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More Moore n More than Moore

More Moore (~70%): nornesble TPaH3UCTOPbI, YCTPOWUCTBA NamMaATy, ...

,,, Transistor Scaling
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More than Moore (~30%): doToAETEKTOPLI, CEHCOPHI, ...

Technology, Device & Circuit HoBble MaTepuanbl U reTepoCcTPYKTYPbI:
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W. Arden et al, More-than-Moore white paper, Version, 2010
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OrpomMHbIN BbIOOp ABYMEPHbLIX MaTepuaroB

Others
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Z. Dong et al, Molecules, 2019

LLnpokne BO3IMOXHOCTU NPUMEHEHUS B INTEKTPOHNKE HOBOIO NOKOJIEHUS
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[ ByMepHble maTepuansbl agna More Moore

3akoH Mypa: Yncno TpaH3MCTOPOB Ha MUKpOCXxeMax yaBamBaeTcs kaxable 1.5 roga
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CnoucTtble 2D maTepuanbl NO3BONAT NPOAOIKUTL AeUcTBUe 3akoHa Mypa
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[OBymepHble maTepuanbl gna More than Moore

YCTpOMCTBA ONTOINMEKTPOHNKN U CEHCOPbLI

Large Specific
Surface Area

2D photonic
and

Dptoeiectron|c,

3
devices

Glucose Sensing

X. Wang et al, Adv. Opt. Mater. 2018 C.W. Lee et al, Front. in Chem. 2019

2D maTepuanbl U reTepoCTPYKTYpPbl HA UX OCHOBE UMEIOT PS4 HOBbIX CBOMCTB
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maBHaa npobnema 2D: HeAOCTaTOK AUINIEKTPUKOB

OcHOBHbIe TPeOOBaHUSA: KAYECTBEHHbLIN MHTEPENC N HU3KNE YTEUKU

Yu.Yu. lllarionov et al, Nature Communications 2020

- ToHkue crnou high-k okcngos aensaoTca amopdHbIMU — MIIOX0M UHTepdenc

- hBN nmeet cpeaHne gunariekKTpuny4eckmne CBOMCTBa — BbICOKME YTEYKN MNMPU Marnoun TOSLLNHE

CaF,: kBa3n-saHgepBaanbcoB UHTepdenc ¢ 2D maTtepuanamu n HU3Kue
TYHHeNbHbIe YTEeYKN NPU IKBUBANEHTHOW TOMWMHE MeHee THM
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maBHaa npobnema 2D: HeAOCTaTOK AUINIEKTPUKOB

OcHOBHbIe TPeOOBaHUSA: KAYECTBEHHbBIN MHTEPENC U HU3KNE YTEUKM
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Yu.Yu. lllarionov et al, Nature Communications 2020
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Voltage on Si [V]

- ToHkue cnowu high-k okcnpos aBnaoTca aMmopdHbIMU — MNOXON UHTepdenc

- hBN nmeet cpeaHne gunariektTpny4eckme CBOMCTBa — BbICOKME YTEYKN MNMPU Marnoun TOSLLNHE

CaF,: kBa3n-saHgepBaanbcoB UHTepdenc ¢ 2D maTtepuanamu n HU3Kue

TYHHESIbHbIE YTEYKU NPU 3KBUBAJIEHTHOMN TOJILLMHE MeHee 1HM
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JnNUTakcua TOHKNX oaHopoAaHbIX nneHok CaF, B ®TU

MneHKu CaF2 TOonwMHOU 1-2 HM ANsA NPUOOPHbLIX NPUMEHEeHUN
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Yu.Yu. lllarionov et al, Current Applied Physics, 2015
Yu.Yu. lllarionov et al, Journal of Applied Physics, 2014

M.l. Vexler et al, Solid-State Electronics, 2011

M.l. Vexler et al, Semicond. Sci. and Technol., 2010

M.l. Vexler et al, Journal of Applied Physics, 2009
S.M. Suturin et al, Semiconductors, 2008
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Bo3moxHocTu pocta 2D maTtepuanoB Ha CaF,

{c)

quasi van der
waals gap

B

dangling bond <:::
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S. Vishwanath et al, 2D Mater. 2015 S. Vishwanath et al, J. Cryst. Growth 2018

Ha nosepxHoctu CaF,(111) Bo3MOXHa annTakcus HecKonbkux crioeB MoSe, n MoTe,
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Si/CaF, kak nnatdcgopma ansa NT ¢c kaHanom ns MoS,

ARTICLES patre
https://doi.org/10.1038/541928-019-0256-8 elCCtr On ICS
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S SN T S AT Ve vhvai
Ultrathin calcium fluoride insulators for
two-dimensional field-effect transistors

Yury Yu. lllarionov®"2*, Alexander G. Banshchikov?, Dmitry K. Polyushkin3, Stefan Wachter?,
Theresia Knobloch®', Mischa Thesberg', Lukas Mennel?, Matthias Paur?, Michael Stéger-Pollach®,
Andreas Steiger-Thirsfeld?, Mikhail I. Vexler?, Michael Waltl', Nikolai S. Sokolov?, Thomas Mueller?
and Tibor Grasser ®™

“Calcium fluoride could provide ultra-scaled dielectric layers for the development of
next-generation 2D nanoelectronics.” (lllarionov et al, Nature Electronics 2019)
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Yu.Yu. lllarionov et al, Nature Electronics 2019: 2D Materials 2019; Nature Communications 2020
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OnvuHHokaHanbHbIe NMT ¢ MoS, n 2Hm CaF,

OCHOBHbIE XapaKTepUCTUKH
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Yu.Yu. lllarionov et al, Nature Electronics 2019

- Ha ogHom uune ObIfTI0 U3rOTOBMEHO HECKOSBbKO ThICAY TPaH3NCTOPOB

- Ans nyyqwmnx npnbopoB KpyTu3Ha cocTtaensieT go 90mB/mek npu cooTHoweHUn
TOKOB BKJTHOMEHUS/BbIKITo4eHMs ao 107
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OnvuHHokaHanbHbIe NMT ¢ MoS, n 2Hm CaF,

HapexHocTb npu AnutTenbLHOU padoTe
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Yu.Yu. lllarionov et al, Nature Electronics, 2019; 2D Materials, 2019
- [lokasaHa ctabunbHoCcTb paboTbl TpaH3ucTopos ¢ CaF,
- BosmoxHo npumeHeHune cTpykTyp CaF,/M0S, B ceHcopax 1 poTogeTekTopax
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OnvuHHokaHanbHbIe NMT ¢ MoS, n 2Hm CaF,

CpaBHeHue c agpyrumm npuoopamm
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Yu.Yu. lllarionov et al, Nature Electronics, 2019; 2D Materials, 2019

Si/high-k (1.2nm)]

- HapexHocTtb TpaH3ucTopos CaF,/MoS, cyLecTBeHHO fnyulle No CpaBHEHUIO C

aHanorM4HbiMu npnbopamm Ha OCHOBE OKCUOB
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KopoTkokaHanbHble 1T ¢ MoS, u 2um CaF,

MepBble 2D TpaH3nCTOPbI C 2HM CaF2 M HAHOPAa3MepPHbLIMU KaHanamMmu
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[NMepBbIK War kK More than Moore: rpadeH Ha CaF,
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- Xopowwue nprubopHble XapakTepPUCTUKK
CeHcopbl Xonna, oTtoaeTeKkTopsl, ...

- CrabunbHoOCTb NP BbICOKNX TEMMEpaTypax

MeTepocTpykTypbl Si/CaF, asBnsitoTca yHUMBepcanbHou nnardopmon Ansa 2D 3NeKTPOHUKU
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UccnepoBaHua ptopmaoB nomumo Cak,

Lattice constant in hexagonal structure (A)
Material 3.8 4.0 4.2 4.4 4.6  Crystal
system [~ ' ) J ' ’ " ' ' l structure
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[V-VI A il o cub
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=VI O O- O hex
TmF3 NdF, LaF3
Ln fluoride v : hex
GaP GaAs InP  InAs InSb
-V o) o o o - o cub
SrF, BaF,
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Si Ge
[V 0O 0 cub
N.S. Sokolov et al, Reference Module in Materials Science
and Materials Engineering, 2016
—_—
5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6
Lattice constant in cubic structure (A)
- BoamoxxeH nogbop onTumanbHbIX MOANOXEK ANS pocTa Apyrnx dTopmaos
Kak u rpacpeH, CaF, - TonbKo nepBbIX MaTepuarn...
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NT c BepxHUM 3aTBOPOM: pocCcT (hTtopuaoB Ha 2D

OCHOBHOM Npouecc: InUuTakcusa rerepocTpvyktyp dropua/2D/dbTopunag
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T c BepxXHUM 3aTBOPOM
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NT c BepXHUM 3aTBOPOM: UCMOJNIb30BaHNE UMOHHbLIX resfiev

NT c yrnepoAHbIMY HAHOTPYOKAMU N UOHHLIM resieM noa BEPXHUM 3aTBOPOM
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M. Zhu et al, Nature Electronics 2020

MoxeT ObITb anbLTepHaTUBHbLIM pelleHueM Ansa sepxHero 3arBopa B 1T ¢ CaF2/2D
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Llenb: MnkpocxemHas nHterpauma dpropun/2D MT

MepBble Mmukponpoueccopbl U3 MNT ¢ MoS2

o L 2 | &
Top metal [ Sctiom matas [ MoS, .cm:mor.{ ouT

S. Wachter et al,
Nature Communications 2017

D-laxch

- Cpenatbl 13 1T Ha ocHoBe Al,O,/M0S, ¢ pasmepamu >10MKM

- He aBnsaetca npusnekarenibHOW AN NPOMbILLIIEHHOCTU TEXHOSOMMEN

®Topua/2D NT no3BONAT YNYYLLIUTbL COOTHOLLUEHUEe ueHa/npou3iBoaAnuTeNibHOCTb
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Llenb: MnkpocxemHas nHterpauma dpropun/2D MT

Mukponpoueccopbl MalWMHHOro 3peHnsa ¢ aTOMHOMU TOJNLWMHOU
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H. Jang et al, Adv. Mater. 2020

- CpenaHbl 13 MoS, INT ¢ HMXHUM 3aTBOPOM M YCTONYMBOW (POTONPOBOANUMOCTLIO

- HaHopasmepHsble INT ¢ pTopna/2D no3sonaT yBennyntb paspewieHrne B 1000 pas
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AnbTepHaTUBHOE NMPUMEHeHune: CeHCOopbI

CeHcopbl ObMomaTepuanoB (npumMmep: getekTupoBaHue mapkepoB [MTCA)

Anti-body

Anti-gen

J. Lietal, Sci. Rep. 2015

4 (b) A. Bolotsky et al, ACS Nano 2019
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- 3ameHa SiO, Ha CaF, no3BonuT yny4ylnTb HAAEXHOCTb U YYBCTBUTENbHOCTL, a
TaKKe YyMEHbLUNTb paboyee HanpskeHue
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3aKkn4yeHue

- ®Topmnabl  YOAOBMETBOPSAT OCHOBHbIM  TpeboBaHMaM  Ons
NCMNONb30BaHUS B KAYECTBE AMANEKTPUKOB B 2D anNeKkTpoHuKe

- HanaxeHHbin B ®TU anutakcuanbHbi POCT MNO3BOSISIET
nonydatb TOHKMe nneHkn CakF, npnbopHoro kadecrea

- [lepBble npubopbl ¢ CaF, n kaHanamn n3 MoS, n rpadgeHa
MMEIOT Ny4yllne XapakKTePUCTUKM MO CPaBHEHUID C OpYyruMmu
NpoTOoTUNAMMU

- CaF, un ,El,pyrl/lev(bTOpl/l,El,bl npeacTaBndalOT MHTEPEC B KayecTBe
yHUBepcanbHon nnatdopmMbl 44 pPasBUTUA 3NEKTPOHUKU
More Moore n More than Moore Ha ocHoBe 2D matepuarnos
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OdononHuTenbHbIE cnavabl
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Pa3zHOBUOHOCTU 3NUTaKCUanbHOro pocrta
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T.H. Choudhury et al, Ann. Rev. of Mater. Research 2020

- o aHanorum c poctom ogHoro 2D maTepuana Ha NOBEpPXHOCTU OPYroro, BO3MOXXEH
pocT 2D marepuanos Ha naccnBMpoBaHHbIX NOBeEpPXHOCTAX (Npumep: CaF,(111))
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PocT oByMepHbIX MmaTepuanoB Ha noBepxHocTtu hBN
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- KoHTponb opmeHTtauum gomeHos WSe, nytem omxura nosepxHoctv hBN B NH,
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HeBo3MoOXHOCTb ucnonb3osaHmna hBN B NT
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T. Knobloch et al, Nature Electronics 2021

CyLecTBEHHbI BbIIPbILL B NOABUXHOCTU TONbKO Npu 6onblion TonwuHe hBN
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HeBo3MoOXHOCTb ucnonb3osaHmna hBN B NT
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- Bbicokue TYHHEJIbHbIE YTEYKU MNMPnN MalibiX TOJILNHAX
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