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TaKHM o6pa30M, 113 nony4eHHbtX pe3yJ1bTaToB cneJ(yeT, 4TO np11M~c11 JaMeW.eHHll c 

KOBaneHTHblMH pa.A11ycaM11, OTJIH4Hb!MH OT pa.AHyca aToMa peweTKH, MOryT 6htTh tteH

TpaMH aHHlffHJlllUl111 T04e'!Hb!X )J,e<jleKTOB 4epe3 3axBaT 11X Ha 1136b!T0'1Hble BaKaHCl111, no

CJ!e)ly!OW.ee BblTeCHeHHe HX 113 Y3JIOB peweTKH B MelKJ\OY3JIHll MelK)J,Oy3eJlbHblMH aTOMaM11 

Si (J<jl<jleKT BoTKHHca) 11 T. J\. CTpotteccoM BblTeCHeH1111 np11Mecdi 113 y3nos peweTK11 Me)K

J\OY3eJlbHbtMH aTOMaMH Si np11 l1MOJ1aHTau1111 H OTlKH!'e MOlKHO ynpaBJlllTb, H3MeHHll ypo

BeHb HOHH3aUHH B HMOJlaHT11pOBaHHOM CJJOe. 
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I. BBE.llEHME 

B Te'!em1e nocne)J.Hl1X 15 neT 1-11rreHCl1BHO 113y4aeTCH e3a11Mo.neiicTBHe Tyron11aeK11x 

MeTaJJJlOB c KpeMHHeM B HOHHO-JIY'leBb!X TeXHOJIOrHllX 113-3a CBOero B03paCTalOW.ero 3Ha

'!eHHll ,UJIJ! 113rDTOBJJeH11ll nonynpOBO)J,HHKOBblX [I, 2] ycTpOHCTB. 

B Haweli pa6oTe Mhl 113rornsn11ean11 cTpyKrypbl MeTannco)leplKaw.ee n0Kpb1T11e - Si , 
HCnOJlb3Yll 110HHO-aCCHCT11poeaHoe HaHeCeHJote noKpblTHH B ycnOBHllX caMopa,!U'.laUHH 

(HAHOYC), H 11ccne.nosan11 BJIHllHHe nnOTHOCTH JHepnrn, Bbl )J,eJJJ!eMOH ( CT3B) B KacKa.ne 

aTOMHblX CTOJlKHOBeHHH, a TaKjj(e pelKHMOB H napaMeTpOB OCalK.D.eHHll noKpblTHH Ha ne

peMelllttBaHHe JJJeMeHTOB noKpblTHll 11 no,ll.JlOlKKH B o6naCTH MelKQJa3HOH rpaHlofltb!. 

KaK H3BeCTHO, 803,UeikTBHe pa.n.11au110HHOH MO,UHQJHKau1111, conpoBOlKJ\3lOW.eH OCalK

)J,eHHe noKpbITHll, Ha CTPYKTYPY 11 cocTae o6pa3ua o6ycnoeneHo KOMnneKCOM ¢113114ecK11x 

H XHMH'leCKHX npoueccoe 11 llBJleHHH (ttanpHMep, 6aJJJ111CTH'leCKOe nepeMeWl1B3HHe, pa

.n.11au110HHO-CTHMYJJHpOBaHHal1 LIHQJQJY3Hll, XHMH'leCK11e peaKUHH, pacnbineHHe 11 J\pyrne), 

KOTOpble MOryT BHOCHTb pa311H4Hb1H BKJla,U B 11HTeHCHBHOCTb npoueccoe B3aHMO,ll.eikTBHll 

KOMOOHeHTOB noKpb!THll H 00,!l.JIOlKKH [3, 4]. CTp11 JTOM B03MOlKHa aKTHBaUHll Tex HJlH 

HHblX MeXaHl13MOB aTOMHOro nepeMeWHBaHHll Ha MelKQJa3HOH rpatt11ue OOKpb1THe

no.n110JKKa 1:1, KaK pe3yJlbTaT, AOCTHlKeHHe llY'IWHX xapaKTepMCTHK 11 napaMeTpOB MOAH

¢11u11posaHHblX noeepxHocTeii . 

2. METO.lll.fKH 3KCilEP11MEHT A 

06pa3Ubl, npeJ\Ha3Ha4eHHble !(Jill 11ccne.n.oeaHHH, MOJ\11Ql11U11p0BaJlH OCalK,L\eHHeM no

Kpb!THH c HCOOJlb30BaHHeM pe30H3HCH0f0 HOHHOro HCTO'IHHKa BaKyyMIIOH 3JleKTpO,llyro

BOH nna3Mbl, KOTOpblH reHep11pyeT KaK Hei1-rpanbHblH noTOK, TaK H noTOK HOHOB MeTaJlJla. 
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V1oHHO-aCCl1CT11pOBaHHOe B ycJIOBHllX caMOpll,!l,11auHH OCall<AeHHe TOHKHX MeTaJJJlCOAep

)f(all.lHX noKpblTHH Ha ocHoee MeTannoe Co, Zr, Mo 11 W npoeoJ(HJJOCb Ha nnacn!HbI Si 

(I 00) H Ha npe.ueap11TeJJbHO no.nrornaneHHbJe CTPYKTYPbl Mernnn - Si (I 00) (MeTann: Co, 

Zr. Mo, W), KOTOpble npHrOTas1111ean11, HCCTOJ1b3Yll :HOT )!(e lfOHHblH HCTO'lHHK B pe)!(lfMe 

nacclfBHOro (npH HynesoM 3Ha'leHHlf ycKOpll10L11ero Hanpl!)!(eHHll) HaHeceHlfll noKpblTlfll. 

BaKyyM e npo1.1ecce ocaJ1<.neBlfll n0Kpb1T11i1 cocTaBJJllll - 10-2 
fla. Ornowe1111e n110THO

cn1 110HHOro noTOKa K OJ10THOCTl1 Hei1TpanbHOro noTOKa, B 3aBHC11MOCTl1 OT YCKOpl!IOUle

ro Hanpll)!(eHlfll (5, 7, 15, 20 KB), MeHl!JlOCb B pa3Hb!X OOblTaX OT 0,02 .no 0,45, '!TO COOT

seTCTBOBaJJO ycnoBHIO poem noKpblTHll Ha rJOJ(JlO)!(Ke [5}. PaCC4HTaHHble CKOpOCTH OCa)!(

!leHHil MeTannco.n.ep)!(a11111x noKpblTHH 6bJJ1H OT 0,3 HMIMHH ,110 1,9 HMIMYIH, a OJlOTHOCTH 

HOHHOro TOKa OT 6,3 MK.A/cM
2 

!\O 20 MKA/cM
2 

B 3aBHCHMOCTH OT flaHOCl1MOro MeTallJla 11 

3HeprHl1 aCCHCTHPYIOUlHX 110HOB. LJ:n11 01.1eHKl1 nnOTHOCTl1 3Hepfl111, BbJ,!leJll!eMOH B KaCKa

.ae aTOMHblX CTOJ1KHOBeHl1H, 11CnOJ1b30BaJJOCb np116JJ11)!(eH11e 311rMyH,11a [6]. 
LJ:n11 311eMeHTHoro a11an113a cjlopM11pyeMbJX cTpyKTyp, pacnpeJ(eHeHHll JHeMeHTOB no 

rny611He, a TaK)!(e ,11nll H3y'leHHll noepe)!(,!leHHll CTPYKTYPbl KpeMHHll npHMeHl!llCll MeTOJI 

pe3epcjlop.LlOBCKoro o6paTHoro paccexH11ll 11ottoe reHHll c E0 = 1,5 MJB 11 reoMeTp11ei:i pac

cellHHll e, = o0
, 62 = 70°, e = I I0° B C04eTamll1 c KaHan11poea1111eM. 311epreTw1eCKOe pa3-

peu1e1rne .aeTeKTopa COCTaBJlllllO 15 K38, a rny611HHOe pa3peweHHe B KpeMHHH 13 HM. 

CTPYKTYPY n0Kpb1T11e-no.anoll<Ka, ccjlopM11poeaHHY10 lfOHHO-acc11cT11poeaHHbIM HaHece

HHeM MeTannco,11epl1<all.lHX noKpb!THH, 11cc11e,11oean11 c CTOMOll\blO )Jle KTpOHHoro M11KpO

CKOna JEOL 30 I 0. lrl306pall<eH11e llOJJy4anl1 OT nonepe•rnoro ceYeHHll flOKpblTlfll Ha KpeM 

Hml " hand tools" MeTOJJ.OM , HCn0.%3YIOUllfM Manoyrnosy10 TeXHHKY p aCLUenneHl1ll [7] . 

3. PE3YJ1hTAThl H HX OliCYiK,ll,EHHE 

Ha p11c. 1 nOKa3aHbl :JHeprernYecK11e oceeb1e cneKTpb1 OP Kp11cTannoe (I 00) Si, MO

l lH<j111u11poeaHHblX 110HHO-aCCl1CTl1pOBaHHblM HaHeceHlfeM w B ycnOBHllX CaMopa.n.11a1urn 

np11 KOMHaTHoii TeMnepaType. Yeen114eH11e oceeoro Bb1xo,11a op11ettT11poeaHHoro cneKTpa 

B o6nacrn 130-160 KaHaJJOB, CBll-

3aHHOe c nospe)!(,!1eH11eM B KpH

CTaJJJle, pacTeT c yeem1'!eH11eM 

JHeprHH o6ny'leHHll KaK npH HOH

HO-aCCHCTHpoeaHHOM HatteceHHl1 

W. TaK Co 11 Mo. BMeCTe c TeM 

1nMeHett11e ypoBHll .neKaHan11poea

Hl1ll 3a nHKOM noepe)!(,!leHHH 06Ha

PY)!(J18aeT Heo,11H03Ha•rny10 3asH

CHMOCTb OT 3Heprn11 110HOB Co ' , 

Mo ' 11 w +, Kp118ble 1-3 Ha p11c. I. 
Ha6mo.naeTCll poCT .n.eKaHan11po

BaH11ll c ysen114ett11eM 3Hepr1111 B 

CHCTeMe W/Si Ii yMeHbWeHHe B 

c11cTeMe Co/Si 11 Mo/Si. 3ToT cjlaKT 

MOll<eT 6b!Tb CBl!3aH c cj>opM11poea

HHeM s KpeMHHH .n.ecjleKTOB CTPYK

Typbl pa3Horo Tttna np11 06ny4e

HH11 110H3Ml1 Co+, Mo+ Ii w +. 

5000 

4000 

IC 10 . Si 
V:l'>·""-.._,;.;,i+!t:~·,;"iic' . .'··._.1 

HoMep K3HaJJa 

Puc. I. CneKTpb1 POP/KY! OT o6pa:iuoa W-( I OO)Si, cQiop
MHposa.HHbrx HOHHO~accHCfHpoua1-1HblM 11auece11HeM no· 

KpbITHH np11 yCKop010U\liX Hanp•>KeHH•x: 

I - 7 KB; 2 - 15 KB; 3 - 20 KB. vkxoIJ llblH Si: 
4 - oceBOH cneKTp; 5 - cnyYaHHblH cncKTp 
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Pac'leT cnoeBblX KOHLleHTpau11i1 JJ.e<jleKToB no c neKTpaM POP/Kl1 noKa:ibrnaeT, '!To, 

KaK H O)f(H.ll,aJlOCb, npH BHeJJ.peHHH a npeJJ.sapHTeJlbHO no.ll,rOTosneHHble CTPYKTYPhl Me-
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Tann-Si HOHOB c 60JlbWei1 aTOMHOH Maccoj;j 

KOHUeHTpaUHll .ll,e<j>eKTOB B KpeMHHH BblWe, 

'leM npH o6ny'leHHH CTpyKTYP HOHaMH c 

MeHbWeH aTOMHOH Maccoi1 npH cpaBHH

MblX ycKOpllfOLL\HX HanplllKeHHllX H, COOT

BeTCTBeHHO, JHeprHllX acc11crnpyfOLL\HX 

HOHOB Co+' Mo+ 11 w·. Ha pHC 2 noKa:iatta 

JaBHCHMOCTb CJlOeBOH KOHUeHTpau1rn .ll,e

¢eKTOB a Si 11 CTPYKType MeTann-Si a Ja

BHCHMOCTH OT nllOTHOCTH J HeprHH, Bbl,Qe-

0,0 0,2 0.4 0.6 0.8 

nB3, lB/aTOM 

1,0 JllleMOH B KaCKa,Ae aTOMHblX CTOJlKHOBeHHH 

nocne HOHHO-aCCHCTHpOBaHHOro HaHece

HHll MeTaJlJlCO,QepJKalL\HX noKpblTHH. 06-

Hapy)f(eHO, '!TO HOHHO-aCCHCTHposaHHOe Puc. 2. C i ioeeaJ1 Kom1e11Tj)au11• JlC<j>eKTOB H Si 11 

CTpyKType MCTaJ1J1-Si 8 13RHCHMOCTH OT nB3 
nocne MO!lHcj>HK8l\1111 Si MCTO!lOM 11AHnYC 

a 

6 · '~""'
·~~:~ 

···v .. · ~ . . . .-
: ;, . ~ . 

notepblTHe c H3HOKJl8CTepaMH Zr 

Puc. 3. n3M-H306pa)l(CHHC nonepe'!HOfO CC'ICHHll 
noKpblTHll, ocalK,llettttoro Ha (I 00) Si e ycnOBHllX 
acc11cr11poeaHHll 110Hat.<11 Zr npH ycKOpl!IOIUeM 

Hanp•lKeHHH 5 KB: a - o6nacr .. rpaHHUbl pa3.ae11a 
n0Kp.,1rne-no.ano)l(Ka; 6 - uefnpanbHall o6nacrb 

OCaJKAeHHe noKpblTHH Ha TOHKHe MeTaJlJl

CO;lepJKaurne nneHKH, npe.n.sap11TeJlbHO 

HaHeCeHHb!e Ha KpeMHHH BaKyyMHblM oca

JKAeHHCM, n03BOJll!eT CHl13HTb JJ,e<jleKT

HOCTb B nosepxHOCTHOM CJlOe KpeMHHJI. B 
'13CTHOCTH, c n_pHMeHeHHeM MeTOJJ.a 

POP/Kl1 ycTaHosneHo, '!TO KOHueHTpau1111 

CMeu~eHHblX 113 y3nos aTOMOB KpeMHHll 

yMeHbwaeTcll a I, 7- 3,7 pa:ia np11 O.ll.HHaKo

BbIX ycJlOBHJIX OCaJK.ll,eHHll MeTaJlJlCOJJ.ep

lKalL\ero noKpblTHJI Ha KpCMHHH ~I Ha 

CTpyKTYPY MeTaJlJlCO.ll,eplKa111ee noKpb!THe

KpeMHHH. BaKyyMHOe OCalKACHHe TOHKOro 

flOKpb!THJI Ha KpeMHHH MaCKHpyeT ero no

eepXHOCTb, H CTpyKTypa KpeM HHH HC no

BpeJK.ll,aCTCll npH .ll,aJlbHeHWeM MOJ\H<jlHL(H

poBaHHH o6pa:iua MeTO.ll,OM HOHHO

acc11cT11poeaHHOro a ycnos11J1x caMopa

.u11au1111 HaHeCeHHJI noKpblTHH . 

Ha p11c. 3 npe.ll,cTasnetta cTpyKTypa 

MeTaJlJlCO.ll,eplKa!L\Cro noKpbITHJI Ha OCHOBe 

UHpKOHHll, OCalKAeHHOro Ha nJlaCTHHbl 

(I 00) Si npH HOHHOM acc11crnpoBaHHH B 

ycnoe11J1x caMopa.n.11au1111. )J,e<jleKTbl, Ha-

6nfO.uaeMb1e B KpeMHHH (p11c. 3a) B6Jll13H 

rpaHHUbl pa:i.n.ena MeTannco.n_epJKalL\ero 

noKpblTHll Ha OCHOBe Zr 11 nOAJJOJKKOfi 

KpeMHHJI, JIBJll!fOTCJI pe3yllbTaTOM o6ny'!e

HHll nnaCTHH (100) Si HOH3MH Zr+ Ha Ha-

'laJlbHOH CTa,Ulrn OCaJK.ll,eHH)I n0Kpb1nrn . 
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f10Kpb1Tl1e Ha KpeMHl1H OJIHOpOJIHO no COCTaBY no BCei'i TOJTUlHHe, HO ero CTPYKTypa 113-

MeHlleTCll OT aMopqrnoi1 B 0611aCTH nJTeHK~I c HaHopa3MepHblMH (-5-10 HM) BKJll04elil1llMH 

Zr (p11c . 36) .110 aMopcj>Hoi1 B 0611acT11 rpaHl1l.lbl pa.:iJJ,e11a <jla.:i noKpb1T11e-now10JKKa 

(p11c. 3a). n110THOCTb HaHopa:iMepHblX BKl11-0YeH11i1 Zr no ceYeHHl-0 n0Kpb1rnsi OL(eH11BaeT

csi s - l ,7· l 01 ; M.2. 

4. BblBO,ll,hl 

Mbl HCCJlej\OBaJlH BJTl111HHe nB3 Ha nospeJKJ1eH11e CTpyKTypbl KpeMHHll H Ha J<jJ<jleK

THBHOCTb nepeMeWHBaHl1ll B CHCTeMax MeTaJTJT-KpeMHHM c<jlopM11pOBaHHblX HOHHO

acc11cT11posaHHb lM 11a11ece1111eM n0Kp1>1T11i1 B yc11os11six caMopaJJ,11au1111. npouecc poCTa 

MeTaJTJTCOJJ.epJKaUlHX noKpblTHH conpOBOJ1<.11aeTCll <jlopMHpOBaHHeM nepeXOJJ.HOro 

nepeMewaHHoro c11osi B 0611acrn MeJK<jJa.:i11oi1 rpaHl1l.lbl noKpb1T11e-no)l.JlOJKKa (Mern1111-Si) , 

T011Ull1Ha KOTOporo paCTeT C yseJTl14eHl1eM nB3, a 411CJTO CMeUleHHblX 113 Y3JIOB aTOMOR R 

KpeMHHH yMeHbwaeTCll. 

YcTaHOBlleHO, 4TO l10HHO-acc11cT11posaHHOe OCaJKJ1eH11e noKpblTHH Ha TOHKHe Me

TallllC0.11epJKaUll1e n11eHKH, npe.11sap11TeJTbHO 11a11eceHHble Ha KpeMH11M BaKYYMHblM ocaJK 

JJ,eHHeM, no3BOlllleT CHl1311Tb .11e<j>eKTHOCTb B nosepXHOCTHOM c11oe KpeMHHll .110 npeJJ.bllB

JllleMoro MHKpOJJTeKTpOHHKOH pa.:iMepa 30-40 HM. KOHl.leHTpau1111 CMeUleHHblX 11 3 Y3110B 

aTOMOB KpeMHHll yMeHbWaeTCll B 1,7- 3,7 pa.:ia npM O)lHHaKOBblX YCllOAHllX OCa)t<JJ,e1urn 

MeTan11co.11epJKawero n0Kpb1rn11 Ha KpeMHHH 11 Ha crpyKTypy MeTaJ111coJJ,cpJKawee noKpL1-

rne-KpeMHHtt . 
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