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1. BBE.llEHHE 

. npoueeeu ~e¢eKTOo6pa30BaHHH B ~H3neKTpHqeeKHX H nonynpOBO~HHKOBllX 

MOHOKpHeTannax H3yqaDTeH ~RHTenbHOe. BpeMH no epaBHeHHD e ~pyrHMH MaTe

pHanaMH, HO 6onhWHHeTBO. pa6oT 6unH BllTIOnHeHU Ha oeKORKax ~eneHHH, H 

TORhKO B noene~HHe ro~u Bee 6onee wHpoKoe paenpoeTpaHeHHe npHo6peTaDT 

Heene~oBaHHH Ha yeKOPHTenHXTHltenux HOHOB. Oeo6oe BHHMaHHe B TaKHX pa-

6oTax y~enHeTeH BhlllCHeHHIO po;rn HOHH3aUHOHHllX H ynpyrHX IlOTepb 3HeprHH 

6ueTpllX THxenux HOHOD Ha ~pMHpoBaHHe H 3BORDUHD ~e¢eKTHOH eTpyKTy
pu/1-4/_ 

TeM He MeHee, BU6op HaH6onee peanHeTHqHOH MO~enH B ¢0pMHpOBaHHH 

"TpeKa" THXeno~ 3apH1teHHOH qaeTHUll Bee eme oeTaeTeH-B ue11Tpe BHHMaHHH 

Heene~oBaTeneH. 8 qaenmeTH, Mo~enH o6pa30BaHHH "TpeKOB" B M3neKTpH

qeeKHX MaTepHanax, TaKHe,,KaK "KynoHOBeKHH B3pllB" H "TennoBOH KnHH", 

pa3BHTlle B pa6oTax15
•
61

, eqHTaDTeH 6onee HRH MeHee·o6menpHHHTllMH, XOTH 

o6eyx~aDTeH H ~pyrHe MexaHH3Mll pa~HaUHOHHoro B03~eHeTBHH, HanpHMep, He

ynpyroe paenuJieHHe121. 

KaK H3BeeTHO, npH o6nyqeHHH MaTepHanoB npoHCXO~HT npoueeeu yeKopeH

IIOH pa~HaUHOHHO-eTHMynHpOBaHHOH ~H¢¢Y3HH. 3TH npoueecu o6yen0Bne11u B03-

HHKHOBeHHeM BlleOKHX KOHUeHTpaUHH BaKaHeHH H o6pa3oBaHHeM MeJK,Uoy3enhHllX 

aTOMOB, 3HeprHH aKTHBaUHH MHrpaUHH KOTopux ~OeTaToqno HH3KaH - ~ORH 

3JieKTpOHBOJibT B KpHCTaJIJiax ; AnMa3 HBnHeTCH xopOWHM MO~enhHllM KpHeTan

noM, B KOTopoM npoueeeu MHrpaUHH npHMeeeR_no~aBneHu BnnoTh ~o TeMnepa

TYP 2000 - 25oo0c, KpOMe Toro paeeMaTpHBaDTeH B03MOlrHOeTH npHMeHeHHH 

TaKHX KpHeTannoB ~nH eo3~aHHH nonynpoBO~HHKOBllX npH6opoB, o6na~aDlllHX 

npe~enhHO BlleOKOH TeMnepaTypnoH H pa~HaUHOHHOH eTa6HnhHOeThD. Il03TOMY 

H3yqeHHe B03MOlrHOeTeH ~nH nepepaenpe~eneHHH H BBe~eHHH HOBllX 3ReKTpH

qeeKH aKTHBHllX npHMeee8 B anMa3 npe~eTaBnHeTeH BllHllM H nepeneKTHBHllM 

~nH MHKp03ReKTpOHHKH17
•
81

. 

KpeMHHH·B nacTOHlllee BpeMH HBnHeTeH OCHOBHllM MaTepHanoM B npOH3BO~

eTBe nonynpOBO~HHKOBllX npH6opoB, Il03TOMY npe~eTaBnHeTCH nepeneKTHBHllM 

H3yqeHHe npouecCOB· nerHpOBaHHH'TaKHX MOHOKpHeTannoB Tpe6yeMllMH THnaMH 

npHMeee8 (6op, ¢oe¢op H ~pyrHe) 19
•
101

. 

uenh nacTOHllleH pa60Tll - H3yqenHe M¢¢Y3HH npHMeee8 no ~eeTpyKTHpO

BaHHOH o6naeTH - "TpeKy Tona", eo3~aHHllM npowe~WHM qepe3 Hee THXenuM 

HOHOM 



2. 3KCITEPHMEHTARhHhIE PE3YRhTATU 

2.1. HMITRAHTAIUIH BUC0K03HEPrErHqECKHX H0H0B B CROM KPEMHHH, C¢0PMHP0-

BAHHUE H0HAMH K3B-HHX 3HEPfHH 

0CH0BH0H 3a~aqe8, pernaeM0H npH ~B0HH0H HMilRaHTaUHH H0H0B K3B-HHX H 

M3B-HHX 3HeprHH; 6uno H3yqeHHe·nepepacnpe~eneHHH R0KaRH30BaHHllX B npH

nosepxH0CTH0M CR0e 3ReKTpHqecKH aKTHBHllX npHMeceH npH HaRHqHH ~e¢eKT0B, 

C03~aHHllX BllC0K03HepreTHqecKHMH THJ:eRHMH H0HaMH. 

npHn0BepXH0CTHlle CR0H 6untt c¢opMHp0BaHH HMilRaHTauHeH H0H0B ¢oc¢opa 

H 6opa B no~R0J:KH KpeMHHH K)l6-12 H K3¢-4, 5, C00TBeTCTBeHH0. 3HeprHH 

H0H0B ~c¢opa 6HRH 30 K3B, a ¢RlOeHC 500 MKKR, a ~RH H0H0B 6opa 3HeprnH 

H0H0B - 100 K3B H ¢RIOeHC - 100 MKKR. 
40 · nocRe 3T0r03TH o6pa3Ull o6RyqaRHCh H0HaMH Ar C 3HeprneH 46.3 M3B 

~0 ¢RIOeHCa 2. 6° 1014 H0H/CM2. o6Ryqemme' T0RhK0 HH3K03HepreTHqecKHMH 

H0HaMH (1 THil) H HH3K03HepreTHqecKHMH H BllC0K03HepreTHqecKHMH H0HaMH 

o6pa3UH (2 THn) npoxo~RH TepMoo6pa6oTKY nonapuo npH TeMnepaType 1000°c 

B TeqeHHe 30 MHH Ha B03~yxe. 

CR0eBoe conpoTHBReHHe 3ReKTpHqecKH aKTHBHllX npHMeCeH H3MepHRH MeTO

~0M BaH-~ep-nay npH K0HTp0RHpyeM0M y~aReHHH CR0eB C Il0M0mhIO aH0~Horo 

0KHCReHHH. H3MepeHHlle npQ¢HRH pacnpe~eReHHH 3ReKTpHqecKH aKTHBHllX npH

MeCeH ¢oc¢opa H 6opa npe~cTaBReHH Ha pHc,1 H 2 C00TBeTCTBeHH0 (1 THil -

KpHBaH 1 H 2 THil o6pa3UOB - KpHBaH 2). 

KaK B~H0 H3 pHCYHK0B, HMeeT MeCT0 ywHpeHHe npQ¢HReH RernpyIOmHx 

npHMeceH ~RH CRyqaH ~B0HH0H HMilRaHTaUHH. 3T0 ywHpeHHe M0J:eT 6UTh OObHC-

11e110 pa~HaUH0HH0-CTHMYRHpoBaHH0H ~¢¢Y3HeH. 

2.2. HMnRAHTAUHH BUC0K03HEPrErHqECKHX H0H0B B M0H0KPHCTARRU ARMA3A. 

_0C06EHH0CTH )lH4><1>Y3HH nPHMECEH nPH )lB0HH0H HMnRAHTAUHH H PE3MHCCHH 

H0H0B_KCEH0HA 

B 3KcnepHMeHTaX KpHCTaRR aRMa3a THna na 6HR 0TWRH¢0BaH rpaHhlO [110] 

~o T0RmHHll 0.2 MM H ~o BpeMH o6RyqeHHH qepe3 TenRonp0B0~HmHH KReH npH

Kpenneu K 0XR~aeM0H no~R0J:Ke. o6Ryqe11He npoB0~HR0Ch H0HaMH 129xe 

(3HeprHH H0II0B 124 M3B) H H0HaMH 59Ni (311eprHH H0II0B C0CTaBRHRa 59 M3B) 

npH cpe~HeH HHTeHCHBII0CTH F=3x109 H0H/(cM2 C) qepe3 K0RRHMHpyIOmyIO ~Ha¢-
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pacnpe~eReHHH ~0II0p0B B K)l6-12, HMnRaHTHp0BaHH0M H0HaMH 

¢oc¢opa (o), a TaKxe H0HaMH ¢oc¢opa H apro11a (D). 
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PHC.2. npo¢HRH pacnpe~eReHHH aKuenTopoB B K3¢-4,5, HMilRaHTHP0BaHH0M 

HoHaMH 6opa (o), a TaKie HonaMH 6opa H apro11a (D). 
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parMy c nHaMeTpoM 1 MM. MaKpoHarpea o6nacTH 3HeproauneneHHH nyqKa coc

TaBnHn, cornacHo oueHKaM, He 6onee necHTUX noneH rpanyca. o6nyqeHHe 

npoBOnHROCb npH KOMHaTHOH TeMnepaType T = 300 K H npH BUCOKOH TeMnepa

Type T= 1350 KB cneUHaRbHO CKOHCTpyHpOBaHHOM H H3rOTOBR8HHOM ycTpOHCT

Be, IJ03BORHDmeM o6nyqaTb o6pa3UU npH BUCOKHX TeMnepaTypax OT 1000°c H 

auwe c TepMocTa6HRH3aUHeH Ha ypoane ~T= ± 5° nnH H3yqenHH npoueccoa ne

pepacnpeneneHHH BHenpeHHUX HOHOB KCeHOHa. 

OcTaHOBHMCH BHaqane Ha npoueccax nepepacnpeneneHHH BHenpeHHUX HOHOB 

KCeHOHa npH o6nyqenHH MOHOKpHCTanna .anMa3a npH BUCOKHX TeMnepaTypax o6-

nyqenHH. HccnenoaanHe np()(f)HnH 3aneraHHH BHenpeHHux HOHOB Kcenona ocyme

CTBRHnocb MeTonoM KaTononDMHHecueHUHH npH TIOCROHHOM ynaneHHH o6nyqenno

ro MaTepHana c waroM Menee 1 MKM. flDMHHecueHUHH ao36yxnanacb 3neKTpoH-
. 2 

HUM nyqKQM C 3HeprHeH 3ReKTpOHOB 15 K3B H TIROTHOCTbD TOKa 0.5 MA/CM. 

rny6Hna Bo36yxneHHH o6nyqennoro anMa3a ne npeauwana 3 MKM H cooTBeTcT

aoaana rny6HHe npOHHKHOBeHHH B036yl'.JJ:aDmHx 3ReKTpOHOB. XapaKTepnaH nnH

Ha aonnu nDMHHecueHUHH Kcenonoconepxamero · ne{fleKTa . B ·peweTKe anMa3a 

i\ = 815 HM. 
Xe 

Ha pHc.3 npHBenena 3aBHCHMOCTb HHTeHCHBHOCTH KaTononDMHHecueHUHH OT 

rny6HHU B MHWeHH anonb npo6era HOHOB KCeHoHa. KpHBaH 1 COOTBeTCTByeT 

o6nyqeHHD HOHaMH Kcenona npH TeMnepaType To6n = 300 K, a KpHBaH 2- o6-

nyqeHHD npH TeMnepaType To6n = 1350 K. IlpoeKTHBHUH npo6er HOHOB KCeHOHa 

B OOOHX cnyqagx COCTaBnHeT R ~ 7.4 MKM, a pacqeT no nporpaMMe TRIM-90 
TRIM · p . ' 

naeT BenHqHHY R = 6.55 MKM, qTo HaxonHTCH B xopoweM cornacHH c 3KC-
p 

nepHMeHTaRbHO H3MepeHHUM 3HaqeHHeM. 

KaK BHnHO H3 pHC.3,npH o6nyqeHHH HOHaMH KCeHOHa npH KOMHaTHOH TeM-. 

nepaType np()(f)HRb 3aneraHHH HOHOB Kcenona ROKaRH30BaH Ha rny6HHe R = 

7.4 MKM, B TO BpeMH KaK nnH cnyqag o6nyqenHH npH BUCOKon TeMnepaType 

3HaqHTeRbHaH nonH HOHOB KCeHOHa nepepacnpenenHeTCH B CTOpOHY IJOBepXHOC

TH, TO ecTb npoHcxonHT pe3MHCCHH aTOMOB KCeHOHa H3 nerHpoaannoro CROH. 

3aMeTHM, qTo o6uqno B anMa3e nH<fl{flY3HH npHMeceH 3naqHTenbHo nonaaneHa 

BTIROTb no BUCOKHX TeMnepaTyp. Il03TOMY MOXHO cnenaTb BUBon, qTo B naHHOM 

cnyqae HMeeT MeCTO o6paTHaH panHaUHOHHO-CTHMYRHpOBaHHaH nH<fl{flY3HH BHen

peHHUX HOHOB KCeHOHa, KOTOpaH npoHcxonHT RO "TpeKy" npowenwero HOHa 

KCeHOHa, TO eCTb o6naCTH B6RH3H TpaeKTOpHHl HOila C pa3BHTOH ne{fleKTHOH 

CTpyKTypoH. IlpH 3TOM np()(f)Hnb 3aneraHHH OCHOBHOH nonH HOHOB KCeHoHa 3Ha

qHTeRbHO ywHpHeTCH npHMepno B 1.5 pa3a, B cpaBHeHHH C o6nyqenHeM llpH 

KOMHaTHOH TeMnepaType. 
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PHC.3. 3aBHCHMOCTb KaTononDMHHecueHUHH HOIIOB KCeHOHa OT rny6HHU anonb 

npo6era HOIIOB KCeHOHa C 3HeprHeH E=·t24 M3B B anMa3e. KpHBUe 1 H 

2 COOTBeTCTBYDT o6nyqeHHD npH KOMHaTHOH TeMnepaType H TeMnepaTy

pe 135o0c. 
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PHC.4. 3aBHCHMOCTb KaTononDMHHecueHUHH HOIIOB cepe6pa H HHKeRH OT rny6H-

HU nnonb npo6era HOIIOB HHKenH C 3Hepi-HeH E = 59 M38 ll anMa3e, 

o6nyqeHHOM npenBapHTeRbHO HOHaMH cepe6pa c :➔ 11epr·Heii E = 300 K3ll 

H OTo:neHHOM npH TeMnepaType t5oo0c. 
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)lJJSI H3ytJemrn B03MOJ:HOCTel1 HCnOJJb30BaHHSI )le(fJeKTHOH CTPYKTYPhl 'B "Tpe

Ke" TSIJ:eJJoro HOHa )lJISI paBHOMepnoro JJerHpoBaHHSI o6JJytJeHHhlX KpHCTaJJJJOB 

npH nocJJepa)lHaUHOHHOM OTJ:Hre 6hlJJH npoBe)leHhl pa6oThl no JlBOHHOH HMnJJaHTa

UHH B MOHOKpHcTaJIJI aJJMa3a. Ha nepBOM 3Tane ocywecTBRSIJIOCb o6JJytJeHHe MO

HOKpHCTaJJJJa aJJMa3a )lOCTaTOtJHO TSIJ:eJlhlMH HOHaMH, C03)laDWHMH pa3BHTYD )le

cfieKTHYD CTPYKTYPY, a 3aTeM B_ nosepxHOCTh ( 11a rny6mrn JlO 1 MKM) HMnnan

THposanacb TSIJ:eJJaSI HJIH JJerKaSI npHMeCb, Ha BTOpOM 3Tane npOH3B0)lHJICSI OT

J:Hr MOHOKpHCTaJJJJa, o6JJytJeHHOro JlBYMSI THnaMH HOHOB, TeMnepaTypa OTXHra 

KOTOporo Bhl6Hpanacb H3 ycJJOBHH MaKCHMaJJbHOH JlHCflcfiY3HH H no)lBHXHOCTH JJer

KOH HJIH TSIJ:eJJOH npHMece11 npH coxpaHeHHH C03)laHHOl1 nepBHtJHhlM o6JJytJeHHeM 

)le(fJeKTHOH CTPYKTyphl. To ecTb npH npoueccax OTXHra npouecchl peKpHCTaJIJJH-

3aUHH )lOJIJ:Hhl 6hlJJH HCKJIDtJaTbCSI. B npOTHBHOM cJJytJae TeMnepaTypHoe 3aJJetJH

BaHHe - "CXJJOnhlBaHHe" TpeKOB nepBHtJHhlX HOHOB noJJHOCTbD no)laBJJSIJIO 6hl Ta

KYD pa)lHaUHOHHO-CTHMYJJHpOBaHHYD JlHCflcfiY3HD. 

npHBe)leM pe3yJJbTaThl no JlHcficfiY3HH nerKHX H TSIXeJJhlX npHMece11. 

Ha nepBOM 3Tane o6pa3eU aJJMa3a 6hlJJ o6nytJeH HOHaMH cepe6pa npH 3Hep

rHH E = 300 K3B, cfiJJDeHC o6JJytJeHHSI COCTaBJJSIJI Ft= 3x1015 HOH/CM2 , TeMne

paTypa o6JJytJeHHSI 6h1J1a 1100°c npH )laBJJeHHH 70 K6ap. npo6er HOHOB Ag B 

3TOM cJJytJae )lOJJJ:eH 6hlJJ 6h1Tb 785 A (pactJeT BhlnOJJHeH npH HCnOJJb30BaHHH 

nporpaMMhl TRIM-90). 3aTeM o6pa3eU aJJMa3a 6hlJJ o6JJytJeH HOHaMH HHKeJJSI C 

3HeprHe!1 E= 59 M3B )lO cfiJJDeHca Ft= 5·1014 HOH/cM2 . nocJJe )lBOHHOro o6ny

tJeHHSI o6pa3eU 6hlJJ OTOlleH npH TeMnepaType 15oo
0
c. XapaKTepHhle )lJIHHhl 

BOJIH JIDMHHecueHUHH HHKeJJSI H cepe6pa B peweTKe aJJMa3a A= 484 HM HA = 
NI Ag 

461.5 HM COOTBeTCTBeHHO. 

Ha pHC.4 npHBe)leHa 3aBHCHMOCTb HHTeHCHBHOCTH KaTO)lOJIDMHHecueHUHH 

OT rny6HHhl B)lOJlb npo6era HOHOB Ni (pactJeTHaSI BeJJHtJHHa npo6era TaKHX 

HOHOB R = 6.3 MKM). H3 pHC.4 BH)lHO, Bo-nepBhlX, 'ITO npo(fJHJlb 3aJJeraHHSI 
p 

HOHOB HHKeJJSI CHJlbHO ywHpeH ()lo BeJJHtJHHhl llR = 4 MKM, 'ITO 3HatJHTeJJbHO 
p 

npeBhlwaeT pactJeTHOe 3HatJe1me), B0-BTOphlX, HOHhl cepe6pa npOJlHcficfiYHJlHpOBa-

JIH )lO rny6HHhl 4 MKM. Ha OCHOBaHHH noJJytJeHHhlX 3KCnepHMeHTaJJbllhlX pe3yJJb

TaTOB MOIHO C)leJJaTb BhlBO)l, 0 TOM, 'ITO HOHhl HHKeJJSI H3 30Hhl JJerHpOBaHHSI 

nepeMeCTHJIHCb K noBepXHOCTH o6pa3ua aJJMa3a, B TO BpeMSI KaK HOHhl cepe6pa 

npOJlHCflcfiYHJlHpOBaJJH Ha 3HatJHTeJlbHYD rny6HHY BHYTPb o6pa3ua. KaK H )lJISI 

cJJytJaSI, H3o6paxeHHOro Ha pHC.3, HMeeT MeCTO JlHcficfiY3HSI BHe)lpeHHhlX HOHOB 

no "TpeKaM" TSIXeJJhlX HOHOB HHKeJJ.H. 
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Ha OCHOBaHHH BhlIIOJIHeHHhlX HCCJJe)lOBaHHH MOXHO C)leJJaTb BhlBO)l, 'ITO pa3-

BHTa.H )le(fJeKTHaSI CTPYKTypa, o6pa30BaHHa.H B MOHOKpHcTaJJJJe aJJMa3a IlOCJJe 

npoxox)leHHSI TSIXeJJhlX HOHOB HHKeJJSI, CTHMYJJHpyeT npoTeKaHHe npoueccoB JlH(fJ

cfiY3HH )laxe TaKOH TSIXeJIOH npHMeCH, KaK aTOMhl cepe6pa. 

JlpyrHM npHMepOM TaKHX npoueccoB SIBJJSieTCSI )lBOHHaSI HMilJJaHTaUHSI HOHOB 

reJJHSI C 3HeprHel1 E = 300 K3B )lO cfiJJDeHca Ft= 3·1015 HOH/cM2 IlOCJJe o6JJy

tJeHHSI HOHaMH 
129

xe c 3HeprHel1 E=124 M3B )lO cfiJJDeHca Ft= 1.2·1014HOH/cM2. 

XapaKTepHaSI )lJIHHa BOJll!hl JIDMHHecueHUHH HOHOB reJJHSI B peweTKe aJJMa3a A= 

536 HM. Ha pHC.5 IIpHBe)leHa 3aBHCHMOCTb HHTeHCHBHOCTH KaTO)lOJIDMHHecueH

UHH HOHOB reJJHSI OT rny6HHhl B)lOJlb npo6era HOHOB 129xe (pactJeTHaSI BeJ1HtJH-

11a npo6era TaKHX HOHOB R = 6.55 MKM). 3Ta 3aBHCHMOCTb IlOJJytJeHa Ha o6-
p O . 

pa3uax, OTOJ:J:eHHhlX IIpH TeMIIepaType 1000 C, MeTO)lOM IlOCJIOHHOrO y)laJJeHHSI 

CJJOeB C waroM B 1.MKM. Ha 3TOM :te rpa(fJHKe npe)lCTaBJJeHO pacnpe)leJJeHHe 

HHTeHCHBIIOCTH JIDMHHecueHUHH HOHOB reJJHSI IIOCJJe HMilJlaHTaUHH 6e3 OTXHra. 

H3 pHC.5 BH)lHO, 'ITO HCXO)ll!hle HOHhl reJJHSI ()lo OTXHra HOHhl reJJHSI )lOCTHraDT 

rny6Hl!hl MeHee 0.8 MKM, a npoeKTHBHhlli npo6er TaKHX HOHOB reJJHSI c 3HeprH

e11 E=300 K3B B aJJMa3e Rp=0.66 MKM no nporpaMMe TRIM-90) JlHifNl!YHJlHPYDT )lO 

rny6HH B 7 MKM, TO eCTb npaKTHtJeCKH Ha Beeb npoeKTHBl!hlli npo6er HOHOB 

KCeHOHa. npH 3TOM Ha6JJD)laeTCSI CHJlbHhlli "npoBaJJ" B HHTeHCHBHOCTH KaTO)lO-
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PHC.5. 3aBHCHMOCTb KaTO)lOJIDMHHecueHUHH HOHOB reJJHSI H KCeHOHa_OT rny6HHhl 

B)lOJlb npo6era HOHOB KCeHoHa ~ 3HeprHel1 E = 124 M3B B aJJMa3e, o6-

JJytJeHHOM HOHaMH reJJHSI C 3HeprHel1 E = 300 K3B IIpH, H OTOlleHHOM 

IlpH TeMnepaType 1000°c. 1- JIDMHHecueHUHSI HOIIOB reJJH.H IlOCJle OT~H

ra, 2 - )lO OTXHra, 3 - JIDMHHecueHUHSI HOHOB KCeHOHa. 

7 



'; 

'! 

JIDMl!HecueHUHI! Ha rny6HHe B 2 MKM, ITpHqeM 3TOT 3¢xJleKT Haxonl!TCH naneKO 

3a ITpenenaMI! ourn6oK 1!3MepeHl!H, I! KOTOpllH 3aTpynHHTeJibHO OObHClll!Th 6e3 

ITpl!BJieqeHHH noITOJilll!TeJihllllX MeXa!11!3MOB ne¢eKToo6pa3oBalll!H. 

3. OBCYJK.llEHHE PE3YRhTATOB 

3¢xJleKTll panm~Ul!OHHO-CTl!MYJil!pOBaHHOH nHitxJJY31!1! o6ycJIOBJieHll TeM, qTQ 

K03¢xJll!UHeHTll nH¢xJlY31!1! aTOMOB ITpl!MecH ITpOITOpUHOHaJibHll KOHUeHTpaUHHM 

TOqeqHllX ne¢eKTOB/ll/: 

D =D O (d C + d .C. )/(d Ce + d .c
1
"), 

µ µ µv v µ1 1 µv v µ1 
(1) 

rne D •• Ce I! c.• - K03¢xJll!Ul!eHT nH¢xJlY3HI! ITPHMeCI! I! KOHUeHTpaUHI! BaKaH-µ V 1 
Cl!H I! Mexnoy3eJihHllX aTOMOB, COOTBeTCTBeHHO, B ycnOBl!HX TeMITepaTypHoro 

paBHOBeCHH, a D' C I! c.-Te xe BeJIHql!Hll B HepaBHOBeCHOM (ITepecumeHHOM) µ V 1 

cocTOHHHH (ITocne o6nyqeHHH MaTepHana qacTHUaM, co3naDmHMH ToqeqHue ne-

¢eKTll). BenHql!Hll d I! d. - ITapuHaJibHlle K03¢xJll!Ul!eHTll nH¢xJlY3HI! npHMeCH 
µv µ1 

ITO BaKaHCl!HM I! Mexnoy3eJihHllM ITOJIOXeHl!HM. IlOCKOJihKY o6uqHo BllITOJIHHeTCH 

ycnOBl!e (HCKJIDqa51 o6naCTh Hl!3Kl!X TeMnepaTyp, Karna ITOnBHXHOCTh Mexnoy-

3eJibHllX aTOMOB H1!3Ka): 
d C >> d .c

1
, µv V µ1 

Torna COOTHOWeHHe (2) npHHl!MaeT BHn: 

D µ 
~n•c/c 0 

µ V V • 

(2) 

(3) 

B 3aBl!Cl!MOCTI! OT ¢JIDeHca o6nyqeHHH HepaBHOBeCHaH KOHUeHTpaUl!H BaKaHCl!H 
-7 -3 

MOXeT ITpl!Hl!MaTb 3HaqeHl!H C ~ 10 - 10 , a paBHOBeCHaH KOHUeHTpaUHH 
V . 

BaKaHCl!H, 3aBHCHmaH OT TeMITepaTypu, B cpenHeM TeMITepaTypHOM l!HTepBaJie 
e -16 -10 

(300 - 500 Kl MOXeT 1!3MeHHThCH B ITpenenax: C ~ 10 - 10 . Il03TOMy 
V 7 9 

K03¢xJll!Ul!eHT panHaUl!OHHO-CTHMYJIHpOBaHHOH nH¢xJlY31!1! B 10 - 10- pa3 ITpeBll-

rnaeT o6uqHllH aKTl!BaUHOHHllH K03¢xJll!Ul!eHT nH¢xJlY3HI!. Ha OCHOBaHHI! 3Tl!X Bll

BonoB MOXHO OXHnaTb npoueccu co 3Haql!TeJibHllM B03pacTaHHeM K03¢xJlHUl!eHTOB 

nH¢xJlY3HI! ITpHMeceH ITO necTpyKTHpoBaHHOH BllCOK03HepreTl!qecKHM l!OHOM o6-

JiaCTI!. 

onHaKo nnH cnyqa51 nH¢xJlY3HH ITpHMeceH ¢oc¢opa H 6opa (cM.pHc.1 H 2), 

3TH 3¢xJleKTll 3aMeTHll, HO He CTOJ!h 3Haql!TeJibHll. Ha pHC.6 ITpl!BeneHO pac-

8 

·., Cv, 
84K. 

kuoH 129Xe + 5 i. ( 2 ) 

0.4 

0.2 

02u 
/1 

0.0 0.5 

.xf(
1 

t,,oAr + Si: (1) 

/IA A &Ml\ 
1.0 
~ 

R MKM 
' 

PHc. 6. PacITpenene1rne BaKaHCHH B 3aBHCHMOCTH OT rny6mm anonb ITpo6era 

onHH01rnoro l!Olla 
40 

Ar C 3HeprHeH 46. 3 M3B ( Kpl!BaH 1) I! 129xe c 

3HeprneH 124 M3B (Kp1rnaH 2) B KpeMHl!I! (pacqeT ITO ITpm·paMMe 

TRIM-90). 

ITpenene1rne KOHUeHTpauHH aaKaHCHH, 

3HeprHH l!OHOB 40Ar(3Heprl!H l!OHa 

C03naHHllX 3a cqeT ynpyrnx llOTepb 
129 · 

46.3 M3B (1) I! Xe (3HeprnH l!OHa 

124 M3B (2)) B KpeMHl!I!. 3TH 3aBHCl!MOCTI! nonyqeHll C npHMeHeHHeM nporpaM

Mll TRIM-90, KOTopaH paccql!TllBaeT yneJihHlle ynpyr11e ITOTep11 311epr1111 C l!C

ITOJih30BaHl!eM llOTeHUl!aJIOB pacceHHl!H 110 MeTony MOIITe-Kapno nnH Kaxnoro 

OTJieJibHOro l!OHa C pacqeTOM KacKanoB CMemeHl!H OT nepa11qHo Bll61!TllX aTOMOB 

MHrne1m. B11n110, qTo pacnpeneJie1rne BaKaHCl!H BJIOJih npoeKTl!BHoro npo6era 

l!MeeT Jll!CKpeTHllH xapaKTep, pacCTOHHl!H Mexny o6JiaCTHMI!, B KOTOpllX BaKa11-

C1!1! o6pa3oBaJil!Cb, I! o6JiaCTHMI!, B KOTOpllX l!X KOIIUeHTpaUl!H panua paBl!O

BeCHOH JIJIH Bll6paHHOH TeMnepaTypu o6nyqeHl!H (B uarneM cnyqae - KOMHaTHOH 

TeMITepaType), JIOCTaToqHo BeJIHKI! - JIOJII! Ml!KpOMeTpa. 3TO oco6e11110 xopo1110 

3aMeTHO nnH cnyqa51 o6JiyqeHl!H l!OHaMI! 40Ar. 
. 14 2 Il03TOMY MOIHO cnenaTb BllBon, qTo lip!! ¢JIDeHce Ft= 2.6"10 1!011/CM , 

KOTOpllH 6un JIOCTl!f'HYT Ha 113yqeHHllX o6pa3uax KpeMHl!H llpl! nBOHHOH l!MllJiaH

TaUl!I!, Korna, 110-BHnl!MOMY, necTpyKTl!pOBaHHlle o6JiaCTI! OT cocen1mx TpeKOB 

l!OHOB He nepeKpllBaDTCH, o6naCTI! c llOBllllleHl!OH KOHUeHTpau11e11 BaKaHCl!H 

( KacKanu cMemeHHH) , c¢opMl!posamme 3a cqeT ynpy1·11x noTepb 3Hepnm THxe

Jioro l!OHa, oTneJieHll o6JiaCTHMI! C Hl!3KOH l!X KOH1teHTpau11eH. 3TOT BllBOn B 

nepeyD oqepeJih KacaeTCH o6JiaCTI! Kpl!CTaJIJia KpeMIIHH B6Jil!31! noeepxHOCTI!, a 
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HMeHHO 3)leCb H H3y'lanacb JlHcfXt>Y3HH $OC$Opa H 6opa (rny6HHI-I JlO 1 MKM).3TO 

OOCTOHTeRbCTBO, KaK HaM KaJKeTCH, H HBRHeTCH OCHOBHOH npH'IHHOH OTHOCH

TeRbHO He60RbW010 Ha6RD)leHH010 3cfXt>eKTa pa)lHaUHOHHO-CTHMYRHpoeaHHOH JlH$-

$Y3HH. 

RI-IX 

AHanorH'IHl-le npoueccu ycKopeHHOH JlHcfXt>Y3HH npHMeceH no "TpeKaM" THJKe

HOHOB Ha6RDJlaRHCb HaMH B MOHOKpHCTaRRax GaAs, o6ny'le1IHI-IX HOHaMH 

KCeHOHa C 3HeprHeH Exe= 124 M3B HRH HOHaMH KpHnTOHa C 3HeprHeH EKr = 

·210 M3B, a 3aTeM HMnRaHTHpoeaHHI-IX HOHaMH Mn C 3HeprHeH 10 K3B, nocne 

OTIHra. B 3TOM cnyqae rny6Hna JlHcfXt>Y3HH npHMeceH Mn )lOCTHrana eeRH'IHH 

10 MKM JlRH cny'laH o6ny'leHHH HOHaMH 
129

xe (npo6er HOHOB 
129

xe R = 10.4 
84 84 p 

MKM) H 20 MKM JlRH HOHOB Kr (npo6er HOHOB Kr R =20.1 MKM). Bee ouen
p 

KH npo6eroe c)lenanu no nporpaMMe TRIM-90. 

IlpH H3y'leHHH JlHcfXt>Y3HH THJKeROH npHMeCH Ta, TaKJKe HMnRaHTHpoea!IHOH B 

noeepXHOCTb nocne o6ny'leHHH MOHOKpHCTaRROB Si HOHaMH KCeHona C TOH JKe 

3HeprHeH H OTJKH,a, rny6HHa npOHHKHOBeHHH npHMeceH- Ta )lOCTHrana eeRH'IHHl-1 

10 MKM (npo6er HOHOB 129xe R = 12.8 MKM). B 3THX cny'laHX $RDeHC HOHOB, 
p 

C03)laDUlHX )le$eKTHYD CTPYKTYPY, COCTaBRHR Ft ~ 10
12 

HQH/cM
2

. TO eCTb 

3aBe)lOMO "TpeKH" coce)lHHX HOHOB ne nepeKp!-IBaRHCb .. 
129 

H3 pHC.6.2 BH)lHO, '!TO JlRH HOHOB Xe B KpeMHHH B03pacTaeT KaK KOH-

ueHTpaUHH eaKaHCHH B KacKa)laX CMemeHHH, TaK H pe3KO yMeHbWaeTCH paCCTO

HHHe Meuy HHMH (CM.pHc.6.2), 'laCTH'IHO nepeKp!-IBaHCb Ha OT)leRbHI-IX yqacT

KaX. Il03TOMY pa)lHaUHOHHO-CTHMYRHpoeannaH JlHcfXt>Y3HH npHMeCeH )lORJKHa H)lTH 

)lOCTaTO'IHO 3cfXt>eKTHBHO (CM. Bl-lpaJKeHHe (3)), '!TOH na6RD)laeTCH Ha 3Kcne

pHMeHTe. 

Cv, 
.BaK. 
A•uOH 

Q6 

Qi/ 
i29Xe~A11MaJ 

0.2 

0 i 2. 

PHC.7. Pacnpe)leReHHe BaKaHCHH 

Hana 
129

xe OJlH_HO'IH010 

nporpaMMe TRIM-90). 

3 5 6 R,MJ<t1 

B 3aBHCHMOCTH OT rny6mrn BJlORb npo6era 

c 3HeprHeH 124 M3B B anMa3e (pac'!eT no 

10 

Ha pHc.7 npe)lcTaeneno pacnpe)lenenHe KOHUeHTpauHH eaKaHCHH B anMa3e 
· 129 nocne npoXOJK)lel!HH OJlHIIO'IHOro HOHa Xe C 3HeprHH 124 M3B. KaK xopowo 

BHJlHO KacKa)l!-1 CMemeHHH nepeKpblBaDTCH OT 301!1-1 MaKCHMaRbHoro Jle$eKToo6pa-

30BaIIHH BnROTb JlO noeepXHOCTH. Il03TOMY JlHcfXt>Y3HH npHMeceH KaK nerKHX 
4 

( He), TaK H THJKeRblX (cepe6po, KCeHOH) MOJKeT HJlTH )lOCTaTO'IHO 3cfXtleKTHB-

l!O npH noeuwemrnx TeMnepaTypax. 

Pe3MHCCHH BHe)lpeHHI-IX HOHOB KCeHona B npouecce o6ny'leHHH npH Bl-lCOKHX 

TeMnepaTypax MOJKeT 61-!Tb TaKJKe CBH3aHa C 60RbWHMH MexaHH'leCKHMH nanpHJKe

l!HHMH B 30He HX OCTaHOBKH 3a C'leT 60RbW010 HOHHoro paJlHyca, a TaKJKe C 

TeM, '!TO KCeHOI! HBRHeTCH 6naropOJlllblM ra30M C nORl!OCTbD 3anom1el!HOH 

BHewueH 3ReKTpOHHOH OOORO'IKOH, TO ecTb He· MOJKeT C03JlaBaTb KOMnneKCbl TH

na KCeHOH - 3TOM MaTpH~bl mrn HHaSI np11MeCb. 

4. 3AKJIJO'IEHHE 

Ha OCl!OBaHHH Bl-lnORl!eHl!blX HCCRe)loBaHHH MOJKHO C)leRaTI, BblBOJl O TOM, '!TO 

nocne npoxolK)leHHH THJKenoro HOHa o6pa3yeTCH CHRbl!O )leCTPYKTHpoeamiaH o6-

RaCTb - "TpeK", no KOTopoMy B03MOJKl!a JlHcfXt>Y3HH npHMeceH, 3TO OOCTOHTeRb

CTBO HMeeT BaJKHOe npaKTH'leCKOe 3Ha'!eHHe, noCKORbKY MOJKl!O BBOJlHTb Heo6-

XOJlHMl-le npHMeCH nocne o6ny'lel!HH )lOCTaTO'll!O THJKeRblM HOl!OM C npHMeHeHHeM 

o61,14111,1x JlHcfXt>Y3HOHHblX npoueccoe npH noe1,1wemrnx TeMnepaTypax OTIHra. 

CReJlyeT TaKJKe 3aMeTHTb, '!TO H3y'le1me npoueccoe JlHcfXt>Y3HH npHMeceH no 

"TpeKaM" THJKeRblX HOHOB HMeeT 60RblUOe 3Ha'!e1me JlRH flOCTpoeHHH nocne)lOBa

TeRbHOH MO)leRH CTPYKTYPI-I "TpeKa", '!TO oco6e1rno BaJKHO JlRH HOIJOB C BblC0-
/4/ KHMH YJleRbHI-IMH HOHH3aUHOHHblMH noTepHMH 3Hepf'HH 
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.UJmbIK A.IO., BapHqeHKO Re.; 3au~eB A;M. . 
PaAHau,HoHHO.:CTHMy;rnpouaHHaSJ AHq>cpy3HSJ npHMeceu 
13 MOHOKpHCTaJI.llax KpeMHHSI H aJIMa3a 

P14-95-144 

lfayqeHhl npo~eCCbl MHrpa~m; npHMeceu, HMIIJiaHT~poBaHJihIX B nouepx-. 
HOCTh MOHOKPHCTaJIJIOB KpeMHHSI H aJIMa3a, npeABapHTeJihHO o6JiyqeHHhlX TSI-

. . , . . , I 

)KeJihIMH HOHaMH, npH noCJiepaAHa~HOHHOM OT)KHre. TeMnepaTypa OT)KHra 
Bbl6Hpa.JiaCh H3 yCJIOBH51 BhICOKHX K03cpcpH~HeHTOB MHrpa~HH npHMeceu H 6h1Jla 

,' , .. . . 
HH)Ke TeMnepaTyphI peKpHCTaJIJIH3a~HH noupe)l(AeHHOro MOHOKpHCTaJIJia. 

IloJiyqeHHhle AaHHhle CBffAeTeJihCTBYIOT O TOM, qTO npHMeCH, HMilJiaHTH
poBaHJ{ble u nouepxHOCTh, AHct>ct>YHAHPYIOT Ha rJiy6HHhI, CODOCTaBHMhle c npo.'.. 
eKTHBHbIM npo6eroM TSl)KeJlbIX HOHOB, u TOM CJiyqae, KOrAa HX pacnpeAeJieHHe · 
ynpyrux noTeph :=meprnH HMeeT HenpephIBHhIH xapaKTep. · · ·. 

. 06cy)l(AaIOTCSI MexaHH3Mhl AaHHOro nou:eAeHHSI. . · .. 

Pa6oTa BhIDOJIHeHa B Jia6opaTOpHH MepHhIX peaK~Hu HM.f.H.<l>Jiepo~a 
,OIUIM. . . ' . ' 

.. Coo6~euue 06i,e,11ii1euuoro HHCTnzyia Hiepu&~ 
0
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Radiation-Sti~ulatedDiffusion of Impurities at Single Crystals. . 
of Silicon and Diamond'·' 

The processes of.migration of i~purity implanted at the. surface of silicon: 
and diamond single crystals under post irradiation annealing are studied. 
The annealing. temperature elected under the conditions of :relatively high 
co'.efficients of impurity migration and has been. low than temperature 
of recrystallization of damaged single crystal: . •, 

The mechanisms of this phenomenon are discussed .. 
' . \ ~-~ 
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