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Bue)l:euue 
TioBe,r:i:emre aTOMOB remrn B peaKTOpHI,IX KOHCTp)'KUIIOHHbIX 

MaTepmmax umpoKo IIccne,r:i:yeTCH no npIIqIIHe ero KarncTpoqmqecKoro 

BmrnHIIH Ha IIX pa,r:i:IIaUIIOHHYIO CTOHKOCTb [1]. B nonynpoBO.D:HIIKax, HeCMOTpH 

Ha TO, qTo IIMeHHO C IIOHOB reJIIIH HaqaJIIICb 3KCnepIIMeHTbI no IIOHHOH 

IIMilJiaHTaUIIII nonynpoBO.D:HIIKOB [2], IIHTepec K HIIM npOHBIIJICH JIIIlllb B . 

nocne,r:i:HIIe ro,r:i:hI. fnaBHhIM o6pa3oM 3TO o6ycnoBJieHHO 06Hap)')KeHHhIM1I 

cpaKTaMII qpe3BbiqaiiHO 3cpcpeKTIIBHOro reTTepIIp·oBaHIIH renIIeBbIMII nopaMII 

He)KeJiaTeJibHhIX npIIMeceii B nonynpoBO.D:HIIKax, oco6eHHO nepexo,r:i:HhIX 

MeTaJIJIOB [3], a TaK)Ke BO3MO)KHOCTbIO IIX IICilOJib3OBaHIIH .D:JIH 

cpopMIIpoBaHIIH OKCII.LJ:HbIX II3OJIIIPYIOUIIIX CJIOeB [4]. 
TiopbI, 3anOJIHeHHbie IIHepTHbIMII ra3aMII cpopMIIpyIOTCH, He TOJibKO B 

npouecce nocnepa,r:i:IIaUIIOHHoro OT)KIIra, Ho II B npouecce 

HII3KOTeMnepaTypHoro o6nyqeHIIH [5-7]. TiplI 3TOM aBTOpbl pa6oT [5,6] 
npe,r:i:noJIO)KIIJIII, qTQ o6pa30BaHIIe aproHOBbIX IIJIII HeOHOBbIX nop B npouecce 

HII3KOTeMnepaTypHoro o6nyqeHIIH KpeMHIIH o6ycJIOBJieHHO IlOBbIUieHHOH 

MIIrpauIIeii COOTBeTCTByIOUIIIX aTOMOB B o6JiaCTII TpeKOB 6oM6ap,r:i:1IpyIOUIIIX 

qacrnu, xorn I13M-mo6pa)KeHIIe caMIIX TpeKOB OHII He o6Hap)')KIIJIII. 

B pa6oTe [8] B pe3yJihTaTe I13M-IIccne,r:i:OBaHIIii KpeMHIIH, 06nyqeHHOro 

IIOHaMII reJIIIH C 3Heprneii 17 K3B .D:O .D:O3bl l,3x10
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, 6bIJIO o6Hap)')KeHo, 

qTQ renIIeBM nopIICTOCTb o6pa3yeTCH B aMopcp1I31IpOBaHHOM cnoe KpeMHIIH 

(a-Si) Henocpe,r:i:cTBeHHO nocne o6nyqeHIIH npII KOMHaTHoii TeMnepaType II 

nopbl IIMeIOT TeH.D:eHUIIIO K JIIIHeHHOMY ynopH,r:i:oqeHIIIO. 

n1IHeiiHoe ynopH,r:i:oqeH1Ie [9], JI1I60 npocTPaHcTBeHuoe ynopH,r:i:oqeH1Ie B 

BII.D:e CBepxperneTKII [10] fa3OHaITOJIHeHHbIX nop Ha6JIIO.LJ:aJIII B pa3JI1IqHbIX 

MeTannax [11]. K CO)KaJieHIIIO, MexaHII3M ynopH,r:i:oqeHIIH fa3OHaITOJIHeHHblX 

nop B MeTannax noKa eUie o,r:i:Ho3HaqHo He ycrnHoBJieH [12]. 
HecMOTpH Ha TO, qTo paCTBOpIIMOCTb IIHepTHbIX fa3OB KaK B MeTaJIJiax, 

TaK II B nonynpoBO.LJ:HIIKaX npaKTIIqecKII OTCYTCTByeT, B pa6oTe [7] 6hIJia 

o6Hapy)KeHa 3HaqIITeJibHM, B OTJIIIqIIe OT MeTaJIJIOB [1], TepMo,r:i:ecop6UIIH 

reJIIIH II3 KpeMHIIH. B 3TOH CBH3II, ua Harn B3fJIH.D:, cne,r:i:yeT O)KJI.D:aTb II 

OTJIIIqHbIH OT MeTaJIJia MeXaHII3M ynopH,r:i:oqeHIIH reJIIIeBbIX nop B 

nonynpoBO.D:HIIKax B nepByIO oqepe,r:i:h II3-3a pa3II~IIH npoueccoB 

cpopMIIpoBaHIIH B HIIX H,r:i:epHbIX TPeKOB 3apH)KeHHbIX qacTIII(. 

B HaCTOHUieii pa6oTe IICCJie.D:OBaHO HBJieHIIe ynopH,r:i:oqeHIIH reJIIIeBbIX nop 

B KpeMHIIII no HanpaBJieHIIIO .LJ:BII)KeHIIH IIOHOB reJIIIH B 3aBIICIIMOCTII OT .LJ:O3bl 

o6nyqeHIIH II yma na,r:i:eHIIH 3apH)KeHHbIX qaCTIIU OTHOCIITeJibHO 

6oM6ap,r:i:IIpyeMoii IlOBepXHOCTII o6pa3ua. 

Otn.c ..... : .. i':i.11 Gi,:'3i.rJT' 
U·-:~!:ii-U ucc:1e1:mir1d , 

6'1Slltf0TE:Klt -...-



::i}Kcnep11MeHT 

B Ka'Iecrne 061,eKTa ,um1 1Iccne;:i:0BaH1Iii: 6wia B351Ta IlJiaCTIIHa p-Si(l 00) 

TOJIIIl;IIHOH 0,4 MM. 

O6nyq:eH1Ie II0HaMII renll51 c :meprneii: 17 K3B npoB0.UIIJI0Cb Ha ECR

IICT0'IHIIKe MHOro3apHJJ:HbIX IIOHOB TIIna DECRIS-14-2 B Jla6oparnp1IH 

H.UepHbIX peaKU:IIH IIMS.H.<l>nepoBa (OM51H, ,lzy6Ha). 

Hccne.uoBaHII5I CTP)'K'fYPHbIX II3MeHeHIIH B KpeMHIIII no HanpaBJieHHIO 

,UBII)KeHII5I II0HOB feJIII5I npOBO,UIIJIIICb C nOMOIIl;bIO npoCBe'IIIBaIOmeiI 

3JieKTPOHHOH MIIKp0CKOnIIII (IT3M) C IICnOJib30BaHIIeM cneQIIaJibHO 

pa3pa60TaHHOH HaMII IT3M-MeTO,UIIKII "npo,UOJibHOro Ce'IeHII5I". B OTJIII'IIIe OT 

umpoKo 1IcnoJib3YeMoro IT3M-Mern.ua "nonepe'IHoro ce'IeHII5I" (TEM-cross

section), BKJIIO'Iarom;ero 3Tanhr: o6nyq:eHIIe ➔ npenap1IpOBaHIIe IT3M-

061>eKTa ➔ IT3M-1Iccne;:i:0BaH1Ie, pa3BIITbiii: HaMII IT3M-Mern.u "npo.uoJihHOro 

Ce'IeHII5I" BKJIIO'IaeT nplIHU:IInllaJibHO .upyryro nocJie,UOBaTeJibHOCTb 3TanoB, a 

IIMeHHO: npenapIIpoBaHIIe IT3M-061>eKTa ➔ o6nyq:eHIIe ➔ IT3M-

1Iccne.uoBaH1Ie. TaKIIM o6pa30M, no .UattHoii: MeT0JJ:IIKe IT3M-1Iccne.uoBaHHe 

npoBOJJ:IITCH Henocpe.ucrneHHO nocne o6ny_qeHII5I 061,eKrn. 

IT3M-061>eKT no IT3M-MeTO.UIIKe "npo.uonhHoro ce'IeHII5I"npe.ucrnBJIHeT 

co6oii: caMoHecym;yro TOHKYIO (100-200 HM) IlJiaCTIIHKY c 

Kp1ICTaJIJiorpacp1I'IeCKIIM KpaeM-TOpU:OM (B HaIIIeM cnyq:ae 3Ta IlJIOCKOCTb 

(011)), npliroToBJieHHYIO XIIMII'IeCKIIM YTOHeHIIeM TOJICTOH (0,4 MM) 

IICXO,UHOH IlJiaCTIIHbI KpeMHII5I. 3aMeTIIM, 'ITO noJIH0e BpeMH np1IroTOBJieHII5I 

TaK0ro 061,eKTa ,UJIH IT3M-MeTO,UIIKII "npO,UOJibHOro Ce'IeHIIH" COCTaBJIHeT He 

6onee O,UHOro 'Iaca, 'ITO 3Ha'IIITeJibHO MeHbIIIe, 'IeM BpeMH . (.uecHTKII 'IaCOB) 

np1IroToBJieHII5I 061,eKTa ,umI IT3M-MeTO,UIIKII "nonepe'IHOro Ce'IeHII5I", 

YT0HHeMoro II0HHbIM pacnbIJieHIIeM. 

roTOBbie IlJiaCTIIHKII KpeMi-Ill51 3a)KIIMaJIIICb Me)KJJ:y .UBYMH 

MeTaJIJIII'IeCKIIMII IlJiaCTIIHaMII, cJiy)KamlIMII KOJIJIIIMaTopoM ,UJIH 

60M6ap;:i:1Ipyrom;1IX 'IaCTIIU: II ,UJIH 3KpaH1IpOBaHII5I noBepXHOCTeii: IlJiaCTHHKH 

OT o6nyq:eHII5I. 

C6opKa ycrnHaBJIIIBaJiaCb Ha fOHIIOMeTplI'IeCKIIH CTOJIIIK MHIIIeHHOro 

YCTPOHCTBa II op1IeHT1IpOBaJiaCb HaKJIOHOM TaKIIM o6pa30M, 'IT06bI noTOK 

60M6ap;:i:1Ipyrom1Ix 'IaCTIIU: 6hIJI napaJIJieJieH noBepXHOCTHM TOHKOH IlJiaCTIIHKII 

KpeMHII5I. ,UaHHOe yCJIOBIIe KOHTpOJIIIpOBaJIOCb no MaKCIIMaJibH0MY 3Ha'IeHIIIO 

TOKa nyq:Ka IIOHOB, nporne,UIIIIIX 'Iepe3 KOJIJIIIMaTOPHYIO menb. 

CxeMa o6nyq:eHII5I II IT3M-IIccne.uoBaHII5I no npe,UJiaraeMoMy IT3M-Mern,uy 

"npo.uom,Horo ce'IeHII5I" nplIBe,UeHa Ha p1Ic. l. 
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PHc.1. CxeMa 06.JlY'leHw( . TOHKOH CaMOHecyiueii: . nJiaCTIIBKH. 
KpeMHHJI cornaCH0 Il3M-.MeTO.UHKH:"npo.ucim,aoro, Ce"l~HHJI"' . · 
( e··- HlUipaBJI~HHe nyqxa 31IeKTp0H0B s Il3M) ' ,. 

EcTecTBeHH0 nonaraTb, 'ITO nplI TaKOM o6nyq:eHIIII . TOHKOH nJiaCTIIHKH . 

KpeMHIIH - He . ·Bee IIOHbl, BO~e,UIIIIIe B · . 6oM6ap,UHp)'e~yro .• no.BepXHOC;b, . 

ocraHoBHTC~ · B Heii:. • Y'IeT . ·BJIIIHHIIH · TonmHHhI · TOHKoii: IlJiaCT~HKn. •·· Ha ' 

H3MeHeHIIe . ,~pocp1IJiett · pa.uH~U:IIOHHOro noBpe)KJJ:eHIIH II nernpoBa~ml, 

npoBo.u~cH _no cne,u:1IaJibHO. pa3pa60TaHHOH nporpaMMe [13]. TTporpaMMa 

ytIHTbIBaeT . Bee . co6bI'flI51 ynpyroro ' .. pac:ce51HII51 II OCTaHOBKH IIOHOB, ., 
•. I .-

npOIICXOJJ:51mHx ·. TOJibKO , B 06nyq:aet,1:0M 061,eMe TOHKOii llJIUCTIIHKlf, 

orpaH1IiieHHoM: ee TOJii.UIIH0ii: II_ JJ:JIHttoci, npo6era ·6oM6ap.unpyromnx 'Ia~inti. '. 

3HaH T(?JimlIHY TOHKOH IlJiaCTI-IHKH ( C II_DMOmblO COOTBeTcrnyrom11x · MeTOJ(OB .' 

OIITII'Iecirnii: IIJIII 3JieKTpOHHOH ·MHKIJOCKOnHH), MO)KHO paCC'IIITaTb peanbHj,Ie 

npoq11IJI11 pa;:i:1IaU:1IQHH1>rx .u~cp~KTOB II ~ernpy10m11x arnMoB ... no nairpasneH;I;O ·· 

,UBII)KeHII5I 'IaCTHU: B IICCJie.uyeMOM 06pa3u:e. 

ComacHO noCTaBJieHHOH 38,Ua'Ie o6pa3U:bl KpeMHII51 o6nyq:anHCb H0IIUMII 

reJIII51 C 3Heprneii: 17 K3B B IIHTepBane JJ:03 OT 3x10 16 .uo 4,5x10
17 
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npH yrnax na.ueHII51 'IaCTIIU: <p (CM.pHc. l ), paBHbIX 65, 45 H 30°. 
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0TMeTHM, 'ITO .wrn KOJIH'leCTBeHHOro ormcaHml peJyJihTaTOB Mhl 

HCIIOJih30BaJIH He JJ:03y o6nyqemrn, a BeJIH'IHHY pa,n:HaQHOHHOro noBpe)KJJ:eHH51 

B nHKe npocpHJI51 nospe)KJJ:eHmi B e,UHHHUaX CMeIQeHHH na a TOM ( CHa), 

paCC'IHTaHHyio C yqernM TOJIIQHHhl KOHKpeTHoro HCCJie,n:yeMoro 061,eKTa. 

PeJyJILTaTLI 

Ha pHc.2a-r npHse,n:eHhI TT3M-H3o?pa)KeHHH xapaKTepHhIX CTPYKTYPHhIX 

H3MeHeHHH B KpeMHHH no HanpaBJieHHIO JJ:BH)KeHmi HOHOB reJIH51 B 

JaBHCHMOCTH OT ypqBH51 nospe)KJJ:eHmi (CHa). 

TTocJie o6JiyqeHmi .n:o 2,8 cHa (pHc.2a) pa.n:Ii:auHoHHrui nospe)KJJ:aeMoCTh s 

BHJJ:e CKOilJleHHH pa,n:HaQHOHHhJX .n:ecpeKTOB Ha6JIIO,n:aeTC51 no BCeMy 

npoeKTHBHOMy npo6ery. HOHOB rerrmi. TT po seem KOJI.H'!eCTBeHHhJe. ll3MepeHmi 

KOHUeHTpauHH H pa3MepoB. CKOilJleHHH pa,n:HllUHOHHhlX .n:ecpeKTOB He 

npe.n:crnBJI~eTcH B03MO)KHhIM ·· HJ-Ja MX BhICOKott IlJIOT~ocrn. XapaKTep HX 

pa3BHTmI (KOHQeHTpaumi H pa3Mep) HeMOHOTOHHhIM o6pa30M ll3MeH51eTC51 no 

PHc.2. XapaKTepHhre TT3M-mo6pa)KeHmi CTPYKTYPHhIX 

H3MtmeHHH B Si BJJ:OJih HanpaBJienmi JJ:BH)KeHH51 HOHOB rerrmi C 

3Heprnett 17 K38 ( ⇒ - 6oM6ap,n:HpyeMaH nosepXHOCTh) 

a - 2,8 CHa, 6 - 2,9 cHa (TeMHoe none), B - 3,1 cna, r - 12,5 .cHa 
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rrry6HHe o6pa3ua. Ha paCCT051HHH OK◊JIO 80 HM OT 6oM6ap,n:IIpyeMOH 

nosepXHOCTII HMeeT MeCTO 3Ha'!IITeJihHOe nOBhIIIIeHHe KOHQenTpaUHII H 

pa3Mepa CKOilJleHIIH pa,n:HaUIIOHHhIX .n:ecpeKTOB. llIIIpIIHa 3TOH o6JiaCTII 

COCTaBJIHeT OKOJIO 50 HM. .D:anee no rrry6IIHe 06pa3ua na6rrIO,n:aeTC51 

3Ha'!HTeJihHOe YMeHhIIIenHe KOHQeHTpaUHII CKOilJleHHH .n:ecpeKTOB B o6rraCTH 

urnpHHOH OKOJIO 40 HM, C nocrre.n:yiomIIM BHOBh ee B03pacTaHIIeM. no Mepe 

npH6JIH)KeHmi K Heo6rryqeHHOH o6rracTII o6paJua KonueHTpaumi .n:ecpeKTOB 

BHOBh nocTeneHHO YMeHbIIIaeTC51 .n:o Hym. 

TTpocTpaHCTBeHHoe pacnorro)KenIIe o6rracTII c noHII)KeHHOtt 

KOHQenTpauHett CKOilJleHIIH pa,n:IIaQIIOHHhIX . necpeKTOB COOTBeTCTByeT 

pac'!eTHOMY nIIKY nospe)KJJ:eHmi. 3To naeT OCHOBaHIIe norraraTh, 'ITO J].aHHaH 

o6rracTh o6pa3ua HaXOJJ.HTC51 B npeJJ.aMOpqJII3IIpOBaHHOM COCT051HIIII. 

.D:ettcTBIITerrhno, c He3Ha'!IiTeJihHhIM noBhIIIIeHIIeM ypoBHH nospe)KJJ:enmi no · 

3 cna B 3TOH o6rracm cpopMIIpyeTC51 3arrry6rreHHhIH CJIOH aMOpcpHoro KpeMHmI 

(a-Si) (pIIc.26) .. ; 

Jl:aJibHettIIIee B03paCTaHIIe ypoBHH IIOBpe)KJJ:eHmi BhI3hIBaeT yserrlll{eHIIe 

IIIIIpIIHhI aMopcpH3IIpOBaHHOH o6rracTII (pIIC.2B). OTMeTIIM, 'ITO CKOpOCTh 

nepeMeIQeHmi nepennett rpaHIIUhI aMopcpII3IIpOBaHHOH , o6rraCTII K 

6oM6apJJ.HpyeMOH IIOBepXHOCTII o6pa3Ua 3aMeTHO BhIIIIe, '!eM B crnpony 

Heo6rryqeHHOH o6rracm KpIICTaJIJIII'!eCKOro KpeMHII51 (c-Si). OTCJTCTBIIe 

rerrHeBhix nop B o6rracTII a-Si, IIO-BHJJ:IIMOMY, CB513aHO rrII6o c 

HeJ].OCTaTO'!HOCThlO KOHQeHTpaQIIII s Hett aTOMOB rerrmi, JIII6o c IIX MaJihIM 

pa3MepoM JJ.JIH pa3peIIIeHmi B TT3M. 

XapaKTepno OTMeTIITh, 'ITO, BO-rrepBhIX, s IICCJieJ].OBaHHhIX o6pa3uax, 

CTPYKTYPhl KOTOphIX rrpeJJ.CTaBJieHhl Ha pIIC.2 a-6, He Ha6JIIOJ].aJIOCh HII KaKOro

JIII60 ynopHJJ.O'!eHmI CKOilJleHIIH pa,n:IIaQIIOHHhIX necpeKTOB, HII 

TpeKOIIOJJ.06HhIX CTPYKTYPHhIX oco6eHHOCTett B o6rracTII a-Si. 

C J].aJihHeHIIIIIM IIOBhillleHIIeM ypOBH51 . IIOBpe)KJJ:eHmi II KOHQeHTpaUIIII 

rerrmI J].0 1 aT. % TIO BCett TOJIIQIIHe 3arrry6rreHHOro aMopcpttoro CJI051 

OTMe4aeTC51 IIOHBJieHIIe rerrIIeBhlX nop (pIIc.2B). TTpII 3TOM OHII 

BhICTpaIIBalOTC51 B J].OCTaTO'IHOH CTerreHII ynopHJJ:O'!eHHhie PMhl ( CYpO'IKII), 

HanpaBJieHHhie OT 6oM6apnIIpyeMOH rrosepXHOCTII s rrry6h o6pa3ua. 

TTocKOJihKY aMopcpHhIH crrott HaxOJJ.IITCH B 3arrry6rreHHOM norro)KeHIIII, TO Ha 

rrepennett II 3a,n:Hett ero rpaHIIQax IIMeIOTC51 . o6JiaCTII C BhICOKOH 

KOHQeHrpauIIeH CKOilJleHIIH pa,n:IIaQIIOHHhIX necpeKTOB. 

TTpIIMep rrorrnott aMopcpII3aUIIII scett nospe)KJJ:enHott o6rracm KpeMnmi 

IIpII ypOBHe IIOBpe)KJJ:eHII51 OKOJIO 12 CHa IIpIIBeJ].eH Ha pIIc.2r. IlpII 3TOM BO 
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Bceii o6nacTH a-Si Ha6mo,naIOTC5I rem1eBble nop1,1, mrneil:Ho ynopH,noqeHHbie B 

HanpaBJiemm, nepnett,nIIKympHOM K 6oM6ap,nnpyeMOll IlOBepXHOCTH. 

OTMeTIIM, qTQ B Haqane npo6era HOHOB remrn cpe,nHnii pa3Mep nop 

COCTaBJI5IeT 1 HM, a pacCT05IHHe Me)KJJ,y HHMH no HanpaBJieHHIO J];BIDKemrn 

HOHOB - OKOJIO 3 HM. B o6JiaCTH KOHI.{a npo6era qaCTJIU cpe,nHHll pa3Mep 

COCTaBJI5IeT 2,5 HM. Cpe,nHeCTaTHCTHqecKoe pacCT051HIIe Me)KJJ,y CTpoqKaMII C 

JIHHeHHO ynopH,noqeHHblMH nopaMII COCTaBJI51eT OKOJIO 5 HM. 

C UeJibIO npOBepKH q:>aKTa, qTo JIIIHeHHOe ynopa,noqeHIIe reJIHeBblX nop 

npOHCXOJ];IIT no HanpaBJieHHIO J];BH)KeHH51 HOHOB feJIH51, TPH o6pa3Ua KpeMHH51 -.. 

6blJIH o6nyqeHbl no,n pa3HbIMH yrnaMH (65, 45 H 30°) na,neHH51 nyqKa qacrnu 

K 6oM6ap,nnpyeMOll noBepxHOCTII . 

Il3M-HCCJie,noBaHH51 ,naHHblX o6pa3UOB IlOCJie o6nyqeHH51 nOKa3aJIH 

(pn:c.3a-B), qTQ HanpaBJieHn:e ynopH,noqeHH51 renneBbIX nop xoporno 

KOppennpyeT C HanpaBJieHIIeM nyqKa IIOHOB, a . cne,noBaTeJibHO, C 

npeHMyrn:ecTBeHHbIM HanpaBJieHHeM J];BH)KeHH51 3ap5I)KeHHbIX qacTHU B 

o6paJue. 

. OTCYTCTBHe ynopH,noqeHHOfO CKOilJieHH51 pa,nIIaUHOHHbIX ,necpeKTOB B 

KpHCTaJIJIHqecKOM KpeMHHH (c-Si) (CM. pnc.2a), a TaK)Ke TpeKono,no6HblX 

CTPYKTYPHblX oco6eHHOCTeii B a-Si npII OTCYTCTBHH B HeM renneBbIX nop 

( CM. pnc.26), YKaJbrnaeT Ha TO, qTo Ha6nro,naeMoe ynopH,noqeHHoe 

pacnoJIO)Kerrne renneBbIX nop no . HanpaBJiemuo ,nBH)KeHna nonoB reJIH51 He 

51BJI51eTC51 noBepXHOCTHblM ::icpcpeKTOM. 

IlpoBe,neHHble Il3M~nccne,noBaHH51 o6pa3ua .c ynopa,noqeHHOii CTPYKTypoii 

renneBbIX nop npn paJJinqHI,IX yrnax .HaKJmHa Il3M-o6pa3Ua (oc1, HaKJioHa 

fOHHOMeTpa 61,ma no,n He60JII,lIIHM yrnoM K JIHHHH 6oM6ap,nnpyeMOll 
. . 

IlOBepXHOCTH) IlOKa3aJIO, qTO ynopa,noqe1rnoe pacnOJIO)KeHHe reJIHeBblX nop 

cMeH51eTca Ha xaoTJiqHoe npn yrne IIaKJioHa OKOJio 40° (pnc.4a,6). 3TO 

o6CT051TeJibCTBO ,naeT OCHOBaHHe npe),.(llOJiaraTb, qTo reJIHeBI,Ie nopbl B a-Si 

o6pa3yroT . npocTpaHCTBeHHYIO cBepxpeweTKy. Onpe,nenHTb ee napaMeTp no 

3JieKTpOHorpaMMaM He Il03BOJIHJIO urnpoKoe ,nIIcpq:>y3HOe pacce51HHe 

3JieKrpOHOB OT aMopq:>HOll o6JiaCTJI o6pa3ua. 

OTMeTHM, qTQ C YBeJinqeHIIeM KOHUeHTpaunn aTOMOB reJIH51 .pa3Mep 

reJIHeBblX nop He YBeJinqnBaeTC51, OHH o6pa3yroT CKOilJieHH51, OKaHMJI51IOIUHe, 

no-BH,nHMOMY, HaHoMeTpnqecKne KpHCTaJIJinqecKne 3epHa B a-Si (pIIc.5). Ilpn 

3TOM B o6JiaCTII a-Si cp6pMnpyeTC5I COBeprneHHO ,npyroro po,na JIIIHeiiqarna 

CTPYKTypa B Bn,ne napanneJibHblX 6enblx nonoc HenpepbrnHo 

pacnpocTpaH51IOlll,HXC51 no BCeil: MHHe npo6era HOHOB reJIH51. T~JIIUHHa JIHHHll 

1 ~ , 101 -1 E COCTaBJiaeT OKOJIO HM, a JIHHeHHM IlJIOTHOCTI, - OKOJIO CM . CTI, 

6 

Pac.3. li3MeHeHHe uanpaBJieHH51 cpopMIIpOBaHH51 ynopR,11,0'leHHblX 

crpo'leK HJ re.1rnea1,1x nop B ot5paJue npu HJMeHeHHH yma na,neHH51 

H0H0B reJIH51 Ha 6oM6ap,nupyroMyro Il0BepXH0CTL: 

a- 65°, 6- 45°, B- 30° ( ➔ - Hanpawi:eHHe nyqx:a HOHOB) 
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. PHc.4. Ilepexo.n: ynopJl.l{otieHiioro coCT0.HHIDI re,mesLIX nop (a) 

B xaornquoe (6) npH HaKJIOHe o6pa:iua B Il3M Ha yron OKOJI0 40° 
( ⇒ - 60M6ap.l{HpyeMa.11 nosepxuorn) 
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Ppc.5. lfoHHide TpeKH Ba-Si B peJ)'JII,TaTe o6nyqeHIDI H0HaMH remli 

c sueprneii 17KsB( ⇒. -6oM6ap.l{HpyeMW! nosepXHoCTI,) 

OCHOBaHIDI rronaraTI,, qTo !'ilTH JIHHeHHl,le CTpyicrypHbie oco6eHHOCTH HBIDilOTCH 

cne,n:m.m OT TpeKOB H0HOB reJIIDI a a-Si. OeJibIH KOHTpaCT HJo6pruKeHIDI !'ilTHX 

JIHHeHHbIX oco6eHHOCTeii . CBH,l{eTeJibCTByeT O TOM, qTQ o6naCTb TpeKa 

o6e,n:HeHa aTOMaMH KpeMHIDI If, ITO-BH.l{HMOMY, 3aITOJIHeHa. aTOMaMH reJIIDI. 

O6cYJK.l{eHHe 
J,fa BbIIIIeOITHCaHHblX pe3JJibTaTOB CJie,n:yeT 

HeO)KH,l{aHHblX o6CTOHTeJibCTBa. 

1. . <l>opMHpOBaHHe {!.n:epHblX TpeKOB B 

HH3K03HepreTHqHblMH HOHaMH reJIIDI. 

B1,1.l{eJIHTb TpH BruKHblX H 

a-Si rrpH o6nyqettHH 

2. YrropJl.l{oqettue renuea1,1x rrop BO aceii o6nacTH aMopqmoro KpeMHIDI 

KaK B rrpo,n:OJibHOM, TaK If B rrorrepeqffOM HarrpaaneHHH no OTHOIIIeHHIO 

K HarrpaaneHHIO .l{BmKeHIDI HOHOB reJIIDI B o6pa:3IIe, 

9 
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3. remieBilll ITOpHCTOCTh cpopMHpyeTCH HCKJUO'IHTeJibHO B CJIOe aMOpcpHoro 

KpeMHMH,. 3apO)K,L(aIOnjerocH B o6JiaCTH MaKCHMaJihHOfO pa,rvrnUHOHHOfO 

ITOBpe)K)];eHMH; 

E1,1crpas1 .. _q~ci11ua1 noITa,nilll B rnepJJ.?e Teno; BOBJieKaeTcH B 

HeITpepbIBHl>IH ITp9µecc . B3aHMOJ].eHC:TBMH C . ee aT9MaMH H 3JieKTpOHaMH, 

ITepeJJ.aBM HM CBOIO 3Hepmro: 'IloTepH 3Hepnm iipH yrrpymx CTOJIKHOBeHHHX 

ITpHBOMT, i:·_: ~T,OMf!hI~ .~~e,m;eII~M, · ~.e. K · o6p.a30BaHIIIQ · pa,n11au110HHl>IX 

J].ecpeicT!)B ... IloC~OJihKY .•HX{B03HHKHOBeHHe. ITpoc-rpaHCTBeHHO. paBHOBepOHTHO, 

TO oHii> •·.· :iie :;~· npIIBOMT.' : K . ; .· 66p,a30BaHHIO.'. OL\HOHa~paBJieHHl>IX .. ipeKOB. 

Pa.nmmii:~HHbie . JJ.e'cpe:icTbI, o6pa3yIOT . cicoIIJieHHH 'H ITPll. HX 60JihIIIOH 

KOH~eHTpauH~i 5IB~5IIO~C51 ITP~tJ~HOH aMopcp~3aUHH. 3TO. IIOJJ.TBep)K)J;aeTCH 

Ha6mo,L{aeMbIM HaMH cp-aK~OM, 'ITO HatJaJihHilll o6JiaCTh ~Mopcp0::iau11n KpeMHHH 

cpopMiipyeicH ~, B n11Ke .. ITpoc-rpaHcTBeHHoro ITpocpMJIH cMemeHHii: aTOMOB 

( CM.pHc.2a). 

B1
yCJioBMHX HMIIJiaHTaQHH KpeMHMH HOHaMH renMH c 31:leprneii: 17 K3B, 

3HeproBnmeneH11e B pe3yJI1>TaTe _Heyrrpymx (3neKTpOHHl>Ix) ITOTep~ a cpeJJ.HeM 

B 4-5 pa3a ITpem,IUI~ei 3HeproBnmeneH11e ITO yrrpyroMy KaHany (p11c.6). 

lf3necTHO [14], 'qTQ JJ.OMHHHpyIOIUilll pOJih 3JieKTpOHHOro TOpMO)KeHHH Ha 

· OCHQBHOM ytiaCTKe ITpo6era HOHOB B MHIIIeHH . HHHUHHpyeT TaKHe 

cdeuMqJ~eCKHe, 3cpcpei<Tbl, KaK . HJJ.epHhie .. Tpe~H. aMopcpII3aUMIO 

KpHCTaJIJIHtJecKoro · 11, ·iiao6opo;, peJ<pHCTaJIJIII3aUHIO aMopcpHoro. Marnp11anoB, 

TIJiaBJieHHe, --~'eHepaUHIO yJJ.apttl>IX 'BOJIH. Bee 3TH 3cpcpeKTl>I . B · 3HatJMTeJihHOH 

Mepe OITpeJJ.eJIHIOTCH BeJIHtJHHOH YJJ.eJihHl>IX ITOTeph Ha 3JieKTpOHHOe 

TOpMO)KeHJie. 3~eTHM, tJ'.fO BeJIHtJMiia yJJ.eJihHl>IX ITOTepb 3TOro THIIa MH 

ITpOHBJieHMH BM'ineo~~camibix jcpcpeKTOB Bo MHomx MaTep11anax ITpeBMIIIaeT 

HeCKOJihKo· eJJ.HHHU 11 J].eCHTKOB K3B/HM. 

Ha . cero)].HHillHHH' J].eHh B KpeMHHH 3KCITep11MeHTaJihHO He o6Hapy)KeHO 

o6pa30BaHMH 51)].epHbIX' TpeKOB ~a)Ke ITPH BhICOKHX (6onee 3,7 K3B/HM) 

3HatJeHMHX 3HepmH 3JieKTpOHHOfO TOpMO)KeHHH [15]. TeM He Mettee aBTOpM 

pa6oT . [5, 6] HMeHHO TpeKaMH ITOITI,JTaJIHCh 06n5iCHHT~ o6pa30BaHHe 

aproHO~l>IX H HeOHOBl,IX ITOp B KpeMHHH HeITocpeJJ.CTBeHHO ITOCJie 

HH3KOTeMITepaTypHOfO 06JI~emrn COOTBeTCTByIOIUHMH HOHaMH. KpoMe ·TOro, 

C HCITOJih30BaHHeM TOHKHX caMOHecymHX KpHCTaJIJIHtJeCKHX IIJiaCTHHOK 

KpeMHHH HaM Jl3] YJJ.aJIOCh '3acpHKCHpOBaTh B I13M TpeKoo6pa3HMe 

CTpYKTYPHhie oco6eHHOCTil~ ITO HaITpaBJieHHIO JJ.BH)KeHMH HOHOB Kr C. 3Hepmeii 

210 M3B. 

Y crnHoBJieHo [ 16], • tJTO · HaHoMeTpHtiecKtte 061,eKTM 6onee tJYBCTBttTeJihHM, 

tJeM MaKpOCKOITH'IeCKHe 061,eKThl K .3JieKTpOHHhIM ITOTepHM 3ap5I)KeHHl>IX 
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PHc.6. Ynpyme (1) H Heynpyme (31IeKTpOHHhle) (2) IlOTepH 
3Hepnm H0H0B reJIHH C 3HeprneH 17KaB B KpeMHHH 

qacTHU, ITOCKOJihKY OHH orpaHIItJHBa!OT BhIJ].eJieHHYIO 3Heprnm B HJJ.epHOM 

TpeKe B MaJIOM 061,eMe. IlO-BHAIIMOMY, IIMeHHO 3TO IIOCJIY)KHJIO OCHOBHoii 

IIpIItIIIHOH o6ttapy)KeHII51 B I13M HJJ.epHhlX TpeKOB B aMopcpII3HpOBaHHhIX 

o6nacrnx TOHKIIX IIJiaCTIIHOK KpeMHIIH, o6nyqettHhIX KaK 

Hlf3K03ttepreTIItJHhIMII IIOHaMII reJIHH (CM. pttc.5), TaK II 

BhICOK03HepreTil'IHhIMH IIOHaMH Kr [ I 3]. 
B JIHTepaType o6cy)K)];aIOTCH JJ.Ba MexaHil3Ma o6pa3oBamrn TpeKos: 

TepMOITHK H KYJIOHOBCKIIH B3phIB. K CO)KaJICHIIIO, JJ.O HaCTOHIUCfO BpCMCHII 

TCOpHH, OCHOBaHHhIC Ha MOJ].eJIHX TCpMOIIl!Ka H KYJIOHOBCKOro B3pbIBa, ne 

IIpHBOJ].HT K KOJIHtJeCTBeHHhIM 11porn03aM IIJIII' xorn 61,1 K IIOJie3HhIM 

COOTHOIIIeHHHM [ 17]. 

OcHOBHOe 3aKJIIO'ICHIIC BCCX MOJ].CJieii TCpMOIIlIKa B TOM, lJTO 3a ClJCT 

3JICKTpOH-QJOIIOHHhIX B3aIIMOJJ.CHCTBHii BOKpyr TpaeKTOplm IIOHa B MaTepnane 

o6pa3yeTC51 BhICOKOTeM11epaTypHaH 30Ha [ 18]. B Halli CM cJiytJae 

HlI3K03HepreTHlJHOro o6nyqeHII51 TPYJJ.110 IIpCJJ.IIOJIO)KlITh cpopM11posmme TpeKa 

110 MOJ].eJIH TepMOilIIKa, TaK KaK npll BCJilllJIIHC 3JICKTpOHHhIX IlOTCph B 

IIHTepBane 5-50 3B/HM MaJIOBCpOHTHO C03)].aTh B TpeKe JJ.OCTaTOlJHYIO 

TeMnepaTypy MH o6pa3oBaHIIH neo6xoJJ.IIMhIX MH poem nop saKa11rnii. 

MoJJ.eJih KYJIOHOBCKOro B3pbIBa [ 19] 061>HCll5ICT o6pa308'llIIIC TpeKa B 

pe3yJihTaTe JJ.ecpeKTOB, C03,L{asaeMhIX nepeMell.(CHI!eM 3JICKTp0110B 113 o6JiaCTII 

TpaeKTOpIIII IIOHa, nocpeJ].CTBOM tJero C03)].aCTC51 TOHKHii UIIJIIIIIJlP, IlJIOTIIO 

3aIIOJIHeHHhIH IIOJIO)KIITeJibllhIMII IlOHaMH. 3JieKTpOCTaTIIlJCCKOe OTIWIKIIBam1e 

Me)K)];y IIOJIO)KHTCJihHO 3ap5I)KCHHhIMII IIOHaMH 5IBJI5ICTC51 ynpaBJI5IIOil(Cii CIIJIOii 

KYJIOHOBCKOfO B3pbIBa. IlpH 3TOM IIOHhl CIIJihHO OTTaJIKIIBUIOT Jlpyr JJ.pyra II 

BhI6JIBaIOTC51 B MC)K)];OY3CJihHhlC 1103HUIIH, OKpy)KaIOll.(HC o6JiaCTh. IICTOIUCIIIIYIO 
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aTOMa!',UI, rum, B KOHeqHoM cqeTe, o6orameHHYIO BaKaHCIUIMII. TTpII 

)J,OCTaToqHO BblCOKOH IlJIOTHOCTII aTOMOB reJIII51 II BaKaHCIIH, 

6JIII3KopacnoJIO)KeHHhie reJIIItt-BaKaHCIIOHHhie KOMIDieKChI, conpIIKaca51ch )J.pyr 

C )J,pyroM, KOaJiecuIIpyIOT )J,Jl51 o6pa3oBaHII51 HanpaBJieHHhIX B)J,OJlb TpeKa 

uenoqeK ynop51)),oqeHHhIX reJIIIeBhIX nop. 

1'13BeCTHO, qTQ CB060)J,Ha51 TIOBepxHOCTb noJiynpoBO)J,HIIKa II3-3a 

HaJIIIqlI51 TIOBepXHOCTHbIX ypoBHett 3JieKTpOHHblX COCT051HIIH MO)KeT IIMeTh 

TIOJIO)KIITeJibHbIH HJIII OTPIIUaTeJibHhIH 3ap51)), B JaBIICIIMOCTII OT COCT051HII51 

caMOH TIOBepXHOCTII, HaJIIIqII51 a)J,COp6IIpOBaHHblX aTOMOB II T.n. [20]. B 3TOH 

CB513II MO)KHO TIOJiaraTb, qTo eCJIII HaJIIIqIIe aTOMOB reJIII51 II BaKaHCIIH B TpeKe 

qacTIIUbl - 3TO ycJIOBIIe )J,Jl51 3apo)K)J,eHH51 II· poem no · HIIM reJIIIeBbIX nop, TO 

HaJIIIqIIe 3ap51)),a Ha TIOBepXHOCTH nop - 3TO, TIO-BH)J,IIMOMY, ycJIOBIIe )J,Jl51 !IX 

ynop51)),0qeHH51 B TpeKe. C )J,pyrott CTOpOHbI, cpaKT ynop51)),0qeHII51 nop IIMeeT 

MeCTO II B HanpaBJieHIIII, nepneH)J,IIKYJI51pHOM K HanpaBJieHIIIO )J,BII)KeHirn 

IIOHOB. TTo HaIIIeMy . MHeHIIIO, MO)KHO npe)J,IIOJIO)KIITb B03MO)KHOCTb 

yttIIqTO)KeHH51 reJIIIeBbIX nop B o6JiaCT51X Me)K)J,y TpeKaMII 3a cqeT IIX 

"3a61IBaHH51" Me)K)J,OY3eJibHbIMII aTOMaMII, BbI6poIIIeHHbIMII KYJIOHOBCKIIM 

B3pbIBOM II3 o6JiaCTII TpeKa. 

ToT cpaKT, qrn HaqaJihHa51 cpa3a cpopMIIpoBaHH51 aMopcpHoro cJio51 Si 

npOIICXO)J,IIT B o6JiaCTII MaKCIIMaJibHOro TIOBpe)K)J,eHII51, II IIMeHHO B Hett, a He 

B o6JiaCTII MaKCIIMaJibHOH KOHUeHTpaUIIII aTOMOB reJIH51, npOIICXO)J,IIT 

3apo)K)J,eHIIe II pocT reJIIIeBbIX nop, YKaJbrnaeT Ha TO, qTo IIMeHHO B 

aMopcpHOH cpa3e, a He B KpIICTaJIJIIIqecKOM COCT051HIIII · KpeMHH51 npOIICXO)J,IIT 

npeIIMymecTBeHHOe HaKOruieHIIe )J,OCTaTOqHoro KOJIIIqecTBa aTOMOB reJIH51 )J,Jl51 

o6pa30BaHII51 reJIIIeBhIX nop. TTo-BH)J,IIMOMy, HaKoTIJieHIIe aTOMOB reJIH51 B a-Si 

o6ycJIOBJieHHO IIX JaXBaTOM Ha rpaHIIUaX HaHOKpIICTaJIJIIIqecKOH CTPYKTYPhl 

aMopcpHoro KpeMHH51. Ha aHOMaJibHO Bh!COKYIO TepMO)J,ecop6uIIIO reJIH51 II3 

KpIICTaJIJIIIqecKoro KpeMHH51 YKa3bIBalOT aBTOpbI [7], TIOJiara51 BbICOKYIO 

pacTBOpIIMOCTb B HeM aTOMOB reJIH51. 
K CO)KaJieHIIIO, HaCT051lll.IIe pe3yJihTaTbl He TI03BOJl51IOT KOHKpeTII3IIpoBaTb 

Te HJIII IIHbie npe)J,JIO)KeHHbie rnnoTe3bl ynop51)),0qeHH51 reJIIIeBbIX nop B 

KpeMHIIII II Tpe6YIOTC51 )J,aJibHeHIIIIIe 3KcnepIIMeHTbI II TeopeTIIqecKIIe 

npopa6oTKII. 

3aKJnoqeuue 
PeJyJihTaThl IICCJieJJ.OBaHIIH CTPYKTYPHhIX IIJMeHeHIIH B TOHKOH 

caMOHecymett KpIICTaJIJIIIqecKOH ruiaCTIIHKe KpeMHH51, o6nyqeHHOH IIOHaMII 

reJIH51 C 3Heprnett 17 K3B, TI03BOJI51IOT CJ].eJiaTb CJieJJ.yIOIUIIe Bb!BOJ].bl. 
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I. Haqano aMopcpII3aUIIII KpeMHH51 npOHCXO~IIT npII ypoBHe TIOBpe)K)J,eHH51 

3 CHa II HaqIIHaeTC51 B o6JiaCTII TIIIKa npocplUI51 K0HUeHTpaUIIII 

PMIIaUIIOHHbIX JJ.ecpeKTOB. 

2. renIIeBhle nopbI B npouecce o6nyqeHH51 npII KOMHaTHOH TeMnepaType 

3apo)K)J,a!OTC51 II paCTYT TOJlbKO B CJIOe aMOpcpHoro KpeMHH51. 

3. Pa3BIITIIe reJIIIeBOH nopIICTOCTII B CJIOe a-Si conpoBO)K)J,aeTC51 !IX 

yriop51JJ.OqeHIIeM KaK B TpeKax 3ap51)k:eHHbIX qacn1u, TaK Il B HanpaBJieHIIIl, 

nepneH)J,IIKYJI51pHOM K HMM. 

4. TT3M-HCCJieJ].OBaHH51 TIOKa3aJIIl HaJIIlqIIe B o6JiaCTil a-Si C reJIIIeBbI¥Il 

nopaMII IlOHHbIX TpeKOB J].HaMeTpOM OKOJIO 1 HM u JIHHettHOH IlJIOTHOCTblO 

OKOJIO 107cM•!. 
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