
Oli'hE)l;IIHEHHbl.H HHCTHTYT }l,ll;EPHLIX HCCJIE,ll;OBAHHH 

C- 6eG 

COXAU:KHll 
AneKcaH,n;p CTam1cnaaoa1111 

17-2002-179 

Ha npaBax pyKonHCH 

Y,ll;K 538.97 

PA,[l;HAQHOHHOE IIOBPE)K)J;EHHE KPEMHIDI 

HH3K03HEPfETHqECKHMH HOHAMH rEnIDI 

Cneunam,HOCTb: 01.04.07- q>H3HKa K0H):(eHCHp0BaHH0ro 
COCTOHHHH 

ABTOpecpepaT ,nllccepTaU,IUI Ha COllCKaHlle yqeHOH. CTeneHll 

Katt,nH,naTa <pll3llKO-MaTeMaTllqecKllX HayK 

.[(y6tta 2002 



Pa6oTa BbmonHeHa B fla6opaTOp1111 MepHbIX perucu11ii 11M. r.H.<l>nepoaa 
Ofrbe)lHHeHHOfO llHCnrryra MepHbIX 11ccne.noBaHllH, ,[(y6Ha 

HAYqHbIM PYKOBO,[(11TEnh 

)lOICT0p qm3HKO-MaTeMaTHqecKHX HaYK 

npoqieccop 

O<l>HUMAnbHbIE OITITOHEHTbI: 

.U0KT0p 4Jll3llKO-MaTeMaTHqecKHX HaYK 

npoqieccop 

PeyTOB B.<l>. 

3any)l(Hb!H A.r. 

.U0KT0P 4J113llKO-MaTeMaTHqecKHX HaYK 

rrpoqieccop bOH,napeHKO f.f. 

BE,Wll{MI OPf AH113AUIDI: focy.napcTBeHHbili HayqHbIH ueHTP 

Poccni!:cKoi!: <l>e,nepaun11 

11HCTHTYT TeopeTnqecKOH ll 3KCnepHMeHTaJibH0H cl>H3llKH 

3am1na C0CT0HTCH (( i )) 
7 

o~JM B ts-. 
Ha Jace)laHllll )lllCCepTauH0HHOfO C0BeTa D.720.001.06 npll 

Ofrbe,UHHeHHOM llHCTHTJTe a.nepHbIX 11ccne,nOBaHllH, no a,npecy: 

141980, r.,[(y6Ha, O61,e,n11HeHHb!H IIHCTHTYT j!J:lepHbIX nccne,noBaHHH. 

C ,n11cceprnunei!: M0)l(HO 03HaK0MHThCH B 6n6nnoTeKe OIDI11. 

AaTOpeqiepaT paJocnaH « 2 O» ~7,,e,,,f/j1../J._ 2002 r. 

YqeHbIH ceKpeTapb 

.n11ccepTauHoHH0fO COBeTa . ~ ,,,____,,_....._ 
KaH,UH)laT 4Jll311KO-MaTeMaTHqecKHX HayK ~ -- _ 

qacoa 

ITorreKO A.r. 

OEil{AJI XAPAKTEPI1CTI1KA PAEOTbI 

AKTVaJibHOCTb TeMhI 

I1oHHaH l!MnnaHTau1rn JUlillleTCJl 0,UHIIM 113 Ha116onee rrepcneKTl!BHblX MeTonoB K0HTp0-

n11pyeMoro BBeneHl!ll nernp)'KJIUIIX 3JieMeHT0B B rronyrrpoaonHIIKOBbie MaTep!!aJibl, rrpelK,Lle 

acero B KpeMHllii - OCHOBHOii MaTep!!aJI COBpeMeHHOii MHKp03JieKTp0HIIKH. ,[(JUI pemeHl!ll K0H

KpeTHbIX 3a,naq IIOHHOii MO.L1114ll!Kau1111 11cxonHhlX Kp!!CTaJIJI0B Si B HaCT0llIUee apeMJl yiKe Haii

neHbI 0IITIIMa.JlhHbie ycn0Bl!Jl o6nyqeHl!Jl, T11nbl ll 3Heprn11 qaCT111(. lll!!poKO 11cn0Jib3)'KJTCJl 110-

Hhl pa3Jil!qHbIX Xl!MllqecKl!X 3IleMeHT0B, Harrpl!Mep, II0HbI 3IleMeHT0B III II V rpyrrn (B, p, As, 

Sb) - .L1JU1 nernpoBaHIIJI Si 3neKTp11qecm aKTl!BHoii rrp11MeCh10; II0HbI Si II Ge - nn,r aMopqi113a-

111111 KpeMHllll; II0HhI C, N, 0 - .Llilll co3naH11Jl B KpHCTannax H30IlllP)'KJIUIIX cnoea; MeTann11qe

CKHe II0HbI, Harrp11Mep, Fe II Co - .L\Illl c03naHl!Jl rrpoB0.L\lll1(HX cnoeB. 

B nocne,L1Hee apeMJl rrpollBJUieTCll. 6onbmoii IIHTepec K Harr6onee nerKHM qaCT1111aM, Ta

KIIM KaK np0T0HbI II a-qacT111(hI. 3To o6ycnoaneHO TeM, ~o cero,LIHJl l!MelOTCJl naHHbie 0 rrep

cneKTl!BH0CTII !IX l!CIIOilh30BaHll!i .L1JU1 pemeHl!Jl pll,Lla BaJKHhIX IIpl!Kila.L\HbIX 3a,Llaq KpeMHHeBoii 

TeXH0JI0rHII, B qacTHOCTII, raJ0B0ro CKaJlbIBaHl!ll (TexHonorn,r "Smart-Cat") rrp11 rrpo113aoncTBe 

CTpYKTYP «KpeMHIIH-Ha-1130IlllTOpe», rerrep11p0BaHHJl HeK0HTp0il!!pyeMbIX np11Meceii II neq>eK

TOB 113 aKTIIBHOii 30Hbl rrp116opoa. BaJKHbIM 3IleMeHT0M. TexHonornqecKoro rrp11MeHeHl!Jl IlyqKOB 

nermx. II0H0B JlBJUieTCJl, Kp0Me Toro, nerK0CTb !IX nonyqeHl!ll II III!!pOKllii n11arraJ0H npo6eroa 

IIOHO~ (<>T 100HM no lMM) IIp!! BhIC0KllX ll!JTeHCHBHOCTJlX II0HHblX rryqK0B. 
' ' 

XoTJl rrepBbie 3KCIIep11MeHTbI ITO IIMIIJiaHTaun11 B Si a-qaCTll1( 0TH0CJlTCJl eme K 1952r., 

11ccnenoBaHl!Jl Pa.LlllaulloHHbIX 3q>q>eKTOB IIMIIJlaHTau1111 II0H0B reJil!Jl no HenaaHero BpeMeHI! 

Hoc11n11 3ITll3on11qecK11ii xapaKTep. Ilp11 011eHKe oco6eHHOCTeii panna11110HHoro rroapelK,LleHirn Si 

qaCT0 He yqHTbIBaJil!Cb HaK0IIJieHl!e II CB0HCTBa rrp11MeCH0ro reJil!ll, ero B3aHMoneiiCTBl!e C pa

n11au110HHhIMH neq>eKTaMII, a TaK,Ke p0Jib IIOHl:l3au1:10HHhIX rrpo11ecc0B. 

B rrocne,llHee apeMll, a ca,r311 c TexHonornqecK1:1M HHTepecoM, ocHOBHoii yrrop 11ccnenoaa

H11ii 6bIJI cnenaH Ha no1:1CK ycJIOBllii nm o6pa30BaHl!ll rrop1:1cnrx CJI0eB B Si C yno6HbIMH pa3Me

paM11 ll CTpyKTypoii. Ilpu 3T0M pan1:1au110HHO-HHnyrr1:1poBaHHbie npo11ecCbI rrpu l:IMlIJiaHTau1:111 

BhIC0KIIX no:1 He 0CTaJOTCJl no cyIUecrny He u3yqeHHbIMI!. B qacTH0CTl:I, OTCYTCTBYeT lI0Ka 06b

JlCHeH1:1e aHOMaJlbH0MY xapaKTepy pan1:1auH0HH0ro rroapelK,LleHllll Si 6oJibIIIl:IMH no3aMII 

a-qaCT1111, BbipaJKaIOIUeec,r B coxpaHeHl!ll rrpe11MymecrneHH0 neq>eKToB BaKaHCHOHHoro TIIIIa, a 

TaK)l(e B o6HapyiKeHHOii B03M0JKH0CTII aMOpq>ll3a1(1:11:1 Si a-qacT111(aMH rrpu KOMHaTHOii TeMrre

parype. IlpaKT11qecKH He uccnenoaan1:1cb ycnoa1:1,r B03Hl:IKH0BeHl:lll II TeMrrepaTYPHM cTa61:1Jih

H0CTb aMOpq>Hb!X CJI0eB a-Si : He, a TaKJKe rroaeneHHe aTOMOB He a HIIX. OTneJihH)'KJ rrpo6ne

MaTl:IKY COCTaBJIJllOT TaKJKe 3KCrrep1:1MeHTaJlhHbie MeTonw, II03B0JUIIOIUl:le 1:1ccnenoaaTb Ml:IKpo

CTpYKTYPHble 113MeHeHl!ll B Kpl:ICTaJIJiax KpeMHl:lll BO BCeM 3Hepren1qecK0M rrpoq>une pan1:1au11-

0HHOro rroapelK,LleHl!ll BnOJib rrpo6era IIOHOB. 

Il03TOMY rrpencraBJUieTCJl aKryaJlhHhIM KaK C HayqHoii, TaK ll C rrpaKTl!qecKoii ToqeK 3pe

Hllll, rrpoaeneHHe c11CTeMaT1:1qecK1:1X uccnenoaaH1:1ii, HarrpaaneHHhIX Ha BhlllCHeH1:1e oco6eHHO

creii q>OpM!!pOBaHl!ll 11 3BOJII01(1:1H neq>eKTl!oii CTpyKrypbI B Kpl!CTaJIJiax KpeMHl!ll B ycn0Bl!llX 

0,llHOBpeMeHHOii reHepauuu pa.LlllauHOHHblX neq>eKTOB 1:1 HaKOIIJieHl:lll aTOMOB reJil!Jl. 
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Uenb!O pa60Tbl l!Bill!IlOCb llCCne,noBaH!le 3aKOHOMepHOCTeii pa,n!laII!lOHHOro IIOBpelK,LleH!lll 

KpllCTannoB KpeMHllll: H113KO:mepreT11qeCKIIMll llOHaMII reJJ!lll np11 KOMHaTHOH TeMnepaType 06-

nyqeH!lll:. 

B COOTBeTCTBIIII C IIOCTaBJJeHHOH ueJJb!O pernanl!Cb cne,nyIOI.Illle 3a,naq11: 

1. Propa6oTKa 3KCIIep!lMeHTanbHOH MeT0,11IIKII IICCJJe,noBaHllll C IIOMOI.Ilb!O IIpOCBeq11BaI01.I1eii 

3JJeKrpOHHOH MIIKpOCKOIIIIII (I13M) MIIKpocrpyKrypHbIX ll3MeHeH!lH B Si B,110Jlb IIYT!l ,l1BIJ)KeHI1ll 

!IOHOB, BKJ110qa101.I1eii: na6opaTOpHyio TeXHIIKY IIpllroTOBJJeH!lll CaMOHecyl.IlllX T0HKIIX KpllCTan

J]!lqecKIIX IIJJaCTllHOK Si II !IX o6nyqeHIIJI B re0Merp1111 "cross-section"; MeT0,11bl pacqeTa KOH

ueHTpaIIIIOHHblX npoqmneii pacnpe,neJJeH!IJI pa,nllaIIIIOHHblX ,neqieKTOB II nernpoBaH!lll IIO rny-

6HHe B TOHKIIX MIIIIIeHJIX. TipoBe,neH!le cpaBHIITellbHOro aHanll3a pe3yJJbTaTOB, nonyqeHHblX C 

IIOMOI.Ilb!O 3TOH MeT0,1111KII, C Jl!lTepaTypHbIMII ,11aHHb!Mll C ueJJb!O Bbll!CHeH!lll: HayqHo

npaKTIJqecKIJX B03M0)KHOCTeii MeTo,na, rpaHIIII ero np11MeHI1MOCTII II B03M0)1(Hb!X apTeqJaKTOB. 

2. l13yqeH11e oco6eHHOCTeii qiopM11poBaHI1ll ,neqieKTHOH crpyKTypbl B Si B,110Jlb npo6era Hll3-

K03HepreT!lqecK!lX IIOHOB He+_ Y CTaHOBJJeH!le qJ113llqecKIIX ycJJOBllH Ml! aMOpqJ113aIIIIII Si 110-

HaMII He+ np11 KOMHaTHOH TeMnepaType II ero nocne,ny101.I1eii peKpllCTanJ1113au1111 IIpll OT)K!lre. 

3. l1ccne,110BaH11e oco6eHHOCTeii pa,n11an110HHO-llH,l1yrrllpOBaHHOfO qiopMllpOBaHllll II TeMnepa

TYPHOH CTa6!1JlbHOCTII ren11eBbIX nop B Kp11cTanJ111qecKOM II aMOpqJHOM Si. 

HayqHaJI HOB!l3Ha pa60Tbl onpe,neJJJieTCll cne,nyIOI.IlllMII HaH6onee Ba)l(Hb!Mll pe3yJJbTaTaMII: 

1. Propa6oTaHa IIpllHIIIIIIllanbHO HOBal! I13M-MeT0,111lKa, II03B0Jlll!OI.Ilal! IICCJJe,noBaH!le MIIK

pocTpyKTYPHbIX 113MeHeHllH B o6nyqeHHblX Kp!ICTanJJax nonynpOB0,11HIIKOB B,110Jlb BCero IIYTII 

,11BIJ)KeH!lll Hll3K03HepreT11qecKIIX IIOHOB. 

2. I1oKa3aHa Heo6xo,1111MOCTh yqern napaMerpa o6nyqeH!lll K, paBHOro OTHOIIIeH!l!O CKOpOCTII 

reHepaII!lll ,neqieKTOB K CKOpOCTII HaKOIIJJeH!lll aTOMOB He (cMeUJellUU I amoM He), ,11Jlll: 061,l!C

HeHllll pa,n11au110HHbIX 3qJqJeKTOB B Si np11 IIMIIJlaHTal!IIII IIOHOB He. 

3. B TepMl!Hax napaMeTpa K II ,1103bl llMIIJlaHTaIIllll reJJ!lll (NHe, am.%) nonyqeHO qJ113llqecKoe, 

061,llCHeH!le pa,nllal!IIOHHO-IIH.11YII11pOBaHHOH aMOpqJ113aIIIIII Si Hll3K03HepreT!lqecK!lMll 

a-qacT!IIIaMII IIpll KOMHaTHOH TeMnepaType. 

4. BnepBbie o6Hapy)KeH 3qJqJeKT ynopll,noqeHHOr0 paCIIOJJO)KeH!lll: ren11eBbIX IIY3blpbKOB B IIM

IIJJaHTllpOBaHHOM reJJ!leM aMOpqJHOM Si; YCTaHOBJleHO, qTQ HanpaBJJeH!le ynopll,noqeH!lll ny-

3bipbKOB 3aBIICIIT OT HanpaBJJeH!lJI IIyqKa llOHOB He. 

5. BnepBbie o6Hapy)KeHbl JlllHeHHbie 0,11HOHanpaBJJeHHbie oco6eHHOCT!l B 30He pa,n11aII!lOHHO

ro IIOBpe)K,neHllll Si, ,111laMeTpOM OKOJJO 1 HM, op!leHTllpOBaHHble B HanpaBJJeHIIII nyqKa IIOHOB, 

KOTOpb!e llHTepnpeT11poBaHbl HaMII KaK ((IJOHHbie rpeKIJ)) OT Hll3K03HepreT!lqecK!lX a-qaCTllII. 

6. y CTaHOBJJeHa 3aBIICIIMOCTb 3B0Jl!Ollllll nop (poCT nop, !IX OT)Kllr, ,l1BI1)KeH11e nop) OT CKopo

CTll nocnepa,nllal!IIOHHOro HarpeBaHIIJI. 

7. BnepBbie CllHTe311pOBaHbl HaHOKpllCTanJJbl Si B nop11CTOM pa,1111arr1JOHHO-llH,l1yrr11poBaHHOM 

aMopqiHoM CJJoe a-Si : He. 
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TipaKT11qeCKal! ll HaV'!Hal! ueHHOCTb pa60Tbl 

B pa6oTe pa3BllT npHHIIllnllanbHO HOBblH MeTO,n I13M-aHan!l3a pa,n11arr110HHO-IIH.11YIIllPO

BaHHblX CTPYKTYPHblX ll3MeHeHIIH B KpllCTannax KpeMHllll B,110Jlb npo6era IIMnJJaHTllpyeMblX 

IIOHOB. ~aHHblH MeT0,11 MO)KCT 3qJqJeKTIIBHO llCnOJJb30BaTbCJI B TeXHOJJOrlJqecK!lX JJIIHIIJIX Ml! 

3KCnpeccHoro KOHTPOJlJI 3a,11aHHblX napaMerpOB crpyKTypHbIX oco6eHHOCTeii Kp11CTanJJOB B 

npouecce IJOHHOH llMnJJaHTaIIIIII. 

I10Ka3aHa npllHl!llII!lanbHal! B03MO)KHOCTb 11cnOJJb30BaHIIJI JJerK!lX IJOHOB ,11Jlll: qiopMllpOBa

HIIJI aMOpqJ!l30BaHHblX CJJOeB B Kp11crannax KpeMHllll. 

Pean1130Ballbl ycJJOBllll qiopM!lpoBaH!lll Bb!COKOH KOHIIeHrpau1111 HaHOpa3MepHbIX KpllCTan

JJOB Si B aMopqiHoii Marp11ue a-Si: He. 

Pe3yJJbTaTbl pa60Tbl ,11aIOT IIHqJOpMaIIIIIO ,11Jlll: nOHl!MaH!llI qJll31JqecKIIX npllHII!lnOB CrpyK

TYPHbIX ll3MeHeH!lH, npoTeKalOI.IIIIX B KpllCTanJJax np!l O,!{HOBpeMeHHOM o6pa30BaH!III pa,n11arr11-

0HHblX .11eqieKTOB ll HaKOnJJeH!lll Bb!COKOH KOHIIeHrpaIIIIII reJJllJI. 

OcHOBHble nOJJO)KeH!lll IlllCCepTaUllll, BbIHOCIIMbie aBTOpOM Ha 3a1.I111Ty: 

1. Mern,1111Ka I13M-llCCJJe,noBaHllll p3,!{llaIIIIOHHO-IIH.11YIIIIPOBaHHblX crpyKTypHb!X ll3MeHeH!lH 

B KpllCTanJJax nonynpOB0,11HIIKOB B,110Jlb npo6era ycKopeHHblX IIOHOB. 

2. 3K<;rrep11MeHTanbHble ,naHHbie no aMOpqJ113ailllll KpeMHIIJl: llOHaMII reJJ!lJI np!l KOMHaTHOH 

TeMneparype o6nyqeHllll. 

3. 3Kcnep11MeHTanbHbie ,11aHHble no BJJIIJIHIIIO OTHOll!eHIIJI CKOpOCTII reHepaIIllll ,neqieKTOB K 

CKOpOCTIJ HaKOIIJleH!lll reJJ!lJI B KpeMHllll Ha CTPYKTYPHOe COCTOJIH!le aTOMOB He B KpllCTan

J]!lqecKOH perneTKe Si B COCTaBe reJJIIH-BaKaHCllOHHblX KOMnJJeKCOB l!Jlll B Terp33,np11qecKI1X 

Si-MelKJIOY3JJ!lJIX. 

4. 3KcnepHMeHTanbHbie ,11aHHbie no 3qJqJeKry ynopl!,noqeHIIJI ren11eBblX nop B,110Jlb rpeKOB Hll3-

K03HeprCT!lqecKIJX llOHOB He B aMOpqJHOM KpeMHllll, HaCbll.IleHHOM reJJ!leM. 

CTpyKTypa .[{IICCepTaUllll. ~11ccepTaIIllJI COCTOIIT 113 BBe,neH!lll, 6 mas, 3aKJJIOqeHllll: ll cn11-

cKa JlllTeparypbI, BKJl!OqaIOI.Ilero 113 Hal!MeHOBaHllll. Pa6orn 113JlO)KeHa 11a 125 crpaHIIIIax, co

,nep)KIJT 53 pHCYHKa II 5 rn6n11u. 

Anpo5aUIIll pa50Tbl. OcHOBHbie pe3YllbTaThl pa50Tbl ,110KJla,11bIBanl!Cb Ha 4 MelKJIYl!apo,nHblX 

KOHqiepeHIIIIJIX: VI International School-Seminar on Heavy Ion Physics (Applied Physics 

Research Workshop), JINR, Dubna, Russia, 1997; Ion implantation and other application of ions 

and electrons ION 2000, (Ka3IIMe)K ~OJJbllbI, Tionhrna); I-st International Congress on Radiation 

Physics and. Chemistry of Condensed Matter, High Current Electronics, and Modifications of 

Materials with Particle Beams and Plasma Flows, ToMcK, PoccIIil, 2000; 4 MelK,LIYffapo,nHhIB 

YpanbCKIIH CeMIIHap «Pa.n11arrIIOHHal! qlll3IIKa MCTanJJOB II cnJJaBOB» C11e)KIJl!CK, PocCIIJI, 2001r. 

I1y5JJIIKaUIIII. Marep11an ,1111cceprarrII11 II3JJO)Kel! B 2 CTaTbll:X B peqiepIIpyeMbIX HayqHblX 

~Hanax, B 3 npenpllHTax O5oe,11IIHe1111oro IIHCTIITYTa ll:,11epHblX IICCJJe,!{OBaH11ii: B 3 ny5JJIIKa

IIIIJIX B c5opHIIKe "Heavy Ion Physics" Jla6oparnp1111 JI,11ep11brx peaKII11ii HM. r.H. «llnepoBa 

OIUIH II B 2 CTaThllX, Hanpasne1111brx B ny6n11KaIIIIIO. 
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co,n:EP)I{AHHE PA6OTbI 

TiepBIDI rJiaBa HOCHT ofoopHblll xapaKTep. B Heii npe.ncTaBJieHbl OCHOBHb!e 3KCIIepHMeH

TaJ!hHb!e II TeopeTH'IeCKHe CBe,neHIUI O IIpOIJeccax B3al!MO,neiicrnm1 ycKopeHHhIX IIOHOB C KpH

CTaJIJiaMI! KpeMHIIJI B 3aBl!CIIMOCTII OT THna II 3Hej:Jr1111 6oM6ap.nHpYJOll.lllX 'laCTlllj. PaccMOTpe

Hhl KaK BKJia.l{ pa3Jill'!Hh!X KaHaJIOB IIOTepb 3Hepr1111 IIOHOB B pa,nHaljl!OHHOe IIOBpeJK.QeHl!e KpH

CTaJIJIOB, TaK II TIIIIhl o6pa3YJOll.{IIXCJI pa,nHal.{IIOHHhIX .neq>eKTOB. lf3 cpaBHeHHJI pa,nHal.{IIOHHhIX 

3q>q>eKTOB OT pa3JIH'lHhIX TIIIIOB IIOHOB BhlBO.l{HTCJI MeCTO Hll3K03HepreTH'leCKIIX IIOH0B reJIHJI. B 

o6meii Kapnrne B03.l{eHCTBIIH IIOHOB Ha CTpYKTYPY Si. Tip!!B0.l{JITCJI B03M0)1{Hb!e KpHTepHH II 

MeXaHH3Mbl pa,nHaljHOHHO-IIH.l\YIJHpOBaHHOH aMOpq>H3aljl!ll rnep,nhIX TeJI II KpeMHIIJI B.'laCTHO

CTH. AKIJeHTHpyeTCJI BHIIMaHl!e Ha HeperneHHh!e BOIIpOChl, Kac;ruom11ecJ1 CIIeljl!qlH'leCKHX 

CBOHCTB aTOMOB reJIHJI KaK npHMeCH II IIX B03MO)KH0li pOJIII B pa,nHaljHOHHOM IIOBpeJK.QeHHil .Si. 

Bo BTOpoii rnaBe paccMOTpeHbl BOIIpOChl MeTO.l{H'leCKOro xapaKTepa . 

B II.2.1 o6oCHOBaH Bb!6op IICIIOJih3yeMoro B pa6oTe MaTepHaJia, B Ka'lecrne KOTOporo 6bm 

B3JIT MOHOKpHCTaJIJIH'leCKIIH KpeMHllll MapKH K,n:6-10 (100), KaK y,noBJiernopJ1rom11ii OCHOBHh!M 

npe.l{l,JIBJIJleMb!M Tpe6oBaHl!JIM: HH3KOH (MaJioii) KOHijeHTpaljl!JI co6ci;BeHHhIX .neq>eKTOB; B03-

MO)KHOCTH 3JieKTpOXIIMl!'leCKOii o6pa60TKII C IjeJib!O IIpHroTOBJieHHJI 113 Hero o6beKTOB .l{JIJI 

TI3M; .l{OCTYIIHOCTH MaTepHaJia; B03MO)KHOCTH q>OpM!!pOBaHl!JI B o6pa31Jt; CKaJ!h!BaHHeM B_3aHM

HO nepneH,nHKYJillpHblX KpHCTaJIJIOrpaq>H'leCKIIX IIJIOCKOCTeii, HaIIpHMep, (100) H (0IJ) .. -

B II.II.2.2-2.4 IIpHBe,neHO OIII!CaHHe MeTO,na «IIpO.l{OJihHOro Ce'leHHJI», IIpe.l{Ha3Ha'leHHOro 

.l{JIJI myqeHHJI c IIOMOll.{h!O TI3M CTpYKTYPHhIX H3MeHeHl!ll B o6ny'le.HHh!X o6pa3IJax B.l{OJih BCe

ro npo6era 6oM6ap,nHpyIOll.{IIX IIOHOB. B OTJ!ll'll!e OT IIIHpOKO IICIIOJih3yeMOTO TI3M-Mem.na 

"nonepe'!Horo ce'leH11J1" (XTEM), BKJIIO'laIOll.{ero :.irnnhi: o6nyqeHHe ➔ npenapHpOBaHHe o6b

eKrn .l{JIJI TI3M ➔ TI3M-Hccne.noBaHHe, pa3B11Thifi ·HaMH Mem.n BKJIIO'laeT npmIIJHIIHaJihHO 

.npyryIO IIOCJie,noBaTeJibHOCTh 3TaIIOB, a HMeHHO: npenapHpOBaHlle TI3M4l6beKTa -➔ o6nyqe- • 

HIie ➔ TI3M-I1ccne,noBaH11e. TaKHM 06p<!30M, no .naHHoii MeTO.l\HKe, TI3M.:__Hccne,noBaHHe 

npOBO.l{HJIOCh Henocpe.ncrneHHO cpa3y IIOCJie o6ny'leHl!ll. 

O6pa3Uhl .l{Jlll o6ny'leHl!ll H TI3M-HCCJie.l{OBaHHll ITO MeTO.l{l!Ke "npO.l{OJihHOro ce'!eHHll" 

(PHc. l) npe,nCTaBJIJIJIII co6oii TOHKI!e CaMOHecym11e IIJiaCTHHKII Si (001) C Kp1!CTaJIJIOrpaq>11'le

CKHM KpaeM-TOPIJ0M (IIJIOCKOCTh!O (110)), TOJill.{IIHOH t B IIHTepBaJie IIX np03pa'IHOCTH .l{Jlll 3JieK

TpOHOB· B IIpOCBe'lHBaIOll.{eM. 3JieKTpOHHOM .M!!KpOCKOIIe (T.e., t < 300HM). ,[(aHHhie o6pa3Ijbl 

IIpllrGTaBJIIIBaJ!l!Cb ll3 HCXO.l{HhIX 4x4x0.35MM Si(lO0) 'll!IIOB 3JieKTpOXllMH'leCKIIM CTpyii.Hb!M 

ymHeHHeM II nocne.nyiomHM q>OpMHpOBaHHeM Ha HIIX (110) Topna. TOJill.{l!Ha o6pa3!l0B ·KoH

TpOJIHpOBaJiaCb ll3MepeHHeM B OIITl!'leCKOM MHKpOCKOIIe HHTepqiepeHijllOHHhIX IIOJIOC paBHOii 

TOJill.{l!Hhl. .D:nll O'll!CTKH 11 .noymHeHl!ll o6pa3IJOB IIpl!MeHl!JIOCh IIOHHOe pacm,meHl!e. · 

O6nyqem1e TOHKIIX Si IIJiaCTIIHOK IIOHHh!M nyqKOM. npOBO.l{IIJIOCh B HanpaBJieHl!II IIX 

(110)-mpna, lIBJilIIOll.lerocl! 60M6ap.n11pyeMoii nqBepxHOCTJ,IO (cM. P11c.1), B )'..Cniiii11llx cTporoii 

KOJIJil!Maljl!ll nyqKa C neJib!O 3KpaH11poBaHl!ll 6oKOBh!X (I 00)-IIOBepXHOCTeii IIJiaCTIIHOK ·oT 06-

nyqeHl!ll. Dhilla npe,nyCMOTpeHa B03MO)KHOCTh HaKJIOHHO~ 
0

na_,neHl!ll II)"IKa. HOJ._10B Ha 60M6ap

.n11pyeMyIO noBepXHOCTh IIO.l{ yrnoM a (B IIJIOCKOCTII IIJiaCTIIHKII). 
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P11c. l. CxeMa o6ny'leHl!ll II Hccne.noBaHllll 

n TI3M TOHKOH CaMOHecymeii IIJiaCTIIHKII 

Si no MeTO.l{l!Ke «npo,nOJihHOro ce'!eHl!ll». 

.D:nll anpo6au1111 MeTO.l{IIKII np11MeHl!Jil!Ch J)a3Jill'!Hb!e nyqK11: IIOHOB c+ II w C :mepmeii 

E = 40K3B; HOHOB He+ (17K:.iB) 11 Ar8
+ (136K3B) 113 11cm'IHl!Ka 3~P DECRIS-14-2 (JUIP 11M. 

r.H.<l>nepona OIDIH), a TaK)Ke 110HOB J<r2o+ c E = 210M3B IJIIKJIOTpOHa Y400 (JUIP OIDIH). B 

coorneTcrn1111 c IJeJihIO pa6oThI 11cnoJih30BaJICll Macc-cenap11ponaHHhlii nyqoK 110H0B He+ (E = 
17K3B), IIHTeHCIIBHOCTh!O 2· 10

14
cM-

2
c-

1
• O6nyqeHHe o6pa3IJOB (TOHKIIX Si IIJiaCTIIHOK) npoBO

.l{IIJIOCh KaK B mpen (PIie. I), TaK II B nnattapHoii reOMCTpllll. Bo Bcex 3KCIIepHMeHTax paC'leTHIDI 

TeMneparypa o6JiaCTII nonpeJK.QeHHJI TOHKOH Si MHIIIeHH. He npeBb!IIIaJia 40°C. 

Pac'leT pa.u11au110HHOro noBpelK!leHHll KpHCTaJIJIOB Si IIpOBO.l{l!JICll l:YTeM Bhl'lllCJieHHll pac

npe.neneHllll nepBH'lHO Bb!6HThIX aTOMOB Si (TIBA) ITO IIX 3HepmH (T1) II ITO rny6HHe (x) OT 

6oM6ap,nHpyeMoii IIOBepXHOCTH. B pac'!eTax IICIIOJib30BaJIIICh ll3BeCTHhie 3Ha'leHl!ll .l{JilI Si: To "' 

2.5K3B - rpaHl!Ija cymecTBOBaHllll ((JII!HeHHblX)) KaCKa.l{OB II To "' 5K3B - .l{l!HaMH'leCKllll nopor 

o6pa30BaHllll CKOIIJieHHH .neq>eKTOB B KaCKa,nax aTOM-aTOMHhIX CTOJIKHOBeHHH • .D:Hq>q>epeHIJH

aJ!hHb!e ce'leHHll paccel!HHll dcrldT = f (E, 1) .llJilI pa3JIH'lHhIX 3Hepmii HOHOB E Bhl'lHCJil!JIHCh Ha 

KOMIIhIOTepe C IICIIOJih30BaHHeM noTeHljllaJia Me)KaTOMHOro B3al!MO.l{eiiCTBllll BHJICOHa

XaITMapKa-EHepcaKa (BXE). 

Pac'!eThl .l{JilI Hll3K03HepreTH'leCKIIX (E = 20K3B) IIOHOB He IIOKa3aJIH, 'ITO B pa,nllal.{IIOHHOM 

IIOBpeJK.QeHHII Si yqaCTBYJOT KaCKa.l{hl OT TIBA C 3Hepml!Mll T1 > 5 K3B, B KOTOpb!X Moryi: o6pa-

30BbIBaThCll KJiaCTephl .neq>eKTOB. O.nnaKo, renepal.{Hll TaKHX KaCKa.l{OB IIpOHCXO.l{IIH B Ha'laJih

HOM yqacTKe npo6era IIOHOB II orpaHH'leHa IIpHnOBepXHOCTHOH 30HOH o6pa3na TOJill.{IIHOH Me

Hee 0.lMKM . .D:aJiee ITO npo6ery IIOHOB pa,nHaljl!OHHOe IIOBpeJK.QeHHe KpllCTaJIJia o6ycJIOBJieHO 

renepauHeii TOJihKO nap <l>peHKeJill. 

Tipo<bHJIII pa.uHaUHOHHOro IIOBpelK!leHHll II nempoBaHl!ll ITO npo6ery HOHOB B o6nyqeHHb!X 

o6pa3IJax Si Bhl'll!CJIJIJII!Ch Ha KOMIIhIOTepe C HCIIOJih30BaHl!eM nporpaMMhl SRIM-98, paCC'lll

Th!BaJOll.{eii 6aJIJIIICTH'leCKOe .l{Bl!)KeHHe 60M6ap.n11pyIOll.{IIX IIOHOB, a TaK)Ke nporpaMMhl, pa3pa-

6oTaHHOH HW.fll .l{JilI paC'!eTa BJII!l!Hllll paccel!Hllll IIOHOB II aTOMOB OT.l{a'll! ll3 TOHKOH ITJiaCTHHKH 

npH ee o6nyqeHHII B Topen. C noMOll.{h!O '.!TOH nporpaMMhl yqHTh!BaJ!l!Cb co6hITIIll ynpyroro 

paccel!Hllll 'laCTIIIJ B.l{OJih IIOHHhIX TpaeKTop11ii. (Mo,nenHpOBaHHhIX SRIM), npOHCXO.l{Jlllllle TOJih

KO B o6beMe o6pa3na, orpaHl!'leHHOM ero 6oKOBh!Mll IIOBepXHOCTl!Mll u MaKCllMaJ!hHOH rny6u

HOH npo6era qacTHn. 3HIDI TOJill.{HHY IIJiaCTllHKll ( c noMOIIlb!O COOTBeTCTBYJOll.{IIX MeTO.l{OB on-
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TifieCKOii IIJIB 3JieKTpOHHOii MIIKpoCKOIIllll ), 6bllll paCC'IIITaHbl rrpo4>1IJI11 PMllfil\lIOHHbIX JJ;e-

4>eKTOB II nernp)'IOI.IUIX aTOMOB !IO HarrpaBJieHIIIO J];BlllKeHIIJI qaCT!ll.\ !l peaJibHbIX IICCJieJJ;yeMbIX 

TOHKIIX o6pa:n:(ax. 

Ha P11c.2 IIOKa3aH pe1ynhraT Bbl'lllCJieHIIJI rrpo4>11neii KOHI:(eHTpfil\llll rrap <l>peHKeJIJI CJ_x, t) 
11 BHeJJ;peHHbIX aTOMOB reJIIIJI NHe.(X, t) B IIJJaCTIIHKax Si pa3HOii TOJII.IUIHbl t;'o6nyqeHHbIX a TO

pell IIOHaMII He+ C 3Heprneii 17K3B. B Ka'!eCTBe eJ];IIHIII.\ ~errenup~mui110HH0ro .IIOB_pe)KJ];e

Hllll IICIIOJib30BaJIIICb 0611.1errp1IHJ!Tble eJ];IIHIIl.\bl C.MeUJeHuiilamoM (Clla). KaK BIIJ];HO, rrpll TOJI

II.IIIHe IIJiaCTIIHKII 6onee lMKM (- 4-(Rp), rJJ;e (Rp) - cpeJJ;Hllii rrpoeKT!IBHblii rrpo6er II~HOB He+) 

o6a rrpo4>11JIJ1 HJ];eHTII'Illbl aHaJIOI1f'IHblM rrpo$IIJIJIM B MaCCIIBHOM 06pa31.1e (KpIIBbie 1 na PIIc.2). 

OJJ;HaKO, C YTOH'leH!leM IIJiaCTIIHKII Ha6JIIOJJ;aercJI IIOHlllKeH!le rrpo4>11neii, KaK JJ;e$eKTOB, TaK II 

IIMIIJiaHTIIpOBaHHblX aTOMOB He. IlpII 3TOM rrpo$IIJib KOHl.\eHTpfil\IIJI BHeJJ;peHHOro reJIBJI C 

YTO~'leH!leM IIJiaCTIIHKII IIOHII~aercJI 6hi:Tpee, '!eM KOHl.\~H~al.llIJI 'reHep11pyeMbIX JJ;e$eKTOB. 

AHanor11'IHqe rroBeJJ;en11e IIMIIJiaHTfil\lIOHHhIX rrpo$IIneii na6n10JJ;aercJ1 11 B cnyqae rrnanapHoro 
, - . . ' 

o6nyqeHIIJI TOHKOii IIJiaCTIIHKII, rrpIIMep Bbl'IIICJieHIIJI KOTOporo rrpeJJ;CTaBJieH na PIIc.3. 

TaKIIM o6pa30M, 6b!JIO YCTaHOBJieli:o, 'ITO IIpllMeHeHIIIO TOHKHX o6pa31.\0B B 3KcrrepIIMeH

Tax KaK !IO MerOJJ;IIKe «rrpoJJ;OJibHOro ce'leHHJI», TaK II C IICIIOJib30BaJmeM IIJiaIIapnoro o6nyqe

Hllll, no cpaaHeHIIIO c o6nyqenIIeM MaCCIIBHLIX 061,eKToB, COIIYTCTB)'IOT 34>4>eKTu1: ao-rrepBbIX, 

MeHhmIIe A03a rroapelKJ];eHIIll (Cd) II JJ;03a nernpoBaHIIJI (NnJJUMecu) J];JIJI 33,IJ;aHHoro 4>moeH:a 6oM-

6apAII}J)'IOII.IHX IIOHOB, BO-BTOpbIX, yaeJI!l'leH!le OTHOilleHIIJI CKOpOCTII reHepa11ri11 JJ;e$eKTOB 
• - • ... • • • J .' .. 

(Cd) K CKOpOj:TII BBeJ];eHIIJI nernp)'IOII.IIIX aTOMOB ( N flpHMCCK ), orrpeJJ;eJIJIIOll.leroc~ B ~nyqae IIOHOB 

He rrapaMeTpOM K = cd/ N He (B eJ];. «'IUCJIO CMeU/eHuiilamoM zeJ1UJ1»). 

Ha PIIc.4 IIOKa3aHO ll~MeHeH!le rrapaMCTpa K BJJ;OJib rrpoeKTIIBHOro rrpo6era IlOHOB (x) B 

IIJiaCTIIHKax Si, pa3JIII'Il.lOH TOJII.IUIHbl, o6nyqeHHblX IIOHaMII He+ (17 K3B) B Topel.I (a) 11 B IIJia

HapH<iii reoMCTpHH ( 6). KaK BHAHO, BeJIH'!HHa K 311a'!1ITeJibHO yaenH'IIIBaercJ1 B 06pa:J1.1ax, co-

111MepHMbIX !IO TOJill.lll!le co cpeJJ;HIIM rrpoeKTIIB!lblM rrpo6eroM IIOHOB (Rp)- HarrpHMep, Ha rny-

6HHe npo6era IIOHOB 15011M, COOTBCTCTB)'IO:J..(eii o6JiaCTII C HaJI60Jibmeii CKOpOCTblO reHepa11IIII 

TO'!e'!Hb!X JJ;e$eKTOB B Si, BeJIII'IH!la KB Ma~CIIBHOM 06pa31.1e (;.e., c f » (Rp)) COCTaBJIJ!er 70 . . 
(cMeUJeHuiilamoM Ze.!IUJ!), a TO BpeMll KaK_B o6nyqaeMoii a Topel.I TOIIKOli rrnaCTIIHKe, TOJlll.lHHOli 

t = 200HM, K = 120, a rrp11 t =100HM K = 230. ~aHHblii 34>4>eKT IICIIOJib30BaJICJI B HaCTOJlll.leii 

pa6oTe J];JIJI IICCJieJ];OBaHIIJI BJIIIJIHIIJI BeJIII'lllllbl rrapaMCTpa K na PM~fil\lIOHHOe IIOBpe~eHHe 

KpeMHllll IIOHaMII He. . 

Arrpo6a1111J1 MeTOllIIKII "rrpOJJ;OJibHOro. ce'!eHIIJI" rrpoBOAflJIOCb flYTeM cpaaneHIIJI Pe3YJib

TaTOB, nonyqeHHblX 3TIIM MCTOJ];OM, C YlK!! II3B(?CTHb!Mll II3 JI!IrepaTYPbI _J];aHHblMII no IICCJieJJ;O

BaHIIJIM TpaJJ;lll.\lIOHHblM MCTOJ];OM "cross-section" (XTEM). Pe3yJibTaTbl CTpYKTYPHblX 

I13M-IICCJieJ];OBaHIIii Si o6pa31.\0B, o6nyqeHHblX l!Oll~ll yrnepoJJ;a II a30Ta C 3Heprneii 40K3B, a 

TaKlKe IIOHaMll aproHa (136K3B) B IIHTepBaJie 4>moeHCOB 1015 ~1016
cM-2

, IIOKa3aJIII, 'ITO B ycno

BIIJIX o6nyqeHHJI TOHKIIX rmaCTIIHOK (t = 120 +160HM) IIOHHblM rryqKOM a TOpe1.1, 4>opMHPYIOTCJ1 

Ka'!eCTBeHHO re lKe CTpYKTYPHble oco6eHHOCTII (CKOIIJieHIIJI JJ;e4>eKTOB, aMOp$Hbie CJIOII, JJ;e$eK

Tbl KOHi.ia rrpo6era, II T.II. ), 'ITO II B cnyqae o6nyqeHIIJI MaCCIIBHblX Si 06-beKTOB. 

6 

25 a 

6 

::R 0 

~ 
Cll 

100 200 300 400 100 200 300 400 

rnyfa1Ha x, HM rny61-1Ha X, HM 
P11c.2 PHc.3 

P11c.2. Pac'leTHbie rrpo$IIJIII KOHI.1ellTpfil\llll pa,ii;11a1.11IOJ.IHblX JJ;e$eKTOB Cd (a) II aTOMOB reJIHJI 

NHe (6) no rny611ne (x) B TOHKOH rrnaCT!IHKe KpeMHIIJI, 06nyqe1111oii IIOHaMll He+ (E =17 K3B) 

B reoMCTpllll "cross-section", JJ;03oii 1017 cM-2
• 

1 - «Macc11BHbIH» 06paJe1.1 Si, TOJIII.IIIHOH t > lMKM. 

2,3, .•• ,7 - 'IInaCT!IHKII Si TOJIII.IIIIIOH t = 500,200, 150, 120, 100 II 80 HM COOTBeTCTBeHHO. 

P11c.3. PacqeT npo4>11neii PMIIfil\llOHHOro IIOBpelKJJ;eHHJI (a) II nernpoBaHHJI aTOMaMll reJIIIJI (6) 
TOIIKHX nnaCTIIHOK Si rrp11 HX IIJiaHapHOM 06nyqeH1Ill lIOHaMII He+ (l 7K3B), J];030H 5-10 16-cM-2

• 

1,2,3,4 - ToHK!le IIJiaCTIIHKII Si, TOJIII.IIIHOii t = 100 , 150, 200 II 250 HM COOTBCTCTBell!IO. 

5 - MaccIIBHhIH (t > lMKM) 06paJe1.1. 

<I> 
I 
::. 
~ 3 
~ ,::, 
::, 
:i: 2 

f 
0 1 
0 
0 

a 

,,: 0L., .. ,, .. , .. , ,~~3 .. , 1 ed 
50 100 150 200 250 300 350 

rny61-1Ha X, HM 

PHc.4. l13MeHeHIIe rrapaMCTpa K = cd/ N He 

50 100 150 200 250 

rny61-1Ha X, HM 

!IO rny6IIHe (x) B MaCCIIBHblX KpeMHIIeBbIX 

06pa31.1ax (1) 11 B IIJiaCTIIHKax Si, TOJIII.IIIIIOH 200 HM (2), 150 HM (3), 120 HM (3) II 100 HM (4), 
IIpll !IX o6nyqeH!lll IIOHaMII He+ (17 K3B): 

a) - B TOpe1.1; 6) - B rrna11apnoii reoMCTpHII. 
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1111'repBaJibl ,1103 06.rrycreHIUI ,nJlll tt,opMUpDBlllUUI 3THX oco6eHHOCTell B TOHK0M KpH<:'TIIJIJie IIpaK

mqecKH aHaJI0rwIHbI c.rrycraio 06nyqeHHJ1 MaccuBHbIX o6pa3qOB. B qacTHocm, Il3M uccne,110-

BaHUllMU 6b!JIO yCTal!0BJieHo: 

YpoBeHb ,1103 II0Bpe)l(.zlel!HJI KpeMHHJI ,nJlll ero aMoptt,H3aJJUU rrpu llMIIJlaIITill.{UH H0H0B YT
nepo.z1a H a30Ta C0CTaBJllleT C00TBeTCTBe11110 0K0JI0 0.8 H 0.7cna. 

11MIIJlal!Tallllll B Si 6onee qeM laT.% a30Ta Bbl3bIBaeT HH0e CTpYKTYPH0e C0CTOllHUe 

aMoptt,Horo KpeMHHll, B03M0)1{110 o6ycnoBJieHHOe rrpeBpa!lleHHeM ero B aMoptt,Hblll paCTBop 

a-SiNx. Ornmr HMrrna11mpoBaHHoro a30TOM (,110 2.5aT.%) cnoll aMoptt,Horo Si rrpH n:Mrrepary

pe 1100°C Bbl3BaJI ero II0JIUKpHCTaJIJIUqecKyio peKpHCTaJIJIH3a!JllIO, xapaKTepH3YJOillYJOCll o6-

pa30BaHHeM B cnoe 0T,lleJibHbIX KpHCTaJIJIHqecKHX 3epeH 4'a3bl a-Si3N4. 

JJ:ma II0Bpe)l(.zleHHll Si, Heo6XO,llHMal! ,nJlll ero aMoptt,H3aJJHH H0HlJ!dU aproHa (136K3B), co

CTaBJllleT 0K0JI0 0.2cna rrpu tt,moeHce U0H0B 10
15

cM-
2
• Ilocne o6nyqeHHJI ,ll030ll 10

15
cM-

2 
H 110-

CJiepa,11ttaquoHH0ro 0DKura rrptt 1000°c B TeqeHHe 5MUH B HMIIJial!THp0BaHH0M aproH0M cnoe 

o6pa30BaJIHCb raJ0Bbie ITy3blj)bKU ,llUaMeTp0M 3 - 1 OHM. 

MelKtt,a3Hal! rpa11ttqa KpUCTaJIJIHqeCKoro H aMOptt,Horo Si, nernpoBaHH0ro H0ilaMH a30Ta, 

rrp0llBHJia CHJibIIYJO rerrepupy10myio crroco6HOCTb 110 0TH0IIIeHHIO K Pa.zlHaJJH0I!Ilb!M ,11e4>eKTaM 

(reHepttpyeMb!M 11epeo6nyqe1meM Si H0I!aMH He). B TOlKe BpeMll, rpaimqa aMOptt,Horo CJI0ll, 

ctt,opMHpOBaJIHOro 06.rrycreHHeM XUMHqecKU m1epT1ib!MU H0I!aMH aproHa He rrp0llBHJia aHaJI0-

ruqHoro CBOHCTBa. 

YqlfTb!Bal! ,ll0CTaTQqH0 Bb!C0KYJO 34'4'eKTHBIIOCTb, rrpocrnty H ,ll0CTYIIII0CTh MeTO,lla 

"rrpo,110JibHOro ceqe11HJ1", ero M0lKII0 ycnemH0 HCII0Jib30BaTb ,llJlll rro.rrycreHHll llpllMOll (on-line) 

HH4'opMaq1m 0 CTpYKTYPHb!X H3MeHeHUllX B o6JiaCTU npo6era 60M6ap.z1upyi01qux H0H0B, B 3a

BHCHM0CTH OT napaMeTp0B 60M6ap,11upyiomttx qacTHll H ycJIOBHH 06nyqe11HJ1. 

Oco6o cne,11yeT rro.z1qepKHYTb rrepcrreKTHBH0CTb 11pnMe11e11HJ1 MeTo,11a rrpu perneHnu 3a,11aq 

pa,llHaJJUOHHOll CTOMKOCTH IlaH0pa3MepHbIX MaTepHaJI0B, II0CK0J!bKY TOIIKHe (TOHbIIIe 100HM) 

KpUCTaJIJibl, paBH0 KaK u ctt,opMUpOBaH!lbie na HUX IlJJeHKH pa3JIUqHoro C0CTaBa u Moptt,onoruu, 

M0rYT CJIYlKUTb M0,lleJibllb!MU o6beKTaMU ,llJill 11a110Tex11onornu. 

B KaqecTBe o,1111oro U3 B03M0)KllbIX 11puMe11e11uii MeT0,lla «rrp0,ll0J!bH0ro ceqel!Ull)) 6bIJIO 

rrpoBe,lleH0 UCCJie,ll0BaHue pa,11uaquo11HOH CTOMKOCTU TOHKOll (t - 150HM) IIJiaCTUIIKU KpeMHHll B 

rryqKe BblC0K03Hepre-ruqecKUX (E = 210M3B) U0H0B J<r2D+ ((Rp)- 30MKM) Ha llUKJI0Tp0He Y-

400. B pe3yJibTaTe nocnepMUaJJU0HHbIX Il3M-uccne,110BaHuii fihmu o6HapYlKeHbI ll,llepHbie 

TpeKU, T.e. JIUHeHHbie o6naCTU II0Bpe)l(.zleHUll, B03HHKaIOillUe B ycJI0BHllX BbIC0K0rD yp0BHll uo

HH3aJJHH (- 9 K3BIHM) B TpeKax BbIC0K03Hepre-ruqecKUX 3aplllKeHHblX qacmq. BalKHO 0TMe

TUTb, ~o al!aJIOrH~blil pa,llHaJJUOIIHb!H 34>4>eKT He Ha6n10,11aeTCll B ofibiqHbIX MaCCUBHbIX KpU

CTaJIJiax KpeMHUll. 

B meTuett rnaBe rrpuBe,lleHbl 3KCIIepttMeHTaJlbHbie pe3yJibTaThI uccne,110BaHUll MeT0,ll0M 

«IIp0,ll0J!bH0ro ceqe11Ul1)) PMHaJJU0HH0ro II0Bpe)l(.zleHUll T0HKHX KpHCTaJIJI0B KpeMHHll U0HaMU 

He+ (17K3B). O6cy)l(.zlaeTCll p0Jib II0BepxH0CTU TOHK0ro KpUCTaJIJia KaK B03M0lKH0ro CTOKa ,llJill 

pa,11uaquoHHbIX ,11e4'eKTOB (PJJ:) U UMIIJ!aHTUp0BaHHblX aT0M0B remrn, a TaKlKe p0Jib U3MeHeHUll 

rrpott,unen Pa.zlUaJJU0HH0ro II0Bpe)l(.zleHUll u nerupoBaHUll B T0HKHX o6pa3qax B Ha6n10,11aeMb!X 

pa,11uaquoHHbIX :.itt,tt,eKTax. 
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Puc.5 HJIJIIOCTpUpye-r xapaKrepHbie CTpYKTYPHble H3MeHeHUll B IIJiaCTUHKe KpeMHUll, T0JI

IllUHOll 150HM, B,ll0J!b rrpo6era U0H0B He B 3aBUCUMOCTH OT .z103bl o6nyqeHllll U3 UHTepBana 

3-1016 - 3-I017cM-2• <l>opMupoBaHUe CKOIIJieHHll PJJ: no Been rny6uHe II0Bpe)l(.zleHUll 0TMeqae-rcll 

JIUIIIb rrpu .z103e 3-1016cM-2 (Puc.la). Ilpn 3TOM o6naCTb C MaKCUMaJibHOll KOH!leHTpanueu CKOII

JieHUll ,11e4'eKTOB Ha6n10,11aeTCll Ha rny6ttHe 0K0JI0 200HM, ~o rny6lKe, qeM IIUK pacqeTHOro 

11po4'uJlll II0Bpe)l(.zleH!Ill (140 HM, Puc.le). C yBeJiuqeHUeM .z103bl 06.rrycreHUll (.110 5-10
16

cM-
2
) Ha 

rny6nHe 170HM 0TMeqae-rcll xapaKTepHblll «rrpoa.an» B K0H!leHTpaJJUU CKOIIJieHUll PMUaJJU0H

HblX ,11e4'eKTOB (Puc.16), Ha MeCTe K0TOporo rrpu .z103e 10
17

cM-
2 

06pa3yeTCll aMop4'Hblll CJ!Oll 

(Puc.le). C ,llaJibllettIIIHM ynenuqeHUeM .z103bl 06.rrycreHUll ,ll0 3-10
17

cM-
2 

IIIUpUHa noro aMoptt,

H0ro CJ!0ll ynenuquBanacb ,110 60M6ap,11upyeMOH II0BepxH0CTU (Puc. I 2, o). 

.,, 
t; 
0 
:,: 
X 
C. 
Q) 
Ill 
0 
C: 

C1l 2 
D 
(.)-0 1 

0 

(Rp)+ 

100 200 300 400 
npo6er.He• RP, HM 
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Puc.5. JJ:o30Bal! 3aBUCUM0CTb H3MeHe

HUll CTpYKTYPbl B TOHKOll IIJiaCTUHKe 

KpeMHUll, o6nyqaeMOll n KpHCTaJIJI0rpa

tt,uqecKUll Topeq, B,ll0J!b rrym ,llBUlKeHUll 

uoHoB He+ (17 K3B) 

a) - CK0IIJieHUll Pa.zlUaJJU0IIHbIX ,11e4'eK

TOB rrpu .z103e 06nyqe11ua 3· l0
16

cM-
2

; 

6) - 30Ha rrpe,11aMop4'Horo C0CTOllHUll Si 

B o6nacTU CKOIIJieHUll p .n: rrpu ,ll03e 

5-10 16cM-
2

; 

6,2,0) - tt,opMupoBaHue CJ!0ll aMOptt,Ho

ro Si rrpu .z103ax 10
17

, 1.5-10
17 

u 

3-1017 CM - 2 C00TBeTCTBeHH0 ( Ha BCTaBKe 

3JieKTp0H0rpaMMa U3 o6naCTU II0BpelK

,lleHUll). 

e) - PacqeTHbie rrpott,unu rroBpe)l(.zleHUll 

u nerup0BaHUll IIJiaCTUHKU Si renueM 

TOJ!IllUIIOll 150 HM rrpu ,ll03e o6nyqeHUll 

1017cM-2 (B MaCIIITa6e MUKpott,ornrpa

tt,uu). 
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Ponh noaepxHOCTII. J:{mrrem,HhIH (no l{03e o6nyqeHllil) HHeyfi~HOHHhIH nepHOl{ (-0.3cHa) 

a qiopMHpoBaHHH BHl{HMhllC a Il3M l{eqJeICTOB MOlKHO 6h!JIO fihl CBll3aTh c BJIHJIHHeM 

noaepXHOCTII TOHKOro 1qmcranna Si KaK CTOKa l{Jlll roqe'IllhllC l{eqieICTOB. Ol{llaKO, Bo-nepBhllC, 

Il3M mo6paJKellllil o6nyqeHHhllC B ropen KpHCTannOB Si (cM. PHc.6, a, · 6) 

IIpol{eMOHCTpHpoBanH OTCyrcnme o6el{lleHHhllC CKOIIneHIDIMH Pl( 30H B6JIH3H 

6oM6apAHpyeMoii noaepXHOCTII. Bo-BTOphllC, o6el{lleHHhle 30Hhl OTC)'fCTBOBaJJH H B HaHMeHee 

TOHKHX (t -SOHM, MeHbllle B03MOlKHOii umpHHhl o6el{lleHHoii 30Hhl) o6nyqeHHhllC nnaHapHhllC 

KpHCTannax Si. 3ro l{aeT OCHOBaHHe ymeplKl{aTb O He'..lqJqJeKTHBHOCTII l{H4lqJY3HOHHOro CTOKa 

Pl( Ha noaepXHOCTII Si H, cnel{OBaTellhHO, npel{IlOJiaraeT CYIIleCTBOBaHHe l{pyroii rrp=hl 

HHeyfi~OHHOro nepHOl{a o6pa30Ballllil Pl( B Si npH o6nyqeHHH HOHaMH He. B qacmocm, 3a 

cqeT YMeHhllleHllil pa3MepoB CKOilileHHH l{eqJeICTOB, o6ycnoaneHHoro HaKOilileIIHeM n KpHcranne 

aTOMOB reJillil. 

3d>d>eKT ynorumoqeHHH rem1eBhIX nop (TTI). O6pa3oBaHHe nepnhllC ocofieHHocreii, 

HaIIOMIIHaIOIIIHX ra30Bhle IIY3hlphKH, Ha6mol{aeTCH npH l{03e 5-l016cM-2, B o6nacm IIHKa 

IlOBpelKl{eHllil. Pacqeniasi KOHI{eHTp~ aTOMOB He n 3TOH o6naCTH COCTaBilS!eT OKOJIO 

0.8am.%. Ha Il3M-mo6paJKeHHH KpHCTaJIJia B «CBeTJIOM none» (CTI) B cnoe a-Si, IllHpHHOii 

20HM, BHl{llhl xapaKTepllhle 6ellhle TO'IKll, llHaMeTpOM OKOJIO 2HM. O6prunacr Ha ce6si 

BHHMaHHe, B l{OCTaTO'IllOii crerreIIH ynopMoqeHHoe pacrronoJKeIIHe roqeK B plll{hl (rterro=}, 

HanpaBneHHhle OT 6oM6apl{HpyeMoii nonepXHOCTH n rnyfiHHY o6pa3rta. PacCTOSIIIllil MeJKllY rn 
B nerro~ax COCTaBilS!eT l-2HM. 0TcyrCTBHe rropHCTOCTH BHe aMgp4moro cnosi YKa3bIBaeT Ha ro, 

qro Hafimol{aeMoe ynopMoqeHHoe pacnonmKeHHe rem1eBhllC IIY3hlphKOB He SIBilS!eTCH 

IlOBepXHOCTIIhlM 3qiqie1CTOM. 

B o6pa3rte Si, aMopqimoBaHHoM Ha BCIO 30HY rronpe)Kl{ellllil npu l{03e o6nyqellllil 

4.5-l017cM-2 (PHc.6, a), Hafimol{aIOTCJI renuenhle IIY3hlphKH, llHaMeTpoM 3-SHM, JIHHeiiHo 

ynopS!l{oqeHHhle n HanpaBneHHH, nepneHl{HKyJIKpHOM K 6oM6apl{llpyeMOii nonepXHOCTH. 

lliIOTIIOCTh nenoqeK (napanneJihHO 60M6apro1pyeMoii IlOBepXHOCTH) OKOJIO l012cM-2• 

MaKCHManbHhIH OTIIOCHrellhHhlii 061,eM nop, OKOJIO 1.6 %, ua6mol{aeTCa Ha rnyfiuHe 160 ± 20 

HM, COOTBeTCTBYIOIIleii o6JiaCTH 3apolKl{emll[ aMopqiHoro cnosi. YnopMoqeHHoe pacnonoJKeHHe 

rrop CMeHSieTCSI Ha xaoTH'IllOe (Puc.6, 6) npH HaKJIOHe o6pa3I{a. B Il3M Ha 20°. 3ro 

oficro=o l{aeT ocHoBaHHe ymeplKllaTu, qro nenoqKff c JIHHeiino ynopMoqeHIThlMH 

rropaMH cnyqaiino pacnpel{enellhl B 061,eMe aMopqinoro cnoa no nceii TOlIIIlHHe 06pa3n:a. 

O6nyqeHHe TOHKIIX KpHCTaJIJIOB Si IlOl{ pa3HhlMH yrnaMH (a= 65,45 H 30°, CM.· PHc.7) 

IIal{ellllil rryqKa qaCTHn IC 6oM6apl{HpyeMoii IlOBepXHOCTH, l{030H 3.3-l017cM·2 IIOKa3aJIO, qro 

11anpaane11He ynopS!l{oqeHllil reJrneBhllC IIY3hlphlCOB COBilal{aeT C HanpaBJieHHeM HOHHOro HyqKa. 

HaKorrJienne HMrrnrurrnpoBaHHhlX aroMoB He B TOHKHX KDHcraJIJiax Si Hccnel{OBaJJOCh 

rryreM Il3M-myqellllil oco6eHHocreii qiopMnpOBallllil H 3BOilIOnHH nnoBhllC IIY3hlph1COB, 

06pa3YIOIIIHXCJ1 JCaK B rrponecce 06nyqe11ID1, TaK H B pe3YllhTaTe IlOCilepal{H~OHHOro OTJKHra. 

C I{eJlhIO o6ecneqellllil • coxpauellllil B KpHcranne 3a BpeMll OTJKHra ncero 

IIMililaHTllpoBaHHOro reJillil OTJKHr 06pa3n;0B IIpoBOl{IIJICJI B ycnoBIDIX 6blcrporo HarpeBallllil H 

OXJialKl{eHIIH (6e3 era.rum Bhll{eplKKll) co CICOpoCThIO, npeBhllllaIOIIleii TepMOl{ecop6n;HIO aTOMOB 

HeH3 Si. 

IO 

l 
•J 

:) 
'<1 -~ 

PHc. 6. 1:J3M-mo6paJKeHllil JIHHeiiHO ynopS!l{oqeHHhIX n:JIHeBhIX rrop n HOHHO

mmynHpOBa!IHOM aMOpqJHOM CJIOe Si: 

YnopMoqe1111oe pacnonoJKenHe rrop Ha mo6paJKeHHH B6JIH3n Harrpaane11ID1 [001] (a). 

Ilepexol{ rrop B xaOT11'1110e pacrroJioJKeHHe rrpn 11aKJI011e o6pa3rta 11a yrorr OKOJIO 20° ( 6). 

PHc. 7. H3MeHeHHe HanpaBJieHllil ynopMoqeHHH rem1enhllC rrop npH yrnax rral{eHllil a= 65° (a), 

45° (6) H 30° (8) HOHOB reJillil Ha 6oM6apl{llpyeMYIO rronepXHOCTh (ll0)-ropna TOHKOH 

rmaCTHHKH Si. 
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Co.nepJ!(aHlfe renmI B IIY3blpbKaX Bbl'lllCJIJIJIOCb C llCIIOJ!b30BaHlleM 3MIIllpHqecKoro 

ypaBHeHllJI COCTOJIHllJI CBepXIIJIOTH0ro reJIHJI, B rrpe.nrroJI0JKeHllli, qro .naBJieHlle B 

o6pa3YJOII(HXCJI IIY3blpbKax orrpe.neJllleTCJI rroporoBbIM HarrpJIJKeHlleM .!(Jill Bbl.!\a~JIHBaHHJI 

MelK,!\OY3eJibHbIX .!\HCJIOKar(liOHHbIX rreTeJih. 

Ilpoae.neHHbie pacqeTbl IIOKa3aJili, qTo aTOMbl He, liMIIJ!aHTlipOBaHHble B CliJibH0 

IIOBpelK.!(eHHblll HJIH_ aMOpipHblll Si Jllillib qacTJiqHo Bhl.!\eJIJIIOTCJI li3 TBep.noro pacTBopa B 

IIY3blpbKll rrpll npeBbIIIIeHllll rrpe.nena paCTBOpllMOCTll reJillJI B a-Si, OKOJIO 0.8.aT.%. 

HaH60Jiblllee KOJillqecTBO reJIHJI B IIY3blpbKax IIOCJie o6nyqeHHJI Ha6JIIO,!\aCTCJI B o6JiaCTll Ha 

rny6ttHe 3apolK,!\eHllJI aMOpipHOro CJI,OJI, a He B o6JiaCTli MaKCllMaJibHOro nerHpOBaHHJI reimeM. 

8 pe3yJibTaTe IIOCJiepa.nttal(llOHH0rO OTJKHra KOJilfqeCTBO reJillJI B rropax B CJIOe a-Si 

yaeJilfqlfBaeTCJI .!\O IlOJIHOro KOJIJiqecTBa reJIHJI, llMIIJiaHTHpOBaHHOro a o6pa3el( B COOTBeTCTBllli 

C pacqeTHbIM rrpOiplilleM JiernpoBaHHJI. 

HanpOTllB, aTOMbl He, llMIIJiaHTllpOBaHHbie B KpllCTaJIJilfqecKllll Si, IlO.!(BlllKHbl B HeM B 

ycJIOBllJIX o6nyqeHllJI. Ilo.no6Hal! (pa.nttal(llOIIHO-llH.!\YUllPOBaHHal!) Mllrpal(HJI He o6ycJIOBJieHa 

ClillbHbIM (nayntteBCKllM) OTTaJIKllBaHHeM aTOMOB He OT pa.nttal(llOHHblX BaKaHClill Ii 

npOCTpaHCTBeHHO orpaHJiqeHa o6naCTb!O pa.n1rnl(llOHHOro IIOBpelK.!(eHHJI KpllCTaJIJia. Ilo

Bll.!\liMOMY llMeHHO :no o6CTOJITeJibCTBO JIBliJIOCb IIpliqlfHOll o6HapylKeHHOll .necop6l(llli reJIHJI 

li3 pa.nHal(HOHHO-IIOBpelK,!\eHHbIX KpllCTaJIJIHqecKHX (HeaMopipli30BaHHbIX) qacTeii TOHKHX 

o6pa31(0B, o6nyqaeMblX B rnpeu. O.!(HaKO, B cnyqae o6nyqeHHJI TOHKHX KpHCTaJIJIOB Si B 

IIJiaHapHOll reoMeTplili, li3-3a oco6eHHOCTeii rrpoipHJieii K0HI(eHtpal(lili p_a Ii aT0MOB He B6JIH31i 

IIOBepxHOCTeii KpliCTaJIJia (CM. PHc.3), ITOTepH aTOMOB He li3 o6pa3Ua B pe3yJibTaTe liX 

Mllrpar(lili np11 o6nyqeHllll He Ha6JIIO.!(aIOTCJI. 

PoJih TOJIIIJl!Hbl o6pa3p:a. II3M IICCJie,!\OBaHlle IIJiaCTllH0K Si c pa3JillqHoii TOJIII(llHOll t = 

150 - 240HM, o6nyqeHHbIX B rnpeu 0.1\HllM II TeM JKe ipJI!OeHCOM llOH0B He 3-10
16

cM-z 

o6HapylKIIJIO, qTQ CTerreHh tt xapaKTep IlOBpelK.!(eHllJI o6nyqeHHbIX KpllCTaJIJIOB pa3JillqHbl. 

Ha6JIIO.!(aeMoe yBeJittqentte c'rerreHII IlOBpelK.!(eHllJI KpllCTaJIJia c pOCTOM ero TOJIII(llHbl 

KoppenttpyeT c TeopernqecKHM pacqeTOM npoip11neii noapeJK.!(eHHJI (cM. Pttc.2,a). O.nnaKo, 

rrpocTpaHCTBeHi!Oe pacrroJIOJKeHi1e na6JIIO.!(aeMbIX CKOIIJieHllll PMll!lIJ;HOHH~IX .neipeKTOB Jl,!\OJ!b 

rrpo6era llOHOB OTJmqaeTCJI OT npe,!\CKa3aHHOro pacqeTOM. Hatt60Jih'?ee II0BpelK,!\eHHe Si KaK 

rrpll o6pa:ioBaHHH CKOIIJieHllll pa.nttal(llOHHbJX .neipeKTOB, TaK H' rrp11 ipOpMllpOBaHllll 

3arny6neHHoro ·aMopipHoro cnoJI, OTMeqacrcJI B 06nacT11 MelK.!\y ', ITHKmdli.' 'pa~~e~m>ro 

pa,!\llal(llOHHOro ITOBpelK,!\eHllJI If rentteaoro Jiernp0BaHllJI (P11c.'Je). J13MepeHITf: 
0

IIOJIOJKeHllJI 

3TOH o6JiaCTll, IlOKa3aJIO, qTQ 3a xapaKTep ipopMHpoBaHl!JI Bll.!\llMbIX B II3M CKOllJieHllll 

.neipeKTOB B Si He OTBeqaIOT no OT.!(eJibH0CTll HI! HaKOITJieHHe pa.nttal(IIOHHbIX .neipeKTOB, Hll 

HaKOITJieHl!e npttMeCH0ro reJillJI. IlO-Bll.!\llMOMY, orrpe.neJIJIIOII(llM .!\Jill ipopMllpOBaHllJI 

Ha6JIIO.!(aeMbIX, CKOIIJieHllll p_a JIBJllleTCJI HaKOIIJieHHe a Si reJillllCO.!(eplKall(HX (T.e,, 

CTa61!Jill3llpoBaHHblX aTOMaMll He) .neipeKTHblX KOMIIJieKCOB rrpll cyll(eCTBOBaHllll 

0IITliMaJibH0ro ycJIOBllJI .!\Jill liX o6pa30BaH11JI: 3HaqenllJI rrapaMeTpa K = cdlivH, OKOJIO 100 

CaHeUfeHUWamoM 2eJ1UJ1. Ha OCHOBal!lili 3TllX 3KcrrepttMeHTaJibllbJX .naHHblX IIOJiyqeHo 

061,JICHeHlle Ha6JIIO.!(aeMOMY aH0MaJibHO BblC0KOMY IIOBpeJK.!(eHll!O TOHKIIX KpllCTaJIJI0B Si 

IIOHaMII ren11JI (B cpaaHeHIIII C MaCCIIBHblMII o6beKTaMII), o6ycJIOBJieHHOMY 3HaqJITeJihllblM 
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yaeJIJiqenlleM c yTOHqeHlleM o6pa3Ua .!\HHaMJiqecKoro coornoIIIeHIUI CKOpoc-reii 

Pa.!\Har(llOHHOro IlOBpelK.!(eHllJI H nernpOBaHllJI Si reJillCM, Bb!palKaIOII(eroc» napaMCTpOM 

o6nyqeHHJI K. 

BJIHmlle rrapaMerpa K Ha COCTOJIHl!e aTOMOB He B Si (nOJIOJKeHHe 3aMCII(eHll» / BHe.npeHHJI) 

llCCJie,!\OBaJIOCb C l(eJib!O 3KCnepHMeHTIUibHOro o6ocHOBaHllJI Bbl.!\BllHyrhIX IIOJIOJKeHllll O pollll 

BeJIWlllHbl rrapaMerpa K B pa,!\llar(liOHHOM ITOBpelK.!(eHllll Si liOHaMll reJIHJI. J13yqaJillCb paHHlle 

CTa.!(llll rrpeJUIIIHTill(llll reJillJI B Si, }IBJlll!Oll(lfecJI npe.nllleCTBeHHllKaMII o6pa30BaHIIIO B 

KpHCTaJIJie ra30Bb!X IlY3blpbKOB. 

B 3KCIIepnMeHTC 6blll B3JIT KpllCTaJIJI Si (001) C paBHOMepHO 113MCHJIIOII(eiic» TOJIII(lll!Oll t 

OT 100 .QO 350HM, o6nyqeHHblll IIOl!aMII He+ (E = l7K3B) B ITJiaHapHOll reOMCTpllll, .!\030ll 

5-10
16cM-

2
• l13-3a ll3MeHeHIIJI TOJIII(l!Hbl KpllCTaJIJia 11apaMerp o6nyqeHllJI K ll3MeHJIJICJI B 

o6nacm MaKCllMaJibHOro nempOBaHllJI Si aTOMaMII He OT 30 (npll t = 300HM) .!\O 350 

CMeUfeHuulamoM He (rrptt t = 100HM, CM. P11c.4,6). 

8 pe3yJihTaTC OTlKllra o6JI)"IeHHOro o6pa3l(a ,!\O TeMrrepaTYPhI 600°C CO CKOpoCTb!O 

15°c-1, np11 KOTOpoii MOJKHO 6bmo rrpeHe6pe% repMo.necop6uneii aTOMOB He m Si, B qacm 

KpllCTaJIJia, TOJIII(IIHOH t > 180HM, o6pa30BaJillCb .neipeKTbl c Cl!JlbHbIM .neipopMar(IIOHHbIM 

KO!ITpaCTOM, no.no611bIM .!\IICJIOKal(IIOHl!blM IleTJIJIM, co. cpe.!(HIIM pa3MepoM OKOJIO , 60HM ( CM. 

Pttc.8, a,6). I!JIOTHOCTb .neipeKTOB Nd 6bICTpO yBeJill'IlIBaeTCJI OTO .no 10
10

cM-
2 

C yTOJIII(eHIICM - . 
KpllCTaJIJia, 113MeH»JICb B 50 pa3 Ha yqaCTKe Kpl!CTaJIJia C TOJIII(llHOll t = 180 - 280HM; B 

yqaCTKax KpllCTaJIJia TOHbIIIe 18011M .neipeKTbl OTCyTCTBYJOT. TeM CaMbIM, o6beMHal! IlJIOTHOCTb 

.neipeKTOB He coxpaHJieTCJI, a 3aBIICIIT OT TOJIII(IIHbl Kpl!CTaJIJJa t. II3M aHaJill30M KOHTpaCTa 

.!\aHHbIX .neipeKTOB ycTaHOBJieHO, qro 3TOT 3ipipeKT CBJI3aH C HaJillqlleM B Si 

IIMITJ!aHTlfpOBaHHOro reJillJI n Ha6JIIO,!\aeMhie .neipeKTbI rrpe.!(CTaBJIJIIOT co6oii IlJIOCKlle 

CKOHJieHllJI ero aTOMOB, He co.nepJKall(l!e BaKaHCllll. A TO Mb! He B IlJIOCKllX CKOIIJieHllJIX 

3aHl!MaIOT TCTpa3.!\pl!qecK!le (Td) MelK.!(OY3eJibHbie Il03l!l(llll, pacnoJiaraIOII(llec» B,!\Ollb 

IIJIOCKOCTeii Si { 100}. 

IlocKOJibKY, IIJIOTHOCTb .neipeKTOB YMeHbIIIaeTCJI C yTOHqe1111eM o6pa3Ua ropa3.!\0 6ucrpee, 

qeM KOHI(eHrpal(llJI llMITJiaHTHpOBaHHOro B o6pa3el( reJillJI (OT 4aT.% .nol.5aT.% rrp11 

COOTBeTCTB)'lOII(eM ll3MeHeH!III TOJIII(llHbl t OT 30011M .!\O 180HM, CM. P11c.3,6), TO, C yqeTOM 

OTCyTCTBIIJI IIOTepb aTOMOB He 113 o6pa3Ua ecTeCTBeHHO 6hIJIO rrpe.nnoJIOlKIITb 3aBHCllMOCTb 

rrpeUHIIIITar(IIII aTOMOB reJIHJI B MelK.!(OY3eJihllble KOMIIJieKCbl OT rrapaMerpa 06nyqe1111JI K, 

KOHTpOllllpyeMOro TOJlll(llHOll KpllCTaJIJia. 

TaK icaK ITJIOTHOCTb Nd .neipeKTOB (B Bll.!\e MelK.!(OY3eJibHbIX He-KOMITJieKCOB) 

nponopu110HaJibHa KOHI(eHTpar(llll Ni-He aTOMOB reJIIIJI, HaxO.QJIII(llXCJI B MelK,!\OY3Jill»x, TO C 

yTOHqe11neM Kpl!CTaJIJia Si II, COOTBeTCTBeHHO C yaen11qe11tteM K, YMeHhlllaeTCJI OTIIOCl!TeJibHal! 

.!(OJIJI aTOMOB reJIII» B MelK.!\OY3Jill»x (Pttc.8, 6). CoOTBeTCTBeHHO 3TOMY, rrp11 yaeJI1fqe11111f 

napaMerpa K pacTeT .non» aTOMOB He B 3aMell(aIOII(llX rronoJKeHtt»x. Ilptt K > 100 

CMeUfeHuulamoM 2eJIUJl, ITO-Bll.!\IIMOMY, Bee llMIIJiaHTllpOBaHHbie B Si aTOMbl He 0Ka3bIBaIOTC» 

CBJI3aJIHblMII C pa.n11al(IIOl!llblMII BaKaHCllJIMli. 

TaKIIM o6pa30M, B 3aBIICIIMOCTII OT BeJI11q1fHbl K llMITJiaHTllpOBaHHbie B peIIIeTKY Si 

aTOMbl He HaxO.QJITCJI l!Jlll B IlOJIOJKeHll»X BHe.npeHllJI (T.e., B Td MelK.!(OY3JIIIJIX) - np11 MaJiblX K, 
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mm B IIOJIO)KeH!UIX 3aMemeHIUI (T.e., BHyrpH BaJ<aHCHOHHblX KJiaCTepoB) - rrp11 60JibIIIHX 

3Ha'!eHirnx rrapaMerpa K . 

.. -"~ . -·: ... ::.~~r~~I\t 
1 NHs;...•-~ •· ,·. ~..:. • 2·: ,-: .... 'f,:r 

, .. ,,~ •"\ ..... '"·- /,,"' :~·•;~.;...~~ l"'~ 

t = 180 HM 

S ➔ O 

~ :,~ 
' 

S<O 
(g, -4g) 

,ti "b 
(I)~ 

:r; ~ 
E " Q 2:_I 

i'): 
'(I) ~ 

I -8-

2:_ ~ l 

280 HM 

K, cMeU(eHuil I amoM He 
150 100 50 

1.0 

0.8 

0.6 

0.4 

0.2 

150 

*~ 
---

I 

$ 
1-Q--l 

HJ'-j 
I 

~ 

200 250 

Tom.1.1111Ha KplllCT8Ilila t, HM 

300 

Puc. 8. ,[{e<jieKn,I B KJIHHOBH)\HOM n11attapHOM KpHCTaJIJie Si (00 I), 0611yqeHHOM HOHaMH He+ (17IOB) 

)103011 5-J0
16

·CM-
2 

IIOCJIC yCKOpeHHOro (J5°c-
1
) HarpeBaHHll )10 600°C (a). 

6) - II3M-mo6p=eHHJI )1eljleKTOB (IIJIOCKHX CKOIIJieH11fi Me~oY3eJibHbIX aTOMOB reJIIlll) B 

pa3JI11'!Hb!X ,l(ll(ppaKI.{HOHHblX YCJIOBHJIX; 

B) - H3MeHeHtte OTHocHTeJibHOii .l\OJIH {Ni-He/ N He) aroMoB He B Me)K.l10Y3eJibHbIX noJHI.\HllX HJ HX 

IIOJIHOro KOJIH<JeCTBa (NHe), HMI!JlaHTHposaim,1rn 8 KpHCTallJI, 8 JaBHCHMOCTH OT TOJIIUHHbl KpHCTaJIJia / H 

napaMcrpa 0611yqeHHll K = Cd/ N He • 

B 'leTBepToii rnaBe npe.l(CTaBJieHbI pe3ynnaTbl 11ccne,l(oBaH11ii ycnoBttii peam13aqnn 

pa,!1naq110HHO-IlH,!IYI.\IlPOBaHHOii aMopljlmaqm1 KpeMHHJI IlOHaMil reJIHJI. 

lfaBeCTHO, 'ITO KpeMHHH ,l(OCTaTO'lHO nenco aMopljlmyeTC.ll IlOHaMH cpe.l(HIIX Mace. 

Il0.l(06Hble 3KCIIepIIMeHTaJibHbie ljlaJ<Thl orrpe,l(eJIIIJIII OCHOBHOii MeXaHil3M Pa.l(Hal.lHOHHO

HH.l(yl.\IIpOBaHHOii aMopljlH3aIJHH IIOJIYIIPOBO,l(HHKOB, a IIMeHHO, ljlopMnpoBaHHe aMopljlHblX 

o6JiaCTeii B KaCKa,!(ax aTOM-aTOMHb!X coy.l(apeH11ii. 0.l(HaKO, 3KCrrepIIMCHTbl IIO o6nyqeHII!O Si 

3JieKTpoHaMH c E = 2 M3B rrp11 T < 25 K, .l(OJoii oKono 5 c11a, rroKaJann, 'ITO ero aMopljlII3aIJHll 

B03M0)I(Ha II I!pll o6pa30BaHIIII TO'IC'!Hb!X P,ll; rrpII ycnOBilll coxpaHeHIIJI OT B3aIIMHOH 

peKOM6IIHaIIIIII 6oJibIIIeii ,l(OJIII rrap <l>peHKeJl.ll. YMCHbIIICHIIe CTerreHH peKOM6IIHal.\IIII 

TO'IC'lllb!X P,ll; B03MO)KHO 11 rrpII ycJIOBIIII 3axBaTa (6JIOKHp0BaHIIJ!), HarrpnMep, BaJ<aHCIIii 

rrpHMCCHblMil aTOMaMII reJIHJI. 
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:- B-3TOii CBJl311 eCTb OCHOBaHilll npe,!(IIOJiaraTh, 'ITO IIMeHHO 3TO o6CTOJ!TeJibCTBO IIOCJI~JIO 

rrpII'IIIHOii aMOpljl113aIIIIII KpeMHilll JIPII ero o6nyqeHIIII IIOHaMII reJIHJI. Heo6xO,!IHMblM ycJIOBil

eM ,!(Jl.ll ero peann3aIIIlll JIBJl.lleTCJI, IIO-Bil,!IHMOMY, IIOJiyqe11ne B 3KCIIepIIMCHTe C 06rryqe11neM B 

rnpeq TOHKOH IIJiaCTIIHKII Si orrpe,l(eJICHHOro (BbICOKOro) 3Ha'leHHJI rrapaMerpa K = c) JV He, 

ec'recTBeHim; i:IpII BbIIIOiineHHII ,l(OCTaTO'lHOro ycJIOBilJI - ,l(OCTII)KeHIIII orrpe,l(eJieHHOro. ypOBHJI 

KOHI.\(!HTpaIJilll reJIHil. 

' 0.l(HaJ<O, BbIIIOJIHeHne 3TIIX ycJIOBilii B cnyqae IIOHHOro o6nyqeHHJI o6pa31.\0B B03M0)KH0 

TOllbKO Ha qacr11 hpo6era lioHOB, rrocKoJihKY, Benwi1ma K mMeHJ1eTCJ1 rro rny6m1e B 06nacr11 

IIOHitoro Jiernp01ianfliI (PIIc.4,a). }J;eiiCTBilTCJibHO, B 3KCIIepIIMCHTe Ha6JIIO,l(aeTCJI OTCyTCTBIIe 

poc-ra aMOpljlHoro CJIOi! B niy6nHy, KpHCTaJIJia ( CM. PIIC.5, B·.ll) IIpil yseJIII'leHHII <pJI!OeHCa HO· 

HOB, ,l(a)Ke, HeCMOTPJI Ha'Bb;COKilii ypoBeHb IIOBpe)K,l(CHIIJI (.llO 9cHa). 3TO o6CTOJ!TeJibCTBO IIO,l(

TBep~aeT rrpe,l(IIOJIO)KeHHe O Cyl!IeCTBOBaHIIIl 11eo6xoOUMOZO ycJIOBilJI ,l(JIJI aMopljlH3aIJIIII Si 

IlOHaMil He, KOTOpoe 6hmO orrpe.l(eJieHO KaJ< K > 90 CMeuJe11uiilamoM He: 

Ha PIIc. 9 rrpIIBe.l(eHa .llHarpaMMa CTPYKTYPHOro cocToJ1HHJ1 • Si B pe3yJihTaTe ero o6nyqeHil.ll 

IIOHaMil reJIIlJI rrpri KOMHaTHoii TeMneparype, rronyqeHHaJI Bbl'IIICJICHileM BeJIII'IIIH rrapaMeTpa K 

Il ,l(03bl nerupOBaHIIJI Si aTOMaMil He (NHe) Ha rpaHnqax aMOpcpHoro CJIOJI rrpII Il3MeHeHIIIl KOH

TpOJIIlpylOIUHX 1IX «BHeIIIHHX» ycJIOBilii o6nyqeHil.ll B BII,l(e 
0

TOJIII.\IIHbl KpIICTaJIJia t H !pJl!OCHCa 

COOTBeTCTBeHHO. 

~ 2.5 
::; 
0 

~ 2.0 ...._ 
•::, 

! 1.5 
:, 
Q) 

~ 1.0 
0 
0 

~- 0.5 
:.:: 

0 

II 
c-Si ., 

1 2 3 
I I I I 

-, 
4 5 6 

CH•' am.%-

I r 
7 8 

I 
9 

PIIc. 9. ,ll;IIarpaMMa cTpyKrypHoro 

COCTOJIHilll KpeMHilll B PeJ)'JlbTaTe 

o6nyqe~nll noHaMII renil.ll: 

06JiaCTh 
0

aMOp!p113aIIIlII Si (a-Si - 3aIIITPHXOBaHa) o6pa30BaHa COOTBeTCTByIOII.\IIMil yqacT

KaMil KpHBblX K(NHe) II pacnonaraeTC.ll Ha .l(HarpaMMe Bhlllle·- 90 CMeUJe11uiilamoM He II rrpasee 

- laT.% He. 06nacr1t ua nnarpaMMe, o6o3HaqeHHhle 1 nH, cooTBeT~yIOT HeaMopcpII30BaH

HhIM 30HaM Kpl!CTaJIJIOB, COOTBeTCTBCHHO y 6oM6ap,!1HpyeMoii IIOBCpXHOCTII Il rny6)Ke CJIOJI a

Si. Hx MO)Kl!O oxapaI<Tep113oBaTh KaJ<: I - o6naCTh 6oJihlIIHX 3Ha'!eHIIii K, HO c 11eoocmamo'l11oii 

,!(Jl.ll aMOpcpH3al.\HII Si KOHI.\eHTpal.lHeii BHe,l(peHHOro reJinll; II - o6JiaCTh, B KOTOpoii BeJIII'lIIHa 

K, MeHbllle KpHTil'I.CCKOro 3Ha'leHil.ll 90 CMeUJeUuiilamoM He, 11eo6xooUM020 ,!(Jl.ll aMOpcpH3aIIIIIl 

KpeMHilll IlOHaMil reJIHJI. 
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B mrroil: rnaBe onllCaHbl pe3yJibTaTbl llCCJie.UOBaHIIJI o6HapylKeHHOro 34>4>eKTa Bll3YaJill3a

I.1llll TpeKOB IIOHOB He+ (17K3B) B pa.nna1.1noHHO-llH.L\YI.1llPOBaHHOM aMopcpHOM cnoe KpeMHllJI, 

nernpoBaHHOM renneM. 

,[(eTaJibHOe IT3M nccne.noBaHne MllKpOCTpYKTYPbl TOHKIIX (t < 150 HM) KpllCTaJIJIOB Si, 06-

Jiy<!eHHb!X llOHaMll He .no o6pa30BaHllJI B HIIX CJIOJI aMop4>Horo KpeMHIIJI, nernpoBaHHOro renn

eM (a-Si:He), no3BOJIIIJIO o6HapylKHTb B HeM, Hapll.UY C ynopJl,L\O'IeHHb!Mll [IT, 4>opMllpOBaHI1e 

.npyroro po.na ynopJI.UO'IeHHOil: CTpYKTYPbl B BIi.Lie npJIMb!X napanneJibHb!X 6eJib!X nonoc, Henpe

pb!BHO pacnpocTpaHJI!OII.1llXCJI no BCeil: .LIJ!llHe npo6era IIOHOB (pnc.l O):r onmnHa JIIIHIIH COCTaB

JIJIJla OKOJIO IHM, JlllHeil:mlll nJIOTHOCTb OKOJIO 107JIIIHlli1:/cM. EeJib!H (a6cop61.1noHHb!i1:) KOHTpaCT 

ll306palKeHni1: 3TIIX oco6eHHOCTei1: CBll,LleTeJibCTBOBaJI O TOM, 'lTO OHII o6e.nHeHbl aTOMaMll 

KpeMHIIJI II, B03MOlKHO, 3anonHeHbl aTOMaMll He. ITpllMOJIHHeil:HaJI 4>opMa II opneHTaUHJI, KOp

peJIIIPYIOII.1aJI C HanpaBJie_HlleM llOHHOro nytIKa .nann OCHOBaHne nonaraTb, 'lTO 3TH JlllHeil:Hbie 

oco6eHHOCTll c4>opMI1pOBaJIIICb Ha TpaeKTopmIX .UBlllKeHIIJI IIOHOB B a-Si(:He), T.e. JIBJIJl!OTCJI 

IIX Bll3YaJII13llpOBaHHb!Mll TpeKaMll. 

B KatieCTBe O,L\HOrO ll3 MexaHll3MOB 4>opMnpoBaHIIJI KaHaJIOB B,L\OJ!b llOHHb!X TpeKOB B 

a-Si:He o6cylK,L\aeTCJI B03MOlKHOCTb pem11<ca1.1Im MeTacTa6llJibHOro COCTOJIHIIJI TBep.noro pac

TBOpa Si:He, Bbl3BaHHllJI llOHll3aQllei1: aTOMOB KpeMHIIJI B,LIOJ!b TPeKa qacTlll.1bl. Mb! nonaraeM, 

'ITO <<TpeKn» (T.e., unnnH.npnqecKne KaHaJihI B a-Si, 3arronHeHHb1e aTOMaMll Hel npe.nI1IecTBo

BaJin 4>opMnpoBaHn10 ueno'IeK renneBbIX ny3hipbKOB. 

+ ·J 

Pnc. 10. TpeKn IIOHOB He C 3Heprnei1: 17K3B B aMop4>HOM KpeMHllll, llMnJiaHTllpOBaHHOM 

4.5-1017cM-2 aTOMOB rennJI. (CTpeJIKoil: o6o3HatieHo HanpaBneHne .UBHlKeHHJI noHoii). 
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B I1IecToi1: rnaBe npe.ncraBJieHbl pe1ynhTaTuI no BJillJIHIIIO nerIIpYlQmeil: np11Mec11 ren11J1 Ha 

peKpllCTaJIJIIl3aQil!O aMOp<l>Horo KpeMHllJI. Bb160p0M CKOpOCTll HarpeBaHllJI o6pa31.10B 06ecne

'11!BaJII!Cb pa3JIIl'1Hble KliHeTI!'IeCKI!e ycJIOBllJI .LIJIJI KOHKYPIIPYIOIIUiX npoueccoB: KpllCTaJIJIII3a

I.1llll a-Si, 3apolK,LleHnJ1 n poem renneBbIX nop ([IT) n repMo.necop61.1n11 aTOMOB He ll3 KpeMHllJI. 

OcHOBHble noJl)"leHHbie pe3YJibTaTbl CJie.UYIOII.1lle: HarpeBaHIIe o6pa31.10B co c4>opMnpoBaH

Hb!M CJIOeM a-Si:He B ,L\llaIIa30He TeMiieparyp 500 - 600°C IIHIII.1llllpye-r 3nl!TaKCllaJibHYlQ peK

p11CTaJIJill3aQil!O (3P) Si. O,LIHaKO, ll3-3a poCTa 'ren11eBb!X nop Ha .UBIIlKYII.1ei1:cJ1 MelK<l>a3HOi1: 

a-Sile-Si rpa11n1.1e 3a ctieT 11x «cMe-raH11~» npoue~c '3P ocrnHaBJIHBeTCJI. ITp11 .nanb11ei1:I1IeM Ha-

rpemumn (.no 700 - 1100°C) npcincx·o.uHT nonnip~CTaJIJ!ll'IeCKai! peKpllCTaJIJ!ll3aQIIJI CJIOJI Ha 

yqacTKe OT 60M6ap.n11pOBaHHOll noBepXHOCTll .no rpaH11nb1•3P. B OTJIIl'Ille OT CJ!ytiaJI ycKopeH

HOro (15°c-1) narpeBaHIIJI, 11pn KOTOpOM 3a 11peMJ1 OTlKI!ra B 06pa11.1e COXPaHJie:!CJI nO'ITll Bech 

ren11i1:, a B cnoe non11-Si oTMeqaeT«eJI 06pa10BaI_11!e KpynHhI~. nom2creii, p~MepoM .no 70HM, 
I,. . • . 

Me.L1J1eH110e. HarpeBaHlle 06pa11.1a (B pelKI!Me 0.5°c:-J conpoBO)l(,!(aeTCJI IIOCTerreHHbIM_ yntt'lTO-

lKe1111eM B HeM HCXO.UHOii-,nopHCTOc:rn, IIO-BH.UHMOMY, H3•3a .necop6UHII reJIHJI 113 rrop B ripouec-

ce oTlKnra. 

B pe3yJihTaTe rrocnepa.nnauHOHHOro HarpeBaHHJI co cis_opOCTblO 5°c-
1
,.no sso0c He 6hlJIO 

3aMe'Ieno II3MeHeHni1: B pacnpe.neneHHH [IT B cnoe a-Si..B TOlKe BpeMJI B 3TOM cnoe cpopMttpy

IOTCJI HaHO.UHCnepCHb!e CTpYKTYPHb!e oco6eHHOCTH ·c. K(!HTpaCTQM .nn<l>paK_UHOHHOrO npOHCXO

)K,LleHI!JI (Pttc.11 ). ECTb OCHOBaHllJI nonaraTh, 'lTO noBepXHOCTb [IT JIBJ!JleTCJI UeHTJ)OM J.J:JIJI 3a

pOlK,LleHHJI HaHOKpHCTaJIJIH'IeCKOii 4>a31,1 B aMop4>HOM Si. 

(331) 

(311 )
(220) 
(111) 
(400) 

· • Pnc. 11. IT3M H3o6palKeHilJI CTPYKTYPhI B cnoe 

aMop<l>H~ro Si : He nocne HarpeBa .no sso0c: 
a)~ yrropJI.A0'leHHb!e reJIHeBb!e ·rropbl ·cB CIT)~ 

. 6) - HaHoKpHCTaJIJI.hI Si_ B ioil: lKe o6nacm (B ·TIT); 

6) - KOJ!bl.1(!Bb!e MHOrQTO'!e'IHb!e pe4>JieKCbl Ha 
. . 

3JieKTpoHorpaMMe. 
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OCHOBHblE PE3YJibTATbl M BbIBO~bl 

1. Pa:3pa60TaH HOBhIH MCT0,l{ 3KcrrpeccHoro TI3M-aHaJill3a PMIIllUII0HH0-IIHJIYf(IIP0BaHHhIX 

CTIJYKTYJlHhIX ll3MeHeHIIH B KpIICTaJIJIIIqeCK0M KpeMHIIII B.l{0JII, Bcero rrpo6era Hll3K03Hepre

TIIqecKHX II0H0B. Mero.I{ 3aKmoqaeTCH B rrpIIroTOBJieHIIII CaMOHecymeil: TOHK0H (rrp03paq

HOH AnH JJieKTp0H0B B TI3M) IIJiaCTIIHKII Sic KpIICTaJIJIOrpaqmqecKIIM TOPII0M, HBnHIOIIIIIM

CH 6oM6apAIIpyeMOH II0BepXH0CThIO. TI3M IICCJie,l{0BaHIIH rrp0B0,l{HTCH Herrocpe.l{CTBeHH0 

II0CJie o6nyqeHIIH II0HaMII. 3KcrrepIIMeHTI,I C IICII0Jih30BaHIIeM pa:3JIIIqHI,IX 6oM6apAIIPYIO

IIIIIX II0H0B II0Ka:3aJIII II.l{eHTIIqHJ,Ie (KaqecTBeHHO II KOJIIIqecTBeHHO) .l{eq>eKTHhie CTPYKTYPhl, 

qro II B cnyqae aHanornqHoro o6nyqeHIIH MaCCIIBHhIX 061,eKTOB. 

2. Pa:3pa6oTaHa MeT0,l{IIKa pacqera rrpocrpaHCTBeHHhIX rrpoq>IIneil: Pa.l{IlllUII0HH0ro II0BpeJKAe

HIIH II II0HH0ro nerIIp0BaHIIH rrpII o6nyqeHIIII «B Tope11» T0HKIIX KpIICTaJIJIIIqecKIIil: IIJiaCTIIH. 

Ha rrpIIMepe o6nyqeHIIH KpeMHIIH II0HaMII He II0Ka:3aH0, qro IICII0JI1,30BaHIIe .l{aHHOH MCT0-

,l{IIKII o6JiyqeHIIH HapHAY C rrpOCTOT0H II 3KCIIpeccH0CThIO, II03B0JIHeT BaphIIp0BaTh B umpo

K0M ,l{IIaIIa:30He BeJIIIq1my 0TH0IIIeHIIH CK0p0CTII reHepallIIII PMIIllUII0HHI,IX .l{eq>eKTOB K 

CKopocrn HaK0IIJieHIIH nernpYIQIIIIIX aTOM0B reJIIIH, T.H. rrapaMCTp K (CMruje11uii/amoM He). 

Y CTaH0BJieHo, qro .l{aHHhlli rrapaMCTp o6nyqeH!IH K 0Ka:3hlBaeT orrpe.l{eJIHIOIIIee BJIIIHHIIe Ha 

coxpaHeH!le II 4>opM11pOBaHIIe .l{eq>eKTHoil: CTIJYKTYPhI, OTBCTCTBeHH0H, Hanp11Mep, 3a aM0p

q>ll3allIIIO KpeMHIIH. 

3. MeTO,l{OM rrpocBeql!BaIOII(eil: JJieKTpOHHOH MIIKp0CK0IIIIII (TI3M) 113yqeHI,I oco6eHHOCTII 

PMllllUII0HH0ro II0BpelK.l{eHIIH KpeMHIIH, B 3aB!ICIIM0CTII OT T0JIII(IIHI,l 60M6apA11pyeMhIX 

IIJiaCTIIH, yrna BX0.l{a II0H0B B 60M6ap.l{IIPYIOIIIYIO II0BepxH0CTh, ,!{031,1 o6JiyqeH!IH II0HaMII 

He CE':" 17 K3B. Tipe.l{nO)l(eHa 4>11311qecKaH K0HI(eIII(IIH BJIIIHHIIH rrp11MeCHhlX aTOM0B He Ha 

coxpirneHIIe ToqeqH1,1X .l{eq>eKToB, B qacrnocrn, poJih rrapaMerpa K. Y CTaII0BJieHo, qTo rrp11 

K < 30 CMeUfeHuiilamoM He Bee aTOMI,I reJIIIH Hax0,l{HTCH B peIIICTKe Si B TeTpa3.l{p!lqecKIIX 

MelK.l{0Y3eJihHhlX II031111IlllX, q>OpMIIpyx IIJI0CK!le CK0IIJieHIIH aT0M0B He C op11eHTau11eil: 

{100}.· Tip11 K> 100 CMeUJeHuiilamo,u He aTOMhl reJIIIH, B3a!IMO,l{eHCTBYH C PMllllUII0HHhl

MII BaKaHCIIHMII, q>opMI!pyIOT He.Vm K0MIIJieKCI,I (n-KOJIIIqeCTB0 aT0M0B reJIIIH, m - K0Jill

qecTB0 BaKaHCIIH), OTBCTCTBeHHhle .3a coxpaHeH11e ToqeqtthlX PMllllUII0HHI,IX ,l{eq>eKTOB II 

!IX HaK0IIneH11e, BIIJI0Th i.~ aMOpq>ll;auHII Si. 

4. BrrepBhle 3KcrrepIIMeHTaJihH0 peaJill30BaHhI ycnoBIIH AnH aMOpq>113llUIIII KpeMHIIH Hll3K0-

3HeprernqecK!IMII II0HaMII He. Y CTaH0BJieH0, qro B ,l{aHH0M CJiyqae aMopq>ll3llUIIH He orrpe

,l{eJIHCTCH II0 0T,l{eJIJ,H0CTII HII K0JI!lqeCTB0M Pa.l{IlllUII0HHhIX .l{eq>eKTOB, HI! K0JI!lqeCTB0M IIM

IIJlaHT!lp0BaIIH0r0 reJIIIH. TIOKa:3aHO, qro He06XO,l{IIMhIM II ,l{OCTaTOqHl,IM ycJI0BIIHMII AJIH 

aMopq>113llUIIII KpeMHIIH II0HaMII reJIIIH HBJIHIOTCH KaK Bi,III0JIHeHIIe He06XO,l{llMOro C00TH0-

IIIeHIIH CK0pocrn reHepauIIII PMllllUII0HHhlX .l{eq>eKTOB K CK0p0CTII HaK0IIJieHIIH nernpYIQ

IIIIIX aTOM0B reJIIIH (3TO C00TH0IIIeH11e ,l{0JI)KH0 II0 Kpail:Heil: Mepe 61,rr1, He MeHee 90 CMeUJe-

11uii/amoM He), TaK 11.l{0CTII)l(eH!IH Heo6XO,l{IIMOH ,!{031,I IIMIInaHTauHII aTOM0B He ( K0HI(eH

TPllUIIH reJIIIH ,l{0JI)KHa 6hlTh 6onee 1 aT.%). 
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5. BrrepBbie o6Hapy)l(eH Jq>q>eKT CaM0opraHll3al(!III ren11eBhIX HaH0II0p B yrropH.l{oqeHHYIO 

o6neMHYIO crpyKT)'Jly B aMopq>HoM cJioe KpeMHIIH B rrpo11ecce o6nyqeHIIH 110HaM11 He rrp11 

KOMHaTHOH TeMrreparype. y CTaH0BJieH0, qro HaIIpaBJieH!le yrropH.l{oqeH!IH ren11eBI,IX HaH0-

rrop K0Hrp0JIIIpyercH HanpaBJieH!leM rryqKa II0H0B He II0 0TH0IIIeH!IIO K 6oM6ap.!{11pyeMOH 

II0BepxH0CTII. 

6. BuepBbie B PMI1a11110HH0-IIH/.\YllllP0BaHH0M aMOpq>HOM CJI0e KpeMHIIH, HaChIIIIeHH0M aTO

MaMII reJIIIH, o6Hapy)l(eHhl mmeil:Hhie HaH0CTPYKTYPHhie oco6eHHOCTII (IIOHHhle rpeKII) c 

,l{llaMCTp0M 0K0JI0 1 HM II IIOBepXHOCTHOH IIJI0TH0CThIO 10 
7 CM - 2

, pacrrpocrpaHHIOIII!leCH 

B,l{0JIJ, rpaeKTOp1111 ,l{B!l)l(eHIIH II0H0B He Ha BCIO MIIHY IIX rrpo6era. Tipe).(IIOJiaraercH II0Hll-

3llUII0HHI,JH MeXaH!13M !IX o6pa:30BaHirn B ycJI0BIIHX MeTacTa6!1JII,HOro C0CT0HHIIH aMOpq>HO

ro KpeMHIIH, HaChIII(eHH0ro aT0MaMII reJI!IH. 

7. M3yqeHa II0CJiepa.!{11a11110HHai:I peKpllCTaJIJill3al(!IH aMopq>Horo CJI0H KpeMHIIH C yrropM0-

qeHH0H CIICTeM0H reJI!leBhIX HaJI0II0p. OTMeqeHO Haqan1,Hoe 3IIIITaKCllaJil,H0e 3apolK.l{eH11e 

peKp11CTaJIJill30BaHH0ro M0H0KpllCTaJIJI!lqecKoro CJI0H KpeMHIIH. O.l{HaKO ,l{aJII,Heil:rn11il: pocT 

noro CJI0H T0pM0311TCH CK0IIJieH!leM Ha Me)l(q>a:3HOH rpaHIII(e ren11eBh!X rrop. OcTaJihHaH 

o6JiaCTI, aMopq>Horo KpeMHIIH peKpllCTaJIJill3YeTCH B II~JI!1Kp!1CTaJIJillqecK11il: KpeMHIIH. 

8. BrrepBbie B pe3yn1,TaTe rrocnepMllllUII0HH0ro 0T)l(llfa rrpll 580°C B aMopq>HOH MarpI111e 

KpeMHIIH C yrropH).(oqeHHOH CIICTeMOH reJilleBI,IX HaHorrop CIIHTe3I!poBaHJ,] HaH0KpllCTaJIJ!hl, 

11eHrp0M CTIIMyn11poBaHH0ro 3ap0)l().(eHIIH K0T0ph!X HBJIHIOTCH rrosepXH0CTII HaHorrop. 
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