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JIOIIOMOr'OK0  TEOPil KJIaCHYHOro i KBAaHTOBOIO IEPEHECEHHs 3apsily B 3pa3kax oOMexeHoi ToBmuHH. [losBY
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Beryn

Po3BuTOK CyuacHOi eNEeKTPOHIKM HEMOXIIMBHU Oe3
MiKpOMiHiaTIOpH3allii €JIEKTPOHHUX CUCTEM 3
BHKOPHCTAHHAM HAHOTEXHOJIOTIH, 30KpeMa 6e3 po3poOKH
METOIMK (OpPMYBaHHS CTaOUIFHUX MOKPUTH CYyO0ATOMHOI
TOBUIMHU. BIIacTUBOCTI YIBTPAaTOHKHX MIAPIB MOXYTh
CYTTEBO BIAPI3HATUCS BiJ BJIACTUBOCTCH BITHOCHO
TOBCTHX WIapiB, SIKi Y JaHUH Yac BUKOPHCTOBYIOTHCS Y
MikpoenekTponini. Ilg BiaMiHHICTH Tepm 3a Bce
3yMOBJIEHA JIOMIHYIOYMM BIUIMBOM SIBUIL Ha TOBEpPXHI
yABTPATOHKOI IUTIBKM Ha ii OyJOBY Ta eNeKTpU4HI
BJIACTHBOCTI.

BigKpuTUM TNUTaHHAM 3QJIMINAETHCS  BUSICHEHHS
OCOOJIUBOCTEH PEXHUMY POCTY Ta INEPEeXOay CTPYKTYpH
IUTIBKM MeETajJy BiJl OCTPIBIEBOI /O EJIEKTPUIHO
CYLIIBHOI Ta BUSICHEHHSI YMOB BIUIMBY Ha JIAaHUH Tepexis
[1]. TlpuroryBaHHS  YABTPATOHKUX  EIEKTPUUHO
CYLIBHUX METaJIeBHX ILTIBOK 3 METAJIEBHM XapaKTepOM
MEPEHECCHHST 3apsay Ha TMOBEPXHI JIiCICKTPUUHUX
MiJKIaN0K € JIOCTaTHBO CKJIAJHAM TEXHOJOTTYHUM
3aBJIaHHSIM BHACIIJIOK KOAryJsllii YaCTHHOK MeTay Ipu
Horo KoHJeHcallii Ha ITOBEpXHi JienekTpuka. BHacmizok
[[bOTO ICHY€ Jeska MiHiMambHa TOBHIMHA O, MIApY
MeTaly, TP SKili BUHHKA€E MEPIIMA KaHaT MPOBIIHOCTI.
Benuunna d. BU3HAYAETHCS TEXHOJIOTIYHUMH
oco0IMBOCTAMH  (OpMYBaHHS  IUTiBKA  (IIBUIKICTH
KOHJIeHcalii MeTally, TemIiepaTypa MiJKIaIKd, CTaH
MOBEPXHi, PEXHUMHU TEPMOOOPOOKH IUTIBKM  ITiCIsS
KOHJEHCAllli), a TakoX BIACTUBOCTAMH MaTepialiB
KOHJIeHCaTy 1 migkinaakd. OgHuM 3 e()eKTHBHUX METOIIIB
3MeHIIIeHHS! O, BUSIBUIIOCS BHKOPHUCTAHHS MOIMEPETHHOTO
HAaHECEHHs Ha JIeNeKTPUYHY MiJAKIAAKY IMiAmapiB
TIOBEPXHEBO AKTUBHUX PEYOBUH CyOATOMHOI TOBIIUHH,
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SIKI TEPEeIIKO/DKAIOTh KOaryysiii KOHACHCATIB MeTaiy.
3rigHo HepKoJsAMiAHOI Teopii [2, 3], B oKOmi mepexomy
BiJl HE EJIEKTPUYHOCYLIJIBHOI /10 EeNEeKTPUYHOCYIITBHOT
CTPYKTYypH, omip R IIiBKM MeTany MOXHa IPEICTaBUTH
yHiBepcaibHOIO  (yHKI€0  ToBumud d  (AKIMO
npunyctuTH, mo (d - dg) ~ (X - Xo)):

R~(d-dJ)",
Jle vV —TOKa3HUK CTeleHs, X —Iapamerp CTYIeHs
3allOBHEHHS IOBEPXHI MIJKIAIKH  MeETajoM, X, —
rapameTp HepKOJISLii, 3HAYeHHsI CTYIEHsI 3aIlI0OBHEHOCTI
MOBEPXHI MAKIAAKH, IPU AKOMY KpucTamiTd (OCTpiBINi)
IUTIBKH MeTally Brepiie chOopMyrOTh IPOBiTHUN KaHa. B

pamkax TIePKOIAII FTHOT MoJei aHAJIOT1YHOIO
(YHKI[IOHAJIBHOIO 3QJISKHICTIO MOXHA IPEACTABUTH
CTaTUYHY Op, JUHAMIYHYy NpOBINHICTL O, YU

JUENeKTPUYHY TOCTIHHY € TOHKOI IUTIBKM METaly.
[Migmapu cy0aTOMHOI TOBLIMHH TOBEPXHEBO AKTUBHOI
PEYOBMHM B 3HAYHIN Mipi BHU3HAYAIOTh PEKUM POCTY
IUTIBKM METally, a 10 BEJIMYMHI ITOKa3HUKa CTereHs v
MOXKHa CYJHMTH IIPO PEXHM pOCTY IUTIBKM Merany. Ha
JIAaHWH Yac BiZlomMa 3 JiTepaTypH iH(pOpMaIllisi Mpo BIUIUB
iAIapiB TOBEPXHEBO aKTUBHOI PEYOBHHU Ha CTPYKTYPY
Ta EJNEKTPUYHI BJIACTHBOCTI Y€ TOHKHX METaJIEeBUX
IUTIBOK HEJOCTaTHs Uil IJIECIIPSIMOBAHOTO BHOODPY
MaTepiaJiB 3 METOI0 KOHTPOJIBOBAHOI'O BIUIMBY Ha
MIPOIIEC TIEPKOJIALIIT.

|. MeTonnka ekcriepuMeHTy

B po6ori gociimpxeHo 0COOIMBOCTI MTOSBH METAICBOT
MPOBITHOCTI B CBI)KOHAHECEHWX Ha IMOJIPOBAaHE CKIIO
TUTIBOK MapraHIlfo Ta BIUIMB HA HUX MIAIIAPIB aIFOMiHIIO
cybaroMHMX TOBHIMH. Bubip MapraHmo 00 €kTom
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JOCTI1JDKEHHS 00yMOBJICHUI MIEPCIIEKTUBOIO
BUKOPHCTaHHS HOro IUTIBOK B SIKOCTI PE3UCTUBHHX
eNIEMEHTIB MiKpocxeM (BHCOKWE mMHUTOMHE omip I Ta

Jy’Ke HU3bKUH TeMIIepaTypHuii Koe(ilienT omopy b )
ExcniepuMeHT TpOBEIEHO B yMOBaX HaJIBHUCOKOI'O

BakyyMy  (THCK  3alWIIKOBHX  Ta3iB  MPOTATOM

NpenapyBaHHs Ta AOCTI/DKEHHS IUTIBOK HIDKYUHA 3a
_7 .

10" Ia) y BiIMastHUX CKIISTHUX npuiagax.

JlocmimKyBannuch CBIKOHAHECEHI HAa OXOJIOMKEHY [0
T =78 K migkinanky miiku. [lapy HAaHOCHIH NUISXOM
KOHJIeHCalii Mapu TEpMIYHO pO3IrpiTOro marepiainy.
MacoBy TOBUIMHY IUTIBOK OI[HIOBAJIH II0 3CYBY
pE30HAaHCHOI YacTOTH I €30KBapLeBOro BiOparopa,
pO3MIIIIEHOro B MOTOLI Tapu Meraixy. 3 Oinbin
JIETAIEHAM OITUCOM OCOOJIMBOCTEN €KCIEePHUMEHTAIBHOI
METOJMKH MOXXHa O3HAHOMHTHCh B HalIMX MOIEPEIHIX
pobotax [4]. BuMiproBaHHs OMOpY IUTIBOK 3/iHCHIOBAIH
enektpoHHUM oMMeTrpoM Tuny I11[301-1 3 momomororo
JIBO3OHIOBOI MeTOoAuKH. (DIKCYBaJUCh OMOPH HIKYI 3a
10°® OM. 3 MeTOI0 3amOBIraH s YTBOPEHHS KPUCTATIYHIX
3pOCTKIB 3HAYHUX PpO3MIpIB Ta OTPUMaHHA OiJbII
OITHOPIJ/IHI 10 TOBIIMHI 3pa3KH, IUTIBKA KOHJCHCYBAIHU 3
mBuakictio He Bumoro (0,01 - 0,02) um/c. ILmiBku
ATIOMIHII0O HAHOCWJIM Ha IMAKIAAKY Oe3nocepeqHbo
nepes; HaHECEHHsM IUIIBKM Marpanio. Omip migmapy
amominio mepesumrysas 10° Om.

1. Pe3yJbTaTu ekcnepuMeHTy Ta ixX
00roBOpeHHs

EnextponpoBimHicTh y  IDTIBKAX ~ Maprasiio,
HAHECEHUX Ha Ii/IIapy aJIIOMIHII0, CIIOCTEpPIraeThesl Ipu
TOBUIMHAX, 3HAYHO MEHIIWX, HDK II€ Mae Micue y
TUTIBKaX, HAHECEHHX B IJICHTHYHUX YMOBaX Ha OILIaBJICHE
mojiipoBaHe ckio. Ha pwuc. 1, HaBeaeHO 3aJIeKHOCTI
MUTOMOT'O OMOpPY p Bix ToBuMHK O CBIXKOHAHECEHHX HA
YUCTy TOBepxHIO cKkina (kpuBa 1) Ta Ha migmap
aloMiHiI0 MacoBoro ToBumHOKW d; = 0,5HM (kpuBa 2).
3ayBa)xMMO, MI0 OTPUMaHI 3aJIEKHOCTI XapaKTepU3ylOTh
CIICKTPUYHOCYITIIBHI  IUTIBKA ~ METally, OCKIJIBKH B
miamasoHi  Temmeparyp Big /8K  (temmeparypa
spimkenoro azory) mo 90 K (remmepartypa 3pimKeHOro
KHCHIO) TeMITepaTypHuii KoediieHT onopy 1miiBok S > 0.

Haseneni Ha Puc.1. 3a51e)XHOCTI TUTOMOTO OIOPY BiJ
TOBIIUHU IUTiBKH p = p(d) MOXKHA OMKCATH 3 TOMIOMOTO0
TEOPETHYHHX MOJENEH KIaCHYHOrO 1 KBAaHTOBOTO
PO3MIpHUX e(EKTiB.

Bukopucrana B po0OTI MeTomWKa NpenapyBaHHS
3pa3KiB  JI03BOJIWJIA OTPUMYBaTH IUIIBKH, PpO3MipH
KPHCTAJITIB B SIKMX HE 3aJIe)KaTh BiJl TOBIIUHY 1Ay, IO
00yMOBJIEHO  MajoOK  TIOBEpXHEBOI  PYXJIHBICTIO
KOHJICHCOBAaHHX YaCTWHOK METajy NpHU IMOBUIbHINA TXHil
KOHJeHcalii Ha  OXONO[KEHY JI0  TeMIlepaTypu
3pimkeHoro aszory moBepxHo miakiganku [1]. Ckaszane
MATBEPKYE 1 MOXKIHMBICTH BHKOPHCTaHHS —Teopil
KJIacCMYHOro posmipHoro edekry Dykca-3oHmarerimepa
JUIL OITUCY PO3MIPHUX 3aJIeKHOCTEH MHUTOMOrO OIOpY
TUTIBOK MapraHIlio TOBIIMHOIO OibmIo0 32 15 HM. 3rigHo
3 LI€I0 TEOPI€IO B ILTIBII, CTPYKTYpa SIKOi HE 3MIHIOETHCS
i3 3MiHOIO TOBIIMHH, 3ajexHicTh p(d)-d Bim ToBIIMHK
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Puc. 1. Po3MipHi 3aJI&KHOCTI MHUTOMOIO  OIOPY
CBIKOHAHECEHHMX IUTIBOK MAapraHIf0 OCAHKCHUX Ha

yucTy CKIAHY —migkmanaky (1) Ta  migkmaaky
MOMepeIHbO MOKPUTY TijmiapoM amominito 0,5 um (2)
mpu  TeMmmeparypi  3pijkeHoro azory. Bumip

nposeaeno npu T = 78 K.

JiHIMHA, a HAXWI TPSMOI PIBHUH p,, — TUTOMOMY OIOPY
IiBKH Oe3mexHol ToBumHu (d ® ), cTpyKTypa SKOI
1IEeHTUYHA OymoBi IUTIBKH Ppi3HHX TOBILUH.
ExcriepumenTanshi po3mipai 3anexkHocti p(d)-d = f(d)
npu d > 15 uM niHiiHi.

Jus BpaxyBaHHS BHECKY TTOBEPXHEBOTO
pO3CilOBaHHS B CyMapHHH OHIp IUIIBKA 3pY4HO
BUKOPDHCTaTH  TOHSTTS  3QJIMIIKOBOI  TPOBiJHOCTI
Ores = Upres= U[p(d)-p,]. B  Mexax  MOXIHBOCTI

BUKOPHCTAaHHS TEOpPil KIACHYHOIO PO3MIPHOTO e(peKTy
Ores TIHIMHO 3pOCTaE i3 301IbHIEHHIM d.

B mmiBkax, ToBIIMHA SAKUX MeHIIa 3a 15 HM,
JHIHHICT TMOPYIIYETHCS, IO OOYMOBJIEHO BHECKOM
JIOATKOBOT'O PO3CIIOBaHHS HOCIIB 3a paxXyHOK iCHYBaHHs
MAaKpOCKOITIYHUX ITOBEPXHEBUX HEOMHOPIAHOCTEH, a
BIJIMIOBITHO 1 ICHYBaHHSM HEOIHOPIAHOCTEW TOBIIMHU
mapy. B ganiii giasHOi  ToBIIMH 3ajexHicTh  p(d)
OMHCYEThCS 3  JgomoMmororo  Tteopii  Hamba  [1].
Bukopucranns Bupasy Tteopii Hamba s ommcy
posmipuoi 3anexsocti p(d) mosBomuio  3mificHUTH
OLIIHKY cepenHbol aMIUTITY I ITOBEPXHEBUX
MaKpOCKOIIYHUX HeogHopigHocte h. Jlns miiBok
HAHECEHUX Ha IMiaImap ajgroMiHio h =3 HM, a I MTiBOK
HAHECEHUX Ha YUCTY MOBEPXHIO CKJIA LISl BEIMYUHA PiBHA
6 HM.

B mmiBkax, ToBmmHa sAxuxX MeHma 3a 10 HwM,
CIIOCTEPITa€ThCSl  BIUIMB ~ PO3MIPHOTO  KBaHTYBaHHS
CKJIaJI0BOI KBa31iMITyIIbCa €JIEKTPOHIB

MIEPIICHAUKYJIAPHOI O 30BHINIHIX IOBEPXOHb ILTIBKHU 1
3TiIHO 3 TEOPi€I0 KBAHTOBUX PO3MIPHHX €(EKTiB Y
MeTaneBuX ITiBKax [1] po3mipHa 3anexHicTh ores(d) €
CTeNneHeBo (QYHKIIE0 TOBUMHN 0. ores ~ d“ 3rimHo 3
Teopiero Pimmana i [anerkoro [5] mokasHUK cTemeHs o
3aJIe)KHO BiJ MaTepialy MOXe 3MIHIOBATUCH B MEKaX Bif
21<a<6 (mepexig Big MeTaly 10 BHCOKOOMHOIO
HAIIBIPOBiTHHUKA)
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sres-lO'ﬁ, (Om-m)*

a=10
a=10
14
0,14
T
1
%d,Hm
Puc. 2. Po3mipsi 3aJICKHOCTI 3QJTMIITKOBOL
MPOBITHOCTI  Opes = Oreg(0) TUIIBOK Mapraimo Ha

gucromy ckmi (1) Ta Ha mimmapi Al wmacoBoro
toBuwmHOW0 0,5 HM (2). ToukM — eKclepUMeHTaIbHI
JIaHi, BIIPi3KU NPSAMUX — JIiHIHHA allPOKCUMAITiS.

R-10°, W

10+

1 R~(d-2,6)"*

0,14

T T e e I S |
1 10

(d-d), Hm
Puc. 3. Po3mipHi 3aJICKHOCTI oTIopy
CBI)KOHAHECEHNX IUTIBOK MapraHIIO OCa/HKEHHX Ha
YUCTY CKISHY miakmaaky (kpusa 1) Ta migkmamky
ToTepeTHHO TIOKPUTY mifmapoM amominito 0,5 HM
(kpuBa 2) TpH TeMIeEpaTypi 3piIKEHOro a3ory.
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IMepepaxoBani B koopauHatax R=R(d-d;) y
JorapupMiYHOMY Maciraoi. Touku —
eKCIIEpUMEHTAJIbHI  J[aHi, BIAPI3KM  NPSIMUX —

JHIfHA anpOKCHUMAIlis.

Po3MipHi 3aJ€KHOCTI Ores IUTIBOK HaBEIEHO Ha
puc. 2. 3 puCyHKa BHJHO, IO Ha 3aJIEKHOCTI Ores BiJ
TOBHIMHU IUTiBKM O iCHYIOT, JBa iama3oHH, IO
JiaHepU3yIThCs B JlorapugmMivHoMy MacmTabi. [Tigmap
AJIFOMIHIIO TIPUCKOPIOE METAJIi3allil0 TUTIBKM MapraHIo i
TOMy B 00JacTi MaJluX TOBIIMH HPOBIJIHICTH IUTIBKA
MapraHilfo, HAHECCHOI Ha MiIIIap aJIOMIHIIO CYTTEBO
OlJIbIIIa 3a MPOBIAHICTH TUTIBKA MapraHIi0, HAHECEHOI Ha
YHCTY ITOBEPXHIO MTOTIPOBAHOT'O CKIIA.

B pamkax nepkossmiiHOI MOfeNi MOXXHa OLIHUTH
MiHIMaJIbHY TOBIIMHY IIpH SKi MK KpUCTaliTaMH
IUTIBKM BHWHHKAae MEpHIMi KaHam TmpoBimHocti. B [6]
MOKa3aHo, 110 3 PO3MIPHUX 3aJISKHOCTEW OIOPY IUIIBOK
MeTalliB, anmpoKCMMOBaHMX 3anexHictio R~ (d-d)” ,
IIOKa3HUK V MOXKE 3MIHIOBATUCH B Mexax Bix 1 mo 1,6 1
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BUSIBJIEHO, IO MHOro 3HAYEHHS 3aJeXKHUTh JIUIIE BiJ
MeXaHi3My POCTy ILTIBKH Ta ii CTPYKTypH. 301UJIbIICHHS
3HAYEHHs TIOKa3HUKA CTEITeHsI CBIIYHUTH MPO Mepexil Bix
2D (momiapoBuii picT IUTIBKM MeTaly Ha ITOBEpXHi
MmiAKTaaKK) 10 nepeBaxarodoro 3D (picT KoaryabOBaHUX
3apOAKIB KpHCTali3amii IUTIBKM METaly Ha TOBEpXHi
MIKTAAKA) MexaHisMy (opMyBaHHS IUTiBKH, IO
CBIYHTH TIPO TEPEXil J0 JOMIHYIOUOro BIUIUBY 00’ €MY
3paska Merany. Ha puc.3 HaBemeHO pPO3MIpHI
3aJIC)KHOCTI  ONOPY IUTIBKA MAapraHil0 OCaPKCHOI Ha
CKIISIHY MOBepXHIO (KpuBa 1) Ta MOBEPXHIO MOMEPEAHBHO
MOKPUTY IApOM ajroMiHito (KpuBa 2).

ExcriepuMenTanbHi JaHi alpoOKCHMOBaHI BHPa3oM
nepkoysniiaoi  Teopii R~ (d-d)”. Ha sigmosimaux
KPHUBHX, CIOCTEPIra€ThCs 3MEHIICHHS MepKOJSLiHHOT
ToBIMHM . Bix 2,6 HM 10 1,7 HM Ta MOKa3HUKA CTENEHs
Bix 1,21 no 1,05. Otpumani pe3ynbraTd B paMKax
MepKOJISIIIHHOT Teopii cBiguaTh Mpo mepeBaxarounii 2D
pexxuM pocty IriBkH. [likimaaka MOKpUTa Migmapom
ATIOMIHIIO B TIOPIBHSHHI 3 YHCTOIO  ITiJKJIAJAKOIO
MoCIa0II0E TIPOIEC KOAryJAlil, THM CaMHUM 3MECHIIYE
CepeHIO aMIUTITYAy IMOBEPXHEBHX HEOJHOpiAHOCTEW 1
cnpuse mnepeBaxarouomy 2D pexum pocty IUTIBKH
Maprasio.

JeranpHuid  aHami3  pe3yNbTaTiB  JIOCIIIKEHb
€JIEKTPOIPOBITHOCTI TUIIBOK MapraHIllo, OCa/HKEHHX Ha

MiAIapy  ajJioMiHIIO  JI03BOJISIE  3POOHMTH  HACTYIIHI
BHCHOBKH:
BucHoBku

1. B pe3yabraTi  JOCHIKEHHS  PO3MipHHUX

3aJIeKHOCTEH MHTOMOrO OINOPY CBIKOHAHECEHHWX Ha
oxojopkeny no 78 K CKIsSHy HiAKIaaKy BCTaHOBJICHO,
IO TMONEepeJHhO0 HAHECeHWH Ha MiAKIAAKY ITiamap
AIIOMiHII0 Cy0aTOMHOI TOBIIMHH CIIPHSIE MPHUCKOPEHHIO
MeTati3allii IIiBKH MapraHIIio.

2. OrtpumaHi pO3MIpHI 3aJEKHOCTI IMUTOMOTO
OIIOPY p Ta 3AIUIIKOBOI ITPOBIIHOCTI Gres MOKHA OIUCATH
3 JIONIOMOTOI0 TEOpid KJIACHYHOIO Ta KBAaHTOBOTO
PO3MIpHUX e(EKTiB.

3. BuzHaueHO TEpKONALINHI TOBIIMHHU IUIIBOK
MapraHiffo, HaHECEeHHX Ha IOJIipOBaHE CKJIO Ta Iiauiap
amroMinito mpu 78 K 1 BcranoBneHo icHyBanHs 2D
PEKUMY POCTY TUIIBKA MapraHIIko.

byuxoseceka M JI. — imwxenep |l- kareropii kadenpu
¢i3n4HOI Ta OlOMETUYHOI ENEeKTPOHIKU, (aKyIbTeTy,
€JIEKTPOHIKH;

Cmaciok 3.B. — noktop (i3MKO-MaTeMaTH4YHUX Hayk,
npocecop, 3aBigyBay kadenpu Gpi3uuHOI Ta OGioMeTuIHOT
€JIEKTPOHIKH, (DaKyJIbTET EIEKTPOHIKHY;

bicyn PI. — xanmunmat ¢i3uKo-MaTeMaTHYHUX HayK,
JIOLEHT Kadeapu (i3ndHol Ta 010MEeTUIHOI eIEKTPOHIKH,
¢axynprerTy EnekTpoHikHy;

Ilenwox b.P. — xanmunat (izMKo-MaTeMaTU4YHUX HaYK,
JOIEeHT Kadeapu ¢i3ndHOl Ta O10OMETUYHOI €NEeKTPOHIKA
(haKkynbTeTy ENEeKTPOHIKH;

Ilacmupcokuii 1. A. — crapumii BHUKIagad Kadeapu
¢i3nuHOI Ta OlOMEOUYHOI ENEeKTPOHIKH (aKyIbTeTy
€JIEKTPOHIKH.
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Per colation Processin Electron Transport Properties of Manganese Films

Ivan Franko’ Lviv National University, 50, Dragomanova ., Lviv, 79005, Ukraine

The dectricd properties of quench condensed ultrathin manganese films were investigated. Predeposited
aluminum underlayers accelerate metallization process in manganese films. The main models of classical and
guantum electron transport in meta films were used in explanation of resigtivity size dependences. Metd el ectron
transport character was explained in the framework percolation theory. Aluminum underlayer helps manganese film
2D formation.
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