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NEPCMNEKTWBbI PASBUTVA B POCCUN T'/1YBOKO C)’EBO]'II::UTOBOVI
HAHOJ3JIEKTPOHUKN N CBA3AHHbLIX C HEW TEXHOJ10I N (c.1-16)

Jecnotynn A.J1., AHgpeesa A.B.

MHCTUTYT I'IpO6I'IEM TEXHONOTNN MUKPO3IEKTPOHUKN U 0C0B0UNCTbIX maTepuanos PAH, r.YepHoronoska, Poccus

AHHOTaUMsA. PacCMOTPeHbI TEHAEHLMU Pa3BUTUA HAHO3NEKTPOHWKM B JONTOBPEMEHHON nepcnekTuse. CpenaH
BbIBOZL, YTO B nepuog nocne 2015 r. nonyy4nT npuMeHeHne «ryb6oKo cy6BO/IbTOBAsA HaHO3MIEKTPOHUKa» (deep-
sub-voltage nanoelectronics, TCH) — nHTerpanbHble cxembl (MIC) ¢ MNOTHOCTbIO KoMmoHeHToB ~10*-10% cm?,
(hYHKLUMOHUPYIOLLME BO6IM3N TEOPETUYECKOTO MNpedena pacxoda 3Heprun Ha obpaboTky 1 6uT. Onepexatollee
passuTMe TCH B Poccumn - nepcrnekTMBHAs HaLMOHaNbHas 3afaya, ee pelleHne HeobXoAMMO ANs YCMeLHoro
yyacTus CTpaHbl B rno6anbHON TeEXHONOMMYECKON FoHKe. PaccMOTpeHa npob6ieMa BbICOKOEMKUX KOHAEHCATOPOB
MUKPOHHbIX pasmepoB fns MCH un ceasaHHbIX ¢ TCH Hay4HO-TEXHWYECKMX HanpaBneHwii. MokasaHo, 4To
NPUNOXKEHUS, UCNONMb3YIOLLME aBTOHOMHbIE HAHO- U MUKPOCWUCTEMbI, HYXAAKTCA B HAKOMUTENSX C MJIOTHOCTbHIO
eMKOCTM 8¢ >50 MKD/CM?, KOTOPYI0 He MOryT 06ecreunTb KOHAEHCATOPbl TPaAWLMOHHBIX KOHCTPYKLMIA.
MpeacTaBneHbl TeOPETUYECKNE OLEHKM W 3KCNepUMEHTa/IbHble [aHHble M0 WHHOBALWMOHHBLIM WMMY/bCHBIM
CYMNepKOHAeHcaTopaM MUKPOHHBIX PasMepoB Ha OCHOBE NepefoBbIX CYMEPUOHHbIX NPOBOAHWUKOB (HAHOWOHHbIE
CyNepKoHaeHcaTopl) ¢ 8¢ =100 Mkd/cm®. MokasaHo, 4To ecim B MCH He GyaeT pelueHa npo6ieMa Tennosoro
neperpesa VIC ¢ MAOTHOCTLIO KOMMOHEHTOB ~10™2CM™?, TO HWKHWIA Npefen BpeMeH nepe3apsku HaHOMOHHbIX
CYNepKOHAEHCATOPOB (BEPXHMWIA Npefen AOMYCTUMbIX BPEMEH MPOLLECCOB AU3NEKTPUYECKOW penakcaumun) bynet
~10"c. [laHa OLEHKa BaNOBOM CTOMMOCTM MOTEHLMANLHOTO MUPOBOFO PbIHKA BLICOKOEMKMX CYBBOMLTOBbIX
HakonmTenei.

AN OVERVIEW ON FUTURE DEEP-SUB-VOLTAGE NANOELECTRONICS,
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The decrease of energy consumption per 1 bit processing (¢ ) and power supply voltage (Vg4) Of
integrated circuits (ICs) are long term tendencies in micro- and nanoelectronics. In this framework, deep-
sub-voltage nanoelectronics (DSVN), i.e. ICs of ~10™-10" cm™ component densities operating near the
theoretical limit of ¢, is sure to find application in the next 10 years. In nanoelectronics, the demand on
high-capacity capacitors of micron sizes sharply increases with a decrease of technological norms, € and
V. Creation of high-capacity capacitors of micron size to meet the challenge of DSVN and related
technologies is considered. The necessity of developing all-solid state impulse micron-sized
supercapacitors on the basis of advanced superionic conductors (nanoionic supercapacitors) is discussed.
Theoretical estimates and experimental data on prototype nanoionic supercapacitors with capacity
density 8¢ =100 pF/cm?are presented. Future perspectives of nanoionic devices are briefly discussed.
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1. CTpaTermyeckoe 3Ha4eHe UHTErPasIbHOM 3IEKTPOHUKM

MuKpOo(HaHO)3NEKTPOHMKA, SIBMSACH (HAaKTOPOM «CMCTEMHO-PECYPCHON reononmTuku» [1], noagepXkveaeTcs BO
MHOrMX CTpaHax. Hanpumep, amepukaHckas Nanoelectronics Research Initiative (NRI), BbinonHsemas B pamkax
HaLMOHaNbHOW HaHo-TexHonornyeckon uHuumatuebl (NNI), HampaBneHa Ha MOMCK CrefyHOLLEro NoKoneHUs HocuTenei
nH(opMauuu, cnocobos ee 06paboTku 1 nepegadn. [Mporpamma NRI npecnefyeT reoctpatermyueckyto Lenb: «...country
which finds the next logic switch first will undoubtedly lead the Nanoelectronics era, the same way the U.S. has led the
Microelectronics era for the past half century» [2]. OueHKka pe3y/bTaTa y4yacTus CTpaHbl B HAY4YHO-TEXHOMOMMYECKON TOHKe
MOXeT 6bITb caenaHa no (1) [3]:

PE3Y/NIbTAT = Hq)i , @)

rae MHOXUTENN — «06beM (DMHAHCMPOBaHMS» (1), «BPEMA Y4acTMsi B TOHKe» ({p), «MaTeHTbl W ANLEH3NN» (ds),
«KBaNU(MKaLmMa nepcoHana» (¢,), «MOTMUBALMA», «UUCMIEHHOCTb MepCcoHana», «TeXHWYeckue cpedcTea» v ap. 3a 10 net
aKTUBHOW cTagum peanu3aumm NNI un gpyrux, cBssaHHbIX ¢ Heit mporpamm, CLUA wnspacxogosamm ¢; ~30 Munnmapgos
ponnapos (rOCOIOMXET, YacCTHble WHBECTULMMW, MPOrpaMMbl OTAENbHbIX LWTaTOB). C Y4eTOM naTeHTHOro mnepuoja
passepTbiBaHua NNI (nporpamma 3apoxganacek B 1987-1990 rr. [4-8]) y CLLUA¢, =15 net. ®opmyna (1) nokasbiBaeT CU/bHOe
OTCTaBaHWe PoccuM B HaHO-TEXHONOMMYECKOA TFoHKe (o1 U ¢, =0). AHANOrMYHble BbIBOAbLI CAeNaHbl B UCCMef0BaHWK,
BbINO/IHEHHOM KoMMaHmeli Lux Research no 3akasy 'K «PocHaHoTex» [9].

eocTpaTerns onupaeTcs Ha BOOPY>KeHHble cunbl, KoTopble CLUA n HATO cTpoAT B COOTBETCTBUM C «KOHLIENLMENR
rapaHTMpPOBaHHOr0 MPEBOCXOACTBAa», 0a3MPYHOLLErocs Ha WCMOMb30BaHWU MEePefoBbIX TEXHOMOTUA («TOHKY BOOPY)XXEHWi
3amMeHsieT roHKa TexHonorui» [10]). FeononnTrka peann3yeTcs Yepes AeATeNbHOCTb KPYMHERLUNX 3NeKTPOHHBIX KOPMopaLmii,
KOTOpble aKTWBHO COTPYAHMYAOT B 06/71aCTV MEpPCMeKTUBHLIX Pa3spaboTOK M 6a30BbIX TEXHOMNOTUIA, KOHTPOIMPYS
WH(OPMALMOHHBIA U UHTENNEeKTYanbHbIA pecypchl, MPOW3BOACTBO M COLIT CTPAaTErMyeckn 3HaudvMol npogykuuu. Mpumep
TECHOr0 COTPYAHMYECTBa KOpPMopauuid - anbsHC No pa3paboTke 32 HM npoLeccopa «KpeMHWin Ha nsonatope» (IBM, Toshiba,
AMD, Samsung, Infineon, Sony, Freescale, STMicroelectronics n Chartered) n gp. JonrospemeHHas nporpamma (Focus
Center Research Program [11]) moucka MpOpbLIBHbIX M PEBO/IHOLMOHHLIX pelleHnii B o6mactn CMOS (gocTuxkeHve wu
npeogoneHve npegenos CMOS) 00beanHSAET 3MEKTPOHHYIO MHAYCTPUIO, akafleMU4yecKoe COOO6LLECTBO M MUHMUCTEPCTBO
060poHbl CLLIA. O6pa3oBaHHble KopriopaumsiMm MPOrHOCTMYeCKMe CTPYKTypbl - International Technology Roadmap for
Semiconductors (ITRS) [12] KoopAMHMPYIOT B rNo6abHOM MacluTabe TeMMbl Pa3BUTWS MHTErPaSIbHbIX TEXHONOM WA

defepanbHas  Lenesas nporpaMma  «PasBUTWE 3MEKTPOHHON KOMMOHEHTHOW 6asbl U Pagvo3NeKTPOHUKU»
(MocTaHoBneHwe MpaButenscTea P® Ne 809 ot 26.11.2007) go/mkHa o6ecneynTb Nepexos poccuinckmx npeanpuatiii Ha 90 Hv
n 45 Hm TexHonorun B 2011 n 2015 rogbl. CornacHo «CTpaTerMn pasBUTWS 3MEKTPOHHON MPOMbILLAIEHHOCTM Poccun Ha
nepuog Ao 2025 roga», rnaBHas pellaemas CUCTEMHas COLMaibHO-3KOHOMMYECKas npobnema — «yBennyeHne o06beMOB
MpofaX OTeYeCTBEHHOW 3/1IEKTPOHHOM KOMMOHEHTHOW 6asbl, NPeocfofieHne YPOBHA TEXHOMOrMYeCcKoro OTCTaBaHMs,
MOBbILLEHNE KOHKYPEHTOCMOCOGHOCTM MNPOAYKLMM Ha pblHKax». B «cTpaTerum» u «nporpamme» OTCYTCTBYIOT 3adauu
«[l0rHaTb W MeperHaTb», pedb UAET NNLLb O «TMKBUAALUMN KPUTUUECKOTO HaYYHO-TEXHUYECKOro OTCTaBaHUsa Poccum», KOTopoe
«He Mo3BO/SeT 06ecneynTb KOHKYPEHTOCMOCOGHOCTb BCEW MPOMBILLAEHHOCTW CTPaHbl B LIEIOM, U CTAHOBUTCA OfHUM U3
KPUTUYECKMX (DaKTOPOB, BAMAIOLLMX Ha 0becneyeHne 060pOHOCNOCOBHOCTM 1 6e30MacHOCTM FOCYAapcTBay.

B ycnoBuax rnobanbHoi HaHO-TEXHONOrMYECKON FOHKM U NPY OTCYTCTBUM Y POCCUIACKON 3N1EKTPOHMKN MaCLLUTabHbIX
Lieneld, oTCTaBaHWe OT MMPOBOrO YPOBHS OYAeT HapacTaTb: AMAepbl NMOAYNPOBOAHUKOBOW MHAYCTPUM YXKE CEroAHs UMelT
OnbITHbIE 06pa3Libl MPOLLECCOPOB W MHTErpabHbIX cxeM (MC) ¢ TEXHOMOrMYECKMU HOpMaMi 32 HM 1 22 HM. YTBepXAeHMe
aHaMTMKOB [13], UTO y OTEYECTBEHHOW HAHO3MIEKTPOHWKN HET «BENVKON LIe/IN», OTOXAECTB/IEHWNE C 3TOM LieNbi «PeasibHbIX
noTpebHOCTE 3KOHOMWMKM W BIK», 03Ha4YaeT OTKa3 OT BAMSHWA Ha MUPOBbIE MPOLECCHl PasBUTUS 3NEKTPOHWKM, UTO
MPOTUBOPEUUT MeXAYHapOAHOMY cTaTycy Poccuun. PasBuTas Hay4yHO-TeXHUYecKasd cdiepa — HEOTbeMeMblli aTpubyT
CyBepeHHOro rocygapctsa. [ns Poccuy MpoM3BOACTBO NepefoBOA WMHTErpanbHOW 3MeKTPOHWKU CTpaTervyeckn BaXKHO,
MoO3TOMY 0OOCHOBaHME HeOOXOAWMOCTW Ha/MuWs TaKoro CeKTopa B CTpaHe [AO/MKHO YUYWUTbIBATb HE TOMbKO «PeasibHble
NoTPe6HOCTN 3KOHOMMKM U BIK», HO U peasiun «CUCTEMHO-PECYPCHOI FeOnOMUTUKM», KOTOPble MOXHO CBECTU K NIO3YHTY
«flOrHaTb W NeperHaTb». B HAHO3MEKTPOHMKE CMeHa NMOKONEHWI TEXHONOMMIA NPONCXOANT Kaxaple 3-4 rofa, No3aToMy 0Ccobyto
LIEHHOCTb UMEIOT He 3HaHWA, BMIOXKEHHbIE B Y)Ke (DYHKLMOHMPYIOLLME KPEMHUEBbIE (abPVKK, & MHTENNEKTYabHbIA KanuTa,
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KOTOpbI/ NO3BOMNT B GyAyLLeM CO34aBaTb MHHOBALMOHHYO NPOAYKLUMIO. MMpaBubHbIA BbIGOP NEpPCreKTUBHBIX HarnpaBneHui
pasBUTMS HaHO3MEKTPOHMKMN 1 MPUOPUTETHBIX 3ada4 06ecneynBaeT BbICOKME pe3ynbTaTbl B TEXHONOMMYECKOW FOHKE 3a cYeT
NpPeBOCX0ACTBa MO (hakTopaMm ¢, , ¢z 1 ¢y B (1).

B HaHO3M1eKTPOHMKE MO Mepe YMeHbLUEHMS Pa3MEePOB 3/IEMEHTOB MHTerpanbHbix cxem (UC) cTaHoBATCA BCe Gonee
aKTyanbHbIMU MOWUCKWA anbTepHaTUB TPaAMLMOHHBIM NpubopamM — MOAYNPOBOAHMKOBLIM MNOMEBLIM TpaH3WUCTOpam W
BbICOKOEMKUM M/IEHOYHbIM KOHAEHcaTopam, NpejesibHble XapaKTepyuCTUKM KOTOPbIX OrpaHuyeHbl TYHHENbHbIM athdekToM. B
paboTe BbINOMHEH aHANW3 TEHAEHLUI pPa3BUTUA HAHO3NEKTPOHWKY C FOPU3OHTOM MpOorHo3a Aanee 2015 roga v Ha 3Toi 0CHOBE
onpefeneHa MepcrnekTMBHaA HaUMOHaNbHaA 3ajadya — OnepeXxalollee pasBWTMe B CTpaHe r1yO6oKo Cy6BO/bTOBOM
HaHO3MeKTPOHUKN (TCH) [3] — uHTerpanbHbIx cxem (VIC) ¢ NOTHOCTbIO KOMMOHEHTOB ~10*-10% cM, (hyHKLMORMPYIOLMX
BO/IM3M TEOPETUYECKOro MNpedena pacxofa 3Heprum Ha o6paboTky 1 6uT. CdopmynmpoBaHa npobfieMa BbICOKOEMKUX
KOH/EHCATOPOB MMUKPOHHbLIX pa3mepoB And MCH u cBAzaHHbIX ¢ TCH Hay4HO-TEXHWYECKMX HanpaBneHwiA. MokasaHo, 4To
HaHOMOHHble nNpubopbl (MPMBOPbI € BbICTPLIM WMOHHBLIM TPAHCMOPTOM Ha HaHO-MacliTabe) — CYMNepKOHAEHCaTopbl W
nepeKnoyaTeNn MOryT HaikT npumeHeHne B MCH.

2. [ny6oko cy6BonbTOBas HaHO3M1eKTpoHMKa (MCH)

MoneBoii HAHOTPaH3UCTOP SABAAETCA KIKOUEBLIM NPUOGOPOM LMPOBOIA 3NEKTPOHUKW. BbIMOMHEHNE onepawuii
6MHapHOli NOrMKM K obpalleHVe K A4Yeilkam NaMaTy OCYLLECTBASIOTCA MyTeM KOHTPOMUPYEMOrO W3MEHEHWUS BbICOTbI
noTeHLMaNbHOro 6apbepa Ha 3aTBope TPaH3MCTOPOB, NPU 3TOM HOCUTENN UH(OPMaLMK (3NeKTPOHbI UK AbIPKW) NePexoasT n3
OZHOTO (hM3MYECKUN PA3NIMUMMOro COCTOSIHUSA B APYroe, YCNoBHO, 1— 0. KBaHTOBbIE ABNEHUS HE BAWAIOT HEMOCPEACTBEHHO Ha
paboTy COBPEMEHHbIX TPaH3MCTOPOB, MNOTHOCTL KOTOPLIX Ha VIC npubmmkaetca k 10 cm?. Mpn NAOTHOCTY KOMMOHEHTOB
~10" cm? (UC c pasvepami 3neMeHTOB ~1 HM) BO3HWKAeT KBAHTOBbIi TYHHENbHbIA SHEKT C HEKOHTPOAMPYEMbIM
noabapbepHOM nepexofoM vactuusl 1—0 ¢ BEpOATHOCTHHO ObLICTPO BO3pacTatoLLeli MPU YMEHbLUEHUM LIMPUHLI Gapbepa K
Macchbl YacTuLpl. Moatomy ana MIC ¢ pasmepamm 31eMEHTOB ~1 HM HEOOXOAMMbI MaTepuanbl, B KOTOPbIX 3PhEeKTUBHAA Macca
m" HocuTeneil MHhopMaLmn 6yaeT 3HauMTenbHO GOMblue, YeM Y 3neKTPoHOB (Me). Hanpumep, m™ ~13 m, npu pasmepax
nepekntoyatens L =1 umM, m ~53 m, npu L =0,5 HM 1 m” ~336 m, npu L =0,2 um [14].

Ye B 1965 rogy npobsema BbICOKOEMKMX KOHAEHCATOPOB Ha3BaHa (yHAaMeHTa/lbHON B MMKPO3neKTpoHuKke [15]. 3a
npoLueslune rofbl OrpoMHbIE BNOXEHWUS B MUCCMeoBaHWs U pa3paboTKu He obecrneunnm Tpebyemble MAOTHOCTb €MKOCTH,
paguaLMoHHY0 U TEMMEepPaTYPHYK CTOMKOCTb KOHAEHCATOPOB TPaAWLMOHHLIX KOHCTPYKLUMIA. B COBPEMEHHbIX MOPTATMBHbLIX
npubopax ynbTPanjoTHOro NOBEPXHOCTHOrO MOHTaXa C AUCKPETHLIMU 3/1EKTPOHHBLIMU KOMMNOHeHTamu B Kopriyce 01005 (400
MKM X 200 MKM X 200 MKM) KOHAeHcaTopbl emKocTbto C > 0,01 MK® wumetoT 6onblive rabaputbl. Hanmps)KeHHOCTb
3NEKTPUYECKOTO MONS NPO60s Fray , AVBNEKTPUYECKas MPOHMLAEMOCTb K 1 NAoTHOCTM emkocTuY pe 1 8¢ B KoHaeHcaTopax
CBfA3aHbI C HaMpPsHXKEHNEM 3neKTponuTaHus Vyg IC COoTHOLLEHMEM:

Vdd :Fmax (k € / pC)ll2 = Fmax k & /80 ’ (2)

rae € = 8.85 10 ®/mM. B MUKPO- 1 HaHO3NEKTPOHUKE [elCTBYET [ONTOCPOYHAs TEHAEHLMA MOHKEHUA Vyg , B HACTOALLEE
Bpema MC cTaHoBATCA Cy6BOMbTOBbLIMK. Ha puc.1 nokasaH nporHo3 ITRS ana Vyg 1 AnnHbl 3aTBOpa Ly HAHOTPaH3MCTOPOB
MHTerpanbHbIX cxem (MC) MaccoBOro nNpoM3BOACTBA. DHePrusa KoHAeHcaTopa 6bICTPO yMeHbLIaeTcs € Vg , HO, OKasbIBaeTcs, B
TOHKOMMEHOYHbIX KOHAeHcaTopax TPaAWLMOHHBLIX KOHCTPYKLUMIA KOMMEHCUPOBaTb 3TO MafeHUe YBESMYEHWEM Pc U ¢
HEBO3MOXHO, TaK KakK B Cy6BONbTOBOW 06/1aCTW 3TV BEIMUMHBI OrpaHNYeHbl 3KCMOHEHLMANbHO BO3PACTaloWMM TYHHEbHbIM
TOKOM YTEUKMN Yepes CMI0i AN3NeKTprKa TONWMHOA MeHee d =Vyg/Fpax =1-1,5 HM.

b O6bemMHbIE U MOBEPXHOCTHbIE NJIOTHOCTN EMKOCTW Aak0TCA CUMBONaMN p U 8, COOTBETCTBEHHO.
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Puc. 1. NporHo3 nsmeHeHNs HaNps>KeHNa 3neKTponuTaHnsa Vyy 1 AnnHel 3ateopa CMOS-TpaH3ncTopos C MaccoBoro
nponseoacTsa (Mo gaHHbIM ITRS-2006, ITRS-2007 [12]): 1 -BbICOKONPOU3BOANTENLHBI peXxum paboTsl C;
2 - 3KOHOMUYHBIVA pexxum paboTel UIC; 3 -A1Ha 3aTBOpa HAHOTPaH3UCTOPOB L.

MaccoBblii Bbinyck NC ¢ Vg =0,5 B nnaHmpyeTcsa Ha 2016 rog [12] (puc.l), HO Npon3BOACTBO 3aKa3HbIX VIC ¢ Vyg <
0,5 B HauHeTcs paHbLle. MHOMMM Hay4yHO-TEXHUYECKUM HanpasfieHnsm Tpebytotca VIC, KoTopble AO/MKHbI 0TBEYaTb UHbIM,
yem npoueccopbl 06LLero HasHayeHWs, TpeboBaHWS MO NPOW3BOAUTENLHOCTM, PacXO4y 3Heprun € Ha 06paboTky 1 6uT K
BEpPOATHOCTM €605 fer. BECNPOBOLHbLIE CETU CEHCOPOB, aBTOHOMHbIE 0ObEKTHI HAHO- U MUKPOCUCTEMHON TexHUKn (HMCT)
TMNa «yMHas Mbib» (06beM ~1 MM3), 06bekTbl HMCT cnegytoulero nokonenus («nanomorphic cell», o6bem ~10° mm®
[16,17]), MuKpoumnbl pagmoyacToTHON naeHTUdMKayum (RFID), MMKpocMCTeMbl TeparepLoBOi CrMekTpockonuu ans 6uo-
NOEHTUDUKALMW, BOEHHbIE MPUIOXKEHUS U AP. KPUTUYHBI K BEIMUUHE €. DHEPrUS XMMUYECKOro MCTOYHWMKA B aBTOHOMHOM
06beKTe MPONOpPLMOHa/IbHA 3AC M MAacce XMMWUYECKMX peareHTOB, a paccesiHue 3Heprun mpu NepekyeHnn TpaH3ucTopa
~Vyq 2. ECnm 34C =6-Vgq (0 >1), T 06LLee Unco nepektoyenuii 6yaeT ~0/Vyq, UTO 0BecrneunsaeT NPeMMYLLECTBO NprGopam ¢
npefenbHO ManbIMy Vgg.

Ha puc. 2 npegcTasneHbl 3HaYeHNA Vgg KCMEPUMEHTANbHBIX CYBBOMbTOBLIX CMOS (PekopAHO Masioe 3HayeHue Vg
=85 MB pocTturHyto B [18]). ToK | B KaHase nieanbHbIX MOMEBbLIX TPAH3UCTOPOB MpU MasbIX Vyg M3MeHseTcs B 10 pa3 npu
M3MeHeHUN HanpskeHna Ha 3atBope Vg =kgT In10/e (300 K) =60 mMB (sub-threshold operation), nosToMy npumMeHeHue Takux
TPaH31CTOPOB B CYOBOMLTOBON HAHO3/MIEKTPOHWKE OFpaHNUYMBAETCA MaioCTbi0 OTHOLLEHWUS TOKOB TPaH3UCTOpa B OTKPbLITOM U
3aKPbITOM COCTOAHUAX lon/l g

TepMuH «rnyb6oKo Cy6BONLTOBAs HaHO3NMEKTPOHMKa» (deep-sub-voltage nanoelectronics) npegnoxeH B [26-28] ans
0606LeHMs noHATUS UC, PYHKUMOHMPYIOWMX B6AM3M TEOpeTUYeCcKoro npegena (pyHAaameHTasbHOrO, TEXHONOMMYECKOoro,
NPMBOPHOro, An3aiiH MeTOLOMOMMYECKOr0, aNrOPUTMMYECKOr0) pacxofa SHeprum € Ha 06paboTky 1 6ut. TunuuHas NC B MCH
[OMKHa UMETb NNOTHOCTb KoMNOoHeHToB 10*-10% cm? 1 Vg < 0,25 B. B 2008 rofly NNOTHOCTL KOMMOHEHTOB NPUEAM3NTCS K
10" cm, a yacToTa nepektYeHNs HaHOTPaH3NCTOPOB K 10" y. 3agauu, peLleHHble Ha NyTU K 06nacTu «10%-10'%, Hocumm,
B OCHOBHOM, TEXHOMOFMueckuii xapakTep. [ns nepexoga B obnacTb «10'2-10"» Heo6xogMmMo npeofoneTb psg
(hyHAamMeHTanbHbIX Npo6nem. MNepsBoouepeHOi M3 HMX ABNSETCS Npobaema Tennosoro pasorpesa VIC [29,30]. Knaccuueckume
NC paccenBaloT 3Hepruito Npu BbIMO/HEHUW KaXXAOM NOTMYECKON onepauun. BeposTHOCTb OLIMBGOYHOTO Mepek/IYeHus
TPaH3NCTOpa B AETEPMUHMPOBaHHbIX IC HUUTOXHO Mania, Per ~107. MpK yMeHbLUIEHNM NaTepabHbIX pasMepoB TPaH3NCTOPOB
C KO3(hhmumeHTOM s <1 paccenBaemas NNOTHOCTb MoLHocTU W Bo3pacTaeT [31,32]:

W ~ (V! 5)°. 3
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Puc. 2. HanpsxxeHve aneKTponuTaHus Vyy 3KCNepuMeHTabHbIX Yinos namat (SRAM), noruku, cuctem (SoC)
1 aHanoroebIx Npnbopos. AaHHble 0630pa [19] v pabot [20] (1), [21] (2), [22] (3), [23] (4), [24] (5), [25] (6).

B coBpeMeHHbIX npoujeccopax W =100 BT/cM® (Vg =1 B), uTO 6/M3KO K MpefieNibHbIM 3HaueHNsM A0 0TBOAa Tenna npu
BO3/YLUHOM OXNaX/EHNN. YMeHblLIeHe PasMepoB HaHOTPaH3NCTOPOB B YCoBusAX neperpesa W =const (100 BT/cm?) Tpebyet
NOHMKeHNA Vyq. Mpu s-macwtabuposaHun ycnosue W =const orpaHuumBaeT Vgy CBEPXY, a& CHU3Y Ha Vgq HaknafblBaeT
orpaHMyeHMe TeMnoBOW LIyM, KOTOPbIA, M3-33 yMEHbLUEHWS B S° pa3s 3HEPIMM KOHfEHcaTopa Ha 3aTBOpe MOMeBbIX
TPaH3MCTOPOB, BbI3bIBAET CHOM MPU MabIX Vgq. Y AeTepMUHMPOBaHHBLIX MIC 06nacTi «10'°-10'"» yacToTa WwyMOoBbIX C60€B for
< 1/rog, noaTomy Vyq AOMKHO BbiTh He MeHee 0,3-0,4B [32]. TexHONOrnyeckmii npeaen MUHUMaIbHOTO Pacxofa 3Heprum € ans
CMOS cocTasnsieT Vg <0.3 B [33].

BenuunHa fe, B aeTepMMHMPOBaHHbIX VIC cTaHOBMTCA 60MbLIOM NPU MOTHOCTA KOMMOHEHTOB 10"-10" cm?, uTo
06yCcnoBeHO neperpesoM, (yKTyaUMsAMU NapamMeTpoB HaHOMPUOOPOB U BAUSHMEM LiyMa. Co3faHue HafeXHbIX CUCTEM Ha
OCHOBE HAHOMPWOOPOB, MOABEPXKEHHLIX CTATUCTUYECKOMY MOBEAEHWIO, Heu3BeXHO BedeT K OTKasy OT napagurmbl
JeTepMUHMPOBaHHbIX VIC. LindpoBast 3neKTPOHNKA MOXET HaeXKHO YHKLIMOHMPOBATL B YC/IOBUAX CUbHLIX MOMEX U Npu Vg
6/M3KNUX K YPOBHIO LUYMOBbIX WCTOYHMKOB. BepoATHOCTHOE MNoBefieHMe Ha YPOBHE NPUOGOPOB MOXET CMNOCO6CTBOBATb
peLLeHunio psga 3agady [34]. CooTBeTCTBYIOLLME NepeKntoUaTeNy NPou3BoaAT XenaeMblid BbiBog O Man 1 ¢ BEpOATHOCTbIO p =1-
Perr > ¥2. ®YHAAMEHTA/IBbHBIV Npesen 4N € y AeTepMUHUPOBAaHHBIX NepekntoyaTeniell He MOXeET ObITb MeHbLue kgTIn2 Ha 1 6uT,
a y ufeann3mpoBaHHbIX BEPOATHOCTHbIX NepekntoyaTeneli aHanormyHas sBennymHa umeet nopagok ksTIn(2p). AHanmTuueckas
Mojenb AN BEPOSATHOCTHOrO WMHBEPTOPA MOKa3biBAeT, UTO € PacTeT C P (3KCMOHEHLMabHO MO NOPAAKY BENWYMHDBI), a Npu
(h1KCUPOBaHHOW p BEIMYMHA € PaCTET KBaAPaTUUHO NPU YBENUYEHUN LLYyMa. MapaMeTp p MOXHO 3ajaBaTb U3MEHEHNEM Vyq.

HoBble BepoATHOCTHble (probabilistic) apxuTekTypbl WC [34] npemnokeHbl ANs YCNOBUA Per >>107%. Ou
OEMOHCTPUPYIOT BbLICOKYH 3(PGEeKTUBHOCTL NpU 06paboTKe M306paKEHWUIA, BUAEO MOTOKOB, ayauMo MHGopmauun u ap. B
No60M No3HaBaTe/IbHOM MPOLECCe MOTYT 6bIThb BblAeNeHbl SI0rnYeckue (4eTePMUHUPOBAHHBIE) I BEPOSTHOCTHBIE CYXKAEHMA.
KaHOoHMYecKas apxmMTeKTypa BblYNCANTE/bHBIX CUCTEM, OPUEHTUPOBAHHBIX Ha OCYLLLECTB/IEHNE KOTHUTUBHBIX (YHKLMIA, TakokKe
BK/IIOYaeT fABa 6/10ka - 3KOHOMMWYHBIA MpOLEeccop C AeTePMWHUPOBAHHON NIOFTMKOW W COMPOLLECCOP, WCMOMb3YHOLLNIA
TPAH3UCTOPbI C Perr >>107° 11 CRELMANN3NPOBAHHBIE BEDOATHOCTHBIE anropuTMbl [34]. CpaBHeHMe ahtheKTUBHOCTI PasINUHbIX
apxuTekTyp VC no BennumHe «pacxofd 3HEprum x Bpems BbIMOAHEHUS MPOrpamMmbl» MOKa3biBaeT, YTO BEPOSTHOCTHbIE 2-X
npoLeccopHble cucTembl obecrieunBaroT 3-500 KpaTHOE MPEMMYLLECTBO Haf AeTepMUHMPOBaHHbIMK VIC npw pelleHun psga
3afjay (pacno3HaBaHve 06pa3oB, WngpoBaHue 1 Ap.). MuHucTepcTBo 060poHbl CLUA 3aH1MaeTcs Npobiemoit pa3sepTbiBaHUS
BCTpamMBaeMbIX aBTOHOMHbIX KOTHWUTMBHBIX WH(OPMALMOHHLIX CUCTEM, KOTOpble Ha OCHOBE BEPOATHOCTHLIX MoOAefeW
(Bayesian inference, probabilistic cellular automata, randomized neural networks) OyayT pelartb 3afays B YC/OBUAX
HeJ0CTaTOYHOCTM M HETOYHOCTU faHHbIX [35]. BepostHocTHble IC TCH (B TOM uncne BCTpavBaeMble CUCTEMbI Mons 60s)
OKaXKYTCA BHE KOHKYPEHLMMN B YCMIOBUAX XECTKMX OrpaHNYeHNiA Ha 3Hepriuto, BpeMs 1 MHGopMaLMio.



TpagnUMOHHbIE apXUTEKTYpbl YCTOWYMBLIX K LWYMy U OTkasam WC 6asvpytoTcsd Ha napaiiennsme paboTbl
M36bLITOUHBLIX 3NEKTPOHHBLIX KOMMOHEHTOB (redundancy) w/unu MOBTOPHOM BbIMO/IHEHUM NOTMYECKMX onepaunit. VC ¢
NAI0THOCTbIO TPAH3UCTOPOB ~10% (50 KpaTHas M36bLITOYHOCTL KOMMOHEHTOB, Perr =10™) MOTYT paboTaTh C HaAEXHOCTbIO 90% B
Teuenue 10 neT [36]. 3HaueHme Vg =0,27 B obecnieunBaeT pe; =10 npu T =300 K, Kak 3T0 cnegyeT u3 hopMynbl BonbLmaHa
Perr = EXP (-cvzdd/z kgT), rge emMKocTb Ha 3aTBOpe MoneBoro TpaHsuctopa C =10 o. Mpo6niemMa MONYyYeHMS HaAEXHON
MH(opMaLMM C NMOMOLLbIO BEPOSITHOCTHOM IOFMKWM OT CUCTEM, COAEPXalLMX HeHaLeXHble B paboTe KOMMOHEHTHI, BNepBble
paccmoTpeHa B [37].

B [38] npeasioxxeH HOBbIA NOAX04 K nNpobneme TeMa0BOrO LUyMa, KOTOPbIA MOXET MepeHOCUMTb MHGOopMaLuio 1
MCMOMb30BaTLCA [AJ1 CO34aHWSA MOMHOCTBLIO 3aKPbITbIX OT MNPOC/AYLIMBAHWA MPOBOLHLIX WH(OPMALMOHHBIX KaHanoB W
KOMMYHMKaLMOHHBIX CeTel (nepefaTtumk MOAYNMPYeT CTaTUCTMUYeCKMe CBOWCTBA TEMNOBOrO LUyMa, NPUEMHUK LeKoaupyeT
nHopMauuo 13 wyma). B [38] npeanoxeH npoleccop, B KOTOPOM TEM/IOBOM LYM MCMOMHSET POfb TaKTOBOrO reHepatopa
(Perr =0,5, € =1,1 kgT / 6KT). PyHAAMEHTaNbHbLIA Npefen AN 3HeprumM € y HeobpaTUMbIX MepekntovaTeneli cocTaBnseT
~kgTIn2/6uUT [39]. MpyK NAOTHOCTM KOMMOHeHTOB 10™ cM? 1 € ~2 kgT In2 = 35 MaB (5,6-102% M%) ye Ha yacToTax 5-10™ Iy,
[lo/MKHa paccenBatbca MowHocTs W ~250 BT/cm?, Mo3TOMY peLLeHne nNpobnembl neperpesa NC Heob6xoanMo Ans AOCTUXEHNS
o6nacTin «10%2-10"»,

KBaHTOBbIE VIC 06LL1Ero Ha3HauyeHns yCTynatoT no € Kiaccuyeckum VIC (conoctaBumoii Npon3BogMTENbHOCTH) B ~10°
pa3 [40]. OueHku nokasbiBatoT [40], uTo Anst nocTpoeHust VIC Ha 0CHOBE OAHO3/MIEKTPOHHBIX TPaH3UCTOPOB C MasbiMK € Npu T
=300 K HEo6X0AMMO YMeHbLUMTL pa3Mepbl KBaHTOBbIX TOUYeK A0 =1 HM. B mepcrnekTuBe, MOryT NOAy4UTb PasBUTUE KBa3u-
anuabatuyeckve VIC [41], y KOTOpbIX OOMBLUMHCTBO NIOrMYECKUX OMNepaumii BbINONHAETCA 06paTMO, NMO3ITOMY 3HAaYeHus €
CKOMb YrofHo Manbl. B HekoTopbIx paboTtax [42] byayuuee kBasu-agnabatudeckux VIC oueHMBaeTCs neccummcTyHO. Ha puc.
3 NokasaHa f0NroBpeMeHHas TeHAEHLUUS YMEeHbLUEHNS € B 3N1EKTPOHUKE.
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Pacxop aHeprmn Ha 06paboTky 1 61T, [k

Puc. 3. TeHAeHLUs MOHMKEHUS B 3NEKTPOHUKE 3HEPTN €, paccemBaemoi Npn 06paboTke 1 6UT: a) AaHHble
1988 roga [43]; b) gaHHble [38,39]; ¢) nporHo3 npegena ans CMOS [39]; d) hyHaameHTa/bHbIV Npeaen
(hoH-HelimaHa- SlaHgayapa gns Heobpatumoii normyveckoii onepauum npm 300 K (kgT In2).

Vepapxms ypoBHEN, onpeaenstowmx npegenbl pacxoga 3Heprum € Ha 06paboTKy 1 6MT nokasaHa Ha puc.4. Kaxgplit
ypoBeHb 3afiaeT npefenbl €, a Mepexof, Ha YPOBEHb BBEPX MHOIOKPATHO YBENMUMBAET YMCNO BO3MOXHbLIX TEXHUYECKMX
peLeHunii. Ans CMOS-TexHonoruid npegen € gocturaetea npu Vg = B kgT/q = 0,1 B (300 K, B =2-4) [41]. B T'CH Ha ypoBHe
TUMOB W K/1accoB MPUMOOPOB MNepCrneKTUBHbI rpateHoBas HaHO3NEKTPOHUKa [44-46], noruvyeckve uenu Ha ocHoBe 1D—
HaHOMPOBONOK [47], TPAH3MCTOPbI C KAaHA/IOM TOALYMHOM 2 HM 1 OTHOLLEHUEM |oy/lo s ~10™ [48], WabnoHbl KBAHTOBbIX TOYEK
[49], TpaH3UCTOPbI HA OCHOBE MEX30HHbIX TYHHeNbHbIX nepexofoB (low-sub-threshold swing tunnel transistors) ¢ Vy4q =0,2B
[50,51], MmonekynsipHble TPAH3UCTOPbI C A(HEKTOM KBaHTOBON MHTepdepeHLmMn [52], MHTErpUpOBaHHbIE 3MUTTEPbI U CEHCOPBI
TeperepLoBoro usnydveHuns [53-55], B TOM 4mcne Ha OCHOBE HAHOTPY6OK [56], aTOMHble MepeknoYaTeNi C KBaHTOBaHHOW
NPOBOAMMOCTBIO HA OCHOBE TBEPLOTE/bHbIX MOHHbIX NPOBOAHWKOB[57], MempucTopbI[58] 1 ap. Bo3mMOXHOCTb (hOPMUMPOBaHUA



METOA0M HaHO-3MMUTaKCUU MONYMNPOBOAHUKOB C BbICOKMM KauyeCTBOM KPUCTaNNYECKON CTPYKTYPbl NO3BONSET 06bEANHATD B
OfIHOW crCTeMe pPa3HOPOAHbIE BLICOKO (PYHKLMOHa/IbHbIE MaTepuasibl 1 610Km [59].

AnropntmMmbl 06paboTkn nHdopmaLmmn
Cuctembl: SoC, 3D, SiP, HMCT, nanomorphic cell

Tononoruu MHTErpas/ibHbIX CXem

MeTopgonornn gmnsainHa
NHTerpasibHbIX CXeM

TexHonornu
Matepunanbl

1 cnoco6bl
MHopMaumn
KBaHTOBas
MexaHuka

HoBble
nepegayu
TepmognHamuka
nekTpogmMHammKa

HOCUTesn

Puc. 4. Viepapxums ypoBHeld, ONpeAensitoLLIMX pacxog 3Heprum € Ha 06paboTky 1 6uT.

Ha ypoBHe meTogosnoruy fusaitHa NC onpeeneHHble NperMyLLECTBa MMEIOT KIeTOUHble aBToMaThl [60], aganTuBHbIe
N yCTONuMBbIE K [AedeKTaM HeipoHHble ceTu [61], kpoccbap (crossbar), 3D- u rnbpuaHble CTPYKTYpbl [62,63], a Ha YpOBHe
CUCTEM - BCTpaMBaeMble NpubopLI, HanpuMep, 41s CBS3KW YenoBek — MalumHa (brain-machine interfaces) [64] n gp. B [65]
aHanM3MpyeTcs BO3MOXHOCTb CO3AaHWSi MHTErpUpoBaHHbIX HAa aTOMHOM YPOBHE aBTOHOMHbLIX CUCTEM C XapaKTepHbIM
pasmepom 10 MKM (KoHUenuus «nanomorphic cell»). ViHTerpauus Ha aToMHOM ypoBHe 06GecrieunBaeT NpefenibHO BbICOKWE
XapaKTepuCTUKM MUKPOCUCTEM B pacyeTe Ha efuHuLYy o6bema. Y npasnsemble COOCTBEHHbIM KOMMbIOTEPOM U CHabGXEeHHbIe
MCTOYHUKOM 3Heprun ([66]), MukpocucTembl «nanomorphic cell» [OMKHbI aHanu3MpoBaTb fAaHHble, OOMEHMBATLCA
MH(opmaL et 1 B3aMOAEeACTBOBATb C XXUBLIMU KNETKaMu.

B psge paboT KpUTUYECKM NPOBEPSIOT OCHOBbI (PYHKLMOHWPOBAHUS HAHOMPUOOPOB U MH(OPMALMOHHBLIX KaHanoB
[67,68], onpefensoT NyTU AOCTUXEHUS TOKOBOM XapaKTePUCTUKW TpaH3ucTopa Huxe 3HadeHus Vg =kgTInl0/e (300K) =60
mB/aekaga | [69,70], 06Ccyaat0T BO3MOXHOCTb UCMOMb30BaHNS CMIMHOBLIX BOMIH ANS1 OCYLLECTB/IEHUS NIOTMYECKUX Onepawuii
[59], menatoT OLEHKM KBAHTOBbIX MPELAESIOB PACCEAHUA 3HEPIUN B CMIMHTPOHMKE. BbluncneHve - 3TO M3NYECKMIA npoLiecc,
MPOTEKaKLLMIA B MaTepuanbHO nogcucTeme (HaHOTPaH3MCTOP), Haxoasllelica B TepMmocTate (MoaynpOBOAHUKOBLIA KPUCTaST)
[31]. B [71] noka3aHo, 4TO MNpu pa3mepax NPUBGOPOB W BpeMeHax WX Mepek/toYeHns MOopsALKa XapakTepHbIX 3HaYeHWi
TENIoBbIX MPOLECCOB, TEPMOAMHAMMUYECKOE PaBHOBECME MeXAY MPMOOPOM U TEpMOCTaTOM He AOCTUraeTcs, W, B 3TUX
YCNOBUSX, PaccemBaemas MOLLHOCTb MOXET ObITb MeHblUe, YeM B C/lyyae PaBHOBECHOrO pacnpefenieHuns bonbumara. Mpu
MNNOTHOCTV KOMMOHeHTOB 10 cM? BO3HMKaeT npobneMa ONMCaHM MHOXeCTBa PaboTaloMX B GanIMCTUYECKOM WM
TYHHENbHOM peXxmmax 6/13KO0 CBSA3aHHbLIX HAHOMPUOOPOB, KOTOPLIM Hefb3si COMOCTaBUTL OMpPefeSieHHbIe 3HaUYEHUS eMKOCTH,
WHOYKTUBHOCTU U cONpoTMBAeHWs. B [72] chenaH BaHbIA war Ha nyty uHTerpaumn MCH u rny6oko cy6BOMbTOBbIX
3/1EKTPOHHO-0NTUYECKMX FeTepOCTPYKTYP - paspaboTaH NaeHOuYHbI MogynaTop Maxa-3aHzepa, ynpaBaseMblidi HanpsHkeHnem
0,3 B.

B [14] BbiNOfHeHa OueHKa OMTUMaNbHOM 3(eKTUBHON MacCbl HOCUTens 3apsfa Mo Q — daktopy B
HaHOTPaH3UCTOpax OMHAPHOW NOrMKW C NPeAebHO KOPOTKUM KaHaioM. Q — (hakTop - OTHOLUEHME BPEMEHW HaXOXAeHUs
npuéopa B cocToAHUM 1 min O (Tgore) KO BPEMEHW MeEPEXOAHbIX npoueccoB 1 — 0 (ts,), cBA3aH ¢ oTHOLWeHMEM (lon/lof) 1
onpegenseT BePOATHOCTb KOPPEKTHOMO BbIMOHEHWSA NIOrMYECKOI OnepaLmu.
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rae Ly - AnvHa 3atsopa , m"- aththekTBHas Macca, Ep - BbicOTa NOTeHLMaNbHOro 6apbepa T — TeMnepatypa, ks —MocTosiHHas
BonbuMmaHa, h = 2n /i - nocTosHHaA MnaHka (6,6-10°* Mk c™). CornacHo [14], KpeMHMeBbIe NONeBbIe TPaH3UCTOpbI ¢ Ey =0,75
3B (npomussoguTensHble IC) HenmpumeHuMbl Npu Ly <5 HM (MeneHbKuil Q —thakTop 13-3a MasiocTy m*). OpHako, B TCH, rge
E, <0,25 3B, KpemHuii no m” nQ oTBeyaeT TPe60oBaHNAM M3rOTOB/IEHWNA HAHOTPaH3MCTOPOB € Ly <5 HM (puc. 5).

1 E=0.753B, Lg:lO HM 3 E=0253B, Lg:10 HM
2 E,=0.753B, LQ:S HM 4 E=0253B, Lg:S HM
T T T T T T T T T T
1,50E+012
1,00E+012
o Q
o) :
g g
' o
O 5,00E+011+ ©
0,00E+000+
T T T T T T T
0,0 0,2 04 0,6 0,8 1,0
m’/m

Puc. 5. 3aBucuMocTb Q —(hakTopa OT a(eKTUBHOI Macchl M~ HOCUTeNeli 3apsiia B KOPOTKO
KaHa/lbHbIX M0/eBbIX HaHOTPaH3ucTopax. PacyeT no dopmyne (4) [14]: 1 - E, =0,75 3B, Ly =10 HMm;
2-E,=0,753B, Ly =5HM; 3 - E; =0,259B, Ly =10 HMm; 4 - E; =0,25 9B, Ly =5 HMm.

B 'CH pons Bbinycka 3akasHbiX MIC Ao/mKHa OblTb GOMbLUONA, YTO OBYC/IOB/IEHO CMEAYIOWMMU MpuYnHamMu: ()
Ha/IMuMe MHOXKECTBa MOAXOAOB K AOCTMXKEHMIO MpeAenbHbIX 3HaueHuin € (puc. 4); (6) cyllecTBOBaHME LUMPOKOr0 CrekTpa
Hay4YHO-TEXHWYECKNX HampaBneHuii (MMKPO- W HaHOCWUCTEMHas TeXHMKa, O6ecrnpoBOfHble CETW  MWKPOCEHCOPOB U
MWUKPOPOBOTOB, pagnoyacToTHad uaeHTudukaums (RFID), 6uomeanumMHCKME NPUIOXKEHUS U Ap.), KOTOPbIM HeobXOoAMMbI
aBTOHOMHbIE 11 3KOHOMUYHbIE IC TUNa «cicTema Ha umne»; (C) uvn nowaasio <1Mm? npy NAOTHOCTA KOMMoHeHToB 10M-
10" cm? 6ypmeT 06nafaTh BLICOKOW (YHKLMOHANLHOCTLIO. B cuny ycnosuii (a) u (6) 4MCNO UMMOB B 3aKa3HOW MapTvm
OTHOCUTENbHO HeBenuko, ~10* -10°, a B cuny (C) ANS U3TOTOBMEHNS 3TUX YNMOB AOCTATOYHO 2-10 NAACTMH AnameTpom 100 -
200 mm. MoaToMy cneayeT OXuaaTb, UTO MUHU-GaOPUKU C ObICTPOI NepeHanafKol TEXHONOMMYECKMX NPOLLECCOB Moayyar
pacnpocTpaHeHne B TCH. B 37Ol CBA3M 0C060E BHMMaHME HYXHO 00paTUTb Ha  pasBUTWE TEXHONOTWIA COo3AaHus
BbICOKOMNOTHbIX (40 10%% cM™? ABYX3NeKTPOAHbIX 3NeMEHTOB) Kpocchap-CTPyKTyp [73], KOTOpble He TpeGyloT COBMELLEHUS
3MEKTPOLHBIX CI0EB C BbICOKOW TOYHOCTbIO M 0BECNeUMBalOT paj BaXKHbIX NPEMMYLLECTB B FMOPUAHBLIX KOH(MIypaumsax co
CMOS [62].

Passutne NCH 6yaeT cnocobCTBOBaTL CTAHOBNEHWIO «HALMOHIbHOM UHHOBALMOHHOM cucTeMbl» [74] 1 no3sonuT
nyywe cbanaHcuposaTb pecypcbl  [1], onpegensiolime pa3BUTUE CTPaHbl M ee HalMOHanbHYK 6e30macHoCTb. B pamkax
WHHOBALMOHHOW CUCTEMbI LienecoobpasHo €034aTb «HaUMOHa/IbHOe OHOpPO WMHTEeNNeKTyaslbHOW COBCTBEHHOCTM B 06/1aCTy
HaHO3MEKTPOHNKMN» - KOHKYPEHTHO-CNOCO6GHOe Ha MMPOBOM YPOBHE rOCYAapCTBEHHO-YACTHOe NpeanpusTve € YHKLMAMU
Ce/eKLMM MHHOBALMOHHbIX PEeLUeHN, MeXAyHapOoLHOro NaTeHTOBaHUS, CyAe6HOM 3alnThl U YNPaBieHNs UHTEIeKTYabHOM
COBCTBEHHOCTLIO. Mpu noggepXke 3TOro 610p0 HEOOMbLUME BbICOKOTEXHOMNOMMYHbIE POCCUIACKME KOMNaHWuW, obnafartenu
BXHbIX U K/IHOYEBbIX MAaTEHTOB, CMOrYT Ha BbIFOAHBIX W NIMAEPCKUX YCNOBUSX BCTPauBaTbCH B MPOLLECC WHHOBALMOHHOMO
pa3suTua FCH (Hanpumep, C MOMOLLLI0 MexaHW3Ma NepekpecTHOro MNLLEH3MPOoBaHS).



3. HaHoumoHHbIe cynepkoHaeHcaTopbl B TCH

AHann3 nokasbiBaeT [75,76], 4TO B CYyBBO/MLTOBOM 06/71aCTU TOHKOMIEHOYHbIE KOHAEHCATOPbI TPaAULMOHHbIX
KOHCTPYKLMIA He MOryT 6bITb Vyg - Pc (8c) -MacluTabupoBaHbl M3-3a 3KCMOHEHLMANbHOTO POCTa TYHHENbHOrO TOKA YTEUKM
uepes CMO  AM3NEKTPUKA  TOJLLMHOIA d =Vg/Fmax ~1-1,5 HM. [ON31eKTpukn C 60MbWIMMU  3HAYeHMSMU K
(cerHeToanekTpuyeckme kepamukm, ZrO,, HfO,, 1 ap.) Takke He 06ecnieunsaioT d¢ > 15 MK®D/CM?, MOCKOMbKY C YMEHbLLEHMEM
d BenmumHbl K , Fray, TEPMUYECKAs M MOJIEBast CTOWKOCTb K NMPOBOK MoHWKatoTes [77]. [ns nopTaTuBHBIX MPUGOPOB € Vg
=15 -1 B nugep 3neKTPOHHON MHAYCTpUM «Murata» BbiMyCKaeT MHOMOC/MONHbIE CErHETOINEKTPUYECKME KOHAEHCaTopbl B
kopnyce 01005 eMKOCTbI0 Crax = 0,01 MKD ¢ Vg =6,3 B (pc =0,6 Mkd/MM®, athdhekTuaHas 8¢ =12 Mkd/cm?). HecooTseTcTBue
BENNUMH Vgg NPUOOPOB M KOHAEHCATOPOB YKa3blBaeT Ha TPYAHOCTU Vg4 - Pc (8¢c) macutabuposaHus (Mpobnema yMeHbLUEHNS
d).

Cy6BOMbTOBbIE  KOHAEHCATOPbl  MUKPOHHbLIX  PasMepoB  TPAAMLMOHHBLIX  KOHCTPYKUMIA He  0becreynBatoT
MWUHMMa/bHble, HEO6X0AMMblE MHOTUM MPUIOXKEHWAM, 3HaveHus pc >1 MKD/MM® 1 8¢ >50 MKD/cMZ. Takue emKOCTM
HeobXxoAnMMbl And uabTpaLMM MOMEX W HM3KOYaCTOTHOro 1/f Wwyma, CraaxuBaHWs My/bCcauWii, NUTaHWS MMMYAbCHBLIX
Harpy3ok npu manbiX AONYyCTUMbIX Mepenagax Hanps>keHus (=0.1 B), paboTbl B YCNOBMSX MOBbILLEHHbIX TemrepaTyp M
MPOHUKAIOLLMX MOHWU3NPYIOLLIMX U3NYYEHWIA, HAKONEHUS SHEPTUU OT (POTOINIEMEHTOB, - FreHepaTopoB U APYINX CMabOTOUHbIX
MCTOYHUKOB B aBTOHOMHbIX Mpubopax W T.4. [75,76]. Vicnonb3oBaHWe TPeHYEBLIX CTPYKTYP C GOMbLUMMKM aCMEKTHbIMM
OTHOLLIEHMAMY MO/HOCTLIO HE peLLaeT NpobieMy yBennmyeHns pe (Sc) U BHOCUT LONONHUTESNbHbIE TEXHONOMMYECKME TPYLHOCTH
(3D-MVKpPOCTPYKTYpbl BMECTO 2D-HaHOCTPYKTYp). Mpn nepexope OT Cy6BOMLTOBOM HaHO3MEKTPOHMKM K TCH Heobxoaumo
[OMNONHUTENBHO YBENUUMTb Pc U O¢ eLle B 10-20 pa3 [78].

B pa6otax [75,76] npefnoxeHa KOHLEMUMS LUMPOKOTO MCMOMb30BaHWS B HAHO3NEKTPOHUKE, 6ecnpoBOAHbLIX
TEXHOMOMMAX, MWUKPOCUCTEMHOW WM KOCMUYECKOWA TexHuke, RFID, BbICOKOTEMNEPATYPHON 3MEKTPOHMKe, GUOMeauLVHe U
APYruxX TEXHONOTMAX BbICOKOEMKMX HAHOMOHHBLIX cynepkoHaeHcaTopoB (HCK) - MMAynbCHbIX HakonuTeneli MUKPOHHbIX
pasMepoB C ObICTPbIM WMOHHbIM TpaHcnopToM (BUT) Ha (PYyHKUMOHANbHLIX reTeporiepexofax nepefoBoii CynepUOHHBIN
npoBogHuK (MCWIM)/anekTpoHHbI NpoBogHMK (3MM). B nieHouHbix HCK, KoTopble MOXHO (POPMUPOBaTb C MOMOLLLHO
BaKYYMHbIX MUKPO3NEKTPOHHBIX TEXHONOIUIA, BENNYUHBI 3¢ U pc Ha 1-2 [eCATUYHLIX NOPSLKA Bbile, YeM Y KOH[EHCATOpOB
TPaAMLMOHHBIX KOHCTPYKLMIA.

Mpo6nema reteponepexofoB MCUNM/AM - Hu3Kas yacToTa MX (DYHKLMOHMPOBAHWS, UYTO CBSA3AHO C HapyLLEeHUEM
ycnosuii ana BUT (HapylleHne CTPYKTYpbl) B MOMEKYNSpHO TOHKOM cnoe MCUM, npuneratowem k 3. B [79,80] ans
peLleHns 3Tol Npobiembl NPednokeHo OpMUMPOoBaTL KorepeHTHble reteponepexofbl MCUM/3M ¢ BbICOKUMKU YacTOTHO-
EMKOCTHbIMW XapaKTepucTUKamn. HekoTopble YCNOBMA CO3faHMA KOrepeHTHbIX reTeponepexogos MCUM/3M Ha ocHose
HaHomoHuku MCUIM npescTaBneHsl B pabotax[81,82]. MCUIM NMEIOT KPUCTIIMUECKYHO CTPYKTYPY, 6U3KYIO K ONTUMabHOM
ana BUT. B MCUI noHbl 0gHOro 3Haka (Hanpumep, aHuoHbl nog I B a-Agl) 06pa3ytoT XeCTKyH NOoApeLweTKy, B NycToTax
KOTOPOIA MepeMeLLiatoTCcsi MOHbI MOABMXHOrO copta (kaTuoHbl Ag™ B o-Agl). Mpu nogade noTeHUmana Ha CTPYKTYPHO
ynopsgoyeHHsbIi reteponepexog MCUM/3M Ha HEM UHAYLMPYIOTCS 3apsfbl MPOTUBOMOMOXHOMO 3HaKa. VIHAYLMPOBaHHOMY
OMMOMK0 MOXKET 6bITb conocTaBneHa eMkocTb e /V =0,3 108 o, rge e = 1,6:10" Knu V =0,5 B. Ha aTOMapHO rnafKux
reteponepexogax MCWM/3M npu nnoTHOCTWM Aunonei 3.10" cm? CyMMapHas MAOTHOCTb €MKOCTW coCTaBuT &c ~100
MK®/cM?. Tlpn KpUCTaniorpaguyeckoM (aceTMpoBaHUN FPaHMLbl eMKOCTb MOXET 6biTh MOBbILLEHA A0 3HadyeHnin ~10°
Mk®/cM?, UTo OTBEYAeT noTpe6HocTaM TCH 1 cBA3aHHbIX C Hell TEXHONOTWIA.

OKCNepUMEHTa/IbHO 3aperncTpupoBaHHble B [75,76] BbicOKMe 3HayeHus dc >100 MKk®/cM? Ha reteponepexonax
MCUN/3MN moryT 6bITb 06yCN0B/EHbI: 1) 06pa30BaHWEM KOrepeHTHON aTOMapHO NJIOTHON reteporpaHuubl MCUTM/3MT; 2)
MPOHUKHOBEHWMEM BOMIHOBBLIX (yHKUWA 3 B TICUM © (opmMMpoBaHWEM Ha reTeporpaHuLe pacnpegeneHus 3apsfos,
3KBVBA/1IEHTHOrO M0 eMKOCTN aTOMapHO TOHKOMY AABOMHOMY 3/1eKTPUYECKOMY CNot0; 3) 60MbLIMMMW 3HAYEHUAMW MONApU3aLUn
CMELLEHMA Yy NOABMKHBLIX MOHOB B NpUAeraroLem K reteporpanuue cnoe NMCUIM. Paccmotpum mogens 1) - 3) nogpobHee.

B [75,76] noka3aHo, 4TO B EMKOCTHbIX HaKOMUTENAX MaKCUMasbHas MAOTHOCTb 3HEPrUU Pg OMPEeNseTca KpuTeprem

k-Fax < 2-10° Blcwm, (5)



KOTOpbIA CnefyeT U3 MaKCUMaibHO [OMYCTUMOM MIOTHOCTU 3apsfid dgmax =1.510" Kn/cm? Ha KpucTannorpaguyeckmx
MI0CKOCTAX WOHHbIX KPUCTAMNOB C ManbiMW WMHAEKCAMW. BennumHa Ogmax HE MOXET ObiTb MPEBbILLIEHA, MOCKO/bKY
COOTBETCTBYIOLLEE Ogmax 3NEKTPUYECKOE MONE Fray = 2-10° Blemt (k=1) HeceT 3aHepruo pg =¢ F2ad2 =170 K,D,)K/CM3 B
HECKO/bKO pa3 60/blUYH, YeM CTaH4ApTHasA 3HTanbnus 06pa3soBaHUs XMMUYECKUX COefuHeHWi (Hanpumep, AHy,c = 411
k[x/Monb). W3 (5) cnepyeT, uto npu k > 200 3HaueHNs Fo., Ha reTeponepexoae He MoryT 6biTb Bbile =107 B/cM.

M3BeCTHO, UTO Ha aTOMapHO YNopAA0YeHHbIX reTeporpaHuLax WenouHo-ranougHbli kpuctann (LFK)/metann (Cu,Ag)
BO3HMKAIOT MHAYLMPOBaHHbIE METa//IOM COCTOAHMA B 3anpeLleHHol 30He LMK [83,84]. CocTosAHUSA BbI3bIBAOTCA KBAHTOBO-
MexaHuyeckum adektom 6m3ocTn Metasina v LMK, Fny6uHa NpoHUKHOBEHWA 3Tux cocTosHuiA B LLIFK (1) 3aBucuT ot
ranonga, yBesmMumnBaeTCs C YMEHbLUEHVEM LUMPKHBI 3anpeLLeHHOoi 30HbI U cocTasnseT 0.3-0.4 HM (3ameweHns F — Cl — Br
— | B WUI'K). O6pa3oBaHne UHAYLIMPOBAHHbLIX METa/l0M COCTOSHWIA B 3anpeLLeHHol 30He n3onsTopa (MoNynpoBOAHMKAE) —
obLee asneHue [85]. CornacHo [86], cregyeT pas3nuuathb: 1) MHAYLMPOBAaHHbIE METa//IOM COCTOSHUA C XapaKTepoM 3OHbl
NMPOBOAMMOCTY (NepPeHOC 3MeKTPOHHOIM NAOTHOCTU M3 MeTanna B M30MSTOP); 2) COCTOSHWUS C XapakTepoM BasieHTHOM 30HbI
(NepeHOC 3M1EKTPOHHOM MAOTHOCTW M3 U30M1ATOpa B MeTasn). MNMPOHNKHOBEHWE 3N1EKTPOHHOW nnoTHocTu B MICUTT (Hanpumep,
RbAg;ls) BbI30BeT 06pasoBaHMe Cost pasfesieHHbIX 3apAoB TONWMHON ~ |, DNeKTPUUeCcKoit nose B cnoe (noTeHuman + Ha
3MM) 6yaeT nonapmsosatb MCUI B obnacTn reteponepexoga MNCUIMN/3M. Monspusaumns KPUCTaIIOB C MOHHLIM XapaKTepoMm
XMMWYECKUX CBA3e — 3TO CMELLEHWS| PaBHOBECHLIX MOMIOXEHWU WOHOB B MOTEHUMaIbHLIX AMax. CMeLleHWs 3aBuUCAT OT
noTeHUManbHOro penbetha B Kpuctannie (NPou3BoAHas OT KPUCTa//IMYECKOro NOTeHUMana no KOOpAWHaTe) U BENUYUHbI
BHelwHero nons. B WK rny6rHa noteHumanbHbIX aM ~3 3B 1 3HaydeHns k =5. B TICUIM nogsuikHble MOHbI HAXOAATCA B
NoTEHLMabHbIX AMax raybuHoin ~0.1 3B, noatomy k fomKHbI 6bITb 3HAUNTENBHO 6oMblue, Yem B LLIFK. 3710 gaet k ~50, uTo
corniacyeTcs ¢ laHHbIMK [87]. 3aMeTUM, UTO CerHeToaNeKTpUYecKast noispusaums B BaTiOs (6 ~2,5-10° Kn/em?, k ~5000,
napaMeTp 3/1EMEHTapHON AYeikn =0,4 HM), BO3HMKaeT Npy CMeLleHWn MOoHOB Ha ~0,02 Hm [88]. dopmyna naocKoro
KOH/ieHCaTopa C MeXaneKTpoAHbiM 3asopom I, ~0,2-0,3 HM paeT dc~gok/1,>100 Mkd/cm® npu k ~50, uTO cornacyetcs ¢
3KCNEPUMEHTA/IbHBIMU AaHHbIMK [75,76].

MocnegHMe HECKONbKO NET NPOM3BOAMTENBHOCTL NpoueccopoB MHTEJ nosbiwanack, rnaBHbIM 06pa3om, BCleacTeme
pocTa MJ0THOCTW KOMMOHEHTOB, @ He TaKTOBOI YacToThl (neperpes VIC, cMm., Hanpumep, puc. 1b B [89]). B [90] yka3aHo, 4To
ecv npobnema Tennosoro neperpesa He Gy/eT pelleHa, TO onepaLoHHas yactota VIC ¢ MNOTHOCTbI0 KOMMoHeHToB10™ cm™
N Vg~0.5 B 6ynet ~10" Iy B 3TOM cnyyae y UMMYNbCHBIX HAKOMUTENel MUHUMAbHbIE 3HAYEHWUS AIUTENLHOCTU LKA
3apAa-paspag AomkHbl 6biTb ~107 c. OTcioga cneayeT, uto B MCH BepxHAs rpaHuLa 1S BPEMEH [WN3NeKTPUUEeCKOii
penakcaLun Ha GYHKUMOHabHBIX reTeponepexogax MCUM/3M mMoxeT  6biTb ~107 ¢, 4To 06neryaeT co3gaHne Npuéopos Ha
ocHose MCKT.

XuUMuueckuii  cocTaB M CTPyKTypa B 06/1aCTM  (DyHKUMOHabHBIX — reTeponepexogos MCUIM/3AM  moryT
paccMaTpuBaTbCsl Kak [AOMOMHUTENbHbIE «MOMf», Onpefenstowe 3HauyeHus Kk WM MOH-TPaHCMOPTHbIE XapaKTepPUCTUKW B
HaHOMOHHbLIX npubopax (HaHonpubopbl ¢ BUIT).  Vcnonb3oBaHWe METOA0B WHXEHEPUW reTeporpaHul, U NPUHLMMIOB
camoopraHmsauymm B HaHocuctemax [MCWIM[81,82] no3BoAMT co3AaBaTb  HAHOWOHHbIE MPUGOPbI € BbICOKMMM
Xapaktepuctukamn. B UMTM PAH B pamkax paboT no HaHoMoHUKe [91] n HOBOMY HanpaB/ieHWo HaHoMoHKKe MNCUIM [82]
co3faHbl n1abopaTopHble 06pasLbl MMMY/bCHbIX HakonuTenei (npototunbl HCK) ¢ pekopaHO BbICOKMMM XapaKTepUCTUKaMU:
Ha uacToTax f0 1 Ml n TemnepaTypax 85-180 °C 3:=100 Mkd/cm? (pc >10 MK®D/MM?), UTO 3HAUMTENLHO BOMbLLE, YEM Y
NpPMBOPOB-KOHKYPEHTOB - MHOFOC/IOMHbIX CErHEeTO3MEKTPUYECKMX KOHAEHCATOPOB YIbTpa MAOTHOTO MOBEPXHOCTHOMO
MoOHTaXa (Samsung, TDK, Murata v gp.) [75,76]. PaspaboTaHHble WMMYNAbCHblE HAKOMUTENN YdXKE CEerogHs MOryT
1cnonb3oBaThes: (i) Ha CoBPeMEHHbIX NpoLieccopax, rae Temnepartypa gocturaeT 85-100 °C, (ii) B a1eKTPOHMKE Ans y60Koro
6ypeHus (Temnepatypa 150 °C v Bbiwe), (iii) B NpMGOPHbLIX 0TCEKAX KOCMUYECKMX annapaTos, e ocTpo CTOUT npo6iemMa
neperpesa aN1eKTPOHMKYM (Npu 150 °C pecypc paboThbl CErHETONEKTPUUECKUX KOH/EHCATOPOB - HECKO/IbKO YacoB).

OueHKa NopsiAKOBOM CTOMMOCTYU PbIHKA BbICOKOEMKMX KOHAEHCATOPOB MUKPOHHBIX Pa3MepoB BbinoaHeHa B [75,76]:

Brck :Z NjI/IC'AjI/IC'S ) (6)
i

rae Byck — BasioBas ctommoctb HCK |, j — MHAEKC CeKTopa PbIHKa, Niye — uncno npowv3seeeHHbIX UC; Ay - cpefHas
cTommMocTb ogHoli VIC; S — cpefHas gons nnowaam MNC, sanumaemas HCK. Hanpumep, B cekTope NpubopoB pagno4acToTHOM
npeHtuukaumm (RFID) y felleBbiX YMNOB KOHAEHCATOPbI 3HEPreTMYeckoro 6710Ka 3aHUMaloT =Y M/oWwaamn, T.e. MOXHO
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npuHaTL S =0.25. MporHosupyeTcs [92], B nepuog 2006-2016 rr. puiHOK RFID BbipacTeT B 10 pa3 v gocturHeT Nyc-Alyc ~$
26 mnpg. Takum o6pasom, ctoumocTs HCK B TCH MoxeT cocTaButb ~10% BasioBOM CTOMMOCTY PblHKa YMMOB. 3TO BBOAWUT
HCK B none ctpaTervyeckmx WHTEPECOB COTEH (IMPM M KOPMOpauMWii, HaueneHHbIX Ha 3aBOeBaHWe PbIHKOB MepefoBol
HaHO3MIEKTPOHWKN W CBSA3aHHbIX C Heli TeXHOMOoruid. Pa3paboTKM W MeXAyHapOAHOe mnaTeHToBaHWe (MHOXUTENb ¢g)
BbICOKOEMKUX  MMMY/bCHbIX HaKomnuTeneli MWKPOHHbIX Pa3sMepoB — HaHOWOHHbLIX CYMEpKOHAEHCATOPOB, MOMOryT
OTEYECTBEHHOI MONYNPOBOAHNKOBON MHAYCTPUM Ha BbIFO4HbIX YC/I0BUAX YHaCTBOBATb B NPOLLECC MHHOBALIMOHHOIO Pa3BUTUSA
rny60Ko cy6BOMbTOBON HAHO3MEKTPOHMKM W 3aHUMaTb NepefoBble NO3ULMM B CTPATErMYeCKU 3Ha4UUMOIA cdepe.

4. HaHOWMOHHbIe Nprbopbl

TepMMH 1 KOHLENLMS HOBOW BETBW HayKW, «HAHOWMOHMKa», NpeanoxeHsl B [91]. MpeaMeT HAHOUOHWKMN - SIBNEHWS,
CBOICTBa, 3(hheKTbl, MeXaHW3Mbl MPOLECCOB W MNPUMEHEHWS, CBA3aHHble ¢ BUT B TBepAOTENbHbIX HaHOOOBLEKTAX W
HaHocucTemax  [93,94]. HaHOMOHMKa MMeeT 06/1acTW MepeceyeHnss C HaHO3MEKTPOHWKOM W APYTUMKU TEXHOMOTUAMU.
MpumMepamy ABNAIOTCA HAHOCTPYKTYPUPOBaHHbIE 3N1eKTPOAbl (PYHKUMOHaIbHbIE 3neMeHThl ¢ BT Ha HaHOmacliTabe) B
NNTWEBBIX M TOMAUBHbLIX 3nemMeHTax [95], mepek/toyateny Ha OCHOBE TBEPAOTE/bHbIX MOHHbIX NPOBOLHWUKOB C KBAHTOBAHHOW
NPOBOAMMOCTbI0 [96-98], 3M1EKTPOXMMUYECKNA HAHOUMMAPUHTUHT Ha ocHoBe BUT [99] u gp. HaHOMOHMKa OfHO3HAYHO
onpegensietca: 1) cBouMK 06bekTamMm (HaHOCTPYKTYpbl ¢ BUT); 2) npegmeToM (CBOMCTBA, SBMEHNS, 3(PEKTbI, MEXaHN3MbI
MPOLLECCOB 1 NPUNOXKEHNS, CBA3aHHble ¢ BT Ha HaHomacwiTabe); 3) MeTofamm (Co3faHue MaTepuasoB U HaHOOOBLEKTOB C
BUT) un 4) kputepmem (R/L~1, rge R — HaHopasmep MpUOOPHOI CTPYKTYpbl, a L —XapakTepHas [A/MHA, Ha KOTOPOI
3HAUYNTENbHO MEHSIOTCA CBA3aHHble ¢ BT CBOWCTBA, ABNEHUS, A(eKTbI, MeXaHU3Mbl npouecco). CyLecTBYeT fiBa Knacca
TBEPLOTE/NbHbIX HAHOCUCTEM W ABa NPUHLMNNAILHO PasHbIX HaMpas/ieHWs B HAHOMOHUKe. CriefyeT pasnimyaTtb HaHOCUCTEMbI-I
Ha OCHOBe TBepAbIX Te/l C UCXOAHO HWU3KOWM MOHHON NPOBOAMMOCTBIO U HaHOCUCTEMbI-11 Ha OCHOBE MepefoBbIX CYNePUOHHbIX
nposogHukos (MCWI), Bnepsble BBefeHHbIE B [82].

BbICOKOI MOHHOM NPOBOAMMOCTLIO 061aAat0T 061aCT NPOCTPAHCTBEHHOMO 3apsja Ha MOBEPXHOCTU KPUCTaNoB C
MOHHBIM TMNOM XUMUYecKoli cBs3u (3dhekT Sleroseka [100]). MockonbKy yKaszaHHble 061aCTV C 0COOLIMU CBOMCTBAMU UMEIOT
HaHOMETPOBYIO TOMLMHY, TO 3(deKT JleroBeka OTHOCUTCA K HaHOMOHWKe-l1. Ha ocHOBe fiBEHUS MOBEPXHOCTHOW WMOHHOM
MPOBOAMMOCTY CO3AaHbI HAHOCTPYKTYpUpPOBaHHbIe MaTepuansl ¢ BAT ana nopTaTMBHbLIX NUTUEBbLIX GaTapeil U TONAMBHBLIX
aneMeHToB. HaHomaTepuanbl ¢ BT 06bIMHO MOMy4aloT BBEEHMEM B «M10XOM» WOHHbIA NPOBOLHWK BCMOMOraTe/lbHOM
aucnepcHoii hasbl, co3fatolleli ycnoBus ANa pasynopsifodeHus KpUCTaNIMYECKONM CTPYKTYpbl WOHHOrO MPOBOAHWMKA U
MOSIBNEHUS BbICOKOW KOHLIEHTpaUMW 3apsKEHHbIX TOYEYHbIX [eheKToB (BakaHCUM W MEXA0Y3nus), a Takke [BONHOro
3MEKTPUYECKOr0 Cnos Yy reteporpaHuy. B HaHouMoOHMKe-1l, HA060pOT, MeTOfaMy KpPUCTa/NIOXMMUYECKOTO Am3aiiHa
reTeporpaHuL, CO3fatoTcs YCN0BUA [N1 COXPaHEHWs Ha reTeporepexojax MCXOAHOM, 6nM3KO K onTumanbHoi ans BUT,
KpUCTanInyeckoii cTpykTypbl MCUM, obecneynBaroLLeii peKOpAHO BbICOKUE MOH-TPAHCMNOPTHbIE XapakTepucTuku [79,82].
HaHonoHuKa-1 1 HaHoMoHMKa-11 0TMyalTCs AM3aliHOM reTeporpaHul,. B HaHOMOHMKe-1 Takoli An3aliH No3BONSET YBENNUUTD
2-D MOHHYI0 MPOBOAMMOCTL reTeporpaHuy, B ~10° pa3 [101], oaHako, AOCTUraeMble 3HaueHMs ocTatoTca B ~10° pa3 MeHbLue,
yem 3-D wnoHHas nposogumocTb MCUIM. Mpumepamn HaHOMOHHBLIX Npubopos senstoTca HCK, otnnvarowmecs BUT Ha
(hYHKLMOHA/IbHBIX FeTeponepexofax, Pe3vCTWBHasA WOHHas MaTpuyHas namsaTb [96-98] (ITRS oTHocWUT ee K KaTeropuu
«emerging research devices») n ap. B 6yayuieii TCH HaHOMOHHbIe NPUOOPbI C MasbiM 3HAYEHNEM Vyq MOFYT HaTU HOBbIE
HeOXWJaHHble MpUMeHeHWs. Hanpumep, CUNMbHOE aneKTpuueckoe none Bbiie 107 B/CM MOXHO Nerko cosjaTb Ha
reteponepexogax MCUIM/nonynpoBogHUK. FABMeHNe MOXET ObiTb WMCMOMb30BAHO ANA MOLYNALMM TOKA B KaHasle MOJeBbIX
TpaH3uctopos 'CH.

MpeacTaBneHne o Gyaylueid HaHOINEKTPOHMKe (hopMUpyeTcs B MepefoBbIX uccnefoBaHuax [14,102]. dakTuyecku
focTurHyTas o6nactb «10™ cm? -10™ My» HaxogaTcs ewje oueHb Aaneko oT rpaHuy, [103], onpefensembix npefenbHbIMU
(h13MYECKMMI OTPaHNYEHMAMU Ha BblUMCNEHNS. Kakune nornyeckne npubopbl MOFYT MCMOMb30BaTLCA MPU TOMOMOrMYECKUX
pasmepax VIC ~1 HM 1 MeHee? Bonpoc paccmatpuBasnca yxe B pabote [104] rae TepMuH «HaHO3NMeKTpoHuKa» (Bate R.T.,
Reed M.A., Frazier G. Frensley W.R [4-8]) elye He Obin 1CMoMb30BaH. Mpn Tepa-MacluTabHOM MHTErpaunmn 3neKTPOHHbIE
COCTOSIHUS MepecTatoT YA0BNETBOPSATL YC/I0BMIO (PU3NYECKOW Pa3IMuMMOCTU 13-3a TYHHEbHOro adidekTa. Ans npeogoneHuns
py6exa NNOTHOCTU KOMMOHEHTOB 10™ cM? Heo6X0AMMO MCMONb30BaTh aTOMHbIE 11 MOHHbIE KOH(UIYpaLn C XapaKTepHbIM
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pasmMepoM L <2 nm W HOCUTENM MHHOPMAaLMM C Maccoii m 3HaunTeNbHO 6Gombluell, Yem Y 3nekTpoHos [14]. Mpu6opsl
npefenbHO MabiX pa3MepoB MOTyT 6biTb HAHOMOHHBLIMK, T.e. UCNOMb30BaTh ABneHne BT Ha HaHo-MacwTabe. MempucTopsl
[58,105], ruépuaHble Npuoopbl, B KOTOPbIX 3a[e/icTBOBaHbl KBAHTOBbIV TPAHCMOPT 3/IEKTPOHOB M K/IACCMUECKOe [BUXKEHMe
noHoB [106], cneayeT paccmaTpmBaThb Kak LUar Ha MyTu K 6yayleid rnyboko cybBOMbTOBON HaHO3/IMOHMKE.

5. 3akntoueHue

Onepexaroliee pasBUTME B Poccuu Fy6OKO Cy6BONMLTOBOM HAHOINEKTPOHWMKM W CBS3aHHLIX C Heil HayuyHo-
TEXHWYECKWUX HampaB/eHWii sBNSETCA MepcreKTUBHON HauMOHaNbHOW 3afaveli, ee pelleHVe HeOBXOAMMO [Jis YCMELUHOro
yuyacTusi CTpaHbl B r106a/1bHOV TEXHONOMMYECKOl FOHKe. HalMoHanbHbI NPOeKT Mo rnyGoKo Cy6BObTOBO HAHOINEKTPOHWKE
LOMKEH GbITb 06ecneyeH AOCTaTOUHBIMM «PECYPCaMU» U MPEeCNefoBaTh CTPATErMUECKYIO LieNb «OrHaTbL U MeperHarb».

ABTOpbI BblpaXatoT 61arogapHocTb coTpyaHukam Semiconductor Research Corporation (CLUA) B.B.)KupHoBy 1 P.K.K3asuHy
(R.K.Cavin ) 3a npefocTtasneHvie NpenpuHTOB Mo «nanomorphic cell».
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AN OVERVIEW ON FUTURE DEEP-SUB-VOLTAGE NANOELECTRONICS,
RELATED TECHNOLOGIES AND DEPENDENT HIGH-TECH DIRECTIONS

A.L.Despotuli, A.V.Andreeva

Institute of Microelectronics Technology and High-Purity Materials, Russian Academy of Sciences,
Chernogolovka, Moscow Region 142432, Russia. E-mail: despot@ipmt-hpm.ac.ru

The decrease of energy consumption per 1 bit processing (¢ ) and power supply voltage (Vgq) Of
integrated circuits (ICs) are long term tendencies in micro- and nanoelectronics. In this framework, deep-
sub-voltage nanoelectronics (DSVN), i.e. ICs of ~10™-10" cm™ component densities operating near the
theoretical limit of ¢, is sure to find application in the next 10 years. In nanoelectronics, the demand on
high-capacity capacitors of micron sizes sharply increases with a decrease of technological norms, € and
Vge. Creation of high-capacity capacitors of micron size to meet the challenge of DSVN and related
technologies is considered. The necessity of developing all-solid state impulse micron-sized
supercapacitors on the basis of advanced superionic conductors (nanoionic supercapacitors) is discussed.
Theoretical estimates and experimental data on prototype nanoionic supercapacitors with capacity
density 8¢ =100 pF/cm?are presented. Future perspectives of nanoionic devices are briefly discussed.

Keywords: deep-sub-voltage nanoelectronics, supercapacitors, nanoionics

1. Introduction

The 90-nm, 65-nm and leading-edge 45-nm silicon planar complementary metal-oxide semiconductor (CMOS) integrated
circuits (ICs) operate on the basis of classical physics. These devices are called «nanoelectronics» but at first the term
“nanoelectronics” was coined as the attribute to fundamentally different ICs: «... devices which operate by fully utilizing an
electron quantum-mechanical behavior at very small length scales» %, The general consideration of physics in computational
terms leads to fundamental conclusion that the energy of a quantum system limits the rate of computation ¥, There is a
standpoint that a search for barriers and limitations in information processing brings a lot of deep outcomes 1,

Today a semiconductor industry is moving from 45-nm to the 32-nm technology node (related to half the metal pitch of a
dynamic random access memory) where ICs will be again without «quantum transport», «resonant tunneling», «lateral
confinement-quantum dots», «quantum coupling between ultra-small structures» and «new circuit architectures» . The main
specific technology options related to 32-nm and 45-nm nodes are multi-gates field effect transitions (FET) and high-k
dielectrics in the gates instead of SiO, . Thin-films of SiO, were scaled from about 20 nm thickness 15 years ago to only 1.2 nm
in 65-nm node (it is less than five atomic layers). There is no room left for further thickness scaling ! and so the capacity
density of conventional high-capacity capacitors is also limited in nanoelectronics.

According to the International Technology Roadmap for Semiconductors (ITRS )[7], the 22-nm node will be achieved in
2011-2012. At that time the typical half-pitch for a memory cell would be around 22 nm and it is possible that silicon in the
channels of FETs will be replaced by new materials with high mobility of electrons and holes: the 111-V n-MOS and Ge p-MOS
complementary combination ). The CMOS will not be planar beyond 22-nm node where FETs overcome such challenges as
electrostatic control of the channel potential and suppression of leakage current between transistor source and drain in short
channels 1. A non-planar tri-gate would be suited to such FET ™. Projected devices with typical 16 nm half-pitch will be
achieved around 2018 ", Non-silicon technologies and quantum effects will be introduced at 16-nm node where traditional
CMOS will be also used. De Broglie wavelength of electron carrier with effective mass of 1/10 of the free electron mass has a
typical value ~10 nm at 300 K. Projected 11-nm ICs will be achieved after 2022 " and behaviour of these devices will be closer
to definition of nanoelectronics *°1.

Among the promising future devices are transistors made from nanowires. Recently !, the possibility to build nanowire
transistor structure with atomic precision and atomic-level functionality via controlling wavefunctions of individual atoms was
experimentally shown. This result concerns a separate quantum device, but what is the situation for the ICs beyond ITRS 11-nm
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node? The estimations show % that energy dissipation of ICs might be enormously high and inconsistent with solid state at the
~10" cm™ device density. Critical problem is a sub-voltage nanodevice that changes a current to several orders of magnitude at
the 60 mV swing 1,

Reducing the energy consumption per 1 bit processing (€) and supply voltage (Vq4) has been a major trend in micro- and
nanoelectronics for a long period of time. At present, high-performance processors are becoming sub-voltage. Figure 1 shows
ITRS prognosis for Vg4 and gate length L for nanotransistors of 1Cs. Mass production of 1Cs with Vgq =0.5 V is planned by the
year 2016 ) (Fig. 1), but a custom application-specific ICs with Vg < 0.5 V are to appear before that date. Many high-tech
directions require 1Cs which can meet other demands for performance, € and failure rate fo, as compared modern general
purpose processors. The value of € is critical for self-powering wireless sensor networks, objects of nano- and microsystem
engineering (NMSE), e.g. “smart dust” (volume ~1 mm?®), next generation of NMSE (“nanomorphic cell”, volume ~10°
mm*)™ " microchips of radio frequency identification (RFID), security and bio-medical microsystems of terahertz
spectroscopy!**!, military applications, etc. The energy of galvanic sources in an autonomous NMSE object is proportional to
electric cell voltage and chemical reagent mass, whereas the energy dissipation upon a transistor switching is ~ Vgq2. If electric
cell voltage is 6 -Vyq4 (coefficient 6 >1), the total number of switching would be ~6 /V4q, which makes devices with low Vyq pre-
eminent.
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Fig 1. Prognosis of changes in supply voltage Vqq and gate length Lg for mass production I1Cs (according to the ITRS-2006 and
ITRS-2007 data™): 1) high-performance IC operation mode, 2) economic IC operation mode, and 3) gate length Ly of
nanotransistors.

Figure 2 displays V44 values of experimental sub-voltage CMOS (the record low value V44 =85 mV was reached in Ref. 15). The
current | in the channel of ideal field effect transistors varies by 10 times with the gate voltage Vy =kg T In10/e (300 K) =60 mV
at low Vyq (sub-threshold operation), therefore the application of such devices in future nanoelectronics is limited by the
smallness of the ratio ly,/ly .

Continuous scaling of semiconductor device sizes and rapid development of new technologies lead to that the two main
classes of ICs face the problem of reducing V4. In high-performance ICs the excessive power density leads to Vyq lowering,
where as in the other class of autonomous micro- and nano-objects the extremely high energy constrains require the electronics
which is powered by deep-sub-voltage V44 sources (sub-threshold-voltage circuit implementation) %%,
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Fig. 2. Power supply voltage V44 Of experimental I1Cs (analog, systems, logic and SRAM-memory). The data are collected from
the review Ref. 16 and Refs. 17 (1), 18 (2), 19 (3), 20 (4), 21 (5), and 22 (6).

The purpose of this paper is to consider the prospects and obstacles for the development of deep-sub-voltage
nanoelectronics and related technologies on the basis of modern data and results.

Section 2 gives a short review on the subject with the emphasis on the current state of research area. In section 3, the
challenges of high-capacity sub-voltage capacitors for future nanoelectronics and related technologies are analyzed. Section 4
deals with the data on innovative all-solid state impulse storage device (nanoionic supercapacitor, NSC). The record high
capacity density in NSC is attributed to high dielectric susceptibility of advanced superionic conductors (AdSIC) — the basic
materials of NSC. The potential world market of high-capacity sub-voltage impulse storage devices is estimated. In the
conclusion, long-term perspectives for development of nanoionic devices are outlined.

2. Deep-sub-voltage Nanoelectronics

The term «deep-sub-voltage nanoelectronics» (DSVN) was proposed in Refs. 23-25 as a general notion for ICs operating near
the theoretical limit (fundamental, material, technological, device, design methodological, algorithmic) of energy consumption
¢ per 1 bit processing. A typical IC in DSVN should have the component density 10**-10*? cm™ and Vg4 <0.3 V. By the year
2009, the component density is expected to reach 10'° cm? and the switching frequency of nanotransistors 10'° Hz (water
cooling of IC). The tasks faced on the way to the «10'°-10'°» region were mainly of technological character. To get to the
«10"-10"%» region, several fundamental problems should be solved. The first of them is thermal overheating of ICs, see Refs.
26 and 27 for more details. Classical I1Cs dissipate energy during each logic operation. The probability of erroneous switching
of a nanotransistor in deterministic ICs is negligibly small, pe, ~10%. With a reduction of lateral sizes of transistors with a
coefficient s <1, the dissipated power density w increases % %%}

W~ (Vaa/5)2. ey

In modern processors, w =100 W/cm? (Vg =1 V), which is close to the limiting value for heat removal at air cooling. A
reduction of nanotransistor sizes under the condition of overheating w =const (100 W/cm?) involves a reduction of Vgq. At s-
scaling, the condition w =const limits V44 from above and thermal noise from below. The reduction of capacitor energy on the
transistor gate by s? times leads to thermal noise and causes an increase Perr at small Vyq. In deterministic I1Cs of the «10M-10"
region, the noise-caused failure is fe, < 1l/year, therefore Vg ~0.3-0.4 VI The technological limit of minimum energy
consumption € for CMOS is Vg <0.3 V 7,

The value of f., in deterministic ICs becomes large at the component density 10**-10" cm?, which is caused by overheating,
fluctuation of nanodevice parameters and noise sources. The development of reliable systems based on nanodevices subject to
statistic behavior would inevitably lead to the abandonment of the deterministic IC paradigm. Digital electronics can reliably
function under the condition of strong interferences and at V4, close to the level of noise sources. There are applications which
benefit from probabilistic behavior at the device level. For p, >>10° condition, a probabilistic IC architecture based on
probabilistic switches and algorithms was proposed, see Ref. 31. Such switches produce a desired output value 0 or 1 with the p
=1- perr > Y2 probability of correctness (the fundamental limit for € in irreversible deterministic switches can never be less than
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ksTIn2 per bit). In contrast, the limit energy consumed by an idealized probabilistic switch with an associated probability p can
be as low as kgTIn(2p) per bit. Analytical model for a probabilistic switch inverter yields that € grows with p and the order of
this growth dominates an exponential, while for a fixed p the value € increases quadratically with the root-mean-square value of
the noise. Parameter p can be changed by Vyq4. Probabilistic ICs demonstrate a high efficiency in the processing of images,
video-streams, audio information, etc. In each cognitive process, logical (deterministic) and probabilistic components can be
distinguished. A canonical probabilistic architecture designed to operate with cognitive functions also includes two units, an
economical deterministic processor and a co-processor operating under specialized probabilistic algorithms **/. A comparison
of the efficiencies of IC architectures by the value «energy performance product» shows that a probabilistic two-processor
systems are 3-500 times superior to conventional deterministic ICs in the solution of certain problems (image cognition, coding,
etc.) 1. US Defense Department is planning to deploy embedded autonomous cognitive information systems to solve tasks on
the basis of probabilistic models (Bayesian inference, probabilistic cellular automata, randomized neural networks) in the
conditions of data insufficiency and inaccuracy (e.g. battlefield planning)®?. Probabilistic DSVN would be beyond competition
under the conditions of strict limitations on energy, time and information.

Another approach to the design of noise and fault tolerant devices is to provide parallelism in the operation, redundancy
and/or repeated performance of logical operations. ICs with a transistor density ~10? (50-fold component redundancy, perr =10°
#) can 90 % reliably operate for 10 years *l, The V44 =0.27 V gives p., =10 at T =300 K as it follows from the Boltzmann
formula pe,, = exp(-CV4/2 kgT), where the capacity on a transistor gate C =10™® F. The possibility of obtaining reliable
information from a system containing components unreliable in operation, using probabilistic logic was first considered in **,

A fundamentally new approach to the problem of thermal noise was proposed in Ref. 35. It was shown that thermal noise
can transfer information and can be used to create totally secure communication via a wire (a transmitter modulates statistic
properties of thermal noise and a receiver decodes information from the noise). In addition, thermal noise driven computing,
which uses thermal noise as a clock generator (e =0,5, € =1.1 kgT / bit), was also proposed™'. The importance of solving the
problem of IC overheating to reach the «10%*-10*?» region can be illustrated by the following example. At the component
density 10 cm? and € ~2 ks T In2 =35 meV (twofold fundamental limit™®") power w ~250 W/cm? is to dissipate at frequencies
as low as 5-10"° Hz.

A general purpose quantum IC is inferior by € to a classical IC (of comparable performance) by ~10? times; see Ref. 37 for
more details. Estimations show ' that a single electron logic IC with small € at 300 K would require the quantum dots with a
radius less than 1 nm. In perspective, quasi-adiabatic IC could be developed®**! with most of logical operations performed in a
reversible mode, so that € could be as small as desired. However, the prospect for future quasi-adiabatic ICs is considered as
pessimistic in Ref. 39. Figure 3 shows a long-term tendency for € reduction in electronics.
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Fig. 3. The reduction of energy consumption per 1 bit processing € in electronics: a) data of the year 1988/°]; b) data from the
works B°%I: ¢) prognosis for the limit for CMOS ©°: d) fundamental J. Neumann — Landauer limit for irreversible logical
switches at 300 K (kgT In2).

The hierarchy of levels determining the limits of energy consumption € per 1 bit procession is shown in figure 4. Each level
sets the limit for € and the transition to a higher level multiply increases the number of possible IC-realizations. The ground
level Heisenberg uncertainty principle, Boltzmann distribution and Carnot’s theorem define, e.g. the minimal size and time of
switching, minimal € and the energy costs of cooling a nanodevice™*!. For CMOS-technologies, the € limit is at Vgq > ks T/q =
0.1V (300 K, B =2-4) ¥l For DSVN devices, promising seem to be graphene nanoelectronics“***, 1-D nanowire-based logical
circuits (Y, transistors with a 2 nm thick channel and the ratio lo,/los ~10*!, quantum dot array “*!, low-sub-threshold swing
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tunnel transistors with Vgq =0.2 VI*"“?! quantum interference effect molecular transistors'’!, integrated emitters and sensors of
terahertz radiation®*?, nanotube-based ones included %, atomic switches with quantum conductivity based on solid state
ionic conductors ©¥, memristors®®®, etc. The nano-epitaxy method of semiconductor fabrication with a high-quality crystal
structure makes it possible to combine different highly functional materials within one system °°!.
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Topology of integrated circuits

Design methodology of
integrated circuits

Technologies
Materials

for information
transmission

and ways
and

processing
Thermodynamic
Electrodynamics

Quantum
mechanics

Fig. 4. Hierarchy of levels determining energy consumption per 1 bit processing.

At the level of IC design methodology, integrated digital cellular automata’®”), adaptive and defect-tolerant self-organizing,
self-healing networks that implement massively parallel computations ), crossbar 3D and hybrid structures ©%¢° ook
definitely promising. At the level of systems, built-in devices, e.g. for brain-machine interfaces, large-scale distributed complex
systems for health, security and environment (nano-tera networks) pose tremendous challenges in various areas of information
processing, see Ref. 61 for more details. In Ref. 62, the possibility of creating «nanomorphic cell» of a 10 um characteristic size
integrated at the atomic level was discussed. Such systems equipped with an energy sources °*! should interact with living cells,
analyze data (computing), and be able to exchange information. In Ref. 64 a thin-film Mach-Zehnder intensity modulator
operating at 0.3 V was developed, which is an important step toward integration of DSVN and deep-sub-voltage electro-optical
heterostructures. For «10*?-10"» IC architectures, a critical problem is to describe closely placed nanodevices operating in the
ballistic or tunnel mode because certain values of capacitance, inductance and resistance cannot be attributed to them.

In NRI **) major attention is concentrated on the search for novel information carriers [ and methods of data transfer and
processing. Some works analyze the basic principles of nanodevice functioning and capacity of information channels ",
determine ways to obtain transistor current characteristics below Vy =kgTIn10/e (300 K) =60 mV/decade | 159701 discuss
possible applications of spin waves to perform logic operations °°, and make estimates of quantum limits for energy dissipation
in spintronics. Computation is a physical process which occurs in a material subsystem (a nanotransistor) embedded in a
thermostat (semiconductor crystal) “.. It was shown in Ref. 71 that under the conditions when a thermodynamic equilibrium
between a device and a thermostat is not reached (the device sizes and the time of switching are of the order characteristic of
thermal processes), the dissipated power can be smaller than in the case of the Boltzmann equilibrium distribution.

An estimate of the optimal effective mass of information carriers by the Q-factor in nanotransistors of binary logics with a
gate channel length decreasing below 5 nm was made in Ref. 66. The Q-factor is the ratio of the time a device is in the state 1
or 0 (Tsore) to the time of transition process 1 0 (tgy,), it determine the ratio (lon/lo) and probability of correct performance of a
logic operation.

oo T _ E_]p(Z_J;E Lﬁjp[E_ij_J;E Lgﬁ] , @

h
— | exp
L, J2m'E, [ ko T kg T

where Lg is the gate length , m” is the effective mass of information carriers, E, is the potential barrier height, T is the
temperature, kg is the Boltzmann constant, and h = 2z /1 is the Plank constant (6.6:10** J s™). According to Eq. (2) ©*®), silicon
field effect transistors with E, =0.75 eV (high-performance ICs) cannot be used at Ly <5 nm (Q —factor is small because of m’
smallness). However, in DSVN where E;, <0.25 eV, silicon meets the requirements of nanotransistors fabricated with Ly <5 nm
(figure 5).
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Fig. 5. Q —factor dependence on the effective mass m” of information carriers in short channel field effect transistors. Calculated
by formula (2), see Ref. 66 for more details:

1-E,=0.75eV, Ly =10 nm; 2 - E, =0.75eV, Ly =5nm;

3-E,=0.25eV, Ly =10 nm; 4 - E; =0.25¢eV, Ly =5 nm.

In DSVN the portion of application-specific ICs must be large because of (i) a large number of approaches to obtaining limit
values of € (figure 4), (ii) a wide range of science and technological directions (micro- and nanosystem engineering, wireless
networks of microsensors and microrobots, RFID, bio-medical applications, etc.) which require autonomous and energy-saving
ICs of the “system on chip” type, and (iii) high-functionality of a chip of < 1mm? area at the 10™-10" cm™ component density.
According to (i) and (ii), the number of chips in a application-specific series is relatively small, ~10*-10° and because of (iii) 2-
10 wafers of a 100-200 mm diameter would suffice to fabricate these chips. Therefore, it can be expected that mini-factories
with a potential of fast resetting-up of technological processes would be in demand in DSVN. Special attention should be paid
to the development of technologies for the creation of high-density (up to 10" cm™ double-electrode elements) crossbar
structures ["? which do not require electrode layers matching with high precision and have a number of advantages in hybrid
configurations with CMOS . In the recent work ®!, new materials for functional crossbar structures and a low cost non-
lithographic patterning technique for tera-scale integration were considered.

3. High-capacity capacitors for nanoelectronics

In portable devices, surface mount capacitors stand out sharply against other electronic components because of their large size.
With the development of nanoelectronics and related technologies, creation of micro-scale capacitors and impulse storage
devices with high density of energy (pe), capacitance (pc), and power (py) has become urgent. Below, we present arguments
for the benefits using of all-solid state impulse supercapacitors with fast ion transport (FIT) at functional advanced superionic
conductor (AdSIC)/electronic conductor (EC) heterojunctions (nanoionic supercapacitors, NSCs) in sub-voltage and deep-sub-
voltage nanoelectronics, space technique, micro(nano)systems, wireless, RFID, high-temperature electronics and some other
fields. AdSICs have a crystal structure close to optimal for fast ion transport (FIT). The rigid ion sublattice of AdSIC has
structure channels where mobile ions migrate. The ion-transport characteristics of AdSIC are very high: ionic conductivity o;
=0.3 Ohm™ cm™ (RbAgls, 300 K) and activation energy E; =0.1 eV. This determines the temperature-dependent concentration
of mobile ions n; ~N; exp(-E; /ksT) capable of migrating in conduction channels at any moment (N; =10 cm™®, n; ~2-:10%cm,
300 K). Time-averaged distribution of mobile Ag® ions in the channels of ionic conductivity of AdSIC (crystal structure of
RbAg,ls) was experimentally obtained in Ref. 74.

The NSCs can be fabricated by microelectronics technologies. The values pg and pc of NSC are 1-2 decimal orders of
magnitude higher than in conventional-type capacitors with thin films of ferroelectric ceramics, SiO,, ZrO,, HfO,, etc. An
inherent disadvantage of conventional capacitors is an exponential fast growth of tunnel leakage current at dielectric film
thickness less than 2 nm. The frequency range of NSC operation is determined by FIT at functional AdSIC/EC heterojunctions

22



and has a theoretical limit of ~10'° Hz (300 K), which corresponds to the frequency of jumps of mobile ions in AdSIC. High pc
in NSC (Vg ~0.5 V) is not associated with tunnel leakage current.

3.1. Field application of sub-voltage high-capacity micro-sized capacitors

In digital electronics, currents i on internal buses of IC increase as frequencies f increase and Vyq decrease. Large i give rise to
noise sources whose effect can be minimized by using decoupling capacitors Cgecap. If the dissipated power is P = 100 W, f =1
GHz and Vg =1.4 V, then Cgecap ~0.5 uF 172,

Cdecap >10P-f * 'V-de . (3)
At low Vgq4 the value of di/dt =P-f V144 increases on the loaders. To prevent the voltage of a noise source, determined by di/dt
from increasing with respect to Vg4, the following steps should be taken (i), to increase the area under Cgecap (hOWever, this
reduces the efficiency and functioning of IC) and (ii), to increase the density of capacitance 8¢ (uF/cm?) and pc (uF/cm?) of
Caecap- FOr nanodevices, 1/f noise (with spectral density ~o N f 1) is a fundamental challenge (N is the number of electron
carriers in a sample). In perfect epitaxial layers, the constant o is ~10 - 10, in defect layers the constant is much higher. For
example, in pMOSFET the 1/f noise increases by 10 to 100 times when the device size decreases from 350 to 130 nm "®!. A
complex noise is filtered by several parallel-connected capacitors which differ in relaxation times t, capacitance, inductance
and equivalent resistance. Capacitors with large t and pc (8c) values are also used in low-frequency filters, amplifiers, seismic
detectors, supply circuits, etc.

Tiny self-sustained objects of critical and advanced technologies require impulse energy and charge storage devices with
high pg, pc and pw values. Sub-voltage devices scavenged energy from the environment (light, pressure and temperature
gradients, vibration, etc.) and B-radioisotope-based microgenerators together with impulse energy and charge storage devices
can support long-term operation of portable consumer electronics, wireless microsensors and microrobots networks,
picosputnics, RFID, implanted biomedical devices, etc. According to J. Pister, the author of «Smart Dust» conception,
autonomous power sources with Vg < 0.5 V would be used in digital and analog electronics of self-sustained wireless networks
with nodes which posses sensor, computation, and communication functions, see Ref. 77 for more details. The incorporation of
3V lithium cells into power units would require step-down DC/DC voltage converters which should contain high-capacity
capacitors.

Present-day 0.3 x 0.3 x 0.6 mm RFID chips include structures transforming radio-frequency energy into a direct current. In
the simplest case, such a structure is an antenna, a diode, and a reservoir-capacitor (8¢ ~0.35 pF/cm?) determining the operation
possibilities of a RFID chip and occupying about S =% of total chip area. The capacitance of a RFID chip reservoir-capacitor is
determined by

C=iAt (Vmax _Vmin)-1 ’ (4)
where Viax and Vi, are the limit voltage values, i is an average current on the load in the active stage of functioning, and At is
the time of data transfer. In a future 0.5 V RFID, AV = Vax — Vimin Should be approximately 0.1 V, which radically differs from
AV about 1 V in present-day chips. The energy radiated by a RFID-chip C V. AV and power C V., AV/At depend on the
distance and radio-exchange protocol. If V. decreases by 3 times and AV by 10 times, the capacitance should increase by 30
times, so that
C VAV product be retained, however a 8¢ ~0.35 uF/cm? chip has no room to accommodate the required capacitance. Most
acceptable would be chip area S about 0.1, but conventional capacitors cannot afford 8¢ ~50 uF/cm?. Operational frequencies of
reservoir-capacitors are to correspond to the frequency of radio exchange. In RFID standards, these are 135 kHz, 13.56 MHz,
2.45 GHz, 860-960 MHz, etc. So, 0.5 VV RFID chips require capacitors with an operation frequency in the 105-10° Hz range.
The condition 8¢ ~50 pF/cm? determines the lower limit 5 for many types of 0.5 V autonomous devices.

3.2. Modern design of micro-sized capacitors

3.2.1. Ferroelectric structures

For a plane capacitors, the voltage breakdown F .y, dielectric permittivity k , Vy4q , 8¢ and pc are related as
Vdd :Fmax (k'EO /Pc )1/2 = Fmax k & /6(3 ) (5)

where g, = 8.85 10 F m™. Therefore, devices with low Vg4 require the development of capacitors with limiting-high pc (8¢)
determined by Vyq and tunnel leakage current (an “inherent” disadvantage of capacitors with dielectric layer thickness d less
than 2 nm). For sub-voltage electronics, promising are capacitors (i), based on dielectrics with high k (e.g. ZrO, ,HfO,,
La,Hf,0, etc.) characterized by 8¢ ~2 pF/em? at d ~2 nm Vg ~1 V "#¥ (i) having trench structures (large aspect ratios),
where the efficient 8c =3 pF/cm? at the SiO, film thickness 4.5 nm "* and 8¢ > 20 uF/cm? at the formation of dielectric layers
with k =15..20 4 and (iii). based on ferroelectric ceramics, e.g. PZT (k =900), with 8¢ =3 uF/cm® ¥ In nanoionic
supercapacitors (NSC) based on AdSIC, Fpa at the functional AdSIC/EC heterojunctions (d of the atom size) can exceed 10’
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V/cm, therefore in smooth electrodes 5c ~100 pF/cm2[83]. In NSC with trench structures, the effective values of &c ~1000
uF/cm?. The development of ferroelectric-based capacitors (k ~1000) have shown that k decreases considerably in thin films.
Multilayer ferroelectric capacitors of ultra dense surface mount in a smallest case (01005 EIA) are of 0.4 x 0.2 x 0.2 mm size
and maximum capacitance 0.01 pF at Vg =6.3 V pc =1 pF/mm? and effective 8¢ =13 pF/cm?®!. Low-frequency capacitance of
epitaxial heterostructures ScCRuO4/ScTiO; is approximately 8¢ =26 pF/cm? which differs from the nominal value &c = g,-k/ d
=160 puF/cm?® at k=490 and d =2.7 nm'®**. In capacitors based on perovskite thin films (5...30 nm), 8¢ is usually equal to
12.5...2.5 pF/em? (k ~70) at Vg = 0.65...4.0 V %1, Operation at temperatures higher than 85 °C is becoming conventional for
small-size sources. A standard requirement to them is a guaranteed functioning of an electron component for 10 years at 125
°C. Multilayer ferroelectric capacitors operate at frequencies to 10° Hz and provide pc =3 pF/mm? at the size 1.6 x 0.8 x 0.6
mm. Disadvantages of these capacitors are a reduction of pc with increasing F and low stability of ceramics to higher
temperatures and F 1. So, present-day ferroelectric capacitors do not meet the requirements of pc (8c) -Vgq Scaling and do not
suit a number of new high-tech applications related to DSVN.

3.2.2. Miniature tantalum capacitors

High-capacity tantalum capacitors can operate at temperatures to 175 °C. The working voltage decreases with increasing
temperature as follows: 6.3 V (85 °C), 4 V (125 °C), 3.2 V (150 °C), and 2.1 V (175 °C). Their capacity decreases in the range
10°...10* Hz. When a 01005 case is used instead of a 3216 one, pc decreases by 5...10 times (down to pc =0.17...0.08
uF/mm?). This effect is also characteristic of ferroelectric miniature capacitors.

3.2.3. Capacitors on the basis of nanodielectrics with k ~10...10™.

A number of works (see Refs. 88 and 89 for more details) present experimental data on capacitors with nanodielectrics which
are reportedly characterized by gigantic k ~107-10'° and a large potential in energy storage !, The analysis of the data does
not support the expectations. In a plane capacitor, the surface charge density 3o on atomically smooth electrodes is limited by
Somax ~1.5-10 C/cm? (an ion charge of one sign on crystallographic planes with small indices, the concentration n =10% cm).
The value 8qgmax cannot be exceeded because at Sgmax the electric field Fpa = 2:10° V/icm (k=1) has the energy pe =¢ (=
=170 kJ/cm® which is several times large than the standard enthalpy of chemical compound formation (e.g. AHyac = 411
kd/mol). Thus,

k-F < Somax /€0 =1.5-10° Viem, (6)
where F = V/d and V is the voltage on electrodes. According to Eq. (6), at k ~10"-10* the maximum permissible value of Fyay
in a nanodielectric must be small (10? -10™V/cm) as compared to the breakdown field in ordinary dielectrics (=2 -10° V/cm). In
the zero electrode thickness approximation, the maximum energy density in plane capacitors is

Pe ~ & k Fzmax 2. (7)
At K-Frax = domax /€0 , EQ. (7) can be written as

Pe<~ 8Qmax Fmax/2 ’ (8)
where Fna ~102 -10" V/em. This shows that the expectations concerning the application of nanodielectrics with gigantic
dielectric permittivity for energy storage are groundless.

3.2.4. Supercapacitors on the basis of liquid electrolytes.

The possibility of using mobile ions for storing charge and energy has been realized in devices with a double electric layer,
called supercapacitors. In the case of liquid electrolytes, electrodes with a large internal surface can provide pc ~1000 pF/mm?
(8¢ ~15 pF/em? per the internal surface area [°“l), but the frequencies of device operation are low and the design of the devices
is incompatible with vacuum technologies.

3.3. Supercapacitors on the basis of advanced superionic conductors (AdSICs)

Record high capacity-frequency characteristics can be obtained using coherent advanced superionic conductor
(AdSIC)/electronic conductor (EC) heterojunctions . The general classification of solid state ionic conductors according to
their ion-electron conductivities (o; -o,) is presented in Fig. 6 ®!. The boundary of the 7-8 area determines the upper limit of o;
values for hypothetic AdSIC. By definition, these ionic conductors should have E; =kgT (300 K), which is to give o; ~2 Ohm™
cm™ (mobile Ag*-ions) at 300 K and o~ 8 (20) Ohm™cm™ for mobile Li* (H*) ions.
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Fig. 6. Classification of solid state ionic conductors in the

lgo; -lgo. coordinates (Ohm™ cm™) ¥,

2, 4 and 6 — known solid electrolytes (SE), materials

with ; >> c;

1, 3, and 5 — known mixed ion-electron conductors;

3 and 4 — superionic conductors (SIC), i.e. materials with o;> 0.001 Ohm™cm™, o, — arbitrary value;
4 - SIC and simultaneously SE, ;> 0.001 Ohm™cm™, 6;>>0 ;
5 and 6 — advanced superionic conductors (AdSIC), where

o, > 10" Ohm™cm™ (300 K), E; =0.1 eV, o, — arbitrary value;

6 — AdSIC and simultaneously SE, o; > 10" Ohm™em™,
Ei=0.1eV, 6;>>c;

7 and 8 — hypothetical AdSIC with E; = kgT =0.03 eV (300 K);
8 — hypothetical AdSIC and simultaneously SE.

The RbAg,ls family includes a number of AdSIC-SEs with Cu® or Ag® mobile ions. Some of these compounds are
thermodynamically stable around room temperature (a-RbAgsls, CSAgslo4l34x, RDCU,Clsl,, etc.) but the majority of them are
stable at higher temperatures (50-120 °C). AdSIC-SE-based supercapacitors have already been developed for several decades
(their radiation stability can be very high), however, the 8¢ of their heterojunctions (with arbitrary, structure-uncontrolled
AdSIC/EC heteroboundaries) is 10% -10' pF/cm? at frequencies 102-10° Hz. Low operation frequencies of AdSIC/EC
heterojunctions and, hence, low py, of supercapacitors are the result of fast ion transport violation in molecular-thin layer at the
AdSIC/SE heteroboundaries. The product of maximum operation frequency f,.x of AdSIC/EC heterojunction by 8¢ is a
generalized characteristic of capacity and frequency parameters. For typical heterojunctions, e.g. RbAg,ls/Pt *“ this product
fuax-Sc is ~ 1 -10* Hz uF/cmz. For heterojunctions with liquid electrolytes, the f,ax-8¢c product is of the same order of magnitude.
Research and development in nanoionics of AdSIC, a new science and technological field, have been carried on at the Institute
of Microelectronics Technology RAS for several years'®’. The object of these investigations is nano- and microstructures based
on AdSIC. AdSIC/EC heterojunctions are key functional structures in all-solid-state supercapacitors. Therefore the major
approach to AdSIC nanoionics is to retain the concentration and potential barrier heights to mobile ion jumps on
heteroboundaries at the level of those in AdSIC volume.

4. Nanoionic supercapacitors

High values of f,.6c on AdSIC/EC heterojunctions can be obtained under certain conditions. These are (i) to form an
atomically clear and sharp AdSIC/EC contact, (ii). to provide small disordering of the structure in an AdSIC layer adjacent to
EC, which can be realized on the AdSIC/EC coherent boundaries, and (iii), to provide a certain combination and mutual
arrangement of crystal symmetry elements of the AdSIC/EC heteroboundary and symmetry elements of fast ion transport
channels in the AdSIC structure. To this end, methods of crystallochemical design of AdSIC/EC heteroboundaries were
employed see Refs. 93 and 95. AdSIC/EC heterostructures (prototypes of NSC) were developed and synthesized with 3¢ =100
uF/em? and f,,a up to 10° Hz (record high values of the product fya.-5c ~10% Hz uF/cm?) 1,

Frequency-capacity characteristics were registered by comparing “charge-discharge” oscillograms for an experimental two-
electrode cell and a standard capacitor **. The IT-impulses of an external voltage were applied to a circuit consisting of the
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experimental cell (or a standard capacitor) and a ballast resistor R connected in series. The experimental cell of =0.0036 mm?
volume (ultra dense surface mount component in the smallest case 01005 EIA has the volume =0.016 mm?®) had thin film
electrodes of the total area =0.08 mm? (0.04 mm? + 0.04 mm>). The cell thickness was =0.03 mm, the area of the cell footprint
on the Si-substrate ~0.12 mm?. Voltage changes during “charge-discharge” processes in the experimental cell and the standard
capacitor are shown in Fig. 7. Changes in the charge (discharge) time were set by the ballast resistor R. The effective 5¢ in the
experimental cell is =1 pF/mm? (100 pF/cm?) at frequencies to <10° Hz (Fig. 7) and the power density py =0.3 W/mm?® (3-10
W/cm®). This is 3 times large than in those massive supercapacitors which have distributed carbon electrodes impregnated with
a liquid electrolyte (volume ~1 cm?, Vg =2.5 -2.7 V, operation frequencies not higher than f,..x < 10° Hz). The energy density pe
in the cell is =10 J/mm? (10™ J/cm®). This is 36 times smaller than in massive supercapacitors where the product py -pg ~4-10°
J2 /s cm® (in the cell, this product is 10 times smaller). However, the volume can be reduced by 10 times with the stored energy
and generated power retained at the same level by changing the cell design. As a result, the product py -pe could exceed that in
massive supercapacitors by =10 times at a volume of =0.0004 mm®.

Experiments with a =0.0036 mm?® cell showed * that (i) effective capacitance density 5c depends rather weakly on f up to
frequencies =10° Hz, (ii) the cell can operate for a long time at 70-170 °C, and (iii) 8c =1 pF/mm?, pc >10 uF/mm?, py =0.3
W/mm®, and pe = 10* J/mm?® can be obtained at frequencies =~10° Hz. So, film impulse capacitors based on AdSIC are
promising devices for deep-sub-voltage nanoelectronics and related technologies.

Fig. 7. Time dependence of the voltage (horizontal scale 1 us/div) during the charge-discharge process in the two-terminal
experimental cell and the 0.047 pF capacitor through the ballast resistor R=100 Ohm: 1) cell at 155 °C; 2) 0.047 pF capacitor
connected in series to the resistor r =10 Ohm (vertical scale 100 mV/Div; 3) voltage from an external generator (vertical scale
500 mV/div) for the cases (1) and (2) .

Below a model for large 8¢ on the heterojunction AdSIC/EC is presented. It is based on three assumptions (i) the formation
of an atomically sharp AdSIC/EC heteroboundary, (ii) EC wave function penetration into AdSIC with the formation of charge
distribution equivalent to an atomically thin double electric layer by capacity, and (iii) strong shift polarization effect (large
values of permittivity k ) of mobile ions of AdSIC. Now consider the (i)-(iii) assumption in detail.

It is known that metal-induced gap states exist on an atomically ordered alkali halide crystal (AHC)/metal (Cu,Ag)
heteroboundary, see Refs. 96 and 97 for more details. These states are due to a quantum-mechanical proximity effect between a
metal and AHC. The penetration depth of states in AHC (l,) depends on the halide. The values of |, increase with a decrease of
the AHC band gap and are 0.3-0.4 nm. This mainly concerns F — ClI — Br — | substitutions in the AHCs. The formation of
metal induced gap states on the insulator (semiconductor) heteroboundary is a common-place event !, According to Ref. 99,
there exist metal induced gap states of the conductivity band character (electron density transfer from a metal to an insulator)
and states of the valence band character (electron density transfer from an insulator to a metal). The penetration of electron
density into AdSIC (e.g. RbAg,ls) can cause the redistribution of electron density and formation the layer with opposite charge
separation ~ I, thick. The electric field (positive sign of potential on EC) in this layer would polarize AdSIC at the interface.

In an external electric field, polarization in crystals with an ionic character of chemical bonding depends on the values of ion
displacements from equilibrium positions. These displacements depend on the parameters of a crystal potential relief
(coordinate derivative of the crystal potential). In AHC the potential well depth for ions is ~3 eV, which limits permittivity k to
=5. In AdSIC RbAg,ls—family, the potential wells for mobile ions Ag” and Cu” are ~0.1 eV deep. Therefore, k values in AdSIC
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should be significantly greater than in AHCs. This gives k ~50 for AdSIC, which agrees with the data Ref. 100. Note, that
ferroelectric polarization in BaTiOs; (6o ~2.5-10° Clcm?, k ~5000, elementary cell parameter =0.4 nm) arises at an ion
displacement by ~0.02 nm ™ which is 10 times smaller than a supposed thickness of the double layer on the AdSIC/EC
heteroboundary. A plane capacitor with the electrode separation I, ~0.2-0.3 nm and k ~50 has &¢ ~¢, k/l,>100 uF/cm?, which
agrees with the experimental data Ref. 83.

In the last few years the performance of INTEL processors mainly rises due to an increase in the component density rather
than to an increase in the clock frequency (overheating of ICs, see the figure 1b in Ref. 26). It was noted in Ref. 102 that the
operation frequency of ICs with the component density 10" cm™ and Vg4~0.5 V would be ~10" Hz unless the problem of
thermal overheating of ICs is solved. It follows that the upper limit of time permissible for dielectric relaxation processes on
AdSIC/EC functional heterojunctions may be ~107 s in DSVN, which would facilitate the creation of devices on the basis of
AdSIC. The chemical composition and crystal structure at the AdSIC/EC heterojunctions should be regarded as additional
“fields” determining the k value and ion-transport characteristics in nanoionic devices (nanodevices with fast ion transport).
Crystal engineering methods and self-organization principles in AdSIC nanosystems (see Refs. 93 and 95 for more details) can
become the basis for the creation of capacitors with record high frequency-capacity characteristics.

The figure of merit of an IC planar design is the flop rate per unit area, i.e. the transistor switching frequency and component
density product. Reservoir capacitors shrink chip area available for logic and memory. Therefore, the order of NSC market cost
magnitude can be evaluated by the following formula:

Visc = Z Nic-Ale-S ) _ 9)
where Vygc is the NSC gross cost, j is the market sector index, N'\c is the number of IC produced, Al is an average price of
one IC, and S is an average fraction of the IC area taken by NSC. For example, in the RFID sector, the reservoir capacitor of the
power unit in modern IC takes approximately ¥ of the area, therefore S=0.25 according to Eq. (9). The prognosis of Ref. 103
for the period 2006-2016 says that the RFID market would increase by 10 times to cost NR AR e ~$26-10°.

5. Conclusion

Phenomena, properties, effects, mechanizms of processes and applications connected with fast ion transport in all-solid state
nano-objects and nanosystems are a subject matter of nanoionics [ *“!%I which has areas intersecting with nanoelectronics
and related technologies. Functional elements with fast ion transport at a nanoscale exist in nanoionic supercapacitors and
lithium and fuel cells (nanostructured electrodes) ™!, Switches on the basis of solid state ionic conductors realizing quantum
conductance are nanoionic devices "%l ITRS ["! relates the resistive ionic crossbar memory 2% to a category of
«emerging research devices». By Vg4, nanoionic heterostructures and devices are well suited to a future deep-sub-voltage
nanoelectronics and can find unexpected applications. For example, a strong electric field exceeding 107 V/cm can be easily
sustained at the interface AdSIC/semiconductor and this effect can be used for efficient modulation of current flow in the
channel of future field effect transistors operating at frequencies of approximately 107 Hz (ICs with component densities up to
10" cm™).

At present, the vision of future nanoelectronics, constrained solely by fundamental ultimate limits, is being formed in
advanced researches, Refs. 29, 39 and 110. Ultimate physical limits to computation ™! are very far off from the present-day
attained «10% -10"» region. What kind of logic switches might be used at the near nm- and sub-nm peta-scale integration? The
question was already under consideration in the work ™ where the term “nanoelectronics” (Bate R. T., Reed M. A., Frazier
G.A. and Frensley W. R., 1987-1989) was not used yet. Quantum mechanics constrains electronic distinguishable
configurations by the tunneling effect at the tera-scale. To overcome the 10™ cm™ bit density limit, atomic and ion
configurations with a characteristic dimension of L <2 nm should be used in the information domain and the materials with an
effective mass of information carriers m” considerably large than electronic one are required, m” =13m, at L =1 nm, m" =53m,
(L =0.5 nm) and m" =336m, (L =0.2 nm) °®). Future ultimate short-sized devices mat well be nanoionic, i.e. based on the fast
ion transport at the nanoscale, as it was first proposed in P!, Memristors ©>***I hybrid devices that rely on the movement of
both electrons and ions and exploiting both classical and quantum charge transport “** are a step towards future deep-sub-
voltage nanoionics.

In conclusion, we would like to cite philosophical view related to nano-world: «The natural scaling process has already led

us to the realm of nanotechnology and nanoelectronics where both difficult technical challenges and golden opportunities
co-exist» ],
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