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Benopycckuit rocynapcTBEHHbBI YHUBEPCUTET MH(MOPMATUKHA U PATUOITEKTPOHUKH,

r. Munck, Pecniyonuka benapych

MACCHWBbI YTAEPOAHBIX HAHOTPYBOK, CMHTE3UPOBAHHDbIX
B HABAOHE M3 TOHKOTIO NMOPUCTOIO OKCUAA AAIOMNHUA

Ilocmynuna e pedaxyuro 20.08.2015

Paccmampusaromes eepmukaivbHo opueHmuposanivle yenepoouvie Hanompyoku (YHT), cunme3uposantble ¢ UCHOAb308AHUEM
WabaoHa u3 MoHK020 NOpucmozo aHooHo2o okcuda anomunus (I[IAOA). Ucxoonas mouKonaeHOUHAs CMPYKMypa cOCMOUm u3s
21eKmMpoOH020 CA05 (NAeHKA MUMAaHa) U 0CHOBHO20 105 (NAeHKA AMOMUHUS) HA KpeMHUegou nodroxcke. Hanouacmuyvr kama-
auzamopa c pazmepamu 15 £ 5 um 6viau cghopmuposanst anekmpoxumuueckum ocaxcoenuem Ni 6 nopwt [TAOA na nepemenrom mo-
Ke. B kaxcooii nope duamempom 70 = 5 um ¢ HanopazmepHbIMU Yacmuyamu kamasuzamopa oopazyemcs oona YHT duamempom
15 £ 5 um. Jlnuna YHT npesviuwaem 1 mkm, paccmosnue mexncdy numu — 110 = 5 um. Iloayuennvlie HaHOCMPYKMYpbl MO2Ym
0bimb UCNOAB3068aHbL NPU UzeomogreHuu Y HT-cencopoé u HaH03.1eKMPOHHBIX YCMPOUCME C GbICOKOU NAOMHOCMbIO YRAKOBKU e~

MeHmoe.

Karouesnie caosa: yenepodnsie HaHompyoKu, HOpUcmblll OKCUO ANOMUHUS, HAHOPA3MEPHble CIPYKMYPbl, IAeKMPOXUMUUECKoe

ocaxcoerue

Bsenenue

B GonbliMHCTBe MyOavKauuii 00 371eKTPOHHBIX MTPY-
0opax Ha yriepoaHbix HaHOTpyOKax (YHT) paccmar-
puBatorcst YHT, opueHTUpOBaHHBIE TOPU3OHTAIBLHO
(mapanneabHo ocHoBaHuw) [1—3]. Ho anst Mukpo-
9JIEKTPOHHBIX YCTPOUCTB C BBICOKOW IJIOTHOCTBIO
YIAKOBKU 3JIEMEHTOB LI€JIECO00pa3Hee UCIIOIb30BATh
BEPTUKAJBEHO OPUEHTUPOBAHHBIEC (TIEPIIEHINKYISIPHO
K MOBEPXHOCTU ITOIJIOKKM) HAaHOTPYyOKM. OmHUM U3
BO3MOXXHBIX METOMIOB CHHTE3a BEPTUKAJIBHO OPUEHTH -
poBaHHbIX YHT siBisieTcs ncmosib30BaHre HAHOIOPU-
CTOTO 11abJI0HA, HAIPUMEpP, TAKOTO KaK TOHKHUI TO-
pucThIif aHoAHBIN okcua amoMuuus (ITAOA) [6—S8].

Oco060ro BHUMaHUS 3aCIy>XKUBAIOT OMOCEHCOPHI C
ayiekTpoaaMu Ha ocHoBe YHT-komno3uToB. B Takux
OroceHcopax yalle BCEro UCIOAb3yI0T UMMOOWIIU30-
BaHHBIE, T. €. HEMOJABUKHbBIE OEJIKOBbIE MaKPOMOJIE-
KYJIbl, KOTOpbI€ BBIMOJHSIIOT POJIb KaTaau3aTOpOB B
KMBBIX OpraHusmax. Jlocturaercss 3ta "HeNOABMX-
HOCTB" CBSI3bIBAaHUEM (DepMEHTa C HOCUTEIEM, Hallpu-
Mep, BKIodYeHueM ¢gepMeHTOB B IuieHkM ¢ YHT nim
KOBaJICHTHbIM MPUCOCIUHEHUEM HX K IMOBEPXHOCTU

VHT. Ognako 6Gombiioe pa3inyue B pa3Mepax MoJie-
Kkyn (nmporeuHa, JJHK, kieTok, ¢pepMeHTOB) 1 3JIeK-
TPONOB TPAIWIIMOHHBIX OMOJATUMKOB TIPUBOAUT K
YBEJIMYCHUIO OTHOIIEHUST CUTHAJI/IIIYM W YXYAILIEHUIO
WX YYBCTBUTEIbHOCTU. ECNN ke 271eKTpO BbIOJTHUTD
B BUJ€ MHOTOYMCJIEHHBIX BEPTUKAIHLHO OPUEHTHPO-
BaHHBIX HAHOTPYOOK WJIM MaccuMBa HaHOTPYOOK, BTU
Mnpo0bJieMbl OyayT CBeAeHbl K MUHUMYMY. K TOMy Xe
MOSIBUTCSI BO3MOXHOCTb MHAMBUMIYAIbHOM aipecaiiuu
OTIEIbHBIX HAHOBJIEKTPOIOB OOJIBIIINX MUKPOMATPHII.

ITAOA-111a6710HBI B OCHOBHOM MCITOJIb30BaJIMCh
IUTST CMHTE3a BEpTUKAJTEHO OPUEeHTUPOBAHHEIX, MHOTO-
CJIOMHBIX YyriiepoaHbIx HaHOTPpYOOK (MYHT) [9—13]
n ycrpoiictB Ha MYHT [14], nMmelomux auamerp,
paBHblil nuameTpy nopbl ITAOA (o6bryHO 50...100 HM)
[15, 16]. B atux MeTomax MPUMEHSIETCSI KaTajau3arop,
BJIEKTPOXUMUUECKU OcaxaeHHbI Ha aHO 1op [TAOA
[9—14, 16], iy ocyluecTBIsIeTCS HEIOCPEACTBEHHOE
ocaxjeHue yriepoja Ha CTEHKU Top 0e3 meTajuinye-
ckoro Katanusaropa [15, 17, 18]. Coo01anoch o0 CUH-
te3e MYHT c ncnonb3oBaHueM TaKMX KaTaJu3aTOPOB,
kak Co [19—21] u Ni [20—22]. [JlaHHBIE TEXHOJOTUU
00ecIeyrBaloT MPEeBOCXOAHBIM KOHTPOJIbL IJIUHBI U
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Puc. 1. Cxemarnyeckoe n3odpaxenue 3ranos cunresa YHT: Bapuant | — a — ucxonmHas
TOHKOIUIEHOYHAsl CTPYKTypa; b — CTPYKTypa MocJjie CKBOZHOTO aHOAMPOBAHUST; ¢ — TIOCTIe
cunte3a YHT [25]; BapuaHT 2 — d — MCcXoaHAast TOHKOILUIECIIOYHAS CTPYKTYpa; € — CTPYKTypa
MocJie CKBO3HOTO aHOAMPOBaHUSI M ocaxaeHust Ni; f — nocie cuHteza YHT

Fig. 1. Schematic representation of the CNT synthesis: option 1 — a — a thin film structure;
b — the structure after through anodizing; ¢ — after CNT synthesis [25]); option 2 — d — a thin
film structure; e — the structure after through anodizing and Ni deposition; f — after CNT synthesis

IraMeTpa TpyOOK BapbMpPOBAHUEM TOMOJOTMYECKMX
napameTpoB ITAOA [23, 24]. OnHako CMHTE3MPOBaH-
Hele B okcuge MYHT, kak mpaBuio, CTpyKTypHO OT-
auyaroTcss oT oobluyHbIX MYHT, conepxaTt Oosblioe
yuciio AedekToB B rpaeHOBbBIX CJI0SX, TaK KaK UMEIOT
JIPYroyi M€XaHu3M poOCTa.

Cuuraercs, 4To popMUpPOBaHNUE OJHOCTEHHBIX YT-
JnepoaHbix HaHOTPyOoK (OYHT) m MYHT wmanoro
JMaMeTpa C MCTOJIb30BaHUEM YITOMSIHYTHIX 111a0JIOHOB
1 KaTaJM3aTopoB — YPe3BbIYATHO TPYIHAS 3amadya 13-
32 OYE€Hb BBICOKOI PHEPIrUM aKTUBALIMU, B YACTHOCTH,
IIpU CUHTE3¢ METOIOM XMMHUUYECKOTO OCAaXICHUS W3
mapora3oBoii ¢a3sl (CVD — chemical vapor deposition)
[25, 26]. s 3apoxaenuss YHT tpeGyrorcst yacTHib
KaTajM3aTropa 3HAUYMTEJIbHO MEHBIIUX pa3MepoB (I10-
psiika eauHUI] HaHomeTpa). YacTulibl Karaau3aropa
TaKoro pa3Mepa JOCTaTOUYHO CJIIOXHO MOJYYUTh Tpa-
JULMOHHBIMU METOJAMU OCaXKIEHUsI MeTalljla B Ka-
KIYI0 TIOPY 1IabjIoHa — 3JEKTPOXUMUYECKUMU WU
BaKyyMHBIMU.

OnuH 13 BapMaHTOB CO3MaHUSI BEPTUKAJIBLHO OpH-
eHTupoBaHHbIX OYHT B ToHkorieHouHoM I[TAOA
paccMaTpuBaeTcd B cepuu paboT Maimana u ®paHk-
nquHa (Matthew R. Maschmann, Aaron D. Franklin)
[25—27]1. B sToM MeTone ncrons3yercs Tonkuii [TAOA
Ha KPEMHMEBOM MOIJI0XKE, B KOTOPBIA BCTpauBaeTCs
IUIeHKa MeTajia KaTtanuzaTtopa (Fe) TomuuHoi mo-
psnaxa 2...10 um (puc. 1). Cunte3 YHT ocyiectBisi-
€TCs METOJIOM TIa3MOXMMUYECKOI0 OCaKACHMWS U3 Ma-
porazoBoii pa3bl (PECVD — plasma enhanced chemical

! Birck Nanotechnology Center, Purdue University, West La-
fayette, IN47907, USA School of Mechanical Engineering, Purdue
University, West Lafayette, IN47907, USA.
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vapor deposition). B kaxmoii kata-
JIMTUYECKM aKTUBHON MOpe 3apoxK-
naetcss Toiabko omHa OYHT wunm
nByxcioitHasg YHT. Ho tonbko 10 %
nop obOpasyior YHT mist oObruHO
paccMaTpuBacMOM TOHKOIUIEHOYHOM
KoMmro3uuu [25], T. e. SIBASIIOTCS
KaTaJUTUIECKU aKTUBHBIMU. Kpome
TOro, NMPU aHOAMPOBAHUM HUXKHEH
IJIeHKM ajoMuHus (puc. 1, a) nox
cioeMm Fe, TonmuHoi 6oJibliie, 4yeM
10 HM, HabiogaeTcsl pacTBOpeHUE
TUIEHKH 3kene3a B cTpykType Al/Fe/Al
U OTCJIauBaHUEe OKCUIA aJTIOMUHUS,
c(OpMUPOBAHHOIO M3 BepXHeu
TUIEHKU aJTIOMUHUSIL.

BocnipousBoarMoe M3roToBJIeHHE
CILIOIIHOTO HaHOTOHKoro ciosi Fe
Ha JOCTaTOYHO KPYITHO3EPHUCTHIX
TUIEHKaX aJlOMUHUS (OcaxmaroTcs
3JIEKTPOHHO-JTYYeBbIM UCITapEHUEM)
TakXe HeOZHO3HauyHo. B omtumu-
3MPOBAHHBIX CTPYKTypax (TOJIIMHA
mwieHku Fe mopsiaka 0,5...2,0 HM), 10 MHEHMIO aBTO-
POB JAHHOU WAEU, MOXHO MOJYYUTh 0OJiee BbICOKUIA
MPOLIEHT 3aIIOJIHEHMSI.

B npencraBieHHoi paboTe paccMaTpuBaeTcs Mpo-
1ecc TOJIydeHUsT MacCHUBa BEPTUKAIBHO OPHEHTHUPO-
BaHHbIX MYHT Ha HaHouactuuax (HY) katanuzato-
pa, BCTPOCHHBIX B MOPHI TOHKOIIeHOUYHOTO TTAOA-
mabiaoHa. McxomHasi CTpyKTypa COCTOUT M3 BJIEK-
TpoaHoro cjios Ti 1 ocHOBHOTO cJiost Al, ocaxIeHHBIX
Ha Si nomioxky. M3 mnenku Al ¢popMupyeTcs TOHKU
TOPUCTBIA OKCU ATIOMUHUS C YIIOPSITOYEHHOM CTPYK-
Typoit mop. HaHoUacTHIIHI KaTanm3aropa ¢ pa3MepaMu
15 £ 5 HM M3roTaBIMBAIOTCS METOAOM 3JEKTPOXUMMU-
yeckoro ocaxaeHus Ni Ha IlepeMeHHOM ToKe (ac-oca-
xnenue). YHT cuHTe3upyloTCs Ha HAaHOYACTUIIAX Ka-
Tajau3aropa BbICOKOTEMIIEPATYPHBIM XMMUYECKUM OcCa-
XKIeHueM u3 napora3oBoit ¢asel (CVD-mpouecc).

Ha puc. 1 npeacraBieHbl ABa BapuaHTa CO3JaHMUS
BepTUKaJIbHO opueHTHUpoBaHHBIX YHT B TOHKOILIE-
HouHOoM ITAOA — 1o pa6boram Maiimana u ®pask-
JinHa [25—27] — BapuaHT | ¥ nNpemsioKeHHbIM B JaH-
HOI1 paboTe BapuaHT 2.

ITonydyeHnHbie MaccuBbl YHT oTinyarorcst oT paHee
MpeacTaBIeHHbIX [25—28] TeM, 4TO UMEIOT MOTEeHLIM-
aJIbHYIO YAEJbHYIO TLUIOTHOCTh 128 YHT/MKM2, a-
meTp 15 £ 5 um c untepBaniom YHT—VYHT 110 £ 5 um.
Hwxuwit m BepXHUIT KOHTaKThI K MACCHBY MOTYT OBITH
M3TOTOBJICHBI C MCIIOJNB30BAaHUEM DIIEKTPOXMMMYIEC-
CKOT0 M BaKyyMHOI'O OCaXICHUSI METAIJIOB COOTBET-
ctBeHHO. JInnHoil YHT MoXHO ynpaBisTh, U3MEHSIS
BeicoTy TTAOA ¢ TouHOCThIO 20 HM. ITomyuyeHHas
CTPYKTypa MOXET ObITh 0a30BOI eIUMHUILIeH MpPU CO3-
JaHUM BepTUKAJIbHO opueHTHpoBaHHOW YHT-snek-
TpoHuku u YHT-ceHcopoB.




MeToauka 3KCnepuMeHTa

MaccuBbl BEpTUKAJIbHO OpreHTUpOoBaHHBIX MYHT
¢opmupoBanu ¢ ucnonb3oBaHueM ToHKoro ITAOA B
KayecTBe MaTpMIbl (TeMIUIaTbl — femplate) METOIOM
BBICOKOTEMITEPaTyPHOTO XUMUIECKOTO OCaXKIEHUS yT-
JIeBOIOPOAOB 13 napora3oBoii ¢asel (CVD-mporecc).

Taxk xak cunTe3 MaccuBoB MYHT ocyuiectasieTcst
npu Temmneparype 1173 K, anekrpoaHast cuctema g0JK-
Ha OBITH JIOCTATOYHO TepMocToikoi. [loaTomy ms
(bopMHUpOBaHUS HIDKHETO SJIEKTPOIA WCITOIb30BaIN
ToHkMe TTeHKu Ti [23].

DKcnepuMeHTaIbHble  00pa3libl  MpeacTaBsiIn
co00it IBYXCIOMHbBIE TOHKOTIJIEHOUHbIE KOMITO3UIIMU
(Ti — Al): renka tutana toamumaon 300...500 aM —
11 (popMUPOBAHMSI HMXKHErO B3JeKTpoia W TUIeHKa
amomuuus tommuHon 2000...3000 aM — mns dop-
MHMPOBAaHMS IMMOPUCTON MATPULIBI METOIOM aHOIHOTO
okucaenus. ITomukpucrammnaeckue tureHku Al n Ti
ocaxiaayd Ha KpeMHHeBble (muamerp 76 MM) TOA-
JIOXKKU 3JIEKTPOHHO-JIYYEBbIM PACMblIEHUEM B €lU-
HOM BakKyyMHOM ILuKJje Ha yctaHoBke 01HD-7-004
(Opartopus-9). Bakyym npu pacnbiieHuu Ti cocTaB-
i 5,0- 1077 Ila, Temnepatypa noaioxku — 573 K,
ckopocth ocaxaenust — 2,0 + 0,2 um/c. Ilnenku Al
ocaxgan n3 A-995 (0,005 % npumeceii) MUILLIEHU B
Bakyyme 1,4 107 Ma npu temneparype 423 K co
ckopoctbio 5,0 = 0,5 uM/c. ToauHy U CKOPOCTh
OCaxXJeHMUs TIJICHOK KOHTPOJMPOBAIM KBapIIEBBIM
JATYMKOM.

IIpouecc MOPUCTOTO AHOIMPOBAHUS CJIOS ATIO-
MUWHUS TPOBOJIMIIM IBYXCTaAUNHBIM MeToaoM [29] B
4 %-HOM BOIHOM pacTBOpE IIaBEJIeBOM KMCIOTHI
(H,C,0,4) B MOTEHUMOCTATUYECKOM PeXMME TIPU Ha-
npskeHun 40 B 1 temmnepatype aaektponuta 287 K.
ITocne ckBO3HOTO aHOAUPOBAHUS TIJIEHKU Al M 1O0CTU-
sxeHUs TieHKn Ti aHogmpoBaHMe TIpekpaiianu. B pe-
3yJIbTaTe TOJIydeHHas MaTpUIla NMeJTa CAeIyrolue Ta-
pameTpel: BeicoTa TTAOA 1,3 = 0,05 mkMm, auameTrp
nop 45 £ 5 M, 1ar Matpuusl 105 £ 5 HM. Iocre yro-
HeHMs1 GapbepHOTO ClIOS, KakK omucaHo B padore [30],
JuaMeTp Top yBeauuuBaics 1o 70 £ 5 HM.

Hanouactunsl karanuszatopa (Ni) ¢ pa3mepamu
15 £ 5 HM dopMUpPOBaIU, UCIIONB3YSl aAcC-3JeKTPO-
XUMMYECKOE OCaXKACHUE B CICAYIOLIEM JICKTPOJIUTE
(8 r/m): NiSO,4* 7H,O (140) + NiCl, - 6H,O (30) +
+ H3BO5 (25) + Na,SO, (60). TemnepaTypa 351eKTpo-
qura — 293 K, pH = 5,2. [Ipouecc npoBoauIu B ABYX-
BJIEKTPOAHON SYeliKe C rpadUTOBBIM TPOTUBOSJIEK-
TpoIOM. BbulM uMcchaenoBaHbl pa3iMyHbIE BapUAHTHI
ocaxXImeHUsI, YTOOBI OTpeNeINTh ONTUMAJTbHBIC TTapa-
MeTpbl: yactorta — 180 ', HanpskeHue — 3 B, mior-
HOCTb ToKa — 10 MA/CMz, MPONOJDKUTETBHOCTD —
1...3 MuH.

YnpaBieHue mapamMeTpaMu MPOLIECCOB aHOIUPO-
BaHUS U DJIEKTPOXMMHUUECKOTO OCaXKIEHUS OCYIIECT-
BJISUIM C MCMOJIb30BaHUEM IoTeHimocTata [1-5827 u

crnelranbHO pa3paboTaHHOM J1abopaTOPHOI YCTaHOB-
K1 Ha OCHOBE HU3KOUYACTOTHOI'O r'eHepaTopa CUTHAJIOB
GZ-123 coOTBETCTBEHHO.

Cunre3 YHT ocymectsiasuin CVD-MmeTonoMm ImyTeM
BBICOKOTEMIIEPATYPHOI'O MUPOJIU3A KUIKOTO YIIeBO-
nopona — aekana [C;yH,,]. IIponiecc mposonmim npu
aTMOC(epHOM [aBJIeHUU ¢ ucnosnb3oBanueM Ar/NH;
B KayecTBe rasa-HocuTess. AMMUAK A00aBISIIA s
YCUJIEHUS KaTaTUTUUYECKON aKTUBHOCTH HAHOYACTUII
Ni. O6pasisl u3 I[TAOA ¢ kiacTepaMu HUKEJsSI ToMe-
1IaaM B TPyOUyaThIii peakTop M3 KBaplia CHelUaJIbHO
CO3IaHHOTO IJIsl 3TUX lieJieil obopynoBaHus. Temme-
parypa B 30He peakuuu O0buta paBHa 1173 K, ckopocTb
notoka aproHa — 100 CM3/MI/IH, CKOpPOCTh ITOTOKA
NH; — 10 cM3/MuH. BpeMs CMHTe3a COCTaBISNO
1...10 MUH, a CKOPOCTh OXJIAXKIEHUS OINpelensiach
MIPOIIECCOM €CTECTBEHHOTO OCTRIBAaHUS HarpeBaTelb-
Horo ycTpoiicTBa. boiyee netaibHO Mpoliecc NoAroToB-
K1 00pa31oB ommcaH B paborax [23, 31].

Mopdosorrio NoBepXHOCTU U TTOMEPEUHbBIX CKOJIOB
00pas3LoB MCCIENOBAIA C TTOMOLIBIO PAacTPOBOM 3JIEK-
TpoHHOU Mukpockornuu (POM — Philips XL 30 S FEG
n Hitachi S-4800), mpocBeunBamlleii 3J1eKTPOHHOI
mukpockormu (IT9M — Philips CM-30), crieKTpocKo-
nuu KomouHauroHHoro paccesiHus (KP — 3D ckaHu-
pylomunii 1a3zep, KoHPoKaIbHBIM Raman Mukpockor-
CIIEKTPOMETP) C UIMHOM BoyIHBI 473 HM 1 100* yBenu-
yeHreM. KpucTammyeckyro CTpyKTypy HaHodyacTul Ni
HCCIIEAOBAIM METOIOM PEHTITEHOCTPYKTYPHOTO aHa-
Jm3a, ucnojb3ysd monuduipoBaHHblii DRON-3M nn-
dpakromerp ¢ Cu K -usnyyennem (L = 0,154242 um),
KakK omnucaHo B paborte [32].

Pe3yabraTsl u 00cyxknenne

Pesynbratnr ac-ocaxknenust Ni B ITAOA npencras-
JieHbl Ha POM-dortorpadusx (puc. 2). Cuuraetcs, 4TO
OKCHJI aTIOMUHUS, OKPYKAIOIINIA HAaHOYACTHUIIBI KaTa-
JIU3aTopa, TMPEISITCTBYET UX arperaiuu, CIiocoOCTBYSI
COXpaHEHWIO WX KaTATUTUIECKON aKTUBHOCTH B TIPO-
necce YHT-cunresa [24, 31, 33—35].

M3 dortorpacduii BugHO, 4TO ocaxaeHue Ni Ha Ie-
pEMEHHOM TOKE IMPOUCXOOUT TUCKPETHO B BHIE Ma-
JIEHbKMX 4YacTull (KJIacTepoB) IMAMETPOM IIPUMEPHO
10...20 M, 1O Bcel mimHe Top. To ecTh ocaxiIeHue
HauYMHAEeTCsS He CO IHA TTOp, KaK MPHW OCaXICHUU Ha
MOCTOSTHHOM TOKE, a BAOJIb CTEHOK IOp OT JHA 10 T10-
BEPXHOCTU (CBETJIbIE MSATHBIIUKKA Ha puc. 2, b). Bos-
MOXHO, 3TO CBSI3aHO C 00pabOTKOIl BHYTpEHHEH I10-
BepxHOCTU TOp B 4 %-HOM BogHOM pactBope H;PO,
B Ipoliecce pacllMpeHus AuaMeTpa mop (Ipoueaypa
YTOHEHUSI 0apbepHOTO CJI0s1) /WU C BBIIEPKKOI 00-
pasiia nepen ocakKIeHNEM B paCTBOPE HUKEIMPOBAHUS
(2...3 muHn). PacimupeHue nuamerpa mop He0oOXOAUMO
IUTSL YITYYIIEHUST YCIOBUI TPAHCIIOPTa MHOTOATOMHBIX
MOJIEKYJ yrieBogoponaa B Ipoliecce cuHTe3da YHT,
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Puc. 2. POM-dortorpadun noBepxHocTd (a) u nonepeyHoro ceyenus (b) skcnepuMeHTaIb-
HOTO 00pa3ua nocJje ac-ocaxaenus Ni 1 yBeIMueHHoe H300paxkenne (BCTaBKa Ha puc. 2, b):

ocaxIeHHe BbINOJHEHO B onTuMajibHoM pexumve — 180 I'u, 3B, 10 MA/CMZ, MPOIOJIKM-

TeJIbHOCTh OCAXKIECHHA — 2 MHH

Fig. 2. SEM photographs of the surface (a) and the cross section (b) of the sample after
ac-deposition of Ni and the enlarged image (inset to fig. 2, b): the depositing in the optimal
mode — 180 Hz, 3V, 10 mA/cmZ, the duration of the deposition — 2 min
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Puc. 3. XRD-cnekrp Ni, ocaxnennoro B [IAOA Ha nepeMeHHOM TOKe
B ONTHMAJILHOM PeXHME

Fig. 3. XRD-spectrum of Ni, deposited in PAAO in AC in the optimal
mode

Puc. 4. POM-¢ 010 N0oBepXHOCTH IKCIEPUMEHTAILHOrO 00pa3ia nocje CKBO3HOro ABYXCTY-
neHyaToro aHoaupoBanus (a), nocje cunresa YHT B mopax ITAOA (b) W yBemyeHHbIi
dbparment 370it hoTorpadpun (BcTaBka)
Fig. 4. SEM image of the surface of the sample after the through two-step anodization (a), after
CNT synthesis in the pores of PAAO (b) and the enlarged fragment of photo (inset)
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XOTSl YTOHEHUE OapbepHOIo CIIOS
MpU ac-oCaXIEHUU MPOBOAUTL HE
00513aTeNIBHO.

C yBeaMYeHUEM BPEMEHM OCax-
JeHus1 Kiuactepbl Ni pa3pacTaroTcs,
npuobpeTast GopMy TMPYTKOB U MO-
CTEIEHHO 3aIOJHSIS MopYy.

Kpucrammaeckas cTpykTypa Ha-
Houactul Ni B Al,O3 Oblia usyye-
Ha METOIOM PEHTTEHOCTPYKTYPHOTO
aHanus3a. TunuuHeii XRD-crexTp
HanovacTtun Ni B [TAOA mpencraB-
JIeH Ha puc. 3.

®dopma MPUBEIEHHOTO CITEKTpa
C Y3KMMU MUKaMU TIO3BOJISET Oll-
HO3HAYHO YTBEPXKIaTh, YTO AEMO3UT
UMeEeT KPUCTAIINUECKYIO CTPYKTY-
py. ®opMmupyomecs: KpUCTalIv-
Tl Ni MMEIOT IpaHEeLeHTPUPOBAH-
HYI0 KyOUYeCKYyIO CTPYKTYpy fcc (face-centered cubic)
C OCHOBHBIM KpHUCTAJIOTpadMIecKrM HaIIpaBlIeHUEM
[111]. ®a3sl Ni ¢ opuenramusmu (111), (200), (220)
TATTAYHB JUIST 3JEKTPOXUMUYECKN OCaXKIEHHBIX Ha-
HoHuteil Ni [36]. Matpuna Al,O5 siBnsieTcd peHTre-
HoaMopdHo# (1MpoKuil muk npu 20 = 25,89°) u He
BHOCHUT CYIIIECTBEHHOTO BKJajga B IU(MPaKIIMOHHBIC
CIIEKTPHI.

O6paboTka naHHbIX XRD ¢ ncrnoiap3oBaHreM ypaB-
HeHus ebas—Illepepa mo3poaniia onpeaeanuTb Cpe-
Huit pazmep Ni (111) KpucTaaiuToB, KOTOPbI KoJieo-
jercst ot 15,6 mo 23,8 HMm.

Pesynbratel CVD-cunTe3a MYHT B nmopax ITAOA
TIpeACTaBIeHbl Ha puc. 4, 5.

M3 ¢doro BUIHO, YTO B KaxXIoi IMope obpasyeTcs
ogHa YHT mmamerpom 10...25 um. Hnuua YHT npe-
BbIILIaeT OJMH MUKpoMeTp. HecMoTpst Ha Takylo ITMHY
(acniexktHoe otHoweHue Oojpiie 50), YHT u HeGonn-
mue cBa3ku YHT noamepxuBaloT BepTUKAIBHYIO OpHU-
SHTAINI0 WM WMEIOT BUA BEPTUKAJIHLHO OPHEHTUPO-
BaHHBIX T1€TENb.

Heckonbko ropu3oHTaIbHO OpU-
eHTupoBaHHbIXx YHT HabGmonmaercs
Ha ckonaax [TAOA (puc. 5, a, b, 060-
3HayeHbl Kpyramu). Heobxomumo
OTMETHUTb, UTO CKOJIbI OBUIM TOJY-
YeHbl pacKaJibiBAaHUEM (Pa3IOMOM)
obpasua, B pe3yabTaTe 4ero Ipo-
ucxoaut otaeiaeHue YHT ot mect
UX 3apoxaeHus B nopax. IToaTomy
UIeHTUDUKALIUS MECT 3apOXKACHUS
YHT B npenenax nopsl o norepey-
HBIM CKOJIaM 3aTpyAHeHa.

CornacHo HaOJIOAEHUSM TOJb-
Ko ogHa YHT oOpa3syeTcs B Kaxa0it
Tope HeCMOTPSI Ha TO, YTO B KaxKI0it
1mope HMeeTcsl MHOXECTBO IOYTH
UIEHTUYHBIX YyacTull Ni. DTo MoXeT




ObITb OOYCJIOBJIEHO OTpaHUYEHUEM
MOCTaBKM Ta3000pa3HOro yrjaepoaa
B TJyOb MOpbI, OTHOCUTEJbHO BbI-
COKOM BHEpruei akTuBallMu, Tpe-
oyemoit g 3apoxnenuss YHT, n
pasMepHBIMU TTapaMeTpaMy YacTHUIL
Hukens [28]. CymecTBeHHO TO, YTO
OOJIBIIIMHCTBO HAHOTPYOOK BO3HU-
kaet Ha Ni (111) HaHOYacTULIAX, KO-
TOpbl€ HAXOIATCS B TJIyOMHE TOPHI,
a He Ha MmoBepxHOoCTU. Buaumo yc-
JIOBUSI, HEOOXOIMMBIE TSI 3apOXKIIe-
HUSI HAHOTPYOKU, CO31aI0TCSl UMEH-
HO 31echb. B HekoTopbix paborax
[37—40] oTMeuaeTcsl, UTO KaXKAylO
Mopy MOXKHO paccMaTpuBaTh Kak
MUKPOMUHUATIOPHBIA XUMUYECKUMN
peakTop, B KOTOPOM JABUKYTCSI MHO-
roaToMHble MOJieKyJibl. Takoil momu-
XOJ TpeanojaraeT MperuMyIlecT-
BEHHYIO KOHLIEHTpAlLIMIO PeareHTOB
M KaTaJM3aTtopa B OrpaHUYEHHOM
o0beMe ¢ M3OJISILIMel peareHTOB OT
OKPYKalolIel BHEILIHEHA CPEeIbl.
ITocne obpazoBaHMST 3aponbllla
HaHOTpYOKa IMpOIOJIKaeT pacTy Bep-

Puc. 5. POM-u300paxkeHus nonepeyHbix CeYeHWil 00pa3uoB MpH Pa3jiMyHOM YBeJIHYECHHH
(a, b) n yBennyennoie pparmentsl 3THX (poTorpaduii (c, d)

Fig. 5. SEM images of the cross-sections of the samples at different magnifications (a, b) and
the enlarged fragments these images (c, d)

TUKaJbHO A0 MoBepxHocTu ITAOA
K MECTYy HEOrpaHMYECHHOM TOCTaBKU
yraeponHoit cMmecu. I[loaTrBepxkue-
HUEM TaKOTO BEPTUKAIBHOTO pOCTa
apnsiiorest POM-¢oTorpaduu mo-
BEpXHOCTH M CKOJIOB 3KCIIEpUMEH-
TaJIbHbIX 00pa31IoB.

O6pazoBanue YHT-cBsi30K Tak-
XK€ YCJIOXHSET ONPEAeIeHUE MecTa
pacrojioXKeHUsT 3apojblllla B TMOpe

(MecTa TIPOMCXOXIEHUS) OTHENb-
Hbix YHT. IToaToMy KOIM4YeCTBEH-
Hoe onpeaeneHue miaoTHoctu YHT,
BeIpacTatomux u3 nop [AOA, Obl-
o0 mnposeneHo 1Mo POM-dotorpa-
¢usm nosepxHocTH (cM. puc. 4). OLIEeHKM MOKa3biBa-
10T, 4TOo NMpubau3uTeabHo 70 % (90 YHT/MKMZ) op
reHepupytoT YHT nis1 naHHOM MJI€HOUYHOM CTPYKTYPbI
u tosibko onHa YHT nossisercsa B Kaxa0i KaTalu-
TUYECKM aKTUBHOM MoOpe.

CornacHo TIpeABapUTEbHBIM NaHHBIM yIeJbHas
mwiotHocTh YHT u pmuna YHT 3aBucsT ot perynsip-
Hoctu ITAOA, mapaMeTpoB ac-ocaxaeHus Ni U pe-
xkuma cuHTe3a YHT. B manHoe BpeMs IIpomoKaioT-
Csl UCCJIEIOBAHUSI OTHOCUTEIBHO KOPPEJISILIMNA MEXIY
yaenabHo# miotHocThio YHT u ycnoBusimu hopmupo-
BaHMs HAHOKOMIIO3UTa C pa3jIMYHbIMU MeTajinye-
ckumu Karanuzatopamu (Ni + Fe, Fe, Co).

I[IDM-n3o00paxenus ornenbHbIx MYHT mist nByx
pasIMYHbIX 00pa3LIOB ITOKa3aHbI Ha puc. 6 (¢ — Ha cu-
TaJUIOBOM MOJUIOXKE, b — HA KPEMHUEBOM MOUIOXKKE).

Puc. 6. [IDM-u3oopaxennss MYHT. Macmraonas auneiika = 40 um
Fig. 6. TEM images of MWCNTs. Scale bar = 40 nm

HanpHeliIass onTUMU3aUs Mpollecca aHOIMPO-
BaHUS MJeHKU Al (AuamMeTp U pPeryasipHOCTb MOp),
napaMeTpoB ac-ocaxaeHuss Ni (pa3mep KpucTal-
IuTOB) U ycnoBuii cuHTe3a YHT (temmeparypa u
MPOAOJIKUTEIbHOCTD) MPEATNOI0XKUTEIbHO YBEJIUUUT
yaeabHylo mioTHocth YHT mo 128 YHT/MKM2 90 %
3anojHeHus nop). bonbmuHcTBO YHT, BUAMMBIX Ha
noBepxHocTu ITAOA, BepTUKaIbHO OPUEHTHUPOBAHO,
HO TMpearnoJjiaraercsi, 4YTo CTeNeHb BbIPaBHUBAHMS
VHT craner nyyiie npv OpUJIOXKEHUU OTpULIATEb-
HOTro NoTeHIMajla K ocHoBaHMIo B Tipouecce PECVD-
cuHTe3a [41].

J1st ucciiemoBaHUs CTPYKTYPbl HAHOTPYOOK 00pa3-
16l ObLTM M3yyeHbl MeToaoM KP-cnekTpockonuu. Ha
puc. 7 nokazaH tunuuHeiii KP-cnektp MYHT, cun-
te3upoBaHHBIX B [TAOA.

HAHO- 1 MUKPOCHCTEMHAS TEXHMKA, Tom 18, Ne 1, 2016 7



Intensity, a. u.

HHTEeHCHBHOCTD, OTH. €I,

0 500 1000 1500 2000 2500 3000
Yacrora, M
Frequency, cm’

Puc. 7. KP-cnektp (A = 473 um) noayyennsix MYHT
Fig. 7. Raman spectrum (2 = 473 nm) of MWNT

KP-uccnemoBaHust mokasaau, YTO B CIIEKTpe MpU-
CYTCTBYET mojioca B obyactu 1618 Y (G-30Ha), co-
OTBETCTBYIOIIAS IBAXKIbl BEIPOXKICHHBIM Ac(opMariu-
OHHBIM KOJIeOAHUSIM BJIeMeHTa rpadeHOBOI CTPYKTY-
pBI, 1 Tojoca B obactu 1361 Y (D-30Ha), COOTBET-
CTBYIOILIas1 BUOPALIMOHHBIM COCTOSIHUSIM CTPYKTYPHBIX
JIe(eKTOB reKCaroHaJlbHOW pelleTKU BOJIM3U TPaHMII
VIJIEPOAHBIX KPUCTALIUTOB. OTHOIIIEHNE WHTEHCUB-
HocTelt I/ ABnseTCsa NMEPBUYHON MEPOii KauecTsa
VHT u paBHO npuOAM3UTENBLHO 2, UTO YKa3bIBaeT Ha
OTHOCHUTEJFHO BbIcOKOe KauecTBo YHT. OtMmeTnm,
YTO yBeJMYEHHAs] WHTEHCUBHOCTb D-30HBI MOXET
OBITH CBsI3aHA C OOJIBIITNMM YMCIIOM KOPOTKUX HAaHO-
TpYOOK, B KOTOPBIX KpaeBble 3¢(hheKThl IPOSIBISIOTCS
HauboJjiee 3HAYUTEJIbHO.

3akioueHue

Toukomnenounslii [TAOA-1m1a0I0H ¢ JIOKAIM30-
BaHHBIM Katain3atopoM B Buae Ni (111) HaHouacTull,
BHEJIPEHHBIX B IMOPbI MOCPEACTBOM aC-OCAXKICHMUSI,
BIEPBBbIC MCITOJIL30BAJICS IJISI CHMHTE3a BEPTUKAIBHO
opueHtupoBaHHbix YHT. IIODM u cnekrpockorus
PamaHa mokasbiBaloT, 4YTO 00pa3yrTCs OTHOCUTEIBLHO
BbIcOKOKauecTBeHHble MYHT ¢ manbsiM guaMeTpom
(10...25 HM). POM-aHanu3 MokKa3blBaeT, YTO TOJBKO
onHa YHT HauuHaeT pacTv OT HAHOYACTUIIbl KaTaau-
3aTopa Ni 1 BeIXoOUT Ha ToBepxHOocTh ITAOA u3 ka-
XKIO0W TOpbl OT MecTa 3apoxaeHusi. CTpykTypa co-
nepxut npoBomsiuuii cioi Ti moxg ITAOA, xotopsiit
MOXET CIYXUTh KOHTAaKTHBIM 3JIEKTPOJIOM IIpU TMO-
ciaenywoueM GOopMUPOBAHMM HAHOCTOJOUKOB MeTas-
Ja, m1s1 OpMUPOBAaHUS BJIEKTPUUYECKOTO KOHTaKTa K
HkHei nmosepxHoct YHT. PazpaboraH mpocrtoit u
OYeHb r'MOKUI BOCIIPOUZBOAMMBIN METOJ JTOKAIbHOTO
M3TOTOBJIEHUSI MACCUBA BEPTUKAIBHO YITOPSIOYSHHBIX
YHT B TOHKOM OPHCTOM OKCHE ATIOMWAHMS Ha pa3-

8 HAHO- 1 MMKPOCHCTEMHAS TEXHMKA, Tom 18, Ne 1, 2016

JMYHBIX ocHoBaHUsX. Ilocnenyroliasa nopaboTka Tex-
HOJIOTMYECKHUX OIepaliui U ONTUMU3ALUS CTPYKTYPhI
MO3BOJISIT MOJYYUTh BJIEKTPOHHbIE ycTpoiicTBa Ha YHT
C BBICOKO# IJIOTHOCTBIO YITAKOBKU U CEHCOPHbIE YCT-
poiicTBa Ha (PyHKIMOHaIu3upoBaHHbIX YHT.

Paboma evinoanena 6 pamxax Tocyoapcmeenuoli Ha-
VUHO-MeXHU4ecKou npoepammol "Mexcoucyunaunapuoie
Hay4Hble Uccae008aHUsl, HOBble 3aPOXNCOAIOUUECss MEXHO-
A02UU KAK OCHO8A YCMOUMUE020 UHHOBAUUOHHO20 DA3GU-
mus" ("Konsepeenyusn") Munucmepcmea oopazosanus Ph.

Aemopbl ebipaxcarom baacodaprHocms Huyuikeguyy
Kasumupy Hocugosuuy (kand. us.-mam. Hayk,
UDTTIIHAHB) 3a nomowb npu nposedeHuu peHmeeHo-
CMPYKMYPHO20 AHAAU3A IKCHEPUMEHMANbHBIX 00pA3Y08.
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Carbon Nanotube Arrays Synthesized in Thin-Films of Porous Aluminum Oxide

The topic of the article is vertical aligned carbon nanotubes (CNT) synthesized with the use of thin porous anodic aluminum
(PAA) oxide films. The initial thin-film structure consisted of Ti electrode layer and basic Al layer, deposited on a Si substrate. The
Al layer was anodized to create a vertically oriented pore structure. CNTs were synthesized by a high-temperature chemical vapor
deposition. The catalyst of NPs of Ni with dimensions of 15 £ 5 nm was formed using electrochemical deposition on an alternating
current. One CNT with diameter of 15 £ 5 nm was formed within the etch pore of PAA with the pore diameter of 70 = 5 nm. Length
of the CNT exceeded one micron and the distance between CNT was 110 = 5 nm. The resulting structure can be used for devel-
opment of the vertically oriented CNT-based electronic products and sensors.

Keywords: carbon nanotubes, thin porous aluminum oxide, nanosized particles, electrochemical processes

Introduction

The publications about the electronic devices on
carbon nanotubes (CNT) consider CNT oriented hor-
izontally (parallel to the base) [1—5]. For microelec-

tronic devices with a high packing density it is better to
use a vertically oriented CNT (perpendicular to the
substrate). One method of their synthesis is the use of
a nanoporous template, for example, a thin porous
anodic aluminum oxide (PAAO) [6—S8].
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The particular attention should be paid to the bio-
sensors with electrodes based on CNT-composites.
They often use immobilized, i.e. fixed protein macro-
molecules that serve as catalysts in living organisms.
The "immobility" is achieved by binding of the enzyme
with a carrier, for example, by inclusion of the enzymes
in the CNT film or by covalent attachment of them to
the surface of the nanotube. However, a large difference
in the sizes of the molecules (proteins, DNA, cells, en-
zymes) and electrodes of the conventional biosensor in-
creases the signal/noise ratio and decreases the sensi-
tivity. If the electrode is made as a vertically oriented
CNT or its array, these problems arc minimized. It will
be possible to individually address the individual nano-
lectrodes of large microarrays.

PAAO-templates are used for synthesis of the
vertically-oriented, multi-walled carbon nanotubes
(MWCNT) [9—13] and MWCNT devices [14], having
a diameter equal to the diameter of the PAAO pores
(usually 50...100 nm) [15, 16]. These methods use a
catalyst electrochemically deposited on the bottom of
PAAO pores [9—14, 16], or deposition of carbon is
carried out on the pores’ walls without a metal catalyst
[15, 17, 18]. The synthesis of MWNT using catalysts,
Co [19—21] and Ni [20—22] is reported. The technol-
ogies provide control of length and diameter of the
tubes by varying of the topological parameters of PAAO
[23, 24]. However, MWNTs synthesized in an oxide are
typically structurally different from the usual, contain a
large number of defects in the graphene layers, as they
have a different growth mechanism.

It is believed, that the formation of the single-walled
carbon nanotubes (SWNT) and MWCNT of small di-
ameter using above named templates and catalysts is
difficult task because of the very high activation energy,
particularly, in the synthesis by the chemical vapor dep-
osition (CVD) [25, 26]. The origin of CNT needs the
catalyst particles of much smaller size (about several
nanometers). Such particles are difficult to obtain by
conventional metal deposition techniques in each pore
of a template (by electrochemical or vacuum).

One of the ways to create a vertically oriented
SWCNT in a thin PAAO film is observed in a series of
works (Matthew R. Maschmann, Aaron D. Franklin)
[25—27]]. A thin PAAO on a silicon substrate is used,
in which the metal catalyst film (Fe) with the thickness
of 2...10 nm is embedded in (fig. 1). CNT synthesis is
carried out by plasma enhanced chemical vapor depo-
sition (PECVD). Only one SWCNT or double-layer
CNT arise in each of the catalytically active pore. But
only 10 % of the pores form a CNT of the generally
considered thin film composition [25], in other words
they are catalytically active. Furthermore, at anodizing

! Birck Nanotechnology Center, Purdue University, West Lafay-
ette, IN47907, USA School of Mechanical Engineering, Purdue Uni-
versity, West Lafayette, IN47907, USA.
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of the bottom aluminum film (fig. 1, @) under the layer
of Fe, which thickness is more than 10 nm, the disso-
lution of iron film in the structure of Al/Fe/Al and flak-
ing of alumina formed from an upper aluminum film
occur.

The reproducible manufacturing of solid nanothin
Fc layer on a fairly coarse-grained aluminum films (de-
posited by electron beam evaporation) is also ambigu-
ous. In the optimized structures (Fe film thickness of
0,5...2,0 nm) according to the authors of this idea, you
can get a higher percentage of filling.

In the present article, we consider obtaining of the
array of vertically aligned MWCNTs on catalyst nano-
particles (NPs) embedded in the pores of the thin film
PAAO pattern. The initial structure consists of the Ti
electrode layer and Al base layer, deposited on the Si
substrate. A thin porous aluminum oxide with an or-
dered pore structure is formed from Al film. Catalyst
nanoparticles with dimensions of 15 £ 5 nm are made
by electrochemical deposition of Ni by alternating cur-
rent (ac-deposition). CNT are synthesized on catalyst
nanoparticles by a high-temperature chemical vapor
deposition (CVD-proccss).

Fig. 1 shows the two options for creating of a verti-
cally oriented CNT in the thin film PAAO — on works
[25—27] — option 1 and the proposed option 2.

CNT arrays differ from previously reported [25—28],
by means of they have a potential specific gravity of
128 CNT/umz, the diameter of 15 = 5 nm with the in-
tervals of CNT 110 £ 5 nm. The lower and upper con-
tacts to the array may be fabricated by electrochemical
and vacuum deposition of metals. The length of the na-
notube can be controlled by changing of the height of
PAAO within £ 20 nm. The resulting structure may be
the basic unit of a vertically oriented CNT electronics
and CNT sensors.

Experimental procedure

The arrays of vertically oriented MWNTs were
formed using thin PAAO as a template by high-tem-
perature chemical vapor deposition of hydrocarbons
from the vapor phase (CVD-process).

Since the synthesis of MWNTSs arrays is carried out
at 1173 K, the electrode system must be sufficiently
heat-resistant. Therefore, Ti thin films were used to
form the lower electrode [23].

The experimental samples represent two-layer thin-
film compositions (Ti—Al): Ti film with the thickness
of 300...500 nm is used to form the lower electrode and
the aluminum film with the thickness of 2000...3000 nm
is used to form a porous matrix by anodic oxidation.

The polycrystalline films of Al and Ti were deposited
on the silicon substrates (diameter of 76 mm) by the
electron beam sputtering in a single vacuum cycle on
01NE-7-004 (Oratorio-9). The vacuum in Ti spraying
was 5,0 X 1074 Pa, the substrate temperature — 573 K,




the deposition rate — (2,0 & 0,2) nm/s. Al films were
precipitated from the A-995 target (0,005 % impurities)
in the vacuum of 1,4 x 10™* Pa at 423 K at the depo-
sition rate of (5,0 = 0,5) nm/s. The thickness and dep-
osition rate of the films were controlled by quartz sensor.

Porous anodization of the aluminum layer was per-
formed in two stages [29] in the 4 % aqueous solution
of oxalic acid in the potcntiostatic mode at the voltage
of 40 V and the electrolyte’s temperature of 287 K.
The anodizing was terminated after the through ano-
dization of the electrolyte film Al and achieving of Ti
film. The resulting matrix had the height of PAAO —
1,3 £ 0,05 um, pore diameter of 45 £ 5 nm, matrix
pitch of 105 = 5 nm. After the thinning of the barrier
layer, as described in [30], the pore diameter increased
to 70 = 5 nm.

Catalyst’s nanoparticles (Ni) with the dimensions of
15+ 5 nm were formed using AC-electrochemical
deposition of the electrolyte (g/1): NiSO, * 7H,0 (140) +
+ NiCl, - 6H,0 (30) + H3BO;5 (25) + Na,SO, (60).
The temperature of electrolyte was 293 K, pH = 5,2.
The process was conducted in the two-electrode cell
with the graphite counterclectrode. The various tech-
niques of the deposition were investigated to determine
the optimum parameters: the frequency — 180 Hz, the
voltage — 3 V, the current density — 10 mA/cmz, the
length — 1...3 min.

Managing of anodization and electrochemical
deposition settings was carried out using a potentiostat
P-5827 and developed the Ilaboratory installation
GZ-123 based on the low-frequency signal generator,
respectively.

CNT synthesis was performed by CVD method by
high-temperature pyrolysis of liquid hydrocarbon —
decane [C;yN,,] under atmospheric pressure with the
use of Ar/NHj as the gas carrier. The ammonia was
added to enhance the catalytic activity of the Ni nan-
oparticles. The PAAO samples with the clusters of nick-
el were placed in a tubular reactor made of quartz of the
equipment created for this purpose. The temperature in
the reaction zone was 1173 K, the argon flow rate —
100 cm3 - min_l, the flow rate of NH; — 10 cm3-min~ L.
The synthesis time was 1...10 min, and the cooling rate
was determined by the natural cooling of the heated
device.

More detailed sample preparation is described in
[23, 31].

The morphology of surface and cross chipping of
the samples were investigated by scanning electron mi-
croscopy (SEM — Philips XL 30 S FEG and Hitachi
S-4800), transmission electron microscopy (TEM —
Philips CM-30), Raman spectroscopy (RS — 3D scan-
ning laser, confocal Raman microscope-spectrometer)
with the wavelength of 473 nm and 100* magnification.
The crystalline structure of Ni nanoparticles was inves-
tigated by X-ray analysis using modified diffractometer

DRON-3M with Cu-K, radiation (A = 0,154242 nm),
as in [32].

Results and discussion

Results of ac-deposition of Ni in PAJIO are shown
in fig. 2. It is believed that the alumina, surrounding the
catalyst nanoparticles, prevents their aggregation, pro-
moting preservation of their catalytic activity at CNT
synthesis [24, 31, 33—35].

It is seen that the deposition of Ni on alternating
current occurs discretely in the form of small particles
(clusters) having the diameter of about 10...20 nm on
the entire length of the pores. That is, the deposition
does not start from the bottom of the pores as at the
deposition on a constant current, but along the walls
from the bottom to the surface (light spots in fig. 2, b).
It is possible, this is caused by processing of the inner
surface of the pores in the 4 % aqueous solution of
H;PO, during expansion of the pores’ diameter (the
procedure of thinning of the barrier layer) and/or ex-
posure of the sample before precipitation in the nickel
plating solution for 2...3 min. The expansion of the
pores’ diameter is necessary to improve the transport of
polyatomic hydrocarbon molecules in the synthesis of
CNT, although the thinning of the barrier layer during
the ac-deposition is not necessary.

Ni clusters grow with increasing of the deposition
rate, taking the form of rods and gradually filling a pore.

The crystalline structure of Ni nanoparticlcs in Al,O5
was studied by X-ray analysis. The typical XRD spec-
trum of Ni nanoparticlcs in PJIJIO is shown in fig. 3.
The form of the above given spectrum with the narrow
peaks suggests that the deposit has a crystalline struc-
ture. Emerging Ni crystallites have a face-centered cubic
structure of the fcc-type (face-centered cubic) with the
main crystallographic direction [111]. Ni phases with ori-
entations of (111), (200) and (220) are typical lor elec-
trochcmically deposited Ni nanowires [36]. The Al,O;
matrix is X-ray amorphous (broad peak at 20 = 25,89°)
and does not contribute significantly in to the diffrac-
tion spectra.

Processing of XRD data using Debye-Schcrrer
equation allowed us to determine the average size of Ni
(111) crystallites, which ranges from 15,6 to 23,8 nm.

Results of CVD synthesis of MWCNTSs in PAAO
pores arc shown in figs. 4, 5. It is seen, that a single
CNT with the diameter of 10...25 nm is formed in an
every pore. The length of CNT is greater than one mi-
crometer. Despite this length (the aspect ratio is greater
than 50), CNT and small bundles of CNT maintain a
vertical orientation or take the form of the vertically
oriented loops.

Several horizontally oriented CNT are observed on
PAAO chips (fig. 5, a, ¢ (circles)). The chips arc re-
ceived by splintering (destruction) of a sample, result-
ing in the separation of CNTs from their places of or-
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igin in the pores. Therefore, the identification of places
of origin of the CNTs within the pores by the transverse
chipping is difficult.

According to observations, only one CNT is formed
in every pore despite the fact that there is a plurality of
nearly identical Ni particles. This is due to the restric-
tion of the supply of gaseous carbon deep into a pore,
relatively to high activation energy for the nucleation of
CNT and the size parameters of Ni particles [28]. Sig-
nificantly, that most of CNTs occur on Ni (111) nan-
oparticles, which are situated in the depth of a pore, but
not on the surface. Apparently, the conditions neces-
sary for emergence of a nanotube are created just here.
In works [37—40] it is noted, that every pore can be re-
garded as a microminiature chemical reactor, where the
polyatomic molecules move. The approach involves
preferential concentration of the reactants and a cata-
lyst in a limited volume with their isolation from the ex-
ternal environment.

After formation of the nucleus, the CNT’s grow
continues vertically to the surface of PAAO to the place
of unlimited delivery of carbon mixture. The confirma-
tion of vertical growth are photographs of the surface
and chips of the experimental samples.

Creation of the CNT-bundles also complicates de-
termination of the location of the nucleus in a pore
(place of origin) of individual CNTs. Therefore, the
quantitative determination of the CNT density, grow-
ing from PAAO pores was held on the photographs of
a surface (see fig. 4). The estimates indicate that ap-
proximately 70 % of pores (90 of CNT/pmz) generate
CNTs for a given film structure, and only one CNTs
appears in each of the catalytically active pore.

According to preliminary data, the specific density
of CNT and CNT length depend on the regularity of
PAAO, parameters of ac-deposition of Ni and mode
of CNTs synthesis. The research are being continued
along the correlation between the specific density of
CNT and the conditions of formation of a nanocom-
posite with various metal catalysts (Ni + Fe, Fe, Co).

The images of the separate MWCNTs for two dif-
ferent samples are shown in fig. 6 (¢ — on a glass-ce-
ramics substrate, b — on a silicon substrate).

Optimization of the anodizing process of an Al
film (diameter and regularity of the pores), parameters
of Ni ac-deposition (crystallites’ size) and CNT syn-
thesis conditions (temperature and duration), will pre-
sumably increase the specific density of the CNTs to
128 CNT/ pmz (90 % of pore filling). The most of CNTs
on the surface of PAAO are vertically oriented, but it is
assumed that the degree of alignment of CNTs will be
better at applying of the negative potential to the base
at the PECVD synthesis [41].

The samples were studied by the Raman spectros-
copy to study the structure of the nanotubes. Fig. 7
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shows a typical Raman spectrum of MWCNTSs synthe-
sized in PAAO.

The Raman studies have shown that the spectrum
contains a band at 1618 cm™! (Gband), corresponding
to the double degenerated bending vibrations of the
element of the graphene structure and the band at
1361 cm™! (D band), corresponding to the vibration
states of the structural defects of the hexagonal lattice
near the boundaries of the carbon crystallites. The in-
tensity ratio /;/Ip is the primary measure for the CNT
quality, and is equal to about 2, indicating a relatively
high quality of a nanotubc. Increasing intensity of the
band D can be associated with a large number of short
nanotubes, in which the edge effects are manifested
most significantly.

Conclusion

The thin film PAAO pattern with the localized Ni
(111) catalyst nanoparticles, embedded into the pores
by means of ac-deposition was firstly used for synthesis
of the vertically aligned CNTs. TEM and Raman spec-
troscopy show that the high quality MWNTs with small
diameter of 10...25 nm become synthesized. SEM anal-
ysis shows that only one CNT starts to grow from a Ni
nanoparticle and comes to the surface of PAAO from
every pore, starting from the place of origin. The struc-
ture comprises a conductive Ti layer under the PAAO,
which may serve as the contact electrode during the
subsequent formation of metals’ nanopillars to form
the electrical contact to the lower surface of the CNT.
A simple and flexible reproducible method of the local
manufacturing of the array of vertically arranged CNTs
in a thin porous aluminum oxide on various bases. The
subsequent adaptation of manufacturing operations and
optimization of the structure will allow to obtain the
electronic devices based on CNTs with the high-density
packing and the sensor devices based on CNTs.

The work was performed in the framework of the Stale
Scientific and Technical Program "Interdisciplinary sci-
entific research and new emerging technologies as the ba-
sis for the sustainable innovation development" (conver-
gence) of the Ministry of Education of the Republic of
Belarus.

The authors express thanks to Mr. K. 1. Yanushkevich
(PhD, Institute of Solid State Physics and Semiconduc-
tors, the National Academy of Sciences of the Republic of
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B pamkax cmpyxmypHo-Ounamu4eckoeo no0xo0a HAHOUOHUKU 045 HAHOCMPYKMYP HA 0CHO6e meepObiX NeKMpPoAUmos 0aHo
onpedenenue 00HopoOH020 dhhexmueroeo noas Fly kpucmannoepaguueckoi naockocmu X/. Buinoaneno modeauposatiue uon-
MPaHCNOPMHbIX NPOUECCO8 Hepe3 NOMEeHYUANbHbIe 0apbepbl 6 CAA0bIX JNEKMPOCMAMUHECKUX NOAAX, C030A6aeMbiX 0OHOPOOHO-
Henpepuigroim (noae Taycca, Ff;) u ouckpemuo-cayuaitbim (none Fis) pacnpedenenusmu no X 3apsdos, undyyuposantvix eHeui-
Hum o3deiicmeuem. Ilokasano, umo ¢ noasx FJ u Fl cymmol noneevix 006agok Kk 6bicomam nOMeHUUANbHbIX 6apbepos onpe-
0eAsiom U3MeHeHue CpeOHUX Hacmom nepeckoKo8 NOOBUNCHbIX UOHOE U uMerom OausKue no nopaoky sHauenus. Jns onpedenenus
00HOPOOH020 3(hheKmuenoeo noas Fly, obecneuusaroweco makyio yce KUHemMuKy OGUNCEHUs UOHOE, KAK bosee peanvhoe HeoO-
HopooHoe none Fy, vruucaervl nonpagounsie Kosppuuyuenmoi-mnoxcumenu Kk nonesvim 0obaskam 6 none Fy;. Bunoanens oyen-
KU 21a6H020 NOPSOKA NOZPEUIHOCTU U BbIAGAEHb! PASMEPHbIE (AKMOpbL, ONpedessioujue 603MONCHOCMb ucnoavsosanus Fy, a ne

Flis, npu pacvemax mpancnopmuoix coiicme HaHOCMpyKmyp.

Karoueevie caosa: nanouonuxa, meepdvie 31eKmMpPoAUMbL, KOMNbIOMEPHOE MOO0eAUpOo8anue, CmpyKmypHo-OUHaMu4ecKuil

no0x00 HAHOUOHUKU, 3hheKkmusHOe s1eKmpocmamuuecKoe noie

BBenenune

g MogenpoBaHUs TUHAMUYECKOTO TTOBEACHMUS
TBEPIOTEIbHBIX HAHOCHCTEM C OBICTPHIM HOHHBIM
tpaHcnoptoM (BUT) u pazButust HAHOMOHUKHU [1—4]
HaMU TIPEAIOXKeH CTPYKTYPHO-IUHAMUYECKUI MTOIXO0
(CHIT) [5—8]). [Tomxonm BKIIOYAET CIIOEBYIO aTOMHYIO
MOJe/Ib HAHOCTPYKTYPBI, COCTOSIIYIO M3 Tapajlieib-
HBIX KpHUcTautorpaduieckux rwiockocreit {X’/} TBep-
nporo snekTpoaura (TD), Meton "CKPBHITHIX" TIepeMeH-
HBIX 1 (PU3NKO-MaTeMaTHUeCKNii (hopMaan3M, KOTO-
DBIif ONIEpUPYET CKPHITHIMU MePeMEHHBIMMU.

Cucrema auddepeHunanbHbix ypaBHeHuir CIIT
HE COAEPXUT IPOM3BOAHBIX MO MPOCTPAHCTBEHHBIM
KOOpIMHATaM ¥ TIO3BOJIIET ONMMCHIBATL B 1D-Teomert-
PUU MOH-TPAHCIOPTHBIE U AUDJIEKTPUK-TOJSIPU3aLIM--
OHHBIC TIPOIIECCHI, TTPOTEKAOIINE TTPU MAJIBIX OTKIIO-
HEHUSX OT paBHOBECHUS B MOJENIbHbBIX TO-HAHOCTPYK-
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Typax. PaccmaTprBaeMbie MPOIIECCHl CKIaAbIBAIOTCS
13 TEPMUYECKU aKTUBUPOBAHHBIX [ME€PECKOKOB MOHOB
MTOABIKHOTO COPTa MEXIY MUHUMYMaMH KPUCTAJUI-
YeCcKOro NMoTeHIHaNIbHOro pejibeda TO U TOKOB cMme-
1eHus MaxkcBesijia Ha ToTeHUMaIbHbIX Oapbepax. DTu
MIPOIIECCHI CBA3BIBAET MATbHOACHCTBYIOIIEE KYJIOHOB-
CKOE B3aMMOEICTBUE, MO3TOMY B HAHOCHCTEMAaX C
BUT nabmogaloTcst KOJIEKTUBHBIC SIBIEHUS: (hOpMHU-
pOBaHUE M peslakcalus HOHHOIO MPOCTPAaHCTBEHHOTO
3apsiia, HaKOIUIEHUE SHEPruu B 00JIACTU TOJsIpU3ye-
MBIX TeTeporrepexonoB TH/31eKTpOHHBIN ITPOBOTHUK,
nMmnegaHc BapOypra [8], yHuBepcaabHBI TMHAMIYE-
cKMit oTKIIMK [7, 9] m ap.

CAIl ucnonw3yeT moHsTHe "3()GhEeKTUBHOE 2MeK-
TpocTaTUUeCcKoe ToJe" Fgff [7], xoTs1 B paborax [5—8]
OTCYTCTBYET OIIPENECIEHUE Fgff. B xauectBe mpubImn-
KEHUS Fe/ff B ypaBHeHussXx CJIIIT ucronb3yercst popmy-




Ja Taycca U1 HAPSDKEHHOCTH TTOJISk
F é , CO3IABAEMOTO IUIOCKOCThIO X’ ¢
OHOPOIHO-HENPEPLIBHLIM pacmpe-
JieJIeHueM 3apsiaa:

FL = 87/2¢e, (1)

rae j — UHAEKC TUIOCKOCTH, Y —
[MOBEPXHOCTHAsI IUIOTHOCTh Ha X’
M30BITOYHOTO 3apsina, WHAYLIHNPO-
BaHHOI'0 BHEIIHUM BO3JEHCTBUEM;
gy =8,85: 1012 ® M !; ¢ — orHO-
cuTeJibHas IMUAJIEKTpUYecKasi IIpo-
HUIIaeMOCTb.

MNpobenbl 8 onpeaeneHnn GyHAaMEHTANbHBIX BENMYMH B HAHOMOHWKE
Gaps in the definitions of fundamental quantities in nanoionics

¥

HesHaHwe ocobeHHocTel MmexaHu3mos BUT B HaHocHCTeMax

OTCyTCTEME B HAHOMOHWKE CTaHAAPTHOW TEOPUW IMHAMWYECKOTO OTKAMKA
Lack of knowledge about specific properties of FIT-mechanisms in nanosystems
Absence of the standard theory of dynamic response in nanoionics

¥

HeBo3MOMHOCTE paspaboTHK KOMNBIOTEPHLIX NPOrPamMm ANA pacyeTa
XapaKTEPUCTHK HAHOCTPYKTYP M HaHonpuBopoe c BHUT

Impossibility of PC-program development for the calculation
of characteristics of nanostructures and nanodevices with FIT

¥

Metog npob 1 ownbok npu paspaboThe HOBLIX HAHOMOHHLIX NpuBopoe
Trail-and-error method of new nanoionic devices development

B peanbHOCTM WHIyLMPOBaH-
Hble Ccl1a0bIM BHEIIHUM BO3JAEHCT-
BUEM U30BITOYHbIE 3aPsAIbl PACIIPE-
JeNeHBl Ha IUIoCKocTax X’ muc-
KpPETHO-CAy4yailHO (HEOIHOPOIHOE
noJje Féis ), @ He OTHOPOJIHO-HeTIpe-
PBIBHO (OZHOPOIHOE TIOJIE Fé). B cmaGeix momsax
(~103 Brev ' u MEHblIIe), HAallpUMep, Kak B METOJIEe
WMIIEAAHCHON CIIEKTPOCKOINMU, MMEET MECTO Hepa-
BEHCTBO

Ty > A, 2)

TI€ F,, — CPENHEE PACCTOAHME MEXIY M3OBITOUHBIMU
3apsimaMy Ha TUIOCKOCTH X'; A — pacCTOSTHUE MEXIY
cocenHumu ruiockoetsivu XX u X5 1 ys Habopa {X’}.

B MakpoCKOIMMYECKOM TeOPUU MOrPELIHOCTh pac-
yeToB 1o opmye (1) 0ObIYHO CUMTAIOT MaJIOi, ecIu
JUTSL TUCKPETHBIX 3apsIIOB Ha IUIOCKOCTH CITPaBeIINBO
yCIIoBUE

r, < R, 3)

rame R — paccrossHUE OT MJIOCKOCTHU 10 TOUKM HaOJIo-
JEHUST TIOJIS.

CormnacHo [10] Makpockonndeckast JIeKTPOCTaTH -
Ka "omepupyeT (PU3MUYECKUMHU BeIWMYUHAMU, YCpel-
HEHHBIMU 110 "(PU3NYECKH O0ECKOHEYHO MaJIbIM" 3JjIe-
MEHTaM 00beMa, He UHTEPECysICh MUKPOCKOITUUECKH -
MM KOJIeOaHUSIMHM 3TUX BEJIWYWH, CBI3aHHBIMU C MO-
JIEKYJIIPHBIM CTPOEHMEM BellecTBa'.

Ecmu paccmarpuBate npumenenue CJII1 B ycinoBu-
ax (2) [5—8], oTinuaroiuxcs ot ycjaoBuil (3) 3HaKoM
HepaBeHCTBa, KaK Kaxylllieecsl MpoTUBOpeune (mapa-
JIOKC), a He KaK MPU3HAK HealeKBATHOCTU IMOAX01a
IUIST OTTUCAHUS TIPOIIECCOB B HAHOCTPYKTYPaXx, TO HYX-
HO PacKpbiTb OCHOBBI KOPPEKTHOCTU MNPUMEHEHUS
npuoamxkenus (1) 8 CIAII, T. e. Ha HaHOMac1uTa0e.

PazButne teopun CJII1 BaxXHO A1 MOHUMAHUS,
MIPOTHO3UPOBAHUS M YIpaBJIeHUS TWHAMWYECKUMU
CBOICTBAMU U XapaKTepucTuKaMu HaHocucTeM ¢ BUT,
KOTODBIE SIBJISTIOTCS 6a30BbIMU 3JIEMEHTAMU TepCreK-
TUBHBIX J1J1s1 UH(GOPMALMOHHO-KOMIIBIOTEPHOU MHIY-

Puc. 1. OcHoBHbIE HAy4HBIE MPOOJIEMBbl, KOTOPbIE CAEPKHBAIOT Pa3pabOTKH B 00JIACTH HA-
HOMOHHBIX MPUOOPOB

Fig. 1. Basic scientific problems, which hinder R & D in the field of nanoionic devices

CTPUU MATPUYHBIX YCTPONCTB C BBICOKOM MJIOTHOCTHIO
HaHOMOHHBIX pubopoB [1, 11]. K Takum npubopam
OTHOCSITCSI: STYEMKU MaMSITU C TIPOrpaMMUpPYeMOil Me-
tasmm3auuein TO [11]; cynepKoHaeHCaTOPbl MUKPOH-
HBIX pa3MepoOB C PEKOPIHO BHICOKMMU TIJIOTHOCTSIMU
SHepPruu U 3apsaa [2, 12]; mojaeBbie TpaH3UCTOPHI C 3a-
TBOpoM Ha ocHoBe TO [13, 14]; ceHCOpbl U MeMpU-
ctopbl [15]. MaTpuuHble HAHOMOHHBIE YCTPOMCTBA U
MPUOOPHI HEOOXOAMMBI JJIsl Pa3BUTUS psia KpUTHYE-
ckux TexHosoruii [13, 16]. Ha puc. 1 npeacraBiena
MOCJEA0BATEbHOCTD MPOOJIEM, KOTOPBIE CACPXKUBAIOT
pa3paboOTK HAHOMOHHBIX IIPUOOPOB 111 HOBOI KOM-
TMOHEHTHOM 6a3bl HAHO3JIEKTPOHUKU U MUKPOCHUCTEM -
HOM TEXHUKU, PATUALMOHHO-CTOMKON M KOCMUYE-
CKOM 3JIEKTPOHUKMU.

B HacTos1eit paboTe naHoO coaepxKaTeabHOe OIpe-
neneHne "3¢G@PEKTUBHOTO 3JIEKTPOCTATHIYECKOTO OIS "
Fejff, KOTOpOE YYMTBIBAET AUCKPETHO-CIYYalHBIA, a
HE OJHOPOJIHO-HEINPEPLIBHBIM XapaKTep pacrhpeje-
JIHUSI WHAYLMPOBAHHOIO CJIaObIM BHEIIHUM BO3-
JEVCTBMEM M30BITOYHOIO 3apsiaa 1Mo KpHUCTaIorpa-
dbuueckoit ockocTH X/, a Takxke IMOJIydeHbl YM-
CJIeHHbIE OLIEHKU KOPPEKTHOCTU MPUMEHEHUS IPU-
omvxenus (1) B CAII.

1. Onpenenenne ogHOpoaHOTrO 3HeKTHBHOrO

noJisg Kpuctauiorpagpnieckoi mioCKOCTH.

Mogeab A pacyeTa NonpaBoyHbIX K03¢GuuueHToB
K noJiio I'aycca

Ha puc. 2 (cM. TpeTblo CTOPOHY OOJIOXKHW) TIpe.-
CTaBJICHa CJIOEBast MOJIE/Ib HAHOCTPYKTYPBI, [I€ Kax-
OBl CJIOM OrpaHMYEH IUIOCKOCTAMU X/, comepxka-
LIMMU KpUcTaJliorpacduyeckre no3uuuy (MUHUMYMbI
MOTEHLMAJIBHOIO pelibeda), M0 KOTOPhIM MOABUKHEIE
HWOHBI MEePecKakKUBalT Yepe3 MOoTeHLMalbHble 0apbe-
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pbl. HanmpasneHHoe NBUXXEeHUE MOHOB IPU BHEITHEM
BO3/IECTBUU TIPOMCXOAUT BIOJIb TOJISL MO KOOPAM-
HATHOW OCH X, IEPIIEHAUKYISAPHON TUIOCKOCTAM {X’}.
HanpasneHue x coBmagaeT ¢ HampasieHueM ID-TyH-
Heneit BUT. Takue TyHHenm xapakTepHbl mid TO —
MepeaoBbIX CynepuoHHbIX mpoBoaHukoB (ITCHUII),
KpUCTaJlJIM4ecKas CTpyKTypa KOTOPbIX OJiM3Ka K OM-
tumanpHoil mist BUT [2— 4]. Mexnay cocemHUMU
wrockoctsivu X/ u X/ ], OTCTOSIIIMMM JIPYT OT APY-
ra Ha pacctossHuU A (B a-Agl A = 0,15 Hm [7]), uoHBL
NEPECKAKUBAIOT Y€Pe3 IMOTEHIMATbHbIE Oapbepbl, B
obLIeM ciIyyae pasHOi BBICOTHI 1. TlitockocTu X/ sB-
JISTIOTCS DJIEKTPOHENTPATbHBIMU MPY OTCYTCTBUY BHEIII-
HETo BO3ACHCTBUSI HA HAHOCTPYKTYPY.

PaccmotpuMm aHcam0iib A MOHOB, KOTOPbIE MOTYT
NepeckakuBaTh C IJIOCKOCTU X 0 Ha 9070 €V70110% )
mwiockocTh X IMyctb mHAekc a = 1, 2, ..., ny HyMe-
pyeT A-MOHBI U COOTBETCTBYIOIIME IOTEHIIMAIbHBIC
O6apbephl. [lonaraem, 4To MHAYUMPOBAHHbIE BHEI-
HUM BO3JEMCTBHEM M30BITOYHbIE 3apsiibl HAXOASITCS
Ha TUIOCKOCTSIX {Xj} cj > 1, a mIOCKOCTh X0 BCeraa
SIBJISIETCS BJIeKTpoHeuTpanbHoil. B mone (1) Fé =0
(j= 1) A-VOHBI TIPeoioJieBalOT Oapbepbl BHICOTOM
n+ QG, rie nosenas Jo0aBKa K BbICcOTe Oapbepa QJ
3aBHCHUT OT 3HAYCHMS &/ 1 He 3aBUCHUT OT MHICKCOB d
uJj.

B mone FdIS # 0 (j > 1), co3maHHOM OUCKPETHO-

CIyJaliHBIM pacrpenejieHMeM TOYEUYHBIX 3apsaoB IO

X/ co cpenHet TIIOTHOCTBIO S/n = §/, Bce moJieBbIe 10-
0aBKM les 3aBUCAT OT MHAECKCOB a u j. Ilons Fé "
Fdls OyaeM Ha3bIBaTh CIA0OBIMU, €CJIU Q’ /2 L k,Tn

d1s ¢ < k,T. CnaOble 10JIs1 BO3HMKAIOT B 00pasLax

IIPOBOOHUKOB IIpU M3MECPCHMUAX E)JTGKTpO(bI/IBI/ILIeCKI/IX
BCJIMYMH.

BddekTuBHOE TIOJIE F’ off TIOCKOCTH X/ omnpeaeaum
qepe3 KOPPEKLMIO ITOJIeBOM 100aBKU Q nosst 'aycca
(1) Koppexkuus maeT HOBYIO HOJICBYIO J00aBKy,
KOTOpaH o0ecreuyrBaeT Takoe Xe U3MEHEeHUe cpeaHeit
BEPOSITHOCTH MEPECKOKOB X 0, x! A-MOHOB, KaK U
noje F éis , KOTOpOE co3AaeTcsl AUCKPETHO-CIyYaiiHbIM
pacnpeieJieHUeM M30bITOYHBIX TOYEYHBIX 3aPAIOB 10
X/ (j= 1) co cpenHeil IUIOTHOCTBIO 6/ = §/. st on-
pelesieHusl TJIaBHOro Mopsijaka MOTPelIHOCT MpuMe-
HeHus (1) B CAIT HeoOxoaumo HailTh KoahdULIEH-
THI-MHOXHUTeIM K K TMOJEBbIM n0GaBKaM Q’., 3a-
BUCSIIIUM OT &. TSl MpakTUKK BaxkHbI T ¢ BBICOKMMU
3HAUEHUSIMU MOHHOM TMPOBOAMMOCTU G, TaKue Kak
ITCUII. Ceenenus o 3HaueHusx € B IICHUII B nuana-
3oHe vacror 1...108 T B JuTeparype ¢hakKTUUYEeCKU OT-
CYTCTBYIOT. DTO CBSI3aHO C TPYAHOCTbIO MHTEpIIpeTa-
LIMM NTaHHBIX UMIEIAHCHONW CMEeKTPOCKOMUM ISl Be-
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LIECTB C OOJIBIIUMU 3HAYEHUIMU € U c. B TO-TICUTI
C TIPEMMYIIECTBEHHO MOHHBIM TUIIOM XUMMYECKOM
CBSI3U KPUCTAJTMYECKUIA TOTEHLIMATbHBIN peibed or-
penenseT BeIcOKMe 3HaueHu ¢ (~50...600 [17, 18]) n o.
3HayeHue ¢ OrpaHUYMBAIOT HauboJee BBICOKME TO-
TeHLanbHble Oapbephbl B TyHHelsix BUT. OcHOBHOI
BKJIaJ B € BHOCSIT MOHBI MMOJBUKHOTO COPTa Yepe3 Mo-
JIIPU3YEMOCTb CMeLeHUs (o), TTO3TOMY & BO3PacTaeT
MPpY YBEJIMYCHNUN KOHIIEHTPAIUM MEJIKUX MHHUMY-
MOB TOTeHLMaIbHOTO penbeda. g € > 1 umeer
MECTO COOTHOLUEHME € ~ o ;¢;. MOXHO IMOKa3aTh, YTO
a; o« 1/n [12, 19], mostomy & o ¢;/n, riae ¢; — oObeMHas
KOHIIEHTpalLMsI MOHOB IoABIMKHOro copra B ITICHUII,
ci~ 1022 cm

ITpu skpaHupoBaHUM TOJSI MPOOHOTO 3apsga Q B
TO-TTCHII nommkeH HaOMOmaThCsl pa3MePHBIN 3(PhEKT.
ITpu GonblMX paccTosiHUSIX d Mexay Q U TOUKOM Ha-
OJromeHUS TI0JI TTOTEHIIMAN clafaeT, Kak o« Q/ed, a
Ha Majbix MaciuTabax 3(@PeKTUBHOCTb 3KPaHUPO-
BaHMSI NOJKHA YMEHbIIATbCSl BCJIEACTBUE CTEpHYe-
CKUX orpaHu4eHuil. Pe3yabTaThl 10 3KpaHUPOBAHUIO
B TO-TICHUII 3apsina Ha MasibIX MacilTabax B JIuTepa-
Type OTCyTCTBYIOT. IloaTOMY B KauecTBe IIpUOIMKE-
HUS OyleM MCIOJb30BaTh (MYHKIIUIO

e(d) = & — cexp(~=d/Ly), (4)

IIe A — XapaKkTepHasi JUIMHa 9KpaHnpoBaHust. OLeH-
KU MOKa3bIBAIOT, YTO A 3aBUCHUT HE TOJBKO OT KOH-
LEHTPALM1 MOHOB IOJBMXHOIO COPTA ¢;, HO U OT KOH-
LIEHTPAIUN KPUCTATUIOTPAGUIECKUX TTO3UITNA — MeJI-
KMX MMHMMYMOB MOTEHIMAIBHOIO penbeda (~S¢; 1
INCUIT Ttunma o-Agl), Mo KOTOpbIM IlepeMellaloTcs
VOHBI.

CpaBHEHUE KUHETUKU A-UOHOB (KATHOHBI) B MO-
JISIX Fé u Féis IPOBEIEHO Ha CIIOEBOM MOAEIU, MO-
auduLmpoBaHHoit mis pacuetoB Ha [1K (maker Wol-
Jfram Mathematica). B 310ii Mozesin M30BITOYHBIE 3a-
PSIBI pa3sMeleHbl He Ha IockocTsax X/ (j =1, 2, ..),
a Ha TapaJuIeJIbHBIX KBaApaTHBIX TUIOIIAAKaX. A-Ka-
TUOHBI (X yucio ny = 2000) coBeplIaOT NEPECKOKU
¢ ouanku A (j = 0; 260 X 260 HM) Ha momanky B
(j = 1; 520 x 520 HM) yepe3 MOTEHUHATbHbIE Oapbe-
pbl BoicoTOi n. Ha momanke A 3apsin A-KaTMOHOB
BCerna ypaBHOBEIIEH HEIMOABMKHBIMU MOHAMU IIPO-
TUBOIIOJOXHOIO 3Haka. Mojenb IMO3BOJIIET HAWTU
U3MEHEHUE BEPOSITHOCTU TMEPECKOKOB A — B' A-xa-
THOHOB TIpY BKJIFOYCHUH BHEITHETO BO3IECTBUS, KO-
IIa Ha ruromankax B/ (j 2 1) nosiBIsII0TCST U30BITOU-
HbIE TOYEYHbIE 3apsijibl. PasMepbl 1 OpUEHTAIIUS 110~
wanok B’ (j > 1) BeIGpaHbI TaK, 94TO Kpasi B/ BUmHBI U3
LIEHTpa TIIOIAAKN A TIOI TeJIECHBIM YTJIOM 0 = const,
OJIM3KUM K 27, MOCKOJIBKY pacCTOosIHUE MeXy A 1 B!
paBHoO 0,15 HM. DTO MPUOIMKEHUE COOTBETCTBYET yC-
JioButo BbiBoga ¢dopmyibl I'aycca (1), 1. e. u3 noboit




Touku Ha miockoctu XU Bce mockoctn X/ G=1
BUIHBI MO TEJECHBIM YIJIOM 27. JJIsl IpUOIMXKeHUS
K peaJbHbIM CTPYKTypaM, 1€ IEPECKOKU UOHOB TIPO-
HUCXOAAT MO KpucTajiorpapuuyecKuM MO3ULUSIM, Ha
wrommankax A u B/ (j = 1) 3amaHbl KBaIpaTHbIE CETKU
y3710B ¢ pasMepoM sueiiku 0,6 HM. McxomHoe mosio-
JKeHUe A-KaTMOHOB Ha Iulollanake A, a TakKe U30bl-
TOYHBIX 3apsIOB B y371ax cetok B/ (j > 1), 3amaer re-
HEPATOp CITyJYalHBIX YUCEI.

11 IMCKPETHO-CYYaliHOTO pacIipeaeieHUs 3apsi-
10B (mose Fy;;) OLIEHUM I0JIEBbIe T00aBKM K BBICOTaM
OapbepoB n Tpu nepexoae A — B! A-xatnonos. Hnsa
MPOCTOTHl PACCMOTPUM HaJIMuMe U3OBITOYHBIX 3apsi-
OB JIMIIb HA ABYX IUIOILIAAKaX B' v B%. B none Fyie
JIJIST 1I000r0o Gapbhepa ¢ MHAEKCOM a IojieBasi 1o0aBKa
Qgis (a=1,2, ..., ny) 3aBUCUT OT IPOCTPAHCTBEHHOTO
MOJIOXXEHUSI MUHMMYMa 3TOro 6apbepa Ha riolaake A
A MUHMMYMa 3TOrO ke 0apbepa Ha ILUTOUaaKe B' or-
HOCUTEJIbHO BCEX 71 + 1) U3OBITOYHBIX 3apsI0B Ha B!
u B DJeKTpOCTaTUUECKUE OIS aAIUuTUBHbI

a _ la 2a
Qiis = Qqis T Qi » (3

lka

n m
la _ 2a _
e Qgig = k;  Cais 1 Qi = k; | Chis -

B nose 3apanoB en; Ha B'u en, Ha B (e-3neMeH-
TapHBIA 3apsii) U3MEHEHMWe CpedHell 4YacTOThl Iepe-
ckokoB A — B! TS A-KaTUOHOB COCTABUT

Nais ~ ngexp(—n/kyT) —

— exp(—n/k,T) g 1exp(— Qi /ks T). (6)

I[Ipn omHOpPOZHO-HENPEPHIBHOM pacIlipencaeHuNn
U30LITOYHOrO 3apsana (noye F;) Ha TuIonIaaKax B'u
B? ¢ mnotHocTamu 8! = en; /S| u 8% = en,/S, (S; u
S, — mIonaayu MmIolanoK B'u Bz) U3MEHEeHUE cpe/l-
Hell 4aCTOTHI IIEPECKOKOB A —> B' A-KaTMOHOB MOXHO
OLICHUTh KaK

A ~ nexp(—n/k,T) —
— nyexp(—n/k, Texp(— Q> /k, T), 7)

1,2 —
e Q.7 — onMHaKoBas Ul Bcex 0apbepoB (a = 1,
2, ..., ny) mouepasi 100aBKa B OMHOPOIHOM Moje Fg.
1,2
CornacHo omnpeneeHuIo nonesas 100aBka Q i B
OIHOPOIHOM TIOJI€ Fir MOXET 6I>IT1I>2BBIpa}KeHa yepes
rayCCOBCKYIO ITOJICBYIO TOOABKY Q¢ Kak
1,2 1,2
Qeff = K294, )
rae Ky » — Koo(pGULMEHT, KOTOPBIA JOJLKEH OBITH OIl-
penesieH npu MouenupoBaHuu. 3meHeHue cpemnHei

4acTOTHI MepeckokoB A — B! A-katuoHos B Fogr MOX-
HO 3ammucaTh Kak

Mogr ~ ngexp(—n/k,T) —
2
— ngexp(—n/ky T)exp(—Ky 126 /k, T), 9)
rne Afygr = Myis- Torna us (5)—(9) cnenyer

ny
1 2
Y exp(—(Qgiy + Qi )/k,T) ~

a=1

1,2
=~ l’lAeXp(_Kl’ng’ /kBT) (10)

IIpu ciabbiX BHELIHUX BO3AEHACTBUSIX 9KCIIOHEHTHI
B BhIpaxeHuu (10) MoXKHO pa3noxuTh B psan Teitnopa.
CoxpaHWB [IBa MEPBBIX YJicHA PA3JIOKCHUS W BHITIOJN-
HUB YaCTUIHOE CYMMHPOBaHUE, TTOTYIUM

U ) 1.2
a a 5
a= =

BreimonauB aHanornunHbie (6)—(11) mpeodbpa3oBa-
HUS IJIA CJIydaeB, KOTaa M30BITOYHBIN 3apsi Haxo-
JUTCSI TOJIBKO Ha OIHO} U3 IUIOWANOK B/, Hampumep
Ha Bl, MOXHO 3amucaTh

ny
1 1
ZIQdi‘; ~ nyKiQg. (12)
a=
COOTBETCTBEHHO, IS B?
¢ 2 2
a
a=
IMocne nmoacranoBku (12) u (13) B (11), moayyum

KlglG + Kzgzc ~ Kl,zgléz’ (14)

rae Q/G oc &/. Eciii IpenIionoXuTh, 4YTO B CJIAOBIX I1O-
Js1X Ben4uHbl K| 1 K, c1abo 3aBUCAT OT 3HAYEHUI 5!
" 82, To (14) MOXHO 3amucaTh B BUJE

K5~ (k3! + K% /(8" + 82). (15)

Bripaxkenue (15) uepe3 nompaBouHbie KO3PPULI-
€HTBI ONpENeIIsET NoJe F; U30BITOYHBIX 3apSANOB, HA-
BEICHHBIX BHEIIHMM BO3ICHCTBUHEM Ha IUIOAIKax B!
u B PesynbTaT (15) MOXHO 0000ILUTDL [JIs J0O0OT0O
qpca WwIowanok B:

K~ XK5//Zs/. (16)

Ecnu Bce nonpaBouHbie Koadduumentsl K; = 1, To
CYMMBI TOJIEBLIX J00ABOK K BBICOTAM OTHEIbHBIX I1O-
TEHLMAJIbHBIX 0apbhepoB IJI1 UACAIU3UPOBAHHOTO OJI-
HopoaHoro nond I'aycca F v 1714 6ojiee peajbHOro
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HEOIHOPOIHOTO MO Fy; JOIKHBI OBbITH OJIM3KU T10
3HAYEHUIO, T. €.

1y
X O ~ 1406 an

‘CootHotuienne (17) packpblBaeT CYIIHOCTb IOJSI
F’, off» YCTaHABIMBAET YCJIOBME NPUMEHUMOCTH IIPU-
ommkenus (1) B CJIT u mokassiBaeT, YTo HepaBEeHCTBA
(2) u (3) MmorytT UMeTh 00JIaCTh MPUMEHEHHUS Ha CYIle-
CTBEHHO pa3HbIX MaciTabax. MisMeHeHue cpeaHeil Be-
posITHOCTI/I NEPECKOKOB Yepe3 0apbephl B mousax F; J
u Fdls MIPOITOPIIMOHAIFHO M3MEHEHUIO CpeaHei Jac-
TOTHI TiepeckokoB. [ToatoMy BbimosnHeHue (17) mpu
K; ~ 1 obecneunsaet 6J‘II/ISOCTL KMHETUKH MOHHBIX
MPOLIECCOB, B MOJISIX Fé u Fdls

Takum o0pa3om, MOHSTHUE OXHOPOMHOE "3hdheK-
TUBHOe moje” Fejff HYXHO paccMaTpuUBaTh He Kak pe-
ajpHOe U3NIecKoe IoJjie, a KaK MHCTPYMEHT IS YCT-
paHEeHUs TJIaBHOTO TOpPsAKA TOTPEITHOCTH, CBSI3aH-
HoI1 ¢ ucrnoab3oBaHuem dopmynbl I'aycca (1) B CIIT.

2. Pe3yJbTaThl pacyeToB MOMPABOYHBIX
K03((UIIHEHTOB K] aast nons Fog

Ha puc. 3 (cM. TpeTbl0 CTOPOHY 00JI0XKKM) MOKa-
3aHbl Pe3yJIbTaThl PacyeTOB 3aBUCUMOCTU KO3 u-
LIMEHTOB-MHOXHTeIeil K OT MHIekca muiouanku B/
(j = 1) npu 3HaueHusix napametrpoB ¢ = 50, Ay = 0,3
n 0,4 um. Pa3bpoc Touek Ha rpadukax I u 2 orpe-
JIeJIIETCS Ka4€CTBOM PaHIOMU3ALINY TIPU CITyYaiitHOM
BBIOOpEe Ha B’ y3JI0B, B KOTOPBIX pa3MeIIAlOTCI W3-
OBITOUHBIE 3apsiibl. YBeJMUeHE 3HAUEHUI OTHOCHU-
TeJIbHOW JUBJIeKTpUYecKol mpoHuuaemMoctu & ¢ 50
10 90 Uil He3HAYMTEIbHO (~2 %) U3MEHSsIeT 3aBU-
cumoctu K = f(/, AQ). HeobOxomumoe ycioBue Kj -1
(j > o) BBIINOJHSIETCS TOJBKO B Y3KOM HHTEpBaJje
3HAYEHU I kQ, T. €. IJIMHA 3KPaHUPOBAHUSA kQ SABJIS-
eTcsl MIEeHTU(MUKALIMOHHBIM IapaMeTpoOM MOJICIIMU.
IMopsinok 3navenus 0,3 am < Ag < 0,4 HM cooTBeT-
CTBYET OLIEHKAM TOJIIMHbBI ABOHHOTO 2JIEKTPUUYECKOTO
cjios B cucrtemax Ha ocHoBe TO-TTCHII.

ITpu xoppexuym ypasHennit CJ1I1 Toiabko 11 1ByX-
Tpex OJMXalluuMx IJIOCKOCTe ¢ uHaekcamu j t 1
(K=~0,25),j £2(K~0,55)uj+x3(K~0,75) nonpa-
BOUHbIe KO3(MMUIIMEHTHI OKa3bIBAIOTCS 3aMETHO MEHb-
e 1, B To BpeMsl Kak it 0oJiee ymaJeHHBIX IIJIOCKO-
creir MoxHo cuntath K~ 1. B paborax [6, 7] yucio
TUIOCKOCTEW B MOMEJbHBIX HAHOCTPYKTypax ~25, mo-
3TOMY CyMMapHOe€ BIMSIHME BceX Ko3((PuiueHToB K
Ha pe3yJbTaT pelIeHUsT CUCTeMbl AU depeHIIaTbHbIX
ypaBHeHuit CIIIT MoXXHO olleHUTH 3HaueHueM ~20 %
(r71aBHBIM MOPSIIOK MOTPELIHOCTU MPUMEHeHUs (op-
myibl [aycca). I1pu 300 K ymeHblIeHe 4acToT nepe-
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CKOKOB MOHOB Ha ~20 % cOmocTaBMMO C yBeJIMYEHUEM
BbICOTHI OapbhepoB Ha ~0,01 »B. HeonpeneneHHOCTh
TaKoro Mnopsiaka Jjsi HEOMHOPOAHOTO MOTEHIIUATbHO-
ro pejbeda MOXET ObITh MpUeMiIeMa IS MHOTUX 3a-
Jlay, TaK Kak pa3inuue BhICOT O0apbhepoB An ~ 0,5 3B.

XapakTepHblii pa3Mep 00J1aCTU JTOKAIU3aLuU 3apsi-
Jla MOHa B MOHHBIX MpoBogHUKax [20] comocTaBuM ¢
JIJIMHOM TTepecKoKa IMOABIKHOro noHa A. "Pa3mbitue”
3apsiia OTAEIbHBIX MOHOB YBEIMUYMBAET OAHOPOTHOCTD
pacrnpeielIeHUsI CYMMapHOTO M30BITOYHOTO 3apsiga Mo
wiockocTsM X/, ITockonbKy 3HaYEHUST KJ 3aBUCST OT
CTENEeHU OJHOPOMAHOCTU paclpeleseHUs] U30bITOUHO-
ro 3apsifa, TO MpeACTaBICHHbIE HA pUC. 3 (CM. TPEThIO
CTOPOHY OOJIOKKH) 3HaYEHMS TTOIIPABOYHBIX KO3~
LIMEHTOB Kj, BBIYMCJIEHHBIE B TPUOIIKEHUHN TUCKPET-
HO-CJTydJaiiHOro pachpeesieHus TOYEYHbIX 3apsiaoB,
MOTYT ObITh HECKOJIBKO 3aHUXEHBI (OCOOEHHO 3TO OT-
Hocuted K Kj).

B ciyuae, korga n30bITOYHBIN 3apsiJi HAXOAUTCS Ha
JIBYX INTOCKOCTSIX X '9.d , 3HaYeHUsI KO3(PPUIIUEHTOB
Ki, j AOJDKHBI, B COOTBETCTBUM C BBIPAXCHUSMU (15, 16).,
ObITh JIMHEHBIMU KoMOuHauusamu K;, K, &' n &
Puc. 4 (cM. TpeTbio CTOPOHY 00JIOKKU) MILTIOCTPUPYET
BbIMOJIHEHUE coOoTHOLIeHUs (15) 17151 KoahGUIUEeHTOB
K, 21 K, .3, KOTJIa Ha TIJIOCKOCTSIX X' u X2 (Xl X3)
OTHOIIICHUS & /82 " d /63 paBHbI 1.

PacdeTbl M OLIEHKM TTOKAa3bIBAIOT, YTO IJISI HAHO-
CTPYKTYP C JOCTATOYHO OOJIBLIMM YUCIOM TIJIOCKOCTEN
XJ (IpOTSKEHHOCTb ~4 HM U 60Jiee) MOXHO IpeHeo-
peub MOIpaBOYHLIMU KO3 ulimeHTaMmu K U UCIIOJIb-
3oBath ypaBHeHust CII1 B npubmkenuu (1) npu on-
pefesleHu TMHAMUYECKOT0o OTKJIMKA HaHOCTPYKTYPHI
Ha cjaboe BHelllHee BozaeicTBUe. ISt HAHOCTPYKTYD
C MaJIbIM YMCIIOM TUTOCcKOoCTeit X/ yuer TTOTTPaBOK K T10-
mo Taycca (T. e. a¢ppekTrBHOE TI0JIE Fgff) MOXET 13-
MEHUTb CKOPOCTHU HpoueCCOB Ha ~50 %. Takum o6pa-
30M, 3¢ (EeKTUBHOE MOJIe F/ off HE SABJISIETCS pealbHbIM
(buznyecKuM I10JeM, €ro CieayeT paccMaTpuBaTh Kak
WHCTPYMEHT, KOTOPBIA MOXET YMEHBIIUTb MOTpell-
HOCTb McToab30BaHus (popmysl [aycca (1) mpu onu-
CaHUM MOH-TPAHCIIOPTHBIX MPOLIECCOB HAa HaHOMAC-
mraoe.

3aKkmouenne

PesynbTaThl pabOTHI OTHOCSTCS K O0JacTU Teope-
TUYECKON HAHOMETPOJOTMU B HAHOUOHUKE U OydyT
CMOCOOCTBOBATh PELIeHUIO psiga MpoldyeM, KOTOpbie
MPensaTCTBYIOT pa3paboTKaM Ha COBPEMEHHOM YPOBHE
MEePCHEKTUBHBIX HAHOIPUOOPOB C OBICTPHIM MOHHBIM
TPAHCIIOPTOM Ha HaHOMacITabe — s4eeK MaMSITU C
MPOrpaMMHUPYEMON METAJUIM3ALIMEN TBEPIOrO 3JEKTPO-
JIuTa, CyNMepKOHAEHCATOPOB MUKPOMETPOBBIX pa3Me-
POB C PEKOPIHO BBICOKWMM IJTIOTHOCTSIMU SHEPTUU U




3apsiia, MoJIEBBIX TPAH3UCTOPOB C 3aTBOPOM Ha OCHOBE
TBEPIBIX BJEKTPOJIUTOB, CEHCOPOB U MEMPUCTOPOB.

B yciaoBusix cmaboro BHEIIHETO BO3IECHCTBUS IS
MOJICJIbHBIX HAHOCTPYKTYP Ha OCHOBE TBEPIbIX DJIEK-
TPOJIUTOB JAHO COAEpXKaTeJIbHOE OMNpeneeHUue OJHO-
pogHOro 3(P(HEKTUBHOTO BJIEKTPOCTATUYECKOTO TOJIA
Fejflc KpUCTAUIOrpauecKoil MI0CKOCTH X’. 3naue-
HUSI BEJIMYMHBI Fejff BBIYMCJICHBI yTEM BBOJIA TOIpa-
BOYHBIX MHOXUTENEH I(] K TI0JIEBBIM J00aBKaM QJG
nonst Taycca FJ, co3naBaeMOro OIHOPOIHO-HEIpe-
PBIBHBIM PACIPEAEIEHUEM U30BITOUYHOIO 3apsia Mo X
ITo onpenenenuio, Fgff obecreuynBaeT TaKylo Xe Ku-
HETHKY MEPECKOKOB MOIBWXHBIX MOHOB Yepe3 MOTEH-
MaJibHbIe Oapbephbl, KaK 1 0oJiee peaJbHOE M0 Féis ,
co3/1aBaeMoe JIUCKPETHO-CAyJailHbIM pacrpeaeacHu -
€M M30BITOYHBIX TOYEUYHBIX 3apsI0B IO X/

IIpu BBIYMCIEHUSIX Fejff BBISIBJICHBI pa3MepHbIE
¢akropsl. [TokazaHo, 4YTO ANMHA SKpaHUPOBAHUS 3a-
psifia A SIBISIETCST MACHTU(HUKALMOHHBIM TTapaMer-
POM MOJIeJIN, a IONPaBOYHBIe KO3 DUIIMEHTHI K] JUTST
KOPPEKLMHU YPaBHEHUI CTPYKTYPHO-AMHAMUYECKOTO
MOJaX0Ja OKa3bIBAIOTCS 3aMETHO MeHblIe 1 TOJIBKO
JUISL IBYX-TpeX OMMXKaWMIINX MUIOCKOCTe! ¢ MHIeKCaMu
JE1(K=~=025),j£2(K=~=055)ujx3(K=0,75),
JUIsI BCEX OCTaJbHBIX IUIOCKOCTE C WHAEKCAaMUu
k#jt 1, k#j*2muk=jt 3 MOXHO cuMTaTh, YTO
K =~ 1. Ilone Fgff clieayeT pacCMaTpUBaTh KaK MHCTPY-
MEHT YCTPaHEHWsl TOrPeLIHOCTeH, CBS3aHHBIX C MC-
noJib3oBaHueM noss Iaycca F JG Ha HaHoMaciITabe npu
pacueTax MOH-TPAHCIOPTHBIX CBOMCTB HAHOCTPYKTYP.

Takum o06pa3zomM, B paboTe pacKpbIThl (PU3NUYECKUE
OCHOBBI, KOTOpbIe OOECIEeUHUBAIOT BO3MOXHOCTb BbI-
MOJHEHUs] PacyeToOB B MPUOJMXKEHUU OIHOPOIHOTO
3JIEKTPOCTATUYECKOTO IOJIsI. DTOT pe3yabTaT Heode-
BUJIEH, TaK KaK MHAYLMPOBAHHbIE CJTa0bIM BHEIIIHUM
BO3JIeICTBUEM MU30BITOUHBIE 3apsibl pacipeaeieHbl B
HAHOCTPYKTYpaX IUCKPETHO-CIy4YaliHO M CO3AaloT
CWIbHO HEOAHOPOAHbIE BJIEKTPOCTATUYECKUE TMOJIS.
C moMouIbl0 TaKMX HEOAHOPOIHBIX IOJIei OyaeT IMpo-
HWCXOIUTh yIpaBJieHWe COCTOSTHUEM HOCHUTENel WH-
¢dopManmu B IIpubopax mpeaeIbHO MaJIbIX pa3MepoB,
HEOOXOAUMBIX JJIs1 Pa3BUTUSI HAHOBJEKTPOHUKU U
MMKPOCUCTEMHOI TeXHUKU. [TosydeHHbIe pe3yabTaThl
MOTYT OBITb TIPOBEPEHBI B BBIYMCIUTEIBLHBIX KCIIEPU-
MEHTax, HallpuMmep, Py MOICTMPOBAHUN YHUBEPCAIIb-
HOTO (JI>KOHIIIEPOBCKOI0) AMHAMMUYECKOIO OTKJIMKA C
KCIIOJIb30BAHUEM CKOPPEKTUPOBAHHBIX YpaBHEHMIA
CTPYKTYPHO-AMHAMUYECKOTO MOAX01a HAHOMOHUKH.
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Effective Electrostatic Field in the Structure-Dynamic Approach in Nanoionics

Within the framework of the structural-dynamic approach of nanoionics for solid electrolyte model nanostructures, a definition
of a uniform effective electrostatic field Fly of crystallographic plane X was given. Modeling of ion-transport processes over the po-
tential barriers in the weak electric fields created by a uniform-continuous (Gauss field Fl,) and a discrete-random (field F})
charge distributions on X! was done. It was demonstrated that the sums of the field additives to the potential barriers’ heights de-
fined the change of the average jump frequencies of the mobile ions in FJ, and Féis. These sums had close values with the accuracy
of a decimal order. For determination of the uniform effective electrostatic field Fly with the same kinetics as a more real nonuniform
field F, the correction coefficients-multipliers to the field-additives in F{, were calculated. In order to define a possibility of
using field FY, instead of field F, estimations of the principle order of error were done and the dimensional factors were found.

Keywords: nanoionics, solid electrolytes, computer modeling, structural-dynamic approach, effective electrostatic field, nonu-

niform potential landscape

Introduction

We proposed the structural-dynamic approach
(SDA) for computer modeling of the dynamic behavior
of the solid-state nanosystems with fast ionic transport
(FIT) and for the further development of nanoionics
[1—8]). The approach includes a layer atomic model of
a nanostructure consisting of parallel crystallographic
planes {X/} of a solid electrolyte (SE), the method of
"hidden" variables and physical-mathematical formal-
ism, which controls the "hidden" variables.

The system of SDA differential equations does not
contain derivatives with respect to the spatial coordi-
nates and allows us to describe in ID geometry the ion-
transport and dielectric-polarization processes occur-
ring at small deviations from the balance in model SE
nanostructures. The considered processes are com-
prised of the thermally activated jumps of the mobile
ions between the minima of the SE crystal potential
landscape and Maxwell displacement currents on the
potential barriers. The long range Coulomb interaction
connects these two types of the processes, therefore in
FIT nanoslructures the following collective phenom-
ena are observed: formation and relaxation of an ionic
spatial charge, accumulation of energy in the field of
polarizable heterojunctions SE/electronic conductor,
Warburg impedance [8], a universal dynamic response
[7, 9], etc.

SDA uses the notion of "uniform effective electro-
static field" Fejff [7], although the works [5—8] do not
contain a definition of the Fejff essence. As an approx-
imation of Fgff, the Gauss formula is used in SDA
equations to present the field FJG created by the X/
plane with a uniform-continuous charge distribution

FL = /)2, (1)
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where j is the plane index, &/ is the surface density of
the excess charge induced on X’ by a weak external in-
fluence, g, = 8,85 10712 F-m™! is the electric con-
stant, and s is the relative dielectric permittivity.

In reality, the excess charges induced by a weak ex-
ternal influence are distributed on the planes of X’ in
a discrete-random manner (nonuniform field F({is),
rather than in a uniform-continuous manner (uniform
field F7). In the weak fields (~10° V- cm ™! and lower),
e.g. like in the method of impedance spectroscopy, the
distribution is described by the following inequality:

_— )

where r,, is the average distance between the excess
point charges induced on plane X’; A is the distance be-
tween the neighboring planes X’ and X from set {X7}.

In the macroscopic theory an error in calculations
done according to (1) is usually considered small, if for
the discrete charges on a plane the condition (3) is true:

r, < R, 3)

where R is the distance from a plane to the point of the
field observation.

According to [10], the macroscopic electrostatics
"deals with physical quantities averaged over elements
of volume which are "physically infinitesimal”, ignoring
the microscopic variations of the quantities which result
from the molecular structure of matter”.

If we consider application of SDA in the conditions
(2) [5—38], different from the conditions (3) by the in-
equality sign, as anillusory contradiction (paradox), but
not as an indication of SDA inadequacy for description
of the processes in nanostructures, then it is necessary
to reveal the validity of using the approximation (1) in
SDA, i.e. on the nanoscale level.

Development of SDA theory is important for un-
derstanding, forecasting and control of the dynamic




properties and characteristics of the nanosystems with
FIT, which are the basic elements of the matrices with
high density of nanoionic devices [1, 11], perspective
for the information-computer industry. Among such
devices are memory cells with programmed metalliza-
tion of SE (PMC) [11], supercapacitors of micron sizes
with a record high density of energy and charge [2, 12],
field effect transistors with a gate on the basis of SE
[13, 14], sensors and memristors [15]. The matrix na-
noionic devices and instruments are necessary for de-
velopment of a number of crucial technologies [13, 16].
Fig. 1 presents a sequence of the problems, which
hinder development of the nanoionic devices for the
new component base of nanoelectronics and microsys-
tem technologies, radiation-resistant and space elec-
tronics.

The present work presents an attempt to define the
essence of an effective electrostatic field F, off Which
takes into account the discrete-random, rather than
uniform-continuous, character of the excess charge dis-
tribution induced by a weak external influence on the
crystallographic plane X/, Besides, numerical assess-
ments of the correctness of approximation (1) in SDA
were obtained.

1. Definition of a uniform effective field

of a crystallographic plane.

A model for calculation of the correction coefficients
to Gauss field

Fig. 2 (see the 3-rd side of cover) presents a layer
model of a nanostructure, where each layer is confined
by planes X/ containing crystallographic positions
(minima of a potential landscape), on which the mo-
bile ions jump over the potential barriers. Under an
external influence the mobile ions move along the co-
ordinate axis x, which is perpendicular to {X/} planes
and coincides with the ID direction of the FIT tunnels.
Such tunnels are typical for the SE advanced superionic
conductors (AdSICs), the crystal structure of which is
close to optimal for FIT [2—4]. Between the neighbor-
ing X/ and X/ 1 planes, at the distance of A (in a-Agl
A = 0,15 nm [7]), the mobile ions jump over the po-
tential barriers, generally of different height n. The X/
planes are electro-neutral, if there is no external influ-
ence on the nanostructure.

Let us consider the ensemble of A-ions, which can
jump from plane X 0 to the nearest plane X I Let the in-
dexa = 1,2 ... nynumber A-ions and the corresponding
potential barriers. We assume that the excess charges
induced by an external influence are on the planes {X/}
with j > 1, while plane X 0is always electro-neutral. In
the field (1) FG # 0 (j = 1) A-ions overcome the bar-
riers with the height of n + Q where the field additive

to the barrier height is QJG o &/ and does not depend
on indexes a and j

In the field F dls # 0 (j > 1), created by a discrete-
random distribution of the point charges on X/ with an
average density of ESJ = &/ all the field additives Q
depend on indexes a and j- We will consider fields F g
and Fj, weak, if Qf/2 < kgT and QU /2 < kgT.
Weak fields arise in the conducting materials during
measurement of the electrophysical values. .

Let us determine the effective field F of plane X’
usmg correction of the field additive Q of Gauss field

(1) The correction gives us a new electrlc field ad-
dmve which provides the same change of the average
probability of A-ions jumps X9 > X' as the field F dlS
created by a discrete-random distribution of the excess
point charges with the average density of & ,Jn = &/ on X/
(j = 1). Therefore, to define the decimal order of the
principle error arising at the application of (1) in SDA,
it is necessary to find the coefficients-multipliers (K) to
the field additives QJG depending on .

The solid electrolytes with high values of ionic con-
ductivity o, such as AdSICs, are important foe practical
applications. Data on values of ¢ in AdSIC in the fre-
quency range of 1—10% Hz are not available in litera-
ture. This is due to the problems with interpretation of
the impedance spectroscopy data for the substances
with high values of ¢ and o. In SE-AdSIC with pre-
dominately ionic type of the chemical bonds, the crys-
tal potential landscape determines high values of ¢
(~50...600 [17, 18]) and . The highest potential bar-
riers in FIT tunnels limit the value of . The mobile
ions through displacement polarizability (a;) make the
main contribution to ¢, therefore ¢ increases with an in-
crease of the shallow minima concentration in the po-
tential landscape. For & > 1 the relation & ~ o;c; is true.
It can be demonstrated that o; c 1/n [12, 19], therefore
g o ¢;/m, where c; is the volume concentration of the
mobile ions in AdSICs ~10%2 cm 3.

During screening of the field of the probe charge Q
in SE-AdSIC a dimensional effect should be observed.
At large distances d between Q and the observation
point the potential drops down, as oc Q/ed, but at small
scales the screening efficiency should decrease because
of the steric restrictions. There are no results of charge
screening in SE-AdSIC on small scales in literature.
Therefore, as an approximation we will use the follow-
ing function

e(d) = & — sexp(~=d/Ly), 4)

where A is a characteristic screening length. Estima-
tions show that 5 depends not only on the mobile ion
concentration, but also on the concentration of the
crystallographic positions, the shallow minima of the
potential landscape (~5¢; for AdSIC of a-Agl type),
along which the ions move.
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A comparison of the kinetics of A-ions (cations) in
the fields F é and Féis was carried out on the basis of
the layer model modified for PC calculations (Wolf-
ram Mathematica package). In the modified model
the excess charges appeared on the parallel square areas
instead of X/ (j=1, 2, ..) planes. A-cations (their
number is n, = 2000) jumped from area A (j = 0;
260 x 260 run) to area B' (j = 1; 520 x 520 nm) over
the potential barriers with height n. The charge of
A-cations on A was always balanced by the immobile
ions of the opposite sign. The model allows us to find
the probability change of jumps 4 — B! of A-cations in
case of the external influence is turned on, when the ex-
cess point charges appear on areas B/ (j = 1). The sizes
and orientations of areas B/ (j > 1) are selected in such
a way that the edges of areas B’/ are visible from the
center of area A under the space angle 6 = const, close
to 2x, as the distance between 4 and B! is equal to
0,15 nm. This approximation corresponds to the main
condition of Gauss formula (1), i.e. from any point of
X0 plane all X7 (j > 1) planes are visible under the space
angle 2n. For approximation to real structures, where
mobile ions jump on the crystallographic positions,
square node grids with a cell size of 0,6 nm are set on
Aand B/ (j > 1) areas. The initial positions of A-cations
in area A and positions of the excess charges in the
nodes of B/ (j=1) grids are also set by a random
number generator.

Let us evaluate the field additives to the barrier
heights n in transition of A-cations (4 — Bl) for the
discrete-random charge distribution (field Fy;;). For
simplicity reason, let us consider availability of the ex-
cess charges on two areas only, B! and B%. Then in field
Fyis for any barrier with index a the field additive Qg
(a=1,2, .., ny depends on the space position of the
barrier minimum on area 4 and the minimum of the
same barrier on area B! in relation to all the excess
charges n, + n, on B! and B

The electrostatic fields are additive, i.e.

a _ la 2a
Qqis = Qs T Qi > (5)

lka 2ka

m )
la 2a

In the constituent field of charges en, on B! and en,
on B (e is elementary charge) the change of average
frequency of 4 — B! jumps of A-cations can be evalu-
ated as

Nais ~ nqexp(—n/kyT) —

ny
— exp(—n/k,T) glexp(— Qis /K T). (6)
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In case of a uniform-continuous distribution of the
excess charges (field F;) on areas of B! and B? with
densities 8! = en/S; and 8% = en,/S, (S; and S, are
the areas of B' and Bz) the change of the everage fre-
quency of jumps 4 — B! of A ~cations can be evaluated as

Afg ~ nqexp(—n/k,T) —
— nexp(—n/k, T)exp(—Qg” /k, T), 7)

where Q{3 is the field additive in the uniform field F,
the same for all the barriers (a = 1, 2, ..., ny).
According to the definition, the field additive Qé;? in
the uniform field Fyy 02an be expressed through the
Gauss field additive Qé;f as
1,2 _ 1,2
Qe = Ki12Q6 8)
where Kj , is the coefficient which should be defined
during modeling. The change of the average frequency

of jumps 4 — B! of A-cations in F.¢ can be written
down as

Mogr ~ ngexp(—n/k,T) —
— nexp(—n/k, Dexp(—K, ,Q6° /ksT), (9

where Afyr~ Afgi by the definition. Then from (5)—(9)
it follows that

ny

1 2
zlexp(—(Qdi‘; + Q50)/k,T) =
a=
1,2
~ nyexp(—K; ,Q 5 [k, T). (10)

In case of weak external influence the exponents in
(10) may be expanded into the Taylor series. Preserving
the two first members of the expansion and with a par-
tial summation, we get:

Mo U 12
a a 5
a= =
After similar (6)—(11) transformations for the cases,
when the excess charge is only on one of the areas of

{Bj }, for example, on B! , it is possible to write down the
following:

ny
1 1
ZIQdii ~ nyKiQg, (12)

a=

and for B, respectively

U 5 2
a
a=




After substitution of (12) and (13) in (11), we get
KQg + K05 ~ K ,08, (14)

where QjG o &/, Assuming that in the weak fields the
values of Kj, K, practically depend little on &' n 62, it
is possible to write down (14) in the following form:

Ko~ (K3 + Kys)/(8' + 82). (15)

Equation (15) through the correction coefficients
defines field F g of the excess charges induced by the
external influence on areas B' and B The result (15)
can be generalized for any number of B’ areas.

K~ K5/, (16)

If all the correction coefficients K; ~ 1, then the
sums of the field additives to the heights of separate po-
tential barriers for an idealized uniform Gauss field F
and for a more real nonuniform field Fy;; should be
close in values, i.e.

Y 1.2
a s
a=

The relation (17) reveals the essence of field Fgff,
establishes the condition of applicability of the approx-
imation (1) in SDA and shows that inequalities (2) and
(3) can have a scope of application at essentially dif-
ferent scales. The change of the average probability of
the ion jumps over the barriers in fields Fé and Féis
is proportional to the change of the average frequency
of jumps. Therefore, fulfillment of condition (17) at
(K; ~ 1) ensures proximity of the kinetics of the ion
processes in fields Fé and Féis. .

Thus, the concept of a uniform "effective field" Fgff
should be considered not as a real physical field, but
as an instrument for elimination of the principle order
of errors connected with the use of Gauss formula (1)
in SDA.

2. Calculations of the correction coefficients Kj
for field Fg

Fig. 3 (see the 3-rd side of cover) presents the cal-
culation results of the dependence of the corrective co-
efficients-multipliers K for the index of B/ (j=1) area
calculated for ¢ = 50 and A, = 0,3 and 0,4 nm. The
dispersion of points in graphs / and 2 is defined by the
quality of randomization at a selection of nodes on B’/
in which the excess charges are located. An increase of
the values of the relative dielectric permeability ¢ from
50 up to 90 only insignificantly (~2 %) changes the
dependence of K = f(J, kQ). The necessary condition
(Kj — 1, j > ) is realized only in a narrow range of

Ao values, i.e. the screening length ) is an identifi-
cation parameter of the model. The order of values of
0,3 nm < Ao < 0,4 nm corresponds to the estimates
[19] of the thickness of the double electric layer in
SE-AdSIC nanosystems.

If SDA equations are corrected only for two or
three nearest planes with indicesj = 1 (K~ 0.25),j £ 2
(K= 0,55) and j = 3 (K= 0,75), the correction coeffi-
cients turn out to be considerably less than 1, while, at
the same time for the more remote planes approxima-
tion K~ 1 can be used. In [6, 7] the number of planes
in model nanostructures is ~25, therefore the total in-
fluence of all coefficients K on the result of the solution
of the SDA differential equation system can be estimat-
ed as ~20 % (the principle order of error for application
of Gauss formula). At 300 K the decrease of frequencies
of the ion jumps (~20 %) is comparable with the in-
crease of the barrier heights by ~0,01 eV. This kind of
uncertainty can be acceptable for many tasks with a
nonuniform potential relief, since the difference of the
barrier heights is An ~ 0,5 eV.

The characteristic size of the localization area of an
ion charge in the ionic conductors [20] is comparable
with the length A of a mobile ion jump. A fuzzy charge
of separate ions increases the uniformity of the distri-
bution of the total excess charge on planes X/. Since the
values of correction coefficients Kj depend on the de-
gree of uniformity of the excess charge distribution, the
Kj, values calculated in the approximation of the dis-
creet-random distribution of the point charges can be
somewhat underestimated (this especially concerns the
value of K).

In the case, when the excess charge is located on two
planes of X’ and X/, the values of the correction coef-
ficients of Ki, ; in accordance with expressions (15, 16)
should be linear combinations of Kj, K, &' and §&.
Fig. 4 (see the 3-rd side of cover) shows that the con-
dition of relation (15) is met for coefficients K| , and
K 3, when the ratios 8! /82 and 5! /83 on the plaﬁes X!
and X2 ()(1 and X3) are equal to 1.

Calculations and estimates show that the correction
coefficients K may be neglected for the nanostructures
with a rather big number of X planes (length of ~4 nm
and over), and SDA equations in approximation (1)
can be used for determination of the dynamic response
of a nanostructure to a weak external influence. For the
nanostructures with a small number of X/ planes the ac-
count of the corrections to Gauss field (i.e. effective
field of Fgff) can change the speed of the processes by
~50 %. Thus, the effective field Fgff is not a real phys-
ical field, and it should be considered as an instrument,
which can eliminate errors connected with the use of
Gauss formula (1) for description of the ion-transport
processes at the nanoscale level.
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Conclusion

The results of this work belong to the area of the the-
oretical nanometrology in nanoionics and will help to
overcome certain problems, which hinder development
of the perspective matrix devices with a fast ion trans-
port at the nanoscale level, such as memory cells with
a programmed metallization of the solid electrolytes,
supercapacitors of micron sizes with a record high den-
sity of energy and charge, field effect transistors with
solid electrolyte gates, sensors and memristors.

The definition of the essence of the uniform effec-
tive electrostatic field F,g of the crystallographic plane
X7 was given for the solid electrolyte model nanostruc-
tures in the conditions of a weak external influence.
Values Fgff were calculated by insertion of the correc-
tion coefficients-multipliers K; into the field-additives
QJG of Gauss field F, created by a uniform-continu-
ous excessive charge distribution on X/ By the defini-
tion, Fgff provides the same kinetics of the mobile ions’
jumps over the potential barriers, as a more real fieldof
Féis created by a discrete-random distribution of the
excess point charges on X7.

During calculation of F,g certain dimensional fac-
tors were revealed. It was demonstrated that the charge
screening length A ; was the identification parameter of
the model, while the correction coefficients-multipliers
Kj for equations of the structure dynamic approach
were noticeably less than 1 only for two or three nearest
planes with indices j £ 1 (K~ 0,25), j = 2 (K = 0,55)
and j + 3 (K~ 0,75), but for the other planes with in-
dices |k — j| > 3 the approximation K~ 1 could be used.
The effective field Féff can be considered as an instru-
ment for elimination of the errors connected with the
use of Gauss field Fé at the nanoscale level for cal-
culation of the ion-transport properties of the nanos-
tructures.

Thus, the work revealed the physical fundamentals,
which provide opportunities for calculations in approx-
imation of a uniform electrostatic field. This result is
not evident, because the excess charges induced by
weak external influences are distributed in the nanos-
tructures in a discrete-random way and create nonuni-
form electrostatic fields. By means of such nonuniform
fields control will be effected of the information carriers
in the devices of extremely small sizes necessary for de-
velopment of nanoelectronics and microsystem tech-
nologies.

The obtained results can be verified in computing
experiments, for example, during modeling of a uni-
versal (Jonsher’s) dynamic response with the use of
the corrected equations of the structural-dynamic ap-
proach of nanoionics.
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Hccenedyromes s1ekmpoHHble U onmu4eckKue ceolucmea KpPeMHUebIX I1eKmponpo8ooauUx 08yMepHbiX spZ—HaHoa/z/lomponoe.
Memodom cunvHol céa3u paccuumana ux 30uHas cmpykmypa. Iokazano, ymo 00U U3 HUX NPUHAOAeXHCAm K NOAYMEmaniiam, a
dpyeue — K Y3K030HHbIM nOAYNpogodHukam. Paccuumana onmuueckas nposodumocms cynpaxpucmaniuueckux cmpykmyp. Coe-
NQHbL OYEHKU UX KOMNAEKCHO20 nokaszamens npeaomienus. Tlokazana 603mMoicHOCMb UCNOAb308AHUSA YKAZAHHBIX CIMPYKMYP 8 Ha-

HO3/1eKMPOHUKe U ONMO31eKmpOHUKe.

Karouesnie croea: cynpaxpucmannvi, 30HHAS CMPYKMYPA, HAHOINEKMPOHUKA, ONMOINEKMPOHUKA, 2PAPeHON0000HbIe CIPYKIY bl

BBenenne

B mocnegHee Bpemsl miaHapHbie TpadeHOBBIE U
rpadeHOMOMOHbBIE CTPYKTYPHI HaXOMSIT BCe OOJbIIee
MMpUMeHeHNe B 00JIACTU HAHO3JIEKTPOHUKU U HAHO-
doronuke. [Tonmyyenue rpacdena [1, 2], cummuena [3],
6opodeHa [4] u Apyrux MarepuanoB, a TakXKe Mpen-
CKa3aHWe HOBBIX YCTOMYMBHIX TpadeHOITOTOOHBIX IBY-
MEPHBIX CTPYKTYp, TAKAX KaK IEHTArenTuThl [35, 6],
X3KeJuThl [7], rpadunsl [8, 9], rpadpaunsl [10], ckBa-
porpadutsl [11] u T. A., TOPOAMIO HACTOSIINNA OyM
B CO3JaHUM U MCCIASAOBAHUM (PU3UUYECKUX CBOICTB
HMCKYCCTBEHHBIX, HE BCTPEUAIOIINXCS B TIPUPOIE, Ha-
HoMaTepuasioB. B HacToslueir paboTe ucCaeayloTcs
SJIEKTPOHHEIE W ONITUYECKHE CBOMCTBA KPEMHUEBHIX
IUIAHAPHBIX CTPYKTYP, HA3bIBAEMbBIX CYHPAKPUCMANNA-
MU, TIOJ, KOTOPbIMU MTOHUMAIOTCSI KPUCTAJIbl, B y3J1aX
KOTOPBIX BMECTO OTIEJBHBIX aTOMOB PacIiojiaraloTcs

UX YIIOPSAOYEHHBIE KOMILIEKCH. PaHee B paboTax
[12—14] ObuIM U3ydeHBl YIJIEpOAHbIC CyIpaKpUCTall-
JIbl U TIOKa3aHbl UX MPEUMMYILIECTBa MO HEKOTOPBhIM
CBOICTBaM Iepe IIMPOKO M3BECTHBIM rpadeHOM, YTO
MO3BOJISIET UX pacCMaTpUBaTh BEChbMa MEPCIeKTUBHBIM
MaTeprajgoM JUISl UCITOJIb30BaHUS B HAHOBJIEKTPOHM-
K€, HAHOAKYCTOJIEKTPOHUKE, aKYCTOOITORJIEKTPOHU -
Ke U Opyrux orpaciusx [15].

Hccaenyembie CTPYKTYpbI

B pabGote paccmaTpuBaroTcs JMIIb sp2—HaHoanno—
TPOTIbI, B KOTOPBIX MMEIOTCSI CBOOOMHBIC SJIEKTPOHBI.
Ha puc. 1 nokazaHbl Tpu TUIIA MCCAEAYEMBbIX KpEM-
HUEBBIX 2D-cynpakpucTamiios:

e (Si)g4y — cTpyKTypa, U3BECTHas KakK OKrarpadeH

[16], comep:kalias 4eThIpe aToMa B 3JeMEHTApHOMI

syeiike (Mmoka3zaHa IITPUXOBOM JMHUEH);

Puc. 1. Uccaenyembie 2D-cynpakpucTauinyecKue KPeMHHEBbIE CTPYKTYPbI
Fig. 1. Studied 2D-supracrystalline silicon structures
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Tabauua 1
Ba3sucHble BEKTOPbI MPSAMOii U 00PaTHO# peleToK
Table 1
The basis vectors of the direct and reverse grids
(Si)aq (Si)g3(12) (Si)gg4
4= =
a =
_ 2./3+3 Jf3+2],. _ 2.3+1 J3+3),.
= (21 + b, 0) ( 7 2 jl’ [ 7 2 )b
a, = A
_ a, = (0, v3+2)/
=0, 21, + ) az=(0, /16+9¥Jl
a=lay| = lay =
a=la)| = a = =yl =lagf = 9.3
- _ 3
= (2l + 1) = (S3+2)! —[ 16+T]1
2 2n 2 2n
— 2 =|=,0/=": =|=,0|=Z.
w-onz | om=(FOE | w=(Fo
2n
b, = (1, 0) <L _ 1 )2 _ 1 1)2n

o (Si)g3(12), comepxalliasi 1IECTb aTOMOB B DIEMEH-

TapHOMU SUeiiKe;

e (Si)gg4 ¢ 12 aTOMaMU B 37IEMEHTApHOM sAYeiiKe.

B nipuBeaeHHbIX 0003HAYEHUSAX UHIEKCHI MOKa3bl-
BAalOT ITOBOPOTHYIO CUMMETpHIO. BekTopnl a; 1 a, —
BEKTOPHI TpaHCAsLuK. B Tabi. 1 aTu BeKTOpPHI, a Tak-
XK€ UX IJUHBI BBIpaxKe€HBl Yepe3 MeXKaTOMHOEe pac-
crosiuue /. Cenyer OTMETUTD, YTO Y CTPYKTYPHI (Si)44
MEXaTOMHOE pacCTOsIHUE BHYTPU KBajapara /| OosbLie,
YeM pPaCCTOSIHUE MeXay OJNMXKaWIIMMM aTOMaMu CO-
CEeIHMX KBaaparoB /,. basucHbie BekTopbl by u b, 00-
paTHBIX PEIIeTOK TakXKe MpelcTaBieHbl B TabuIIe.

Ha puc. 2 npuBeneHsl 30Hbl bpuiinosHa (3b) nis
ucciaenyeMbix CTpykTyp. ILITpuxoBoii IMHUEH moKa3a-
Ha anbrepHatuBHas 3b (puc. 2, a).

Pacuyer 30HHO# CTPYKTYpbI

MeToaoM CUJIBHOM CBSI3M ObLIa paccuMTaHa 30H-
Hasl CTPYKTypa paccMaTpMBaeMbiX HAaHOKPUCTAJLIOB.
7151 3TOro MaTpuyHbIE 3JIEMEHThl TaMUJIBTOHMAHA 3a-
MUCHIBAIUCH B MPUOJMKEHUU B3aUMOJEUCTBUSI JUILb
MEXIy OMKANIIMU COCEISIMMU:

]-Iij B Vpp n6nnx<§ﬁmne exp[ik(Rj B Ri)].
cocenu

3nech R; n Rj — paaunyc-BEKTOPbl aTOMOB C HOMeEpa-
MU [ 1 j COOTBEeTCTBeHHO; K — BoHOBOI BekTop. Ile-
pPeKpbITHE BOJHOBBIX (DYHKIMI MpPU MOCTPOSHUM ra-
MWJIBTOHMAHA HE YYUTBIBAIOChH. VIHTErpalibl epecKo-
Ka ObLIU OIpeAesieHbl N0 cxeMe, npeaaoxeHHon ['ya-
BuHOM [17]:

n
_ 0 (T)" 1Y (r)”
= Ve (3) ool {1+ [2] ]}

rae / — paccTosiHMe MeXIy aToOMaMUu B MCCIeoyeMOi

CTPYKType. 3HaYeHUs] PaBHOBECHBIX MHTETPAJIOB TIe-

PEKPBITUS Vppn U IpYTUX NapaMeTpoB pacueTta (7, 7.,

n ¥ n.) ObUIN B3ATbl U3 paboThl [18] U mpeacTaBaeHbI

B Tabj. 2, TaM XX€ MPUBEIACHBI PE3YJbTAaThl BHIYUCIIE-

HUII UHTErpaJioB MepecKoKa.

Ha ocHoBaHMM maHHBIX puUC. 3, Il IPEACTaBICHBI
SHEPreTUYeCckue XapaKTEePUCTUKU 3DJIEKTPOHOB HC-
CIIeAyeMBIX CTPYKTYpP, MOXHO CHEJaTh CIIeIYIOIIre
BBIBOJIbI:

o CTPYKTYPhI (Si)gy U (Si)g3(1) OOMAMAIOT HYJIEBOI
IIMPUHON 3ampellieHHOM 30Hbl M MpUHAIIeXar K
NoJiyMeTajuiaM, npudeM (Si)yy ABIAETCA HENPAMO-
30HHBIM MaTepualioM, a y (Si)63(12) BaJICHTHAsI 30-
Ha U 30Ha MPOBOJMMOCTH CMBIKAIOTCS B BBICOKO-
CUMMETPUYHOM TOUKeE T

o (Si)ge4 ABIAETCA Y3KO30HHBIM IOJIYIIPOBOJHUKOM
¢ IIUPUHON 3ampelieHHOM 30HBI B TOUKe M, paB-
Hoit 0,06 3B.

Puc. 2. IlepBas 3ona Bpuimosna: a — st CTPYKTYp (Si)63( ) H (Si)ggq, b — mnsa cTpyk-
TYPHI (Si)44
Fig. 2. The first Brillouin zone: a — for structures (Si) 312 and (Si)ssq, b — for structure (Si) 44
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Tabauua 2
HHuTerpansi nepeckoka
Table 2
The hopping integrals
IMapa-
Porsl (Si)gq (Sie3(12) | (Shesa
eters
0
Vppr» —0,196
eV
Ty, nm 0,235
Fe, M 0,277
n 4,04
n. 29,48
/, nm 0,177 | 0,186 0,218 0,227
:{’/p“’ —0,635| —0,520| —0,273 | —0,230
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Puc. 3. 3onnas crpykrypa 2D-cynpakpucrannos: a — (Si)yy,

b — (Si)g3(12) 1 ¢ — (Si)ge4. OHeprust PepMu MPUHUMATACH PABHOM HYJIO

Fig. 3. Band structure of 2D-supracrystals: a — (Si) 44, b — (SD)g3(12), ¢ — (Si)gs4 The Fermi energy was taken as zero

Pacuyer npoBogumocT

[MTonHasg MpoBOAMMOCTD CKIIAAbIBAETCS U3 MEX30H-
HOI1 M BHYTPU30OHHO IPOBOIUMOCTEN G = Gy T Gy
[Tpu ompeneneHUN MEX30HHON TPOBOAMMOCTH ObLIO
HCITOJIb30BAaHO COOTHOLIeHuE [19]

Sinter = Z”(f( )_f( )) X
2nm o»°
x |P, (K)*S(E, — E, — ho)d’k, (1)

rae f— ¢yHkuusg ®epmu; m — Macca dJIEKTPOHA; e —
€ro 3apsii; o — 4actota; k — BoOJHOBOe yucyio. Cym-
MUPOBAHUE MPOBOIUTCS IO 3aTIOJIHEHHOW BaJIEHTHOM
30He (V) U CBOOOIHOI 30HE MPOBOAMMOCTH (c¢). Mart-
pUYHBIE 3JEMEHTHI OIlepaTopa WMITYJIbca OIpeaeIs-
JIUCh Yepe3 MaTpuUlly raMwiIbTOHMaHa H:

P, c<k>|2 = 1|<c|Px|v>|2 + 1|<c|Py|v>|2 =
_ m@H
hak‘ >‘ hak v

IJIe ¢ U V — COOCTBEHHbIE BEKTOPHI IS COOCTBEHHbBIX

3HAYEHU TaMUJIbTOHMAHA, TPUHAIJIEXKAIIMX 30HE

MPOBOAUMOCTU U BaJIECHTHOW 30HE COOTBETCTBEHHO.
BHyTpu30oHHas TPOBOIUMOCTh OIIPEIEISIETCS TE€O-

pueit Ipyne [19]:

Sintra —

3nech y — KO3 DULIMEHT 3aTyXaHus, a », — IUIa3MEH-
Hasl yacToTa, omnpeaesemMast BbipaxkeHuem [19]

0)12) ZIH(aE (k)j

27t h €0
x 8(E,(k) — E)d’kf(E)dE. (2)

HMuTerpansl o BoaHoBoMY uuciy B (1) u (2) Obuin
paccurTaHbl YMCIEHHO METOIOM TpeyroabHuka [20],

KOTOpBIN obJiafgaeT 6osiee OBICTPON CXOAUMOCTBIO MO

CPaBHEHMUIO C APYrUMU MeTogaMu. Ilpu BeIUKMCIEHUU

WHTETpaJBI TT0 30He BpmiumosHa 3aMeHSITTNCh CYMMU-

POBaHMEM I10 ABYMEPHBIM ceTKam 18 X 18 (msa (Si)yy),

16 X 16 (mist (Si)g3(12)) 1 20%20 (amst (Si)ggy) k-TO-

YyeK. PacueTsl TpOBOMMIINCE TSI CIISIYIOIINX TTapaMeT-

poB: Ep= 0-B (Ef— aHeprusa ®epmu), oy = 10 moB

n kT = 25 mB (7 = 300 K). Dueprust poToHOB Opa-

Jach B uHTepBaze or 0 go 2 3B mua (Si)yy 1 ot 0 no

1 5B nns (Si)63(12) 1 (Si)ge4. Pe3ynbTaTBHI BHIYUCTEHNUIA,

MpeacTaBIeHHbIe Ha puc. 4, TTOKA3bIBAIOT, YTO MEXK30H-

Hasl MPOBOAUMOCTb UCCIAEAYEMBIX CTPYKTYP HECKOJIb-

KO BhbIIIE, yeM Yy rpadeHa. Tak, Hampumep, pacyeThbl

MEX30HHOU MPOBOAMMOCTH ISl TEX XKe CaMbIX 3Haue-

HUI TeMItepaTypsl 1 aHeprun Pepmu, TIpuBeacHHBIE

B pabote [21], naioT A4 HEro 3HaYeHUE G;,y,,./0( = 4.

CrarndecKast TPOBOIUMOCTh BCEX MCCIIEMYEMBIX CTPYK-

Typ npH fiw = 0 3HAYUTESILHO MEHBIIIE, YeM Y rpadeHa.
AHaJin3 3aBUCUMOCTE MeXX30HHOI MPOBOAUMOCTHU

OT YacTOThI Majawuiero usaydyeHus (puc. 4, b, d, f)

BBISIBUJI CIIeAyIOLIee:

e TreHepauus (OTOIEKTPOHOB B CTPYKTYpe (Si)gy
HaumHaeTcs ¢ sHeprum 0,48 3B, mocTuraer Makcu-
MyMma 1ipu sHeprum 0,61 3B 1 3akaHuMBaeTcs Ipu
sHeprusix 1,06 3B, 4TO COOTBETCTBYET Pa3sHOCTU
SHEPrUi MEXIY IOTOJKOM BaJ€HTHOM 30HBI U 30-
HBI TIPOBOAMMOCTH B TOUKe S (CM. puc. 3, a);

e TeHepalus (OTORJIEKTPOHOB B (Si)63(12) HayMHaeT-
cs TIpY IIPAKTUYECKU HYJIeBOM SHepruu (hOTOHOB.
DTO CBSI3aHO CO CMbIKAHHWEM BaJIECHTHOM 30HBI C 30-
HOI MTpoBOAMMOCTBIO B Touke I' (cMm. puc. 3, b). He-
6ounbiioit iepern6 npu 0,21 3B (cMm. puc. 4, d) co-
OTBETCTBYET TiepexojaM B Touke M Ha puc. 3, b.
MakcuMyM TpOBOAMMOCTM HaOIogaeTcsd Mpu
0,27 3B, 4TO COOTBETCTBYET MEX30HHBIM MEPEXO-
maM B Touke K;

o v (Si)ggs (cM. puc. 4, f) Habmonaercss TpU IUKa:
MepBbIi npu 3Hepruu, pasHoi 0,06 3B, coorBeTCT-
BylOlLIe#1 mepexogaM B Touke M (cM. puc. 3, ¢), BTO-
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Puc. 4. OnTHyeckas npoBOAMMOCTb CYHNPAKPUCTANIOB: a, b nis
(Si)gy, ¢, d — (SD)g3(12)> €, f — (Si)ge4- LLTpHXOBOIL MKMHMEIH TTO-
Ka3aHa JeMCTBUTENIbHAs 4YacTb BHYTPU30HHOW MPOBOAMMOCTH,
oy = e2/4h. [Mpu pacuerax OB MCMOJB30BaHBI CIEAYIONIE 3HA-
YEeHHsI MMTapaMeTPOB: Ef= 0 9B, kT =25 m3B, iy = 10 2B

Fig. 4. Optical conductivity of the supracrystals: a, b — for (Si) 44, ¢, d —
for (Sl)63( 12 J— for (8i) g4 The dashed line — the real part of the
intraband conductivity o) = e2/4h. The calculations used the settings:
E;=0eV, kT = 25 meV and hy = 10 meV

poii ipu 0,90 3B cOOTBETCTBYET JTOKAJILHOMY MU-
HUMyMy Mexny Toukamu I' u K, Tpetuii npu sHep-
rum 0,13 3B — mepexomaM B Touke K.

Pacuer noka3arens npejiomiieHust

Hns viccneayeMbIX CyNpakpUCTAIJIOB B Auana3oHe
ot 0 1o 3 3B no ¢opmyine [19]

n=|14+0)

dog

OBITM OLIEHEHBI KOMIUIEKCHBIE TIOKA3aTe TN TIpeIoMJIe-
HUSL N = n, + nj B HaNpaBJIeHNUU, TAPAJUIETbHOM UX
TUTOCKOCTSIM. TOJIIMHA KPUCTALUTMYECKUX JIUCTOB d
cunTanach paBHoi 0,335 HM (Ha caMoOM JieJie 3TO pac-
CTOSIHUE MEXIY CJI0sSIMU B IpacheHOBOI CBepXpelleT-
ke). Ha puc. 5 moka3aHbl 3aBUCMMOCTHU JEHCTBUTEIb-
HOW 1, 1 MHUMOM 7; YaCTei MOKa3aTesIs IPeTOMIEHHU
OT YacToThl. BUIHO, YTO KpeMHUEBBIE CYyMPaKpPUCTAII-
JIBI UMEIOT y3K1e 30HbBI HerporyckaHus. HyneBoe 3Ha-
yeHue n, B auanasone ot 1,12 no 1,44 3B nna (Si)yy,
ot 0,36 1o 0,50 3B mna (Si)g3(12) 1 o1 0,45 10 0,66 3B
1151 (Si)ggs MOKA3BIBAET, UTO JIEKTPOMATHUTHBIE BOJI-
HBI COOTBETCTBYIOIINX SHEPTHil, Mafalole B IJIOCKO-
CTU CYNpPaKpUCTAIOB, MpETepreBaoT IMOJHOE OTpa-
xeHue. [lna (Si)ggy OKA3aTEND NPEJOMIIEHNS PaBeH 1
B uHTepBane ot 2,4 1o 3 3B, a nna (Si)63(12) OH paBeH 1
B MHTepBajse ot 1,86 mo 3 3B, T. e. BO BceM omnrTHue-
CKOM JIMaIa3oHe 3JeKTPOMarHMTHBIE BOJHBI pacIpo-
CTPaHSIIOTCSl BAOJb IBYMEPHOIO JUCTa 0€3 MpeoM-
JIEHUS.

3akiouyeHune

B paGotre ObUIM HCCIEeAOBaHBI CTPOCHUE DHEPTIE-
TUYECKUX 30H U TNPOBOAMMOCTb ABYMEPHBIX KpeM-
HUEBBIX CYNPaKpUCTAJIOB, a TakxKe ObLIM paccuuTa-
HBbI JUISI HUX KOMIUIEKCHBIE MMOKA3aTeau MPEIOMIICHUS.
[TonydeHHBIE pe3yIbTaThl MOKA3bIBAIOT, YTO IBE CTPYK-
TYpbI ((Si)44 1 (Si)g3(12)) SABISIOTCS MONYMETALIAMH, &
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Puc. 5. Kommiekchblii nokasaTe.ib npeomiaeHus: a st (i) 44, b — (Si)g3(12), ¢ — (Si)ggy. CILTOLIHOI NTHMHNMEH TOKA3aHA NEHCTBUTEIbHAS YaCTh

n,, IJ.[TpI/IXOBOf/T JIMHWEH TToKa3aHa MHUMasl 4YacTb n;

Fig. 5. Complex refractive index: a — for (Si) 44, b — for (5i) 53.12), ¢ — Jor (Si) 564 The solid line — the real part n,, dashed line — the imaginary part n;
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(Si)gg4 — Y3KO30HHBIM TOJTYIIPOBOAHUKOM. APKO BbI-
pakeHHble MaKCUMYMbl MEX30HHOI MPOBOJUMOCTHU
(Si)g3(12) 1 (Si)gg4 Ha ONpPENETICHHBIX YACTOTAX TTO3BO-
JISTIOT paccMaTpuBaTh 2D-cynpakpucTalibl B KaUeCTBE
MaTepuagoB sl AETEKTOPOB U3TYYEHUSI COOTBETCT-
Byrolux 4acTtoT. K coxanenuto, (Si)yy gBisg€TCA He-
MPSIMO30HHBIM MaTepUAIOM, a TaKue, KaK U3BECTHO,
MMEIOT MEHbIlIee MPUMEHEHUE B OITOAJIEKTPOHUKE.
Hanuuue y nccnenyembix MaTepuayiioB objaacTeit mos-
HOTO OTPaXEHMSI DJIEKTPOMArHUTHBIX BOJIH, B TOM
YHCJie ¥ B ONTUYECKOM JHana3oHe, MO3BOJUT UCTOJIb-
30BaTh UX B KauecTBe (DUIBTPOB.

ITosyyeHHbIE pe3ybTaThl B LIEJIOM ITOKa3bIBAIOT O
11e71eCO00Pa3HOCTU CUHTE3a JAHHBIX MaTePUAJIOB.

Aemop evipadxcaem baazodaprocmev P. A. Bpaxce 3a
obcyscderue pe3yabmamos U yeHHble 3amMedaHusl.

Paboma evinosnena 6 pamxax eocyoapcmeernoeo 3a0a-
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Electronic and Optical Properties of Silicene sp? Nanoallotrops

The paper presents studies of the electronic and optical properties of 2-dimentional silicene crystals. Their band structure was
calculated by the method of tight binding. The work demonstrated that some of them belong to semimetals and the other — to the
narrow banded semiconductors. The optical conductivity of the silicene crystal structures was calculated and estimations of the values
of their integrated refractive index were done. Opportunities for application of the indicated structures in nanoelectronics and

optoelectronics were outlined.

Keywords: silicene crystals, band structure, nanoelectronics, optoelectronics, graphenelike structures

Introduction

Planar graphene and graphene-like structures are
used in nanoelectronics and nanophotonics. Prepa-
ration of graphene [1, 2], silicene [3], borophene [4]
and other materials, the prediction of new sustainable
graphene-like two-dimensional structures such as pen-

tapeptides [5, 6], hakelites [7], graphines [8, 9], grafdines
[10], square-graphites [11] and so on, that has created
a boom in the building and study of the physical prop-
erties of non-naturally occurring nanomaterials. The
work explores electronic and optical properties of sili-
con planar structures called supracrystals, which are de-
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fined as crystals, in which the ordered complexes are ar-
ranged in the nodes instead of their atoms. Earlier, in
[12—14] the carbon supracrystals were studied and
show their advantages over well-known graphene were
shown, which allows to consider them as very promis-
ing materials for nanoelectronics, nanoacoustoelec-
tronics, acoustooptoelectronics and other sectors [15].

Studied structures

The paper considers the spz—nanoallotropes in which
there are free electrons. Fig. 1 shows the three types of
the studied silicon 2D-supracrystals:

e (Si)44 — structure, known as octagraphene [16],
comprising four atoms in the elementary cell (shown
by dashed line);

o (Si)g3(12) includes six atoms in the elementary cell;

e (Si)geq with 12 atoms in the elementary cell.

The indices show rotational symmetry. The vectors
a; and a, are the translation vectors. They and their
length are expressed in Table 1 in terms of the intera-
tomic distance /. The (Si)y44 structure’s inter-atomic
distance within the square /; is greater than between the
nearest atoms of the neighboring squares /. The basis
vectors of the reciprocal lattices b; and b, are also
shown in Table 1.

Fig. 2 shows the Brillouin zones (BZ) for the struc-
tures under study. The dashed line shows an alternative
BZ (fig. 2, a).

Calculation of the band structure

The band structure of the considered nanocrystals
was calculated by the method of strong coupling. To do
this, the matrix elements of Hamiltonian were written
in the approximation of the interaction only between
the nearest neighbors:

Hlj N Vppn ngrs

neighbors

exp[ik(Rj - Ryl

where R; and R; — the radius-vectors of the atoms with
the numbers i and j, respectively, k — the wave vector.
The overlap of the wave functions in the construction
of the Hamiltonian was not taken into account. Hop-
ping integrals were defined by Goodwin’s scheme [17]

n
_ 0 (To)" 1\ (r)
Vorr = Vipr (7) exp( {_{FJ J{FC ’

where / — the distance between the atoms in the struc-
ture under study. The values of the integrals in equilib-
rium of overlappings ¥, and other calculation pa-
rameters (1, 7., n and n,) were taken from [18] and are
summarized in Table 2. There are also the results of cal-
culations of the hopping integrals.
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We can make the conclusions on the base of the data
in fig. 3, which shows the power characteristics of the
electrons of the structures under study:

o structures (Si)44 and (Si)g3(1y) have a zero bandgap
and belong to the semimetals, in what connection
(Si)44 are the indirect-bandgap, while the valence
band and conduction band of (Si)63(12) meet in high
symmetry point G;

e (Si)geq is @ narrow-gap semiconductor with a band
gap at the point M, equal to 0,06 eV.

Calculation of conductivity

Full conductivity consists of the interband and in-
traband ¢ = o,,,,,. + 6,4, The following ratio was used
in determining of the interband conductivity [19]

Sinter — Z“(f(E)_f(E)) x
2nm o
x |P, (K)S(E, — E, — ho)d’k, (1)

where f — Fermi function, m — mass of the electron,
e — its charge, ® — frequency, kK — wave number. The
summing was carried out on the filled valence band (v)
and the free zone of conductivity (c). The matrix ele-
ments of the momentum operator were defined through
the matrix of the Hamiltonian H:

1P, BOP = SlclP W2 + el v =
moH|
= s[celrstlel * 3 |lral

where c and v — the eigenvectors for the eigenvalues of
the Hamiltonian, belonging to the conduction band
and the valence band, respectively.

The intraband conductivity is determined by the
Drude theory [19]:

O; = .
intra o + iy

where y — the damping factor, and w, — plasma fre-
quency, determined by the expression [19]

mf, Z il [aE (k))

nha

X 8(E, (k) — E)d*kf(E)dE. Q)

The integrals over the wave number in (1) and (2)
were calculated by the triangle method [20], which has
a faster convergence when compared with others. In the
calculation, the integrals over the Brillouin zone were
replaced by summation by two-dimensional grids
18 %18 (for (Si)yy), 16x16 (for (Si)g3(12)) and 20%20
(for (Si)¢4) kK — points. The calculations were performed




for: Ef= OeV (Ef— Fermi energy), #y = 10 meV and

kT =25 meV (T = 300 K). The photon energy was

taken in the range from 0 to 2 eV for (Si)44, and from

0 to I eV for (Si)g3(1,) and (Si)ge4. The calculation re-

sults (fig. 4) show that the interband conductivity of the

studied structures is somewhat higher than that of
graphene. For example, the calculations of the inter-
band conductivity for the same values of temperature
and Fermi energy, give the value o,,,,/cq = 4. The
static conductivity of the all studied structures at

ho = 0 is substantially less than for the graphene [21].
The analysis of the dependences of the interband

conductivity on the frequency of the incident radiation

(fig. 4, b, d, f) has revealed the following:

e generation of photoelectrons in the structure of
(Si)y4 begins with the energy of 0,48 eV, which
reaches a maximum at 0,61 eV and ends at 1,06 eV,
which corresponds to the energy difference between
the valence band and the conduction band at the
point S (see fig. 3, a);

e generation of photoelectrons in the structure of
(Si)63(12) begins at near-zero energy of the photons.
This is caused by interlocking of the valence band
with the conduction band at the point G (see
fig. 3, ). A small bend at 0,21 eV (fig. 4, d) corre-
sponds to transitions at the point M. The maximum
conductivity at fig. 3, b is observed at 0,27 eV,
which corresponds to the interband transitions at
the point K;

o (Si)ggq (fig. 4, /) has three peaks: the first, at the en-
ergy of 0,06 eV, corresponding to the transitions at
the point M (see fig. 3, ¢), the second at 0,90 eV,
which corresponds to the local minimum between
the points G and K, and the third, at the energy of
0,13 eV, corresponding to the transitions at the
point K.

Calculation of the refraction index

The complex refractive index #n = n,.+ n;i in the di-
rection parallel to their planes were evaluated for the
studied supracrystals ranging from 0 to 3 eV by the for-

mula [19]
— |14 lo(®)
n 1+ dos,

The thickness d of the crystalline sheets was consid-
ered equal to 0,335 nm (actually, this is distance be-
tween the layers in the graphene superlattice). Fig. 5
shows the dependence of the real n, and imaginary n;
parts of the refractive index from the frequency. It is
seen that silicon supracrystals have narrow nontrans-
mission bands. Zero value #, in the range from 1,12 to
1,44 eV for (Si)y4, from 0,36 to 0,50 eV for (Si)63(12),
and from 0,45 to 0,66 eV for (Si)gey4 indicates that the
electromagnetic waves of the corresponding energies

incoming in the supracrystals’ planes undergo total re-
flection. For (Si)¢e4 the refractive index is equal to 1 in
the range from 2,4 to 3 eV, while for (Si)g3(1y) it is equal
to 1 in the range of from 1,86 to 3 eV, i.e. the electro-
magnetic waves propagate along the two-dimensional
sheet without refraction in all optical range.

Conclusion

The structure of the energy bands and the conduc-
tivity of two-dimensional silicon supracrystals were in-
vestigated, as well as the complex refractive indexes for
them were calculated. The obtained results show that
the two structures ((Si)y4 and (Si)g3(1,)) are the semi-
metals, and (Si)¢g4 is the narrow-bandgap semiconduc-
tor. The pronounced highs of the interband conductiv-
ity for (Si)g3(12) and (Si)gey at the specific frequencies
allow to consider the 2D-supracrystals as the materials
for radiation detectors of the corresponding frequen-
cies. Unfortunately, (Si)44 is the indirect-bandgap ma-
terial, that sort of materials has less application in op-
toelectronics. The presence of the total reflection areas
of electromagnetic waves for the studied materials, in-
cluding those in the optical range, allow to use them as
filters.

The author expresses his gratitude to the R. A. Braze
Jor discussing of the results and valuable notes.
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CO3AAHUE MUKPO- U HAHOAOMEHHDBIX CTPYKTYP B CETHETOSAEKTPUKAX
C UCINMOAb3OBAHUEM UHTEPOEPUPYIOLLUETO TUMEP3BYKA

Ilocmynuna 6 pedaxyuro 06.07.2015

Paspaboman aneopumm pacuema mexHono2uMecKux napamempos QHopMupoSanus: pecyasipHuiX 00MEHHbIX CIMPYKMyp aKycmo-
unmepghepenyuonnbim memodom. OueHeHbl OCHOGHBIE MEXHOA02UYecKue Napamempsl NPUMEHUMENbHO K C-0pUeumupo8aHHbIM
naeHKam yupkonama-mumanama ceunya. Ilokaszano, 4mo ucnoav3oeanue axKycmouHmeppepeHyuoHHo20 memoda Nno360/sem
gopmuposams peeynspHvie 0OMeHHble CIMPYKMYPbL 8 NACHKAX YKA3AHHO2O Ce2HeMOdNeKmPUKa ¢ peKopPOHO MAnol NPodoANCUmeNb-

HOCMbIO MeXHOA02UHeCcKo20 yukaa t- < 0,25 mkc.

Karoueewie caosa: popmuposarue domennvix cmpykmyp, naenku L[TC, akycmounmeppepeHyuonHblll Memoo, memnepamyp-

Has peuiemka

BBenenue

Paspaborka mMeTonoB (popMUPOBaHUS PETYISIPHBIX
nmomeHHBIX cTpyKTyp (PIC), He TpeOyrommx IpuMe-
HeHus ¢otoautorpacdum [1—9], mpeacrasisieT oco-
ObIii MHTEpEC IS UX MAacCOBOT0O MPOM3BOACTBA. Me-
Toabl (popmupoBanusi PIIC, ocHOBaHHbIe HA CKaHU-
POBaHMU 30HJa aTOMHOI'O CUJIOBOI'O MUKPOCKOMA U1
BJIEKTPOHHOI'O Jy4ya IO IOBEPXHOCTU CETHETOJIEK-
TpUKa. TPeOYIOT OOJBIION MPOAOTKUTEIBHOCTU TEX-
HOJIOTMYECKOTO LIMKJIa M3-3a IMOCJIe0BATeIbHOIO Xa-
pakTepa Ipoliecca CKaHUPOBaHMs, a TAKXKe obecreyu-
BalOT JINIIb HETJIyOOKOE ITpopacTaHue JOMEeHOB [1—4].

CylecTBEeHHBIM MPEUMYILIECTBOM METOHOB, OC-
HOBaHHBIX HA TEPMOUHTEP(HEPEHLIMOHHOM TTPUHIIUIIE
[9], ssBNsgeTCST MpeaenbHO Manasi MPOIOKUTEIBHOCTh
TEXHOJOTMYECKOTO LIMKJa, COM3MEepUMasi ¢ BpeMeHeM
MePEeKIIOYeHUS JOMEHOB 3JIEKTPUYECKUM TOJIEM, a TaK-
»Ke BO3MOXHOCTh co3faBaTb PIC B 00beMHBIX KpH-
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CTajlylaX CerHeTORJIEKTPUKOB. [1py 3TOM TaHHBINM MPUH-
uun nossossieT co3naBatk PIIC tuna "side-by-side” ¢
CyOMMKPOMETPOBBIM TMPOCTPAHCTBEHHBIM TEPUOIOM.
Hanpumep, ucnoab3oBaHue UHTepPEpUPYIOIIMX Ja-
3epHBIX MYYKOB Mo3BoJinio chopmuponatsh PIC ¢ ne-
puonom 0,7 Mxm [5]. BMecte ¢ TeM, J1azepHoe obyue-
HHE COIMPOBOXIAETCS TeHepanueil HOTOMHIYITPOBaH-
HBIX HOCUTEJIeH 3apsiia, YTO MPUBOAUT K HeXeJlaTeb-
HbIM 3 deKkTaMm, K TaKUM, HallpuUMep, KaK 1eCTPYKLIUS
TeMIEepaTypHON pEeLIeTKM 3a CUET TeIJIOBbIACICHMUS
PEKOMOMHUPYIOIIMMHA HOCUTESIMU 3a TipeaesiaMu
My4YHOCTei MHTepdEepeHILIMOHHON KapTUHBI. YCTpaHe-
HHUE ITOJOO0HBIX HeXelaTeabHbIX 3(P(PeKTOB 0COOEHHO
BaxkHO Tipu hopmupoBaHuu PJIC ¢ ManabiM rieproaoMm.

s mpenoTBpallieHrs HEKOHTPOJIMPYEMOTO POCcTa
KOHIIEHTPAIIMX HOCUTEJIEH, a TAKXKEe B LIEISIX MUHUMM--
3alMM MPOAOKUTEIBHOCTH TEXHOJIOIMYECKOTO LIMKJIIa
HaMM pa3pabaTbhIBaeTcsl TexHoJiorus [6—8], ocHoBaH-




Hasg Ha WCIOJIb30BAaHUU TEeMIIEpATYpHOW PEIIETKH,
HaBENIEHHOU WHTep(EepUpPyOIIUMU TUIIEP3BYKOBBIMU
My4yKaMu, MaJalluMi U3 XXKUIKOW cpenbl Ha +c-To-
BEPXHOCTh CErHETORJIEKTpUKA (aKyCcTOMHTep(hepeHII-
OHHBII MeTon). JIeliCTBUTEIbHO, BO3IEICTBUE TUTIEP-
3BYKOBBIX BOJIH Ha KPUCTAJIJI HE MPUBOJIUT K MOBBILIE-
HUIO KOHLIEHTpallMM HOCUTEJIEN 3apsiaa 6i1arogaps To-
My, YTO SHEpIHs KBaHTa TUITep3BYKa Ha S...6 TIOPSIAKOB
MEHbIIIe SHEPTMU KBaHTAa ONTUYECKOTO M3IYUYEHMSI.
AxycTonHTEep(PEepeHLIMOHHBIA METO/I JIOKAJIbHOIO IIe-
PEKJIIOUeHUSI TOMEHOB OJHOPOIHBIM 3JIEKTPUYECKUM
MOJIEM SIBJISIETCSI OJHUM U3 TIyTel peanu3aiiv TepMo-
uHTepdepeHIMOHHOro puHLMMa [9]. B ocHOBy maH-
HOTO METO/a MOJOXEH 3KCIEPUMEHTAIBHO MTPOBEPEH-
HBII (aKT, OOHAPY:KEHHEI B pabOTax HE3aBUCUMBIX
apTopoB [10, 11]. YcTaHOBIEHO, UTO MPOLIECC UHBEP-
TUPOBAHUSI JOMEHOB 3JIEKTPUYECKUM I10JIeM Hauu-
HaeTcs ¢ 3apojiblllie00pa3oBaHnsl JOMEHOB Ha +c-To-
BEPXHOCTU CETHETORJIEKTPUKA, PACIPOCTPAHSISICH IO
HarpaBJIeHUIO K — C-TIOBEPXHOCTH.

C yyeToM maHHOI 0COOEHHOCTH 3apOIbIIIe00pa3o-
BaHUS JOMEHOB B pacCMaTpUBAeMOM HIKE TEXHOJIO-
TMYECKOM YCTAaHOBKE OOJIydeHUe WHTEepGhEepUPYIOLIH-
MU IMYYKAMU OCYIIECTBIISIETCS UMEHHO + c-TIOBEPXHO-
CTH CETHETORJIEKTPHKA.

TexHonornyecKass yCTAaHOBKA
s popmuposanus PJIC

JleiicTBME TEXHOJIOTMYECKOM YCTAHOBKM OCHOBAHO
Ha KOMOMHUPOBAaHHOM BO3JEHCTBUU IBYX UMITYJIbCOB:
UHTEep(PEPEHIIMOHHOTO U UHBEPTUpYOLIero. Pabouuii
Y4aCTOK TEXHOJOTMUECKOH YCTAHOBKM IMOKa3aH Ha py-
CyHKe (dJIeKTpUYecKasi cxemMa U CxeMa MOHMTOPHUHIa
MpopacTaHusl TOMEHOB He TTOKa3aHBbI).

B o6beme cerHetoasiekTpuka I Ha ydyacTKe, IIpuie-
rarmouieM K MHTephepeHIIMOHHOI KapTuHe, (opMupy-
ercst PJIC 3a cueT JoKaJlbHOrO TMepekIoueHnsT JoMe-
HOB OJHOPOIHBIM 3JIEKTPUUYECKUM TosieM. Ilpu sToM
HCTIOJNb3YETCsl KUAKAS 3JIEKTPONPOBOMSIIAS TOIJIO-
marolas IieHKa 6, KOHTaKTHPYIoIIas ¢ + c-TIoBepX-
HOCTBIO & CEeTHEeTO3JIeKTpuKa. IlIeHKa 6 BBINOIHSET
(byHKUMIO 351eKTpoa [Uid noxadyu HampsokeHus U,
OCYIIECTBIISTIONIETO JIOKAJTbHOE TePEeKIIOUeHNE CITOH-
TAaHHOW MOJApU3ALMK Pg Ha TeMIepaTypHON penier-
Ke. PagrouMnysbe momaeTcss Ha BXOJ u3llydartesieil 4
MIPOMOJBHBIX aKyCTUYECKMX BOJIH, WHTepdepHpyro-
IIKUX B 00J1aCTU MepeKphITUS My4KoB. I1pu a3TOM TeM-
rnepaTypHasi peleTka co31aeTcsl Ha yJacTKe TIJIEHKU 0,
OXBAaY€HHOM MHTep(PEpPEeHLIMOHHON KapTUHOU (KO3-
(bULIMEHT MOITOLIEHMST 3ByKa B XKUIKOM TUIEHKE 3Ha-
YUTEJBbHO IIPEBBLIIIACT TAKOBOW B 3BYKOIIpPOBoOAE J3).
Bnaromapst HemocpenCTBEHHOMY KOHTakTy ¢ +c-To-
BEPXHOCTbIO IPOMCXOAUT TPAHCISILUS TeMIlepaTyp-
HOW pelIeTKX B 3apojblllie00pasyloliuii ciioi 7 cer-
HETORJIEKTpUKa 3a c4yeT Teruionepenayd. K obGeum
C-TMIOBEPXHOCTAM S U 11 noaximouaercs Hanpsbkenue Up
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YyacTok TexHoJ0rH4YecKoii ycranosku st popmuposanus PIC Tu-
na "side-by-side"

The image of the technological unit for RDP generation of the "side-by-
side"” type

IUTSL CEJIEKTUBHOM TepeopreHTAIINM JOMEHOB ITO/I Ha-
TPEThIMU YYacTKaMM B MyYHOCTSIX UHTep(EPeHLIMOH-
HO# kapTuHbl. [Ipu 3TOM IS epeaauyu MOTeHLMaNIA
OT aJiekTpoaa /0 K —c-TIOBEPXHOCTU Yepe3 XKUIKOCTb 5
MOCJEIHSISI TAKXKE AOJIKHA ObITh 3JIEKTPOIPOBOASIIEH
(BO3MOXEH TaKKe BapMaHT "CETHETO3IEKTPUK Ha TBEP-
JIOW MPOBOSIILIEH MOATOXKe").

3BYKOMNPOBOJ aKyCTUYECKOro 6JioKa 3 ¢ 1ByMs U3-
JlydyateasiMu 4 U3rOoTOBJIEH M3 MaTepuasa ¢ MajlbiM
K03 duiIMeHTOM 3aTyxaHUs aKycTuyeckux BosiH. Co-
CTaBHBIC YaCTU CXEMbI MPMKAThl K KPUCTAJUTY CErHe-
TOBJIEKTPUKA Yepe3 YIUIOTHUTEIbHbIE Kobla 2 (pe3u-
HOBBIE MAHXXEThI) C TOMOILIbIO CTPYOLMHBI 9. [T 1o -
Jep>KaHUs TTOCTOSTHHOM TOJILIMHBI XKUIKOU MJIEHKU 6
B YCJIOBHUSIX BO3MOKHBIX BMOpaIMii KOHCTPYKIIUU U,
cJemoBaTeIbHO, LISl o0ecreyeHus CTaOUIbHOCTU MH-
TephepeHLIIMOHHON KapTUHbBI, HA aKyCTUUYECKOM 0J10-
Ke 3 MpeayCMOTpeHbl OrpaHUYUTEIbHbIE BBICTYIIBI.

[aHHas ycTaHOBKa MpeaHa3HauyeHa isl (hopMuU-
poBanus PIIC kak B OOBEMHBIX CETHETOIJIEKTPUKAX
c-cpe3a, TaKk U B CErHETOANEKTPUUYECKUX C-OPUEHTHU-
POBaHHBIX TUIEHKAX.

AJII‘O[)I/ITM pacuyeTa TEXHOJOrH4C€CKHX nmapaMeTpon
H YUCJICHHBIC OLICHKH

ITpu dopmuposanuu PIAC akycTouHTephepeHLU-
OHHBIM METOMIOM I1eJIECOOOPa3HO MCIIOb30BaTh Clie-
IOYIOIIUI aJITOPUTM pacyeTa OCHOBHBIX TEXHOJIOTMYE-
ckux mnapameTpoB. IlycTb TpeOyeTcsi chpopMupoBaTh
PIC ¢ nepuonoMm d, mmpuHoOil b n anuHOU a. Jns
obecrieueHUS TPAHCIISLINN TeMITepaTypPHOM PEIIETKH C
MOmIoNIAIONIEH TIJICHKH 6 (CM. pUCYHOK) Ha Z-TIOBEPX-
HOCTbh HEOOXOMMO, UTOOBI TOJIIIMHA TIJIEHKU YIOBJIE-
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TBOpsu1a ycnoBuo & K d. Ilycts, Hanmpumep, & ~ d/8.
YyutbiBasi, YTO MHTEHCUBHOCTb BOJIHBI 3aTyxaeT IO
3aKkoHy byrepa, a Takxke 4TO HeoOXomaMMa TPaHCIISILIS
TEMIEePaTypHOil pelleTKH Ha TMOBEPXHOCTb CErHeTO-
3JIeKTpUKA, BbIOVMpaeM IUIEHKY TOJIIMHOMN, MPUOIU3U-
TEJIbHO PAaBHOW TOJILIMHE CKMH-CJIOS. B 3TOM ciyyae
KO3(hGULIMEHT MOMIOIIEHUS TUTIEP3BYKa oL B MaTepua-
JIe TIICHKU oIlpenessercs mo ¢popmyie

o~ 8/d. (1)

B kauvecTtBe Marepuana XKUIKOHA IPOBOISILEH
IUIEHKU BbIOMpaeM BoaHbii pacTtBop LiCl. Jlnst naH-
HOro MaTrepuajla U3BeCTeH KO3(P(GUIUEHT Ipomnop-
IIMOHAJTBHOCTH A YaCTOTHOM 3aBUCUMOCTH TOKa3aTe-
JIST TIOTJIOLIEHUS] aKyCTAUYECKUX BOJIH o = Afz. C yue-
ToM (popmyiisl (1) onpenenseTcss HEOOXOAMMAs YacTO-
Ta TUIEP3BYyKa

f~ J8/(dA). 2)
W3BectHo, uTOo mepuon d umHTepGhepEeHIIUMOHHOMN
KapTUHBI, CO3IaBaeMOil ABYMsI TydYKaMu, pacipocTpa-
HSIIOLUMMUCS TIOA YIJIOM 2B APYr K IPYry, Ompeaessi-
ercsl popMyJion
d = )\/(2sinp). 3)
Torma yron mameHus B IMy4KOB Ha IOTJIOMIAIONIYIO
IUIEHKY-2JIEKTPOJ OlIeHMBAeTcs Mo ¢dhopmyIie

Sil’lﬁ R VSSA_/‘//\/2—56 5 (4)

IJIE Vgg — CKOPOCTb TUIIEP3BYKa B 3ByKOIIPOBOJIE aKy-
CTHUYECKOTo OJI0Ka.

JvHa anepTyphl KakIOro Mhe30M3IydaTeist

p~afl-vig/(32d). 5)

HnvHa L 3ByKOINpPOBOJA aKyCTMYECKOTo OjioKa

L~-L /8d/A. (6)
vss

AnutenbHOCTh MHTEPGhEPEHLIMOHHOIO MMITYJIbCca
(151 anmabaTUYEeCKOro HarpeBa B IyYHOCTSIX) JOJDKHA
ObITh MHOTO MEHbIIIe BpEMEHU pejlakcalluy TemIiepa-
TypHO# pewmetku (f, K 1~ a’z/x) M OLIEHUBAETCS IO
chenytoueit popmyie:

t, = 0,1d%/y, (7)

rme y — Ko3hDObUIHUEHT TeMIlepaTyponpOBOIHOCTH
CEerHeTO3JIEKTPUKA.

3Ha4yeHue [, KOPPEKTUPYETCS C YYETOM YCIOBUSA
KBa3UTapMOHUYHOCTH #, > 1/f.

INamaromniasi Ha TOTIONIIAIOIIYIO TIEHKY-3JEKTPOLI
MOIIHOCTh aKyCTHYECKOro MMIyJbca (oOecreyuBaro-
11as aguadbaTUYeCKUii HarpeB B IIyYHOCTSIX) BBHIYMCIISI-
€TCsI C TIOMOILIBIO CJAEAYIONIEro BeIpaxXeHus [7]:

C xATS
~ pa dx 1+ SZCP , (8)
L6(-Ryd\ "dCp,

Py
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rne C,, p, — VIAelbHasg TEIUIOEMKOCTb U IIJIOTHOCTb
MorIolalollel TMICHKU-2JIEKTPOAa COOTBETCTBEHHO;
C, p — ynesibHas TEIJIOEMKOCTb M TUIOTHOCTb CEeTrHe-
TOBJIEKTPUKA COOTBETCTBEHHO; 7 — TOJIIIMHA 3apObl-
11e00pasyIolero CJIosl CeTHETOIeKTPUKA (1151 CEerHe-
TOBJEKTPUUYECKHUX TIJIEHOK — TOJIIIMHA TJIEHKH); R —
KO3(hGULIMEHT OTPAXKEHUS OT MOTJIOIIAIOIIEH TIJIEHKH;
AT — mpupallleHue TeMIIepaTypbl B TeMIIEpaTypHOM
peuietke; S — mowans PAC, paBHas S = ab.

JaHHOE BhIpaXKeHUE YUIMTHIBACT KaK 3aTpaThl IHEP-
I'MUA Ha JIOKAJbHBI HarpeB MOIJIOLIAIOIICH TIJICHKU-
aJIeKTpoaa (B IMyYHOCTSIX MHTepGepeHIIMOHHOM Kap-
TUHBI), TaK U DHEPro3aTpaThl HA TPAHCSILIMIO TEMIIE-
paTypHOi peleTKu B 3apojbllieo0pa3yroliuii cioi
CErHeTORJIEKTPUKa (32 CUET TeIlIonepenaun).

MmnynbcHas MowHocTh Py reneparopa CBY xo-
JlebaHuit, mogaBaeMasl Ha BXOJ Nbe30U3IyJaTesieil, Bbl-
YUCISeTCs 1o cieayiouieii popmyie [6]:

2
Prexp(2Agg/f L)
-]

Koy +1

rae Kgy, 1 — KOo(POULUUEHT cTOAYEH BOJTHbBI B paiuo-
TpakTe U 3(PPeKTUBHOCTL MPEOOPA3OBAHUS 3JIEKTPU-
YECKOM SHEPrUM B aKYCTHYECKYID COOTBETCTBEHHO;
Agg — KO3(GOULUMEHT MTPOMOPLUUOHATBHOCTU YacTOT-
HOI 3aBUCHMMOCTM TOKa3aTessl IOTJIOIIEHUST THIep-
3ByKa JUIS MaTepuasa 3ByKOIPOBO/A.

JaHHOe BhIpa’k€HUE YYUTHIBAET MOTEPU aKyCTUUE-
CKOW BHEpPruu B 3ByKOIMPOBOJIE, a TAKXKe MOTepH Tpe-
00pa3oBaHMsI 2JIEKTPUIECKON SHEPIUU B aKyCTHUe-
CKYI0 (Kak AuccUnaruBHble, TaK U MOTEPU Ha OTpaxke-
HHUE 3JIEKTPOMAarHUTHOI BOJIHBI OT ITbE30MU3TydaTesieii).

Boiren3moxXeHHBIM aJropuTM OBIT MCIIOJb30BaH
IUIST pacyeTa OCHOBHBIX TEXHOJOTMYECKHUX IMapaMer-
poB dhopmupoBanusi PIIC B amuTakcuaabHbIX c-OpU-
€HTUPOBAHHBIX IUIEHKAX IMPKOHAaTa-TUTaHATa CBUH-
ua (LITC), HaHeCceHHBIX Ha MPOBOISIIYIO TOIIOXKY.
PIC, cpopmupoBaHHblE B yKa3aHHbBIX TUIEHKaX, Ha-
XOIST MPYMEHEHMEe, HallpuMep, B aKyCTORJIEKTPOHUKE,
B YaCTHOCTH, JJISI CO3MaHUSI aKyCTUUECKUX (PUIBTPOB
CBUY [1]. Pesynbrarsl pacueroB mist PAC mmpuHoi
b = 25 Mxm ¢ ynciaom nepuonoB N = 20 npeacrasie-
HBI B TAOJIMIIE IUIST IBYX 3HAYEHMI IIPOCTPAHCTBEHHOTO
nepuona d = 0,8; 1,2 MKkM (IaHHBIE 3HAYEHUSI COOT-
BetcTBYIOT PJIC, cchopmupoBaHHoOit aBTopamu [1] me-
TOIOM CKaHMPOBAHUS 30HIA aTOMHOTO CHJIOBOTO MUK-
pockora B miaeHkax LITC rommunoit 0,2 Mxm). B ka-
YecTBE MaTepuayia KUAKOW TIOTJIOLIAIOIEN TUICHKU-
BJIEKTPO/Ia B HAIIMX pacyeTaX MCMOJb30BaH BOAHBIN
pactBop LiCl, oGmamaroimuii HU3KUM Ko3dduireH-

; )

Gz

TOM TemIteparypornpoBogHoctu (0,14 « 1070 M2/C), KO-
TOPBI 3HAYMTEIFHO TIPEBHIIIAET 3HAYCHME TaHHOTO
rmapameTpa il CeTHETO3JIEKTPUKOB. Marepuall 3By-
KOTIpOBO/Ia — IUIAaBJICHBIN KBapll. B pacueTax ucmosb-




OcHoBHbIe TexHOJOrHYeckue napamerpsl popmuposanus PJIC B mienkax IITC

The main technological parameters of RDP forming in the LZT films

MorHoCTh MomHocTh
Koadd. TUIIEep3ByKa pamguo-
Jlinna cTostueit Ha BXoJie MMITYJIbca
YacToTa H{[)gf:?;; 3ByKO- TonmmHa Dbep-T6 BOJIHBI Ha B KUIKUIA Ha BXOJIE
Ilepuon TUIIeP3BYKa, N Ka. nposojaa L, XKUAKOTO npeobpasoBa | BXOAC MbE30- | SJIEKTPOL Py, bpe30-
PIC, MkM [T ]\EKCy ’ MKM 9JI-1a, MKM HUS 1 usyqaresist Bt usayqaresis
Period Frequency . Length of Thickness of | Transforma- Ksy Power of Pg, Br
Duration of . L . . . .
RDP, um | ofhypersound, acoustic liquid elec- | tion efficiency | Standing wave | hypersound at | Power of radio
hypersound . . . .
GHz ulse. s transmission trode, um n ration at piezo | the input of | pulse at the
puise, p line L, ym oscillator’s in- the liquid input of the
put Key, electrode Py, | piezo oscilla-
W tor Pg, W
d=1,2 14,9 0,2 71 0,15 0,4 1,3 0,015 0,063
d=10,8 18,3 0,09 38 0,1 0,3 1,4 0,019 0,094

30BaJIMChH CJIeAyIOLIMe 3HauYeHus mapameTpos [12, 13]:
A~ 29,9-1071 Hn-c?/m, vgg = 5,96-10% m/c,
Agg~ 0,015-1071 Hu-c?/m, 3 = 0,7-107% m?/c,
C= 300 Ox-xr "K', p=76:10"3 xr-m3,
C,= 3800 Tx-xr 'K, p, = 1,05-103 kr-m3,
R=10,5,AT=5K.

M3 tabnuubsl BUAHO, YTO MOIIHOCTh PagUOUM-
nynbca P Ha BXoJe Mbe30M3JIydartesieil He MpeBbllia-
er 0,1 Br. Heo6Xo1MmMo OTMETUTD, YTO MOILHOCTH Py
BO M30ekaHue IMpo0osT He NOJDKHA IPEBHIIIATh ITOPO-
TrOBOI0 3HaYE€HUsI. ITO 0COOEHHO BaXKHO IJISI ITbE30M3-
JlydaTeJieil TMrareplioBoro Auana3oHa, TOJILMHA Tbe-
30CJIOS KOTOPHIX BecbMa Majna. [loporoBoe 3HaueHUe
MOIIIHOCTH TTPO0O0ST 3aBUCUT OT MaTepralia Mbe30Caosl,
ero TOJIIMHBI U JPYTUX IapamMeTpoB, UTO SIBIISICTCS
MpeaIMETOM CIeLIMabHbIX UCCIeA0BaHUA.

W3 popmyn (8) u (9) cnenyer, uto ymeHbLieHue Pg
BO3MOXHO, B YaCTHOCTH, 3a CUET YMEHbIICHUS MPU-
pameHust temneparypsl A7. JlokanbHOE TIepeKiaioue-
HUE JOMEHOB IPU MaJibix AT BO3MOXHO Ha y4acTKax
C CUJIbHOW 3aBUCHMOCTBIO KOBPLIMTUBHOTO MOJSI OT
TeMIrepatypbl. Kak 1mokasbIBalOT pe3ysibTaThl UCCIIEIO0-
Banust LITC [14], pagukanbHoe yMeHblleHue AT BO3-
MOXHO BOJM3M Touku Kiopu, rae cKoOpocTh M3MEHe-
HUSI KOSPUUTUBHOTIO T0JISI MaKCUMAaJbHa.

YMenblueHue MoiHocTu P, Kak cienyer u3 ¢pop-
MyJibl (9), BOBMOXHO TakKe MyTeM YMEHbIIEHUS pa-
Ooueit yacToThl f, 1uHbL L U KO3 PULMeHTa MOorjio-
uieHus Agg 3Bykonposozaa. Kpome Toro, yMeHblIeHne
MOILIHOCTA P BO3MOXHO IIyT€M NOBBILICHUSA 3(-
(GEeKTUBHOCTHU TIpeoOpa30BaHMS 1), YMEHBIIEHUS TIIO-
maau S, a Takke YMEHbIIEHUS MOTepb Ha OTpaXKeHUe
pagMoOMMIIyJIbca OT TIbe3omM3aydaresia (C ITOMOIIBIO
YMeHbIIEHUS KOd(pduIMeHTa crosueil BonHbl Kgy, B
pagnoTpaKTe MyTeM COTIACOBAHMS UMIICIAHCOB).

Kak BugHO 13 popmyiisl (2), yMeHbIIEHUE YaCTO-
Thl f (MpU 3aJaHHOM Tiepuoje d) BO3MOXHO 3a CYET

yBeJIM4YeHUsT KoadduiimeHta A morIonamlein mieH-
KM (MyTeM BbIOOpaA COOTBETCTBYIOLLETO PacTBOPA dJeK-
TPOJINTA, KOHLIEHTPALIMK PACTBOPEHHOTO BEILIECTBA U
paboueii TeMmepaTyphl).

BpeMmst pemakcanum TeMIlepaTypHOM pPeIIeTKU
PaBHO t; ~ d°/y ¥ B HalIMX pacyeTax Ui nepuona
d ~ (0,8...1,2) Mmkm cocrasisieT 1, ~ (1...2) MKc, T. €.
3HAYWUTEIHLHO TIPEBHINIACT UIMTEIBHOCTh WHBEPTH-
pymolero umityiabca, kotopas B riieHkax LITC cocrtas-
aser tg < 50 He. CnenoBaresbHO, TEMIIEPATYpHAas pe-
IIeTKa COXpaHseTcsl Ha TPOTSKEHUH BCETO MHBEPTH-
pytoiero uMmnyibsca. [Ipyu 3ToM NMpomoKUTeIbHOCTh
TEXHOJIOTMYECKOTo LMKIa (KOMOMHUPOBAHHOIO BO3-
JIeWCTBUS WHTePGEPEHIIMOHHOTO M MHBEPTUPYIOIIETO
UMIIYJIbCOB) paBHa -~ 1, + tg< 0,25 MKc.

OlLeHUM YIJIMHEHMEe 00paslia 3a CYeT TerIOBOTO
pacummpenus. Jmsg HTC xkoadduimeHT TemnaoBoro
pacuuMpeHus o = 2 * 1076 K1 [13]. Torma ans tem-
NepaTypHOil pelIeTKy ¢ MpupallleHUeM TeMIlepary-
pbl B nmydyHocTsix AT = 5 K OTHOCUTEIbHOE YAJIMHE-
HUe Aa/a ~ oAT/2 =~ 0,47 - 1075, Hna PAC nnunHoi
a ~ 20 MKM (MCTIOJIb3yeMO#l B pacyeTax) yaJUHEHUe
coctasmster Aa ~ 10710 m. ITonyyeHHOe 3HaUeHUE Ha
YyeThIpe MopsiAka MeHblle 3HayeHuit nepuoma PIC,
MpUBEIeHHBIX B TaOJHIIE.

3akmouenue

PazpaboraH anroputrm pacuera TEXHOJOIMYECKUX
napameTpoB ¢opmupoBanust PJIC akycromHTepde-
PEHLIMOHHBIM METOAOM U OLIEHEHbl OCHOBHbIE TEXHO-
JIOTMYECKME TapaMeTpbl IPUMEHUTEIbHO K C-OpUEH-
TUpoBaHHbIM IieHKaM LITC Ha npoBoasiieit moaaox-
ke. KpoMe Toro, paccMoTpeHbl HEKOTOpPbIE CHOCOObBI
yMeHblIeHus: Tpedyemoit mouHoctu CBY koneba-
HU, MoaBaeMbIX Ha BXOJ U3JIydyaTeseil rurnep3Byka B
TEXHOJIOTMYECKHX YCTAHOBKAX MOJOOHOTO THIIA.

Cy11eCTBEHHBIM TIPEUMYIIIECTBOM TaHHON TEXHO-
Jjoruu (CBOOOTHOI OT HEOOXOAUMOCTU MPUMEHEHUS
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¢oTtonuTorpaduu, a TakKxkKe OT CKAHMPOBAHMSI ITIOBEPX-
HOCTU 30HAOM) SIBJISIETCSI Masiasl IPOIOJKUTEIbHOCTD
TEXHOJIOTMYECKOTO 1IMKJIa, COM3MEpUMast C BpeMeHeM
MEepeKII0YeHUs JOMEHOB 3JEKTPUYECKUMM IIOJIEM B
CEerHETO2JIEKTPUKE. YUUThIBAsI, YTO BpeMsl MEPEeKIIIO-
yeHus goMeHoB B 1uieHkax LITC BecbMa Majo, ecTb
OCHOBaHHE OXUIAThb PEKOPIHO MaJlOM MPOIOJIKU-
TEJIbHOCTH TEXHOJIOTMYECKOIO 1LMKjIa npu HopMupo-
BaHuM PJIC akycTomHTep(hepeHLIIMOHHBIM METOAOM.

Kak HaMm m3BeCTHO, IMPOMBIIIICHHOCTh HE BBIITYC-
KaeT TOTOBbIE 3JEKTPOAKYCTUUYECKUE OJIOKU C MHTEpP-
¢epupyIolLIMMHU IO 3aJaHHBIM YTJIOM FMITIEP3BYKOBbI-
MM MyYKamu, MO3TOMY MPOBEIECHUE TMOMAOOHBIX YHU-
KaJIbHbIX 9KCIIEPUMEHTOB B JJAOOPATOPHBIX YCIOBMSIX
BechbMa 3aTpyIHMUTEbHO. BMecTe ¢ TeM, B paMKax UH-
HOBAaILIMOHHOTO MPOeKTa, OPUEHTUPOBAHHOTO Ha Mac-
coBoe npousBoacTtBo PIC, 3aTpaThl Ha U3rOTOBJIEHUE
MOAOOHBIX 3JIEKTPOAKYCTUUECKUX OJOKOB MOTYT OBITh
OIpaBIaHBbI.
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Formation of Micro- and Nanodomain Structures in Ferroelectrics

with the Use of Hypersound Interference

The algorithm for calculating the technological parameters of formation of domain structures in ferroelectrics by the acoustic-
interference method is developed. The basic parameters for c-axis-oriented PZT films grown on metallic substrates are estimated.
1t is shown that the use of the acoustic-interference method allows one to form regular domain structures in PZT films with record-

breaking short work cycle duration t < 0,25 us.

Keywords: formation of domain structures, PZT films, acoustic-interference method, temperature lattice

Introduction

Formation of the regular domain patterns (RDP),
which do not require the use of photolithography [1—9],
is of particular interest for their mass production.
Methods of RDP formation, based on probe’s scanning
by an atomic force microscope or an electron beam on
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the surface of the ferroelectric, require long duration of
the technological cycle due to the sequential nature of
the scan, as well as provide a shallow germination of
domains [1—4].

A significant advantage of thermionic principle [9] is
the extremely short duration of the technological cycle,




commensurable with the domains switching time by an
electric field, the ability to create RDP in bulk ferroe-
lectric crystals. This principle allows you to create the
RDP of "side-by-side" type with submicrometer spatial
period. For example, use of the interfering laser beams
allowed to form RDP with period of 0,7 um [5]. How-
ever, laser irradiation is accompanied by generation of
photoinduced charge carriers, which leads to undesir-
able effects, such as destruction of the temperature lat-
tice due to heat emission by recombining carriers out-
side the antinodes of the interference pattern. Elimina-
tion of such adverse effects is particularly important in
formation of the RDP with a small period.

To prevent the uncontrolled growth of the carriers’
concentration, as well as to minimize the duration of
the technological cycle, we develop technology [6—8]
on the use of the temperature lattice, induced by the in-
terfering hypersonic beams, falling from the liquid me-
dium on the +c-surface of the ferroelectric (acousto-in-
terferential method). Indeed, the impact of hypersonic
waves on the crystal does not increase the concentra-
tion of charge carriers due to the fact that the photon
energy of hypersound by 5—6 orders lower than the
photon energy of the optical radiation. The acousto-in-
terferential method of local switching of domains by
uniform electric field is one of the ways of implement-
ing of the thermo-interferential principle [9]. It is based
on experimentally proven fact found in [10, 11]. It was
found that the domains inverting by electric field starts
with a nucleation of domains on +c-surface of the fer-
roelectric, extending to —c-surface.

In view of this feature, the nucleation of domains, in
the process unit discussed below the radiation by the in-
terfering beams is carried out on +c-surface of the fer-
roelectric.

Technological unit for RDP formation

Action of the technological unit is based on the
combined action of two pulses: interference and invert-
ing. The working area of the technological unit is shown
in fig. (electrical circuit and monitoring diagram of do-
mains germination are not shown).

RDP becomes formed in the volume of the ferroe-
lectric 7 in the area adjacent to the interference pattern
by means of local domains switching by uniform elec-
tric field. It uses liquid conductive absorbing film 6,
contacting with the +c-surface area of ferroelectric 9.
The film 6 functions as an electrode for applying of a
voltage U, performing local switching of the sponta-
neous polarization Pg on the temperature lattice. Ra-
dioimpulse signal is fed to the input of the emitters 4 of
the longitudinal acoustic waves interfering into the
overlap regions of the beams. The thermal lattice is cre-
ated on the site of the film 6 covered by the interference
pattern (the sound absorption coefficient in the liquid
film is much higher than that of the acoustic line 3).

A transfer of the temperature lattice in to nucleating
layer 7 of the ferroelectric due to heat transfer occurs
through contact with a +c-surface area. The voltage U
is connected to both with c-surfaces & and 7/ for se-
lective reorientation of domains under the heated areas
in the antinodes of the interference pattern. To transfer
the potential from the electrode /0 to —c-surface
through the liquid 5, the latter also must be electrically
conductive (the "ferroelectric on a solid conductive
substrate" is possible).

An acoustic transmission line of the acoustic unit 3
with two emitters 4 is made of a material with low at-
tenuation ratio of ultrasonic waves. The components of
the circuit are pressed to the ferroelectric crystal through
two tightening rings 2 (rubber sleeves) with a clamp 9.
The acoustic unit 3 includes limiting projections to
maintain a constant thickness of the liquid film 6 in a
possible vibrations of the construction and to ensure the
stability of the interference pattern.

This technological unit is designed to form RDP in
bulk ferroelectrics of c-cuts as well as in a ferroelectric
c-oriented films.

The algorithm of calculation of technological
parameters and the numerical evaluations

In forming of RDP by acoustic-interference meth-
od, it is appropriate to use an algorithm of calculating
of the basic technological parameters. Let’s suppose
you want to generate RDP with a period d, width b and
length a. To ensure the translation of the temperature
lattice from an absorbing film 6 (see fig.) on the Z-sur-
face, it is necessary that the film thickness satisfy the
condition § < d. Let’s suppose, for example, § ~ d/8.
Taken into account that the intensity of the wave is
damped by Buger law, and the need to broadcast the
temperature lattice on the surface of the ferroelectric,
we select the film with the thickness approximately
equal to the thickness of the skin layer. In this case, the
absorption coefficient of hypersound o in the material
of the film is determined by the formula

o~ 8/d. (D

The aqueous solution of LiCl is chosen as material
of the liquid conductive film. The proportionality factor
A of frequency dependence of the absorption coeffi-
cient of acoustic waves o = Af 2 is known for this ma-
terial. In view of (1), the desired hypersound frequency
is determined by the following formula

f~ J8/(dA). (2)

It is known that the period d of the interference pat-
tern produced by two beams propagating at angles 23 to
each other is defined by the formula

d = 2/(2sinp). )
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Then the angle of incidence B of the beams on the
absorbing film-electrode is estimated by the formula

SinB = VssAf//\/z—56 , (4)

where vgg — the speed of hypersound in the acoustic
transmission line of the acoustic block.

The length of each aperture of a piezo-oscillator is

prafl-avig/(32d). 5)

The length of the acoustic transmission line of the
acoustic block

L~ -2 [8d/A. (6)

vss

The duration of the interference pulse 7, (for adiabatic
heating in the antinodes) should be much less than the
relaxation time of the thermal lattice (7, < t,;~ dz/x)
and is estimated by the following formula

t, ~ 0,1d%/y, (7)

where y — coefficient of ferroelectric’s thermometric
conductivity.

f,, is adjusted taking into account the conditions of
quasi-harmonicity #, > 1/f.

The power of an acoustic pulse falling on the ab-
sorbing film-electrode (providing adiabatic heating in
the antinodes) is calculated using the expression [7]

N P, CxATS [1

8zCp
¥ T6(-Rdl " ] ®

dCpup,

where C,, p, — the specific heat capacity and density
of the absorbing film-electrode, respectively; C, p —
specific heat capacity and density of the ferroelectric,
respectively; z — the thickness of the nucleating layer
of ferroelectric (for ferroelectric films — its thickness);
R — the reflection coefficient from an absorbing film;
AT — the increase of temperature in the temperature
grid; S — RDP square, equal to S = ab.

The expression takes into account the energy costs
for local heating of the absorbing film-electrode (in the
antinodes of the interference pattern) and for transfer of
the temperature lattice in the nucleating layer of the
ferroelectric (due to heat transfer).

Pulse power P of the microwave oscillations gen-
erator fed to the input of piezo oscillators is calculated
by the formula [6]

2
Prexp(2Agg/f L)

G~ Key—1N27°
”[“(#ﬂ

(©))
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where Kgy, n — standing-wave ratio in the radio link
and the efficiency of conversion of the electrical energy
into the acoustic energy, respectively; Agg — propor-
tionality factor of the frequency dependence of the hy-
persound absorption coefficient of acoustic transmis-
sion line material.

This expression takes into account the losses of the
acoustic energy in the acoustic transmission line, as
well as the conversions of the electrical energy into the
acoustic energy (dissipation and reflection losses of
electromagnetic wave from the piezo oscillators).

The above mentioned algorithm is used to calculate
the basic technological parameters of RDP formation
in the epitaxial c-oriented films of lead zirconate titan-
ate (LZT), deposited on the conductive substrate. RDPs,
formed in these films, find an application in acoustoe-
lectronics, in particular for creating of acoustic micro-
wave filters [1]. The results of calculations for RDPs
with the width of » = 25 um and the number of periods
of N = 20 are shown in the table for two values of the
spatial period d = 0,8; 1,2 um (the values correspond to
the RDP, formed in [1] by a method of scanning of
probe by an atomic force microscope in LZT films with
the thickness of 0,2 um). The aqueous solution of LiCl
material is used as the liquid-absorbing film-electrode
in our calculations, which has a low coefficient of
thermometric conductivity (0,14 - 1070 mz/s), which
significantly exceeds the value of this parameter for
ferroelectrics. The material of the acoustic transmis-
sion line is fused silica. The calculations used the val-
ues of the settings [12, 13]: A~ 29,9+ 107> Np - s2/m,
Vg = 5,96 103 m/s, Agg ~ 0,015-1071> Np-s?/m,
v =07-10° mZs, C = 300 J-kg'-K !, p=
=7,6-10° kg-m™3, C, = 3800 J-kg ‘K7, p, =
=1,05-103kg-m >, R=10,5, AT=5 K.

It is seen that the power of the radio pulse P at the
input of the piezo oscillators does not exceeds 0,1 W.
It should be noted that for the avoidance of the break-
down it should not exceed a threshold value. This is es-
pecially important for the piezo oscillators of the giga-
hertz range, which piezolayer’s thickness is quite small.
The threshold value of the breakdown power depends
on the piezolayer material, its thickness and other pa-
rameters, that is the subject of additional special re-
search.

From formulas (8) and (9) follows, that reduction of
P is possible, in particular by reducing of the temper-
ature increment A7. The local switching of domains at
small AT is possible in areas with a strong dependence
of the coercive field on a temperature. As the studies of
LZT films show [14], a radical reduction of AT is pos-
sible near the Curie point where the rate of change of
the coercive field is maximal.

Reducing of power Py, as follows from the formula
(9) is also possible via decrease of the operating fre-
quency f, the length L and absorption coefficient A g of
an acoustic transmission line. In addition, the reduc-




tion in power Py is also possible via increase of the con-
version efficiency n, decrease in the area S, as well as
decrease in reflection losses of the radio pulse from pi-
ezo oscillator (by reducing of the standing wave ratio
K¢y, in the radio link by impedances matching).

As can be seen from the formula (2), decrease of f
(for a given period d) is possible by increasing of the ra-
tio A of the absorbing film (the choice of an appropriate
electrolyte solution, the concentration of dissolved sub-
stance and the operating temperature).

The relaxation time of the temperature lattice is
equal to T~ dz/x and in our calculations for the period
d~(08...1,2) pmis t; ~ (1 — 2) ps, i.e. much longer
than the length of the inversion pulse, which in LZT
films is equal to 7g < 50 ns. Consequently, the temper-
ature lattice is maintained throughout the whole inver-
sion pulse. The duration of the technological cycle (the
combined affection of the interference and inverting
pulses) is equal to 7o~ 1, + g < 0,25 ps.

Let’s estimate the elongation of the sample due to
the thermal expansion. For LZT, the coefficient of
thermal expansion is equal to o = 2 107 k! [13].
Then, for the temperature lattice temperature with the
temperature increment in the antinodes A7 = 5 K, the
relative elongation is Aa/a ~ aAT/2 ~ 0,47 - 107>, For
RDP with the length of @ ~ 20 um (used in calcula-
tions), the elongation is Aa =~ 1071 m. The obtained
value by four orders of magnitude is less than the period
of RDP, given in the table.

Conclusion

An algorithm for calculating of the parameters of
RDP formation by acousto-interferential method is de-
veloped and the main technological parameters in the
context to the c-oriented LZT films on a conductive
substrate are evaluated. Certain ways of reducing of the
required power microwave oscillations fed to the input
of the hypersonic emitters in processing plants of this
type were examined.

The advantage of the described technology (free
from the need for use of a photolithography, scanning
of a surface by probe) is the short duration of the tech-
nological cycle, commensurate with the domain’s
switching time by an electric field in the ferroelectric.
Taking into account that the domains’ switching time
in LZT films is very small, there is reason to expect a
record-short duration of the technological cycle in
RDP formation by acousto-interferential method.

As we know, the industry does not produce ready-
made electro-acoustical blocks with the hypersonic
beams interfering at a predetermined angle, so realiza-
tion of such unique experiments in laboratory condi-
tions is very difficult. However, in the framework of an

innovative project focused on mass production of RDP,
the manufacturing costs of such electro-blocks can be
justified.
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Tlonyuenst duaspammul cocamus u ynpyeue nooamaugoCmu MHO20CAOUHBIX Nbe30aKm0amopos. Yeeauvenue ouana3ona nepe-
MeueHuti 00 HeCKOAbKUX 0ecAmKo8 MUKPOMEmMpPo8 00CMu2aemcs npu NPUMeHeHUuU MHO20CA0UHO20 Nbe30aKmioamopa, Komopbil
8bINOIHAEMCS 6 8UOe COCMABHO20, OA0UHO20, CEKYUOHH020 nbe3oakmioamopa. [Ipumenenue MHOCOCAOUHbIX NbE30AKMIOAMOPO8 0N
HAHO- U MUKpOnepemew,eHull nepcneKmueHo 6 HaAHOMexXHOA0UU, HAHOOUOA02UU, YOMOHUKe, IHepeemuKe, MUKDOINEKMPOHUKE U
acmpoHOMUU 051 NPEYUSUOHHO20 COBMEULCHUS, KOMNEHCAUUU MEeMNepamypHbIX U epasumayuoHHbx deghopmayuii. Onpedenero u3-
MeHeHue ynpyeux nooamaugocmell nbe30aKmoamopos npu NOCMOAHHOU UHOYKUUU U NPU HOCMOSHHOU HANPAJICEHHOCHU 31eK-
MpuUUecK020 noas 6 MHO20CAOUHOM nbezoakmioamope. Hccaedosanvl cmamuieckue Mexanuveckue u pecyauposoyHble Xapakme-
DUCTUKU MHO20CAOUHBIX Nbe30aKMI0amopo8 HAHO- U MUKPONepeMeueHUll.

Karoueesnie ca06a: MHO20OCA0UHbIL NbE30aKMIOAMOD, HAHO- U MUKpONepemMeueHus, degopmayus, Ouaspammol CHCAmus, ynpy-
2asn nooamAueoCMb, MeXaHu4ecKue U pecyiuposouHvle XapaKmepucmuxu

BBenenue

I[TIprMeHeHMe NBbe30aKTIOATOPOB B MPELIM3NOHHBIX
CUCTEMAaX aBTOMATUYECKOT'O YIIPaBICHUS ITePCIIEKTUB-
HO B OOOpYIOBaHWM HAHOTEXHOJIOTMM, MUKPOSJIEK-
TPOHMKH, afallTUBHOM onTuKu, (poroHuKu. ITbe30ak-
TIOATOp paboTaeT Ha OCHOBE OOPaTHOTO ITbe303¢deK-
Ta, IepeMelleHe JOCTUTaeTCs 3a cueT aedopManuun
MMbE30aKTI0ATOpa MPU MPUIOXKEHUU 3JISKTPUUSCKOTO
HanpspkeHus. 71 mbe30aKTI0aTOpOB HAHO- U MUKPO-
repeMelleHNd UCTTONb3YeTCsl Mbe303eKTpruiecKasi Ke-
paMMKa Ha OCHOBE LIMpPKOHAaTa W TUTaHaTa CBWHIIA
Mapok LUTC wmm PZT, nanpumep, LITC-19, LITC-21,
LTC-23, HTC-2611, UTC-36, HUTC-1, HUIUTBC-1,
HTBC-3, UTBC-7, LUTC-42, LTC-43, LTC-46,
LTC-47, UTC-48, IIKP-7, TIKP-7M unu PZT-4,
PZT-5H. YBenuueHnue nuama3oHa nepeMelleHui 10
HECKOJIbKUX JIeCSITKOB MUKPOMETPOB JOCTUTAETCSI
MIPX MCITOJIb30BaHNM MHOTOCJIOMHOTO IThe30aKTIaTO-
pa, KOTOPbIA BBIMOJHEH B BUJE COCTABHOIO, OJIOYHO-
ro, CEKIIMOHHOTIO Ihe30akTioaropa [1—7].

I[I(Ial‘paMMbl CKATHA MHOTOCJIOMHBIX
NbE30aKTIOATOPOB

I1pe30akTIOATOPHI IPU IPOAOJIHLHOM I1be303(heKTe
JIJIS IPUBOJIOB HAHO- U MUKPOTMEpPEMEICHU NMEIOT
JINATa30H 10 JeCITKOB MUKPOMETPOB, UYBCTBUTEIIb-
HOCTb MeHee 1 HM/B, Harpy3ouHyio CIIOCOOHOCTD 10
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1000 H, mourHocTh Ha BeixogHoM Bajty A0 100 Bt u
MMOJIOCY TIPOITYCKAHUS TOPSIKA HECKOJIBKMUX JECST-
KOB TepIl.

B MHorocnoitHoMm nbe3oakTioarope (puc. 1) mbe3o-
CJION COEIMHEHBI MEXaHWYECKU ITOC/IeNOBaTeNIbHO, a
SJIEKTPUYECKU Tapauie]ibHO. BekTophl monsipuzanu P
JUTST COTIPUKACAOIINXCS IThe30CI0eB (IThe30TLIACTIH )
HamnpasJIeHbl B ITPOTUBOITOIOXHbBIE CTOPOHBI, COOTBET-
CTBEHHO JISI 3TUX IThE30CI0EB HATIPaBJIeHBI B TTIPOTH -
BOTIOJIOXHbBIE CTOPOHBI U HaNpsDKeHHOCTH FEj anek-
TPUUECKOTO MOJIS TIO OCH 3. DIIEKTPOIBI IThe30IIACTUH
HaHeCeHBI Ha WX TOPIHI U TEePIIeHANKYISIPHEI OCH 3.

MHorocnoiHbIi (COCTaBHOI) Mbe30aKTIATOP CTSI-
TMBaeTCs MpeaBapUTETbHO Ne(POPMUPOBAHHBIM YIIPY-
T'MM BJIEMEHTOM B BUJI€ LUIMUJIbKYU WJIU MeMOpaHbI, TIpU
3TOM BBIOMPAIOTCS 3a30Pbl U 3aBUCMMOCTD AedopMaluu
MMhE30aKTI0ATOpa OT BHEIIIHETO YCUIINST TIPUHUMAET JIv -
HeliHbIl xapakTep. OCHOBHBIM MapaMeTpOM BHEIIIHEeM
Harpy3KM Nbe30aKTIoaTopa SIBJISETCS XXEeCTKOCTh Ha-
IPY3KU WU KOG GULIMEHT YyIPYTroCTH, T. €. OTHOIIIe-
HUE CWJIbl YIPYroil peakuydu Harpy3ku K 3HAUYEHUIO
nepemeleHus [8, 9]. B o011eM Buae XXeCcTKOCTb — 3TO
koo puumeHT C NpONMOPLUMOHATBHOCTA MEXIY Mepe-
MeleHueM Al u custoit F unu ko3 GULMEHT POoIop-
LIMOHAJIBHOCTHU B 3akKoHe I'yka F'= CAL

B 3aBHCMMOCTM OT XECTKOCTH HArpy3KW BBHIOW-
paloT KOHCTPYKTUBHBIE MapaMeTpbl MHOTOCIOMHOIO




Puc. 1. MHoroc10iiHblii b€30aKTIOATOP NPH NMPOIOJHHOM Mbe303(h-
¢exTe, apMUPOBAHHBINA YNPYTUM 3JIEMEHTOM

Fig. 1. Multilayer piezoactuator reinforced with elastic element at the
longitudinal piezoelectric effect

MbE30aKTIOATOpa TNpPU NPOAOJBHOM Nbe303hdeKTe
(puc. 1). 1 mpaKTUYECKOr0 MCIOJIb30BaHUS MHOTO-
CJIOMHBIX MbE30aKTIATOPOB HEOOXOAWMO 3HAaHUE HX
OCHOBHBIX XapaKTEPUCTUK: IbE30MOIYJIEi, YIPYTUX
MOAATIMBOCTEM, MpeneoB BpeMEHHOIO COINpPOTUBIIE-
HUS Ha CXKaTue.

Ha nuarpamme cxaTusi MHOTOCJIOWHOTO (COCTaB-
HOTO0) Mbe30aKTioaTopa u3 nbe3onaketon [1-3 (puc. 2)
C YIPYTMMH NOAATIUBOCTAMU 33 = 7,5 107! M2/H
u s% =7,3-10"11 M2/H MOXHO OTMETUTh Ha KOOp-
JIMHATHOM OCU G YeThIpe XapaKTepHbIe TOUKHU CO Clie-
AYIOLIMMU KOOPAMHATAMU: G, — MEXAHMUYECKOE Ha-
npsikeHUe BbIOOpa 3a30pOB U CMSITUSI MUKPOHEPOB-
HOCTEi; 6,., — Tpele] BPEMEHHOTO CONPOTUBIIECHHUS
Ha cxXaTue ¢ o0pa3oBaHWEM MUKPOTPEUIMH MO KpasiMm
NbE30IIACTUH; G, — TPEIe]l BPEMEHHOIO COMPOTUB-
JIEHUSI Ha CXKaTHe; G; — MEXaHUYECKOE HaIPsKeHHE
XPYIIKOTO Pa3pylIeHUs, IPUYEM G < Gy, < G0 BEpX-
HUII MHIEKC D COOTBETCTBYET M3MEPEHUSIM TIPU IT10-
CTOSIHHOM MHAYKUMU 3JEKTPUYECKOTO IOJIsI B MHOTO-
CJIOMTHOM ThE30aKTIOATOPEe M YIPaBICHHH OT MCTOY-
HUMKa TOKa WIM MPU U3MEPEHUSIX C PA30OMKHYTHIMU
5JIEKTPOAAMYU MHOTOCJIOMHOTO MbE30aKTI0ATOpa (KpU-
Bag a). Unnexkc E cOOTBETCTBYET U3MEPEHMSIM TP T10-
CTOSIHHOM HAIpsSIKEHHOCTU 3JIEKTPUUECKOTO T0Js1 B
MHOTOCJIOMHOM ITb€30aKTI0OATOpPEe W YIPaBAEHUU IO
HAIpSKEHUIO UM U3MEPEHUSX C 3aMKHYTBHIMU 3JIeK-
Tpogamu (KpuBas b).

[Ana Tmbpe3oKepaMUYeCKUX MaTepHanioB, K KOTO-
PBIM OTHOCHUTCS Nb€303JIEKTpUYEeCcKasl KepaMUKa TUIIa

LTC-19 unn PZT, umeem 6,/5,. < 0,1, rne o, — npe-
JieJ1 BPpEMEHHOT'O COIPOTUBIIEHN Ha PACTSIKEHUE; G, —
mpeaesl BpeMEHHOTO CONPOTUBIIEHUS Ha cxkaTtue. Crie-
JOBaTelIbHO, U3 COOOpaXXKeHUI MPOYHOCTU IepCIeK-
TUBHBIM FBJISIETCS MPUMEHEHE MHOTOCIOMHBIX Ihe-
30aKTI0ATOPOB C MPeABAPUTEILHBIM HAauaJbHBIM IO/ -
)KaTUEM MHOTOCJIOMHOIO IIb€30aKTIaTopa C CUJIOMH,
MpeBHILIAIIIEH pabouyylo HArpy3Ky.

PaccmorpuMm auarpammy cxaTus MHOTOCIOMHOIO
MMbe30aKTIaTopa B 00JIacT! pabouux ycunauit (puc. 3),
[I€ G — MEXaHUYECKOE HaNpsDKeHUe 1o ocu 3; Sy —
OTHOCHTeIbHas nedopmaius mo ocu 3. Ha quarpamme
CXXaTusl, U300pakeHHOM A0 001acTy 00pa30BaHUSI MUK~
pOTpENINH, HAbII0JaeM Ba peXXUMa MPY MOCTOTHHOMI
WHAYKLIWU ¥ IIPU MIOCTOSTHHOM HATIPSIKEHHOCTH 3JIeK-
TPUYECKOTO TOJISI B MHOTOCJIOMHOM Ih€30aKTI0aTO-

Puc. 2. JIlnarpaMma cKaTHsi MHOTOCJIOHHOTO Mbe30AKTIOATOPA
Fig. 2. Compression diagram of the multilayer piezoactuator

o-107, Pa

Puc. 3. /IluarpaMma cKaTtiusi MHOTOCJIOHOTO NMbe30aKTI0ATOpPA B 00-
JIACTH PadOYMX yCHIMiA

Fig. 3. Compression diagram of the multilayer piezoactuator in the area
of operating efforts
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Yupyrue noJaTMBOCTH MHOTOC/IOHHBIX MbE30AKTIOATOPOB
Elastic compliance multilayer piezoactuator

ITse30akTIOaTOP
Piezoactuator

N N2 N3 N4

Vipyrue mogatinBoOCTH
Elastic compliance

2+ 10", M2/H (m%/N) 2,7 3,5 7,3 23

53+ 10", M2/H (m%/N) 3 3.8 7,5 24

pe, KOTOPBIM COOTBETCTBYIOT YIIPYTHE TOAATINBOCTH
533 < s33, OpUYeM s33/s33 = 1,2 U mpenensl Bpe-
MEHHOTO COTIIPOTUBIICHUS Ha CXKaThe ¢ 00pa3oBaHUEM
MMKPOTPEIIMH 0 KpasiM Mbe30IJIaCTUH ctlz m > Siems
NpUIeM G ., / Siem = 1,2. CoOTBETCTBEHHO IS TNa-
IPaMMBI CXKaTUsI MHOTOCJIOHOTO Tbe30aKTioaTopa Mpu
MPEBBIIIEHNA MEXaHMYEeCKOTO HAaIpsDKeHUsI BBIOOpaA
3a30pOB M CMATHUS MUKPOHEpOBHOCTEN oy = 1...2 MIla
HabJo1aeM yBeJIMYeHWe KPYTU3HbI JharpaMMbl.

DKCIepuMeHTaIbHO UCCeN0BAIN Cleaylolne 00-
pasiibl (N) MHOTOCJIOMHBIX NTb€30aKTI0ATOPOB U3 Mbe-
3okepamuku LTC-19, ¢ pa3znuuyHbIM KOHCTPYKTHMB-
HBbIM MUCIOJHeHUEM: N1 — MHOTOCIOWHBINA Mbe30aK-
TI0ATOP, CMEYEHHBI M3 Mbe3oracTuH D = 15 Mmw,
8 =0,6 MM, n = 25, tne D, §, n — quiaMeTp, TOJILIMHA,
YHCJIO MbE30IJIACTUH, COOTBETCTBEHHO (MOHOJUTHBIN
MHOTOCJIOMHBIN Mbe30aKTioaTop); N2 — MHOTrociaoi-
HBII Ib€30aKTI0ATOP, CKIIEEHHBIN 13 15 Mbe30MaKeToB
I1T1-6; N3 — MHOTOCTIOMHBII MhE30aKTIOATOP, COCTAB-
JIEHHBIN 13 BOChbMHU ITbe3onakeToB I1-3; N4 — MHOTrO-
CJIOMHBIN ITHbE30aKTI0ATOP, COCTABJIEHHBIA M3 MbE30-
miactud D = 20 mMm, § = 0,6 MM, n = 25. CooTBercT-
BEHHO MOHOJIMTHBIA MHOTOCJIIOMHBIN Mbe30aKTIOATOP
(npe3omnaker) I1I1-6 BbicOTOI 3 MM CIieYeH M3 IMSITU
Mbe30IIaCTUH TommuuHoi 0,6 MM, nruameTpoM 20 MM.
MOHOMUTHEI MHOTOCJIONHBIN IThe30aKTIoaTop (IIbe-
3omnaker) I1-3 BbIicOTOl 4,2 MM CIIeUeH U3 CeMU Ibe-
30IUTACTHH TONMIIMHON 0,6 MM, mTnameTpoM 15 mMMm.

M3mepeHus npoBoawIn Ha npecce Mapku YMM-5
JIJIT 00pa3LoB KOHCTPYKTUBHOTO UCTToNHeHusT N1 — N4
MHOTOCJIOMHBIX MbE30aKTATOPOB MPU PA3OMKHYTBIX
U 3aMKHYTBIX 3JIeKTponax. Kpussle 1a — 4a cooTBert-
CTBYIOT WHOEKCY D, M3MepeHUsIM TIpU TTOCTOSTHHOM
WHIYKLIUW, KpuBkle 1b — 4b — unHpekcy E, usme-
PEHUSIM MPU MTOCTOSIHHOM HAaMPSIXKEHHOCTHU JIEKTPU-
YeCKOro ToJisi B MHOTOCJIOMHBIX Ihe30aKTIaToOpax
(cM. puc. 3). PesyabTaThl U3MepeHUit 00pa3LOB MHO-
TOCJIOMHBIX Mbe30akTioaTopoB ¢ N1 o N4 npuBeaeHbI
B TaOJuIIE.

M3 ycinoBus NMpoYHOCTH MeXaHUUYECKOe HarpsiKe-
HUE ¢ B MHOTOCJIOMHOM Ibe30aKTI0aTope He JO0JIKHO
NPEBBILIATD JOMYCTUMOrO HANPAXEHU [6] = o,.,/Kq,
rae k, — xoabduumeHT 3anaca, npuyem 5 < kg < 10,
IUIST TIpEAOTBPAIEHUsT paCTPeCKMBaHUSI MbE30IIACTUH
Mo KpasiM M MOTepu paboTOCIIOCOOHOCTU MHOTOCIION-
HOT'O TTbe30aKTI0aTopa BCIIEACTBIE TTOCIENYIOIINX JIeK-
TPUYECKOro MpoOOosT UJIM MEXaHUYECKOTO pa3pylleHuUs
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Mo 00pa30BaBILIMMCS TPeIMHAM IIpU pab0UYUX HATpy3-
kax. Hanpumep, miist o6pas3ua MHOTOCIOMHOTO Mhe30-
akTioaropa N1, cneyeHHOro 13 Mbe30IUIACTUH, IKCIIe-
PUMEHTAIBHO OIpeeeHbl MeXaHUMYeCKUe HarpsDKeHUS
Giem — 140 MlIla, c,lzm = 160 MIla, ciemoBaTebHO,
npu k, = 10 monyuaem [o] = 0,165 = 14 MIa.

MexaHn4ecKHe H PeryJMpoBOYHbIE XaAPAKTEPUCTHKHU
MHOTI'OCJIOMHBIX NMbE30AKTIOATOPOB

s MHOTOCJIOMHOIO Ihe30aKTIoaTopa CTaTUJe-
CKME XapaKTepUCTUKU Buna Ss(c) wim Al(F) OyaeM Ha-
3bIBaTh MEXaHMUECKUMU XapaKTepuCTUKaMu (puc. 4),
rze S3 — OTHocUTeNbHad AedopMaly 1o ocu 3; ¢ WiIn
T3 — MexaHUYeCKOe HalpsiKeHue 1o ocu 3; Al — or-
HOCHUTEJIbHOE MepeMeliieHne; F'— BHEIHsIsI cuia, a cTa-
TUYECKUE XapaKTePUCTUKKU Buaa S3(£3) wm A(U) —
PEryIMpOBOYHBIMU XapaKTEPUCTUKAMI MHOTOCIOITHOTO
NbE30aKTI0AaTopa, Iie £ — HANpPSKEHHOCTb 3JIEKTPU-
4ecKoro nous no ocu 3, npuuem E3 = U/§; U — Ha-
MpsKeHVEe Ha 2JIeKTPOJax MHOTOCIOMHOIO IMbe30aK-
TI0OaTOpa; 8 — TOJIIWHA Mbe30IUIACTUHBI; [ — ITWHA
nbee3omnpeoodpazoBatens. ITprxoBoit TuHME 0003HaA-
YeHBI TEOPETUICCKUE CTATUIECKHE XapaKTePUCTUKU.

DKCIepMMeHTaIbHbIE MeXaHUYeCKHe XapaKTepu-
cTuku (puc. 4) NpUBeAEHBI IS MHOTOCJIOHHOTO Mbe-
30aKTI0ATOPa C MbE30MOAYNIEM d33 = 4 - 10710 M/B n
YIIpYroi MoaaTauBOCTBIO S3E3 =3-10"11 Mz/H, cre-
YEHHOTO U3 Ibe30IUIaCTUH auamMeTpoM D = 15 MM u
tomuHoi & = 0,6 mMm, n = 25. IIpu 3TOM paccmar-
puBanu 3HaueHus E; = 600, 400, 200 kB/M, cooTtBeT-
CTBYIOLLIME KpUBbIE 0003HauYeHbl /, 2, 3.

XapakTepHOI OCOOEHHOCTHIO 3KCIIEpUMEHTAIb-
HBIX PETyJMPOBOYHBIX XapaKTePUCTUK MHOTOCIOMHO-
ro Mbe30aKTioaTopa U3 mbe3dokepaMuku Mapok L[TC
win PZT gBisgercs Haauyue rucTepesrca aepopMaliu
Mbe30aKTI0ATOPa B 3aBUCHUMOCTH OT HATIPSKEHHOCTH
BJIEKTPUYECKOTO mojis (puc. 5). DKcOepuMeHTalb-
HbI€ PETYJIMPOBOYHBIC XapaKTEPUCTUKMU (CM. pucC. 5)
MpuBeeHbI 17151 00pa3ua N3 — MHOTOCJIOMHOIO Mbe-
30aKTIOATOPA C MbE3OMOAYIEM d33 = 4 - 10710 M/B n

Puc. 4. Mexannyeckue XapakTepUCTHKH MHOTOCJIOHHOTO Mbe30aK-
TIOATOPA

Fig. 4. Mechanical properties of the multilayer piezoactuator
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Puc. 5. PeryimpoBouHbie XapaKTepUCTHKA MHOTOCJIOHHOTO NMbe30aK-
TIOATOPA

Fig. 5. Control characteristics of the multilayer piezoactuator

YIPYroil MoJaTANBOCThIO s3E3 =75-10"1 MZ/H, co-
CTaBJIEHHOI'O M3 BOChMM IIbe3oIiakeToB I1-3, mpu me-
XaHWYeCKUX HanpskeHusx ¢ = 0, 6,7, 13,4 MIla, co-
OTBETCTBYIOIIMX KpUBbIM [, 2, 3. O6Xxom rucrepesuc-
HOM IeT/v AedopMaliiM IIbe30aKTIaTopa IIpu oopart-
HOM T1be303(heKTe OCYIIECTBASIEeTCS MPOTUB YaCOBOM
crpesnku. OCTaTOYHbIA TUCTEPE3UC MPU PaBEeHCTBE HY-
JIIO HaMPSIKEHHOCTH 3JIEKTPUUYECKOro MOJisi COCTaBJIsI-
er 10...20 % ot MakcuManbHOI AedopMalyi MHOTO-
CJIOMHOTO IMbEe30aKTHAaTopa.

CraTueckne XapaKTePUCTUKA MHOTOCIOWHOTO
MMhe30aKTIOATOpa TIPHU TPOIOILHOM ITbe303(ddeKTe ¢
yIpaBlIeHUeM T10 HAIIPSLKEHUIO TTONYYNM U3 ypaBHe-
HUs 00paTHOTrO mbe3oaddekra [6]:

E
S3 = dy3E3 + 5331, (1)

e dy3 — Mbe30Monyib; 13 = —F/S) — MexaHu4yeckoe
HarnpsoKeHue Mo ocu 3; S — IONepeyHoe ceyeHue
Mbe30c¢108 (Mbe30ILIACTUHBI).

CrenoBaTesIbHO, MOJYYUM YPaBHEHUE CTATUYECKOM
MeXaHMYECKOM XapaKTepUCTUKM MHOTOCIOIHOIO Mbe-
30aKTI0ATOPa MPY YNPABJIECHUU 10 HANPSKEHUIO

Al = dy3nU — sy FIJS,, )
Nin
Alnax(1 = F/Fnay)s

rae Al — mepeMellieHue MHOTOCIOMHOTO IThe30aKTIoA-
Topa; / = nd — JUIMHA MHOTOCJIOMHOTO IMhEe30aKTIOA-
TOpAa; 1 — YKCJIO ITbe30IIaCTHH B MHOTOCIOMHOM IThe-

30aKTI0AaTOpE; Al — MaKCUMaJIbHOE MepEMELEHUE;
K

'max — MAaKCHMaJIbHOe pabouee YCUJIMeE.

B cTtatuke npu ynpaBieHUM MO HAMPSLKEHUIO TPU
F = 0 makcumasibHOe nepemMelieHne Al UIMEET BUL
Alpax = d33nU,, e U, — MakcuMajbHOE Harpsxe-
HUE Ha 3JEKTPOAaX MHOTOCIOWHOrO MbEe30aKTIATO-
pa. YToOnl HaiiTH MakcUMalbHOE padodee ycwine F,

max
npu Al = 0, Bocriojib3yeMcst (POpMYJIOit

£ £
Fnax = d33nU,So/(s331) = d3380U,,,/(5338) =
E
= d3380E3/533 - &)

CremoBaTeIbHO, TPW YIIPaBIEHWN TI0 HaTpsKe-
HUIO TTOJIyYaeM MaKCHMaJIbHOE MEXaHMYECKOE HaTIIpsI-
JXEeHHUE 0 OCH 3 B BHIE

E
T3max = ds3E3/s33. 4)

M3 nonydyeHHoro ypaBHeHUsi (2) MeXaHMYECKON
XapaKTEPUCTUKU MHOTOCJIOMHOrO Ibe30aKTIaTopa
CJIeNyeT, YTO Hapsiay C MbE30MOAYJIEM OMHOMN U3 Bax-
HeWIMX GU3nIecKux XapaKTepuUCTUK MHOTOCJIOMHOTO
Mbe30aKTIAaTOpa SIBISIETCS yIpyras IOJaTIUBOCTb.
Jns yBeIMueHus XEeCTKOCTU MEXaHUYECKOM XapakTe-
PUCTUKU MHOTOCJIOMHOTO TMbhe30aKTIaTopa BhIOUpaeM
€ro KOHCTPYKTMBHOE HCIIOJIHEHWE ¢ MUHUMAaJIbHOM
YIPYroil MoAaTJIMBOCTHIO.

PaccMoTpuM M3MeHeHHE YyNpyrux NomaTauBOCTEN
MpU MOCTOSIHHON MHAYKIWMU U MPU MOCTOSIHHOUN Ha-
MNPSKEHHOCTU BJIEKTPUUYECKOTo TO0Jsi B MHOTOCJIOM-
HOM ITb€30aKTI0aTope.

B craruyeckoM pexxume npu 3akaToM MHOTOCJIOM -
HOM Ib€30aKTIoaTope ero aechopMalusi paBHa HYJIIO, a
CUJIa, pa3BUBaeMasl b€30aKTI0ATOPOM, MaKCUMaJIbHA.
OlieHUM MaKCHUMaJbHOE YCUJIMEe U MaKCUMaJIbHOE Me-
XaHUYECKOE HAIpsSXKeHUE, pa3BUBAEMble MHOTOCIIOM-
HBIM TIh€30aKTI0ATOPOM, TIPU MPOJOJIBLHOM Mbe303¢-
¢ekTe ¢ yueToMm MIpsiMoro Ibe3o3dexra npu 6ecko-
HEYHO OOJIBIIIOM COMPOTUBJICHWH MCTOYHUKA TTUTAHUS,
T. €. YIIpaBJI€HUU OT UCTOUHMKA TOKa

_ g/l So
Fmax_ U d33 +

§ 3B E
533
1 L1, %
+ Fnax o~ 433150 — 5935 Q)
0 ne33Sy/8° 533

T
Ie £33 — AMDJIEKTPUYECKAS MPOHULAEMOCTD IIbE30-
npeobpazoBaTtesisi o OCHU 3 MPU MTOCTOSTHHOM MeXaHU-
yecKoM HarmpstbkeHuu 1T = const.

M3 ypaBHeHus (5) umeeM

>
F?ax 53 (1 - %J = Exds; (6)
0 £33533
nin
2 E
Tymax(1 = k33)533 = Ezdss, (7)
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E T
tae k33 = dy3/ (533833 — KOI(DOUUMEHT DJIEKTPOME-
XaHU4ecKoi cBa3u. CienoBaTesIbHO, MONYYUM

D
T3maxS33 = E3dss, (8)

MmpuyeM ynpyrasi nmogaTIMBOCTh MPU YMNPaBIEHUU IO
TOKY (IIpU IOCTOSSHHOM MHAYKIIMM) MMEET CleAylo-
LIV BUL:
D _,_ 2 E
COOTBETCTBEHHO, IPU YNpPaBJIEHUU MO TOKY Mak-
CUMAJIbHOE YCUJIUE PABHO

F

max

D
= d335E3/ 533, (10)

a MaKCMMaJIbHO€ MEXaHNYCCKOC HAIIPAKECHUEC IO OCHU 3

D
T3max = d33E3/s33 : (1 1)

PaccMoTpuM cTaTMYeCKMEe XapaKTePUCTUKUA MHO-
TOCJIOMHOTrO Ihe30aKTIoaTopa WM IThe30IaKeTa (CM.
puc. 1), apMHPOBAaHHOTO YIIPYTUM 3JEMEHTOM, IPH
yIpaBAeHUM 10 HampspkeHuto. M3 ypaBHeHMs oGpar-
HOTo mbe303¢hdeKTa MoJlydaeM OTHOCUTEIbHOE TIepe-
MelleHUE

AL = dy3Ufs — si IS, (12)
COOTBETCTBEHHO MepeMelleHe

Al'= dy3nU — F/C,, (13)

C.= Sy/(s5D), F=Fy+ Cg+ Cg Fy= 0,08

rae C. — XKeCTKOCTb MHOTOCJIOHOIO Mbe30aKTI0aTopa
IIpY MPOAOJLHOM Mbe303(P(PeKTe C yIpaBIeHUEM II0
HanpsKeHuto; F— BHelIHas cuna; F; — cuia npen-
BapUTEIBHOTO HAYaJbHOTO TTOMKATHS YIPYTUM DBJie-
MEHTOM,; G, — MEXaHMYECKOE HAIPAKEHKE NEPBOHA-
YaJbHOTO apMUPOBAaHUS B MHOTOCIIOMHOM IThe30aK-
Troatope; C, — KeCTKOCTb apMMUPYIOLIErO 3JIEMEHTA,
npuyeM npaktuyecku Beioupaem C, = 0,1C,; C, —
JKECTKOCTb Harpy3KHu.
Otkyna nmeem

Al + (C, + C)/C,] = dy3snU— Fy/C,.  (14)

CooTBeTcTBeHHO U3 (14) MmosyynM BbIpakeHUe I
TepeMeleHs] apMUPOBAHHOTO MHOTOCIOHOTO TThe-
30aKTI0aTOpa MpHU YIPYroil Harpyske

Al
Al = max — Aly, (15)
1+(C,+Cy)/C,
E
AL = G ,40/533
O 1+(C,+CyH/C.°
rae Aly — HayaJbHOE IEPEMEILEHUE TOPLIAa MHOIO-

CJIOMHOTO MbE30aKTIATOpPA.
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Puc. 6. Harpy3ouHas xapakTepiucTHKAa MHOTOCJIOHHOIO Nbe30aKTIOATOPA
Fig. 6. Load characteristic of the multilayer piezoactuator

MexaHuyecKkoe HanpsikeHre HayajlbHOro npejBa-
PUTEJIBHOTO TMOLKAaThsA, paBHOE G,y = 1...5 MIla nna
Kaxaoro obpasiia MHOTOCJIOWHOTO Ibe30aKkTioaTopa
MMeEET OMpelesieHHOe TMOCTOsIHHOe 3HauyeHue. Cie-
JIOBaTeJIbHO, TOPELl MHOTOCJIOMHOTO TMbe30aKTI0ATO-
pa B 3aBUCMMOCTU OT MEPBOHAYAIILHOTO apMUpPOBa-
HUS MoJiydaeT HayajlbHOe MepeMellleHue, He3aBUCS -
1Iee OT M0JaBaeMOr0 HA MHOTOCJIOMHBIN MbE30aKTI0Aa-
TOp dJeKTpUueckoro HampsokeHusi. [Ipuyem Topel;
MHOTOCJIOMHOTO Mbe30aKTioaTopa Mocje MepPBOHA-
YaJIbHOTO apMUPOBaHUSI CMEIIAETCS B IMOJIOXEHUE,
KOTOpOE B pabouyeM pexkrMe SIBJISIETCSI UICXOAHBIM (Ha-
YaJbHbIM) ITOJOXEHUEM.

CrnenoBaTenbHO, MepeMelleHUe apMUPOBAHHOIO
MHOTOCJIOIHOIO Ibe30aKkTioaropa (cMm. puc. 1) mpu ym-
pyroi Harpyske Iocjie HayajlbHOW IOCTUPOBKM 3aIlu-
CbIBa€M B BUJIE

Al
Al = max . 16
1+(C,+C,/C, (16)

IMpu C, = 0 nonyyaeM nepemeLieHUe apMUPOBaH-
HOTO MHOTOCJIOTHOTO TThe30aKTI0aTopa

Al
Al = % . (17)
1+C,/C,

CrremoBaTeIbHO, MPU MPAKTUISCKOM HCIIOJIB30Ba-
HUM apMUPYIOLLETO 3JIEMEHTA B BUAE IUMWIBKH, TIPY-
KUHBI, MeMOpaHbl xecTtkocteio C, = 0,1C, umeem
Al = (1/1,1)Al 0 = 0,91A7 .

st apMUpPOBAaHHOTO MHOTOCJIOMHOIO IMhe30aKTHoa-
topa nipu C, = 0 moyryyaeM Harpy3o4Hylo xapakTepu-

ctuky F(Al) (puc. 6), COCTOSIIYIO M3 ABYX YIaCTKOB:
F=(C,+ C)Alnipu F < Ky, (18)
F=Fy+ C/(Al — Aly) npu F> F), (19)
rae F, — cuia npeaBapuTebHOIO Ha4yaJbHOTO IOJI-
KaTUsl YIPYTMM 3JeMEeHTOM (YCUJIMEe pa3MbIKaHUSsI).

Yceunue NpeaABaprUTCIbHOIO Ha4YaJbHOIO II0A2KaTUuA
JOJI2KHO IMPEBLIIIATh MAKCUMAJIbHYIO PaCTATUBAIOLIYIO




HarpysKy, 4eM o0ecIeurBaeTCsi TapaHTUPOBAHHOE pa-
0ouee cxkaTHE IMHE303JIEMEHTOB B MHOTOCIIOMHOM IThe -
30aKTHATOpE.

3akmouenne

M3 nnarpamMm cxatust B 00J1aCTU paboOuMX yCUIUI
JUIST MHOTOCJIOMHBIX ITb€30aKTI0OATOPOB, BBITIOJIHEH-
HBIX KOHCTPYKTUBHO pa3JIW4YHbIM 00pa3oM, clieayeT,
YTO JIJII HUX TIPUMEHSIETCS TIpeBapUTeIbHOE MOIKa-
THUE C YAEIbHBIM JaBJIeHUEM, OOIbIIMM MEeXaHUYeCKO-
ro HaNpsKEHMST BBIOOpa 3a30pOB U CMSITUSI MUKPOHE-
POBHOCTEM, I YBEJIUYEHUS KECTKOCTU MHOTOCJIOM-
HOTO TMbe30aKTaropa. MMHUMaJbHOE MeXaHHU4e-
CKOe HarpsiKeHHue TpeOyeTcs IS IpeaBapuTeIbHOTO
MOJKaTHUSl CIIEYEHHOTO MHOTOCIONHOTO TMbhe30aKTHa-
TOpa, BBHIITOJIHEHHOTO B BUAEC MOHOJHMTHOTO MHOTO-
CJIOMHOTO 3JIEMEHTA.

[NonyyeHHble 3HAYEHUsI YIPYTMX MOJATIMBOCTEMH
MHOTOCJIOMHBIX The30aKTI0aTOPOB MO3BOJISIIOT Paccyu-
TaTh UX CTaTMYECKME MEXaHWYECKUE U PeryJIupoBOY-
Hble XapaKTePUCTUKMU.
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Static Characteristics and Elastic Compliances of the Multilayer Piezoactuators

for Nano- and Microdisplacements

Diagrams of compression and elastic compliances of the multilayer piezoactuators were obtained. An increase of the range of dis-
placements up to several tens of micrometers was reached due to application of a multilayer piezoactuator made in the form of a
compound, unit, sectional piezoactuator. Application of the multilayer piezoactuators for nano- and micro displacements is promising
Jfor nanotechnologies, nanobiology, photonics, power engineering, microelectronics and astronomy for precision combinations and
compensation for the temperature and gravitational deformations. Change of the elastic compliances of the piezoactuators was de-
termined at a constant induction and constant intensity of the electric field in a multilayer piezoactuator. Static mechanical and reg-
ulational characteristics of the multilayer piezoactuators and nano- and microdisplacements were investigated.

Keywords: multilayer piezoactuator, nano- and microdisplacements, deformation, diagrams of compression, elastic compliance,

mechanical and regulational characteristics

Introduction

Application of piezoactuators in precision control
systems in promising in nanotechnology, microelec-
tronics, adaptive optics, photonics. The piezoactuator
operates on the base of the inverse piezoelectric effect,
the movement is achieved by deformation upon appli-
cation of voltage. The piezoelectric ceramics based on
lead zirconate titanate (CTS or PZT) is used in pie-
zoactuators of nano- and micromovements, for exam-
ple, CTS-19, CTS-21, CTS-23, CTS-26C, CTS-36,
NCTS-1, NCTBS-1, CTBS-3, CTBS-7, CTS-42,
CTS-43, CTS-46, CTS-47, CTS-48, PKR-7, PKR-7M
or PZT-4, PZT-5H. Increasing in the movement range
up to several tens of um is achieved by using of a mul-
tilayer composite piezoactuator in a composite, block
or sectioned form [1—7].

Compression diagrams of multilayer piezoactuators

Piezoactuators based on the longitudinal piezoelec-
tric effects for gears of nano- and micromovements
have a range of up to tens of urn, the sensitivity of less
than 1 nm/V, the load capacity up to 1000 N, the power
at the output shaft of up to 100 W and a bandwidth of
the order of a few tens of hertz.

The piezolayers in the multilayer piezoactuator
(fig. 1) are connected mechanically in series and elec-
trically — in parallel. The polarization vectors P for
contacting piezolayers are directed in the opposite di-
rections, respectively and the intensities £5 of the elec-
tric field are directed along the axis 3. The electrodes of
piezoceramic plates are deposited on their ends and are
perpendicular to the axis 3.

Multi-layer (composite) piezoactuator is screwed up
by pre-deformed elastic element in the form of rods or
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membranes, while all the gaps become exhausted, and
the dependence of the strain on the external force
takes linear character. The main parameter of the pi-
ezoactuator’s external load is its hardness or elasticity
coefficient, i.e., the ratio of the force for elastic re-
sponse load to displacement values [8, 9]. In general,
the rigidity — is the coefficient of proportionality C be-
tween the movement A/ and the force F or the coeffi-
cient in Hooke’s law F = CAL

The design parameters of the multilayer piezoactu-
ator are selected depending on the rigidity of the load
at the longitudinal piezoelectric effect (fig. 1). Their
practical application requires knowledge of the basic
characteristics: piezoelectric coefficients, elastic compli-
ances, the limits of the time resistance to compression.

The compression chart of the multi-layer (com-
posite) piezoactuator of piezo-blocks P-3 (fig. 2) with
the elastic compliances s3E3 =7,5-10""1 mz/N and
533 = 7,3° 1071 mz/N can show on a coordinate axis
o the four characteristic points with the following co-
ordinates: o, — the mechanical stress of the gaps ex-
austment and collapse of the microroughness; o, —
the limit of the time resistance to compression with for-
mation of the micro-cracks on the edges of piezocer-
amic plates; o,. — the limit of the time resistance to
compression; ¢ ; — mechanical stress of brittle fracture,
including o, < 6., < c,. The superscript D corre-
sponds to measurements at a constant induction of the
electric field in the multilayer piezoactuator and con-
trol from the power source or at the measurements with
the opened electrodes of the multilayer piezoactuator
(curve a). An index E corresponds to measurements at
a constant intensity of electric field in a multilayered pi-
ezoactuator and control over voltage or measurements
with closed electrodes of the multilayer piezoactuator
(curve b).

For piezoceramic materials, which include piezo-
electric ceramic such as CTS-19 or PZT, we have
64/04 < 0,1, where o, — the limit of the time resist-
ance to stretching, o,. — the limit of the time resistance
to compression. Consequently, for strength reasons, the
application of multilayer piezoactuators with the pre-
liminary its initial preload with a force exceeding the
working load is promising.

Let’s consider the compression diagram of a multi-
layer piezoactuator in the area of operating forces (fig. 3),
wherein ¢ — the mechanical stress along the axis 3, S5 —
relative deformation along the axis 3. The compression
diagram in the area of micro-cracks formation show
two regimes at constant induction and electric field in-
tensity in the multilayer piezoactuator, which corre-
spond to the elastic compliances s% < sg, in what
connection s§73 / S% = 1,2 and the limits of the time re-
sistance to compression with formation of micro-cracks
on the edges of the piezoelectric plates is cfzm > GtEcm ,
in what connection Ggm / cf;m = 1,2. Accordingly, an
increase in steepness is observed on the compression
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chart of a multilayer piezoactuator in a case of excess
of the mechanical stress of the gaps exaustment and
collapse of the microroughness .. = 1...2 MPa.

The samples of (N ) multilayer piezoactuators of pi-
ezoelectric ceramics PZT-19 with a variety of designs
were investigated: N1 — piezoactuator of piezoceramic
plates with D = 15 mm, § = 0,6 mm, n = 25, where D,
8, n — are diameter, thickness, number of piezoceramic
plates, respectively (monolithic multilayer piezoactu-
ator); N2 — piezoactuator of 15 piezo-blocks PP-6;
N3 — piezoactuator of 8 piezo-blocks P-3; N4 — pi-
ezoactuator of piezoceramic plates with D = 20 mm,
& = 0,6 mm, n = 25. Accordingly, the monolithic mul-
tilayer piezoactuator PP-6 with the height of 3 mm is
sintered of 5 piezoceramic plates with the thickness of
0,6 mm and the diameter of 20 mm. The monolithic
multilayer piezoactuator P-3 with the height of 4,2 mm
is sintered of 7 piezoceramic plates with the thickness
of 0,6 mm and with the diameter of 15 mm.

The measurements are performed on a press
UMM-5 for samples N1 — N4 of the multilayer pie-
zoactuators with opened and closed electrodes. The
curves la — 4a corresponds to the index D of meas-
urements at the constant induction; the curves 15 — 4b
corresponds to the index £ of measurements at the con-
stant electric field intensity in the multilayer piezoac-
tuators (fig. 3). The measurement results of samples
with the multilayer piezoactuators N1 — N4 are shown
in Table.

From the condition of the strength, the mechanical
stress ¢ in the multilayer piezoactuator does not exceed
the allowable stress [c] = o,.,,/k,, where k; — the as-
surance coefficient, in what connection 5 < k, < 10, to
prevent cracking of the piezoelectric plates on the edges
and loss of efficiency due the subsequent electrical break-
down or mechanical failure over the occurred cracks in
the workload. For example, the mechanical pressures
Giem — 140 MPa, G,Dcm = 160 MPa, were defined for
the multilayer piezoactuator N1 of the piezoceramic
plates, hence at k£, = 10 [o] = O,lcﬁ,m = 14 MPa.

Mechanical and control characteristics
of the multilayer piezoactuators

The static characteristics for the multilayer piezoac-
tuator of the type of S3(c) or AI(F) will be called "me-
chanical characteristics” (fig. 4), where 3 — the relative
deformation along the axis 3; ¢ or 75 — the mechanical
stress along the axis 3; A/ — the relative movement;
F — the external force and the static characteristics of
the type of S3(£3) or AI(U) will be called "control char-
acteristics of multilayer piezoactuator”, where F5; — the
electric field intensity along the axis 3, in what connec-
tion E53 = U/3; U— the voltage on the electrodes of the
multilayer piezoactuator; & — the thickness of the pie-
zoelectric plate; / — length of the piezoelectric trans-




ducer. The dashed line indicates the theoretical static
characteristics.

The experimental mechanical characteristics (fig. 4)
are shown for the multilayer piezoactuator with of the
piezomodulus d33 = 4 - 10719 m/V and elastic compli-
ance s§3 =3-10" 1 mZ/N, sintered of the piezocer-
amic plates with the diameter of D = 15 mm and thick-
ness 8 = 0,6 mm, n=25. In this case, the values
E5 = 600, 400, 200 kV/m corresponding to the curves
labeled by 1, 2, 3 are considered.

A characteristic feature of the experimental adjust-
ing characteristics of the multilayer piezoactuator of
CTS or PZT piezoceramics is the presence of strain
hysteresis of the piezoactuator depending on the elec-
tric field intensity (fig. 5). The experimental control
characteristics (fig. 5) are shown for the sample N3 —
the multilayer piezoactuator of 8 piezo-blocks P-3,
with the piezomodulus dz3 =410 m/V and the
elastic compliance s35 = 7,5+ 10711 mz/N under me-
chanical stresses ¢ = 0, 6,7, 13,4 MPa, corresponding
to the curves I, 2, 3. Bypass of the hysteresis loop of
strain of the piezoactuator in the case of the reverse pi-
ezoelectric is done counterclockwise. The residual hys-
teresis when the electric field strength is equal at zero
is 10...20 % of the maximum deformation of the mul-
tilayer piezoactuator.

Static characteristics of the multilayer piezoactuator
at the longitudinal piezoelectric effect controlled via
voltage is obtained from the equation of the inverse pi-
ezoelectric effect [6]

E
83 = dy3E3 + 533 T3, (1)

where ds3 — the piezoelectric modulus; 73 = —F/S) —
the mechanical stress along the axis 3; §; — cross-sec-
tion of a piezolayer (of a piezoceramic plate).

Consequently, we obtain the equation of static me-
chanical characteristic of the multilayer piezoactuator
with control via voltage

Al = dynlU — 55, FI/S,, )
or
A= AL (1 — F/F,.),

where Al — movement of the multilayer piezoactuator;
[ = nd — the length of the multilayer piezoactuator; n —
the number of piezoceramic plates in a multilayer pie-
zoactuator; A/, — maximum displacement; F,, —
maximum operating force.

In the statics, at control via voltage at F' = 0 the max-
imum displacement A/, have a type Al,,, = d33nU,,
where U,, — the maximum voltage on the electrodes of
the multilayer piezoactuator. To find the maximum op-
erating force F,,, at A/ = 0 we use the formula

£ £
Frnax = d33nUy,So/(s331) = d338)U,,,/(5338) =
E
= d3350E3/ 533 - )

Consequently, at control via voltage we obtain the
maximum mechanical stress along the axis 3 in the view

E
T3max = d33E3/S33 : (4)

From equation (2) of mechanical characteristics of
the multilayer piezoactuator it follows that elastic com-
pliance along with the piezomodulus is one of the most
important characteristics of a multilayer piezoactuator.
To increase the rigidity of its mechanical characteristics
let us choose the design with the minimum elastic com-
pliance of the multilayer piezoactuator.

Let us consider the changes in the elastic compli-
ances at the constant induction and at the constant
electric field intensity in a multilayered piezoactuator.

In the static mode with the clutched multi-layer pi-
ezoactuator its deformation is zero, while the developed
strength is maximal. Let us estimate the maximum
stress and the mechanical strain, developed by a multi-
layer piezoactuator at the longitudinal piezoelectric ef-
fects, taking into account the direct piezoelectric effect
at infinite resistance of the power source, i.e. control via
the current source

_ 1, S
Fmax_ Usd33f +

533
1 11, S
+ Fmax§ d33nS0 T s d33? > (5)
0 n833S0/5 S33

where s3T3 — the dielectric permeability of the piezoe-
lectric transducer along axis 3 at a constant mechanical
stress 7' = const.

From the equation (5) we have

2

%{ S33 [1 — T E] = E3d33 (6)
0 €33533
or
2\ E
Dymax(1 = k33)s33 = Esdss, (7)

where k33 = dj3/ /sés% — coefficient of the electro-
mechanical coupling.
Consequently, we obtain
Tymax Sy = Esd 8
3maxS33 30335 (8)

in what connection the elastic compliance at control
via the current (at constant induction) is as follows

D 2 E

Accordingly, at control via the current, the maxi-
mum force is equal to

D

Frnax = d3350E3/ 533, (10)

and the maximum mechanical stress along the axis 3 is
D

T3max = d33E3/S33 : (1)
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Let us consider the static characteristics of the mul-
tilayer piezoactuator or the piezo-block (fig. 1), rein-
forced with the elastic element and controlled via the
voltage. From the equation of the inverse piezoelectric
we obtain the relative movement

AYL= dy3Ufs — sy, F/S,, (12)
Accordingly, the movement
Al = dysnU— F/C,, (13)

E
CC = So/(S33 l), F= FO + Caé + Ce?;, FO = GQOSO’

where C, — the rigidity of the multilayer piezoactuator
at the longitudinal piezoelectric-effect controlled via
voltage; F — the external force; F, — the power of the
initial pre-compression by the elastic member; c,, —
the mechanical stress of the original reinforcing in a
multilayer piezoactuator; C, — the rigidity of the rein-
forcing element, in what connection we practically
choose C, = 0,1C,; C, — the rigidity of the load.
From which we have

AI[1 + (C, + C)/C,] = dy3nU— Fy/C,.  (14)

Accordingly, from (14) we obtain an expression for
moving of the reinforced multilayer piezoactuator at
the elastic load

Al

max
A

1= 1+(C,+C,)/C,

— Al (15)

isE
G,0%533

A =
o 1+(C,+C,/C.°

where A/, — starting movement of the end of the mul-
tilayer piezoactuator.

Mechanical stress of the initial preload equal to
6,0 = 1...5 MPa for each sample of the multilayer pi-
ezoactuator has a certain constant value. Consequently,
the end of the multilayer piezoactuator depending on
the initial reinforcement receives the initial displace-
ment, independent of the supplied voltage. Wherein the
end of the multilayer piezoactuator after the initial re-
inforcement displaces to a position which appears as
starting in operation mode.

Consequently, moving of the reinforced multilayer
piezoactuator (fig. 1) under elastic load after the initial
adjustment can be written as

Al
Al = max . (16)
1+(C,+C,)/C,

At C, = 0 we get the movement of the reinforced
multilayer piezoactuator as it follows

Al
Al = ——max (17)
1+C,/C,
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Therefore, we have Al = (1/1,1)Al . = 0,91AL .«
at practical use of the reinforcing element in the form of
pin, spring, membrane with the rigidity of C, = 0,1C,.
For reinforced multilayer piezoactuator at C, = 0
we get the load characteristic F(Al) (fig. 6), consisting

of two sections:
F=(C,+ C)Alipu F< Fy; (18)
F=Fy+ C/(Al — Aly) npu F> F,, (19)

where K, — the power of the initial preload by the elas-
tic element (breaking force). The power of the initial
preload should exceed the maximum tensile load,
which ensures the guaranteed work compression of the
piezoelectric elements in multilayer piezoactuator.

Conclusion

The compression charts in the area of operating
forces for multilayer piezoactuators made structurally
different, show that their application needs a preload
with a specific pressure over a mechanical stress of the
gaps’ exhaustament and collapse of the microroughness
to increase the rigidity of the multilayer piezoactuator.
The minimum mechanical strain is required to preload
the sintered multilayer piezoactuator constructed as a
monolithic multilayer element.

The resulting values of the elastic compliances of the
multilayer piezoactuators allow calculate their static
mechanical and control characteristics.
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Benenne

MaHTaCTUYECKUM T10 CIIOKHOCTA 00BEKTOM BO Bce-
JIEHHOH SIBJIIETCSl MO3T 4esioBeKa. Tak, 4yucio HepB-
HBIX KJIETOK 1010...1012, YHUCJIO CMHAIICOB 10'4...1015,
ele 00JIblee YUCI0 MOHHBIX KaHAIOB U MOJIEKYJ (0KO-
70 1022 Ha 1 CM3), SIBJISTIOIIUXCS KITIOUEBBIMUA CTPYK-
TypaMu. BrieyaTiisioT 1 o0beMbl ITaMSITH MO3Ta I10 3a-
noMuHaHuio nHpopmanuu. CyliecTBYIOT caMble pa3-
ubte ouenku: 1012...10'° 6ur [1]; 10°...10'2 6ur [2].
Euie 6onee notpsicarolasi oleHKa 0011ero KoJauyecT-
Ba MHGpOPMALIMU TI0 YKCIY BO3MOXKHBIX HEHPOHHBIX
COCTOSTHMI TIpuBeneHa B pabote [3]: 2NK, rie N —
MOJIHOE YUCJIO HEHPOHOB (N = 10”); K — yucno no-
KoJeHuii cpabaTbiBaHus (K >> 1), T. e. IelICTBUTEIBLHO
nMeeM "aCTPOHOMMYECKOE IMCI0".

Oco0eHHBIM  pe3yJbTaToOM (YHKIIMOHUPOBAHUSI
9TOM CynepcaoXHOM MHGOPMALIMOHHON CUCTEMBI SIB-
JgeTcsl co3HaHue** raBHast 3aragka Ilpuponpr.
Hemapom naypeatr HoGeneBckoit mpemuun Burtanmii
JlazapeBuu ['MH30Ypr "BoIpoc 0 BO3MOKHOCTHU 00BSIC-
HUTb MPOUCXOXIEHME KM3HU U MBILLIJICHUSI HA OCHOBE

* CTatbsl SIBJISIETCS] TEKCTOM TUIEHAPHOTO JOKJIAaAa, MPOUYUTaH-
Horo Ha 25-i1 MexnyHaponHoii koHpepeHiun "CBY-TexHuka u te-
JIEKOMMYHUKALMOHHBIE TexHoornu", 6—12 centsiops, 2015 r., Ce-
Bactonoyib, KpeiM, Poccus.

** 31ech CTAHOBUTCS OYEBMIHOM CHpPaBeIIMBOCTb IUATIEKTH-
YECKOro 3aKOHA O Mepexojie KOJMYeCTBa B Ka4eCTBO.

OmHO (U3MKMU" OTHEC K OTHOW M3 TpeX "BeIUKUX'
mpo06jeM coBpeMeHHOM ¢u3uku" [4].

Llenpro maHHOM CTaTbU SIBJSIETCS aHAJIN3 TIEPCITEK-
TUB MCIIOJIb30BaHUsI HAHODRJEKTPOHUKM, HaHOMATe-
pUaJIOB M HAHOTEXHOJIOTUI B MCCIIEAOBAHUN U MEIM-
LIMHE MO3Ta YeJI0BeKa, a TaKXKe TJIaBHBIX IMPorpaMm***
CIIA u ctpan EC mo ero usyyenuto — BRAIN Ini-
tiative 1 Human Brain Project. MeTonoaornueckoi oc-
HOBOI MPOBEIECHHOIO PACCMOTPEHUS SIBJSIIOTCS Tpe.-
JIOXXKEHHBIE aBTOPOM TIOJTHAST 3JIEKTPOHHASI MHTEPIIpe-
Tauusl (yHKUMOHUPOBAHMSI MO3ra M KOMILJIEKCHBIM
MepapXuyeCKUii TTOIX0 €T0 UCCIIeAOBAaHMS, OCHOBAaH-
HBIf HA MHOTOYPOBHEBOM MOJAEJIUPOBAHMUM B COUETA-
HUU C 9KCTIEPUMEHTATBHBIMI METOTAMM.

IIporpammel CIIIA u ctpan EC nccienoBanus mosra

IIpubnuzurensHo omHoBpeMeHHO B 2013 r. ObUIO
00BSIBJICHO O Hayayie IBYX IPaHAMO3HBIX MO MacIlITa-
0aM M aMOMLMO3HBIX IO LieasiM mporpamm CIHA u
ctpan EC uccnenoBaHuii Mo3ra yeaoBeka.

BRAIN (Brain Research through Advancing Innova-
tive Neurotechnologies) Initiative 6bU1a aHOHCUpPOBaHa
npesuneHTom CIITA b. O6amoii B anpene 2013 1. [5]
¢ 001IIMM 00beMOM (PMHAHCUPOBAHMS 10 3 MJIPA, JOJLI.

**% ABTOp MCIOJIb3YET 3/1eCh 00JIee BEPHBIiA TTO CMBICITY TIEPEBOL
Ha PYCCKMI SI3BIK — "TIporpamMma’.
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u3 (enepanbHoro Omomkera. MHUIMaTHBa ObLIa Ha-
3BaHa ogHUM 13 "Benukux Bei3oBoB". Oxugaercs, 4To
OHa OyzeTt 6oJiee MacIITaOHOMW U CIOXXHOI MO CpaBHe-
Huto ¢ Human Genome Project. OMHUM U3 OCHOBHBIX
HampaBJICHUI OyneT KapTHpOBaHUE BCEX CBS3Ci Heli-
POHOB MO3Ta YejioBeKa (Co3maHne KOHHEKTOMa YeIo-
Beka). [lonaraercsi, YTO C MOMOIIbIO KOHHEKTOMA MO3ra
MOXHO OyIeT cHayajia pa3o0parhCsd BO MHOIMX IICH-
XUYeCKUX 3aboseBaHusIx (0ojie3Hb AnblreiiMmepa, 60-
ne3Hb [apkuHcoHa, mm3odpeHusi, ciaboymue u ap.),
a BITOCJIEICTBUM U JieunThb uX. [Ipenreueit aToit uHUIMA-
TuBbl sBisicst Human Connectome Project, ocyliecTB-
nsieMblii HatimoHanbHBIM MHCTUTYTOM 310poBbsi CITTA
[6]. CocraBieHue KapThl HAYaJIXM C HEPBHOM CUCTEMBI
yepsst (C. elegaris), conepxaiiieit Bcero 7 ThIC. CBsI3eii.
3ameuy, YTO KOHHEKTOM 4YeI0BeKa MPUOIU3UTEIBHO B
100 mapa pa3 Gosblie. ITogpoOHO paGOTHI MO KOH-
HEKTOMY OINKCaHbl B MHTEPECHOU KHUTe Mpodeccopa
C. Ceynra [6].

Human Brain Project (HBP) anoncupoBan EBpo-
MENCKOM KOMUCCUEH MPAKTUYECKU OJHOBPEMEHHO C
MunumnatuBoit CHIA ¢ o01uM 06beMoM (pHAHCUPO-
BaHus okoJio 1,2 mupa eBpo. [loHumaHue Mo3ra ye-
JIOBEKa B IIporpaMMe Ha3BaHO "OTHUM M3 BeTMYaNIIIIX
BBI30BOB Hayku 21-ro Beka" [7]. HBP Bkimrouaer 13 non-
nporpaMMm. OIHUM U3 OCHOBHBIX HaMpaBIeHUN OyaeT
CO3/IaHUE MOJIEIM YEJIOBEUYECKOro MO3ra Ha TpaH3M-
cropax (moBefeHUe HEHPOHOB UMUTHUPYETCS C TTOMO-
1LIbI0 TPAH3UCTOPOB) C MIPUBJICYEHUEM CYIIEPKOMIIbIO-
TepoB. JlaHHbBI Moaxoa ¢akKTUYECKU SIBJISIETCSI HEMPO-
KUOEPHETUYECKUM.

B 1ieioM, oTMeueHHBIE MMOIXOMBI SIBIISTIOTCS CBOE-
00pa3HBIM "IBMKEHUEM HaBCTpeuy APYT APYry" U BO3-
HUKJIM HE Ha IMyCTOM MECTe, a SIBJISIOTCSI MPOJOoJIKe-
HUEM paHee BBIIOJHSIEMbBIX IPOEKTOB, a UMEHHO |[3]
Human Connectome Project, Blue Brain, npoekT pup-
Mbl IBM, Allen Human Brain Atlas n np.

B manHOM pasmene orpaHWYyCh JIUIIB IepPEeUnCIIe-
HHEM HamboJsiee CYIIECTBEHHBIX HEIOCTAaTKOB OCHOB-
HBIX HaIlpaBleHUH (MOIX0A0B)* yKa3zaHHBIX INI0OAJb-
HBIX TIPOTpaMM, KOTOpBbIE OTMEUYEHBI, KaK ITPaBHIIO,
DPYKOBOAUTENSIMA WJIM YYaCTHUKAMM TPOEKTOB (CM.,
HampuMep [3, 6]).

O koHunexkmomuke. K OCHOBHBIM HeOCTaTKaM IO/ -
X0Jla OTHEeCY CJIenyIolIue.

1. OueHb IIUTENbHBIE CPOKU MOJYYEHUST KOHHEK-
toMa. Tak, Ha MOJTyYeHNe eTMHCTBEHHOTO 3aBepIIeH-
HOTO K HACTOSIILIEMY BPeMEHM KOHHEKTa 4epBs (CM.
paHee) MoTpedoBaIOCh NECITUIETUE.

2. IToka BO3MOXHO OTHICKMBAaThb KOHHEKTOM TOJIb-
KO C MEpPTBOTO MO3ra.

* [IpoaHaM3upoBaTh BCE MPOEKTHI MPOrpaMM IMIPOCTO HEBO3-
MOXHO XOTSI Obl MOTOMY, YTO B HMX NMPUHUMAIOT y4acTUe OYEeHb
00JIbILIOE YMC/IO CIELUANMCTOB 3amnana, BKIoUas BeAyLIMX, B pa3-
JIMYHBIX 00J1aCTSIX HEMPOHAYKM. A 3TO O3HAYAET, UTO MPOPBIBHbIE pe-
3yJbTAaThl MOTYT OBITh MOJYYEHBI MO APYTUM HarpaBICHUSIM.
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3. IlonHoe KonMM4yecTBO MHMOPMALIMK 110 MHEHUIO
npodeccopa CeyHra B KOHHEKTOME YeJIOBeKa COCTaB-
nset okono 1020 Gaiir. W, BooOI11IE TOBOpPSI, HESICHO,
yTO ¢ Helt Aenathb. B pesynbraTe mpodeccop CeyHr oT-
yaBaeTCs KOTHa-HUOYIb 3aBEPIINTH TTPOEKT, YUUTHI-
Basl HE TOJBKO CJIIOXKHOCTH IOJTy4YeHUs] MHGOPMALIMH,
HO U ee o0paboTku (mpobdjiemMa pacliMPpPOBKU KOH-
HekToMa). COMHEHHUS Y HETO eCThb U B caMOM Teopuu
KOHHEKTOMa, [JIABHBIM MPUHILIMIIOM KOTOPOIA SIBJISIET-
csa [6]: "DyHKIMA HepOHA OIpeAessieTCs TIaBHBIM
00pa3oM €ro CBSA3AMM C ApYrumu HeilpoHamu”. Kak
OyZeT BUIHO U3 JajibHEU1Iero, 3T COMHEeHUs Hebe3-
OCHOBATEJIbHBbI.

O netipoxubepuemuyeckom nooxooe. K oCHOBHbIM He-
JoCTaTKaM 3TOTO TIOAXOMa OTHeCy cienytomume: 1) Mo-
JEIMPYIOTCS TOJIBKO CBSI3W MEXIY KOPOW M TallaMy-
COM, T. €. OOJIbIIIast YaCTh MO3Ta He pacCMaTPUBAETC;
HACKOJIbKO TaKO€ MOIEJIMPOBAaHUE OTpaxkaeT peasib-
HYIO CUTYallMI0 — HESICHO; 2) B HACTOsIIIee BpeMsT HET
CYIIEpPKOMITBIOTEPOB TpeOyeMOl IPOU3BOAUTEIHHO-
CTH, TO3TOMY ITOAXOJ Peaau3yercsl MO3TAIHO, HAaYM-
Hasl ¢ MOIEJTMPOBAaHUS Mo3ra 0ojiee TIPOCTHIX XUBOT-
HBIX, B YACTHOCTH MBIIIIN.

HMrtak, o0IIMMHM HegocTaTKaMMU O0OMX OCHOBHBIX
MOJAXOA0B SIBISIIOTCS: 1) OYeHb AJIUTENbHBIE CPOKMU,
KOTOpBIE IIOTPEOYIOTCS ISl IOJIydeHUsI MH(pOpMaLUn
HEIOCPeACTBEHHO O MO3re YejioBeKa;. 2) MpoCTO 4y-
JOBUIIIHBIE 00BEMbI BO3MOXKHOI ITOJTy4aeMoil HH(POP-
Malliu, Ha KOTOpble MOTpedyeTcsl, MO-BUAMMOMY, He
MEeHbllIe BpeMeHHU, YTOObI B Heil pazoopaThes. UTo oHa
o3Hauaet?

3aBepiliasi JTaHHBINA pa3fen He MOTY He 3aMETHTh,
YTO XOPOILLIUI 0030p HauboJIee BaxKHbIX UCCIICTOBAHUI
10 MO3TY, BBIIIOJTHEHHBIX B Poccuu, maH Ha HayIHOM
ceccun OOuiero cobpanust Poccuiickoili AkameMuun
HayK "Mo3r: ¢pyHIaMeHTaJIbHbIE M TIPUKIaIHBIC TIPO-
onembl" [8]. Xotss B Ilporpamme (yHIaMeHTaTbHbBIX
HAyYHBIX MCCIETOBAHUM TOCYIapCTBEHHBIX aKaJIeMUA
Hayk Ha 2013—2020 rogsl 1 ymelleHO paccMaTpuBae-
MOI TIpobJieMe Cepbhe3HOe BHUMAaHUE, OJHAKO, K CO-
JKaJIGeHWI0, 3TO HE TNPUBEJIO K CO3MAHUIO CTOJb Xe
[JI00ATbHOM MPOrpaMMbl IO MCCIEI0BaHUIO MO3ra Mo
CPaBHEHMIO C OTMEYEHHBIMH paHee.

IlonHas 31eKTPOHHAS MHTEPHpPETALM
(yHKuMoHnpoBaHUs Mo3ra

B nmoknagax aBTopa Ha MeXAyHapOIHBIX KOHGe-
peHuMsx [9—11], monorpacdusx [12, 13] u uukie cra-
Teil [14—17] onucaH KOMIUIEKCHbBII MepapXU4eCKUil
MOJAX0J K MCCIeIOBAaHUI0 MO3ra 4ejloBeKa, OCHOBaH-
HbI1 HA MHOTOYPOBHEBOM MOJEIMPOBAHUU B COUETA-
HUU C 3KCIIEPUMEHTATBbHEIMM METOZAMM, B paMKax
MOJIHOM 3JIEKTPOHHOI MHTEpIIpeTallii ero (PYHKIIMO-
HupoBaHM. Tak Kak MpeaToKeHHbIe MHTePIIPETALIHS
1 KOMITJIEKCHBIN TTOAXO0 TOCTATOYHO MOAPOOHO OIMH-
caHbl B pabotax [12, 13]; 3mech BBIIEIIO JUIIb OCHOB-




HbIE MOMEHTBI, KOTOPbIe OyayT BaxKHBI IS TadbHel-
1IEr0 U3JIOXKEHMSI.

OcHOBHasl CJIOXHOCTb PACCMOTPEeHUST (DYHKIIMO-
HUPOBaHUS MO3ra, OCOOEHHO pPa3IMYHbIX MCUXUYE-
CKUX QYHKLMH, HA CTPOrOoM HEHPODU3UOIOrMYeCKOM
YPOBHE CBsI3aHa C TeM, UTO MPU ero padbore uMeeT Me-
CTO "3aIlyTaHHbIA KIyOOK" OOJBILIOro uyncia (Pu3nKo-
XMMMYECKHUX TpolieccoB. B cBsi3u ¢ aTuM Obla mpu-
HaTa ranore3a 1: cuumaemcs, umo OJomuHupyrouee
eAUsHUe HA DYHKUUOHUPOBAHUE MO32A OKA3bIBAIOM INEK -
mpuueckue npoyeccol. TakuM oOpa3oM, MoJjaraercs,
yTo 0O0paboTKa MH(OpMaLlMX B MO3re MAET B OCHOB-
HOM Ha ypOBHE€ 3JIEKTPUYECKUX TMpolieccoB. Jpyroi
BUII MPUHLMITHAIBHO BaXKHBIX TTPOLIECCOB, T. €. XUMMU-
yeckue, obecreyrBaeT Mpexae BCero NMuUTaHue Hell-
POHHBIX (2JIEKTPUYECKMX) LIeel Mo3ra, a TakKxke UX
MoaupUKaLMIO (CM. TaKXKe Jajee).

bruto BrmepBble IOKa3aHO, YTO BCS HEWpOHHas
LIENb MO3ra MOXET MHTEPIpPETUPOBATLCI B KayecTBe
HEJIMHEHHOM 3JIeKTpUUYECKOil 1enu (Lernb IepBoro TU-
mna), UMeIolIei CleaymolIre CBOiCTBa: 1) HelipoHHAas
Lenp — 3TO CHayaja pacTyliasi, a 3aTeM MoAu(uLu-
pyemasl 3jeKkTpuyeckasi 1enb (OCHOBHOE OTJIMYKE OT
uHTerpaibHbIX cxeM (MC) — aiekTpuyeckux liereit
BTOPOI'O THUIA); 2) HEeJUHEHHasl 3JeKTpuJeckas 1elb
MEepBOro THUIA XapaKTepU3yeTCs He TOJbKO KpaiiHe
CJIOXXHOW TOIOJIOTUEW, HO U Bapuallueil CBOWMCTB CO-
CTaBJISIIONIMX €€ Ka3aJ0Ch Obl OMHOTUITHBIX 3JIEMEHTOB
(Tena KJIETOK, aKCOHa, AEHAPUTHI, INUIMUKW, CUHATICHI
U Ap.); 3) 2/eKTpUYecKre Leny MepBOoro TUIla MOTYT
JIEMOHCTPHUPOBATh 0OJbIIOE pa3HOOOpa3ue B MOBEIE-
HUU B 3aBUCMMOCTHU KaK OT BXOMSIIUX, TaK U OT TpO-
XOISIIMX 110 HUM CUTHAJIOB; 4) C TOUKM 3pEHUS DJIeK-
TPOHUKM MO3T 3peJIOro YejaoBeKa — BTO, MPeXae Bce-
ro, HaOOp HEJMHEUHbIX JIEKTPUUECKUX (HEUPOHHDIX)
Lierieit IByX BUAOB, KOTOPbIE HE MTOJKHBI MOAUMUIIM-
pOBaThCs U KOTOPbIE MOTYT MOIMMULIMPOBATHCSI.

Tak Kak KJIOUYEBBIMM 3JIEMEHTaMU B BJIEKTpUYe-
CKUX (HEMpPOHHBIX) LIEISIX MO3ra SIBISIOTCS MOHHBIE
KaHaJIbl — CJI0XHBbIE HAHORJIEKTPOMEXaHUYECKHE CUC-
TeMbl (HOMC), To MO3r B 11eJI0M ObLJT MHTEPIIPETH -
pOBaH He KaK IPOCTO OOBEKT DJAEKTPOHUKHU, a KakK
00BEKT OPraHUYEeCKON TMOPUIHON HAHORJIEKTPOHUKU
[12, 13]. OT™Meuy U 3a€Ch NPUHUMNHUATLHOE OTJIMYME
ot MC TBepaoTeIbHON MUKPO- U HAHORJIEKTPOHUKH.
B Hux xirouyeBble (aKTUBHBIE) 2JIEMEHTbl — AUOILI U
TpaH3uctopbl. Takum obpasom, I[lpupona noiuia no
JIPYTOMY CIJIBHO OTJIMYAIOIIEMYCS TTyTH.

B pamkax mnpeajioxXeHHON IMOJHON 3JIeKTPOHHOM
WHTeprapeTaluy GYHKIIMOHUPOBAHUSI MO3Tra pacCMOT-
pEeHO KakK MpUOJM3UTENIbHO (YHKLHUOHUPYET MO3T.
BoigeneHo Tpu Tuma pexuma pabOThl MO3ra Kak Ha-
0opa HeJIMHENHBIX 2JIEKTPUUYECKUX Lerneid, a UMEHHO:
1) mpu BHeLIHEM BO3AEUCTBUM; 2) O0€3 BHEIIIHETO BO3-
JIeicTBUsl (BHYTpeHHMUIT); 3) cMmellaHHbii. [Ipu aTom
BCE OT/EJbHbIE PEXUMbI pabOThl MO3ra, BKJIKO4asl BOC-
MpUsITHE, BOCTIOMUHAHWE, MBILIUIEHUE U JPYTUe ICUXH-

yecKue (YHKIMHU, OTHOCATCS K OTHOMY U3 YKa3aHHBIX
TIIoB. bonee Toro, mo6oi crieuu@UIecKuii pexXxum
paboThl MO3ra SBJISETCS Pe3yJbTaTOM IPOXOXKIECHUS
BJIEKTPUUECKOr0 CUrHaja (CUrHajoB) MO COOTBETCT-
BYIOLLIEMY HAa0Opy 2JEKTPUIYECKUX LieTeld, TpUIeM OcC-
HOBHBIMU BO3MOXHBIMU OIEpalMsIMU SIBJISTFOTCSl CpaB-
HeHMe, KOIMpOBaHUE, NEKOAMPOBAHUE, KOMaHAa K
JIefcTBUIO, MOAU(MUKALIMSA HEIPOHHBIX LIETICi.

Tak, MBICIIb — 3TO AeKOAWpPOBaHMHE (BHYTPEHHEe
BOCIIPOM3BEIEHUE) BJIEKTPUUECKOro CUTrHaja (CUrHa-
JIOB), MHUIIMUPOBAHHBIX CAMMM MO3TOM M IIPOXOIsI-
11IeTO IO Pa3TUUYHBIM HEMPOHHBIM LIETISIM MO3Ta COOT-
BETCTBYIOLLIEH MPOCTPAaHCTBEHHO-BPEMEHHOM KOH(DU-
rypauuu. CiegoBaTeIbHO, MbICJIb — 3TO CBoeoOpas-
HbIil 0OpaTHBIN MPOLIECC MO OTHOLLIEHHUIO K 00paboTKe
nocTtynaroliieir nHpopMauuu (IpsIMOM IIPOIEcC), KO-
TOPBIi MHULIMUPYETCSI, MO-BUAMMOMY, B OCHOBHOM
KOpPOM TOJIOBHOTO MO3ra, T. €. 110 HEMPOHHBIM LIETISIM
MPOXOIST TOKM U BOBHUKAIOT 00pa3bl, MOHSITHS U T. TI.
B pe3yabTaTe AEKOAMPOBaHUS MHGOPMALIUMU, COIEep-
JKallleicsl B COOTBETCTBYIOIIMX HEMPOHHBIX LIETISIX.

CrenaeM HEKOTOpbIE TOMOJHEHUS U YTOUHEHUS K
TeOpHUH, M3JIOXKEHHO# B pabotax [12, 13] u KpaTko
OIMMCAHHOU BBHIIIIE.

CoBpeMeHHBIE SKCIIEPUMEHTAIbHbBIC JaHHBIE HC-
clieqoBaHUS Mo3ra [3] Mo3BOJSIOT cAeiaaTh BBIBOA, O
TOM, YTO, MO-BUIUMOMY, 00JIaCThIO, MIPEXIE BCETO OT-
Bevarollleil 3a 0cCo3HaHue, SIBISETCs TpedpoHTalbHas
Kopa JIOOHO# oM TOJIOBHOTO Mo3ra yejoBeka®. Ta-
KM 00Opa3oM, MHULIMAIIUSI U BO3MOXKHOE COIPOBOXK-
JEHUE MBICIUTEIbHON NeSITeIbHOCTU MPOUCXOAUT B
HEWPOHHBIX LIEMIX 3TOK 00JacTH, a Jajee OCyIleCTB-
JisieTcsl TMOKOe CBsI3bIBaHUE (CM. Jajiee) C HEMPOHHbI-
MM LIETISIMU Pa3IMYHBIX CTPYKTYp U 00JlacTell Mo3ra B
3aBMCUMMOCTU OT TOTO Kakasi 3TO MbICjb. Eciu B pe-
3yJbTaTe 3TOM MBICAU MPOMCXOMUT KaKoe-TO AEHCT-
BHUE, TO IJISI €0 OCO3HAHMS HEOOXOOUMO, YTOOBI MH-
(opmais moctynuaa ajass oO0paboTKu B MpedpoH-
TaJbHYIO KOpy. B pe3ynbTare MponcXoauT ecTeCTBeH-
Hag 3amepxXkkKa, KOTopasi B Helpodu3monornyeckoit
JIuTeparype Bbl3Bajla OUY€Hb OYPHYIO IUCKYCCHUIO (U3-
BeCTHBIN 3kcrepuMeHT 1985 roma B. JImGera "o cBO-
6one Bonu" [3]). [Tonyuaercst, YTO MBI CHavana aeicT-
ByeM, a MOTOM OCO3HaeM 3To. B cBeTe M3M0XKEHHOIo
BBbIILIE ATa YacTO BCTpeyaemasl 3alepxkKa CTaHOBUTCS
noHsTHOM! OTMeEUy, 4TO B KOHEYHOM HTOIE BCE XKe
MO3T NPUHUMAET pellieHUEe, a He KTO-TO MOTYCTOPOH-
HUii. B cBSA3M ¢ 3TUM pe3Koe MPOTUBOIOCTABICHUE
CO3HATEJIbHOW U TI0JACO3HATEJbHON NesTeIbHOCTU
MO3ra ¢ MOeil TOUKM 3peHusi HeBepHO. OCHOBHOE pa3-
JINYUE COCTOUT INIaBHBIM 00pa3oM B TOM, UTO B cIyvyae
OCO3HaHMS TOU MO0 MHOM JesATeTbHOCTA HEOOXOAM-
MO 00sI3aTe/IbHOE yJyacTUEe HEUPOHHBIX LIeTIeH ellle o/l-

* He ciemyer, omHaKoO, 3a0bIBaTh, YTO "KJIIOUYE€BOE 3HAUEHUE JIJIST
HOPMaJbHOTO (PYHKIIMOHUPOBAHUSI CO3ZHAHMS" MMEIOT "Kopa 00Jib-
LIMX MOJIYIIAPU, TaJlaMyC U (DYHKLIMOHATIbHbBIE CBSI3U MEXIY STUMU
obaactamu Mo3sra” [18]. BTo moguepkuBaeT 0CO0YI0 BAXXHOCTh ITPUH-
LMIa CUCTEMHOCTU B paborte mosra [19].
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HoIi 00JlacTi — npedpoHTaIbHOU KOpPEL. B TO XKe Bpe-
MSI U3BECTHO, YTO MOAABJISIIOIIEE YUCTO NEUCTBUM ye-
JIOBEKa OCYIIECTBIISIETCS Ha TTOACO3HATETEHOM YPOBHE
1 TOJIBKO OUYeHb HE3HAYMTENIbHAS YacThb BHIXOOWUT Ha
CO3HaTeJIbHbIM YpoBeHb. B mocienHeM ciiyyae MOXeT
CYIIECTBEHHO YJIYy4llIaTbCSl KayecTBO HeATeIbHOCTH.
Pacmuiaroii 3a 310, O1HAKO, SIBISIETCS OTMEUEHHas 3a-
JIep>KKa BCJIEJCTBUE HEOOXOAMMOCTH yyacTusi B odpa-
0oTke MHGpOpMalUU ellle, KaK MUHUMYM, OIHOI 00-
JIaCTM MO3ra, oTBeuarolleil 3a ocodHaHue. [ToHSITHO,
YTO B HEKOTOPBIX CIAy4asX 3TO HE HYXXKHO JIMOO MOXKET
OBITh MPOCTO BPEAHBIM, MOATOMY MHOTME NEHCTBUSI
yesIoBeKa MPOMCXOIST B aBTOMATUYECKOM pexkuMe (Ha
MOJCO3HATEJIbHOM YPOBHE).

OueHb MHTEpECHON sBisieTcsl "MpobJeMa CBs3aH-
HocTu" [3] MeXIy HEeHPOHHBIMU LIETSIMU Pa3TUYHbBIX
obutacTeii Mo3ra B Tpoliecce ero GyHKIUMOHUPOBAHUS.
OTMeuy, YTO I'MOKOCTb CBSI3bIBAHMSI JOCTUIaeTCsl, IO
KpaiiHeli Mepe, Ha TpeX YpOBHsIX: 1) cBsizeil Mexmy
00JIaCTIMM U/WIU CTPYKTypaMu; 2) HEHPOHHBIX aH-
cam0Jieit (B 001aCTSIX M CTPYKTYpaxX MOTYT y4acTBOBATh
B paboTe pasHOOOpa3Hble HEMPOHHBIE aHCaMOJIN);
3) HeilpoHOB (MOJMMYHKIMOHAIBHBI U CAMU HeWpo-
HbI). DTO, KOHEYHO X€, CUJIbHO YCJIOXHSIET aHaJN3.
B cBeTe mpemioxeHHOI MOJHOM 3JIEKTPOHHON WMH-
TepIIpeTali MHE TIPEICTaBIIIETCS BeCbMa YOeIUTe b-
HOI (BBUIY OOIIIEro KOJIOCCAIHLHOTO YKCIa HEMPOHOB)
pa3pabaTbiBaeMasi TEOpUSI O CUHXPOHU3alUMU KoJjieba-
HUI B HEHPOHHBIX IIEIISIX PAa3IMIHBIX YYaCTKOB MO3Ta
[3]. BriepBbie uaesi, mo-BUAMMOMY, Oblja BbICKa3aHa
eme A. A. YXTOMCKHMM, a BIOCJIEACTBUU pa3BUBaIach
®. Kpukom u K. Koxom, B. 3unrepom u JI. Duenb-
MaHOM U Ap. BbIJI0 ycTaHOBJIEHO, UTO /TSI CO3HATEb-
HOM JeSITeIbHOCTU BaXKHBI TaMMa-BOJHBI C YaCTOTOM
okosio 40 T'u. Panee [12, 13] MHOIO yXe OTMeUasocCh,
YTO "MBICIUTENbHAS JESITEIbHOCTD, CYlIsl IO BCEMY, —
CyTh MaKpOCKOTWYECKNEe KOJIJICKTUBHBIC SIBJICHHS B
HEJTMHEWHBIX DJIEKTPUYECKUX IETSIX TTepBOTro TUTA" 1
HOCUT KaK Obl PE30HAHCHBINM XapakTep. DTU B3MJISAbI
HETUIOXO COTIJIacyloTCsl ¢ TeOpUeil O CMHXPOHM3alluu
KOJIEOaHUA.

B cooTBeTcTBMM € ynauHo# Kiaccudukaiveit A. Pe-
BoHcyo [20] mpennoxeHHast Teopust [12, 13] moxeTt
ObITh OTHECEHAa K MOHUCTUYECKON MaTepuaiucThye-
CKOI TEeOpUHM CO3HAHUSI SMEPKEHTHOro Tuna. B Heit,
KakK TOJIbKO YTO OTMEYaloch, creuucduyeckue IMpo-
11ecChl 00Jiee BBICOKOTO YPOBHS — MaKpOCKOIIMYECKHe
KOJIJIEKTUBHBIC SIBJICHUSI B HEJMHEHHBIX 3JIEKTpUYe-
CKUX (HEHPOHHBIX) LIETISIX MO3Ta.

KoMILIeKcHbI MOAX0J K MCCJIEI0BAHMIO MO3ra

IIpemioxkeHHasT TOJHAsI SJIEKTPOHHAS WHTEpPIIpe-
Tanyg QYHKIMOHUPOBAHUSI MO3ra MOCIy:XKuja 6a3oil
IUIST KOMITIEKCHOTO HMepapXU4ecKoro ITOAXoda K ero
HCCIIEMOBAaHNIO, OCHOBAaHHOTO Ha MHOTOYPOBHEBOM
MOJETMPOBAHUN B COYETAHWU C IKCITEPUMEHTATbHEI-
MM METOAaMM M OoNMCaHHOTro B padorax [12, 13].
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Hnst pazpaboTKu moaxoda IoTpeOoBaloCh BBeEE-
Hue enie aByx runote3 [12, 13]. Tak, OblIM NpuBeaEHBI
apryMeHTHl B IIOJIb3y TOTO, YTO, C OTHON CTOPOHHI,
rncuxuyeckre MyHKIMU MO3ra He MOTYT OBbITh OIKca-
HBI TOYHO C TIOMOIIBIO KBAHTOBOM MEXaHWUKHU B TIPUH-
LIMIIE, a C APYTON CTOPOHBI, — YHKUUOHUPOBAHUE MO3-
2a modicem Obimb 8 NPUHUUNE ONUCAHO C BbICOKOU Chie-
NeHvl MoyHocmu (00CmamouHoll) ¢ npumeHeHuem gop-
MAAU3Ma K8aHmMoBoU MeXAHUKU HA COBPEMEHHOM YPOBHe
ee pazeumus. TlocneqHee yTBepxKIeHUEe — rHNOTE3a 2
0 JOCTaTOYHOCTM KBAaHTOBOM MexaHUKHU. Bbuin Takxke
MIPUBEICHBI APTYMEHTHI B TTOJIB3Y CIIPABEIIUBOCTH TH-
note3bl 3: crmpocoe mamemamuueckoe OnUCaHue padomol
MO032a ¢ NOMOUWbIO K8AHMOBOU MEXAHUKU OMHOCUMCA K
mpyonopewaemvim 3adauam kaacca NP. Takum obGpa-
30M, CTPOroe MoJeIMpOBaHKE MO3Tra Ha YPOBHE KBaH-
TOBOI MEXaHMKM HEBO3MOXHO ceiiuac 1 B 0003pUMOM
OynyieM. PalimoHanbHbIN BBIXO U3 CO3AaBLIEHCS CU-
Tyallid — KOMIUIEKCHBIM MepapXUUeCKU MOAXO0md Ha
OCHOBE MHOI'OYPOBHEBOI'O MOJEIMPOBAHUU MO3ra B
COYEeTaHUHU C IKCIIEpUMEHTATLHBIMA MeTomaMu. OmgHa
M3 BO3MOXHBIX CXEM peaJM3allMy TaKoro Moaxona
omnucaHa B paborax [12, 13].

BaskHBIM TTpENMYIIIECTBOM TPEII0XKEHHOTO TTOIXO0-
Ja U CXEMBI SIBJISICTCSI BO3MOXHOCTb y4eTa BIMSTHUS
pa3IMYHBIX "XMMHWYECKUX, TEIUIOBBIX M APYIMX 3Ha-
YUMBIX TIpolieccoB” M BosaeiicTmit [12, 13], T. e. ux
CBOICTBO OTKPBITOCTU. B YacTHOCTH, AOITyCTUMO Yy4eCThb
BIVSTHHE CIICOYIONINX (DaKTOPOB: TIIMANBHBIX KJIETOK,
KOTOPBIX NpubOaU3uTesibHO B 10 pa3 Gosblile, YeM Hell-
POHOB; 00beMHBIX TOKOB [20]; BO3MOXHbIE MOAUDU-
KallM¥ B HEMPOHHBIX LIETISIX, TaK, HEJABHO YCTaHOBJIE-
HO, YTO B pe3yjbTaTe BOCIIOMWHAHWI (BHYTPECHHUIA
pexXkuM paboTHl MO3ra COIIACHO IPENIOXKEHHOW WMH-
teprnpetauuu [12, 13]) MOXeT U3MEHSITbCS CTPYKTypa
6enka [3] u npyrux. JI1s1 3TOTO IMOTPEdyeTCs pa3padoTr-
Ka COOTBETCTBYIOLIMX MoOjeJsieil. 3aMeuy, 4yTo Jdaxe B
OTMEUYEHHbIX (PaKkTopax ellle MHOTo HesicHocTeil. On-
HAKO BO3MOXHBI JOCTAaTOYHO MPOCThIE MYTHU y4yeTa
TaKMX, KaK TpaBUJIO, MeHee BaXXHBIX (PaKTOPOB —
OIMCHIBATh UX BIAUSIHUE C IMOMOIIBIO TOKOB YTEUKH,
Mapa3uTHBIX 3JEMEHTOB B MOJENSX DJEKTPUUYECKUX
(HEMpOHHBIX) LIeNeil MepBOTO TUIIA, YYUTHIBAIOILIUX
OoJiee 3HAUMMBbIE MTPOIIECCHI.

CymHOCTh NCHXHYECKHX 3200JIeBaAHMI

IMpennoxeHHas: MHTepHpeTalys MO3BOJISIET CBS3ATh
ICUXUYeCKHe 3a00jeBaHUs C OTKIOHEeHUEeM (YHK-
LIMOHUPOBAHMST DJCKTPUUECKMX (HEHPOHHBIX) LeMei
MO3Ta OT HOPMaJIbHBIX* peskuMOB. OTKIIOHEHUST MOTYT

* Borpoc "0 HOpMaJIbHOCTU" B TICUXOJIOTUM — IIPUHLIMITAAb-
HBII 1 ONTHOBPEMEHHO OYeHb CJI0XKeH. OTHAKO B HEMPOTICUXOJIOTUU
MOHSITHE "HOpMa MCUXUYECKOI (PYHKIUK" BBeleH AaBHO [21] u aB-
JIleTCsl OJHUM M3 BaXKHEWIUUX. be3 3Toro moHsITUST HEBO3MOXHO
00OWTHCH U TTPU UCCIIENOBAHUM U3MEHEHHBIX COCTOSIHUI CO3HAHUST —
VHTEHCUBHO Pa3BUBAeMOil B HACTOsllee BpeMsl 00JIACTH TCHUXOJIO-
ruu (cM., Hampumep, [22]).




OBITh BBI3BAaHBI MHOXECTBOM (akTopoB. IIpoBemeH-
HbI aHaJIU3 MoKas3aj, YTO K OCHOBHBIM, MO-BUAUMO-
My, cienyeT (YyCJIOBHO) OTHeCTU: 1) CBSI3aHHBIE C pa3-
pylLIeHNWeM 1IieTieil; 2) BBI3BaHHBIC HEIMPABMILHBIMU
CBSI3IMM (DYHKLIMOHUPYIOLIUX 1Liemneit; 3) ompenensie-
Mbl€ U3MEHEHUEM KOHCTPYKTUBHO-TEXHOJOTMYECKUX
U dJekTpodusnueckux mapameTpoB wHemnei [12, 13],
BKJIIOUasi OMOXMMUYECKME MPOLIECChl B HUX (CM. J1ajee).
B 1enoM, 3T ¥ BO3MOXHO Apyrue (akTopbl U MpHU-
BOZSAT K U3MEHEHMSIM (OTKIIOHEHUSIM OT HOPMAJTBHBIX)
BIIEKTPUIECKUX PEXMMOB (DYHKITMOHUPOBAHMS IICTICH.

ITo-BuaMMOMY, K ICUXUYECKMM 3a00JIEBAaHUSIM IIPU -
BOJAT HauboJiee CylIeCTBEHHbIE HApyIIeHUsI B (PyHK-
LIMOHMPOBaHUM 1erneil. B cBsA3M ¢ 3TUM BaXHOCTh
dakropos rpynn 1 u 2 sBisieTcs Hanbdojee OUEeBUIHOM.
HMMeHHO Ha UX ycTaHOBJIeHUE (haKTUUECKU U HaleIeH
MPOEKT MO KOHHEKTOMY yesoBeKa. OmHAKO, KaKk MHE
KaxeTcsl, CBSI3bIBaTh BCE TCUXMYECKHE 3a00JeBaHUS
TOJIBKO C (pakTopamMu rpymi 1 u 2 HeBepHO. CUTyalus
cioxHee. [loaToMy 31ech Oosiee MOAPOOHO PaccMOT-
puM dakTophl rPyImsl 3.

BepHeMcsi K BONpPOCY O TOM, UTO OMpenessieT UH-
JUBUAYaJIbHOCTb HEMPOHHLIX LieTieil. OH ObLT moAPO0-
HO paccMOTpeH B paboTtax [12, 13]. B yacTHOCTH, OBLIIO
MoKa3aHO, UYTO HEWPOHHBIE LIeMU XapaKTepU3YHITCS
KpaiiHe cJI0XHOU ((haKTUYeCKU UHAUBUIYAJIbHOI) TO-
nojorveit. 1 B mpuHLMIIE, Y KaXIOro YyeJioBeKa Xpa-
Hsasicss MHGopMalus Mpexkae BCEero KOoaUupyeTcs
WMEHHO B TOMOJOTMM HEWpPOHHOU Henu ((akTopbl
rpynil 1 u 2). OnHaKo Ha MHAUBUAYAJIbHOCTb HEMPOH-
HO# LIeU MOTYT BJIUSTh OYeHb MHOTO (hakTOpoB. BoT
JIMIIb HEKOTOpbIE U3 yKa3aHHOro B pabdorax [12, 13]
CITMCKa, a UMEHHO: HOBBIE CBA3M MEXIY HEepOHAMMU;
MOJIEKYJISIpHbIE U3MEHEeHUsT cuHarncoB; cuHTte3 PHK,
0€JIKOB, MPUBOASIINX K CTPYKTYPHBIM U3MEHEHUSIM B
CHHAIICaX, IMWITMKAaX, JACHAPUTAX, aKCOHaX, M3MEHe-
HUSIM B sfipe KJIETKU U Ap. B pesyiabTaTe Mbl U Mpu-
XOJAUM K BaXHOMY CBOMCTBY 2 liemneid, OTMEUEeHHOMY
panee. Takum obOpa3oM, B mpoliecce MoaupUKaum
WIN MEPECTPONKM BICKTPUYECKUX (HEHPOHHBIX) 1ie-
Meil rmepBOro TUMa BaXHBIMU (haKTOpPaMU SIBJISIOTCS
U3MEHEHUS CBSI3el, TeOMEeTpUr, MPOBOAUMOCTH, JU-
BJIEKTPUUECKON MPOHUIIAEMOCTU U T. M. (B MUKpPO-
9JIEKTPOHUKE 3TO Ha3bIBAETCSI KOHCTPYKTUBHO-TEXHO-
JIOTUYECKUMU U NEKTPOGUNUECKUMU MTapaMeTpaMm)
COOTBETCTBYIOIIMX YYaCTKOB LI€Iei, YTO JOCTUTAeTCs
C IOMOIIBIO Pa3HOOOPa3HbIX OMOXMMUYECKMX IIpO-
neccoB*. M 31ech, MO-BUAMMOMY, HET UM MaJIO Yero
HE3HAYUTEeJIbHOTO, TaK KakK (akKTUYeCKM BCE OCHOB-
HbI€ COCTAaBJISIIOLIME HEMPOHHON Lienu (TeIO KJIETKU,
aKCOH, NEHAPUTHI, IIUMUKHA, CUHATIChl, MIOHHbIE Ka-
HaJbl U JIp.) SIBJISIFOTCS HEJIMHEHHBIMM 3JIeMEHTaMU
aJiekTpuueckoi uenu. O BaKHOCTH (DaKTOPOB I'PYMIIbI 3

* TTooTOMYy OY€Hb BaXKHO, YTOOBI OMOXUMUYECKUE ITPOLICCCHI B
HEUPOHHBIX LIETISIX HE OTKJIOHSITUCH OT HOPMBI (OBLIIM B TOMTYCTUMBIX
rpenesax).

CBUIIECTEILCTBYIOT M MHOTOUYHMCJIEHHBIE 2KCIEPUMEH-
TaJbHblE JaHHbIE, MTOJYYEHHbIE IS Pa3IMYHbIX MCHU-
XMYECKHUX PACCTPOMCTB (CM., Hampumep, [3, 23]).

CrnenyeT NOQYEPKHYTh, YTO UHOUBUAYANbHOCTb Heli-
POHHOU yenu paxmuuecku u s1641emcs npeoonpeoensiio-
wetl MmamepuanvbHoll ocHoeoll cybsekmusHocmu. I103T0-
My TICUXMYeCKUe 3a00J1eBaHUsI MOTYT OBITh CBSI3aHBI C
OTKJIOHEHUSIMU (DYHKLIMOHUPOBAHUS 2JIEKTPUUYECKUX
(HelipOHHBIX) LIeNel MO3ra OT HOPMaJIbHBIX PEXXUMOB,
KOTOpBIE BbI3BaHbI (haKTOpaMU He TOJbKO rpymil 1 u 2,
HO M rpynnbl 3. boJjiee TOro, Heab3sl UCKJOYATh CO-
BMECTHOE BIMsIHUE (PaKTOPOB Pa3IMUYHbBIX DY, YYU-
ThIBasl OMpeEEHHYIO YCIOBHOCTh OTMEUEHHOTrO pa3-
JeJeHUs Ha TPYIbl (paKTOpOB.

HTak, m1aBHBIM HampaBieHUEM MPU JICUEHUU TICH-
XMUYECKMX 3a00JI€BaHUI JOKHO ObITh BOCCTAHOBJICHUE
HOPMAaJIbHOTO (bYHKIIMOHUPOBAHMS TTOBPEKICHHBIX
BCJIEJICTBUE OTMEUYEHHBIX (PAKTOPOB BIEKTPUUECKUX
(HeWpOHHBIX) 1IeNel MO3Ta WK MHasl KOPPEeKTUPOBKa
X paboThl. [1aBHBIM BoMpoc — Kak 3TO cAesiaTh?

HogBbie BO3MOXKHOCTH

M3BecTHO, YTO TpaauMLIMOHHbIE METOMAbI JICUEHMUS
TCUXUYECKUX 3a00/IeBaHNM, KaK MTPaBUIO, HEI0CTaTOU-
HO 3¢ dekTuBHb. Ecnu roBopuTh 0 jJeKapcTBax, Xu-
MUYECKHUX TpernapaTtax, TO UX [JIaBHbII HEAOCTATOK —
HeusbupareabHocThb [3]. PedynbTaT — mjiIs MHOI'MX
CEPbE3HBIX ICUXUUYECKUX PACCTPOMCTB IO CUX TTOP HET
3¢ GEeKTUBHBIX TepaneBTUUECKMX METOMOB JIEUCHUS.
B TO :Xe BpeMsl ONBITHbIE HEUPOXUPYPTU HE CTPEMSIT-
csl BMEIIMBATBCS B pa3MyHbIe CTPYKTYPHI MO3ra 0e3
CEPbE3HBIX MOKa3aHUN K 5TOMY BBUIY BO3MOXKHOCTU
Hermnpeacka3zyeMbIX To0OYHbIX 3((HEKTOB, HEPEIKO Ka-
TacTpoUUECKMX.

06 obopyodoséanuu. B HacTosiiiee Bpemsl UCIIOJb-
3yeTcs IMUPOKUI CITEKTP SKCTIEpUMEHTAITbHBIX METO-
JIOB 1 pa3IMYHbIX CPEACTB UCCIeq0BaHus Mo3ra [3, 12,
13, 24]: xoMnbloTepHasi Tomorpacusi; MO3UTPOHHO-
SMUMCCHUOHHAs ToMorpacdus; MarHUTHO-PE30HAHCHAs
toMorpapus (MPT); dyHkumonansHast MPT; tpaHc-
KpaHUaIBHOE SJIEKTPOMArHUTHOE CKAHNPOBAHUE; JJIeK-
TpoaHI1edanorpadus; 3;J1eKTpoKOpTUKOrpadus; mar-
HUTOHIeDamorpadus; SJIEKTPUIECKOe pa3mpaxkeHNe
mo3sra (BDPM) ¢ moMoIIbI0 MUKPO3JIEKTPOIHOMN TEXHU -
KM; Tyookas ctumydsiuust Modra ('CM); xumuueckue
Mpenaparsl 1 JeKapcTBa; UCCAeIOBaHUS, OCHOBAaHHBIC
Ha pa3pylIEHUSIX U MaTOoJO0rusIX Mo3ra, u ap. Kaxmnblii
W3 METOMOB M CPEICTB MMEET OIpenejeHHbIe JOCTO-
MHCTBAa M HEOOCTaTKM, OJHAKO, aHAJIU3 IMOKa3bIBaeT,
YTO BCE OHU €III¢ JOCTATOYHO IrPyOBI IO pa3peleHUIo
(110 MPOCTPAHCTBY U/WUJIU 110 BPEMEHM ), OOBIYHO HOCST
KOCBEHHBIN XapaKTep WM IOMOJHUTEIEHO WMEIOT
JIpyrve NOCTaTOYHO CYIIECTBEHHbIE HemocTaTKu. [lo
KpaiiHeil Mepe, U3 HauboJjiee 4acTo MpUMEHSIEMBIX Ha
CETOIMHSIIHMEI IeHb "HU OOWH METOM He 00amaeT He-
00XOIMMBIM TPOCTPAHCTBEHHO-BPEMEHHBIM pa3pe-
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LIEHUEM ISl IIPOCIEXKUBAHUS ¢IMHUYHBIX HEIIPOHOB
1 Jaxe HeOOJbIIMX I'PYIT HEPBHBIX KJIETOK, HAIIPU-
Mep KOJIOHOK B Kope" [24].

Takum 06pa3oM, UCIIOJb3YEMbIE B HACTOSIIEE Bpe-
MsI UHCTPYMEHTapUil 1 METOIbI JIeUeHUS MO3ra Xa-
pPaKTepU3YIOTCSl OJHUM OOIIMM Cepbe3HbIM HEI0CTaT-
KOM — rpyOOCThIO.

ITouemy e Toraa B psiie ciayvyaeB JOCTUTaeTcs yc-
nex? ABTOp BUAUT JBE OCHOBHbIC NMPUUYMUHBI. Bo-Tiep-
BbIX, 3HAUMMbIe HApaOOTKU B MEAUIIMHE MO3ra, HO-
csIIMe TJIAaBHBIM 00pa3oM SMITMPHUYECKUI XapakTep.
M nHoBoe obopymoBaHMe, HECMOTPSI Ha €ro Io-Ipexk-
HEMY OTHOCHUTEIBHYIO IPYOOCTh, BCE K€ CITOCOOCTBYET
bosiee TIyOOKOMY MOHMMaHWIO (DYHKIHMOHUPOBAHUS
Mo3ra. boiee Toro, ero MOXHO M JOJDKHO MCITONTB30-
BaTh B paMKaX MPeUIOKEHHOTO KOMIUIEKCHOTO TTOIXO0-
J1a K UCCIIEAOBAaHMIO MO3Tra. Bo-BTOPEIX, 0O4eHB BaXKHOE
CBOMCTBO MO3ra — IJIAaCTUYHOCTS [25, 26]. K cuacthbio,
OHO B OTIPeNIeICHHOM CTEIIEHN COXPaHSIETCS BILIOTH 10
BechbMa IIPEKJIOHHOIO Bo3pacra [26, 27].

OCTaHOBJIIOCh HA HECKOJIbKMX MEPCTIEKTUBHBIX 00-
nactsx. Ilenecoobpa3Ho Ipexae BCEro OTMETUTh UH-
TEHCHMBHO Pa3BUBAaeMyIO B HACTOSIIIEE BpeMs 00J1acTh,
B KOTOPOI1 UCCenytoTcsl MHTepdeichl MO3r—MalimHa*
(UMM) (brain—machine interface). UMM — cucteMma,
peanusylolasi psIMylo CBsI3b MEXIY MO3TOM 1 BHeEIII-
HUM ycTpoiicTBOM. 7151 BoccTaHOBJIEHUs psifa yHK-
LIMA 4acTO HEOOXOAMMO MPUMEHSITh pa3JuyHble HEul-
pouMIUiaHThl. Tak, IS BOCCTAaHOBJEHMS ClyXa HC-
MOJIb3YIOT KOXJIeapHble MMIUIAHTHI, a JJISI BOCCTAHOB-
JIEHUsI 3peHUs1 — UMIUIaHTBl ceTdyaTku. Ilpu aTom
MPUMEHSIOT U HEHPOUMUTIIBI, T. €. ClIeLIMaJu3UpOBaH-
Hele MUC. OTMeuy, 4TO KoXjieapHble UMIUIAHTBI YXKe
ycraHoByieHbI O0osee, ueM y 200 000 genoBex. MmeroT-
Csl yCIIeXU U B BOCCTAHOBJIEHUU JABUTaTeIbHBIX (hyHK-
LM, CHOCOOHOCTU OOIIATHCS U APYTUX KOTHUTUBHBIX
¢yHkuuii. OcoOblit MHTEpEC BbI3bIBAET CO3AaHUE TIPO-
TE30B LeJbIX 00JlacTeld MO3ra, B YaCTHOCTU TUIIIO-
Kamra, ¢ IOMOIIbIO CIEUATU3UPOBAHHbBIX KpeMHUE-
Boix MC. TlepcneKTUBHO UCIMOJIb30BAaHUE W pa3ivy-
HBIX MUKpO3JieKTpoMexaHudeckux cucrem (MOMC)
u HOMC. Kpatkoe omnucaHue OCHOBHBIX JOCTHKE-
HUI, HOBBIX Mieil (MHorma ¢paHTacTUYECKUX, HO BbI-
CKa3aHHbIX M3BECTHBIMU yY€HbIMU) B obi1actu UMM
JIaHo B paboTe [3], a MpOrHO3 JanbHENILEro pa3BUTUS —
B pabote [28].

Hpyrast obaacts cBsizaHa ¢ 'CM, T. e. 2/IeKTpHU-
YECKOW CTUMYJSLMEN MIYOUHHBIX CTPYKTYp MO3ra C
MOMOUIbI0O TOHKHUX 3JEKTPOJOB IMaMETPOM OKOJIO
1,5 MM. Metogn siBisieTcsl pa3BUTUEM (TTPOJOIKEHUEM )

* TIpUMEHSIIOTCS M IpyTHe OIM3KHUe 10 3HAUYSHUIO Ha3BaHMsI, Ha-
MpuMep "HeMPOKOMITBIOTEPHBI MHTepdelic”, "uHTepdeiic Mo3r—
KOMIIbIOTEP". ABTOP CUMTAET CaMbIM MOAXOISIIMM O CMbBICITY Tep-
MHMH "MHTepdeiic Mo3r—manimHa", Tak Kak B HEM HCIIOJIb3YeTCsI
Haubosee OO, HeXeIn "KOMIbloTep”, U 6oJiee BEpHBIi MO 3HA-
YEHUIO TEPMMH — "MallnHa".
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OPM, mmoHepamMu KoToporo spistiuchk B. IleHdunpn,
X. Henwrago, H. I1. bextepeBa, u rpyboCcTh €ro OT-
Meyanach B paborax [12, 13]. ¥ MenukoB BbI3bIBaeT
KpaliHee yauBJieHUE BbIcoKas 3(pHeKTUBHOCTh METOIA
I'CM 1nipu neyeHun psiza o4eHb CEPbEe3HBIX ICUXMYE-
CKMX paccTpoiicTB [3], B yactHocTu, GonesHu Ilap-
KWHCOHA, JEeNpecCcun, CBI3aHHBIX C MepeBO30yIrMMO-
CTbIO (TUIIEPAKTUBHOCTBIO) OIIPeAeeHHbIX CTPYKTYP
Mo3sra. [losoxuTenbHble pe3yabTaTbl JOCTUTHYTHI U
IIpYM HEZOCTAaTOYHOUM BO30yIMMOCTU OOJacTeil, Ha-
NnpuMep NpU BBIBEJACHMU NAIMEHTOB U3 KOMBI [3].
VYcnexu 'CM BO MHOroM BbI3BaHbI CJEAYIOLIUMU
NnpuYMHaMu: 1) Ha HACTOSIIMIA MOMEHT OIpeacsIeHBI
BKCIEPUMEHTAIbHO 00JIACTH MO3Ta, OTBETCTBEHHBIE
3a MHOTHE TIcuxuueckue 3aboneBaHus [3]; 2) ¢ mo-
mo1bio 'CM npoucxoauT BOCCTaHOBJIEHUE HOPMaJib-
HBIX PEXUMOB (DYHKIIMOHUPOBAHUS COOTBETCTBYIO-
LIMX DJEKTPUUECKUX (HEHPOHHBIX) Liereil Mo3ra. XoTs
HENPOICUXOJOTU YacTo CBA3bIBAIOT 00sie3Hb [TapKuH-
COHa C pas3pylleHHeM HeHpOHHBIX Lenei (¢paktop 1),
a JIeMpeccui0 — ¢ HeMpaBUWIbHBIMU CBSI3SIMU HEUPOH-
HBIX Henei (pakrop 2), Hellb3s1 UCKITI0YaTh U (akTop 3,
T. €. BJIMSIHUE OTKJIOHEHU I OT HOPMbI OMOXUMUYECKUX
MPOLIECCOB B HEMPOHHBIX LieTsAX. KOCBEHHO B MOJIB3Y
MocJeNHeN TMIMOoTe3bl CBUAETENbCTBYIOT SKCIIEPUMEH-
TaJbHBIE JAaHHBIC O CTUMYJISIIUM C TTOMOIIBIO METOaa
I'CM pocrta HOBBIX HeiipoHOB B rumnokamiie [3]. Cyas
10 BCceMy, MHUIIMMPOBAHHBIE MCKYCCTBEHHO DJIEKTPU-
YeCKHMe MPOLIeCChl 3amyCKaloT KacKaabl OMOXUMUYE-
CKMX TTPOLIECCOB, MPUBOISIIIIUX K POCTY HOBBIX HEHPO-
HOB, BOCCTAaHOBJIEHUIO CBS3eil MexXny HUMH. B cBs3u
C O9TUM MHE KaXeTCsl 0UeHb MHTEPECHBIM UCCIIe0BaTh
BIVSIHME BapHallMU 3JIEKTPUUYECKUX PEXUMOB CTUMY-
Jnsuuu B Metoge 'CM.

YuyuThiBas MHTEpPHNpeTalMI0O MO3Ta KakK OO0beKTa
OpraHMyeckoil ruOpuIHON HAHORJIEKTPOHUKU, IIO-
3BOJISIIOLLYIO MTO-HOBOMY B3IVISIHYTh Ha €ro (pyHKIIMO-
HUPOBaHUE U KPAaTKO OMKCAHHYIO BhIllIE, KAYECTBEHHO
HOBBIE BO3MOXKHOCTH OTKPOIOTCSI B pacCMaTpUBaeMOM
BOIIpOCE NMPU MaCIITAOHOM NMPUMEHEHUU JOCTUXKEHU I
HAHOBJIEKTPOHUKM, HAHOMAaTepHaJIOB 1 HAHOTEXHOJIO-
ruii (HaHOHayK B 1ejoM). CTpaTrernuecKMMU HaIpas-
JIEHUSIMU TTOJDKHBI CTaTh pa3pabOTKa HOBBIX MHCTPY-
MEHTapusl U MeToJ0B JiedeHUs1. OCHOBHBIMU 3ala4yaMu
pu 3ToM OyayT: 1) uccienosanue; 2) aeueHue; 3) au-
arHoCTHKa; 4) MOHUTOPHUHT; 5) KOHTPOJIb HEUPOHHBIX
LieTieil U APYTUX COCTaBISIIOIIMX MO3Ta.

OTMeuy, YTO B yKa3aHHbIX paHee MepCHeKTUBHBIX
obnactax, cBsa3aHHbIX ¢ UMM u I'CM, marucrpaib-
HbIM HalpaBJIeHUEM YCOBEPILIEHCTBOBAHUI SIBJISIETCS
MuHUaTopusaums. Tak, yxe B HacTosiilee BpeMsl 13-
roraBiuBaloT kpeMHueBble MC HAHO3JEKTPOHUKU C
MMPOeKTHEIMU HOopMaMu 14 HM. He BBI3BIBaeT COMHE-
HUI, UTO TaKME CaMble COBPEMEHHbBIE TEXHOJOTUU OY-
JIyT UCIIOJIb30BaHbI JJISI CO3aHUSl HEMPOYUTIOB (HEl-
POKOMIIBIOTEPOB), IOBHIIIASA UX IMoTteHuuan B UMM
BBUY MaJbIX (ITpUEMJIEMbIX) pa3MePOB MIPU OJHOBpPE-




MEHHOM YBeJIMYeHUN (PYHKIIMOHAJIBLHBIX BO3MOXHO-
creil. B To ke Bpems mpuUMeHsieMble 30HIbI JJIsSl pea-
ym3anuu ['CM 1moka 1ocTaToyHo TpyObl M MOTYT TIpH-
BOJIUTh K KPOBOTEUEHUSIM, KOTOPbIe MHOTIA 3aKAHYM-
BaloTcsd uHcyJbTaMu [3]. s ycoBeplIeHCTBOBaHUS
MMOAOOHBIX METOIOB B MIeajie HEOOXOAMMO HECKOIBKO
ycioBuil." Bo-niepBbIX, BO3AEICTBYE HA CTPOTO OIpe-
JIeJICHHYIO TOYKY (MECTO) HEHMpOHHOM IIENHu, a BO3-
MOXHO Y Ha KOMOMHAIMIO TOYEK B IIPOCTPAHCTBE U BO
BpeMEHH, TMPUYEM CUTHAJIOM (CUTHAJIaMU) OIpefe-
JIeHHOM (popMHBI (CrJja TOKa, yacToTa U T. 11.). Bo-BTO-
PBIX, UCTIOJIb30BaHME 00Jiee COBEPIICHHBIX AJIEKTPOIOB,
HampuMep, B BHIe HAaHOITPOBOJIOK, TaK KaK C MX ITO-
MOIIBIO MOXHO OyIeT MOIKITIOUUTRLCS AaXe K OIpee-
JICHHO# TOUKe OTAEbHOTO HEepoHa, T. €. K TpeOyeMo-
MY MECTY 3JIEKTpIYeCKOIt 1ienu TrepBoro tuma” [12, 13].

IMToaknouyaTh, MO-BUAMMOMY, MOXHO OymeT He
TOJILKO HAaHOIIPOBOJIOKU K 1100011 JIOKaJIbHOI 00J1acTU
HEWPOHHOI LIETIM, HO ¥ APYIMe HAHOYCTPOiCTBa (Ha-
HOTpPYOKM, HAHO3JIEKTPO/Ibl, HAHOCEHCOPHI U JIp.) MpaK-
TUYECKU 0€3 pa3pyllUeHUil B LENSIX KOPPEKTUPOBKHU U
BOCCTaHOBJICHMSI (JIEUEHMSI U MPOTE3UPOBaHUsi) pabo-
THI, UCCJIEIOBAHUS M AUATHOCTUKU lierieit. Ilepcriek-
TUBHBIM JIJIS1 BOCCTAHOBJICHUSI DJIEKTPUUECKUX CBSI3eiT™
MEXIy HelpoHaMu SIBJISIETCS MCIOJIb30BaHUE MPOBO-
JIOK C TUaMeTPOM MUKPOMETPOBOIO 1 HAHOMETPOBOTO
JUara3oHoOB, a HAHO- U MUKPOTPYOKHU, B MPUHIIUIIE,
MOXKHO TIPUMEHSATh He TOJBKO JIJIST CO3MAHUS DJIEKTPU-
YEeCKOM CBSI3M, HO M IS TPAHCIOPTa Pa3IUYHbBIX XU-
MUWYECKHUX CPEACTB, T. €. IJis 0oJjiee IOJTHOLIEHHOIO
BOCCTAHOBJICHUSI pa3pylIeHHBIX CBA3€H, a TaKXKe MO-
CTaBKM MeAMKaMEeHTOB. TakuM 00pa3oM MOXKHO Jie-
YUTh, MO KpaliHeil Mepe, HEKOTOpble OOJIE3HM, BbI-
3BaHHBIEC (haKTOpaMu Ipymi 1 u 2.

OueHb MHTEpPECHBIM HampaBJeHUEM, C KOTOPBIM
CBSI3bIBAIOT OOJIbIIIME HAAEXAbl, CAUTAETCSI ONITOreHEe-
TtHkKa [3, 29]. CyThb ee 3aKjIIo4aeTcs B TOM, YTO BHEJIPUB
CBETOUYBCTBUTE/IbHbBIN T'eH (0eJI0K) B HEMPOH MOKHO
MocJie ero OCBElIeHUs BO30YAUTb HEUPOHHBIE LIEMu,
OTBeUamwllde 3a OIpeAecicHHbIE CXEeMbl MOBEACHUS.
Takum o0Opa3zoM, JONYCTUMO OydeT He TOJbKO yCTa-
HaBJIMBATh COOTBETCTBYIOIIVE HEMPOHHBIE 1IN, HO 1
yIpaBlISITh MOBeAeHUEM. B HacTosliee BpeMsl MeTOq,
anpoOMpoBaH Ha MyXxax U Kpbicax. CuMTaeTcs, 4To 3Ta
TEXHOJIOTUSI TTIOMOXKET B JICYEHUM TaKUX CEPhE3HBIX
MCUXUYECKUX PacCTPOMCTB, Kak 00je3Hb IlapkuHco-
Ha, Jernpeccus, a Takke yaydiuTbh metong 'CM.

MHorre U3 OTMEYeHHBIX TTPOAYKTUBHBIX METOIOB
JIEYEHMST MO3ra U HEKOTOpble AMArHOCTUKU, TPEOYIOT
BCKPBITUS Uyeperna, T. €. MHBa3WBHbIE METO/IbI, YTO BO-
o0l11e roBops, Iioxo. HaHo3aeKTpoHMKa, HaHOMAaTe-
pUagbl U HAHOTEXHOJIOTMU (HAHOHAYKM B 1LIEJIOM) MO-

* W TyT TakxKe OymeT OYeHb BaXKHBIM CBOWCTBO IUIACTMYHOCTHU
moara. [ToatoMy, XoTsl ObI MHOTAA, OYAET TOCTATOYHO MPOCTO BOC-
CTAaHOBUTD IEKTPUUECKYIO CBSI3b B 00JIACTSIX MO3ra W/WJINM MEXIY
HUMM.

TYT JaTh UMIIYJIbC K MHTEHCMBHOMY Pa3BUTHUIO MaJlO-
WHBAa3UBHbBIX U HEMHBA3UBHBIX METOMOB, T. €. KauecT-
BEHHO HOBOM MeIUIIMHE MO3Ta.

K nHaHomaciuTaby OTHOCST OOBEKTHI, B KOTOPBIX
XOT$1 Obl OTHO M3 U3MEPEHUI HAXOAUTCS B AUAla30He
ot 1 7o 100 HM. UMeHHO B 3TOM IHMara3oHe, KaK 13-
BECTHO, HaXOASATCs XapaKTepUCTUUYECKUE pa3Mepbl
MHOTHUX OCHOBHBIX OMOJIOTMYECKUX CTPYKTYP MO3Ta
(rennl, IHK, PHK, HelipomenuaTopsl, OEJIKU U 1Ip.).
OTO MMeeT BaXHOE 3HaUeHUe, TaK Kak cama [Ipupona
MpU CO3AAHUM MO3ra MHTEHCHBHO MCIOJb30Bajla Ha-
HOOOBEKTHI.

OtrmMmeuy, UTO B HacTogllee BpeMsi Bce OoJbliiee
YUCIO MCUXMYECKUX PACCTPOMCTB CBSI3aHO MMEHHO C
HaHooOBbekTaMu. [IpuBeny Julllb HEKOTOPbIE YCTAHOB-
sneHHbie ¢axkThl [3, 23]. Tak, GOJBIIMHCTBO CIleLMa-
JIMCTOB CUMTAET, UTO "y KaXKIOro IMCUXUUECKOTO pac-
CTPOIMCTBAa CBOSI TeHeTHUYeckasl 6aza"” [3], B yacTHO-
CTH, OOHApyXXeH OO reHeTUIEeCKUiA (PaKToOp ISITH
CEPBbE3HBIX TCUXUYECKUX OoJie3Hel, a UMEHHO: IIH-
30(peHUn, OUTTOJISIPHOTO pacCTPOICTBa, ayTU3Ma, Je-
Mpeccur U CUHIpoMa mepUIuTa BHUMAHUS U THUIIE-
pakTuBHOCTU. bosee Toro, ananu3 JIHK moka3zan, yro
YeTbIpe reHa MOBBILIAIT PUCK BOBHUKHOBEHUST TaKUX
paccTpoOMCTB, MPUYEM JBa OTBEYAlOT 34 PEryJSILIHUIO
KaJbLMEBBIX MOHHBIX KAHAJIOB, T. €. KioueBbix HOMC
BJIEKTPOHUKU MO3ra (CM. paHee). Pga NmcuxuyecKux
pPacCTpOMCTB CBSI3bIBAIOT C HEAOCTATOYHOCTHIO (Ha-
npumep, 6ose3Hb IlapkrHCOHA) WK U30BITOYHOCTHIO
(Hanpumep wKM3odpeHus, cuHapoM TyperTta) Tex uiu
WHBIX HelipomeanaropoB (1odaMuH, rayramar, cepo-
TOHUH, aUeTUJIXOJUH 1 Ap.) [3, 23], T. €. OTKIOHEHU-
€M UX OT HOpMbI. [laHHBIe (haKThl YOEKOAIOT B TOM,
YTO C TMICUXUYECKUMM 0OJIE3HSIMU HAI0 HAYaTh aKTUB-
HO U ligJIeHaIpaBJIeHHO OOPOThCS U Ha HAHOYPOBHE.

CrnenoBaTelbHO, OCHOBHBIE CIIOCOOBI BO3BpaTa K
HOPMAaJIbHBIM pexXrMaM (YHKIIMOHUPOBAHUS dJIeK-
TpUUYECKUX (HEMPOHHBIX) LieTeil, OTKJIOHEHUST OT KO-
TOPBIX BbI3BaHbI (haKTOpaMU TPYIIIIbI 3, TOJKHBI CITO-
COOCTBOBaTb BOCCTAHOBJIEHUIO BBIPAOOTKM WJIM XOTS
OBl TOCTAaBKX A0 HOPMbI COOTBETCTBYIOIIMX HAHOOOH-
€KTOB, B YaCTHOCTU HelpoMeauaTopoB, a TakXKe TpaHC-
MOPTY JIEKapCTB, MPUBOMAIINX K HOpMaTU3alnu O1o-
XUMHUUYECKHUX TMPOLECCOB HEMOCPEACTBEHHO B TaKUX
Hensx. Tak Kak JOCTaBKa JOJKHA OBbITh M30MpaTeib-
HOM, HO3MPOBAHHOM, JOKAJIbHOU, TO IpoOIeMaMu
CTaHYT CPEICTBA M CIIOCOOBI TaKOM MTOCTaBKU.

O cpedcmeax docmasku. 30eCh OISITh XK€ eCTh YeMy
noyuutbest y [Ipupoabl. Tak, U3BBECTHO, YTO B BE3UKY-
nax (my3sIpbKax) auamerpoM okosio 10—60 am** [30]
MEPEHOCITCS 10 aKCOHY B CHHAIC THICSUM Heilpome-
nuatopoB. Haxe JITHK (c nnvHoi okoso 2 M) TUITUY-
HOl YyesioBeueCKOi KJIETKU B CKPYYEHHOM BUJE yIa-

** B nuteparype NpUBOISTCS OTIMYAIOLIMECS CBEIEHUS, OTHAKO
TUIAYHBIM sIBJIsieTca auana3oH ot 10 mo 100 HM, T. e. BXOASIUMI B
HaHOMETPOBBII AUAIA30H.
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KOBaHa B gipe ¢ auameTpoM Bcero okojio 0,005 mm*
[31]. ITosTOMY CpencTBaMu HOCTaBKU B MO3T MOTYT U
JIOJDKHBI CTaThb MUKPO- M HaHOOOBEKThI, HaNpUMeED,
cdepnl, YaCTULIBI, KATICYIbl, HMJIMHAPHI, TPYOKA MUK-
POMETPOBOTO M HAHOMETPOBOTO XapaKTepucTuye-
CKHX pa3MepoB, couepsKallre HeoOXomuMbIe MaTepra-
Jbl. Jlaxke TiepBble 2KCIIEPUMEHTATbHbBIE pPEe3YIbTaThl
[32—34] mo pocTaBKe JIeKapCTB ¢ MOMOIIbIO TTOI00-
HBIX UCKYCCTBEHHBIX MMKPO- U HAHOOOBEKTOB MpHU
JICUEHUU Pa3IMYHBIX 3200JI€BaHUI YyeloBeKa, BKIIO-
yas pak, BechMa yOeaUTeNbHO CBHMIETEIBCTBYIOT O
0OJIBIIMX BO3MOXHOCTSX HOaHHoro mnoaxona. Ilpu
JIOCTaBKE MOTYT OBITh HCIIOJB30BaHbI pPa3lUYHbIE
BO3AEHCTBUSl (MarHUTHOE, YJbTPA3BYKOBOE, TEIJIO-
BOE U JIp.), MOJIEKYJISIPHBIE MOTOPHI, YIJIEPOAHbIC Ha-
HoTpyoku (YHT) u np., B TOM uMcie cpeactBa, KOTo-
pble B COCTOSTHUM TIpeoaosieBaTh reMaTosHIedannye-
ckuii 6apeep** [34].

CriocoObl TOCTaBKM, MO-BUAMMOMY, COCTABST €l11e
Ooospiyio npobiieMy. Cutyanust OydeT Ipolle IIpu
pa3paboTKe WMHBA3WBHBIX METOA0B. B aTom ciyuyae
IMpUMeHeHe HaWAyT pa3IndHble MUKPO- M HAHOYCT-
poIiCTBa, BKIIIOYAIOININE 30HIBI, TPYOKH, TTPOBOJIOKH,
BOJIOKHA, CKaJIbIIEJIN, JIa3ePhl U T. I. C XapaKTepUCTH -
YECKMMM pa3MepaMu MUKPOMETPOBOIO U HAHOMETPO-
BOTO JMara30HOB.

T'opasnmo cioxHee OyneT Ipu pa3paboTKe MaJOWH-
Ba3sWBHBIX W HEWHBAa3WBHBIX MeTOHOB. IlepcrieKTuB-
HBIM SIBJISIETCSI MCIIOJIb30BAHUE PA3JIMUHBIX MATHUT-
HBIX HAHOYACTHUL M HAHOKAIICYJ, MPOBOIUMBIX IO
CTPYKTypaM MO3Tra € MOMOIIBIO 3JEKTPOMATrHUTHBIX
ycrpoiicTB. OCoOBIN MHTEpeC MPEACTaBAT M YIJIEPO.I-
Hble HaHoMatepuaibl [35—37]. Tak, B HacTosllee
BpeMsI TIPOJEMOHCTPMPOBAHA SKCIEPUMEHTAIBLHO YYB-
crBuTeabHOCTh YHT K 371€KTpOMarHUTHOMY CUTHAIY.
Bonee Toro, mpoBoAsATCS UHTEHCUBHBIC UCCIEIOBAHUS
no paspaborke HaHopaauo Ha YHT [35, 36, 38, 39].
B cBsA3M ¢ 3TUM MOXHO TIpeICTaBUTh MUHUATIOPHYIO
"MOABOMHYIO JIOAKY"', COOpaHHYK M3 HAHOYACTUII,
BKJIIOYalolyo HaHopaauo Ha YHT, nekapcTBa u Ha-
HOOOBEKTbl M TPAHCIOPTUPYIOIILYIO MO KPOBEHOCHOM
cUCTeMe WUJIN/Y HEPBHOU TKaHU B CTPOTO OMpeAe/eH-
HOE MECTO MO3Ta, HalpuMep K OITyXOJU, W BEITPY-
Karlel CracuTeIbHBIe CPEACTBa MO PagMoOvYacTOT-
HOMY CUTHAJly U3BHE, a 3aTeM BBLIXOISIIYIO U3 Opra-
Hu3Ma (Mo3ara)***, He uckioyeHa BO3MOXHOCTb UC-
MOJIb30BaHUSI TMOAOOHBIX "MOABOAHBIX JOAOK" s
BOCCTaHOBJICHUS (TPOBOIKM) HEHPOHHBIX CBSI3El C
MIOMOIILIO MUKPO- ¥ HAHOIPOBOJIOK (TpyOOK, BOJIO-
KOH M T. IL.).

* TIpuBOAMMBIE B JIUTEPAType JaHHbIE TAKXKE pa3jIndyaloTcs.

** TIpobsiemMa, KOTOpYIO IIpOIE PEIIUTh MMEHHO Ha HaHO-
YPOBHE.

*** BriepBble Moqo0Has uest Oblia BbICKa3aHa aBTOpoM Ha Poc-
CUICKOI HAayYHO-TeXHUYeCKOW KoHbepeHnn " nbKast 3JIeKTpOHU-
ka" (13—15 Hos6ps 2013 r., r. Cankr-IleTepOypr) B OTBeTE Ha BO-
MPOC O BO3MOXHOCTH MCITOJIb30BaHUSI HAHOPAINO B MEAUIIMHE.
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bonee kapauHaIbHBIM pelIEHUEM IIPOOJIEMBI, O-
Hako, Oymer Bo3Bpar K uaee P. ®eitnmana u A. Xub-
6ca 0 co3IaHUM "MUKPOCKOITMUECKUX pOoOOTOB", "Kpo-
IIEYHBIX MEXaHWYeCKUX "XUPYpros", "KpOILIEUHBIX
aBToMaToB" [40] maM co3maHWM PEeMOHTHBIX OpHUTan
W3 MUKPO- 1 HAHOPOOOTOB. YUUTHIBAsI BbICOYAMIITYIO
CJIOXXHOCTh MO3ra, MPaKTUYECKOW peanu3alueil 3Tou
MpeKpacHOW WIeu MPUAETCS 3aHMMATbCsS BCEphe3 Ha
MMKpPO- U HAaHOYPOBHE.

3akmoueHne

ITpoBeneHHOE KpaTKO€ PacCMOTPEHUE OCHOBHBIX
HarpaBJIeHUI ABYX IJIOOAJbHBIX MPOrpaMM HCCIen0-
Banus mo3ra BRAIN Initiative (CIIIA) 1 Human Brain
Project (EC) BbissBUI nx Hemoctatku. Kpome Toro, K
OTMEUEHHBIM BBILIE CIeAyeT J00aBUTh TOT (PaKT, UTO B
3TUX TTPOrpaMMax He YYUTBHIBAETCS B JOCTATOYHO TTOJI-
HOW Mepe UHIAUBUAYAJIbHOCTb HEWUPOHHBIX LEMNE.
Tak, B KOHHEKTOME YeJIOBEKA MPOOJIEMATUYHO YUYECTh
MHOTOUMCJIEHHbIE (DAKTOPbI IPYMIibl 3, KOTOPbIE OIl-
penelisiloT BHyTPEHHUE CBOMCTBA LIeNe U MOTYT ObITh
BaXXKHbI B MCUXWYECKUX 3a00JIeBaHUSIX UesloBeKa, T. €.
B X1BOM Mo3are. HelipokubepHeTHueCKuii moaxod Ha
OCHOBE TPaH3UCTOPHBIX Mojejei (opMajieH u rpyo,
TaK KakK He YYUTBIBAET MHOTUX PEabHO MPOTEKAIOLINX
B MO3T€ MPOIECCOB.

IIpennoxeHHass MHTEPIIpeTaLMsI MO3Ta KaK O0beK-
Ta OpraHMYecKol TMOPUIHON HAHORJEKTPOHUKHU TO-
3BOJIIET HAAESAThCS Ha KaueCTBEHHBI MPOPHIB B UC-
CJIEJOBAHUU U JICUEHWU MO3Ta C TPUMEHEHUEM JTOCTH -
JKeHUN HAHOHAyK, B YACTHOCTH, HAHO3JIEKTPOHUKHU,
HaHOMaTepUaloB, HAHOTEXHOJOrnil. B pabore oTme-
YyeHbl OCHOBHbIE BO3MOXHbIE MyTU (MOTEHLMA) UX
WCIIOJIb30BAHUS, T. €. MEPCHEKTUBBI PA3JIUYHBIX Ha-
npaBiaeHuii. C onHON CTOPOHBI, TaK KaK MO3T — 3TO
O0BEKT €CTECTBEHHOI HAHO3JIEKTPOHUKM, TO OCOOYIO
MepPCIeKTUBY MPEACTaBIIsSIET MPOTE3UPOBAHNE HE TOJIb-
KO OTIEJIbHBIX YUaCTKOB, HO U LI€JIBIX €ro obsacTeid u
CTPYKTYpP C IMOMOIIBIO YCTPONUCTB UCKYCCTBEHHOM 3JIEK-
TPOHUMKU. [JIaBHBIM HallIUM COIO3HWKOM MPU 3TOM OY-
JIET caM MO3T, B YAaCTHOCTH €ro IUIaCTUYHOCTh. A C
JIpyroit cropoHsl, Ilpupoga Ha mpuMmepe Mo3ra rmoka-
3bIBa€T HAM MarucTpajibHbIi MyTh Pa3BUTUS UCKYCCT-
BEHHOI 3JIEKTPOHMKU TOCJIe 3aKoHa Mypa.

B uenom, 1o Tex mop moka He OyIeT co3maHa 00-
LIeNpU3HaHHas U BepHasi Teopusl (PyHKUMOHMPOBA-
HUS MO3ra, Bpsill JIM Kakas-HUOYAb OJHA CTpaTerus
(roaxom) ero MccieloBaHUs MPUBEAET K MOJHOMAC-
1ITaOHOMY ycIieXy. XOTsI aBTOp Y CUUTAET IPeIOKEeH-
Hble WHTEPIIPETALIMI0 W KOMITJICKCHBIN TTOIXOI****
HaunoOoJee NMPaBUJIbHBIMU Y THOKMMU IO CPABHEHUIO C
W3BECTHBIMM, BKJIIOUYasi paCCMOTPEHHBIE, HA JaHHOM

**%* [1peIoKeHHBI KOMITJICKCHBIM TOIXO MOXKET ObITh pea-
JIN30BaH OTHOCUTEIBHO OBICTPO B MEPBOM MPUOIMKEHUU, a B AaJIb-
HelleM BO3MOXHbI MonMdUKaluy U yTouHeHus. JlonycTuMa Kom-
OMHALMS U C KOHHEKTOMUKOM.




aTare HeoOXOIMMO pa3BMBAThb M MPUMEHSTb pa3HO-
o0pa3Hble CTpaTeruu, YyTo 00s513aTeIbHO TMPUBEAET K
0ojiee IIyOOKOMY IMOHMMAHUIO (PYHKIIMOHMPOBAHUS
MO3ra M, KakK CJIEJICTBUE, K YCIIEXy B JICYEHUHU CaMbIX
pPa3JIMUYHBIX TICUXUYECKUX 3a00IeBaHUI yeoBeKka. 3a-
JaJa 31ech, JeMCTBUTENbHO, OUEHD TIKenash U TPyAo-
eMKasl 1, O-BUAUMOMY, PACTSIHETCSI Ha JeCSITUIETUSI,
€cJIi He 0OoJIbllie, OMHAKO CTaBKU 3aIlpenebHO BBICO-
ku. M 370 He ToJIbKO pasraaka riaBHoi 3araaku [lpu-
ponmpl, a 4yTo Ooyiee BaXHO — IIOJTHOLIEHHAS XKU3Hb
MHOTHUX MWJIJIMOHOB JIIOEH, B TOM YHUCJIE AOPOTUX U
JIIOOUMBIX!

Aemop cuumaem c60UM NPUAMHBIM 00420M BbIPA3UMD
UCKDeHHIO npusHamenvHocmos moum yuenuuyam H. B. Ko-
aometiyesoil u U. A. Pomarnoeoli 3a no02omogKy pyKonu-
cu cmamol K ne4amu.
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Introduction

The complexity of the human brain makes it a
fantastic object. The number of the nervous cells is
1010...1012, of synapses — 1014...1015, and even greater
is the number of the ionic channels and molecules (the
key structures) about 1022 per 1 cm?. Very impressive is
the brain’s memory volume used for information stor-
ing. There are different estimations: 10%5...10'° bits [1];
10°...10'2 bits [2]. An even more impressive estimation
of the total information volume by the number of pos-
sible neural states is presented in the work [3]: 2NK
where N — is the full number of neurons (N = 10”),
K — is the number of generations of actuation (K> 1),
it is really an astronomical figure.

Especial result of functioning of this information
system is consciousness®* — the main riddle of Nature.
It was not without reason that Vitaly Ginzburg, Nobel
Prize Winner, believed that "explanation of the origin of
life and thinking on the basis of physics alone was one
of the three great problems of the modern physics” [4].

The aim of the article is analysis of the prospects of
nanoelectronics, nanomaterials and nanotechnologies
in research and medicine of the human brain, and also
of the main US and EU programs** for its studying
BRAIN Initiative and Human Brain Project. The meth-
odological basis for this is the proposed by the author
full electronic interpretation of the brain functioning
and a complex hierarchical approach based on multi-
level modelling in combination with the experimental
methods.

* Here it is obvious that the dialectic law on transition of quantity
into quality is true.

** The author uses a more true translation into Russian — the
word "program".
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US and EU programs for brain studying

Approximately in 2013 two grandiose by their scale
and ambitious by their aims human brain research pro-
grams of the USA and EU countries were announced.

BRAIN (Brain Research through Advancing Innova-
tive Neurotechnologies) Initiative was announced by the
US president in April, 2013 [5] with the volume of fi-
nancing up to 3 billion dollars from the federal budget.
The initiative was dubbed as one of the Great Chal-
Ienges. It was expected to be more large-scale and com-
plex than the Human Genome Project. One of its basic
directions will be mapping of all the neurons of the hu-
man brain (development of a human connectome). The
brain connectome was expected, at first, to help look
into many mental diseases (disease of Alzheimer and
Parkinson, schizophrenia, dementia, etc.), and subse-
quently to treat them. The forerunner of this initiative
was Human Connectome Project of the National Health
Institute of the USA [6]. Mapping was begun from the
nervous system of a worm (C. elegans), containing only
7 thousand bonds. I would like to point out that the hu-
man connectome is approximately 100 billion times
bigger. For more details concerning the connectome
see the book by Professor S. Seung [6].

Human Brain Project (HBP) was announced by the
European Commission practically simultaneously with
the Initiative of the USA, the volume of financing of
which was about 1,2 billion euros. According to the
program, understanding of the human brain is one of
the greatest challenges for the science of the 21st cen-
tury [7]. HBP includes 13 subprogrammes. One of the
basic directions will be development of a model of a hu-
man brain on transistors with the use of supercomput-
ers. This actually is a neurocybernetic approach.

In general, the above approaches are a kind of
movement to each other and continuation of the pre-
viously implemented projects, namely [3]: Human




Connectome Project, Blue Brain, IBM projects, Allen
Human Brain Atlas, etc.

In the given section I will enumerate only the most es-
sential drawbacks of the basic approaches of the above
programmes, which are noted, as a rule, by the heads or
participants of the projects (see, for example, [3, 6]).

About the connectome. To my mind, among the basic
drawbacks of the main approaches* are the following:

1. Very long period of time necessary for obtaining
of the connectome. Thus, obtaining of a single finished
connectome of a worm required a decade.

2. So far a connectome can be found only from a
dead brain.

3. According to Professor Seung, full quantity of in-
formation in the human connectome is about 10-" bytes.
And, generally speaking, we do not know what to do
with it. As a result Professor Seung lost hope in finish-
ing the project, not only because of the problems with
obtaining of the information, but also because of the
problems with its processing (the problem with decod-
ing of the connectome). He also had his doubts con-
cerning the very theory of the connectome, the main
principle of which was [6]: "The function of a neuron
is determined mainly by its bonds with the other neu-
rons". As it is apparent from below, those doubts were
not unreasonable.

About the neurocybernetic approach. In my opinion,
the basic drawbacks of the approach are the following:
1) The bonds are modelled only between the cortex
and thalamus, i.e. most part of the brain is not con-
sidered; it is not clear, if this modelling reflects the re-
ality; 2) There are no supercomputers of the demanded
productivity, therefore the approach is realised stage by
stage, beginning from modelling of the brain of more
primitive animals, mice, in particular.

So, the common drawbacks of both basic approach-
es are the following: 1) Very long period of time for
obtaining of information concerning the human brain;
2) Huge volumes of the expected information, under-
standing of which would require, apparently, corre-
spondingly long periods of time. What does that mean?

A good review of the most important research works
of the brain implemented in Russia was given at the sci-
entific session of the General Meeting of the Russian
Academy of Sciences "Brain: the Fundamental and Ap-
plied Problems" [8]. Although "The Program of the
Fundamental Scientific Researches of the State Acad-
emies of Sciences for the period of 2013—2020" devot-
ed considerable attention to the problem, it did not re-
sult in creation of such a global program for the brain
research in comparison with the ones mentioned above.

Full electronic interpretation of the brain functioning

The reports of the international conferences [9—11],
monographs [12, 13] and a number of articles [14—17]
describe a complex hierarchical approach to the re-

* It is impossible to analyse all the projects of the programs,
because a very big number of experts from the West, including the
leaders in various areas of neuroscience, take part in them. And that
means that breakthrough results can be obtained in other directions.

search of the human brain, based on multilevel mod-
elling in combination with the experimental methods,
within the framework of a full electronic interpretation
of its functioning. Since they are described in detail in
[12, 13], here I will point out only the basic moments,
which will be important for the article.

The main problem with studying of the brain func-
tioning, especially of the mental functions at the neuro-
physiological level, is connected with the fact that it is a
tangle of a big number of physical and chemical proc-
esses. In this connection hypothesis number one is ac-
cepted: according to it, the dominating influence on the
brain functioning was rendered by the electric processes.
Thus, information processing in a brain takes place ba-
sically at the level of the electric processes. Other kinds
of essentially important processes, i.e. the chemical proc-
esses, ensure, first of all, support for the neuronic chains
(electric circuits) of a brain, and also their modification.

For the first time it is demonstrated, that a neuronic
chain of a brain can be interpreted as a nonlinear elec-
tric circuit of the first type, having the following prop-
erties: 1) At first, the neuronic chain is a growing and
later a modified electric circuit (the basic difference from
the integrated circuits (IC) — the electric circuit of the
second type); 2) The nonlinear electric circuit of the first
type is characterized by an extremely difficult topology
and a variation of the properties comprising, as it would
seem, the same elements (bodies of cells, axons, den-
drites, spinules, synapsis, etc.); 3) Electric circuits of
the first type can demonstrate a big variety of behavior,
depending on both the incoming signals, and on the sig-
nals passing through them; 4) From the point of view of
electronics, the brain of an adult person is a set of non-
linear electric circuits (neuronic chains) of two kinds:
which cannot be modified and which can be modified.

Since the key elements in the electric circuits (neu-
ronic chains) of a brain are ionic channels — complex
nanoelectromechanical systems (NEMS), the brain as
a whole was interpreted not as just an object of elec-
tronics, but as an object of organic hybrid nanoelec-
tronics [12, 13]. I should point out the basic difference
from IC of the solid-state micro- and nanoelectronics.
In them the active elements are diodes and transistors.
Thus, Nature opted for another, very different road.

Within the framework of the proposed full electronic
interpretation of the brain functioning, the brain’s
functioning is roughly considered. Three types of the
mode of its work as a set of nonlinear electric circuits
were singled out, namely: 1) under an external influence;
2) without an external influence (internal); 3) mixed.
All the separate operation modes of a brain, including
perception, memory, thinking and other mental func-
tions, belong to one of the specified types. Moreover,
any specific operation mode of a brain is a result of pas-
sage of the electric signals via the corresponding set of
the electric circuits, at that, the basic possible opera-
tions are: comparison, coding, decoding, action com-
mand, modification of the neuronic chains.

Thus, a thought is decoding (internal reproduction) of
the electric signals, initiated by the brain itself and pass-
ing via various neuronic chains of the brain of the cor-
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responding space-time configuration. Hence, a thought
is a kind of a reverse process to processing of the in-
coming information (direct procesis), initiated, appar-
ently, mainly by the brain cortex, i.e. the currents pass
via the neuronic chains, while images, concepts, etc.
appear as a result of decoding of the information con-
taining in the corresponding neuronic chains.

Let us make some addions and specifications to the
theory [12, 13] briefly described above.

The modern experimental data [3] suggest a conclu-
sion that the sphere, responsible for realization is the
prefrontal brain cortex of the frontal lobe*. Thus, ini-
tiation and possible tracking of the thinking activity
takes place in the neuronic chains of this sphere, and
then flexible binding happens with the neuronic chains
of various structures and spheres of the brain, depend-
ing on the character of the thought. If, as a result, any
action happens, for its comprehension it will be neces-
sary, that the information would come for processing to
the prefrontal brain cortex. As a result, a natural delay
occurs, the fact which caused a very rough discussion in
the neurophysiological literature (the known experi-
ment of B. Libet of 1985 "about a free will" [3]. It turns
out, that, at first, we operate, and then we realise it. In
the light of the stated above this frequently occuring de-
lay becomes clear. In the long run, nevertheless, it is the
brain that takes a decision, not someone from the other
world. In this connection, from my point of view; a
sharp contraposition of the conscious and subconscious
activities of a brain is incorrect. The basic difference is
that in case of a comprehension of that or other activity
an obligatory participation of the neuronic chains of
one more area — prefrontal brain cortex is necessary. At
the same time, it is known, that the overwhelming
number of human actions are carried out at a subcon-
scious level and only an insignificant part — at the con-
scious level. In the latter case the quality of activity can
be essentially improved. However, payment for this is
the above-mentioned delay owing to the necessity of
participation in the information processing of, at least,
one more area of the brain, responsible for comprehen-
sion. In some cases this is not necessary, or can even be
harmful, therefore, many human actions occur in an
automatic mode (at the subconscious level).

Of great interest is the problem of connectivity [3]
between the neuronic chains of various areas of a brain
in the course of its functioning. Flexibility of binding is
reached, at least, at three levels: 1) Bonds between the
areas and/or structures; 2) Neural ensembles (various
neural ensembles can participate in the areas and struc-
tures); 3) Neurons (the neurons themselves are multi-
functional). This complicates greatly the analysis. In
the light of the proposed full electronic interpretation,
very convincing (due to the enormous number of neu-
rons) is the developed theory about synchronisation of
the fluctuations in the neuronic chains of various sec-

* One should not forget that "for normal functioning of con-
sciousness” of crucial importance are "cerebral cortex of big hemi-
spheres, thalamus and functional bonds between these areas of the
brain" [18]. This underlines special importance of a system principle
in the work of a brain [19].
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tions of a brain [3]. Apparently, for the first time this
idea was expressed already by A. Ukhtomsky and devel-
oped by F. Krik and K. Kokh, V. Singer and D. Edel-
man, and others. It was established that for the con-
scious activity gamma-waves with frequency of about
40 Hz were important. Earlier [12, 13] it was already
noted, that "the cogitative activity, apparently, was the
essence of the macroscopical collective phenomena in
the nonlinear electric chains of the first type" and had
a kind of a resonant character. These views do not con-
tradict the theory about synchronisation of fluctuations.

According to A. Revonsuo [20] the theory [12, 13]
can be classified as a monistic materialistic theory of
consciousness of the emergent type. As it was men-
tioned, it contains specific processes of a higher level —
macroscopical collective phenomena in the nonlinear
electric circuits (neural chains) of a brain.

Complex approach to the brain research

The proposed full electronic interpretation of the brain
functioning served as a basis for a complex hierarchical
approach to its research, based on multilevel modelling in
combination with the experimental methods [12, 13].

Development of the approach required introduction
of two more hypotheses [12, 13]. So, arguments ap-
peared that, on the one hand, the mental functions of
a brain could not be described precisely by means of the
quantum mechanics, and on the other hand, — in prin-
ciple the brain functioning could be described with a high
(sufficient) degree of accuracy with application of the for-
malism of the quantum mechanics at the modern level of
its development. The latter statement is hypothesis 2
about the sufficiency of the quantum mechanics. Also
there were arguments in favour of hypothesis 3: a strict
mathematical description of a brain operation by means of
the quantum mechanics belongs to the hard-to-solve prob-
lems of NP class. Thus, strict modelling of a brain at the
level of the quantum mechanics is impossible now and
in the foreseeable future. A rational solution in the ex-
isting situation is a complex hierarchical approach on the
basis of the multilevel brain modelling in combination
with the experimental methods. One of the possible ways
of realisation of such an approach is described in [12, 13].

An important advantage of the approach is a possi-
bility of taking into account various "chemical, thermal
and other significant processes" and influences [12, 13],
i.e. their property of openness. In particular, it is possible
to take into account the influence of the glia cells, which
10 times outnumber the neurons; the bulk currents [20];
possible modifications in the neuron chains, in particu-
lar, not long ago it was established that memories (the in-
ternal mode of the brain operation in accordance with
the proposed interpretation) can change the structure of
protein [3], etc. This will require development of the cor-
responding models. Even the above mentioned factors
involve a lot of uncertainces. However, rather simple
ways of taking into account of the less important factors
are possible — their influence can be described by means
of the leakage current, parasitic elements in the models
of electric circuits (neural chains) of the first type, taking
into account more significant processes.




Essence of mental diseases

The proposed interpretation allows us to connect the
mental diseases with a deviation of functioning of the
electric (neural) chains of a brain from the normal*
modes. The deviations can be caused by numerous fac-
tors. Analysis demonstrated that, apparently, we can con-
ditionally refer to them the following: 1) The factors con-
nected with destruction of chains; 2) The factors caused
by wrong bonds of the functioning chains; 3) The factors
determined by the changes in the design-technological
and electrophysical parametres of the chains [12, 13], in-
cluding the biochemical processes in them. As a whole,
these and other factors lead to changes (deviations from
norms) in the electric modes of the chains’ functioning.

Apparently, mental diseases result from the most es-
sential problems in functioning of the chains. In this con-
nection the importance of the factors of groups 1 and 2
is the most obvious. They are exactly the aim of the hu-
man connectome project. However, it would be incor-
rect to connect all the mental diseases only with the fac-
tors of groups 1 and 2. The situation is more complex.
We will consider factors of group 3 in more detail.

Let us return to the question, what determines in-
dividuality of the neuronic chains. This is considered in
detail in [12, 13]. In particular, it is shown, that the
neuronic chains are characterized by extremely com-
plex (actually, individual) topology. In principle, in each
person the stored information is coded exactly in the to-
pology of a neuronic chain (factors of groups 1 and 2).
However, individuality of a neuronic chain can be in-
fluenced by many factors. Here are only some of the list
containing in [12, 13], namely: new bonds between the
neurons; molecular changes of synapses; synthesis of
RNA, proteins leading to the structural changes in syn-
apses, spinules, dendrites, axons, changes in the nuclei
of cells, etc. As a result we come to an important prop-
erty of the 2 chains mentioned above. During the proc-
ess of modification or reorganisation of the electric cir-
cuits (neuralchains) of the first type, the important fac-
tors are the changes in the bonds, geometry, conduc-
tivity, dielectric permeability, etc. (in microelectronics
they are called design-technological and electrophysi-
cal parametres) of the corresponding sites of the chains,
which is reached by means of the biochemical process-
es**. Here, apparently, actually all the basic components
of a neuronic chain (cell body, axon, synapses, spinules,
dendrites, ionic channels, etc.) are nonlinear elements
of an electric circuit. Numerous experimental data tes-
tify to the importance of the factors of group 3 for var-
ious mental disorders (for example, [3, 23]).

* The question "of normality" in psychology is a matter of prin-
ciple and at the same time it is very difficult. However, in neuropsy-
chology the concept of "a norm of a mental function" was introduced
long time ago [21] and is one of the most important ones. Without
this concept it is impossible to implement the research of the changed
states of consciousness — an intensively developing area of psychology
(see, for example, [22]).

** Therefore it is very important, that the biochemical processes
in the neuronic chains do not deviate from the norms and remain
within the admissible limits.

It is necessary to underline, that individuality of a
neuronic chain actually is a predetermining material basis
of subjectivity. Therefore, the mental diseases can be
connected with deviations of functioning of the electric
circuits (neural chains) of a brain from the normal
modes, which are caused by the factors of not only
groups 1 and 2, but also of group 3. We cannot exclude
a joint influence of the factors of various groups, con-
sidering a certain conditional character of the noted di-
vision into the groups of factors.

So, restoration of normal functioning of the dam-
aged electric circuits (neural chains) of a brain or other
correction of their operation should be the mainstream
in treatment of the mental diseases. The main question
is as how to do this?

New opportunities

As is known, the traditional methods of treatment of
mental diseases, as a rule, are insufficiently effective. If
we talk about medicines and chemical preparations,
their main drawback is that they are nonselective [3].
The result is that for many serious mental disorders
there are still no effective therapeutic methods of treat-
ment. At the same time, experienced neurosurgeons do
not interfere in different brain structures without sub-
stantial reasons because of unpredictable and often cat-
astrophic side effects.

FEquipment. For brain research a wide spectrum of
experimental methods are used [3, 12, 13, 24]: compu-
ter and positron-emission tomography, magnetic reso-
nance tomography (MRT), functional MRT, transcra-
nial electromagnetic scanning, electroencephalography,
electrocorticography, magnetoencephalography, elec-
tric irritation of a brain (EIB) by means of microelec-
trode technologies, deep stimulation of a brain (DSB),
chemical preparations and medicines, researches based
on bfain destructions and pathologies, etc. Each meth-
od has certain advantages and drawbacks, however
analysis shows, that all of them are rather rough by their
resolution (in space and/or time), usually have indirect
character or in addition have other essential drawbacks.
In any case, "none of the frequently applied methods
has the necessary space and/or time resolution for trac-
ing of single neurons and even groups of neuronic cells,
for example, columns in brain cortex" [24].

Thus, used the applied instruments and methods of
brain treatment are characterized by one common and
serious drawback — roughness.

Then, why a success is reached in some cases? The
author sees two principal reasons for that. Firstly, sig-
nificant success in the brain medicine has mainly an
empirical character. New equipment, despite its rela-
tive roughness, nevertheless, promotes deeper under-
standing of a brain functioning. It can and should be
used within the framework of the proposed complex re-
search approach. Secondly, a very important property
of the brain is its plasticity [25, 26]. Fortunately, to a
certain degree it remains up to a rather old age [26, 27].

I will dwell upon the perspective areas. It would be
appropriate to mention the intensively growing area,
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using the brain-machine interface* (BMI). BMI is the
system realizing a direct communication between a
brain and an external device. For restoration of some
functions it is often necessary to apply various neuroim-
plants. So, for restoration of hearing the cochlear im-
plants are used, and for sight restoration — the retina
implants. Neurochips, i.e. special IC, are also applied.
The cochlear implants are already installed in more,
than 200 000 persons. There is success also with resto-
ration of the movement functions, abilities to commu-
nicate and others cognitive functions. Of special inter-
est is development of artificial limbs for the whole areas
of a brain, of hippocampus, in particular, by means of
special silicon IC. Use of microelectromechanical sys-
tems (MEMS) and NEMS is also promising. A brief
description of the basic achievements, new ideas (some-
times fantastic, but announced by well-known scien-
tists) in the field of BMI is given in [3], and the devel-
opment forecast — in [28].

Another area is connected with DSB, i.e. electric
stimulation of deep brain structures by means of thin
electrodes with diameter of about 1,5 mm. The method
is development of EIB, pioneered by V. Penfild, H. Del-
gado and N. Bekhtereva. Its roughness was marked in
[12, 13]. Physicians are very surprised with high effi-
ciency of DSB method in treatment of some very seri-
ous mental disorders [3]; in particular, Parkinson’s dis-
ease, depressions caused by overexcitation (hyperactiv-
ity) of certain brain structures. Positive results were
reached also in case of insufficient excitability of the ar-
eas, for example; when patients were withdrawn from a
coma [3]. To a great degree the success of DSB is due
to the following reasons: 1) the areas of the brain re-
sponsible for many mental diseases [3] were determined
experimentally; 2) by means of DSB a restoration of the
normal modes of functioning of the corresponding
electric circuits (neural chains) of the brain takes place.
Although neuropsychologists often connect Parkin-
son’s disease with destruction of the neuronic chains
(factor 1), and depression — with the wrong bonds of
the neuronic chains (factor 2), factor 3 should not be
excluded, i.e. the influence of the deviations from the
norms of the biochemical processes in the neuronic
chains. The latter hypothesis is indirectly supported by
the experimental data on stimulation by means of the
DSB method of the growth of new neurons in hippoc-
ampus [3]. Apparently, the artificially initiated electric
processes provoke cascades of the biochemical processes
leading to the growth of new neurons, and restoration of
the bonds between them. In this connection, it is very in-
teresting to investigate the influence of the variation of
electric modes of stimulation in the DSB method.

Taking into account the interpretation of a brain as an
object of organic hybrid nanoelectronics. allowing a new
vision of its functioning and described briefly above, qual-
itatively new opportunities are open in the discussed ques-

* Other terms, close in their meaning, are also applied, for ex-
ample, "neurocomputer interface", "interface-brain-computer”. The
author believes that the most suitable by its meaning is expression "in-
terface-brain-machine", because the term "machine" is more general
and true than "computer”.
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tion in case of large-scale application of the achievements
of nanoelectronics, nanomaterials and nanotechnologies
(nanosciences in general). The strategic directions should
be development of new instruments and methods of treat-
ment. The primary goals will be: 1) research; 2) treatment;
3) diagnostics; 4) monitoring; 5) control of the neuronic
chains and other brain components.

In the above perspective areas connected with BMI
and DSB, the main direction is miniaturization. So, sil-
icon IC nanoelectronics with design norms of 14 nm
are already produced. No doubt, that such advanced
technologies will be used for creation of neurochips
(neurocomputers), raising their potential in BMI due to
their small (acceptable) sizes with a simultaneous in-
crease of their functionalities. The presently applied
probes for realisation of DSB are rather rough and can
lead td bleedings, sometimes ending with strokes [3].
Ideally, for improvement of the methods certain con-
ditions should be met. "Firstly, influence should be ap-
plied to a strictly certain point (spot) of the neuronic
chain, and, possibly to a combination of points in the
space and time, at that, this should be done by the sig-
nals of a certain form (current strength, frequency,
etc.). Secondly, more sophisticated electrodes are nec-
essary, for example, in the form of nanowires, because
this will make it possible to get connection even to a cer-
tain point of a separate neuron, that is, to the required
spot of the electric circuit of the first type" [12, 13].

Apparently, it will be possible to connect to any lo-
cal area of a neuronic chain not only nanowires, but al-
so other nanodevices (tubes, electrodes, sensors, etc.)
practically without destruction, for the purpose ofcor-
rection and restoration (treatment and prosthetics), re-
search and diagnostics of the chains. For restoration of
the electric bonds** between the neurons very promis-
ing is the use of wires with diameters of the micrometer
and nanometer bands, while the nano- and microtubes
can be applied for establishment of the electic ties and
transport of various chemicals, that is, for a full resto-
ration of the destroyed bonds and delivery of medicines.
Thus, it will be possible to treat at least certain diseases,
caused by factors of group 1 and 2.

Very interesting direction is optogenetics [3, 29]. Its
essence is that by introduction of a light sensitive gene
(protein) in a neuron, after its illumination it is possible
to excite the neuronic chains responsible for certain
schemes of behaviour. It is possible not only to establish
the corresponding neuronic chains, but also to control
their behaviour. The method was tested on flies and
rats. This technology is believed to improve treatment
of such mental disorders as Parkinson’s disease, depres-
sion and also can improve the DSB method.

Many of the above productive methods of brain treat-
ment and even some diagnostics require cephalotomy, in
other words, these are the invasive methods, which is not
so good. Nanoelectronics, nanomaterials and nanotech-
nologies (nanoscience as a whole) can give an impetus to

** Here, the property of plasticity of a brain will also be important.
Therefore, sometimes it will be sufficient just to restore the electric
bond in the areas of brain and/or between them.




an intensive development of little-invasive and noninva-
sive methods, i.e. qualitatively new brain medicine.

The objects referred to a nanoscale have at least one
of their dimentions in the range from 1 up to 100 nm.
Exactly within this range are the typical sizes of many
basic biological brain structures (genes, DNA, RNA,
neuromediators, proteins, etc.). This is important, be-
cause Nature itself used nano-objects intensively for
creation of the brain.

I should point out that increasingly many mental
disorders are connected with nano-objects. Let me
present some facts [3, 23]. Thus, most specialists believe
"that each mental disorder has its genetie basis" [3], in
particular, a common genetic factor of five mental ill-
nesses was discovered, namely: schizophrenia, bipolar
disorder, autism, depression, attention deficit disorder
and hyperactivity. DNA analysis demonstrated, that
four genes raise the risk of occurrence of such disorders,
while two of them are responsible for regulation of the
calcium ionic channels, i.e. key NEMS of the brain
electronics. A number of mental disorders are connect-
ed with insufficiency (Parkinson disease) or redundan-
¢y (schizophrenia, Turret syndrome) of the neurome-
diators (dopamine, glutamate, serotonin, acetylchol-
me, etc.) [3, 23], i.e. their deviation from the norms.
The given facts convince us that it is necessary to begin
an active and purposeful struggle with the mental ill-
nesses also at the nanolevel.

Hence, the basic ways of returning to the normal
modes of functioning of the electric circuits (neural
chains), the deviations from which are caused by factors
of group 3, should promote restoration of generation or
delivery of the corresponding nano-objects to up to the
standards, in particular, this refers to the neuromedia-
tors, and also to the transport of the medicines leading to
normalization of the biochemical processes in such
chains. Since such delivery should be selective, dosed and
local, the problems will be with the means and ways.

Means of delivery. Here, again, we should learn
from Nature. Thus, vesicles (vials) with diameters of
about 10—60 nm* [30] transport thousands of neuro-
mediators via axon to synapse. Even DNA (with the
length of about 2m) of a typical human cell in a twisted
form is packed in a nucleus with a diameter of about
0,005 mm** [31]. Therefore, the means of delivery to the
brain should be micro- and nano-objects, for example,
spheres, particles, capsules, cylinders, tubes, etc. of the
nanometer sizes, and containing the necessary materials.
Even the first experimental results [32—34] of delivery of
medicines by means of such artificial objects for treatment
of various human diseases, including cancer, testify very
convincingly to the big opportunities of the approach.
The deliveries can involve various influences (magnetic,
ultrasonic, thermal, etc.), molecular motors, carbon na-
notubes (CNT), etc., including the means which can
overcome the hematoencephalic barrier*** [34].

* In literature differing data are presented, however, the range
from 10 up to 100 nm, i.e. within the nanometer limits, is typical.

** The presented data also differ.

*** The problem, which is easier to solve exactly at the nanolevel.

Apparently, the ways of delivery will present even a
bigger problem. The situation will be easier during de-
velopment of the invasive methods. In this case there
will be applications for various micro- and nanodevices,
including probes, tubes, wires, fibers, scalpels, lasers,
etc. with the sizes typical for the micrometer and na-
nometer ranges.

There will be much more problems with develop-
ment of little-invasive and noninvasive methods. Very
promising is the use of various magnetic nanoparticles
and nanocasules, applied to the brairi structures by
means of electromagnetic devices. Of special interest
are also carbon nanomaterials [35—37]. Thus, sensitiv-
ity of CNT to an electromagnetic signal was demon-
strated experimentally. IntensiH’e research works for
development of nanoradio on CNT [35, 36, 38, 39] are
going on. In this connection it is possible to imagine a
tiny "submarine" of nanoparticles, including nanoradio
on CNT, medicines and nano-objects, which transport
via the blood system or/and the nervous tissue to strictly
certain sections of a brain, for example to a tumour,
and unloading wonder-working remedies by a radio-
frequency signal from the outside, and then leaving the
organism (brain). A possibility of use of such "subma-
rines" for restoration (establishment) of neuronic bonds
with the help of micro- and nanowires (tubes, fibers,
etc.) is not excluded.

However, a more cardinal solution to the problem
would be a return to the idea of R. Fineman and A. Hibbs
about development of "microscopic robots", "mechan-
ical surgeons ", "tiny automatic machines’’ [40] or re-
pair brigades of micro- and nanorobots. Considering
the extreme complexity of the brain, the practical re-
alisation of this idea will involve a serious approach at
micro- and nanolevels.

Conclusion

A brief consideration of the basic directions of the
two global brain research programs — BRAIN Initiative
(USA) and Human Brain Project (EU), revealed their
drawbacks. To the considerations mentioned above it is
necessary to add the fact, that they do not fully take into
account individuality of the neuronic chains. Thus, it is
very difficult in the human connectome to take into ac-
count numerous factors of group 3, which determine the
internal properties of the chains and can play an impor-
tant role in human mental diseases, i.e. in a live brain.
The neurocybernetic approach based on the transistor
models is formal and rough, because it does not take into
consideration many processes really going on in a brain.

The proposed interpretation of the brain as an object
of organic hybrid nanoelectronics allows us to hope for
a qualitative breakthrough in the research and treatment
of the brain with the use of achievements of nanoscience,
nanoelectronics, nanomaterials, nanotechnologies, in
particular. The main ways (potentials) of their use, that
is, development prospects were outlined. On the one
side, the brain is a natural object of nanoelectronics, and
of special interest is prosthetics of its certain sections and
whole areas and structures with the help of artificial elec-
tronics. Our main ally will be the brain itself, and its plas-
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ticity, in particular. On the other side, on the example of
the brain Nature indicates the major way for develop-
ment of artificial electronics after Moor’s law.

In general, before we have a universally recognized
and true theory of the brain functioning, any one strat-
egy for its research will hardly lead to a full-scale suc-
cess. Although the author believes that the proposed in-
terpretation and a complex approach* are more correct
and flexible in comparison with the existing ones, in-
cluding the one considered above, it is necessary to de-
velop and apply various strategies, which will inevitably
lead to a deeper understanding of functioning of a brain
and, as a consequence, to success in treatment of hu-
man mental diseases. The task, is really formidable and
labour-consuming and apparently, will require decades,
if not more, however, the rates are extremely high. This
will not only be a solution to the main riddle of Nature,
but, what is even more important, it will mean a high-
grade life for many millions of people, including the
ones we love and care about!

The author considers as his pleasant duty to express his
sincere gratitude to his disciples H. V. Kolomejtseva and
1. A. Romanova for preparation of the manuscript of the
article for publishing.
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