOMIJIOXKKH NpU HapallMBaHUH CJIOEB KPEMHHS METOJOM
razodasnoii snmurakcun (Ts=1000-1050°C) u cHWKEHHH TeMIEpaTyphbl IMOCIE POCTa IO
KOMHATHOW B CJIOSX KPEMHHS BO3HUKAIOT OOJBIIHME HAMPSIKCHHS, KOTOPHIE MPHUBOISAT K
reHepanuu J1e(eKToB TakuX, Kak JedeKTbl YMaKOBKH, IUCIOKALUA HECOOTBETCTBUA U
JTUCIIOKalMU  CKOJIbKeHUsl. OOHapyXeHO, 4YTO IUIOTHOCTh JAePeKTOB B cjoe 0O0paTHO
MPOMOPIMOHAIEHA PACCTOSIHHIO OT TOBEPXHOCTH Can(UpPOBOW TOJIOKKUA. ITO SIBICHUE
CBSI3aHO C HECOOTBETCTBHEM IMAPAMETPOB PEIIETOK TOJUIONKKHA W DIMUTAKCHAIBLHOTO CIIOS.
Hanpspkenusi, BbI3BaHHbIE HECOOTBETCTBHEM MapaMETPOB PEIIETOK, YACTHYHO, PENAKCHUPYIOT
¢ o0pa3oBaHMEM JUCIOKAIMi HECOOTBETCTBUSI BOJIM3U TPAHUIIBI pa3jienia cloi — MOII0KKA.

Jiss mpeomoNieHns YKa3aHHBIX TPYAHOCTSH MPEINPHHUMAIOTCS TOMBITKH yIydYIICHHS
kauectBa cioeB KHC. [Ipumenenne MJID npuBOIuT K CHIDKEHUIO TEMIIEPATYPHI MIpoiiecca, a,
CJIeIOBATENbHO, K YMEHBIICHUIO aBTOJIETUPOBAHUS U MEXaHUUECKUX HampsbkeHuil. B merone
MJID crnon kpemHus Ha camndupe pactiat npu Oojiee Hu3koi Temmepatype (~750°C), uro
MPUBOJIUT K MEHBIICH TUIOTHOCTH NE(EKTOB B CIOSX W, B KOHCYHOM CUETE, K YIyUIICHHUIO
IEKTPUICCKUX TApaMeTpoB CJIOeB (HampuMep, TOJBIKHOCTH HOCHTENCH 3apsia

MTOBBIIIACTCS ).

HekxoTopble CTPYKTYpHBIE ¥ NOJYNPOBOIHHKOBHIE
cBolicTBa cimiaBoB Ge-Si

Ge u Si smeMeHThl 4 TPYHIBl MEPHOAMYCCKONW CHUCTEMbI MeHeneeBa — SBJISFOTCS
XMMHYECKUMH aHAJIOTaMH W KPUCTAUIM3YIOTCS B CTPYKTYpy THma anMa3 (tabm. 2).
[Tapametpsl perierok Ge u Si o4yeHb OJIM3KH, Pa3IMYarOTCs TOJNBKO Ha 4%. DTH 3JIEMEHTHI,
HEOTPaHUYEHHO pacTBOPSSACh JAPYr B Jpyre, oOpa3yloT HENpEepbIBHBIN psAl  TBEPIBIX
pPacTBOPOB C KPUCTAIMYECKOW CTPYKTYpPOH THIA ajiMa3, KOTOPBIM SBISETCS KJIACCUYECKUM

MOJYIIPOBOTHUKOBON OMHAPHOM CUCTEMOM THIA 3aMeIIeHUs.

32



Tabmumna 2.

Hexkotopsle cBolicTBa repMaHus U KPEMHHUS

[Tapamerp Ge Si
HusnexTpuyeckas MPOHUIIAEMOCTb 16 12
[[upuna 3anpeiieHHoM 30Hb1, 5B 0,85 1,1
ITpu 300 x

Temmneparypa mnasnenus, °C 987 1423
[TocTositHHAS PEHIETKH, CM 5,657-10° 5,431-10°
IMoxBuxHOCTE cM/B-C

DIIEKTPOHOB 3900 1450
JpIpok 1900 495
VY nensHoe conporusieHue, OM-cm 47 23-10"
IIitoTHOCTD, T/CM 5,32674 2,3283

Ha ocHOBaHMM pPEHTI€HOCTPYKTYpHOTO aHaiu3a OBLIO YCTAHOBJIEHO, YTO MOCTOSIHHAS
penietku criaBoB Ge-Si MMeeT JMHEHHYIO 3aBHCHMOCTh OT COCTaBa COIJIACHO TMPaBHIY
Berapaa, MOHOTOHHO M3MEHSIETCS OT 3Ha4eHus Jyisg Si 10 3HaueHus A1 Ge ¢ HeOOJbIIUM
OTKJIOHEHHEM OT QIIUTUBHOCTU Jisi cpenHux X (puc. 10). DTa 3aBHCHMOCThH HCIOJIB3YETCS
JUTS ONpeieNieH st X peHTreHOBCKUM MeToioM B DC GexSiyx.

B ocHOBe MeTona NeXUT omnpeeNeHre CMENEHUsI OPEerrOBCKOro MakCUMyMa OTpPakKeHUS
OT CJIOSI TI0 OTHOIICHUIO K MAKCUMYMY OTPa)KEHHUsSI OT TMOJIOKKH, KOTOpasi UCTIOJIHSET POJIb
sraioHa. Ha ocHoBe mpaBwia Berapia MOXHO cuuTaTh, YTO OTHOCUTEIIBHOE COJEp)KaHUE
KOMITIOHEHTHI A B TBEpAOM pacTBope 3amenieHuss AB onpenensercs kak
__4a L Ad
“ (ag— “A:'d, 4)
3nech aa U ag - mapaMeTphbl aTOMHBIX pelneTok Si u Ge, d - MeXIUIOCKOCTHOE PacCTOsSTHHE

perieTku noaoxKku, Ad - npupatenue d B cioe.
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Puc. 10. 3aBucumMocTh napamerpa penietku o ot ar% Ge. 1-5 — Touku u3 pa3HbIx pador,

--- 3aKOH Berapaa.

Eme omHo BaxkHOe cBOMCTBO cucTeMbl Ge-Si 00HAapyKWJIOCH  MPH BBITATHBAHHH
kpuctauioB Ge-Si u3 pacruraBa. Okaszaaoch, YTO Ha TpaHHIIE pasjelia )KHIKOCTh - TBepas
daza ko3 dunueHt pacnpenenenus Si 3HAYUTETBHO OONBIIE 1, TO €CTh aTOMBI B TpoOIlecce
KPUCTALUTU3AIMH TIEPEXOIT B TBepAylo (asy B OojbllieM KoJMdecTBe, 4YeM aTombl Ge.
Koadhdunment pacnpeaenenus Si CHIbHO 3aBUCHT OT KOHIICHTPAIIMHA B MATOYHOM PacTBOPE U
CKOPOCTH BBITATHBaHHS KpucTauta. [lostoMmy mnpu pocte Kpuctamia pacriaB  GeSi
obemHsiercst Si. DTO NPUBOAUT K HEOJHOPOMAHOCTH COCTaBa PACTYIIETO KPUCTALIa, CPBIBY
MOHOKPHCTAJTMYECKOTO POCTa U O0pa30BaHMIO MOJUKpHCTaIa. HecMOTps Ha yiydlineHue
TEXHOJIOTUH, BBITSTUBAHUEM M3 PACIUIaBa B HACTOAIICE BPEMS yIAIOCh TOJYYUTh OT/CIbHBIC
MoHOKpHCTAITBl GeSi ¢ Xge, Xsi<20%. Ha puc. 11 mpuBemeHa amarpamma COCTOSIHUS

cucremsl Ge-Si.
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Temneparypa T,°C

0 20 40 60 80 100

Puc. 11. JInarpamma coctosiHus cucreMbl Ge-Si. X — KpuBasi OXJIaK/ICHHS, O — KpUBast

HarpeBaHusl.

Haubonee umHTEepecHOU 0COOCHHOCTHIO CIIaBOB GeSi sBIseTCS 3aBUCHMOCTH IIHPUHBI
3aIpeIIeHHON 30HbI OT MPOICHTHOTO CojepkaHus Si. DTa 3aBUCUMOCTh HenuHeiHas. [Ipu
~15% Si wnabmogaercst u3nOM. VM3MeHEHHE IIMPUHBI 3alpelIeHHONH 30HBI OT COCTaBa
OTpeIeTIsIeTCs TeM, YTO Jo0aBieHue Si mo-pazHoMy cMmeraet MUHUMYMBI [111] u [100] 30HbBI
IPOBOJUMOCTH, TOTJa Kak BepIIMHA BaJEHTHOW 30HBI OCTAeTCS BCErja B LIEHTPE 30HBI
bpuntosna. Ilpu 0 < Xsj < 15% aOcontoTHBIE MUHMMYM 30HBI IIPOBOJAMMOCTH COBIAAAET C
muHAUMYMOM [111], koTopbiit ObicTpo mogHHMaercs ¢ moOasnenueM Si. [lpu Xsi > 15%
abCOJIIOTHBIM MHHMMYMOM 3alpelleHHONW 30HbI cTaHOBUTCS MMHUMYM [100], momoxenue

KOTOpOTo ciiabee 3aBUCHT OT Xsj (puc. 12).
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Puc. 12. 3aBUCHMOCTD IIMPHHBI 3aIIPEIIEHHOMN 30HBI TBEPbIX pacTBOpoB Ge-Si ot

cocraBa ipu 296 K.

KpemHuit u repmanuii BIUSIOT Ha cBoiicTBa cruiaBa Si-Ge, 0JJHaKO caMH HE CO3/AIOT
(Gmarozapst H30BaJICHTHOCTH) B 3aIIPEILICHHOI 30HE paCTBOPUTEIIS IPUMECHBIX YPOBHEH.

B crutaBax cucremsl Si-Ge pe3ko CHMXKAETCsl y/IeIbHas TeIUIONPOBOTHOCTD 10 CPABHEHHIO
C YIEIbHOW TEIJIONPOBOJHOCTHIO YHCTHIX KOMIIOHEHTOB, MO3TOMY CIUIaBBI 3TOM CHCTEMBI

SABIIAKOTCA 3(1)(1)GKTI/IBHBIMI/I BBICOKOTEMIICPATYPHBIMU TCPMOIJICKTPUUCCKUMU MaTCpHAJIaMU.
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du3nyecKue 0CO0EHHOCTH IeTepPOo3NMUTAKCHATIBLHOIO POCTa
ciaoeB SiGe Ha Si-noaI0KKe

Mepoii HECOOTBETCTBUSI TMMapaMeTPOB PEHICTOK CIIOS W TOJMJIOXKKH SIBISIETCS  HX
OTHOCHUTEIIbHOE Pa3JINyune:
_ 2(ag. —ag)
Qge T Qg | (5)

IJie @- MOCTOosiHHAs pemieTkd, Ge u Si — 0003HaUCHUS CII0S U TTOIJIOKKH.

f

J1y1s 04eHb TOHKHMX SIMHUTAKCUAIBHBIX CJI0eB TONIMHON 1-2 MoHocos (ML), 1 KOTOPBIX
MEXaTOMHOE PacCTOSIHUE OTIMYAETCs OT ATON BEIMYMHBI B 00bEME KpUcCTalia He 0oJiee yeM
Ha 5%, Ban nep MepBe onpenennia HECOOTBETCTBUE KaK

— Qg

f — HGE
foy

: (6)

Eciu HeCOOTBETCTBHE MEKIY CJIOEM U TMOJIOKKOM TOCTATOYHO MajIo, TO TIEPBbIC aTOMHbBIC
citou OyayT 1ehOPMUPOBAHBI OTHOCUTEIILHO MOIJI0XKKH U OyayT GOPMHUPOBATH KOT'€PEHTHBIN
SIUTAKCUANBHBINA CIIOM. i1 Takoro COCTOSHHS CHUCTEMBI <«OIUTAKCUANBHBIA CIIOH —
HOJJIOKKa» ObUT BBEJICH TEPMHUH <«IICeBIOMOpPGH3M». B 3TOM ciiydyae HECOOTBETCTBHE
apaMeTPOB PEIICTOK KOMIICHCHPYETCS 3a CYeT ymnpyrod aedopMaid aTOMHBIX CJIOCB.
KOFI[a TOJIIMUHA CJIOA YBCJH/I‘-H/IBaCTCSI, TO BHCpFeTI/I‘ICCKI/I CTAHOBUTCSI 6HaFOHpI/I$ITHI)IM
BBe/ieHHe auciokaruii HecootBercTBus (JIH). IIpu 5TOM 3HEprHst HANPSIKEHHOTO CII0s OyIeT
CHIDKATHCSI IO HEKOTOPOU BEIMYMHBI, ITOCIIE KOTOPOU OHA OyIIET YBEIUNIHBATHCS.

I[I/ICJ'IOKaIII/II/I HECOOTBETCTBHUA BBOIATCS, HaYUWHaA C HeKOTOpOFO 3HAYCHHUS TOJIIINHBI
h = h¢ crmomHoro cinos:

- (2.34 = :L-:rf.{) " (n_
¢ \ f*? 44 )
:

Hpoueccm 3apOKACHUSA, HYKJICAIITUN U PACIIPOCTPAHCHUA JHUCIOKALuN B TeTepOCUCTEMAxX

Si1.xGex/Si 1ocTaToYHO HHTEHCHBHO nU3ydaroTcs (puc.13, 14).
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Puc.13. DkcniepuMenTanbHbIe (CUMBOJIBI — MeTo MJID) 1 TeopeTndeckas (CruiomHas
KpuBas — Mojie)ib MaTbrocs-biakenu mist 60° qucinokaiuii) 3aBUCHMOCTH KPUTHYECKOM

TouHbI Ne 0T coctaBa X B rerepocucreme GexSiy-x/Si(100).

OcHOBHas 3ajaya, CTOsIIAs HA IYTH BHEAPCHUs CIOCB TBepaoro pactBopa Sii-xGex B
NPAaKTUKY — TOJY4YEHHE CII0EB C 3aKPUTHUYECKUMH TOJLIMHAMU M HU3KOH IUIOTHOCTBIO
mucnokanuid. K HacTosmeMy BpeMeHH MPeIokKeH psiJi CHOCO00B CHIYKEHUS Ynciia 1e(eKToB.
[IepBrIii crtoco6 OCHOBaH Ha UCIIOJIB30BAHUM B KauecTBE Oy(epHOro Ca0 MEXAY MOITI0KKON
¥ COOCTBEHHO CTPYKTYpOIi ciiost TBep10ro pacTBopa Sii-xGex mepemeHHoro cocrasa. Bropoii
croco0 OCHOBAaH Ha MCHOJb30BAHUHU PELIETKU-(QUIBTPA, KOTOPas HE MO3BOJSET HAKJIOHHBIM
JVICIIOKAIHSM PACIPOCTPAHATHCS B BEPXHIOIO YaCTh CTPYKTYPHI. BO3MOXKHO TakKe coueTaHue
ATUX CIIOCOOOB (IPaIUCHTHASI CBEPXPEIIETKA).

[TpocToii MexaHHW3M BBEIEHHs IUCIOKAlMA HECOOTBETCTBUS CBS3aH C pa3JBUTaHUEM
JMCIIOKALU, MPOXOAAIINX uepe3 06a kpucramia (puc. 15). McxoaHo# SBiIseTcs AUCIOKaIus,
nepeceKaroIiasi MOBEpXHOCTh pasnena moj yriioMm 45° u umeromiast Bektop broprepca 1/2a.
Takwe nOUCIOKAIMM YacTo HAONIOMAIOTCS TIPU  CONPSHKCHWH JBYX KPHCTAJIOB C
rpanenenTpupoBannoii  pemerkoir (I'IK) mo mnockoctr (001). Beicokuit  ypoBeHB

nedopManuu B Kpuctaivie Aj (SMUTAKCHAIBHBIN CION) MOXET BBI3BaTh Pa3[BUKEHHE ITOU
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JTUCIIOKAIMM B TUIOCKOCTH TpaHWIlel paszaena. Ilossupmmiics yuactok CC’ mpencraBiser

co00i1 y4acTOK AUCIOKAIIUH HECOOTBETCTBHSI.

Np,omi
w04 P

1(]‘ ' Y \ g 1#—":‘
0 02 04 06 10

Puc. 14. 3aBUCHUMOCTD INIOTHOCTH HAKJIOHHBIX AUCIIOKAIHAN B dDIUTAKCUAILHOM ci10€ Np
(1), TMHEHOM IOTHOCTHU AUCIOKALMM HecoOTBETCTBUS Ha rereponepexone N (2) u
IUIOTHOCTH JMCIIOKAIMN B MPUTPaHUYHOM 00acTu moanoxku Np (3) OT BEeTHYUHBI X B

rerepocTpykrypax Si;-xGex/Si(001). [11].

Jnunszcugzm, -
\Hb/u CRol g

)

Puc. 15. Cxema BBeieHUS IUCIIOKAIINI HECOOTBETCTBUS B MEXK(Pa3HYIO TPaHUILy IIPH

HaJTUIUH OOBIYHOMN JUCIIOKAINH, POHU3BIBAIOIICH UICHKY U TTOIOXKKY mocie (0) u 10

penakcaruu HecooTBeTcTBHS (a) [12].
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BoipamuBanue metogoM MJID rerepo3nurakcuaabHbIX CJI0€B
SiGe na Si(001) moaJiokKax

[TepBoe coOOIICHHE O BBIPAIMBAHMH ASIHMTAKCHAIBHBIX cjoeB SiGe Ha mojtokkax Si
ObUIO clienano HeMenKuM uccienosareneM Kacnepom B 1975 rony. ITo3nnee 6onbiioi BKIan
B HCCJIeI0BaHKe mporiecca pocta cioeB SiGe Ha Si BHeC aMepHKaHCKHUil uccienoBareib bun.
B cBepxBbICOKOBaKyyMHO# ycranoBke MJID myrem coBmemeHus umcrapenust Si u Ge ¢
UCIIOJIb30BAaHUEM JJIEKTPOHHO-JIYYEBBIX HCIApPUTENIe OBUTM BBIPAIIEHBI CJIOU TBEPAOTO
pactBopa Si;.xGex. ba3oBoe naBieHHe B Kamepe pocTa COCTaBJISIIO 2-HT10Topp U OHO
MOJHUMAJIOCh B TIPOIECCE OCAXKICHHS 0 5~HT8Topp.(D0H0B0e JIaBJICHUE OMPEACISIOChH
BOJIOPOJIOM M T€JIMEM, MAPLUHAIBHOE JABJICHUE KOTOPBIX COCTABIISIO MEXKIY S5 U 50-10° TOPP.
CKOpOCTh OcaXIeHHs CIIaBa cocTapisa 5 Alc.

[Mpu Ttemneparype mnomioxkku Ts=550—750°C caou Si;-xGex pactyr ¢ riIaaKoit
HOBEPXHOCTBIO 110 JBYXMEPHOMY MEXAHU3MY POCTa IIPU BEIHYMHE X < Xpum. KOrga Bemuunna
X MPEBBIMAET Xipym, TO CIOH PACTET MO TPEXMEPHOMY MEXaHM3My. DTa CMEHa MEXaHHM3Ma
pocta umeeT peskuil nepexon. Ilpu nanpHeimem moBblmeHUU coiepxanus Ge B cioe
Siy-xGex MopdosI0rHst MOBEPXHOCTH CIIOSI COXPAHACTCS.

Ha pwuc.16 npuBeraeHa 3aBHCHMOCTh MOP(HOJOTHH TMOBEpXHOCTH ciios Sip-xGex oT
TeMIepaTypsl pocta u coaepxkanus Ge B cioe. s Temnepatyp u noneit Ge Huxe CITONIHOM
JUHUHM HaOJI0/aeTcsl ABYMEPHBIA POCT, a BhIIIE 3TOW KpUBOMl — TpexmepHblil. Kpyxku Ha
PHCYHKE COOTBETCTBYIOT POCTY CJIOSl C TPyOOH (I1€pOoX0BaTOM) MOBEPXHOCTHIO, a MUppamMu —
IaJKOW MOBEPXHOCTBIO.

Kputnueckast BenmunHa X¢ MOBBIIIAETCS PU CHUYKEHUH TeMIIepaTypbl pocTa U JOCTUTaa
x=1mpu Ts <550°C.

Jns w3ydeHuss mexaHuzMa pocrta ciioeB Sip-xGex MHOrue ucciaeqoBaTeNl YCICIIHO
UCIOJB3YIOT MOAU(PHUIIMPOBAHHBIA METOA AUPPaKIMHU OBICTPhIX 3JeKTpoHOB ([IBD) —
WCCIIEIOBAaHNE OCIIIISIIUNA MHTEHCUBHOCTH NU(MPAKIIMOHHBIX Pe(IEKCOB BO BpPEMS pOCTa,
KOTOPBI MO3BOJSET KOHTPOIUPOBATH HE TOIBKO CTPYKTYpPY MOBEPXHOCTH POCTa, HO U €€
TJIAJIKOCTh Ha YPOBHE MOHOCIIOEB, JUTMHY TTOBEPXHOCTHOW MU(p(Y3UH agaTOMOB U CKOPOCTh

pocTa.
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Puc. 16. Mopdomnorus ciost Si;-xGex tommuHoit 100 HM B 3aBUCHMOCTH OT TEMIIEPATyphI

pocta u coctasa (X) [13].

ITpumecHbIe OCHMUIAIIMK HMHTEHCUBHOCTH JIBD HaOmomaemble oT asumyrta [110] B
nporecce pocta ctpyktyp GeixSix ma Si(100) mpu Ts=450°C, npusenensl Ha puc. 17.
AMIUTMTYAa OCHWUIALIMK ¥ CpEeNHSs WHTEHCHUBHOCTh HEW3MEHHBI, KOT/Ia BBIPAIIUBAIN
Oydepubrii cioii Si. OHM HAYMHAIOT YMEHBINIATHCS C HawajgoM pocta cioeB Sip-xGex.
YMeHblIeHHE CTaHOBUTCSI PE3KUM C yBEeJIMUYEHHEM MoJIbHOM uyactu Ge B pacTyuieil mieHke.
ITpu pocre Ge Ha Si, T.e. ipu x = 1,0 HaOMIOAAETCS TOTBKO JIBA TIEPHO/A OCIIMILISILIUA.

N3 stux nHabmonenuid kapTuH JIBD MOXHO 3aKiIIOYWTH, YTO YMEHBIICHHE aMILTUTY]IbI
OCIIUIALIMA B Tporecce pocta Sip-xGex sBIsSeTCS pe3y/IbTaTOM HM3MEHCHHS MeXaHH3Ma
pocTa OT  JABYMEpPHOro  (IOCIOWHOTO0) K  TPEXMEPHOMY, KOTOPBI  BBI3BIBACT
ki1actepooOpazoBanue Si;.xGex. Cam Ge He sBiseTCS NMPUYMHOW KiacTepooOpa3oBaHUS.
JIBKyIIe CUJIoN KilacTepooOpa3oBaHUs SIBISETCS HECOOTBETCTBHE IMApaMETPOB PEIIETOK

Si-TIOU105KKH M AITUTAKCHAIIBHBIX ci10eB Si-xGex.
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Puc. 17. IlpumecHble OCHMIISIAN HHTEHCHBHOCTH JIBD Habmomaemble oT asumyta [110]

B mporiecce pocra cTpyktyp Gei.xSix Ha Si(100) mpu Ts = 450°C. [14].

Jlpyrass 0cOOEHHOCTh TeTepOCTPYKTYp Si;.xGex/Si coCTOUT B BOCCTAHOBJIEHUH TIIAJKOM
MOBEPXHOCTH POCTa MpPU HapalldBaHUK BepxHero cimos u3 Si. Jlast storo ocaxaenue Ge
npekpaaT, a Si — MNpoao/DKaloT Tocjie HapamuBaHus cruiaBa SipxGex ¢ rpyOoit
noBepxHOCThi0. C  yBEIMYCHHEM JUIMTEIILHOCTH HapalluBaHUs  Si-ClIOS  aMILTUTYaa
OCHWJUTSIIIMKM UHTeHCUBHOCTH J/IBD yBennumBaercs. ITO O3HAYAET, YTO Ipydasi MOBEPXHOCTh
TpexMepHoro pocta Si;-xGex CriiaknBaeTcsi Ha HaYaaIbHOM CTauK pocTa ciaos Si.

B pabGortax Kacnepa m buna ObU10 10Ka3aHO, YTO HpPHU HEKOTOPBIX YCIOBHUSIX pOCTa
HaIpsKEHUsS B CJIOSIX C TOJIIIMHOM, OOJbIIEH KPUTHYECKOM, MOTYT CHUMaThcs. Pemakcariust
VOPYIrUX HAOpsDKEHWM B TETEPOANUTAKCHAIBHOM — CIIO€  ONpEAeNsieTcsl KUHETHKON
TIacTUYecKo naedopMallii M KOHTPOJIUPYETCSl JByMs TMapaMeTpaMu: CIBUTOBBIM
HaNnpsHKEHUEM U TEMIIEpaTypor pocTa.

Ha pwc.18 npuBeaeHsbl pe3ynbraThl s cepun clioeB Sip-xGex, BhIpalleHHbIX Ha Si mpu
temneparype 570°C. 3amTpuxOBaHHBIMH KpPY)KOYKAMH OTMEUYEHBI CIIOM C TIPOICHTOM
yrnpyrux HanpspkeHui, paBHbiM 100. OHE neXaT JeBee pacCUUTaHHOU (MYHKTUPHOI ) KPUBOI,

orpenensomei rie HabIroAaeTcs YacTUYHAs peaKcalus ynpyroi nehopmaimu.
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Puc. 18. KpI/ITI/I‘leCKaH TOJIIMHA B 3aBUCUMOCTU OT HCCOOTBCTCTBUS MMApaMETPOB CJIOA

Si;-xGex u mommoxku Si(100) [15].

Ha puc. 18 mMoxHO BbIIenuTh Tpu obmactu: 1 — obmacts, rae cinon Sip-xGex CTaOHUIIbHBI
NPOTUB CHSTHS HANpPsDKEHHUs; 2- 001aCTh, rae cion Sip.xGex MeTacTaOMIbHbI (HECTaOUIIbHBI)
MPOTUB CHSITHS HANpsOKEeHUs (T.e. TpeOyeTcs JOMOJHUTENbHAS JHEPTHs Ui 00pa3oBaHUS
JUCITOKAIM HECOOTBETCTBHMS WM pellakcanuu); 3- o0macth, rae cimon  SipxGex
penakcupyroTcst (T.e. HampsDKEHHE CHHUMAETCs B HHUX IyTeM oOOpa3oBaHHS IUCIOKAIUi
HECOOTBETCTBUA).

DKCIepUMEHTATFHO HAOJII0JaeMble 3HAYEHUS KPUTHUYECKOW TONIIMHBI cioeB SiGe Ha
Si(100) Bbiie pacyeTHBIX. [[pUYHMHBI OTKIIOHEHHSI OT TEOPHH BBI3BAHBI CJICTYFOLIHM:

1) PCAIBHO MIIOCKOCTb CKOJIbKCHU JHUCIOKAIIMKA OTKJIIOHEHA OT T'paHHUIBI pa3aciia,
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2) HEOTHOPOIHOE TIPOCTPAHCTBO AUCIOKAIINI;

3) cuiibHasg MeXTpaHU4Hasl IPOYHOCTh CBA3EH.

IIpudopHoe NpHI0KEHHE CTPYKTYP
co caossmu Si u SiGe

B nocnennue 10 — 20 neT yacto coodmanock 00 U3rOTOBICHUN Pa3IMYHBIX MPHOOPOB HA
OCHOBE CTPYKTYp, BbIpalieHHbIX MeTogoM MJID. Buenpenue meroga MJID B mpous3BOACTBO
MO3BOJIUJIO U3TOTOBUTH IIEJIBII Psii MPUOOPOB C MapaMeTpamu, IPEeBOCXOISIIUMUA HEKOTOPHIE
napaMeTpsl NpUOOpPOB, TMONYYEHHBIX C TOMOIIBIO JPYTUX METOAOB AIUTAKCHAIBHOTO
OCAKICHMUSL.

B omnuume OT OOBIUHBIX TPAaH3UCTOPOB, rerepodunosapubie Tpanzuctopsl (I'BT)
XapaKTepU3yroTcsl 0osee BBICOKUM  OBICTPOJEHCTBUEM UM  MEHbIIEH MOTpedisieMoi
MOIIIHOCThIO. B OCHOBHOM HX H3roTraBiauBalOT Ha ocHOBe ['C M3 MOIYIMPOBOAHHKOBBIX
coenunenuit Tuna GaAs. @upmoii IBM B 1987 1. Obla mpeuioxkeHa CTpyKTypa AJisg TaKOTO
TpaH3HUCTOpa, T1ie 0a3a U3rOTABIMBACTCA HA OCHOBE CIIJIaBa KPEMHHI-TepMaHHIA.

Ha puc. 19 npusenen npodwiib pacripeaeieHuss KOHICHTpaIui aToMoB GE U JISTUPYIOIIHX
npumeceit (Sb, B) B ctpykrype I'BT, momHocThIO BbIpamienHoi Metogom MJID. TTapamerpsl

CJIOEB MMPUBEJICHBI B TAOJIHIIC 3.

Tabnuna 3.
ITapamertpsl cioeB B ctpykrype I'BT.
No cnost Haznauenne Tonmuua, HM | Konuenrpanus, em” Conepxanune Ge, (x)%
1 KoJLTeKTOop 350 Sbh 2-10" 0
2 Komrekrop-6a3a 10 28
MJIAaKUPOBAHUSA
3 Baza 30 B 6107 28
4 baza-amutrep 0 28
MJIAKUPOBAHUSA
5 DMUTTED 200 Sb 210" 0
6 OMUTTEPHBIN 150 Sb 2:10%° 0
KOHTaKT
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[Ipomecc BwIpamuBaHusi CTPYKTYp MPOBOJAUIICA C TOCIEAOBATEIbHBIM CHUKEHUEM
TeMriepaTypbl noanoxku ¢ 650 mo 325°C. JlerupoBaHue OCYIIECTBISIIOCh KaK MPOCTHIM
TEPMUYECKUM HCIIApEHUEM IpuMecu u3 sdeiiku KHyaceHa, Tak U METOJAOM BTOPHUYHOMH

nonHou ummnantauu. [Ipoduns neruposanus ctpykrypsl ['bT npuBenen na puc.19.

Ge x 1072

.
8}
o

1029

il

[cm ™3]

1013

Lol

L

B 2360

1013

Lol

Concentration

2

1017

bt oaaal

1016 ' T T (o T T
0.0 0.2
Depth [um]

Puc.19. BUMC-npoduis pactipenencuus Ge, B, Sb B crpykrype I'BT.

[Tapamerpsr usroroBiaeHuss I'BT wu3Mepsauce Ha NOCTOSHHOM U TIEPEMEHHOM TOKE.
[TonydeHo cyliecTBEHHOE YBEIWYEHHE TOKa KOJIEKTOpAa IO CpPaBHEHUIO C OOBIYHBIMU
OUTIOJIIPHBIMU TPaH3UCTOPAMH. YPOBEHb IIYMOB cocTtasisieT 0,6 u 1,2 16 Ha yacToTax 2 u
10 I'T'1{ COOTBETCTBEHHO.

[TepciekTBHOCTH pa3Butus AaHHOTO Kiacca ['BT ¢ y3ko30HHOW 0a30if HE BHI3BIBAET

COMHCHUA.
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B teuenue nocnennux 15-20 et ycunuics uaTepec K Gporolrnnektpuueckum cBoiictBam ['C
SiGe/Si, cBsi3aHHBIN ¢ pacUIMpPEHUEM CIIEKTPAIBLHOTO auarna3oHa (oToaeTeKTopoB Ha 0asze Si
B UK-o6nactu (mpexxae Bcero B auanazone 1,3-1,55 Mxm.).

O4eBUIHO, YTO IS CO3JaHHS WHTETPATbHO-ONTHYECKHX YCTPOMCTB HEOOXOIUMBI HE
TOJNBKO W3JIy4aresid, HO W QoTonmpueMHUKH. B Hacrosmiee BpeMs B KadecTBe
¢oronpuemMHukoB,  paboratommx B auamno3one  1,3-1,55 mMkM,  ucnomim3yrorcs
p-i-n-portoauoasr Ha ocHoBe I'C INGaAs/INP. Oanako onu ioxo uHTerpupytorcs B UC Ha
ocHOBe Si.

Hawubonee nepcniekTuBHBIME (POTONIPHEMHUKAMH auana3ona 1,3-1,55 mkm Ha 6asze Si Ha

JTAHHBIF MOMEHT CUUTAIOTCS P-1-N HOTOAUOIBI.

GeSi/Si nazep GeSilSi GeSi KMORN na 6a3e

oTonerexrop reT HanpsxeHHoro Si

GeSi/Si onTuyeckue
BONHOBOAbI

GeSi/Si onTuyeckumn
MOAYNATOP

GeSilSi
KBaHTOBbIE
npubopbl

W naccuBHble
——= I CBY uenu

M3Y Ha OCHOBe HaHOKNacTepoB
ONTOBOJIOKHO Si(Ge) B guanekTpuke

'ﬂo;mo»u(a KHM:

Puc.20. 'nmoreTnueckas HUHTCETpajibHaA CXE€Ma Ha OCHOBC Sl, B KOTOpOﬁ HCIIOJb30BaHbI
Pa3JINYHBIC SJICKTPOHHLIC U OIITO3JICKTPOHHBIC 3JIEMCHTBI HA OCHOBC GeSi (a,[[aHTI/IPOBaHO C

BeO-caiita GeSi rpynmbsl KeMOpUIKCKOTO YHUBEPCUTETA).

OTMeTuM TakkKe, 4TO rerepocTpykTypbl GeSi/Si MOryT MCroIbp30BaThCsl B HHTETPAIbHBIX
cxeMax (B TOM 4YHCie, ONTORJEKTPOHHBIX) HE TOJBKO KaK aKkTHUBHas cpena Ajs MpuOOpoB
reHepaluy U JIeTeKTUPOBAaHUS M3JIy4€HHUs, HO U KaK MaTepuall JUlsl aCCUBHBIX IUIaHAPHBIX
CBETOBOJIOB, PaMaHOBCKUX JIa3€pOB M YCHJIUTENCH, 3JIEKTPOONTHYECKHX MOIYJISATOPOB, a
TaKXe B AJIEKTPOHHBIX MpUOOpax: 3Hepro3aBucuMoi mamsatu Ha 6aze MOII tpaH3ucTopos ¢
IUTABAIOIIMM  3aTBOPOM, B KOTOPBIX B IIOJ3aTBOPHBIE IUAJIEKTPUKU  BHEIPSIFOTCS
HAHOKPHUCTAUIBI Si (TaKk Ha3bIBaeMas HaHO-(JIAII MaMsITh), KBAHTOBBIX MPHOOPax (TaKuX Kak
PE30HAHCHO — TYyHHENbHbIC MpuOOpbI) W Tp. Hakoner, GeSi reTepoCTpyKTypbl aKTHBHO

ucnoap3ytorcsi B nepcnekTuBHbIXx KMOII-TpaH3ucropax, rae KaHaia cIellaH U3 YIOpyro-
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HanpspkeHHoro Si. Ha puc.20 moka3aH TMIIOTETHYECKHH YHMIT HA OCHOBE Si, B KOTOpOM

HCIIOJIb30BAHbI PA3JIMYHBIC SJICKTPOHHBIC U ONITOSJICKTPOHHBIC 3JICMCHTBI HAa OCHOBC GeSi.

IMepcnexkTuBbI pazBuTua Metoxa MJII Si u SiGe

B o0mactu Tteopernueckoro ucciemoBaHus Metoga MJID Oyayr, BEepoOsATHO, IIHPOKO
UCIIOJIb30BAThCSl KOMITBIOTEPHBIE pacyeThl (PU3NYECKUX MPOIECCOB, OMPEIEISIONINE POCT
cnoeB. JloikHOe BHUMaHHE OyIeT YIENSThCS MCCIEIOBAHUIO MEXaHHM3Ma pOCTa CJIOEB B
JAHHOM METOJI€, HallpuMep, Nepexol OT JBYMEPHOIO 3apoJIblIc00pa30BaHUs K MEXAHU3MY
pocTa mepeMelieHHeM CTyIleHeK. Takke BaXHO MOHMMAHUS BIMSHUS, KOTOPOE OKAa3bIBAIOT
napaMeTpbl MOJIEKYJISIPHOTO MTOTOKA HA MPOIIeCcChl pocTa. BaxkHo# 0071acThiO UCCIIEIOBAaHUS B
Teopuu Metoga MJID sBnsieTcs B3auMo1eliCTBUE TOBEPXHOCTHBIX YaCTHII.

BaxxHbIM SBJISIETCS TAK)KE HMCCIIEOBaHUE CTPYKTYPHOTO coBepiieHcTBa ciioeB Si u SiGe,
BhIpameHHbIx MJID. Ilpenmerom »TuUX HCCIEAOBaHUN OyaeT, BEpPOSITHO, JAUCIOKAIINH,
HANPSDKEHUs, PABHOBECHOE PACIIONIOKEHHE aTOMOB B CTPYKTYPaxX CyOMUKPOHHBIX Pa3MepOB.

Llenpto  manpbHEMIIMX  SKCIEPUMEHTANBHBIX  HCCIEAOBAaHUNM  OyAeT  ONTHMH3AIUSL
[apaMeTpoB pocTa Il HU3KOpa3MEpHBbIX CTPyKTyp. LllMpoko HaduHAIOT HCCIEeI0BaTHCS
CTPYKTYpbI co cinosmMu Si u SiGe, BbIpallleHHbIE HAa H30JIATOpax. DTO TOJUIOKKH — THIIA
kpemuuit Ha candupe (KHC) u xpemuuii Ha nuanexrpuxe (KHN).

MIJID xecTko cBsi3aHa ¢ (U3MKOM MOBEPXHOCTH, MOCKOJBKY SIBJICHHE MOBEPXHOCTHOM
KMHETUKU UTPAET PELIAIOLIyI0 POJb B Pa3BUTUHU 3TOW TexHoyoruu. [loaToMy, oueBUIHO, UYTO
METO/Ibl aHalIu3a MmoBepxHocTH, nojooH0 RHEED, snnuncomerpun u ap. OynyT MHTEHCUBHO
UCCIIeI0BaThCsl MO OTHOHIeHHI0 K MJID. Oto Oyzmer cBA3aHO € HCHOJB30BAHHEM HOBBIX
METO/I0B MOATOTOBKU M COXPAHEHUS MTOBEPXHOCTH MOJIOKKH.

B 3akmioyeHnu, HO OTHIOAb HE B IOCJIEIHIOID Oyepeab, OTMETHM Hambosee BaXHYIO
0o0nacTb, CBS3aHHYIO C TEXHOJOIMEM HW3rOTOBJEHHUSI MpPHOOPOB, peaM3yeMbIX C
ucronb3oBanueM MIJID. DTo BaxHO ¢ KOMMeEpUeckol Touku 3peHus. Heobxomumo
YUUTBIBaTh KOHKypeHIMI0 MeToay MJID npyrux meronoB snurakcuu. Ilockonbky meton
MJID ©Ga3upyeTcst Ha HCIOJIB30BAaHUM JIOPOTOCTOSIIEr0 OOOPYIOBaHUS, TO OH JOJDKEH
COXpaHUTh B OyAylleM MpeuMYyIIecTBa B CO3/JaHUM HOBBIX NPUOOPOB M TNPUOOPOB C

yIy4II€HHBIMUA Pa004YUMHU XapaKTePUCTUKAMHU.
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