
OT3bIB
oQnqnanbHoro orrIoHeHTa Ha AuccepralllroHuyro pa6ory

Bep6uqxoro Hurcolaq IInaHoBtlrra

<<3.nercrpoHHoe crpoeHrre HaHoKoMrro3r{ToB Ha ocHoBe H[3Kopa3MepHblx yrJrepoAHblx

rraHocTpyKTyp>),

rrpeAcraBJreHHyro Ha cor4cKaHr4e yqeHofi crenenu Kar:.4kr4ura xI4MI4lIecKI4x HayK IIo

cnequiurbHocrflM 02.00.21-xurvrus rBepAoro'Ierav 02.00.01 - HeopraHrlqecKat xvrMvtfl,

B uacroqque BpeMq Htr3Kopa3MepHbre yrJIepoAHbIe HaHoMarepl4illrbr tBrtlorcq reMol4

r{ccJreAoBauu.f, 6ommoro KoJnrqecrBa HayrIHbIX fpynn Bo BceM MI4pe. HenpepunHo pacrer

rrr,rcro ny6luraqnfi, rtocBsuleHHbrx yrJIepoAHhIM uauorpy6xau, rpaQeuy kr HX

ilpor,r3BoAHbrM. B rrepByro oqepeAb, r4HTepec K AaHHrIM MarepI4iLJIaM BbI3BaH vx

yHr4KarrbHHrv[,r csoficTBaMr4, KoTopbre o6ecne.Iusaro'r 6olrnrofi noreHIII4aJI rIpI{MeHeHUt B

pa3iluqHbrx o6lacrgx, B ToM irrrcJle, B Mr4KpoSneKTpoHt4Ke. Bue4peHl4e AaHHrIX MarepI4a"IIoB

B coBpeMeHHbre rexHoJrorr4qecKr4e npoqeccbr 14 co3AaHI4e ycrpoftcrB Ha ocHoBe yrJIepoAHbIx

naHorpy6or u rpaSena rpe6yror KaK pa3Btrrr4fl MeroAoB yrlpaBJleHvfl, vrx olerrpouuofi

crpyr<rypofi, TaK pr uccreAosaHrafi MexaHu3MoB vtx AonI{poBaHI4t u ssalalaoAeficlauit,

BO3Hr{KarOilIlIX B pe3ynlTaTe 3Tofo.

[zccepraqrroHHar pa6ora Bep6uqroro Huroraq I4saHoslrqa nocBquleHa

r4ccneAoBaHr4ro crpyKTypbr u csoficrs HaHoKoMrIo3I4ToB Ha ocHoBe 3arIoJIHeHHbIX

oAHocreHHbrx yrJrepoAHbrx nanorpy6or u rpa$ena. Mo4u$uraqrar [yreM BHeApeHut

pa3rurrHbrx MarepuiuroB Bo BHyrpeHHr{e KaHuLJIbI oAHocreHHbrx yrJIepoAHbIx nanorpyoor

(OCHT) no3BoJuer ocyilIecrBJrrrb HarrpaBJIeHHoe I43MeHeHue csoficrs OCHT, qro tBrqerct

seo6xoAuuulr ycJroBr4eM p.nfl co3AaHI4t ycrpoficrn Ha vx ocHoBe. Axmyanonocmb

r4ccneAoBanrafi nponeAeHHbrx B xoAe AasHoft Al4ccepraul4oHHofi pa6oru onpeAerqerct He

ToJrbKo Heo6xoAraMocrbro paspa6o:rru HoBbIX MeroAoB rlpeIIe3I4oHHoro KoHTporq

3JreKTpoHHofi crpyxrypu OCHT, Ho 14 r4ccJleAoBalvrfl, ocHoBHbIX TeHAeHIII{fi u rcoppetnluft',

onpeAeJrruorrlr4x KoHeqHyro crpyKTypy iloryrlaeMhlx TaKI{M o6pasorr,r HaHoKoMIIo3I4ToB.

Hecvrorpr Ha $onburoe KoJrrlqecrno ony6JII{KoBaHHbIX pa6or, nocBquIeHHbIX SneKTpoHHoMy

crpoeHrrlo yrJrepoAHhrx Hauorpy6or 14 MeroAaM vx rr,to4u$uxaquu, HeKoropble

SyH4alrenrzurbHbre Bonpocbr rroKa ocrarorcq 6es orBera. Oauofi I43 TaKvx HeAocraroqHo

r4ccJreAoBaHHbrx lpo6leu, perxeHuro roropofi I{ trocBtilIeHa AI4ccepraIrLIoHHaq pa6ora

Bep6uqroro H.IrI. ocraercr Borrpoc o BJrr4tHIrI4 pa3MepHocrll yrJlepo4uofi noAno)KKIr Ha

Tl4rrbr ns auuogeft c'IBvIfl, B 03 HIIKaIoxII4e B ru6p ulou H aHo MaTep I4aJIe.



fluccepraqr{oHHar pa6ora npeAcraBJreHa Ha 120 crpauilqax lerrarHoro reKcra u

BKJIIoqaer 53 pucynra, 18 ra6nuq 14 crrr4coK Jrvreparypbr, coAepxall\uit 160 ucroqHzKoB.

lraccepraqur coAep)Krrr BBeAeHlre, Tpr,r rJraBbr, BbrBoAbr 14 crrr4coK Jrr,rreparypbr.

Bo eeedeuuu o1rscHrercr nrr6op o6rerra vccJreAoBanuft, orpeAenrrorcr ueJrr4 rr

3ara,uv pa6oru.

B nepeoit zra6e rlpeAcraBJlen o6sop Jrr4TeparypHbrx AaHHbrx o MeroAax [oryrreHprr,

ceoficrsax r{ crpyKType HaHoKoMrro3rrroB Ha ocHoBe yrJrepoAHbrx HaHorpy6or n rpaQena.

Ilponegensuft aua.nl,I3 rlo3BoJr-fler aBTopy nrr6parb orrrr4MiurbHyro crparefr{ro r4 MeroAr4Ky

I4ccJleroBarruit. JIureparypHblfi o6:op AocraroqHo JraKoHr4qeH, Ho rrpr4 oroM oxBarr,rBaer

npaKTI{qecKI4 Bce Ba}r(HhIe acrreKThr xuv.vrr4 MareprlurJroB Ha ocHoBe yrJrepoAHbrx Hauorpy6or

c 3anoJrHeHHbrMr4 KaHiLJraMr4 v Mo)Ker 6urr peKoMeHAoBaH B KaqecrBe orAelrHofi

ny6ruraquu.

Bo emopoil znaee Ar4cceprarlr4r4 [peAcraBJreHa [ocraHoBKa gKcrrepuMeHTa, orucaHbr

MeroAbI cI4HTe3a v aHarrr43a r,rccneAyeMux o6rerroe. ConpeMeHHhre MeroAbr r4ccJreAoBaHzr,

r4cnonb3oBaHHbre s AaHHofi pa6ore, rro3BoJrmor BcecropoHHe r,r rroJrHo orrr4carb crpyKTypy r4

3neKTpoHHoe crpoeHue prcyqaeMbrx B Aauuoft pa6ore o6rexroe.

B mpemueil znaBe o6cyN4arorca ocHoBHbre pe3yJrbrarbr r4ccneAoBaHr{r. Anrop

rloKa3blBaer ycilerxHocrb rrpeAroxeusofi I4M MeroAr4KV 3arroJrHeHvfl. BHyrpeHHr4x KaHaJroB

OCHT HeopraHI4qecKLIMI{ Marepr4airaMu vt AeMoHcrpr4pyer e$SerrrlnHocrb 3Toro MeroAa.

falee, [pI4 rIoMoIrII4 BcecropoHHero aHanvsa aBTop ycraHaBJrrrBaer BaxHefiurue KoppeJurlr4r{

MelI(Ay crpyKTypofi noryvaeMbrx HaHoKoMrro3r4ToB u rrx cnoftcrsaN4z. Anrop BbrrBrqer

BrI4sHI4e coorBercrBvq pa3MepoB Kpr4crzlrrJra BHyrpeHHeMy Ar4aMerpy rpy6rra Ha crpyKTypy

flonyqaeMblx HaHoKoMIIo3rIToB 14 crerreHb B3arlMoAeftcrel{q MexAy Kpr{craJrJrou r.r rpy6rofi.

Kpolre roro, B rlpeAcraBnessoft Ar4cceprauuouuoft pa6ore vccneAoBaHbr rutrrbr

sgafiNaoAeftctsvfi Me]KAy BHeApeHHbrM Kpr{criurJroM r,r cresxofi uaHorpy6Kr.r H rroKa3aHo, rrro

3JIeKTpOHHat CTpyKTypa KOHeqHOfO HaHOKOMnO3r4Ta OIIpeAeJrrero,I He TOJTbKO pa3HOCTbrO

pa6or BbIXoAa, Ho vr HzuIurII4eM xr{MlrrlecKofo cBq3blBaHut. Zcnolrsy-t coBpeMeHHbre

MeroAbI anuwrsa 3neKTpoHHofi crpyxrypbr rBepAbrx reJr, Bep6zqr<unr H.I4. rroKa3brBaer, qro

Aassuft TI{II B3al4MoAeficreus peilJrrr3yerc.rr lyreM .racrzqHofi rvt6pugvzaquz Cu3d vt C2p,

op6uranefi. llpu groM creleHb 3Tofo nsauuo4eficrBnfl, yBeruquBaercr BMecre c Ar4aMerpoM

OCHT.
Anrop I4ccneAyer ssal,IN,{oAeftcrBvtr Me)KAy yrnepoAHbrM JrrrcroM vr AonaHToM B

cl,IcreMax pa3nurlHofi pa:vepuocrl4 - oAHoMepHbrx yrnepoAHhrx nanorpy6oK 14 AByMepnofi

nreHKrI rpa$eHa. leranrnuft cpaBHl4TeJmsufi aHaJwr3 rroKa3ilJr HilJrr4rrr4e xr{Mr4rrecKoro



cB_r{3brBaHr4r Jrrrrrrb B oAHoMepHbrx cTpyKTypax, B To BpeMr KaK gJreKTpoHHoe cTpoeHrre

Aorrr4poBaHHofi AByMepHofi nreuxu olpeAeJrtrerc-f, rr.rlrb pa3Hocrblo pa6or BbIXoAa.

Taroe cr4creMarllqecKoe vccneAoBaHr{e pa3rurrHbrx HaHoKoMno3I4ToB rlo3Bonl4no

aBropy He roJrbKo o6uapyxurb BDKHhre Koppenrrlr4rr Me)KAy crpyKrypoir u csoficrsaN,Ila

noJryqaeMbrx HaHoKoMrro3rrroB, Ho 14 rrpeAno)KLITb MoAeJIb B3al4MoAeitcrsufl, AonaHTa c

yrnepoAHbrM JrutcroM, ocHoBaHHyro Ha pa3AeireHul4 3apsAoB MexAy nanorpy6rofi vl

Kpr,rcrulJuroM 14 B3ar4MoAeficrezz 3JreKTpoHHofi nrorsocru Ha creHKax OCHT c saprloroft

rrJrorHocrbro Ha BHeApeHHoM HaHoKpr4craJrJre. lauuat MoAeJI6 IIo3BoJIuJIa cBq3arb

gJreKTpOHHyrO CTpyKTypy IIOIyrraeMbrx HaHoKoMfIo3LtToB c ocHoBHbIMII napaMeTpaMpI

BHeApreMbrx coeAraneHufi.

Zcnolrsyq nonyqeHHbre B xoAe pa6orrr AaHHbre, aBTop npeAJIo)KTIJI I,I ycrelrrHo

peaJrr43oBa,T MeroArrKy cr4HTe3a 3rrr4TaKcr{aJrbHoro rpa$ena Ha noJlynpoBoAHuKoeofi

nonnoxKe.

B saKrrcqeHuu pa6oru [peAcraBJreHbr ocHoBHbIe BbIBoAbI Al4ccepralluu. Bce

nonyrreHHbre pe3yJrbrarbr npeAcraBJrrror cyruecrneusufi HayqHo-[paKTl4rlecKrlfi unrepec, a

BhrBoAbr rro pe3ynbraraM Ar4ccepraur4r4 npeAcraBr.f,rorcfl o6ocuoeaHHblMl4.

BaNso orMerr4T6 HayqHyrc HoBrr3Hy pe3yJrbraroB pa6oru Bep6uqxoro H.I4.

flolyueuuhre B xo4e pa6orbr AaHHbre rro3Borrvtrur npeAJIoxI4Tb MoAeJIb B3aI4Mo1eitcrsus

AOrraHTa c yHrepoAHbrM JrktcToM B yfJrepoAHbrx HaHoKoMfro3uTax, a TaKxe JIe|JII4 B ocHoBy

HoBofo MeroAa noryqeHur KBa3r4-ceo6oAHoro rpaQeua Ha noJrynpoBoAHr4Konoft uoAroxre

nyreM r.rHrepKanrqr{kr repMaHr4fl. Paspa6orannrrft Bep6zqruu H.VI. B paMKax

Ar4cceprauuouuofi pa6oru HosHfi MeroA rroJryqeHr4q KBa3r4-cBo6oAsoro rpa$ena flBlrfl,ercfl

HecoMHeHuofi yAaueft anropa u 6ez coMHeHrrr 6yaer rocrpe6onaH yrreHbrMt4 rr rexHoJIofaMI4

BO BCeM Mrrpe.

OrAemuo cJreAyer [oArrepKHyrb BbrcoKoe KaqecrBo kt3Jro]rceHr4r Mareprrara) roroprrfi

rrpeKpacHo rrpor{nnrccrpr{poBaH h JraKoHrrrreH rro Qoprvre, qro oco6eHHo rIeHHo npr4 TaKoM

6omuronr o6r,eue iloryqeHHbrx pe3ynbraroB.

llpe4craureHHbre B pa6ore AaHHbre v BbrBoAbr Ha r4x ocHoBe npeAcraBJltlorct

AocroBepHbrMrr u o6ocHonaHHbIrvtu.

Pesylrrarbr Ar{cceprar\w 6uru [peAcraBJreHbr aBTopoM Ha pa3rr.rrrHbrx poccuficKr{x 14

MexAyHapoAHbrx roH$epentrytflx) a rarcKe ory6rzroBaHbl B BuAe crarefi B BeAyqI{x

MelxAyHapoAHbrx HayqHbrx )KypHaJrax (4 HayqHbre crarbr4 vr 6 Te3I4coB AoKJIaAoB Ha

pa3nr4qHbrx ron$epeuur4.rrx v corerqauurx). B KaqecrBe HecoMHeHHoro Aocrol{HcrBa

Ar4cceprauuoHuoft pa6oru Bep6uqroro H.I4. cJreAyer orMerurb sucoqaftuufi yponeur

ny6luraqufi, ABe u3 Koropbrx ony6nnroBaHbr B )rcypHaJrax Nature Publishing Group.



Vragassue ny6nzrar\r4rt troJrHocrbro orpalraror coAepxcaHr4e Ar4cceprarlr4oHHoft pa6oru.

AnropeSepar raKxe rrpaBr4JrbHo orpaxaer ocHoBHoe coAep)KaHue Ar4cceprauuounofi

pa6oru. Co4epNanue pa6oru coorBercrByer cneqr4iurbHocrqu 02.00.01 - neopraHr4rrecKat

xvtMvts. B qacTr,r cr4HTe3a MaTepr.riuroB 14 r4ccJre[oBaHr4fl xr{Mr4qecKofo cBr3brBa}jnfl. Me)KAy

uaHorpy6rofi u sHeApeHHbrM HaHoKpr4craJrJroM u 02.00.21 - xuvtus, TBepAoro reJra B rracrlr

I4c cJreAo BaHrr.rr gn eKTp o sH o fi crpyKTypbr HaHoKoMrr 03 r,rroB rr.

llp" AeraJrbHoM o3HaKoMneHuvr c reKcroM Ar4cceprarluosHofi pa6oru Bo3HrrKJro

HecKonbKo 3aMeqaHnfi u nonpocon:

B pa:4ene 2.1.2.4. Jrr4TeparypHoro o6sopa aBTop apryMeHTrrpoBaHHo o6ocHonrrsaer

AocrorrHcrBa MeroAa 3arroJrHeHr4q OCHT HeopraHr4qecKr4Mr4 coeAr4HeHuflMu 143 paclJraBa.

O6cyN4arorcr rarcKe r.r orpaHvtqeHr4fl, AaHHoro MeroAa, oAHaKo Hr4qefo He roBopr4Tc-s o

upo6reue orAeneHr4r rrpoAyKTa, To ecrb 3arroJrHeHHux OCHT, or z36urKa Heopraszqecrofi

Sasu, Koropar r4crroJrmyercq B xoAe cvHresa. 3ror )Ke Borrpoc pacnpocrpa*fl.ercfl. v Ha

pe3yJrbrarr4BHyro qacrb Ar4cceprarluossofi pa6orrr. B SKcnepr4Mernarssofi qacrrr vr B

o6cyNgenr4r4 pe3ynbraroB Hlrqefo se coo6ruaercfl o roM, rarofi us6rtrox HeopraHr4qecKoro

BeuecTBa rrclonb3yeTctr B xoAe clrHTe3a.

B reKcre pa3AeJra 3.1.2. roBopr4Tcr o Aecrrr4KparHoM MoJrbHoM coorHorrreHr4u

BHeApfleMoro Marepr4arav OCHT, Ho s ra6rzqe 3.1 c rapaMerpaMr4 cr4HTesa (c.43) yKa3aHo

coorHollreHIre I : 1. r{ro rrpol4cxoArr c zs6rrTKoM BHeAp.rreMoro HeopfaHr{qecKofo BerrlecrBa,

ecJII4 raxoeofi I4Meercr, r4cnoJrb3ylorcg IwI KaKI{e-To MeroArI orAeJleHr4r ocHoBHofo

rIpoAyKTa or ocrarKa HeopfaHr4qecKoro BerrlecrBa, Koropoe He BorrrJro B KaHaJrbr OCHT, a

TarcKe KaKoB BhrxoA loryrreHHbrx Marepr4ilJroB rro HeopraHurrecxoft Sa:e? Beporruo, orBerbr

Ha 3TI4 BOTIpOCbI MOIKHO [Onyr{r4Tb C nOMOrrIbrO AOTTOJIHHTeJIbHbTX MeTOAOB r{CCIreAOBaHVr,

TaKI,IX KaK peHTrenorpaQur noporrrKa, cKaHrrpyrouar 3JreKTpoHHar Mr{KpocKorrvr vt g.p.

B o6eope JII4TeparypbI roBopr4Tcr o BalxHocrr4 noryrreHr4r rpa$ena Ha

noJIyrIpoBoAHtrKoBo[ noA.noxKe An.f, co3AaHr,rr ycrpoftcrn Ha ero ocHoBe, a rarc(e roBopurc.fl

o seo6xoAuMocrt4 pa3BUTLrfl, MeroAoB Qopuuponanzr 3rruraKcr4iurbHoro rpa$ena Ha

rIoJIyrIpoBoAHt4KoBbrx noAno)KKax, rrocKoJrbKy Aannrrft rran rpaQesa o6ta4aer Haunyq[ruMr4

xapaKTepucrl4KaMl4 AJII co3AaHr'r-f, noJrylpoBoAHrrKoBbrx ycrpoficrn. Hecnlorpr Ha

ycneuruufi cI4HTe3 rpaSeua Ha rrony[poBoAHr4Konofi no4ro]KKe repMalanfl. B pa6ore oAHaKo,

orcyrcrByror AaHHbre rro r43MepeHr4ro npoBoAr{Mocrr4 rr rroABr4)rcHocrr4 Hocr{Tetefi zapr.ga.

B o6aope Jrr4Teparyphr roBopr{Tc-s o BalKHocrr4 nonyqeHr{fl KBa3r.r-cBo6oAnoro, To ecr6

cla6o nsaurto4eficrBylouero c rroAnolrKofi, rpaQena Ha noJrylpoBoAHt4KoBbrx noAJro)KKax.

Anrop peilraer AaHHyro 3aAarry rryreM r4HTepKzrrrrrlr4r4 aroMoB repMaHr{r noA clofi

orrr{TaKcr4anbHoro rpaSena Ha noAJro)KKe Ni(l11). lauuue Qoroolruccr.rousofi



crIeKTpocKoIII4t4 c yrJIoBbrM pa3perrreHr4eM AeftcrBrrreJrbHo cBr4AerenbcrByror o6 ocla6leHytuI

cBt3I4 c rIoAJIo)Kroft, o4naKo rlocne I4HTepKarrrq[r{ repMa]Hufl Bce eilIe MoxHo sa6lroAars

cocro{Hut Ni3d Ha ypoBue Oepuz. Hacromro HaJrr4rrr4e 3Trrx cocroquuft BJrr4rer Ha

ceoftcrsa rpaQena vlr'e flBrflercfl rrv nperrrrcrBr{eM AJrr ero A€LJIbHeftruero krcfroJrb3oBattus?

Bce BbIIxelepeqI4cJIeHHbIe 3aMeqaHur kr Borrpocbr orHocqrcr K Bo3Molr(HoMy

I4cIIoJIb3oBaHI,Iro loryqeHHhlx B pa6ore MarepuanoB B xaxnx-rz6o rexHoJrorurx u
ycrpoftcrnax n 6yAyilIeM, oAHaKo HIIKaK He 3arparr4Baror ocHoBHbre pe3yJrbrarbr 14 BbrBoAhr

pa6oru, r4 Hrr B roefi vrepe He cHrDKaror ee HayrrHyro rleHHocrb.

Taxuv obpasorra, Al,Icceprarrr4oHHa-s pa6ora Bep6uqroro Huroraq l4saHosuraa
o'3lerrpoHnoe crpoeHl4e HaHoKoMno3I{ToB Ha ocHoBe Hr{3KopinMepHbrx yfJrepoAHbrx

HaHocrpyKTYP", trPeAcraBJIeHHat Ha cor4cKaHr4e yveuofi crerreHr4 KaHlipr/Lura xr4MrrrrecKr{x

HayK rlo creIII4iLIIbHocr.tM 02.00.2I -Xuurus rBepAoro rera u 02.00.01 - HeopraHr4rrecKat

xlrMl4t yAoBJlerBopaer rpe6oBaHztM n. 9 dlono)KeHrrr o noprAKe [pr4cy]c 2;eHvA yrreHbrx

creneseft>) yrBep)ICAeHHoro llocranoeJreHr4eM llpanzrelbcrBa P@ or 24.09.2013 Ns842, a ee

aBTop, 6esyclonno, 3acnylcl4Baer nprrcy)KAeHr4r ucnouoft yveuofi crerreHr4 KaH4.u11ara

XI4MI4rIeCKI4X HayK.

OQuuuanrurrft ouuoHeHT,
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