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PE®EPAT

Otuer 38c., 7puc., 17UCTOYHUKOB.
HAHOCTPYKTYPBI, CAMOOPIAHM3AIM, CTPYKTYPHI ITIOHMXXEHHOM PA3ZMEPHOCTH,
CBEPXBBICOKMIM  BAKYVYM, [TPOBOANMOCTHS, AJICOPBATHBI, I[TOBEPXHOCTHD,
JABYMEPHGLIE CIUIABBI, ®YJUUIEPEHBI, CKAHUPVYIOIIAA TYHHEJIBHA I MUKPOCKOITAA

Ienp pabGoThl - H3y4deHHE CBOMCTB HAHOCTPYKTYP, C(HOPMUPOBAHHBIX C HCIIOJIb30BAaHHEM
MIPOLIECCOB CaMOOPIraHMU3alli Ha MOBEPXHOCTU KPEMHHUS B YCIOBUSX CBEPXBBICOKOIO BaKyyMa, a TaKxke
METOJIOB YIPaBJIEHUS] UX CBOHCTBAMH C II€JIbIO MCIIOJIB30BAHMS TAKMX OOBEKTOB B KaueCTBE AJIEMEHTOB
JUISL IOJTYITPOBOTHUKOBON HAHOAJIEKTPOHUKH.

[Iporneccbl popMUpOBaHUSI CTPYKTYP U U3yUEHHE UX CBOWCTB MPOBOIMIUCH B KOHTPOJIUPYEMBIX
YCIIOBHSIX CBEPXBBICOKOTO BaKyyMma, IIPH TOM JaBIICHHE OCTATOYHOM arMocdepsl B BaKyyMHOH Kamepe
cocraBisiio He Gonee 2x10° Top. JInsg mpUTOTOBICHUS UCCIIEAYEMBIX HAHOCTPYKTYP HCIOJIH30BAIUCH
XHUMHUYECKH-YHACTHIE BEIeCTBA BHICOKOH creneHn ouncTku (He meHee 99,9%).Jlns co3manust CTpyKTyp
UCTOJIB30BATMCH Crenu(puIeckue OCOOCHHOCTH IOBEPXHOCTHBIX IPOIECCOB, TaKUX Kak ajacopouus,
MIOBEPXHOCTHbIE ~ XUMHYECKHE  pEeaKIMH, JOKalbHas JecopOIusi, OCAaKIEHHE METAIOB U
MOJIyIIPOBOJIHUKOB, BKJIIOYasl SIBJICHME CAaMOOPraHU3allid, a TaKKe MPOILECcChl B 30HE BO3ACUCTBUS
JOKaJbHBIMH 30HaMU. PazpaboTanHble METOABI 0OECTIEUHIIN TOBTOPSIEMOE MOJTyYeHHEe HAaHOCTPYKTYp CO
ClIe/yIolIeld HOMEHKJIIATypoil mapaMeTpoB:

- INIOTHOCTh aTOMHBIX JeeKTOB He OoJiee 0JTHOTO Ha 1000uM? 1151 MOHOCIIOEB ajcopbara
Pa3IMYHON MIIOTHOCTH HAa HOBEPXHOCTU METAJIJIOB U IOJYIIPOBOHUKOB,;

- IUCHIEpCHUsl pa3MEPOB aTOMHBIX KJIACTEPOB B YHOPSAOUYEHHBIX MaccuBax He Ooiee 20 %
OT CPEJIHEr0o pa3Mepa KiacTepa;

- IJTMHA OJIHOMEPHBIX aTOMHBIX IIEMIOYEeK HAa MOBEPXHOCTH METAJIOB U MOJIYIPOBOJHUKOB
He meHee 100HM.

Mertonpl  ucceoBaHUSI TOBEPXHOCTH M (POPMUPYIOLIMXCS HAHOCTPYKTYp BKJIIOYAIOT B ceOst
CKaHHPYIOUIYI0 TyHHENbHYIO MuKpockonmio (CTM), mpeanasHaueHHyrO sl aHaimm3a MOpP(HOJIOTHH,
CTPYKTYPHOTO YCTPOUCTBA MOJIYIIPOBOTHUKOBBIX TIOBEPXHOCTEH; MH(PAKIHIO MEIUICHHBIX 3NIeKTpoHOB (JIMD)
JUTSL KICCIIE/TOBAHUS KPHCTAUTMIECKUX CTPYKTYP M HX 3BOJIIOIMH B Tiporiecce (POPMUPOBAHKS HAHOCTPYKTYP Ha
MOBEPXHOCTH, YETBIPEX30HIOBBI METOJ] W3MEPEHHs MPOBOJMMOCTH, IpEAHA3HAUYCHHBIA IS W3y4YeHHs
NEKTPUUECKUX CBOMCTB MOIYUEHHBIX HAHOCTPYKTYP U ApYTHE.

B pesynprare BhImonHEeHUS mpoekTta B pamkax HMP Ha 4 stame ObLIM MPOBEACHBI CIIEIYIONINE
UCCJIeIOBaHMS HU3KOPAa3MEePHBIX HAHOCTPYKTYP Ha MOBEPXHOCTHU HOJTYIIPOBOHUKOB!

1. UccnenoBana Mopdoorust U dIEKTpUYecKas IPOBOAUMOCTE moBepxHocTed Si(111)3-Au u

Si(111)3-Ag, npeasaputensHo MOKpHITEHIX Ceo (ysuiepeHaMu npu HambLieHud AU 1 Ag. B obomx
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CIIydasix HaIbUIIEMble aTOMBI METAJUIOB MTPOHUKAIOT CKBO3b CIIOW (yIIEpEeHOB; MPH 3TOM, MOJIeKY bl Ceo
BBICTYTIAIOT B POJIM aKIIETITOPOB.

2. IlpuBenens! cBeneHUs o pesynbTarax peanuszauuud B 2012 r. uHIUKaTOpoB (enepanbHOU
1eneBoit mporpammel «HayduHble M HaydHO-TIearornyeckre Kaapbl HHOBaMOHHON Poccun» na 2009-
2013roppr.

3. Iloarorosnena npeseHTanus pe3yapTaroB o sramy Ne 4 lccnenoBanus Gpu3nUecKUX CBOMCTB
THOPUTHBIX MeTaIUT-()YJUIEPEHOBBIX CTPYKTYp» B hopmate Microsoft PowerPoint.

PazpabGortannbie B pesynbrare npoBenenuss HVP MeToapr mpuroToBIeHUS HCXOAHON MMOBEPXHOCTH
¢ TpeOyemoii MopdoJiorneii ¥ PeKOHCTPYKIHEH, a TaKKe YIpaBJICHUs €€ XHMHYECKONH aKTHBHOCTBIO H
9JIEKTPOHHBIMH CBOMCTBAMHM MYTEM KOHTPOJIMPYEMOro (OPMHUPOBAHUS HU3KOpPa3MEpPHBIX CHCTEM
3aJJaHHOTO COCTaBa M aTOMHOM CTPYKTYphbl OyIyT MMETh Ba)KHOE NpaKTHUecKoe 3HaueHue. Pe3ynbraTsl
pabOTBl MOXHO CUHTATh HAYYHO-TEXHHUYECKHUM 3aJIeJIOM TI0 TEXHOJOTHH (POPMHUPOBAHUS CTPYKTYp
aTOMHOTO MacimTaba ¢ HUCIHOJb30BaHUEM CaMOOpPraHHW3allid aTOMOB aJcopOaToB Ha IOBEPXHOCTH
MOJIYIIPOBOJTHUKOBBIX KPHUCTAJUIOB B YCJIOBHSX CBEPXBBICOKOTO BakyyMa. Takue cuCTeMBl MOTYT OBITh
UCTOJIb30BaHbI KaK 3JIEMEHTHI TaMSATH, aKTUBHBIE DJIEMEHTHI MHTETPAIbHBIX CXEM U MEKCOCIMHEHUN ISt
TBEPIOTENIbHON HaHOAIEKTpOHUKU. HaydHble pe3ynpTaThl, HKCHEPUMEHTAIbHBIE METOJIbI, METOJIUKH
WCCICOBAHUI MOTYT HaWTH TPUMEHEHHE TIpH pa3padoTKe YUeOHBIX MOCOOW, METOIHYECKHUX
MaTepHalioB, KOTOpPhIE MOTYT OBITh HCIIOJIB30BaHBl B Y4eOHOM IIpollecce€ B paMKax CIENUATbHOCTU

«Hanomatepuansi».
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OIIPEAEJIEHUA

B HaCcTOAIIEM OTUETE O HUP IIPUMCHSIOT CJICAYIOIMMNEC TCPMHUHBI C COOTBCTCTBYIOIUMHA OIPEACICHUSIMU



OBO3HAYEHUA U COKPAIIIEHU A

B nacrosimem otuere 0 HUP npuMensitot cienytoiue 0003HaYeHUsI U COKPAIIEHUS
KT —xomHaTHas TeMreparypa

CTM — ckanupyromasi TyHHEJIbHasi MUKPOCKOIIUS

MC —moHocmoi

JIMD — nudpakuus MeIJIeHHBIX JIEKTPOHOB

CBB — cBepXBBICOKOBaKYyMHBIHA



BBEJEHUE

B cBf3M ¢ TepcHeKTHBAMH  PA3BUTUS ~ MOJICKYJSIPHOW  BJIEKTPOHUKH  (OPMHPOBAHHUE
MOJIEKYJISIPHBIX CJIOEB Ha pa3MYHBIX TIOBEPXHOCTSIX IPHBIEKAET B HACTOSAIIEe BpeMs OO0JbIIoe
BHUMaHHe ucclienoBareseid. [IppyeM, akTHBHO McciemyeTcss acopOnnst MOJIEKYJT Ha TTOBEPXHOCTSX Kak
YHCTHIX METAJJIOB, TaK M MOJYIPOBOIHUKOB. [Ipn 3TOM, OKa3bIBaeTcs, YTO MOBEIEHHE MOJIEKYJ Ha 3THX
MOBEPXHOCTSX CHJIBHO paznmyaercs. Hampumep, B ciydae chepudeckux monekyn C60 (pysuiepeHos),
aJICOPOMPOBAHHBIX HA  METAUIMYECKAX  IOBEPXHOCTSIX, MEKMOJICKYJISIPHBIE  B3aMMOJICHCTBUS
npeo0NIalaloT HaJ B3aMMOJICHCTBUSMH MEXIYy MOJIEKYJaMH M TOJJIOKKOH, B pe3yjbTaTe Yero
¢dyurepeHbl 00pa3yOT IUIOTHOYIIAKOBAaHHBIE TeKCAaroHAbHBIE MACCHBBI, MOJOOHBIE MOJIEKYJISPHBIM
IUIOCKOCTSIM B 00beMHOM (pyutepute. Ha mosrympoBOHUKOBBIX TOBEPXHOCTSX (HApUMep, Ha KPEMHHH),
HANpOTHB, OoOJiee CHIBHBIM SIBIISIETCS B3aMMOJCHCTBHE MOJIEKYJBI C TIOJIOKKOHM, W (OopMHpOBaHUE
YIIOPSI0YEHHBIX MOJIEKYJISIPHBIX MACCUBOB HE MPOUCXOUT. J[pyroe xapakTepHoe OTJINYHE 3aKIF0YACTCs
B CTa0MJIBHOCTH CTPYKTYPHl TOJIOXKKH II0 OTHOIICHHIO K aacopOuuu (yJUICpeHOB. IOBEPXHOCTH
HOJTYIIPOBOTHUKOB, KaK MPaBUJIO, COXPAHSET CBOIO CTPYKTYPY, a Ha MOBEPXHOCTH METAJUIOB aacopOuus
(GyJUIEpeHOB YacTO BBI3BIBACT CTPYKTYPHBIE TIepecTpoikd. IlepCleKTHBHBIM THIIOM —ITO/JIONKEK
MPEJICTABIISIOTCS] TOBEPXHOCTH TOIYIPOBOJHUKOB, MOAM(DHUIIMPOBAHHBIE acOpOIeii MOHOATOMHBIX U
CyOMOHOAQTOMHBIX IIJIGHOK ajcop0aTtoB (MMOBEPXHOCTHBIE PEKOHCTPYKIHHU). OOHIIME pPEKOHCTPYKIIUM
(mammpumep, Ha KpemHuH u3BecTHO Oosiee 300 peKOHCTPYKIHI) € ITUPOKMM HAOOpPOM CBOWCTB W
pa3sHooOpa3rueM aTOMHOTO CTPOCHHUS OTKPBIBACT IMUPOKUE BO3ZMOXKHOCTH, KakK JIJIi OOHAPYKEHUS HOBBIX
aJICOpOIIMOHHBIX SBJICHUMN, TaK W JJIsl YIIPABJICHUS CTPYKTYpOW M CBOMCTBAMHU HapalllMBaGMbIX Ha HHUX
MOJIEKYJISIpHBIX clloeB. CieayeT OTMETHUTh, YTO KOJHYECTBO PEKOHCTPYKIUH, HWCHOJIB3YEeMBIX LIS
HapalBaHUs MOJICKYSIPHBIX CJIOEB (B TOM YHCJIEe W CIOeB (YIUICPEHOB), TIOKa BeChbMa HEBEIUKO, U
CHCTEMaTHYECKHX WCCJICJOBAaHUN B JTOM 00JacTH eme He IPOBOJIWIOCH, XOTS HMEIOLIHecs
MOJIOYKUTEIIBHBIE PE3yJIbTaThl MOATBEPIKIAOT MEPCIIEKTUBHOCTD ATOT0 HarpablieHHs. CHCTEeMaTHYeCKUX
UCCIIeIOBaHH B JaHHOM HallpaBJICHUH, HACKOJIBKO HaM M3BECTHO, HE TPOBOAMIOCH.

Ha dgerBeprom stame uccnenoBanmii «ccinenoBanusi GU3NIECKUX CBONCTB THOPUIHBIX METAIlI-
(GYJUIEepeHOBBIX ~ CTPYKTYp» OBUIM TPOBENEHBI HCCICNOBAaHUS MOP(OIOTHH H  DIEKTPUUYECKOMH
nposogumoct  noBepxHoctei  Si(111)V3-Au um  Si(111)3-Ag, npensaputensHOo TOKPHITBIX  Ceo
¢dymrepenamu npu HambuteHUH AU 1 Ag. OcHoBanueM st mpoBenennss HUP, BeimmomHseMoit B paMkax
OIII «Hayunple u Hay4yHO- Megarormueckue kaapbl uHHOBaIMOHHOW Poccum Ha 2009-2013roms»,

siBisieTcst ['ocyapcTBeHHBIN KOHTpakT oT «15»utons 2011r. Ne 14.740.11.1230.

HUcnomnutenn. DenepanbHOE TOCYIApCTBEHHOE OIOKETHOE YyUpexkaeHHe Haykuw WHCTHTYT

aBTOMAaTHKH | mporieccoB ynpasienus J[BO PAH (r. BmaauBocTok).



AHHOTOPOBAHHAS CIIPABKA 110 PE3YJIbTATAM HUP
B pe3ynbrate BeIOTHEHHS TPOEKTa B pamkax | aTama mo mpobneme «DopMupoBaHre HAHOCTPYKTYP
Ha OCHOBE JBYMEpHBIX cIutaBoB AU-In Ha moepxHocTr Si(111)» OBUIH MOJIYYEHBI CIIEIYIOIIUE
pe3yJIbTaThI:

1. [IpoBeneH aHANKM3 HAYYHO-TEXHUYECKON TUTEpaTyphl, OTHOCAIIEHCS K pa3pabaTbiBaeMoil TeMe.
[ToaroroBien anamutudeckuii 0630p. ChopmynrpoBaHbl BO3MOXHBIC HANPABICHUS PEIICHUsS 3ajad U
JlaHa WX CpaBHUTeNbHas oleHka. [IpoBeneHbl BBHIOOp W OOOCHOBAaHME ONTUMAIBHOIO HAalpaBICHUS
UCCIIEIOBAaHUM U crocoOOB pelleHus MOCTAaBJIEHHBIX 3ajad. Pa3zpa0oTaH IJIaH MPOBEJIEHUS HAyUHBIX
HCCJIEOBAHUN.

2. beuo moxa3zaHo, 4ro HambuieHne nopsaka 0,7-0,8 MoHOCHOS HMHOUS TpH KOMHATHOMN

H Al
TeMIIepaType Ha PEKOHCTPYUPOBAHHYIO IIOBEPXHOCTH Sl(lll)/_3x J: 3-(Au,In] TpUBOIUT K YBETUYCHHIO
IPOBOJIUMOCTH 00paslia MpUMepHO B 2,5 paza, BO3MOXKHO H3-3a JIETUPOBAHUS IMOBEPXHOCTH aTOMaMH
uHMs (yBeNIWYEHHs] IUIOTHOCTH JIBYMEPHOTO OJIEKTPOHHOTO Tasa), JajbHeilnee HarbUICHHE WHIUSL

BBI3BIBACT IMAaJCHHUEC IIPOBOAUMOCTH B PE3YJIbTAaTC PaCCCAHUA HOCHUTEJIEeHM Ha OCTpOBKax H3

aJIcOpOMPOBAHHBIX aTOMOB. [IpH MOKPBITHH WHIUS TOpsAAKa 2,5 MOHOCIIOS KPATKOBPEMEHHBINA OTXKHT
MOBEPXHOCTH  NPHUBOJUT  (OPMHUPOBAHUIO  HOBOW  PEKOHCTPYKIIMU Si(111)2\/_7><\/_ 3-(Au,lIn,
CTEeXMOMETPHYECKUH cocTaB KoTopoit Auln,. IIpoBoAMMOCTH IUICHOK 30JI0Ta Ha pa3IMYHbIX

PEKOHCTPYKITMSIX UHAMS Ha moBepXHOCTH Si(111)cHiIbHO 3aBHCHT OT peKUMa UX POCTA: MPHU MOCTORHOM
POCTE 30J10Ta MPOBOJAUMOCTE CHCTEMBI CYIIIECTBEHHO BBIIIE, YeM IPU OCTPOBKOBOM.

3. IIpoBeeHbI MATEHTHBIC UCCIICIOBAHHMS IO 3a/1aHHI0 «DOpPMUPOBAHUE IBYMEPHBIX
METAUTHYECKHUX CITABOB U THOPHTHBIX METALI-()YJUICPEHOBBIX CTPYKTYP Ha OBEPXHOCTH KPEMHHUS.
O030p MaTeHTHOM JOKYMEHTAIIMHM U HAYYHO-TEXHUYECKOHN JINTepaTyphl MoKasaj, 94To padoThI 110
TEMaTHUKE TOCKOHTPAKTA SBJISIFOTCS aKTyaIbHBIMH KaK B 11€JI0M, TaK U B YaCTH OTJICIIbHBIX HAIIPABICHUN
HCCIIEIOBAHUN.

Ha Il »tanme wmccnenoBanuit mo mpobieme «3ydeHume MeXaHH3MOB TPOBOIMMOCTH B CHUCTEME
In/Au/Si(111)» ¢ mOMOIIBIO CKAHUPYIOUIEH TYHHEIBbHONH MHKPOCKONUM M JH(PaKIUU MeICHHBIX
9JIEKTPOHOB OBUIM WM3YYEHBI CTPYKTYPHBIC WU3MEHEHHs, MPOUCXOAsie Ha moBepxHoctd Si(111) mpu
agcopommu Au u In. HccrnenoBanue BKIIOYMIO B ce0s pacCMOTPEHHE CIIEAYIOIIUX cliydacB: (a)
BBI3BAHHOE MHIMEM YCTPAHEHME JOMEHHBIX CTE€HOK Ha mosepxHoctn Si(111)e-V3xvV3-Au; (b) poct
MAacCHBOB OCTPOBKOB IN Ha cBOOOAHOM OT MOMEHHBIX cTeHOK mosepxHocTd Si(111)3xV3-(Au,In); (c)
(dbopMHEpOBaHHE XOPOINO YIOPSIOYSCHHOTO IOJIOCYAaToro cliost cmiaBa AuU-IN ¢ moBepXHOCTHOM
pexoHcTpykimel 2V7xV3; (d) pocT ToHkMX mieHok AU Ha pasIMYHBIX peKOHCTpyKuusax In/Si(111),
Bmodas  V3xV3, V31xV31, 4x1 um hex¥/7xv3. OmnpenencHue >IEKTPUYECKHX I1ApAMETPOB
chopmupoBaHHbIX rpanul] pazaena (Au,In)/Si(111)c moMoIpi YeTHIPEX30HA0BOTO METO/Ia IMOKa3ajo,
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uyro (a) ycTpaHeHHME [OMEHHBIX CTE€HOK Ha mosepxHocTd Si(111)a-V3xV3-Au, Tak e Kak H
MOCTIETYIOIUI POCT OCTPOBKOB IN Ha 3TO# CBOOOJHOM OT TOMEHHBIX CTEHOK MOBEPXHOCTH MPUBOIAT K
YBEJIMUYEHHIO TIPOBOAUMOCTH 06pasna; (D) oxaszanock, 4To mpoBoguMOCTh 2V 7XV3-peKOHCTPYHPOBAHHOTO
ciost crmaBa Au-In mHa moBepxHoctH Si(111) aHamorudHa MPOBOAMMOCTH CBOOOTHON OT JOMEHHBIX
crenok mosepxHoctd  Si(111) V3xvV3-(Au,In); (c) mmenkum Au, BepameHsele Ha In/Si(111)
PEKOHCTPYKIIHSIX, MMOKa3bIBAIOT OONBIIYIO MPOBOJUMOCTD B CIIydasix, KOTJIa PEKOHCTPYHPOBAHHBIE CIIOU
In HaxonsaTCs MOBepx 00BemMomnoo0HoU momanoxku Si(111)u mpu pocte IJIeHKH HAET (HOpPMUPOBAHHE
TOMOTEHHOTO cJiosi ciutaBa Au-IN ¢ mocieayromuM MOCIOMHBIM pOCTOM IICHKH AU, 9eM B CIydJasx,
KOTJ[a aTOMBI Si BXOJSAT B COCTaB PEKOHCTPYMPOBAHHBIX CJIOEB IN M POCT IICHKU MPOUCXOUT 33 CUET
(opMHPOBaHUS OCTPOBKOB (IPEBIIYINHIA CiTydail XapakTepeH i V3XV3 u hex+/7xV3 pekoHCTpyKImi,
a mocneanuit - st V31xV31 u 4X1 pekoHCTpyKIIuiA).

o pesynpTaram stama omybamkoBana cratest D.V. GruznevA.V. Matetskiy, L.V. Bondarenko,
E.A. Borisenko, D.A. Tsukanov, A.V. Zotov, A.A. Saranin. «Strucrural transformogis in
(Au,In)/Si(111) system and their effect on surfamnductivity» B xypuane Surface Science., 2011,
Vol.605, P.1420-1425.

Ha lll sTame ucciemoBanuit «PocT rHOPHIHBIX METAUT (Y/UIEPEHOBBIX CTPYKTYP» C TOMOIIBIO
ckanupymomei TyaHensHoi Mukpockonuu (CTM) usydanacek ancop6iust Ceo Ha moBepxHocts Si(111)a-
V3xV3-AU ¢ BBICOKOH IIOTHOCTBIO JTOMEHHBIX CTEHOK, a TaKkKe €€ MoIu(UKalUs, BEI3BAHHAS HHIUEM, TO
ecTh cBOOOAHAS OT JOMEHHBIX CTE€HOK moBepxHocTh Si(111)3xV3-(Au,In). Beuto oGHapyxeHO, YTO
ancopoupoBanable Cgp (OPMHUPYIOT IUIOTHO YIAKOBAHHBIA TI'eKCAarOHAJTBHBIA MacCHB, KOTOPBIHA
JIEMOHCTPUpPYET crenu(uIecKue KapTHHBI, OocCHOBaHHbie Ha paznmuuHoM CTM konTpacte (IpKuii-
temubli). Ha nmosepxnoctn Si(111)€-V3xV3-Au, KapTHHBI U3 TeMHBIX B SpKHX Cego MOBTOPSIIOT CETh
JIOMEHHBIX CTEHOK IOBEPXHOCTH TIOJJIOXKKH U, BEPOSTHO, BBI3BaHBI JIIEKTPOHHBIM 3¢ ¢dekTom. Ha
romorennoi nosepxuoctu Si(111)/3xvV3-(Au,In) popmupyeTcs qByMepHas MyapHas pelIeTKa, KoTopas
YKa3bIBaeT Ha MEPHOMYECKOE 3alOTHEHUE OJHHUX U TeX YK€ PETryJSIPHBIX aJCOPOIHMOHHBIX MO3UIUN Ha
MOBEPXHOCTU. 37ech SpKUH-TeMHbII KOHTpacT Cgp accOUUpyeTcss B OCHOBHOM C pa3IMYHBIMH
TormorpapuuecKiMH BBICOTAMH MOJIEKYJI. B cirydae MHOTOCTOWHBIX TIeHOK Cgp OBIIIO OOHAPYKEHO, YTO
TEMHO-SIpKAH  KOHTpacT mniepBoro MoHocnosi Cgp Hacimemyercs ciaemytomumu  ciosmua Cgp €
Moclie0BaTeIbHBIM Pa3MbIBAaHHEM KOHTPACTA.

[To pesynbpratam stama onyoiaukoBana cratbst A.B. 3otos, [[.B. I'py3ueB, A.B. Mareuxknii, JI.B.
Bonnapenko, O.A. VYtac, A.A. Capanma <« Camoopranm3anus (Qy/UIEpeHOB Ha IOBEPXHOCTH: OT
CIIyJaifHOTO pPOCTa OCTPOBKOB JI0 (OpPMHUpOBAaHUS Marmdeckux kiactepoB» B Tpymax XVI

MesxaynapoaHoro cumnosuyma «Hanodusuka 1 HAHOIIEKTPOHUKA», T.2, ¢Tp.492-493.
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UCCJEIOBAHUSA ®U3NYECKUX CBOMCTB 'MBPUIHBIX METAJLI-®YJUIEPEHOBBIX
CTPYKTYP

1. OOoOmeHne u oOIEHKa pe3yJbTAaTOB HCCJIeJI0BAaHUI M BbIPa0OTKAa peKOMEHJauMii 1o
BO3MOKHOCTH HCIIO0JIb30BAHHSA Pe3yJIbTATOB NMPOBeIeHHONH MOMCKOBOIl HAYYHO-UCCIe10BATEbCKOI
pabdoThHI B peajibHOM CeKTOPe YKOHOMHUKH.

HccnenoBanme IBYMEPHBIX CHCTEM Ha IMMOBEPXHOCTH SIBIISIFOTCS HAa CETOIHSITHHUNA JeHb OIHUM W3
HaunOoJiee MepCIeKTUBHBIX HalpaBieHui. Takue ucciegoBaHus ObUIM IPOBEIEHBI B JAHHOM IIPOEKTEe Ha
sramax 2011 roma. OOnamas yHHKaIbHBIMH  cBodcTBaMu  (HU3Kas d(QeKTHBHAsS  Macca,
CBEPXIPOBOJMMOCTh, CBOWCTBA JIBYMEPHOIO 3JCKTPOHHOIO ra3a) W HJICAIbHOM CTPYKTYpO#, Takue
CHUCTEMBI MMEIOT BCE OCHOBaHHUS CTaTh Oynyiedl OCHOBOW HaHO3JIEKTPOHWUKH. OIHAKO OOJBITMHCTBO
OJIHOZJIEMEHTHBIX CHCTEM Ha KPEeMHHH YX€ XOpOIIO M3Y4YEeHO, MO ATOMY aKTyaleH IOUCK HOBBIX
JBYMEpHBIX CHCTEM Ha OCHOBE CIUIaBOB 2-X M 0ojiee MeETalioB, Cpelu KOTOpBIX Hamboee
MEPCIEKTUBHBIMU BBITTISAST 30J10TO W WHIWE. McciiemoBaHue 3JI€KTPONPOBOJIHOCTH MOBEPXHOCTHBIX
CTPYKTYp WJIM TIOBEPXHOCTHBIX (hba3 Ha KPEeMHHUH MpPEJCTAaBIsSeT OONBINIOW WHTEpec, KaK ¢
(byHIaMEeHTAIbHOM, TaK U C TEXHOJOTHYECKOH TOUEK 3peHUs. DTO CBA3AaHO C TE€M, YTO OJHUM U3 aKTHBHO
pa3BUBaeMbIX ceifuac HampaBlIeHHH B KPEMHHEBOH TEXHOJOIMM IPOU3BOJICTBA IOIYHIPOBOJHUKOBBIX
pUOOPOB SBISIETCS] CO3JaHUE TAaKUX HOBBIX AJIEMEHTOB JUISI MUKPOAJIEKTPOHHUKH, KaK JBYMEPHBIN JHO/I,
JIBYMEPHBII TpaH3ucTop. B mociemHee Bpems cooOmaercss 00 HMCHOIB30BAHUU TOJTYIPOBOJHHKOBBIX
HAHOCTPYKTYp B KayecTBe 3JIEMEHTHON 0a3bl MUKpPO- U HAHOZJEKTPOHUKU. B CBs3M ¢ 3THUM BO3HMKAeT
HOTPeOHOCTh B COEIMHHUTENBHBIX JJIEMEHTAX CBEPXMAIOH TOJIIMHBI, KOTOpbIE MOXXHO OBLIO OBl
(bopMHpPOBATH Ha MOIYIIPOBOTHUKOBOM TOJITIOXKKE.

BUTH TIpOBEJCHB M3MEpeHHs NpHBOAMMOCTH B cucTeme Si(111N3xV3-(Au,In), mockomsky
M3BECTHO, YTO CUCTEMBI, 00JIa1at01iie CBOHCTBAMHU JIBYMEPHOTO 3JIEKTPOHHOTO T'a3a, 00J1aJat0T BBICOKOM
IPOBOJIUMOCTBIO. BbICOKass MOABMKHOCTH AaTOMOB MHAWS M HaJUYME HECKOJIBKHUX HPUMEPOB
CYIIECTBEHHBIX W3MEHEHHH CTPYKTYphl M CBOWCTB COBMECTHBIX DPEKOHCTPYKIIMH Ha OCHOBE IBYX
MeTayutoB AU-IN Tak e JienaeT mepcreKTUBHBIMU MCCIICIOBAHUS B 3TOM HAIPaBJICHUN.

Hampiienne mopsinka 0,7-0,8 MoHocmos wHAMS TpW  KOMHATHOH — TeMIlepaType Ha
PEKOHCTPYMPOBAHHYIO MOBEPXHOCTH Si(lll)/_3x NE 3-(Au,In’ TpUBOAUT K YBEITUYECHHUIO IMPOBOAMMOCTH

oOpa3iila mpuMmepHo B 2,5 pa3a, BO3MOXHO W3-3a JIETUPOBAaHUS MOBEPXHOCTH aTOMaMU WHJIHSI
(yBennm4eHusl TUIOTHOCTU JIBYMEPHOTO BJIEKTPOHHOTO Ta3a), JNalibHelllee HAlbUICHUE WHJUS BBI3BIBACT
NaJieHue MPOBOJUMOCTU B pe3yjbTaTe paccesHHsl HOCUTeNe Ha OCTpPOBKaX U3 aJcOopOMpOBAHHBIX

atoMoB. llpu mokpeiTum wHAMS mopsiaka 2,5 MOHOCIOS KpaTKOBPEMEHHBIH OTKUT ITOBEPXHOCTH

OpUBOAUT (OPMHUPOBAHHUIO HOBOW PEKOHCTPYKITHH Si(lll)z/_7><\/_ 3-(Au,In, crexHoMeTpUUIECKUI
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CoCTaB KOTOpOfI Auln 4- HpOBO,I[I/IMOCTB IUICHOK 30JI0Ta Ha Ppa3JIMYHbBIX PCKOHCTPYKNUAX HHAUA Ha

moBepxHocTd Si(111) CHIBHO 3aBHCHT OT peKAMa HX pOCTa: MPH IMOCIOWHOM pPOCTE 30JI0Ta
IPOBOJMMOCTh CHCTEMBI CYIIIECTBEHHO BBIIIIE, Y€M IIPH OCTPOBKOBOM.

HccenoBanust SIeKTPHYIECKON MPOBOAUMOCTH MMOKA3ald, YTO yJAJCHHE JIOMEHHBIX CTCHOK Ha
nosepxuocTd Si(111)a-V3xV3-AU IpHBOAXT K yBeNWUYeHMIO TpoBomuMocTé B 1,5 pasa. Buempenne
nedexToB B moBepxHocTh Si(111)3/3%V3-(Au,In) myTem skcrmosumuu B aTMocdepe KHCIOPO/Ia IPHBOIAT
K MaJICHUIO TPOBOJMMOCTH MTOBEPXHOCTH B 2 pa3a. [lokazaHo, 4TO cpe/ii W3BECTHBIX MOBEPXHOCTHBIX (a3
wams Gassr Si(111)a3xV3-In 1 Si(111)3/7xV3-In mM03BONSIOT BBIPACTHTH HAMOONEE OJHOPOIHBIE
IUICHKH 30J10Ta ¢ OOJIBIIOM TPOBOIUMOCTHIO.

Ha mporspkeHMH TMOCTIEAHUX JBYX IECATHICTHHA HWHTEPEChl HAYYHOTO MHpa B 3HAYMTEIHHOU
CTETICHH CBSI3aHBI ¢ UCCIICOBAaHUSIMHU (QYIICPECHOB — aJUIOTPOIHOM hopme yriieposia, B KOTOPOM aTOMBI
yriepoaa o0pa3yroT KapKacHble MoJieKybl. [lepBoii cpemu dyiuiepeHoB Obuta OTKphITa MOsieKkya Cego,
KOTOpasi OTJIMYaeTCss HauOOINbIIeH CTaOMIBHOCTBIO W BBICOKOW CTEMEHBIO cHUMMeTpuu. OTKpbITHE
mostekyabl Cgp 1o CTapT K HMHTEHCHBHOMY HCCICOBAHUIO (PU3UKO-XHMHUYECKHX CBOMCTB, Kak
OT/ETBHOM MOJICKYJIBI, TaK ¥ KpUCTALIOB (yureputa. OKa3zaiock, 4TO JaHHBIC MOJICKYJIbI 00JIAJar0T
OoraThlM HAOOPOM 3aMevaTelIbHBIX CBOMCTB. DysutepeHbl 00J1a1al0T MOIYIIPOBOIHUKOBBIMU CBOMCTBAMH
(umpuHa 3amperneHHON 30HBI ~ 1.53B), nerupoBanne WX aTOMaM MICTOYHBIX META/UIOB MPHUBOIHT K
HOSIBJICHAIO METAJUTMYECKOM MPOBOAUMOCTH U JIaXKe IEePeXojy B CBEpXIMpoBojsiiee coctosHue. OHU
00JIaat0T MaJbIM BpeMeHeM (OTOOTKIHMKA (eIUHHUIBI HC). [IepCrieKTUBHBIM SIBIISIETCSI UCIIONBb30BAHUE
MOJIEKYJIbI (yJUlepeHa B KayecTBE CAMOCTOSTEIBHOTO HAHOPA3MEPHOTO YCTPOWCTBA ¥, B YAaCTHOCTH,
YCHUJIUTEIILHOTO 3JIEMEHTa, OCOOCHHO YYUTHIBAsl €€ 3HAYUTEIBHYIO CIIOCOOHOCTh K CaMOOpPTaHU3aIlHH.
CrietyeT Takxe YIOMSHYTh, YTO OTPOMHOE YHCIIO paboT CBSI3aHO C CO3/IaHMEM COJHEYHBIX DJIEMEHTOB Ha
OCHOBe (DyJUIEpeHOB, KaK OpPraHUYecKHX, rie (ysuiepeHsl paboTalT B CBA3KE C MOJMMEpaMH, Tak H
HEOPraHUYeCKUX, rjie QyIuIepeHbl HAHOCSITCS Ha TOYIIPOBOHIUKOBYIO TIOJJIOKKY.

[TockosbKy OOJIBIIMHCTBO CYIIECTBYIOIIUX U MPEINOJIaraeMbIX MPUMEHEHUH (yJUIepeHOB CBS3aHO
C B3aMMOJICHCTBHEM HMX C MOBEPXHOCTSIMH TBEPABIX TEJT WM C HCIOJIH30BAHUEM TOHKHX ILICHOK, TO
AHaIN3 KPHUCTAUTMYCCKOW W DJIEKTPOHHOW CTPYKTYPbI (YJUIEPEHOBBIX MOKPBITHM, HCCICIOBAHUE
MeXaHH3Ma POCTa IUICHOK M MX XapaKTePHCTHK IMPEACTAaBIISCTCS BeChMa aKTyalbHOW 3amadeii. Jlis ee
pEIICHHUS IEPCIIEKTUBHBIM CUUTACTCS MCIOJIb30BaHUE TEXHUK CKAHUPYIOIIEH TYHHEIbHON MUKPOCKOIIUN
u cnektpockonuu (CTM u CTC), koTopble YCHENTHO JOKa3ald CBOK IMPUTOJHOCTD JUIS UCCIICIOBAHUS
MOP(}OJIOTUH U 3TEKTPOHHOM CTPYKTYPBI IIOBEPXHOCTH TBEP/IBIX TEII.

[TpuHIMITHATIEHO HOBBIM TTOIXOJIOM SIBJISIETCS CIIOJIh30BaHKE MOJICKYJT (Y/UICPEHOB JUIS CO3aHuUs
3JIEMEHTOB MHKpOCXeM. BBHIy MX OCOOBIX CBOMCTB M CTPYKTYpBI MX HCCIICJAOBAHUS Ha MOBEPXHOCTH
KPEMHHSI TaK K€ HMEET OOJBIIYI0 aKTyalbHOCTb. DTO CBSI3aHO C TeM, YTO TaKHe HAHOOOBEKTHI

paccMaTpuBatOTCA KaK MOTCHHUAIBHBIC KaHIWJATBI B KaUCCTBC CTPYKTYPHLIX JJICMCHTOB JUJIA
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MOJTYTIPOBOJIHUKOBBIX MPUOOPOB HAHOMETPUUYECKOT0 Macintada. OTHUMU U3 BaXKHEUIINX XapaKTEPUCTUK
JUIS TaKWX DJIEMEHTOB SBISIOTCS UX DJIEKTpOo(PHU3MUECKHEe CBONCTBA, B YACTHOCTH, 3JIEKTPHUECKOE
COMPOTHBJICHUE WJIA TPOBOAUMOCTD.

Oran 2012 roja OBLT MOCBSIIEH HCCIICOBAHUSAM POCTa, CTPYKTYPHBIX M (PU3UUECCKHX CBOMCTB
THOPHTHBIX METaIUI-(PyIIepEeHOBBIX CTPYKTYP. BBUTH TpoBeneHbI NcClieIoBaHus acoponnu (yiepeHoB
C60 nHa Si(111)a-V3xV3-Au u e& momudurarmo Si(111)-hy/3xV3-(Au,In) metozom CTM. Ha obenx
PEKOHCTPYKIUAX (yIIepeHbl 00pa30BBIBAIOT IIOTHOYIAKOBAaHHBIA MOJIEKYISPHBIN clioi. B Toxke BpeMms
GyutepeHbl BHYTPH OJHOTO CiI0st oToOpaxarorces ¢ paznmuyabiM CTM konTpactoM. B ciayuae Si(111)e-
\3xV3-AU aHHBI KOHTPACT SBISIETCS OTOOPAXKEHIEM CETH TOMEHHBIX CTEHOK HCXOIHOMN CTPYKTYPEL, a B
ciygae  Si(111)-ha/3xV3-(Au,In) oH ompexensercs MOTOKEHHEM dYacTH (YUICPEHOB CIOS B
CUMMETPUYHBIX TIO3HUIIHSIX OTHOCUTEIEHO CTPYKTYPBhI TIOITIOKKH.

HWccnenoana Mop(oJIOTHS M 3JIEKTpPHYECKas IPOBOAMMOCTH mosepxHoctedl Si(111)V3-Au u
Si(111)3-Ag, npeasaputensHo MOKpHITHIX Ceo (ysuiepeHaMu Tpu HambLieHud AU 1 Ag. B obomx
Cllydasix HambUIsIeMble aTOMbl METAJIJIOB MPOHUKAIOT CKBO3b CJI0H (yiieperoB. OqHako, mogodbue pocra
HE TPUBOIUT K OJMHAKOBOMY IIOBEJEHHUIO IPOBOJAMMOCTH B 3aBUCUMOCTU OT J03bl HAIbUIIEMOTO
MmeTauia. Hanbutenne AU Ha TpeaBapUTENBbHO MOKPHITYIO (yuiepeHamu nosepxHocTh Si(111)V3-Au
MPUBOJAUT K TIOCTEIIEHHOMY VBEJIWYCHHUIO IPOBOJWMOCTH, HaumHas ¢ mokpeitus Au ~0.4 MC.
Hanbuienne AQ Ha IpeaBapUTENBHO IOKPBITYIO (QyiulepeHamu nosepxHocTs Si(111)3-Ag nmpusomut
CKa4uKo0Opa3HO# 3aBUCHUMOCTH TpoBoguMOCTH ¢ MakcumymoMm mpu Ag ~0.5 MC. B oboux ciydasx
MOBEJICHUE MPOBOJUMOCTH MOXET OBITh OOBSICHEHO TeM, 4To (yiuiepeHbl BeayT ceOs Kak akIemnTop,
3axBaThIBasl DJIEKTPOHBI, JOHUpOBaHHBIE aToMamMu AU wim Ag. Paznuume 3TUX ABYX CIIy4aeB €cTh
CJIEJICTBUE pAa3HBIX MEXaHU3MOB IPOBOJUMOCTH H3HAYAJIBHBIX MOBEPXHOCTEH, a MMEHHO, OCHOBHOM
kaHan nposogumoctr g Si(111)3-Au — 061acTh OPOCTPAHCTBEHHOIO 3apaia, B TO BPeMs KaK JUIs
Si(111)3-Ag 510 m0JI0ca HOBEPXHOCTHBIX COCTOSHUIA.

Takum oO6pa3oM, mpakTHUecKas IE€HHOCTb padOThl COCTOMT B TOM, YTO HCCIeAyeMble
HAHOCTPYKTYPBl MOTYT CIY)KUTh OCHOBOHM JUIsI pa3paboTKH (DYHKIIMOHAIGHBIX MAaTEpHUAIoOB IS
HAHOXJIEKTPOHUKH. KOMIIJIEKCHBI MOAXO0A K OKCIEPHUMEHTATbHOMY HCCICOBAHUIO U aHAIH3y
MPOBOJAVMOCTH  YIOPSIOYEHHBIX PEKOHCTPYKIIMH W HAHOCTPYKTYp Ha TOBEPXHOCTH KPEMHUS
JIEMOHCTPHUPYET HOBBIE BO3MOXKHOCTH AJISI CO3JaHMsl IPUOOPHBIX CTPYKTYp Ha MX OCHOBe. B nmanHo#t
paboTe BIEepBbIE H3MEpEeHa HIIEKTpUYecKas: MPOBOAMMOCTH YHOPSAOUYEHHBIX CJIOEB ajcopbaToB Ha
MOJUIOKKE KPEMHHUs, OIPEAeTICHO UX BIMSHUE Ha JJIEKTPO(U3NYECKHE CBOMCTBA IOJIOKKH,
c(opMUPOBaHBI HAHOCTPYKTYPHI Ha TIOBEPXHOCTU KPEMHUS: CBEPXTOHKHE IIEHKA U HAHOMIPOBOJIOKH — H
U3MepeHa HUX DJIEKTPOIPOBOAHOCTh. YCTAHOBIEHO, YTO CBOMCTBA JaHHBIX CTPYKTYp CYIIECTBEHHO

OTIIMYAeTCsS OT CBOUCTB OOBEMHBIX OOBEKTOB. Takue CHUCTEMBI HMEIOT BBICOKYIO IMPAKTUYECKYIO
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IICHHOCTh ¥ MOTYT OBITh HCIIOJIb30BAHBI MIPU Pa3pabOTKE TOKOMPOBOSIIKX AJIEMEHTOB HAHOMETPOBOTO
Maciraba.

bunapubeie ymnopsimouennbie cucteMbl (Au,AQ)/Si(111), (Au,In)/Si(111)u (Au,Na)/Si(111)
JIEMOHCTPUPYIOT BO3MOYKHOCTH YIIPABICHHS SJICKTPUICCKUMH MAapaMETPaMH CBEPXTOHKHX CIIOEB IyTEM
U3MCHEHUSI KOHIICHTPAI[MM aTOMOB M HMX CTEXMOMETPHUYECKOr0 cocTaBa. lak, ObLIO MOKa3aHO, YTO
ancopbrms muaus B kommuectBe 0,15 MC ma mosepxmocts Si(111p-V3xV3-Au mpu Temmeparype
nowiokkr 450°C IpUBOJUT K PE3KOMY IOBBINIEHHIO JJIEKTPUUECKON IPOBOAUMOCTH, a JajbHEHIIee
HaIbUICHUE WHJUS TPHU KOMHATHOM TeMIepaType B 3aBUCHMOCTH OT KOHIICHTpAIlMH ajcopdara ermné
CUJIbHEE YBEIMYMBAET MPOBOAUMOCTH BIUIOTH a0 Tokpeitus 0,7-0,8 MC. Kpome Toro, cBoiicTBa
YIOPSZIOYCHHBIX CJIOEB MOXHO HW3MEHSTh, YIpaBisis MOpGOJorueil MOBEPXHOCTH, IUIOTHOCTHIO
JTAHEHHBIX JeQeKToB (aHTH(a3HbIe JTOMEHHBIE TPAHUIIBI), KOHIICHTpAIHel aJcopOMpOBaHHBIX ATOMOB.
Takue cBoiicTBa Tak)ke MOTYT HAWTH MPAKTUIECKOE TIPUMEHCHHE.

Cion ¢QyJuiepeHOB MOTYT OBITh HCIIOJIB30BaHBI IMPHU pa3pabOTKe YCTPOWCTB MOJICKYJISIPHOM
SIIEKTPOHUKH, a TaKXke MpU pa3paboTKe TeXHOJIOTUi (HOPMUPOBAHHUS TOIUIMBHBIX 3JIEMEHTOB, COJTHEYHBIX
Oarapeif, YCTpOWCTB, WCIOJNB3YIONIMX TOJEBYIO SMHUCCHIO. [IpruéM HamOOJBIIYI0 I[EHHOCTh
MPEJICTABIISIET CIIOCO0 YIPABIIIEMOTO POCTa CBEPXTOHKHX TUIEHOK (yiuiepeHoB (pysuieputa), Ha KOTOPBI
aJIcOpOUPYIOTCSL CBEpXy aToMbl MeTauioB (cepebpa, 3070Ta). IIpu 3TOM 3HAYMTENLHO H3MEHSIIOTCS
CBOMCTBa TaKMX IUIEHOK — MOPQOJIOTHs, dJEKTpHUEcKas MPOBOJMMOCTh, YTO MO3BOJIIET YIIPABIATH
mporieccaMi pocTa TakduX IUIEHOK M UX JJIEKTPOPU3NYSCKUMHU CBOMCTBAMU C IEJIBIO JTOCTHIKECHUS

TpeOyeMBIX NTapaMeTpOB.

2. M3yuyenue 31eKTPOPpHU3HIECKUX H YJIEKTPOHHBIX CBOHCTB HAHOCTPYKTYP

B mocnennee BpeMsi WHTEpechl HAydyHOTO MHpa B 00JacTH HU3KOPa3MEPHBIX CHUCTEM B
3HAYATEIBHON CTETIeHN CBSI3aHBI C WCCIECOBAHUSIMHU (YIUICPEHOB W3-32 YHUKAIBHBIX BO3MOYKHOCTEH
U3MEHCHHSI WX CBOMCTB B INHpoKOM juamnasone [1, 2]. Takwme pasHOOOpa3HBIE CBONCTBA JENAIOT
MEPCIIeKTUBHBIM CO3J]aHME Ha WX OCHOBE MOJEKYJISPHBIX JIIEKTPOHHBIX MpubopoB. KomOuHarmst
MOJIEKYJISIPHBIX CJI0€B (yJIJIEPEHOB C IJICHKAMHU OJaropoJHBIX METAUIOB OTKPBIBAET JOMOJHUTEILHEIE
BO3MOYKHOCTH B JIOCTHIKCHHHW 3TOW Ienmu. B 3Toi oOmacTé OBUT TPOBENEH s 3KCIIEPHMEHTATBHBIX
pabot, Brmodaronux HambuieHHe AU, Ag m C60, KOTOpBIA MOXHO pa3feinTh Ha JIBE TPYIIHBI B
3aBHCHMOCTH OT IMOCJIEZIOBaTeIbHOCTH HAMbUICHUsS. B mepBoil rpymnme BHavane (GOpMUPOBAIHCH
pexorcTpykiuu moBepxHocTH Si(111N3xV3-Ag [3-8] u Si(111N3xV3-Au [9], a 3aTeM HambUIAINCH
MoutekyssipHble ciion C60.B skcrepuMeHTax BTOPOU IpynIbl GyJUIepEHOBBIE CIOW aJICOPOUPOBATHCH Ha
yrcTyo moBepxHocTh Si(111)7%7,a 3arem HambLisutuch atombl AU u Ag [10, 11]. Hansutenue AgQ Ha

xeMucopoupoBaHHbIid MoHOCTO# Cgo Ha Si(111)7 % 7npuBoanio kK popMUpoBaHIIO HaHOKIacTepoB AJ Ha
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MOBEPXHOCTH MoJjieKyjsipaoro ciosi Cgo [10]. C apyroii CTOpOHBI, aTOMBI 30JI0Ta IPH HAIBUICHUH Ha
Cs0/Si(111)7x7 00pa3oBBIBaIM CBS3U C IMOJUIOKKOH Si, GOpMUpPYS CHIMIHI 30J0Ta, HE CMOTpS Ha
npucyTctBue xemmcopOupoBanHoro cnos Cgp [11]. B o0omx cmywasx, Ha OCHOBE JaHHBIX
(OTOAIIEKTPOHHOM CIIEKTPOCKOIHH OBLT cJIeflaH BBIBOJ O HE3HAYMTEIHLHOM MEPEeHOCe 3apsiaa OT MOJIEKY
C60 x aromam MeTtauioB. beuto mpenokeHo, YTO MOJABICHUE MEpeHoca 3apsjaa CBSI3aHO C CHIBHOU
cB3blo Cgo ¢ momrokkoit [10, 11]. B Toxe Bpemst cBs3u (yiieperoB ¢ V3xV3-Au u V3xV3-Ag
OTHOCHUTENIbHO cJjalble, YTO TO3BOJISIET UM (OPMHUPOBATH YIOPSAOYECHHBIE IJIOTHOYIIAKOBAaHHBIE
MOJIEKYJISIPHBIE CIIOHM, OCTABIISISI TTOJUIOKKY Hem3MeHHOH. AncopOumsi Ceo Ha V3xV3-Ag MpHBOIAT K
MaJeHUIO TPOBOJUMOCTU 00paslia, YTO CBS3BIBAJIOCH C MEPEHOCOM 3apsja W3 30HBI MOBEPXHOCTHBIX
coctostHuid K Mostekynam Cgo [5]. CTEMysOM A IPOIODKEHHST UCCIIEIOBAHUI B ATOM 00JIacTH CTao
pa3sHooOpa3ue MOBEPXHOCTHBIX CTPYKTYpP M DJIEKTPOHHBIX CBOMCTB, KOTOpPBIE MOXKHO MOJYYHTb,
komOuuupys ciou Cgo C 30510TOM 1 cepebpom Ha moBepxHocTr Si(111).B manHoit rmaBe mpeacTaBiacHbI
pe3yiabpTaThl HccienoBanus aacoporuu Mojekyn Cgo m atoMmoB AU m AQ Ha PEKOHCTPYHPOBAHHBIE
noBepxHocT Si(111),K0oTOpble MOKHO Pa3JeNuTh Ha JIBE YacTU. B mepBoil mccienoBanack aacoponus
atomoB Au Ha mosepxHocTb Si(111N3xV3-Au, a Tak ke Ha moBepxHOcTh Si(111)V3xV3-Au, MOKpHITYIO
MosieKy sipabIM citoem C60. Bo BTOpoif mpoBoauiIcs Takol K€ SKCIIEPUMEHT, OJJHAKO aToMbl AU ObLIH
3aMeHeHb! aToMamn AQ: HccienoBanack agcopoumst Ag Ha mosepxuocTs Si(111N3xV3-Ag, MOKpEITYIO
MoJekyIsipHbIM ciioeM Ceo. [ uccnenoBanust CTpyKTYphl HCIIOJIB30BAINCH CKAHUPYIOIIAs TyHHEIbHAs
mukpockonust (CTM) u mudpakinus MeUIeHHBIX 3JIeKTpoHOB (JIMD), [t uccieoBanus MPOBOIMMOCTH

HUCITIOJIB30BaJICA '-IGTBIpGXSOH,Z[OBBIfI METOM.

C60/Si(111)7x7.

BzaumopeiictBue Mmonekyn Cgg ¢ moBepxHOCTHOH (azoir Si(111)7X7 m3y4anoch JOBOJBHO
[IAPOKO METOJAMU CKaHUPYIOIIET0 TYHHEJILHOIO MUKPOCKOIa U (POTOIIEKTPOHHOM crieKTpockonuu [8].
B nanHoif paGoTe MBI HCCIEIOBAIM H3MEHEHHE JJIEKTPUUYECKOM IPOBOJUMOCTU IPU OCAKICHHUU
¢dynnepenoB Ha Si(111)7X7 Pe3ynbTaThl H3MEpEeHUs MOKa3aHbI HA pUCyHKe 2.1.

Bunno, uro snexTpudeckas IpoBOJIUMOCTh PACTeT HA HAUYaJIbHOM 3Talle HalbUIeHUs (yJiepeHoB,
a 3aTeM BBIXOJMT Ha HacblmeHue npu nokpeitu L1 MC. JlanHOE n3MeHeHne 00bsICHSIETCS HACBIIIEHUEM
000pBaHHBIX CBsI3el B cTpyKType 7x 7. Momnekymbl Cgp Hachlas 000OpBaHHBIE CBSI3H, CHIIBHO OTTATHBAIOT
Ha ce0sl DIEeKTPOHHYIO IUJIOTHOCTh, YTO MPUBOAUT K cIBUTY YypoBHS Depmu B obnactu
POCTPaHCTBEHHOTO 3apsa. KapTuHa mudpakinu MeJIeHHBIX AIIEKTPOHOB TOKa3bIBACT MCUE3HOBEHUE
OCHOBHBIX U CBEpXpe]IIeKCOB, UYTO OTpakaeT HapylleHHe MEPUOJUYHOCTH B PACIIOIOKEHUH aTOMOB

IOBCPXHOCTH.
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Pucynok 2.1 -V3MeHeHMEe IeKTPHYECKON TPOBOIUMOCTH IIPH OCAXKICHUH (PyIUIepeHOB Ha

Si(111)7x7

C60/Si(111m-V3-Au u Au/C60/ Si(111-V3-Au.

Ha pucyske 2.2 @) mnpeacrasmeno CTM  m3oGpaxenme moBepxHocTH Y3XV3-Au ¢
ancopoupoBanabiM  npu KT cmoem Cgo. Momekynbel  Cgo  (GOpMHUPYIOT  IUIOTHOYIIAKOBAHHYIO
TeKCarOHAIBHYIO CTPYKTYPY € MEpPHOJUYHOCTHIO, KOTOpas cooTBeTcTBYyeT mepuoanuHoctd Cgo B
¢ymrepure (paccrossHue Mexay coceaHUMH Cgo- 1HM), HpHYEM MOCIEAYIOIUE CIIoH (HOPMUPYIOT
TPaHEIICHTPUPOBAHHYIO KYOMYECKYIO0 pemeTKy. XapakTtepHoil ocoberHHocThio CTM wu300pakeHumid
MMOBEPXHOCTH Ceol\/BX\/3-Au SIBJISIETCS] HAJTMYHE TEMHBIX U CBETJIBIX MOJIEKYT Cgo, KOTOPBIE MMOBTOPSIOT
penbed mcxomHON moBepxHOCTH V3XV3-Au [9]. DTO mAaeT OCHOBAaHHE MOJAraTh, 9YTO AACOPOIMS
(y/UIEpeHOB He MEHSET CTPYKTYpy MOBepXHOCTH V3xV3-Au. V3MepeHHs MPOBOZMMOCTH TAKXKe HE
(UKCHPYIOT CYIIECTBEHHBIX M3MeHeHu# (pucyHok 2.3). Takoil pe3ysbTaT 0KHIaeM, TaK KaK OCHOBHBIM
KAHAJIOM MPOBOAMMOCTH V3XV3-AU sBIIsleTcss 061aCTh ABIPOYHOTO IIPOCTPAHCTBEHHOTO 3apsijia BOJTH3M
noBepxHoctu [12], a momekyiasl Cgp, mMest OOJBIIYIO 3JIEKTPOOTPUIATEIBHOCTh, HE MOTYT 3a0paTh
AIEKTPOHBI C YK€ HACKHIINEHHOM JhIpKaMu MOBEpXHOCTH. Kak MOIEKyJISIpHBIA CI0i (QyiepeHbl He TaloT
B KJIaJ B MPOBOJUMOCTb, T.K. TAaKOH CJIOH, KaKk M OOBEMHBIA (DyJIIEpUT, UMEET MOIYNPOBOTHUKOBEIC

CBOMCTBA.
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Pucynok 2.2 - 15x20m% CTM n300paXeHUs WILTFOCTPHUPYIOIIHUE (a) — UICXOJHYO TOBEPXHOCTh
\3xV3-Au, MOKpBITYIO MOHOCTOeM MOeKy Cgo, M Ty 7K€ MOBEPXHOCTD mocie aacpouuu Au mpu KT: (6)

—2MC Au, (8) — 4MC Au.
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Pucynok 2.3 -VI3mMeHeHUE MOBEPXHOCTHON ITPOBOJIMMOCTH ITPH aicopOIuu Mosiekyn Cgo Ha

oBepXHOCTH V3XV3-AU.
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B ciyuae amcopOnum 3010Ta Ha TOBEPXHOCTD, MOKPHITYIO clioeM Cgo, aTOMbI AU IPOHUKAIOT IO
cIoii (hyJutepeHoB, Kak BUAHO Ha pucyHke 2.1(@,r). Cioit ¢pyiiepeHoB Bceria ocTaeTcsi Ha IOBEPXHOCTH,
TMOKPBIBAs TpaHmIly pasaerna Au/N3xy3-Au, KOTopast MOCTENIEHHO CTAHOBHTCS BCe GOJIee MepOXOBATOA.
CToUT OTMETHTBH, YTO MOXOXHM oOpa3oM aroMbl AU mpoHHMKamu depe3 cioii Cgp HA MOBEPXHOCTH

Si(111)7%x7u hopmMupoBau CBsI3U ¢ aToMamu Kpemawust [11].
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Pucynok 2.4 -V3MeHeHre MOBEpXHOCTHOM MPOBOIMMOCTH MPH acopOIuu aToMoB AU Ha

0BepXHOCTH YV3XV3-AU 1 Ha moBepxHOCTH V3XV3-AU ¢ a1cOpOHPOBAHHBIM MOJEKYISPHEM cioeM Ceo.

PrcyHOK 2.4 IOKa3bIBaeT pesyNbTaThl M3MEPEHH IPOBOAMMOCTH IOBepXHOCTeil V3XV3-Au u
C60A3xV3-Au mpu ancopGuuu atomoB Au. Ha pucyrke BuaHO, 4o agcopbrms Au ma V3xV3-Au B
Hayvajie MPUBOIAMT K OTPHUIATEIBHBIM M3MEHEHUsAM mpoBoauMocTh (1o mokpeitust AU B 1,0 MC), a npu
OOJIBITUX TMOKPBITUSAX HAOIIOJACTCS TIOCTEIIEHHBIA POCT MPOBOJIUMOCTH. B TOXe Bpems mpu ancopOnuu
Au Ha moBepxHOCTE V3XV3-AU OKPHITYI0O MOHOCTIOEM MOneKys Cgo, IPOBOAMMOCTD PACTET, HAUMHAS C
nokpeitust Au B 0,4MC.

OOBsicHEHHE TIOJYYCHHBIX 3aBUCUMOCTEH MOKeT OBITh CJIeJlaH0 Ha OCHOBE JaHHBIX
(doToaexkTpoHHOM criekTpockonuu [12]. JlaHHBIE aBTOPOB IOKa3bIBAIOT, YTO YpPOBeHb DepMuis
noBepxHOCTH V3X\3-AU PacIoNokKeH OYeHb GIM3KO K MAKCHMYMy BAJICHTHOM 30HBI, BBI3BIBAS CHIIBHOE
UCKpUBJICHWE 30H BOJIW3M TMOBEPXHOCTH, YTO MPUBOAUT K (OPMUPOBAHHUIO OOJACTU JILIPOYHOTO

IIPOCTPAHCTBEHHOTO 3apsifa. OCHOBHBIM KaHAJIOM MPOBOJUMOCTU 3TOH MOBEPXHOCTH SIBIISIETCS UMEHHO
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CJIOH IPOCTPAHCTBEHHOTO 3apsijia, a He MOBEPXHOCTHBIE COCTOSIHUS, TaK KaK IJIOTHOCTh 3TUX COTOSIHHUM
OucHb MaJICHbKas W HE JaeT CYIIECTBEHHOTO BKJIaJa B TPOBOIUMOCTH [12]. AncopOupoBaHHBIC Ha
\3xV3-Au atoMbl AU JEHCTBYIOT KaK JOHOPHI, OTAABAs CBOU DJIEKTPOHBI M, KOMICHCHPYS ABIPKH B
0051acTi TPOCTPAHCTBEHHO-/ TO 3apsja, MPUBOJAT K €ro OOeJHEHHUIO W, B UTOTE, K HAOIIOJaeMOMY
najeHuio mnpoBoauMocTu. Korzma Bce ABIPKH KOMIIEHCHPYIOTCS, OOJIACTh MPOCTPAHCTBEHHOTO 3apsia
MepexouT B 00JacTh OOEIHEHHOTO 3apsjia, YTO COOTBETCTBYET MHHHMYMY IPOBOJUMOCTH IMIpH
nokpeituu 0,2 MC Au. C mocneayromuM HambUIeHHEM aTOMOB AU KOHIIEHTpAIUs JEKTPOHOB PACTET,
YTO MPHUBOJUT K MEPEeXoay OT 00€JHEHHOIO CJI0S K CIIOI0 AJIEKTPOHHOTO MPOCTPAHCTBEHHOTO 3apsijia, U
COIMPOBOXKIAETCS POCTOM MPOBOAMMOCTH. [lanbHeliliee yBelWYeHHE MMOKPBITUS 30JI0Ta HTPUBOIUT K
MOCIEAYIONMEMY POCTY MPOBOJUMOCTH, YTO CBSI3aHO C (DOPMHPOBAHMEM CIUIOIIHOTO METaNTHYECKOTO
CJIOSL.

B ciydae mambuienust AU Ha moBepxHOCTb V3XV3-AU ¢ amcopOHpOBaHHEM croemMMoiteky1 C60
najieHue IPOBOJAUMOCTH He Ha0IoaeTcs, Ha000pOT, MPOBOJUMOCTh PAacTeT, HAuWHasl ¢ MOKPHITHS AU B
0,4 MC. Takoe moBeleHHE MPOBOJUMOCTH BBINJISIIUT HEOXKHUAAHHBIM, €CIIM y4ecTh TOT (akT, UTO
(yJUIEpeHBI He OKa3bIBAIOT HUKAKOTO BIMSHHS HA IPOBOXMMOCTD MOBepXHOCTH \3X\3-Au. BosmoxHoe
O0O0BSICHEHHE OCHOBAHO Ha TIPEAIOJIOKEHUE O TOM, YTO aTOMbI AU, TIPOHUKAs 4Yepe3 clod (yliepeHos,
CKOpee OTJAl0T CBOU 3JIEKTpOoHBI Mosekylam Cgp, @ HE B 00acTh JBIPOYHOTO IPOCTPAHCTBEHHOTO
3apsga. CTOUT OTMETHTh, 4To Mojekyna Cgp, KaKk YIOMHHAIIOCh B JIPYTHX paboTax, IeHCTBYeT Kak
aKIENTOp 3JIEKTPOHOB U TaKMX MeTauioB, kak Ag, Au, Cu [13—15].9To o3Ha4aeT, 4TO AJIEKTPOHHI,
KOTOpBIE BBI3BIBAIOT HCKPUBIEHUE 30H, 3aXBaTbIBatoTcsi Moliekynamu Cgp, OCTaBIISS MpPU 3TO 00JIacTh
JIBIPOYHOTO MPOCTPAHCTBEHHOIO 3apsijia (a, ClieJoBaTe)IbHO, W IPOBOJUMOCTh) HeM3MEHHOH. Tem He
MeHee, JUIS TOATBEPKACHHSI MPEITI0KEHHOTO MeXaHu3Ma HeOOXOAMMBI TIOTIOJHUTENbHEIE UCCIIeTOBAHMS
TAKOW CTPYKTYPBI MeTOJ0M (OTO3JIeKTpoHHO# crekTpockonuu (DOC). YBenuueHue MPOBOIUMOCTH
HaunHas ¢ 0,4 MC AuU moxeT ObITh OOBSICHEHO HAaYyaJIoM KOAJIECIEHIIMH OCTPOBKOB AU MPU MOKPHITHH

0,4MC noz cioem C60 [12].

C60/Si(111)/3-Ag u Ag/C60/ Si(111)/3-Ag.

Ipy HambUTCHHH Ha MOBepXHOCTH V3XV3-Ag Monexyis Cgo B IEPBYIO 0Yepesb aacopOHpyOTes
Ha JIOMEHHBIX TpaHMIIAX U aTOMHBIX CTYIMEHSX, (GOpMUPYS 3aTeM JABYMEpHBIC IJIOTHOYMAKOBAHHEIE
rekcaroHajbHble MaccuBbl Ha Teppacax [3—7]. Kak moxkaseiBator CTM m300pakeHus, MepBbIi Ccioi
(byIUIepeHOB COAECPIKUAT CYIIECTBEHHOE KOJIMYECTBO Ie()EKTOB, KOTOPHIE BHITIISIAT, KAK TEMHBIC BIIAHHBI
B MaccuBe C60 pricyHok 2.5 @)). DiekTpruecKue H3MEPEHHS MOKa3hIBAIOT MaICHUE TPOBOJIUMOCTH IIPH
azcopbuuu dyieperos Ha V3xV3-Ag 1o moxpsitas Ceo B 0,5MC, mocie 4ero mpoBOANMOCTb HAYHHACT

pacTy, mokKa HE JOCTUTACT HAYaJIbHOT'O HAUCHUA (pI/IC].S) Ot PE3YJIbTAThEI HAXOOATCSA B COOTBETCTBUHU C
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JIAHHBIMH, MOJYYEeHHBIMH B pabore mpodeccopa XaceraBbl U Jp. [5], B KOTOpoii Takas 3aBUCHMOCTH
00BsCHSTIACh TIEPEHOCOM 3apsifa OT MOMJOXKKH K CIOK0 (yiepeHoB. A, UMEHHO, JJIEKTPOHBI W3
MOBEPXHOCTHOTO cocTostHus S1 oTopoe SBIISIeTCS OCHOBHBIM KaHAJIOM MPOBOJUMOCTH JUIS STOMN
noBepxHocTH [12]) 3axBaThiBaKch Mosiekyidamu Cgp, YTO TPHBOAMIO K CHIDKCHHIO KOJHYECTBA
3JIEKTPOHOB MPOBOAUMOCTH, U, KaK CJIEJCTBHUE, K MaJCHUIO U3MepseMoil npoBogumoctu. OIHAKO, CTOUT
OTMETHUTH, UTO, mpeAmnoiaras, 9to Cgo AeWCTBYET KaK akKIeNTop, Helb3s OOBSICHUTH JalbHEHIINN poCT
npoBoguMocTH TpH MOKpbITHIX Cgo Gonee 0,5 MC. AnbrepHatuBHOE OOBSICHEHHE OBUIO IMOTYyYEHO
Oummancom u ap. [16] Ha ocHoBe maHHBIX ®DC, MOKA3BIBAIOIIUX CIBUT DHEPIMU CBS3H OCTOBBIX
ypoBareit st Si na 200MDB mocie agcopobuuu Cgo. Ha 0cHOBE 3THX JTaHHBIX M, IPHHAMAs BO BHUMaHHE
TO, 4TO 00JaCTh MPOCTPAHCTBEHHOTO 3apsija MOl UCXOTHOW TTOBEPXHOCTHIO SIBISIETCS IBIPOYHOM, MOKHO
cienaTh BBIBOJ O TOM, YTO MPUCYTCTBYET MEpeHoc 3apsaa oT Monekyn Cgp K MOIIOKKe. DTO, B CBOIO
ouepe/ib, MPUBOAUT K MPOIECCY UHBEPCUH JBIPOYHOTO MPOCTPAHCTBEHHOTO 3apsjia B 2JEKTPOHHBIN, UTO
COIMPOBOKIAETCS MaJeHUEM TPOBOIUMOCTH Ha mepBoM stane(no mokpeitus Ceo 0,5 MC) u pocTom Ha
BropoM 3tamne (ot 0,5MC no 1,5 MC Cgg). Takoe oObsicHeHHE TpeHeOperaeT MPOBOIUMOCTBIO Uepe3
30Hy TOBEPXHOCTHBIX COCTOSIHMM U TIpearnoyiaraer, 4ro Moyiekyibl Cgp, AEWCTBYIOT KakK JIOHOPHI
971eKTpoHOB. OfHako 00a yTBEp:KIEHUs SBISIOTCS B OOJIbIIEH CTENEeHW HEOXHJAAHHBIMH, TaK Kak, BO-
TEPBBIX, B OCHOBHOM BCE SIBJICHHS, KACAIONIMECS IIPOBOIMMOCTH MOBEPXHOCTH \3X\3-Ag, OMICHBAIOTCS
Ha OCHOBe 30HBI S1, KaKk OCHOBHOTO KaHalla MPOBOJAMMOCTH, M, BO-BTOpPbIX, MOJIeKyldbl Cgo B
OOJIBPIIUHCTBE CJIy4aeB JICHCTBYIOT, KaK aKIENTOphbl 3JeKTpoHOB [13—15], BKItOYas ¥ TMOBEPXHOCTh
\3xV3-Ag, KaK MoKa3ai pacyeThl U3 EPBHIX MPHHIHIOB [17].

Ha pucynke 2.50) mnpencraBmeno, CTM wuzo0OpakeHre WLIFOCTPUPYIONIHE CTPYKTYPY
nosepxroctH V3xV3-Ag ¢ ancopGupoanusmM cioem Cgo mocie Hamsuierus 2 MC Ag. Buamo, uto
aTOMBI cepedpa MPOHUKAIOT Yepe3 MOJEKYJSIPHBIA clioi U (OpMUPYIOT OONBINE OCTPOBKU MO CIIOEM
C60. Takoe moOBejeHWE Ka4eCTBEHHO COBIAJAET C TOBEACHHMEM aroMoB AU TpH HalbUICHUH Ha
Cs0/N3xV3-Au (cMm. prcymok 2.2). CTOAT OTMETHTB, 9To IpH ancopbmmn atomos Ag Ha Ceo/Si(111)7x7
HaHOKIacTepsl AQ GOpMUPYIOTCS TIOBEPX €105 (IIyIEPEHOB, OTKYAa U Ha OCHOBE HAIKMCAHHOTO BBIIIIE,
MOKHO CJieJlaTh BBIBOJI, YTO MPOHHUIIAEMOCTh MoJie KylsipHoro cioss C60 3aBUCHUT OT TOro, HACKOJIBKO
cunbHO Cgp CcBsI3aHBI ¢ MOUTOKKOU. Tak, B cirydae cnaboit cBsizu Cgo-TIO/I0KKA aTOMBI METAJIOB JIETKO
MIPOHUKAIOT Yepe3 MOJIEKYJSIPHBIA CJIOH, B ciydae CHIbHOW CBs3U Cgo-TIOMIOKKA aTOMBI METaJIOB

OCTArOTCA CBEPXY MOJICKYJIAPHOT'O CJIOA.
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Prcynok 2.5 - @) — 15x20um? CTM n306paenne moBepxHOCTH 3%\ 3-Ag MOKPBITOI
MoHocioeM Moekyl Ceo. (6) — 100x100Qim? kBasu 3D CTM u306pakeHue TOi %Ke 0BEPXHOCTH MOCIe
ancopbumu 2 MC Ag npu KT. Ha BcTaBkax cBepXy MOKa3aHbl yBeTUUEHHBIE 15%20mM? n300pakeHust
yuacTkoB 1 u 2 ¢ xBazu 3D uzo0pakeHus1. YTO aTOMBI cepedpa IPOHUKAIOT Yepe3 MOJIEKYJISIPHBIN CIIOH 1

(hopMHuPYIOT OOJIBITIHE OCTPOBKH 1Mo ciioeM Cgp.
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Pucynok 2.6 -V3MeHeHre MOBEpXHOCTHOM MTPOBOUMOCTH TIpH afcopOiuu Mojeky Ceo Ha

noBepxHOCTH V3xV3-Ag.
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Pucynok 2.7 -V3MeHeHMe OBEpXHOCTHOM MPOBOIMMOCTH NPH acopOIuu aToMoB AU Ha

noBepxHOCTh V3xV3-Ag 1 Ha moBepXHOCTH V3XV3-Ag ¢ ancopGHpOBaHHBIM MOJIEKYIISIPHEIM cioeM Cgp.

Pucynok 2.7 moka3pIBalOT W3MEHEHUS MPOBOJIUMOCTH 0OPA3IOB MPHU HANbUICHHH aToMOB AQ Ha
noBepxHOcTs V3XV3-Ag n mosepxHocTh V3XV3-Ag ¢ ajgcopbupoBanusM cioem C60. Herpymmo
3aMeTUTh, YTO 00a Trpaduka UMEIOT CXOIHYI0 (OpMYy: MPH MalbIX MOKPHITHIX HAOIIOAAeTCs pPOCT
MPOBOJAVMOCTH, JOCTUTAIOIUN MaKCHUMyMa, 3aTeéM OTHOCHUTEIBHOPE3KUH Chaj ¢ TOCIeIyONIM
MOCTETICHHBIM POCTOM TIPOBOJAMMOCTH TpW Oonbmux MOKphITHsIX Ag. KonmuecTBeHHBIE OTIHYMS
3aKIIIOYAlOTCS B TOM, YTO B OTCYTCTBHH MOJEKYJSIPHOTO CIIOSI MPOBOJUMOCTH OBICTpee IOCTUTAeT
makcumanibHoro 3HaueHus (0,1 MC Cgou 0,5MC Cgo, cooTBeTCTBEHHO). Xacerasa u Jip. [12] oObscHsm
pOCT MPOBOJMMOCTH Ha HaYaJIbHBIX dTamax (GopmupoBaHHEM IByMepHoOro raza amgaromoB Ag. Tax
ajmatoMbl AQ, HaXOIsICh B COCTOSIHUM JBYMEPHOTO Ta3a, OTIAIOT AIIEKTPOHBI MPOBOJUMOCTH B 30HY S1
MOBEPXHOCTHBIX COCTOSIHUM, YBEJIMYHBAs MPOBOAUMOCTh. OJHAKO TPH JIOCTHIKCHHH KPUTHUYECKOTO
MOKPBITUSL aAaTOMbl KOHJECHCHUPYIOTCS B OCTPOBKM U TMEpecTaloT "AOHUPOBATh" JIIEKTPOHBI, UTO
MPUBOJUT K MaJieHUI0 MpoBoauMocT. Cremysi Takoi WHTEpIpEeTallud, MOXKHO OOBSCHUTH PE3yJIbTaThl
M3MepeHnsi MpoBoauMocTH moBepxHocTH Cg/N3XV3-Ag mpn agcopOumm atomMoB Ag. A, HMEHHO,
3aJiepKKa B POCTE TPOBOJMMOCTH, BEPOSTHO, CBSI3aHA C TEM, U4TO (YJUICPEHBI, TEHCTBYsI, KaK aKIEeNTOPHI
Ha HaYallbHBIX JTamax aJcopOIMM, 3aXBaThIBAIOT JJIEKTPOHBI, HEIaBas MM YBEIUYHUTH SJIEKTPOHHOE
3aroHeHrne B 30He S1MOBEpXHOCTHBIX COCTOSIHUM, M, KaK CJIEJICTBUE, MPOBOJIUMOCTh CYIIECTBEHHO HE
Mensietcs. Kak Toipko mporiecc mepefadn 3apsjga oT amgatoMoB Ag k Mosekynam Cgo 3aBeprmaetcs,
AJIEKTPOHBI HAYMHAIOT MOCTYTIATh B 30HY TTOBEPXHOCTHBIX COCTOSIHUHM, ¥ IPOBOJMMOCTH pacTeT. OHAaKO,

KpoM€ CMCIICHHA Hadalla pocCTa IIPOBOAUMOCTH TaK IKC HaOIIOMaeTCa CMEIICHHUS MakCuMyMma
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MPOBOANMOCTH K OosbiuM MOKpbITUsIM AJ. [lo-BuanMoMy, 3TO CBSI3aHO ¢ yBEJIWYEHHUEM KPUTHYECKOTO
IIOKPBITUS, HEOOXOJUMOrO JJIsi KOHJEHCAIlMM JIByMEPHOIO ra3a aJaToMOB cepedpa Iociie aacopOonuu

MoJeKysipaoro ciost Cgo.

BoiBoabt

[Tpu momormu CTM u 4eThIpeX30HI0BOTO METOAa H3MEPEHHUS POBOIUMOCTH OBLTH HUCCIICIOBAHBI
W3MEHEHHUS CTPYKTYPHI U TIOBEPXHOCTHOW MPOBOJIUMOCTH B X0J¢ (hOPMUPOBAHHUSI ABYXCUCTEM. B mepBoii
FccIeIoBaTach aacopOuus aroMoB AU Ha moBepxHocTs Si(111N3xV3-AuU i Ha Ty *e MOBEPXHOCTH C
HambUICHHBIM ciioeM MoJiekyl Cgo. Bo BTOpO#i mccnemoBamachk aacopOmus atoMmoB AQ Ha TMOBEPXHOCTH
Si(lll)\/3><\/3-Ag ¥ Ha Ty K€ MOBEPXHOCTh C HambUICHHBIM clioeM Mosiekyl Cgo. bblTo mokaszano, uto B
000X CIy4asx aTOMbI METaJIOB MPHU aICOPOINHU MPOHUKAIN depe3 ciioit Monekyn Cgo U popmMupoBaiu
OCTPOBKH pa3TMYHON (JOPMBI U pa3MepoB IO clloeM MoJieKyl. [Ipr 3ToM, 3aBUCIMOCTH ITOBEPXHOCTHOM
MIPOBOJIMMOCTH OT MOKPHITUS AU 1 AQ CYIIIECTBEHHO OTIUYAIHNCH, YTO OBLIO OOBSCHEHO ¢ TOUKH 3PEHHUS
aKnenTtopHoit mpupoasl Mosiekynl Cgp M 3HAUUTENBHBIX pa3IU4Uil B OCHOBHOM MEXaHU3MeE

IOBEPXHOCTHOH IPOBOIUMOCTH HCXOAHBIX oBepxHocTeit Si(111N3xV3-Au u Si(111)N3xV3-Ag.

25



HYBJIUNKAIUHA 110 PE3YJIBTATAM HUP

JOURNAL OF APPLIED PHYSICS 110, 093704 (2011)
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The surface morphology and electrical conductance of Cgg-precoated Si(11 Dv3-Au and
Si(lll)\/g-Ag surfaces have been monitored in the course of Au and Ag depositions. In both cases,
the deposited metal atoms penetrate through the fullerene layers. However, the similarity in the
growth mode does not result in similar dependencies of conductance versus deposited metal dose.
Deposition of Au onto the Cgy-precoated Si(111)v/3-Au surface leads to a monotonic gradual
increase in conductance starting from ~0.4 ML Au coverage. Deposition of Ag onto the
Cgo-precoated Si(111)y/3-Ag surface results in a nonmonotone peak-like dependence with a
maximum at ~0.5 ML of Ag. Both dependencies can be explained in terms of the acceptor-type
behavior of the fullerenes, which trap the electrons donated by Au or Ag atoms. The difference
between the two dependencies is a consequence of the difference in conduction mechanisms at the
original surfaces, namely, the main conductance channel in Si(111)v/3-Au is the space-charge
layer, while in Si(111)v/3-Ag it is the surface state band. © 2011 American Institute of Physics.

[doi:10.1063/1.3658019]

. INTRODUCTION

In recent years, fullerenes have attracted considerable
attention in nanoscale physics due to the outstanding possi-
bilities they present for the tuning of electrical properties in
a wide ra\nge.l’2 These properties make fullerenes very prom-
ising for the design of novel molecular electronic devices.
Combining fullerene molecular layers with noble metal films
in hybrid nanostructures on silicon surfaces opens additional
possibilities for reaching this goal. A set of experimental
works has been conducted with Au, Ag and Cgq fullerenes
on Si(111) surfaces which can be subdivided into two main
groups depending on the sequence of depositions. In the
experiments of the first type, the reconstructions,
Si(111)v/3 x v/3-Ag (hereafter v/3-Ag)*™ or Si(111)v/3 x
V3-Au (hereafter \/3——Au),9 were prepared first at the
Si(111) surfaces, and then the fullerene layers were adsorbed
onto these metal-modified Si(111) surfaces. In the experi-
ments of the second type, the fullerene layers were adsorbed
onto the bare Si(111)7 x 7 surface followed by deposition of
Ag or Au onto the Cgg-capped Si(111) surfaces.'*"!!

Deposition of Ag onto Cgy monolayer chemisorbed on
Si(111)7 x 7 has been found to lead to the formation of
nanoscale Ag clusters residing atop the fullerene layer.'” In
contrast, deposited Au has been found to react strongly with
the silicon substrate, forming a gold silicide layer despite the
presence of a chemisorbed fullerene monolayer.'’ In both
cases, a negligible transfer of electrons from the adsorbed
metal to the fullerene layer has been concluded from the
photoelectron spectroscopy data. It has been suggested that
the reason for the inhibition of charge transfer is the strong
interaction of Cgo with the Si(111) substrate occurring in

“Electronic mail: tsukanov@iacp.dvo.ru.
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both cases.'®!! The bonding of fullerenes with the v/3-Ag
and /3-Au reconstructions is relatively weak, which allows
fullerenes to self-assemble into ordered close-packed molec-
vlar layers leaving the underlying substrate structure
intact.*™ Adsorption of Cgo onto the \/§—Ag surface has
been found to reduce the sample conductance which has
been ascribed to the transfer of conduction electrons from
the surface-state band of the substrate to the adsorbed
fullerenes.’

The variety of surface structures and electronic proper-
ties which can be achieved by combining Cgq layers with Ag
and Au adsorbates on Si(111) surface has stimulated us to
continue the experimental researches in this field. In the
present paper, we report on the results of Au and Ag adsorp-
tion onto fullerene-capped v/3-Au and v/3-Ag reconstruc-
tions. The structural transformations occurring at the surface
have been monitored with scanning tunneling microscopy
(STM) and their effect on the sample electrical conduction
has been characterized using a four-point probe (4PP)
technique.

Il. EXPERIMENTAL

The experiments were performed in two separate ultra-
high vacuum chambers, with the base pressure in both being
in the ~107'° Torr range. The first chamber, which was
equipped with an Omicron STM and low energy electron dif-
fraction (LEED), was used to study the structural transforma-
tions and to establish the regimes for fabrication of the
surface structures. In the second chamber, which was
equipped with LEED, the desired structures were fabricated
according to the established methods and their electrical
properties were measured using a 4PP method with the
probes making a square of ~0.6 x 0.6 mm?. The probes were

© 2011 American Institute of Physics
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electrochemically sharpened 0.7 mm thick tungsten wires
pressed to the surface by individual springs. During the
conductivity measurements, the condition of the electrical
contact was confirmed by observing a linear relation between
voltage signals and electrical currents in the current range of
10-100 pA.

The substrates were cut from standard n-type Si(111)
wafers (10-25 Q cm). The sample size was 12 X2 X
0.45 mm® for STM observations and 15 x 5 x 0.45 mm® for
electrical characterization. Atomically clean Si(111)7 x7
surfaces were prepared in situ by flashing to 1280 °C after first
outgassing the samples at 600 °C for several hours. Gold and
silver were deposited from the Au- and Ag-wrapped tungsten
filaments at a rate of 0.4 and 1.0 ML/min, respectively. The
Au evaporator was calibrated by the formation of the
Si(111)5 x 2-Au surface phase, which has recently been
established to contain 0.6 ML of Au.'? The Si(111)v/3-Au
surface was prepared by depositing ~1.0 ML of Au onto the
Si(111)7 x 7 surface held at 520 °C. The Si(lll)\/g—Ag sur-
face was prepared by depositing 1.0 ML of Ag onto
Si(111)7 x 7 at 440 °C. Fullerenes were evaporated from a
Knudsen cell with a deposition rate of 0.1 ML/min. One
monolayer of Cgq is defined as molecule density in the close-
packed single molecular layer in the bulk fullerite, ie.,
1.15 x 10" em ™2 All conductance measurements were car-
ried out at room temperature (RT), following which addi-
tional (Ag or Au) atoms or Cgg molecules were deposited.
The typical accuracy of the deposition rate calibration was
~10-15%. Electrochemically etched tungsten tips cleaned by
in situ heating were employed for the STM observations. All
STM images were acquired in a constant-current mode at RT.

ll. RESULTS AND DISCUSSION
A. Au and Cgp on Si(111)a-v/3 x v/3-Au

Figure 1(a) shows the STM image of the \/§»Au surface
with a monolayer of fullerenes adsorbed at RT. The Cgq
monolayer adopts a closely packed hexagonal structure with
a periodicity that matches the bulk fullerite nearest-neighbor
distance of 10.0 A, while the subsequent layers grow in the
form of fullerite with a face-centered cubic lattice. The char-
acteristic pattern of Cgo, having different dim-bright STM
contrast, replicates the original domain-wall network of the
underlying v/3-Au surface.” Thus, it was concluded that full-
erenes do not alter the structure of the v/3-Au surface. The
conductivity measurements show that Cgo adsorption does

FIG. 1. STM images showing (a) original Si(111)\/3-Au surface capped
by 1 ML thick Cgp layer and the same surface after RT deposition of (b)
2.0 ML, and (c) 4.0 ML of Au. Scale: 15 x 20 nm?.

J. Appl. Phys. 110, 093704 (2011)

not noticeably affect the conductivity of the v/3-Au sample
[Fig. 2(a)]. This result can be expected if one takes into
account the fact that the conductance of the bare \/§—Au sur-
face is mainly provided by a hole-accumulated nearsurface
layer'® and it could hardly be affected by the fullerenes,
which in the form of individual molecules exhibit a strong
electronegativity and demonstrate semiconductor properties,
if being assembled into the molecular crystal, fullerite.

In the case of RT Au deposition onto the V/3-Au surface
precoated with 2 ML of fullerenes, Au atoms penetrate under
the layer of fullerenes, as one can see in the series of STM
images [Figs. 1(b) and 1(c)]. Fullerene layers always remain
at the outer surface capping the buried Au/v/3-Au interface
which becomes progressively rougher. Note that this behav-
ior is similar to that reported for the case of Au deposition
onto the Cgo-precoated Si(111)7 x 7 surface, where Au
atoms also penetrate through the Cgq coating, react with a Si
substrate and form an Au-silicide layer."'

Figure 2(b) shows the measured conductance changes
during RT Au deposition onto the v/3-Au samples with and
without a capping 2 ML thick fullerene layer (shown by the
triangles and circles, respectively). One can see that Au dep-
osition onto the bare v/3-Au surface causes initially a nega-
tive change in conductance (at Au coverage up to ~1.0 ML),
while at higher Au coverage, a gradual increase in
conductance takes place. When Au is deposited onto the
Cgo-precoated V/3-Au surface, conductance increases start-
ing from 0.4 ML Au coverage.
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FIG. 2. Changes in electrical conductance (a) during Cqo deposition onto
the Si(111)y/3-Au surface and (b) during Au deposition onto the
bare Si(111)y/3-Au surface (circles, dotted line) and Cgg-precoated
Si(111)+/3-Au surface (triangles, dashed line).
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The hint for understanding the observed phenomena is
provided by the PES data,"? which show that the Fermi level
in the v/3-Au samples is located very close to the valence
band maximum, causing strong band-bending and leading to
a hole-accumulation layer under the surface. The main chan-
nel of conductivity in these samples is the surface space-
charge layer rather than the surface states of the ov/3-Au
phase, because the density of surface states there is very
small and makes little contribution to the surface conduct-
ance."? Au atoms adsorbed on the v/3-Au surface act as elec-
tron donors donating electrons which compensate the holes
in the space-charge layer beneath the oy/3-Au phase, thus
leading to a decrease in surface conductivity at the initial
stage of Au deposition. When all holes are compensated, the
space-charge layer converts to a depletion layer, which
moment corresponds to the minimal conductance at
~0.2 ML of Au. With subsequent Au deposition, electron
concentration continues to grow, transforming the depletion
layer to an electron-accumulation layer, this transition being
reflected in a rise of sample conductance. A further increase
in Au coverage induces a steep rise in conductance due to
the formation of a continuous metallic layer.

In the case of Au deposition onto the Cgg-precoated
v/3-Au surface, no reduction in conductance occurs: instead
conductance increases starting from an Au coverage of
~0.4 ML. It seems surprising to observe such conductance
behavior given the lack of any effect produced by fullerenes
on the xv/3-Au sample conductance [Fig. 2(a)]. A possible
explanation is based on the assumption that Au atoms which
penetrate through the fullerene layer donate electrons to the
fullerenes rather than to the +/3-Au-associated hole-
accumulation subsurface layer. Note that the Cgg molecule
has already been reported to act as an electron acceptor for
metals such as Ag, Au, or Cu. 410 Thus, electrons which
would cause band bending are trapped by Cgo molecules,

FIG. 3. (a) 15 x 20 nm® STM image of the Si(111)y/3-Ag surface capped by

1 ML thick C60 layer. (b) 100 x 100 nm® STM image (quasi- 3D presentation)
of the same surface after RT deposition of 2.0 ML of Au. The close-up images
(15 x 20 nm?) of the regions marked by 1 and 2 are shown in the upper panel.

J. Appl. Phys. 110, 093704 (2011)

leaving the space-charge layer to be hole-accumulated and,
hence, preserving the conductance unchanged. Nevertheless,
for full validation of this proposed mechanism, additional
evidence from the photoemission spectra of fullerenes would
be required. The increase in conductance starting from
~0.4 ML of Au can explained by the coalescence of Au
islands which start to form beneath the Cgg layer.13

B. Ag and Cq, on Si(111)v/3 x v/3-Ag

Being deposited onto the v/3-Ag surface, Cgo molecules
bond firstly along the domain boundaries and atomic steps
forming then two-dimensional hexagonal close-packed
arrays on the terraces.”™ As revealed by STM, the first full-
erene layer contains a considerable quantity of defects,
which are seen as dark depressions within the Cgq array [Fig.
3(a)]. Electrical characterization demonstrates that deposi-
tion of fullerene molecules onto the \/§—Ag surface leads to
a decrease in electrical conductance up to about 0.5 ML of
Cgo coverage, after which the conductance starts to recover
[Fig. 4(a)]. These observations coincide with the results
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FIG. 4. Changes in electrical conductance during depositions of (a) Ceo
onto Si(111)v/3-Ag surface, (b) Ag onto the bare Si(111)y/3-Ag surface,
and (c) Ag onto the Cgp—precoated Si(111 )v/3-Au surface.
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reported by Hasegawa et al.’ who explained the decrease in
surface conductivity by a charge transfer from the substrate
to the Cgo lalyer.5 Namely, the electrons from the S; surface
state band of the v/3-Ag surface (which constitutes the main
conductance channel of the v/3-Ag samples) are trapped by
Cgo molecules. Consequently, this reduction in the amount
of conduction electrons results in a decreasing conductance.
Note, however, that with the Cgg acting as an acceptor-type,
one encounters serious problems in explaining the conduct-
ance growth beyond a 0.5 ML Cgy coverage. An alternative
description of the observed phenomena was derived by Phil-
lips et al."” from their PES observations which showed that
the Si 2p core-level shifts to a 200 meV higher binding
energy following the adsorption of 1 ML of Cg,. Taking into
account that the space-charge layer beneath the original
\/§—Ag surface is a hole-accumulation lalyer,13 this suggests
an electron transfer from the Cgy molecules to the substrate.
Thus, the space-charge layer undergoes a transition from a
hole-accumulation to an electron-accumulation layer, which
in turn results in switching the conductivity type. This transi-
tion is accompanied by a conductivity decrease in the first
stage (up to 0.5 ML of Cgp) and an increase in the second
stage (from 0.5 to about 1.5 ML of Cgq). This explanation
neglects the conduction through the surface state bands and
presents Cg as an electron donor-like adsorbate. Both state-
ments look somewhat surprising, as various surface conduc-
tion phenomena observed at the \/§—Ag used to be explained
in terms of the electron conduction through the S; surface
state band," and the Cgo molecule is known to act typically
as an acceptor-type adsorbate on most surfaces,'*™'¢ includ-
ing Si(111)v/3-Ag, as revealed by first-principles total-
energy calculations. 18

Figure 3(b) presents an STM image showing the struc-
ture of the Cgg-precoated Si(111)y/3-Ag surface after RT
deposition of 2 ML of Ag. One can see that the deposited Ag
atoms penetrate under the fullerene layer where they become
assembled into the large islands capped by fullerenes. This
behavior is qualitatively similar to that of Au atoms depos-
ited onto the Cgg-precoated Si(111)v/3-Au surface (see
Fig. 1), but at principal variance with that of Ag atoms de-
posited onto the Cgp-precoated Si(111))7 x 7 surface, where
Ag nanoclusters are formed atop the fullerene layer.' Thus,
one can conclude that the penetrability of the fullerene layer
depends on how strongly they are bonded to the substrate;
the weaker the bonding, the higher the penetrability of the
fullerene layer.

Figures 4(b) and 4(c) show the measured conductance
changes during RT Ag deposition onto the \/§—Ag samples
without and with a capping fullerene layer, respectively. One
can see that the plots have qualitatively similar shape,
including an initial steep growth in conductance, passing
through a maximum, then a relatively rapid conductance
decrease, followed by a slow gradually increasing conduct-
ance with prolonged Ag deposition. The quantitative differ-
ence is that the maximal conductance is achieved at the bare
V3-Ag surface more readily than at the C60-precoated
V/3-Ag surface (namely, at ~0.1 ML of Ag and at ~0.5 ML
of Ag, respectively). Hasegawa et al.? explained the growth
in conductance at the initial stage of Ag deposition onto the

J. Appl. Phys. 110, 093704 (2011)

V/3-Ag surface by the electron donation from the 2D gas of
Ag adatoms to the Sy surface state band. Condensation of Ag
adatoms into Ag islands occurs upon reaching critical Ag
coverage, which terminates this electron donation process.
As a result, electrical conduction starts to decrease. Follow-
ing the same approach, one can explain the results for Ag
adsorption onto the Cg-precoated \/§—Ag surface. Namely,
the delay in conductance growth is plausibly associated with
the acceptor-type behavior of the fullerenes, i.e., at the initial
stage, the electrons which would be donated to the surface
state band actually become trapped by the fullerenes. Only
when the charge transfer to the fullerene layer is completed
electrons are donated to the surface state band.

IV. CONCLUSIONS

Using STM and four-point-probe electrical measure-
ments, we have studied the evolution of the surface structure
and electrical conductance of Cgg-precoated Si(111)v/3-Au
and Si(111)v/3-Ag surfaces in the course of Au and Ag dep-
ositions, respectively. In both cases, the deposited metal
atoms have been found to penetrate through the fullerene
layers. However, the dependencies of the conductance on the
deposited metal dose are different in each case. The deposi-
tion of Au onto the Cgp-precoated Si( 111)v/3-Au surface
results in a monotonic gradual increase in conductance start-
ing from ~0.4 ML Au coverage. The deposition of Ag onto
the Cgp-precoated Si(lll)\/g—Ag surface results in a non-
monotone peak-like dependence of the conductivity on Ag
coverage with a maximum at 0.5 ML of Ag. Both dependen-
cies can be explained in terms of the acceptor-type behavior
of the fullerenes. The different dependencies are associated
with the difference in conduction mechanisms at the original
surfaces, namely, in Si(111)v/3-Au the main conductance
channel is the space-charge (hole-accumulation) nearsurface
layer, while in the Si(111)v/3-Ag the conductance takes
place mainly through the surface state band.
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Surface structure and electrical conductance of the (Au,Ag)/Si(1 1 1) two-dimensional system have been
studied in situ with low-energy electron diffraction, scanning tunneling microscopy and four-point probe
technique. The new surface structure identified as Si(111)/93 x ,/93-(Au,Ag) has been found to form
upon deposition of ~0.1 ML of Ag onto Si{1 1 1)a-/3 x /3-Au surface held at 350 °C. With further Agdepo-
sition at this growth temperature, the surface structure evolves to Si(111)2/3 x 2,/3 and eventually to
Si(111),/21 x 4/21. Structural transformations have been found to be accompanied by non-monotonous
changeover of the surface conductance. Possible factors affecting the surface conductivity are discussed.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

Phase transitions have recently attracted both experimental and
theoretical interest in surface physics. Many studies have been
focused on phase transitions in two- and one-dimensional systems
and possible occurrence of a metal-to-semiconductor transition
that can be promising for the future application in nanoelectronics.
There are two usual ways to cause such transition, one is the tem-
perature lowering of studied system and second—adding a small
amount of adsorbate atoms. Reports in the literature [1-3] indicate
that one of the outstanding candidates for this purpose is Ag and
Au adsorbed two-dimensional system on the Si(11 1) surface.

Coadsorption of Au and Ag on the Si(111) has been studied for
a long time using various techniques, including combined Auger
electron spectroscopy and low-energy electron diffraction (AES-
LEED) [1], reflection-high-energy electron diffraction (RHEED)

* Corresponding author at: Institute of Automation and Control Processes, FEB
RAS, 5 Radio St., 690041 Vladivostok, Russia. Tel.: +7 4232310696;
fax: +7 4232310452.
E-mail address: tsukanov@iacp.dvo.ru (D.A. Tsukanov).

[4], scanning tunneling microscopy (STM) [2,3,5,6], surface con-
ductivity measurements [4,5] and angle-resolved photoelectron
spectroscopy [6,7]. Interesting phenomena have been found such
as the formation of two-dimensional gas of adatoms at Ag depo-
sition onto the Si(111)/3 x +/3-Ag [8] or the formation of the
two-dimensional electron compound of the Si(111),/21 x /21-
(Au,Ag) [4,5]. Deposition of a small amount of additional adatoms
onto the Si(111)y/3 x /3-Au surface has been demonstrated to
results in sufficient structural changes at the surface. For exam-
ple, it has recently been shown [9] that deposition of only
0.012 ML of Mn converts the random domain wall network at the
Si(11 1)a-/3 x 4/3-Au (hereafter o.y/3-Au) surface into the ordered
Si(111)2/21 x 2/21-(Au,Mn) structure. Meanwhile, deposition of
~0.4 ML of In followed by annealing at ~500 °C leads to a complete
disappearance of the domain walls and developing highly ordered
homogeneous Si(1 1 1)h-,/3 x \/3-(Au,In) surface with ~0.15 ML of
In adatoms [10]. This conversion is accompanied by the increase in
electron filling of surface state bands [11] and surface conductivity
[12].

Occurrence of phase transitions is a good stimulus for study-
ing charge carrier transport in such systems due to the possibility
to control the electrical properties in ultra-thin layers. A small

0169-4332/$ - see front matter. Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
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amount of adsorbate atoms is enough to change significantly the
nature of the layer, for example, from semiconductor to metallic.
The transition from the Si(111)./3 x /3-Ag semiconducting sur-
face to Si(111)/21 x /21-(Au,Ag), surface with metallic bands, is
avery good illustration of such behavior [5].

In the present study, using low-energy electron diffraction,
scanning tunneling microscopy and four-point probe measure-
ments the changes in surface structure and conductivity have been
studied after Ag adsorption onto the Au-induced Si(11 1) surface
reconstructions.

2. Experimental

The experiments were performed in two separate ultra-high-
vacuum chambers with the base pressure in both in the ~10-1° Torr
range. The first chamber equipped with the Omicron STM and
LEED facilities was used for studying the structural transformations
occurring at the (Au,Ag)/Si(11 1) surface. In the second chamber
equipped with LEED and the unit for measuring sample electrical
conductance by the four-point probe technique the changes in sur-
face conductivity were measured after preparation of the desired
(Au,Ag)/Si(11 1) surface structure.

The rectangular substrates were cut from standard n-type
Si(111) wafers with resistivity 102cm (for STM study, size
12mm x 2 mm x 0.45mm) and 45 2 cm (for surface conductivity

measurements, size 15mm x 5 mm x 0.45 mm). Atomically clean
Si(111)7 x 7 surfaces were prepared in situ by flashing to 1280°C
after first outgassing the samples at 600 °C for several hours. The
temperature of the sample was controlled both with an optical
pyrometer and by the resistivity value.

Gold and silver were deposited from the Au- and Ag-wrapped
tungsten filaments at a rate of 0.4 and 1.0 monolayer/min, respec-
tively (1 monolayer (ML) =7.8 x 1014 atoms/cm?). The Au coverage
was calibrated with Si(111)5 x 2-Au phase with adsorbate cov-
erage of 0.6ML [13,14]. The o./3-Au and the 3./3-Au phases
were prepared by depositing of 0.8 ML and 1ML of Au, respec-
tively [15,16], onto the Si(111)7 x 7 surface phase held at 520°C.
The Ag coverage was calibrated with /3 x /3 structure contain-
ing 1 ML of Ag [17,18]. For STM observations, electro-chemically
etched tungsten tips cleaned by in situ heating were employed. All
STM images were acquired in a constant-current mode at room
temperature.

To characterize electrical properties of the grown
(Au,Ag)/Si(111) structures, the sample conductivity o=I/AV
(where I is the applied current through a pair of adjacent probes
and AV is the voltage drop measured by another pair of probes)
was measured in siemens using square four-point probe method
[19]. The tungsten probes were situated in the vertexes of a
square 0.6 mm x 0.6 mm in size and were pressed to the surface
by individual springs. Result of each measurement represents an

Fig. 1. LEED patterns obtained with a beam energy of 70 eV after the deposition of Ag onto the Si(11 1)a-./3 x /3-Au surface held at 350°C: (a) initial Si(11 1)a-./3 x /3-Au
surface; (b) /93 x /93 surface with ~0.1 ML of Ag deposited onto a-/3-Au surface; (c) schematic LEED pattern of the /93 x /93 structure; (d) /93 x /93 +2./3 x 2/3 surface
with ~0.5 ML of Ag deposited onto «-./3-Au surface; (e) schematic LEED pattern of the /93 x /93 +2./3 x 2./3 surface; (f) 2./3 x 2./3 surface with ~1.0 ML of Ag deposited
onto a-./3-Au surface; (g) 2,/3 x 2,/3 +/21 x /21 surface with ~2.0ML of Ag deposited onto a-,/3-Au surface; (h) schematic LEED pattern of the 2./3 x 2,/3+ /21 x /21
surface; (i) /21 x /21 surface with ~3.0 ML of Ag deposited onto a-,/3-Au surface. All coverages are nominal indicating the silver dose evaporated (see the text).
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averaged value for various probe pairs and directions of current. All 3. Results and discussion

conductance measurements were carried out at room temperature

after 30 min cooling down of samples with the prepared surface Silver deposition onto Si(11 1)o,/3-Au sample held at 350°C
phases. During the conductivity measurements, the condition of leads to a series of transformations in the surface structure as evi-
the electrical contact was confirmed by observing a linear relation denced by LEED observations (Fig. 1a-i). After deposition of ~0.1 ML
between voltage signals and electrical currents in the current of Ag the original LEED pattern characteristic of the a.,/3-Au surface
range of 10-100 pA. (Fig. 1a) changes to the one shown in Fig. 1b. It has been recognized

Fig. 2. 34nm x 34nm STM images of (a) Si(1 1 1)a-/3 x /3-Au (1.4 V sample bias, 1 nA tunneling current)and (b) Si(1 1 1),/93 x ,/93-R21°-(Au,Ag) (0.5 V sample bias, 0.2 nA
tunneling current) reconstructions. (¢) 18 nm x 18 nm STM image (0.5 V sample bias, 0.2 nA tunneling current) of Si(111)/93 x /93-(Au,Ag)-R21° surface with the outlined
unit sell. (d) Schematic sketch illustrating /93 x /93 periodicity with respect to the unreconstructed Si(1 11)-1 x 1 surface. (e) Schematic LEED pattern of the single-domain
V93 x /93 structure and (f) Fourier-transformed image from ,/93 x ,/93-(Au,Ag) surface. Blue — 1 x 1 fundamental spots, red - ,/93 x /93 superspots. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the article.)
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that this LEED pattern corresponds to the surface structure with the

V93 x /93-R+21° periodicity or in matrix form. The

1 7
4 11
corresponding sketch of the three-domain LEED pattern built using
LEEDpat package [20] is shown in Fig. 1c. To our knowledge, this
surface structure has never been reported for the (Au,Ag)/Si{(111)
system, though it has been extensively studied for a long time.
Motivated by finding a new reconstruction, we have examined
it closely using STM observations, which results are summarized
in Fig. 2. In particular, Fig. 2a shows STM image of the original
Si(11 1)o/3-Au surface which characteristic feature is occurrence
of the domain-wall network. Dosing this surface with ~0.1 ML of
Ag at 350°C removes completely the domain walls and produces
the surface shown in Fig. 2b and c. Fourier transformation taken
from the large-scale STM image in Fig. 2f confirms the /93 x ,/93-
R+ 21° periodicity of the surface structure. The only difference from
the LEED observations is that the particular surface region in Fig. 2b
occurs in a single-domain orientation. Fig. 2c shows the surface ata
greater magnification with the /93 x /93 unit cell being outlined.
Sketch in Fig. 2d illustrates how the /93 x /93 unit cell is tied to
the non-reconstructed Si(111)1 x 1 surface.

Silver dosing of the (AuAg)/Si(111),/93 x /93-R+21° sur-
face at 350°C converts it sequentially to the known surface
structures, Si(111)2/3 x 2/3-(Au,Ag) (hereafter 2./3-(Au,Ag))
and Si(111)/21 x /21-(Au,Ag) (hereafter /21-(Au,Ag)). The 2,/3-
(Au,Ag) starts to develop (coexisting with \/93-(Au,Ag)) at Ag dose
of ~0.5 ML, shows up as a single structure at 0.7-1.5 ML of Ag and
persists {coexisting with /21-(Au,Ag)) up to ~3 ML of Ag. In turn,
V21-(Au,Ag) appears (coexisting with 2,/3-(Au,Ag)) at Ag dose of
~1.5ML and is seen as a single structure starting from 3.0 ML of
Ag. It should be noted that actual Ag coverages left at the surface
are much lower than the deposited Ag doses indicated. It has been
reported [1,21] that, while Au desorption is negligible, significant
Ag desorption from (Au,Ag)/Si(11 1) system takes place already at
200°C. (This is in contrast to the pure Ag/Si(111) system where
sticking probability of Ag remains unity up to ~500°C and notice-
able Ag desorption starts only above ~550°C [17,18]). Taking into
account that 2,/3-(Au,Ag) and ,/21-(Au,Ag) are reported to contain
(together with ~0.8 ML of Au) ~0.25 ML [21] and 0.3-0.4 ML [7] of
Ag, respectively, the actual Ag coverage in the present experiments
is believed to be 5-10 times less than the Ag dose. This implies that
the new ,/93-(Au,Ag) phase contains plausibly only a few Ag atoms
per /93 x /93 unit cell.
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Fig. 3. Changes of electrical conductance in the course of structural transitions
induced by Ag deposition onto Si(11 1)a-./3 x /3-Au surface held at 350°C.
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Fig. 3 summarizes the results of LEED observations and sur-
face conductivity measurements on the evolution of structure and
electrical properties of the (Au,Ag)/Si(111) system in the course
of Ag deposition at 350°C. Initial conductivity of the sample with
the a-,/3-Au reconstruction is 1.9 + 0.2 mS. After formation of the
V93-(Au,Ag) reconstruction the sample conductivity increases up
to 2.4+ 0.1 mS. With formation of the 2,/3-(Au,Ag) phase, conduc-
tivity diminishes back but increases again when the ,/21-(Au,Ag)
develops. Effect of Ag adsorption on the surface conductivity has
been argued to be twofold: directly doping electrons that change
the space-charge layer or surface states properties and changing
the surface structure and morphology (e.g., eliminating or forming
domain walls which act as carrier scatters).

In attempt to distinguish between these effects, we have con-
ducted a set of experiments with RT deposition of Ag onto the
surface phases formed at the above transitions, o-,/3-Au, /93-
(Au,Ag), 2./3-(Au,Ag), /21-(Au,Ag) and the Si(111)7 x 7 with RT
deposited 0.8 ML of Au, taken as a reference, As original LEED pat-
terns have been found to remain essentially unchanged during RT
Ag deposition, it can be concluded that original surface structures
are basically preserved, hence any changes in the conductivity is
expected to be mainly due to electron doping effects rather than
due to minor structural transformations. The results of conduc-
tivity measurements for this experimental set are summarized in
Fig. 4a-e.

In particular, it is seen that the electrical conductance for a-
J/3-Au and /93-(Au,Ag) surfaces drops after deposition of ~0.2 ML
(Fig. 4a and b). As shown in [5,22], a-,/3-Au surface has so strong
bending that the surface Fermi level position is very close to
the valence band maximum, meaning hole-accumulation layer
beneath the surface. After deposition onto this layer the silver
atoms serve as electron donors that compensating holes in the
hole-accumulation layer and depleted layer is formed resulting
in conductivity decreasing. The same situation is observed for the
/93-(Au,Ag) layer which has as many gold atoms as o-,/3-Au phase
(about 0.8 ML) and differs from it by adopting a tiny amount of
Ag (0.01-0.02 ML according to our estimation). At further silver
adsorption reduction in conductivity is replaced by its rising and
then the electrical conductance increases steadily.

The above results for the o-./3-Au and ,/93-(Au,Ag) surfaces
imply that the (Au,Ag)/Si(111) surface with 0.8 ML of Au and
~(.2 ML of Ag contains the space-charge layer in the depletion con-
dition, hence further Ag deposition onto such a surface would result
in the growing conductivity due to formation of metallic layer with
electron-accumulated layer beneath. This suggestion could account
for the results of Ag deposition onto the 2,/3-(Au,Ag) surface which
contains 0.8 ML of Au and 0.25ML of Ag and where conductivity
increases starting from the very initial stages of silver deposition
(Fig. 4c). Similar trend is observed when Ag is deposited onto
the Si(111)7 x 7 surface with RT pre-deposited 0.8-ML Au layer
(Fig. 4e). Here, the growth of conductivity starts after depositing
~0.3 ML of Ag.

The ,/21-(Au,Ag) surface phase displays initial decrease of con-
ductivity (Fig. 4d) typical for hole-accumulated space-charge layer.
It should be noted, however, that the characteristic features of the
21-(Au,Ag) surface have been reported to be relatively high sur-
face conductance because of the large contribution of the surface
states in carrier transport and depleted space-charge layer [23].
The discrepancy can be associated with the various stoichiometry
which the ,/21-(Au,Ag) phase can adopt. While in Ref. [23] the ,/21-
(Au,Ag) phase contains 0.15 ML of Au and 1 ML of Ag, in the present
work it consists of 0.8 ML of Au and 0.3 ML of Ag. This difference in
composition might affect the band bending under the /21-(Au,Ag)
phase and this issue requires more comprehensive study.

Returning to Fig. 3, consider the reasons of surface conductiv-
ity changes in the course of structural transformations in a greater
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Fig. 4. Changes in electrical conductance induced by RT Ag deposition onto:
(a) Si(111)a-/3 x /3-Au surface, (b) /93 x /93 surface, (c) 2/3 x 2.,/3 surface;
(d) /21 x /21 surface, and (e) layer of 0.8 ML of Au adsorbed at RT onto 7 x 7
surface.

detail. Increasing conductivity at the transition from o-/3-Au to
J/93-(Au,Ag) is believed to be associated with the elimination of
the domain walls which act as carrier scatters. The effect is simi-
lar to that reported for In-induced removal of domain walls from
o-,/3-Au surface [10-12]. Taking into account that Ag content in
JV93-(Au,Ag)is very small, the band bending effect converting hole-
accumulated layer into depletion condition is negligible at this
stage. However, it becomes significant with further Ag deposition.
After depositing ~0.25 ML of Ag, depletion layer develops leading
to decreasing conductivity. This stage coincides with the transfor-
mation to the 2,/3-(Au,Ag) phase. At this surface, the domain walls
reappear (albeit in the ordered manner) [21] and this factor should
also act towards diminishing surface conductivity. With develop-
ing of the ,/21-(Au,Ag), conductivity grows again as this phase is
characterized by an enhanced conduction through the surface state
bands [23].

4. Conclusions

Using LEED, STM and four-point-probe method, we have stud-
ied surface structure and electrical conductance changes of binary
noble metal adsorbed (Au,Ag)/Si(111) surface. The structural
transformations were induced by Ag adsorption onto Si(11 1)a-
V3 x /3-Au surface held at 350°C. A new Si(111),/93 x \/93-
(Au,Ag) surface phase has been found, as a result of adsorbing
~0.01-0.02ML of Ag. The changes in electrical conductance
of the sample in the course of structural transformations
from Si(111)a-/3 x /3-Au to Si(111)/93 x ,/93-(Au,Ag), then
to Si(111)2/3 x 2/3-(Au,Ag), and finally to Si(111)/21 x /21-
(Au,Ag) have been monitored. The electrical conductance of the
Si(111)y/93 x +/93-(Au,Ag) is higher then that for the Si(111)a-
V3 x /3-Au surface phase while that for the Si(111)2/3 x 2{/3-
(Au,Ag) surface phase is almost the same. The changes in surface
conductance have been shown to be a combined result of sev-
eral factors controlled by Ag adsorption, including direct doping
of electrons that change the space-charge layer or surface states
properties and change of the surface atomic structure and mor-
phology.
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3AK/IIOYEHHUE

B xone Bemomanenus HUP Oputi momydeHs! clieiyromue pe3yibTaThl.

1. [IpoBeneH aHamu3 HAy4YHO-TEXHUYECKOW JTUTEPATyphl, OTHOCSIIEHCS K pazpabaTeiBaeMoi TeMe.
[loarotosnen ananmutuueckuit 0630p. ChopMyIHpoOBaHbI BO3MOXKHBIE HANpaBICHUs PELICHUs 3a1ad U
JlaHa WX CpaBHUTENbHas oleHKa. [IpoBeaeHbl BbIOOp M OOOCHOBAHWE ONTUMAIBHOTO HaMpaBICHUS
UCCIIEIOBaHUM U crocoOOB pelleHus MMOCTAaBJIEHHBIX 3ajad. Pa3zpa0oTaH IjiaH MPOBEJIEHUS HAyUHBIX
HCCIIEIOBAHUN.

2. UccnenoBana Mop(oIOTus U dIEKTpUYEcKas IIPOBOAUMOCTE moBepxHocTel Si(111)3-Au u
Si(111)/3-Ag, npenpapurensHo MOKpHITEIX Ceo QymrepeHaMu npu HanbuieHuH AU m Ag. B o6omx
CiIydasix HalbUIsIeMble aTOMBl METAJJIOB TIPOHUKAIOT CKBO3b CJI0¥ (pymieperos. OqHako, mogodue pocra
HE TMPHUBOJUT K OJMHAKOBOMY IIOBEJACHUIO MPOBOJUMOCTH B 3aBUCHMOCTH OT J03bl HAIBUIIEMOIO
Mmetama. Hanbsuienne AU Ha IIpeaBapHTENbHO MOKPHITYIO (yiulepeHamMu nosepxHocTh Si(111)/3-Au
IPUBOJAUT K TIOCTEIIEHHOMY YBEJIMUYEHHIO IPOBOJUMOCTH, HauuHas ¢ mokpeituss Au ~0.4 MC.
Hanbuienne AQ Ha TIpeIBapUTENLHO MOKPHITYIO (ysuiepeHamMu noBepxHocth Si(111)3-Ag npuBoaur K
CKayKooOpa3HOH 3aBHCHMOCTH IpoBoauMocTH ¢ MakcumymoMm mipu Ag ~0.5 MC. B oloux ciydasx
MOBEJICHUE MPOBOJUMOCTH MOXET OBITh OOBSICHEHO TeM, 4To (yJuiepeHBI BeayT ceOs KakK akIemnTop,
3axBaThIBasl AJIEKTPOHBI, JOHUpOBaHHbIE aToMamMu AU wim Ag. Paznuume 3TUX ABYX CIIy4aeB €cCTb
CJIEJICTBHE pa3HBIX MEXaHM3MOB IPOBOJAMMOCTH H3HAYAJIBHBIX IOBEPXHOCTEH, a MMEHHO, OCHOBHOM
kaHan mnposogumoctd 11 Si(111)3-Au — 06macTh IPOCTPaHCTBEHHOTO 3apsAia, B TO BpeMs Kak JUIs
Si(111)/3-Ag 510 no1I0Ca MOBEPXHOCTHBIX COCTOSHHIA.

3. IlpuBenensl cBeneHust o pesyibTarax peanuzanuu B 2012 r. uHIMKATOpOB (eaepanbHOU
1esIeBoi nporpammbsl «HayuHble U Hay4dHO-TIeZJaroruyeckue Kajapbl HHHOBaMOHHOM Poccumn» na 2009-
2013roppt.

4. TToaroToBieHa Mpe3eHTaIus pe3yabTaToB 1o 3tany Ne 4 «ccnenoBanns pU3HMUECKUX CBOMCTB
THOPUTHBIX MeTaIUT-()YJUIEPEHOBBIX CTPYKTYp» B hopmate Microsoft PowerPoint.

3aauu TaHHOTO ATaIla UCCIIEJOBAHUHN BBIOIHEHBI TOJHOCTHIO.

[To pe3ynbraram sTana onyOIMKOBAaHbI CTATHU:

1. D.A. Tsukanov, M.V. Ryzhkova, E.A. BorisenkoVL.Bondarenko, A.V. Matetskiy, D.V. Gruznev,
A.V. Zotov, and A.A. Saranin. Effect ofgglayer on the growth mode and conductance of Au/qd
films on Si(111y3-Au and Si(1113-Ag surfaces. J. Appl. Phys., 2011, Vol. 110,9sB.093704-5.

2. D.A. Tsukanov, M.V. Ryzhkova, E.A. BorisenkoVL.Bondarenko, A.V. Matetskiy, D.V. Gruznev,
A.V. Zotov, A.A. Saranin. Surface conduction at gpdaransitions in (Au,Ag)/Si(111) submonolayer
films. Appl.Surf.Sci., 2012, Vol.258, Iss. 24, P3869641.
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PazpabGortannbie B pesynbrare npoBenenuss HVP MeToapr mpuroToBIeHUST HCXOAHON MTOBEPXHOCTH
¢ TpeOyemoii Mopdoorueit U PeKOHCTPYKIIHEH, a TakKe YIpaBJIeHUs €€ XUMHYECKON aKTUBHOCTBIO H
ANEKTPOHHBIMU CBOWCTBAMHU IMYTEM KOHTPOJIUPYEMOro (OPMUPOBAHUS HUZKOPA3MEPHBIX CHCTEM
3aJIaHHOTO COCTaBa U aTOMHOU CTPYKTYpbl OyJIyT UMETh BaKHOE MpakTHYeCKoe 3HaueHue. Pe3ynbTarhl
pabOTBl MOXXHO CUHTATh HAYYHO-TEXHHUYECKHUM 3aJIeJIOM TI0 TEXHOJOTHH (POPMHUPOBAHUS CTPYKTYp
aTOMHOTO MacmTada ¢ HCIOJb30BaHUEM CAMOOpPraHM3alMy AaTOMOB aJcopOAaTOB Ha IIOBEPXHOCTH
MOJTYIIPOBOTHUKOBEIX KPUCTAJIOB B YCIIOBUSX CBEPXBBICOKOTO BakyyMa. Takue cuCTEMBbI MOTYT OBITh
UCIOJIb30BAaHbI KaK 2JIEMEHTHI TaMsTH, aKTUBHbBIE JIEMEHTHI HHTETPAJIBHBIX CXeM M MEXKCOSIUHEHUN ISt
TBEP/IOTENIbHON HaHOIEKTPOHUKU. HaydHble pe3ynpTaThl, HKCHEPUMEHTAIbHBIE METOJIbI, METOJIUKH
UCCIEOBAHUI MOTYT HalTH TpPUMEHEHHE MpH pa3padoTKe YUeOHBIX MOCOOUM, METOJAMYECKHUX
MaTepuagoB, KOTOpPble MOTYT OBITh HCIOJB30BaHBI B y4eOHOM Ipollecce B paMKaxX CIEIUaTbHOCTH
«Hanomarepuaibi».
Pe3ynbrarbl paGoThl JOJDKHBI 00ECIEUUTh KOHKYPEHTOCTOCOOHOCTh Poccmiickoit denepanuu B
00JIacTH CBEPXBBICOKOBAKYYMHBIX HAHOTEXHOJOTUH. Pe3ynbraTel paOoOThl SBISIOTCS pe3yJbTaTaMH

MHPOBOI'O YPOBHS.
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