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NHTepec K 3¢ddeKkTam nepeksoveHUsl CONpoTUB/IEHUS B HaHOpasMepHbIX MJeHKax, Kak MpaBuio,
OKCUAO0B MepexofHbiX MeTas/uioB, BO3HMK [OCTAaTOMHO [ABHO M CTMMY/IMPOBaH CpPaBHUTEIbHO
HepgaBHen ny6nukauuen coTpygHukoe Hewlett-Packard A.Ctpykoea, P.C.Bunbsamca u gp. (Nature,
2008), 06bABUBLINX 06 06HApYXXeHUU "HeyI0BUMOro" MeMpucTopa — pe3ucTopa c namaTbio (memory
resistor), TeopeTuyeckn npegckasaHHoro B 1971 rogy J1.4ya. DTO OTKpbI/IO Cepbe3Hble NepCreKTUBbI
CO3[aHUA Pe3UCTUBHOM MaMATU NpousBosbHOro goctyna (ReRAM), B siyelikax KOTOPOW AaHHble
COXPaHSIOTCA 32 CYET U3MEHEHUS COMNPOTUB/IEHUSI MaTepuana, a He 31IeKTPUYeckoro 3apsaa.

The effects of resistance switching in nanoscale films, as a rule, made of transition metal oxides has
long gained considerable interest, which was fostered by a relatively recent publication of Hewlett-
Packard’s employees, D.Strukov, R.C.Williams, et al. (Nature, 2008), who declared about the discovery
of the "ever-elusive" memristor, or memory resistor, which had been theoretically predicted in 1971 by
L. Chua. This opened up large prospects for creating resistance based random access memory (ReRAM)
with the cells storing data by modifying the resistance of the material rather than an electric charge.

eHCallMOHHOe 3asgBJIeHHe COTPYAHHUKOB HP He

HaIIo OBl OTKJIMKA B HAYYHOH Cpejie ecau 6bl

He O4YeBMJIHOe yke TOrZa INOHHMaHUue QyHIa-
MeHTa/bHBIX IIpobseM GYHKLHMOHHPOBAHUS 6a3o-
BBIX YCTPOMCTB MHUKPO- U HAHOYIEKTPOHUKH, CBSI3aH-
HBIX C yep>KaHHeM 3apsifia B HelIPepPbIBHO YMeHBIIA0-
meMcsi o6beMe, YTO IeIaio COMHUTETBHBIM MTepCIIeK-
THUBBI 5KCTEHCUBHOT'O PA3BUTHS 3JIeMEHTHOM 6a3kl, U,
B YaCTHOCTH, IIaMSITH.

AKTYAJIbHBIE MPOBJIEMbDI

SHEPTOHE3ABUCUMOW NAMSAITU

OueBHAHA HEOOXOAUMOCTD CO3MAHUS AIBTEPHATHB-
HOM 5HeproHe3aBUCHMOM IaMSITHU C BbICOKOH IJIOTHO-
CTBIO 3AIIMCH JAHHBIX, HU3KOH ITOTPebIsie MO MOIIIHO-
CTBIO 1 BBICOKOM CKOPOCTBIO PabOTHI. AJIBTEPHATHBHOM,
B CMBICJIe IIOCTPOEHHON Ha HUHBIX, 10 CPABHEHHIO
C CYIIeCTBYIOIUMHU, GHU3HUYeCKHUX IIPUHIIUIIAX, [I03BO-
JSIOMKUX MeperuTH K YHHUBEPCAJbHOU IPOLIECCOP-
HOM CpeJie C HHTerpalyen ollepaTUBHOH U OJITOBpe-
MEeHHOH MaMSTH, peaJd3aliierd MHOTOYPOBHEBO-
CTH JIOTHYEeCKUX COCTOSTHUI ¢ GopMHUpOBaHKeM abco-
JIOTHO HOBOM, TaK Ha3blBaeMOM HeHpoMopoHOU

KOMITBIOTEPHO IITAaTPOPMBI. AKTYaIbHOCTB ITPO6Ie MBI
OYeBH/IHA, YIUTHIBAS, UTO IIPAKTHYECKH TI060€ 3/1eK-
TPOHHOE YCTPOHCTBO COAEP>KUT IIAMSITh, BHYTPEHHIOIO
HJTH BHEIIHIOK, a II0SIBJIEHHE [1ePCOHAIBHOM 37IeKTPO-
HUKHU 3HAYHTe/IbHO [IOBBIIIAeT TPebOBAHUSI K yCTPOK-
CTBaM ITaMSITH.

D7IeKTPOHHASI IIPOMBIIIJIEHHOCTD BBIHY K/IeHA [10CTO-
STHHO COBEpPIIEeHCTBOBATH TEXHOJIOTHIO IAMSTH U, B
KOHEYHOM cyeTe, ee 6a30Bble IapaMeTpsl. Bo-TiepBhIX,
HeoOXOIKMO yBeJIMUNBaTh IVIOTHOCTh IIAMSITH, ee CIIO-
COOHOCTD XPAaHHUTH BCe HOMBIINE 00beM HHPOPMALIUHT
IIpH YMeHBUIEHUH CTOMMOCTH 6MTa HHGOPMAILIHMH.
BO-BTOpBIX, TAMSTD JO/I’KHA XapaKTepPH30BaThCsI 607Tb-
UM BpeMeHeM HapaboTKH, CBSI3aHHBIM C YHCIOM
LM KJIOB ITepeK/IIoYeHHUs (OIepaluil 3alIUCH U CTHPa-
HUS). B-TpeTbux, TpebyeTcs yBelHueHHe BpeMeHH Xpa-
HEeHUsI — 9TO BIIOJIHe OUYeBUHBIH [1apaMeTp, He BBI3bI-
BAIOLIMI 0COOBIX ITpobieM B OONBIIMHCTBe IIpejjiara-
eMBIX yCTPOMCTB aMATH. HaKoHell, MaMsTb LOJIKHA
06/1a/1aTh BBICOKOI CKOPOCTBIO IPOrPAaMMHUPOBAHHS U
JOCTYTIa, TO eCTh BpeMsl UTeHM S U 3aIIMCH JOTKHO ObITh
MMHHMMM3UPOBAHO. B rocienHee BpeMs ocoboe BHU-
MaHHUe yZesieTCsl 3HepronoTpebieHHIo, YTO O4eBHIHO
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KOppeJInpyeT C IIJIOTHOCTBIO (eMKOCTBIO) IAMSITH U C
MOOH/IPHOCTBIO OCHAIIIEHHBIX €10 YCTPOMCTB.

OueBHIHO, YTO COBMECTHUTD BCe IlepeurCIeHHbIe
TpeboBaHUs (KaK JOCTOMHCTBA) e1BA U BO3MOSKHO,
TeM He MeHee MeHSIOTCSI KAHIUAATHI, & CTPEMJIEHHUE K
CO3AHUIO "UIea/IbHOM  ITaMSTH ocTaeTcs. He ocTaHaB-
JIMBAsICh IIOAPOOHO Ha 00CYsKIeHHH H0JIBIIOro KOIHYe-
CTBa BO3MOKHBIX BApHAHTOB, OTMETHM KaK Hauboee
IIepCHeKTUBHEIE TeXHonoTUM MRAM, FeRAM, PCM,
ReRAM u, He 3a6siBas Flash, xak 6a3oByio sHepro-
He3aBHUCHUMYIO [IaMSTh COBPEMeHHBIX 37IeKTPOHHBIX
YCTPOMCTB, IIPOBeJleM KPAaTKoe UX COIIOCTAB/IEHHE B
CTpeMJ/IeHUH HaIllyIIaTh HaIllpaB/IeHUS CO3aHUS 'He-
AJIbHOM " IaMSTH.

dyHAZAMeHTa/IbHbIe QHU3KUeCKHe IPUHIIUIIBL, JIeXKa-
mpe B ocHoBe Flash-maMsaTH, HaK/IagpIBaIOT eCTEeCTBEH-
Hble OFPAaHUYEeHUS Ha ee BO3MOSKHOCTH U Ha IIepCIieK-
THBBI Pa3BUTH . Bo-TIepBbIX, HEBO3MOXKHO JOCTUTHYTh
O HOBpPEMEeHHO ObICTPOro MporpaMMHUPOBAHUS, BBICO-
KO¥ IIJIOTHOCTH 1 ITpor3BoJibHOrO focTyma. NAND Flash
npensaraet 6bICTpOe IIPOrpaMMHUPOBAHUE U BBICOKYIO
IIJIOTHOCTB, HO B TO >Ke BpeMsI IMeeT ITpobIe MBI ITPOH3-
BOJIPHOT'O JOCTYIIa K OTHOCHUTEIPHO MeJIeHHYIO CKO-
poctb uteHus. C gpyroit croporsl, NOR Flash, y koto-
poit HeT m1po6JieM C IIPOK3BOIBHBEIM JIOCTYIIOM, YCTY-
raet 110 o6peMy IIaMSITH U PSIAY OPYTUX IIapaMeTPOB.
OCHOBHBIM HeJOCTAaTKOM IIaMsTu TuIia Flash aBnsgercs
MaJjioe YHCJIO LIUKJIOB IIePe3allkCH ~ B 3aBUCHMOCTH
OT YCJIOBHH 3KCILIyaTallMH MOKHO PAaCCYUTBHIBATh HA
103-10* nukioB. K gpyrum HegoctaTtkaM Flash cienyet
OTHeCTH HHU3KYI0 CKOPOCTb 3aIIKCH, a TaKKe I106104-
HBIM XapaKTep CTUPAHMSI/3AMKCH siueeK IMaMSITH.
CylrecTByeT MHEHHe, YTO pa3Mep /leMeHTa TPaAULIU-

oHHOM Flash-mamsaTu Helenecoo6pa3Ho yMeHbIIATh
HIDKe 20 HM, [TOCKOJIBKY BOSHHUKAIOT OTPaHHUeHHUS,
CBSI3aHHBIE C QyHTaMeHTAJIbHEIMH IPUHIIUIIAMH ee
QYHKIITMOHHPOBAaHUA. Bo-IIepBBIX, yMeHbIIeHHEe pa3-
MepoB HEMHUHYeMO IIpuBefleT K BO3PacTaHHIO TOKOB
yTeUKHU, U, C1e[loBaTe/IbHO, K Jerpafalliu 3/leMeHTa
NaMATH U IoTepyd HHopMaLKu. To ecTb OuUeBUIHA
npobneMa fanbHeNIIero MaciTabpoBaHus U Hapa-
IIMBAHMUS IIJIOTHOCTH ITaMSITH. BO-BTOPBIX, YMeHBbIIIe-
HUe pa3Mepa YHIla IPUBefieT K COKPAILleHHUIO0 KolIHYe-
CTBa COXpaHsIeMbIX B HeM 'MHQOPMAIIHOHHBIX ' JJIEK-
TPOHOB U, KaK CJe/ICTBHe, BbI30BET 3aMeTHBIN Tejle-
rpadHBIi IIyM, a TAKKe CBSI3aHHBIE C ITUM IIPo6IeMBbI
HaJle>KHOCTH. YKa3aHHbIe HeJocTaTKH Flash sBisroTcs
OCHOBHBEIM CTHMYJIOM [JI51 [IOMCKa HOBOM 3HEproHesa-
BHCHMOM IIaMSATH.

MOUCK SHEPTOHE3ABUCMMOM

MAMATU HOBOIO NOKOJIEHNA

KpaTkui 0630p KaHAUAATOB Ha POJIb IIePCIEKTUB-
HOM SHepProHe3aBUCHMOK IaMSTH, YOOBIETBOPSIOIIEeN
OTMeYeHHBIM BBbIIIe TpebOBAHUSIM, HAUHEM C [IaMSITH
Ha ocHoBe da3oBoro nepexona (PCM, PRAM, PCRAM,
Ovonic Unified Memory, Chalcogenide RAM) [1, 11].
Ha ¢yHmaMeHTa/NIbHOM ypOBHe IIaMATh Ha $pa30BOM
repexofie UCII0/Ib3yeT HarpeB, YTOObI BbI3BaTh Ga30BbIL
Iepexof B MaTeprasie, HallpuMeD, TeJlIypH/e CyPbMbI-
repmanus (GST) [12, 13], B pe3ynbTaTe KOTOPOrO U3Me-
HHTCS €0 COIIPOTHUBJIeHHe, KaK IIpaBuiIo, oA pa3symMme-
BaeTcsl $a30BbIL IIepeXof MeX1y aMOPQHBIM U KPH-
CTaJUTMYeCKUM COCTOSIHUSIMU. XapaKTepHOH 0c0beHHO-
CTBIO TUIIMYHOMN g4elikU PCM sB/IsIeTCSl HarpeBaTelb,
BKJIFOYEHHBIH B CJION U30/I5ITOPa MeX/y SHeproeMKHUM

e "sensational” discovery of
the HP employees would have
remained unnoticed by the sci-

entific community if there had not
been clear understanding of the fun-
damental problems in the operation
of basic micro and nanoelectronic
devices that need to retain a charge
with the scale continuously dimin-
ishing, thus diming any extensive
development prospects for elements
and, in particular, for memory.

URGENT ISSUES OF NON-VOLATILE
MEMORY

There is a clear-cut need for alterna-
tive non-volatile memory with data

recording high density, low power
and high speed. Alternative mem-
ory means that it should be built
on some other principles than the
existing physical ones, allowing
for versatile processor environment
that integrates random-access and
read-only memories, implements
multilevel logic states by forming
a new, so-called "neuromorphic",
computing platform. The urgency
of the problem is apparent with
every electronic device containing
internal or external memory, and
the advent of personal electronics
significantly heightens the require-
ments for memory devices.

The electronic industry is con-
stantly urged to improve the mem-
ory technology and, ultimately,
its underlying parameters. Firstly,
it is necessary to increase mem-
ory density: its ability to store the
increasing volume of data while
reducing the cost of information
bits. Secondly, memory must have
greater life associated with the
number of switching cycles (writes
and erases). Thirdly, storage time
must become longer, which is a
clear parameter that does not cause
any special problems in most pro-
posed memory devices. Finally,
memory must be characterized by
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MaTepHa/IOM M HUXHHUM 3JIeKTPofoM. Lleab 3TOro
HarpeBaTesIs COCTOMT B TOM, UTOOBI yBeTUUUTD 3dek-
TUBHOCTb M YMEHBIIUTH 'MOILIHOCTB' IIPOrPaMMHUPO-
BaHUA. CyllecTBeHHOEe IPeUMYILIeCTBO TaKOro II0A-
X0fa — COKpallleHHe ITPOrpaMMHOr0 TOKA H3-3a 3dpexTa
ero JIoKaJaxu3alKu. [ epek/aodeHus sueiky PCM
K3 aMOPQHOro B KPUCTAJI/IMYECKOe COCTOSHHE, OIlpese-
JIeHHOTO KaK I1poliecc Habopa (SET), mIprUMeHseTCs Tep-
MHYeCKHH Harpes. Bo BpeMs 3Toro mporecca, UCIoJIb-
3yI0T KMIIY/IbC OOMIBIIE IIPOLOIKUTEIbHOCTH U yMe-
PeHHOro HampsDKeHHs/ToKa. TeMIlepaTypa sSiUeHKH
PCM IIOBBIIIAETCS 0 TEMIIEPATYyPhl KPUCTAIIM3ALMH
(Typucr)s HO OCTAETCS HUKe TeMIIepaTypbl II/IaB/IeHHU
(Tysapn)- TIOCKONMBKY KPUCTAIIM3ALIUS MaTepHala IIpo-
HCXOOUT He MTHOBEHHO, O4eHb BasKHO, YTOOBI IMITYJ/IbC
OB HOCTATOYHO AJTMHHBIM, & TeMIIepaTypa B Mare-
puae PCM ocTaBanack BEICOKOU B TeUEHHeE JOCTATOY-
HOro BpeMeHH. Ilocsie 3aBepuIeHMs KPUCTAIIM3ALIMH,
YCTPOMCTBO I1epeXO T 13 BbICOKOOMHOI'0 B HH3KOOMHOe
cocTosiHMe. IIpo1ecc CUMThIBAHU S OTHOCHUTEIBHO IIPO-
CTOH 10 CpaBHEHHIO co cbpocom 1 Habopom. Bo Bpems
CYUTBIBAHUS HUCIIONb3YeTCS UMITY/IbC OTHOCHUTEIBHO
He6O0/IBIION aMIIJIUTYbl, He HapyIIAIONeH COCTOs-
HHe IIaMATH YCTpouCcTBa. OJHOU M3 OCHOBHBIX IIPO-
6r1em, cBsi3aHHBIX ¢ PCM, sB/1sieTCsI SHepromnorpebie-
HHe. YToOBl H3ME@HUTh KPUCTAIINYECKYIO0 CTPYKTYPY
IIJIeHKH, Heo6X0 MBIl OTHOCUTE/IbHO BBICOKASI TeMIIe-
paTypa H, Kak ClIeJCTBHE, JOCTATOYHO OOJIBIION TOK.
OLleHKH [IOKA3BIBAIOT, YTO AasKe Aj1s1 PCM ¢ pasMepoM
10 15 HM, HeobxomM TOK cOpoca okoro 40 pA [12].
CerHeroseKTpuyecKkas 3HeproHesaBUCHMasd
naMsTh (FeRAM) 110 cBoeMy YCTPOKCTBY cxoka c DRAM

(KOH[IeHCATOp Ha OCHOBE CeTHeTO/IeKTPHUKa). 3aluch
[IPOUCXOOUT IIyTeM HM3MeHeHMs BeKTopa I10jgpr3a-
LIMH CeTHeTO3/IeKTPHUUECKOIO /10 Pa3HOCThIO IIOTEH-
[IMaJIOB MeXKAy 3/1eKTpodamMu. Cpefu IpeuMyLecTB
FeRAM niepen Flash-mamsTpio MOSKHO BBIIETUTh HU3-
Koe sHeproroTpebneHue, ObICTPYIO 3aIKCh HHGOPMA-
LMK U CYLIeCTBeHHO yBe/JIM4YeHHOe MaKCHMaJIbHOe
YHCJI0 U KJIOB IIepe3amkcH, IIpeBbllIaollee 10, K
HemocTaTkaM FeRAM OTHOCAT ropaszio 6oiee HH3KYIO
IIJIOTHOCTD 3aIIMCH, OTPAaHUYEeHHYI0 eMKOCTh U 6osiee
BBICOKYIO CTOMMOCTS [13-17]. OMHUM K3 MU POBBIX 1K /[Ie-
POB B 06/1acTH pa3paboTKHU U IPOK3BOICTBA 37IeKTPOH-
HBIX KOMIIOHEHTOB CAMOI0 Pa3/IM4YHOr0 Ha3HaYeHU s
IO 3allaTeHTOBAaHHOM TeXHOJIOTHHU CO3/IaHH Sl SHEePro-
He3aBHCHMBIX CeTHeTO3eKTpudeckux O3Y (FeRAM)
saBaseTcss Ramtron International. B uucio numeH-
3MaTOB WUJIM IIAPTHEPOB 10 OCBOHMIO TeXHOJIOTUHU
FeRAM BXOOAT TaKHe KPYIIHbIe KOMIIAHHHU, Kak Texas
Instruments, Fujitsu, Toshiba, Samsung, Hynix u ap.
B paborax [18] u [19] maHBI IPOTHO3BL JaIbHEHIIEr 0
Ppa3BUTHSA YCTPOHCTB FeRAM, pacCMOTpeHBI IepCIek-
TUBBI 3aMeHbl Flash-maMaTHU U cienad BEIBOL, O TOM,
YTO yCTPOKMCTBA IlepeIporpaMMHUPyeMOH IaMATH Ha
OCHOBE CerHeTO3/IeKTPHUKOB MMEIOT BCe IIAHCHI 3aHATh
MIPOYHYI0 KOHKYPEHTOCIIOCOOHYI0 MO3ULIMIO CPefH
MIPOYUX YCTPOMCTB 3HEeProHEe3aBUCHUMOM MaMSTH
IIPH YCJIOBHH, YTO OyyT pelIeHsI ITPo6IeMBbl UX CTa-
PeHUS M HaIe>XKHOCTH, a TaKKe obecriedeHa BO3MOXK-
HOCTb Hepa3pyLIAIOIero CYMThIBAHU A HHGOPMALIMH.
CoBpeMeHHBIM IIOJXOA0M K ITOBBIIIEHHUIO INIOTHOCTH
3aKMCH UHQOPMALIMH SIBJISIeTCS KCII0Ib30BaHHe Cer-
HeTO3/1eKTpUUecKkoro s3¢pdpexra, o6Hapy>KeHHOIO B

a high speed of programming and
access, i.e., the time of reads and
writes should be minimized. In
recent years, special attention has
been apportioned to power con-
sumption, which apparently cor-
relates with the memory density
(capacity) and mobility of devices
equipped with memory.

It is clear that meeting all the
mentioned requirements (seen
as advantages) is hardly possible.
However, the candidates come and
go, but the pursuit for a «perfect»
memory remains. Without dwell-
ing too much on the discussion
of numerous possible options, we
will describe the most promising
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technologies, MRAM, FeRAM,
PCM, and ReRAM, as well Flash,
as the basic non-volatile memory
used in modern electronic devices.
We will make a brief comparison of
them in the quest to find ways for
creating the "perfect” memory.

The fundamental physical prin-
ciples underlying Flash memory
impose natural limits on its capac-
ity and prospects of development.
Firstly, it is impossible to achieve
fast programming, high den-
sity, and random access. NAND
flash memory offers fast program-
ming and high density, but at the
same time, it has problems with
random access and relatively slow

read speed. On the other hand,
NOR Flash does not have random
access problems, but it lags in the
amount of memory and a num-
ber of other parameters. The main
disadvantage of Flash memory is
the small number of write cycles,
which ranges between 103-104
cycles depending on operating con-
ditions. Other disadvantages of
flash memory include low write
speed and chunked erase/write
operations in memory cells. There
is an opinion that it is impracti-
cal to reduce the element size of
the conventional flash memory
lower than 20 nm, because there
are restrictions associated with its



NANOTECHNOLOGY. ELECTRONICS

HaHOPa3MepHBIX IIJIeHKaX, HallpuMep, JIeTHPOBaH-
HOT'0 OKCH/Ia TaQHHUS.

MarsuTopesucTuBHas namsats (MRAM) - 3amo-
MHHaIoIIee yCTPOHCTBO C IIPOM3BOIBHBIM JOCTYIIOM,
B KOTOPOM, B OTJIMYHe OT JPYTHX THIIOB IaMSITH,
HHOOpPMALIUsI XPAHUTCS He B BHJe 3TeKTPUUECKUX
3apsiloB MJIM TOKOB, a B MarHUTHBIX 3JIeMeHTax.
ITocnenHue cGOPMUPOBAHBI 13 BYX pepPPOMarHHUTHBIX
CJI0eB, pa3fie/leHHBIX TOHKUM CJI0eM AH3TeKTPUKA.
MarHuTOpe3UCTUBHAS IaMSTh 00/1a1aeT OBICTPOAeH-
CTBHEM, CPAaBHHMBIM C ITaMAThIO TUIIA SRAM, Takou
>Ke IVIOTHOCTBIO sideeK, HO MeHBITHUM SHeprornorpebie-
HHeM, 4eM y maMsTH ThuIla DRAM. OHa 6ostee 6bIcTpas
U He JlerpaJIupyeT BO BpeMeHH I10 cpaBHeHUIo ¢ Flash-
MaMSITBIO.

Pe3uCTHUBHAS MaMSTh IIPOU3BOJIBHOIO JOCTYIIA
(ReRAM) oTnHYaeTCss XpaHEeHHUEeM JaHHBIX B sS4ell-
Kax 3a C4eT U3MEeHEeHMUs COIIPOTUB/IEHUS MaTepHala,
a He 3JIeKTPUYECKOro 3apsifa. Peub UzeT 0 CO3JaHUU
a/lbTepHATUBHON 3HeProHe3aBUCHMOM MaMSTH,
HMeIOIIeH BhICOKYIO IJIOTHOCTD 3aIIMCH JaHHBIX, HU3-
KYIO IIOTpebIsieMyIo MOIIHOCT M BBICOKYIO CKOPOCTh
paboTtrl. CeruetosnekTpuyeckas (FeERAM) U MarHUT-
Has namsaTbh (MRAM) He BIIOJIHE OTBe4aloT COBpe-
MeHHBIM TpebOBaHHUSIM U JJaKe B IIePCIIeKTHBe e[[Ba
JIM COCTaBSIT KOHKypeHI M0 Flash-mamsrtu, Bo BCs-
KOM CJly4dae, 110 INIOTHOCTH 3aIlMCH JaHHBIX. OIHaKO
MOYKHO CUYHUTATh OOl PU3HAHHBIM, YTO HUKe 20 HM C
Flash-mamsThI0, IOCTPOEHHOM Ha yAep’kKaHUH 3apsifia,
HauyHYyTcs npobnemel. [IpefcTaBaseTCs, YTO MEMPH-
CTOPBI KaK I10 MacIITabMPOBaHUIO, TaK U I10 CKOPOCTH
IepeK/II0UeHH s COOTBETCTBYIOT TPeboBaHUSIM COBpe-

MeHHOU SHeproHe3aBUCHMOK IIaMATU. bosee Toro,
IIpUBJIeKaTebHBIM SIBJISETCS HH3K0e SHepromnorpebie-
HMe IIPU 3alIHCcH MHQOPMALIMHU, a TAK>Ke CIIOCOOHOCTh
MeMPHCTOpa K MHOTOyPOBHEBEIM COCTOSTHUSIM M, KaK
C/le[ICTBUe, IIePCIIeKTUBbI eT0 [IPUMEHEeHHUS B UCKYC-
CTBEHHBIX HEHPOMOPPHEIX KOMIIBIOTEPHBIX CHUCTEMAX
C HOBOM TeXHOJIOTHeN XpaHeHHU s, 06paboTKu u mepe-
Ja4ud JaHHBIX.

MEMPUCTOP - HOBbIV NPEACTABUTE/Ib

3NEKTPOHHOW KOMNOHEHTHOM BA3bl

MempucTop 6b171 ontrcaH B 1971 rogy Jleonom Yya [20,
21, 22], HO BBI3BaJ 3HAUUTE/JbHBIN UHTePeC TOIBKO
rocsie psja pabot CTeHIU BuibsiMca U IPYIIIBI KCCIe-
noBaTesel1 1abopatopuu HP [23], 32 BUBIIMX 0 CO3a-
HUU TBEpPAOTEIbHOU CTPYKTYPBl, peann3yloller MeM-
PHUCTOpPHBIE CBOMCTBA. [IpeAronaraercs, 4To Habo-
naeMmele yske 6osee 40 yeT 3¢pPeKTHI MTepeKITI0UeHHU S
U naMsaTu B MOM-CTPYKTypax SBIASIOTCS IIPOSBIIe-
HHeM MeMPHUCTHUBHOCTH. TOoT $paKT, uTo HabmrogaoTcs
OHM IPH BapbHPOBAHUHU OOIBIIOTO YKCIA MaTepHa-
JIOB TOHKUX IIJIEHOK OKCUIHBIX cs1oeB (ZnO, NiO, SiO,,
TiO,, Zr0,, SiTiO;, Pr,,Ca; ;MnO; U Ap.) U 37€KTPO-
noB (Pt, Au, Ag, Al, TiN u fp.), TOBOPUT B I10/1b3y THUII0-
Te3bl J1.ya 0 cyl1ecTBOBAaHHUU YeTBEpTOro 6a30BOro sje-
MeHTa 37eKTPHUYeCKHUX Lienel [24-38]. 3To cTUMYIH-
PyeT MHTepec K IIOMCKY MeXaHH3MOB, OTBeTCTBEHHBIX
32 3¢ PeKTH IePEeKITI0YEeHM S U IIAMATH B CTPYKTypPax
MJM. CyiiecTBYIOT pa3/IMYHbIe TEOPHUH U U3 YECKHE
Mofenu, o6 bACHSION e MeXaHU3MBI [TepPeK/TI0UeHH s
COITPOTHUBJIEHUS B IIOI0OHBIX yCTPOMCTBaX. K Haubosee
KM3BeCTHBIM MOKHO OTHECTH MOZE/IH IIPOBOSUMOCTH

fundamental operation principles.
Firstly, size reduction will inevi-
tably result in higher leakage cur-
rents and, consequently, degrada-
tion of memory elements and infor-
mation loss. In other words, there
isa clear problem in further scaling
and increasing the memory den-
sity. Secondly, reducing the size of
a chip will reduce the number of
"informational” electrons stored
therein and, consequently, will
cause a marked telegraph noise,
as well as other related reliability
issues. These shortcomings of flash
memory are the main incentive
for investigating new non-volatile
memory types.

SEARCH FOR NEW GENERATION
NON-VOLATILE MEMORY

A brief overview of the candi-
dates for the role of future non-
volatile memory that meets the
above-mentioned requirements
will start with the phase tran-
sition based memory (PCM,
PRAM, PCRAM, Ovonic Unified
Memory, Chalcogenide RAM)
(1, 11]. Cenerally, memory uses
heat to cause phase transition
in the material, for example, in
antimony-germanium telluride
(GST) (12, 13], which changes its
resistance. As a rule, it means
phase transition between amor-
phous and crystalline states. A

characteristic feature of a typical
PCM cell is a heater included in
the insulating layer between the
energy-intensive material and the
base electrode. The purpose of this
heater is to increase the efficiency
and reduce the programming
power consumption. A signifi-
cant advantage of this approach
is the reduction of the program-
ming current because of its local-
ization effect. Thermal heating
is applied to switch a PCM cell
from its amorphous to crystalline
state, defined as a "SET" process.
This process uses a longer dura-
tion pulse and moderate voltage/
current. The PCM cell temperature
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€ MexaHH3MaMHU GOPMHUPOBAHUS U pa3pbiBa IIPOBOJIS-
IIMX HUTEH B IIpefieslaX aKTUBHOTO c1os (38, 39], Momy-
nsiuuu 6apeepos IloTTKY [40, 41], CBSI3aHHBIE C ITPOLIeC-
CaMHU 3aII0THEeHH S ¥ 0CBODOSKIeH s JIOBYIIEK [35], ocHO-
BaHHBIe Ha Ilepexofax MoTTa-AHIepcoHa [36], a Takke
Ha IIPOTeKaHUU TEPMOXUMHUUYECKUX U 3TIeKTPOXUMHU-
YeCKHUX OKUC/IHTeTbHO-BOCCTAHOBUTEIBHBIX PeaKIIUH
(44, 45].

Hawubosnee romy/sspHBIMH OAXOLAMHI K IOHMAHHIO
MeXaHH3MOB [IePeK/TI0YeH I COITPOTHB/IeHHU I (Kak Ou-,
TaK U YHHUIIOJSPHBIX IIPOLIECCOB) SIBISIOTCS MOJENH,
OCHOBaHHBIe Ha OPMUPOBAHUH U Pa3pbiBe HUTEM IIPO-
BOOUMOCTH. Kak ITpaBUIIo, peub UieT O BapUaIMU KOH-
LIeHTPAllM ¥ KUCIOPOSHBIX BAKAHCHH B 'KaHaIaX IIpPo-
BoxMMOCTH'. COBCTBEHHO, ITOC/IeIHEe SIBIISIeTCS 061U M
MeCTOM U ITpH3HaeTCcsl O0IBIIMHCTBOM HCC/IeJoBaTe/Ier
KaK OCHOBHOM MeXaHH3M, IIPUBOASIIUU K SIBJIEHUIO
[IePeK/TIIOYEHU I COITPOTUBIIEHHUS B CTPYKTYypax MM,
OmHaKO pa3sHOIIACHUS BO3HUKAIOT IIPH 00CYKAeHUHU
MeXaHH3MOB YIIpaB/leHUs "'KaHaJIAMHU IIPOBOAKMO-
cTH'" - QOPMHPOBAHHUH U Pa3pbiBe, H3MEHEHUH CBOICTB
MaTepuasna U T.I. JJobaBiaseT Hakanaa B JUCKYCCHUIO
HabnionaeMoe pasneneHue 3dpdexra Ha OUmONSIpHOE
Y YHHUIIOJISIPHOe IlepeK/IloueHHe, B 3aBUCHUMOCTH OT
MIOJISIPHOCTU IIPUKJIaZbIBaeMOro HaIlpsixkeHHUsI. Bce aTo
YCJIOSKHSIeTCSI BO3MOXKHBIMHU 3aBUCUMOCTSIMHU OT MaTe-
praia u ToNIKHE pabodero cios (OKCHIa), pa3mepa
BepXHEeTo 37IeKTPofa U APYyTUX PaKTOpoB. XOTSI MHOI'He
BOITPOCHI BCe ellle 0CTAI0TCs 6e3 oTBeTa, MOKHO yBe-
PEeHHO KOHCTAaTUPOBATh, YTO KaK THII, TAK M KOHLIEHTPa-
LIS TOUeUHBIX fledeKTOoB B IIpefiesiax CI0si UMeIoT IIpsi-
MoOe OTHOIIIeHHe K ITpolieccaM I1epeKII0UeHU .

IToMHMO MeXaHH3MOB IIepeK/II04YeHHUs, CYyLeCTBYeT
U PSLL IPYTUX HepelleHHBIX ITpobieM, 3aTpySHSIOMIX
BBIXOJl Ha PBIHOK BBICOKOMHTETIPUPOBAHHOM MaMSTH
(ReRAM). K HUM OTHOCSATCS HHTEerpalus ¥ COBMECTH-
MOCTB C CyIIeCTBYIOIel TeXHOJIOTHel, HeOJHOPOA-
HOCTb ITpH IIepeK/II0YeHHU U CTPYKTYP, HeCTabHIBHOCTh
IapaMeTpoB siueeK MaMsTh. Ocobo cyiefyeT OTMETUTh
Heob6X0qMOCTb B OO/IBIIMHCTBE C/IyuyaeB IPUMEHSTh
poLenypy 1eKTPoGOPMOBKH ([I0LAYK HUMITYIbCOB
JOOCTATOYHO OOIBIION AMIIJIMTYABL U ONIPeeeHHON
MOJISIPHOCTH), YTO CaAMO I10 cebe mpefCcTaBiseT ompe-
Ie/leHHYI0 ITpobieMy, a TaKsKe CBSI3aHO C HEOAHO3HAY-
HOCTBIO IIapaMeTpOB COOPMHUPOBAHHBIX CTPYKTYP
3HEProHe3aBHCHUMOM IIaMsITH. HecMoTps Ha obrine
HepelleHHBIX IIpobieM, HHTepecC K IPUOOPHON peartu-
3aLMH, K OITHUMHU3ALHUK PabOUUX CTPYKTYP MeMPH-
CTOPOB C HUCII0JIb30BAaHKEM Pa3HBIX MeTOZOB CUHTe3a
AKTUBHOM CpeJbl (Jalle BCero OKCUAOB), pa3Hoobpas-
HBIX KOHQUI'YpPaLIUH MHOTOC/IOMHBIX CTPYKTYP, Bapu-
ALl KOHCTPYKTUBHBIX 0COODEHHOCTE! YCTPOMICTB He
ocinabeBaeT. DTO I103BOJILET HaLeIThCS HA CO3LaHMe
YHHBEPCAIbHOIO YyCTPOHCTBA ITaMSITH, KOTOpPOe CTaHeT
SHeproHe3aBHUCHUMBIM, Kak Flash, obecrieuut 6picTpoe
IIporpaMMHUpOBaHHEe U BpeMs JOCTyIIa, Kak SRAM,
a TaK>Ke BBICOKYIO IIJIOTHOCTh M HU3KO€e SHepromoTpe-
6nenue. Eciu Takasi yHUBepcaabHasl IAMSTh OCYyIlle-
CTBHMMa, OHa CMOXKeT 3aMeHHUTh He TonbKo Flash, Ho
TaK>Ke BO3MOKHO 1 DRAM, a 3Ha4yuT, 6yZeT BBICTYIIaTh
B Ka4yeCTBe YHHUBEPCAJIbHOTO HOCUTE/S, KOTOPHIH, B
KOHEUYHOM CueTe, U3MEeHHUT [IPHUHIUIIBl BEIYHUCIUTEb
HBIX CHCTeM. Pe3loMHpysl, MOKHO KOHCTaTUPOBATh, YTO
MMEeHHO Pe3HUCTHBHAas [IaMATh IIPOM3BOJILHOIO JOCTYIIA

is increased to a crystallization
temperature (Tgy), but remains
below the melting temperature
(Trele)- Since the material crystal-
lization is not instantaneous, it
is very important for the pulse to
be long enough, and for the PCM
material temperature to remain
high for a sufficiently long time.
After the completion of crystal-
lization, the device changes its
state from high resistance to low
resistance state. The read pro-
cess is relatively simple com-
pared to reset and set processes.
The read operation uses a com-
paratively small amplitude pulse,
which does not upset the state the
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device memory. One of the main
problems associated with PCM is
power consumption. Changing
the crystalline structure of the
film requires a relatively high
temperature and, consequently,
quite a high current. Estimates
show that even a 15 nm PCM
requires a reset current of about
40pA [12].

Ferroelectric non-volatile mem-
ory (FeERAM) is similar to DRAM
(capacitor-based ferroelectric)
in its structure. The write pro-
cess is accomplished by chang-
ing the polarization vector of
the ferroelectric layer based
on the difference of potentials

between electrodes. The advan-
tages of FeRAM over flash mem-
ory include low power consump-
tion, fast write operations and a
significantly greater maximum
number of write cycles, which
exceeds 1014, The shortcomings of
FeRAM include much lower den-
sity, limited capacity and higher
cost [13-17]. One of the world
leaders in the development and
manufacture of electronic com-
ponents for different purposes
using a patented technology of
creating non-volatile ferroelec-
tric RAM (FeRAM) is Ramtron
International. It has large com-
panies as FeRAM technology
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Tabauua 1. CpagHeHue napamempos pasAut4HbIX munos namsmu
Table1. Comparison of parameters of different types of memory

MapameTtp I;:gsllg Flash NAND MRAM PCM FeRAM ReRAM
lnetianEisHeAki 10F2 4F2 20F2 > 8F2 4p2 2P 4F2-8P2
Cell size
Konnyectso LMK/IOB nepesanmncu 5 4 2 9 14 1
Number of write cycles 1o 19 19 1 =1 1
3aTpatbl 3HEpruuv Ha 6uT, nAx 100 100 5 6 003 01
Energy per bit, p) ’ '
Hanps>keHune 3anucun/nepesa-
nucm, B 10 15 1,8 3 1,3-3.3 1-1,5
Write/rewrite voltage, V
HanpseHwne cunTbiBaHUA, B _ _
Reading voltage, V 1,8 1,8 1,8 1,2 1,3-3.3 0,1-0,5
Bpems nepesanucu, HC 3_17 5 16 i
Overwriting time, ns 10°-10 10°-10 35 100 40 1-10
Bpems xpaHeHus, net
Storage time, years 10 10 >10 >10 10 >10

(ReRAM) siB/sieTCSI KAHAMIATOM Ha POJIb TAKOH YHH-
BepCasIbHOM ITAMSITH.

B 3aBepIleHUY JAHHOTO pasfiesa IIpUBeeM TabIuIly
CpaBHEHUS [IapaMeTPOB HCII0/Ib3yeMOH U I1epCIIeKTHB-
HOM ImaMsTH (Tabi1.1), MoHKMMas, YTO UX 3HAUeHU S I
IIOC/IeAHEH SIBISIOTCSI OPHeHTUPOBOUHBIMU.

HA NYTU K CO3AAHUIO MEMPUCTOPHOW MAMATH
TeXHOJIOTHUSI IPOU3BOJCTBA CTPYKTYP Pe3UCTUBHOMU
MaMSTH BK/IIOYaeT [IOATOTOBKY I10//IOKEK, HaHeCeHHe

HU>KHero 3JeKTpofia, Kak IIpaBu/o, u3 Metauaa (Pt,
Au, Al,... u TiN), cunTe3 pabouero cos (dalle BCero
13 OKCHU/IOB METAJIJIOB) U HaHeCeHHe BePXHero 3jeK-
Tpoja AuameTpoMm He 6osee 100-300 MKM. OTMeTHUM,
YTO peub HUJET 00 SKCIIepUMEeHTaTbHEIX 06pasIax.
i HaHeCeHHU sl METAJIJIOB MCIIONIB3YIOTCS TeXHOJIO0-
I'MM MarHeTPOHHOIO PaCIIblIEHHUS, 3JIeKTPOHHOJIyYe-
BOI0 McIlapeHus U Ap. CUHTe3 MeTa/IJIOOKCH/I0B 0CY-
IIeCTBIIAETCS MeTOJAMU PeaKTUBHOTO MarHeTPOHHOIO
pacIblIeHHs] 1 aTOMHO-C/I0€BOI0 OCaskaeHUs (Atomic

developing licensees or part-
ners, such as Texas Instruments,
Fujitsu, Toshiba, Samsung, Hynix
etc. In [18] and [19], the authors
make forecasts of the further
development of FeRAM devices,
discuss the prospects of replac-
ing flash memory, and come to
conclusions that reprogrammable
memory devices based on ferro-
electrics have all the good chance
of becoming highly competitive
among other non-volatile mem-
ory devices, provided the prob-
lems of their aging and reliabil-
ity are resolved and non-destruc-
tive information reading is
assured. The modern approaches

to increasing the information
recording density include using
ferroelectric effects found in
nanoscale films, for example, in
doped hafnium oxide.
Magnetoresistive memory
(MRAM) is a random access mem-
ory device, which, unlike other
types of memory, stores informa-
tion as using magnetic elements
rather than electric charges or
currents. This type of memory is
formed of two ferromagnetic lay-
ers separated by a thin dielectric
layer. Magnetoresistive mem-
ory has speed comparable to that
of SRAM memory. It has the
same cell density, but the power

consumption is lower than in
DRAM memory. It is faster and
does not degrade over time in con-
trast to flash memory.

Resistive Random Access
Memory (ReRAM) is characterized
by storing data in cells through
changing the material resistance,
and not through electric charge.
It appears to be alternative non-
volatile memory with high stor-
age density, low power consump-
tion and high speed of operations.
Ferroelectric (FeRAM) and mag-
netic (MRAM) memories do not
meet today’s requirements, and
they are unlikely to compete with
flash memory even in the long
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Puc.1. ALD-ycmaHoska Beneq TFS 200 u nAaacmuHbl ¢ MOHKU-
mu nneskamu Al,O; u TiO,. B ueHmpe — pesyabmamel Usmepe-
HUS MOAWUHbI NAEHKU 0KCUudd aAoMuHus (HepaeHoMepHOCMb
no moawuHe meHee 0,6%)

Fig.1. ALD system Beneq TFS 200 and wafers with thin films of
Al,O; and TiO,. In the center — measurements of film thickness
of aluminum oxide (thickness irregularity less than 0.6%)

Layer Deposition, ALD). IlociefHUM HONY4YUII AOCTa~
TOYHO HIMPOKOE PACIIPOCTPaHEHHe, TaK KaK [T03BO/IsIeT
[0oJIy4aTh TOHKHE IJIEHKH OKCHI0B MeTaJlJIOB XOpO-
I1ero KauecTBa (IIMPOKUH CIIEKTP MaTepUasIoB, OIITU-
MasbHas CTeXHMOMeTPHUS, OLHOPOLHOCTD I10 TONIIHHE,
MHOTOC/IOMHOCTbD C pe3KMM HUHTepdercoM U T.II.), IIPU
3TOM Ha pBIHKe IIpeJCcTaBaeHbl ALD-yCTaHOBKHU A0CTa-
TOYHO BBICOKOTO YPOBHS, Hanipumep, TES 200 prHCKOI
KOMITaHHU Beneq.

Hiuke IpuBeJeHBbI [10/1y4eHHble aBTOPAMU JaHHOM
CTaTbH Pe3y/IbTATHI [10 Pea/IM3alluK 31eMeHTOB pe3u-
CTHBHOM IaMJTH Ha 6a3ze MeMPHUCTOPHBIX [IBYXC/IOH-

term, at least, on a data density

MEMRISTORS AS NEW

HBIX CTPYKTYp TiO,/Al,0; 1 AL,O5/TiO,, H3roTOBIEHHBIX
MeTOJO0M aTOMHO-C/IO@BOT0 OCA>K/IE€HH S C UCII0/Ib30Ba-
HHEM B KadeCTBe [IPeKypPCOPOB TPUMeTH/IATIOMHUHHUS
(TMA) u TeTpakuc (IuMeTwIaMuHO) TUTaHa (TDMAT)
u H,0 npu Temnepatype nomaoxku Pt/Ti/Si0,/Si200°C.
[IneHKH okcuAoB TUTaHa TiO, u anmomunus Al,O; 0cask-
JaTMCh Ha IOAJIOKKH Si/SiO, (I1acTUHBI MOHOKPHCTA/T-
JTMYeCKOro KpeMHHSI C TepMHUUYeCKHU BbIpallleHHBIM
OKMCJIOM) C HAHeCeHHBIM HMKHUM Pt-371eKTPOIOM Ha
yctaHoBKe TFS 200 komnaHuu Beneq (puc.l u Tabm.2).
I[Tocye ocaskaeHUs 06pa3Libl OT)KUTATUCH B aTMOoCchepe
KHcsopona mpu TeMmieparype 200°C B Teuenue 30 c.

CxemaTuueckHe M306paskeHUs UCIIOIb3yeMbIX B
paboTe ABYXCIOMHBIX CTPYKTYP IIPUBe/IeHbI Ha PHUC.2.
Crnou SiO, TonmuHOM 100 HM cPOPMUPOBAH Ha IIOJ-
JIOKKe TepMHUYeCKH OKHCIeHHOro kpeMmHwus (100)
p-TUIa. AATe3HMOHHBIN CJI0M TUTaHA TONIIKMHOU 10 HM
JelIOHKUPOBaH Ha csIoH SiO, ¢ IocaeAyOIMUM HaHece-
HHeM HUXHero IUIaTHHOBOIO 3/1eKTPoJa 3/eKTPOH-
HOJIy4YeBbIM HCIIapeHHeM. BepxHHe 3/1eKTpPoAbl Pt
chopMHPOBaHBI 3/IeKTPOHHO/Iy4eBbIM HCIIaPeHHEeM C
HCIIONb30BAaHHEM MeTalJIMYeCKON Macku. Iliromans
BEPXHHUX 1eKTPOJOB cocTaBUIa 1074 cm?.

Bapuanus mocienoBaTelbHOCTH C/I0€B OKCH/OB
aJIOMUHUS U TUTAHa IIpec/efjoBaja UCCIeloBaTe/Ib-
CKHe LenH. IIpeAIonaranock, 4To 3TO IIO3BOIUT pac-
MIMPUTh QYHKITMOHAIbHBIE BO3SMOKHOCTH U ITOBBICUTh
OCHOBHBIE ITapaMeTPHI pabovdux CTPYKTYP ¢ 3dpdeKToM
Pe3HCTHBHOIO MepeK/IoYeHHs U IaMATH. PopManbHO
cuctemsl Pt/TiO,/Al,0,/Pt ABASIOTCS CHMMETPUY-
HBIMH, OJHAKO UMEIOT Pa3/IMuHble 31eKTpHuUecKue
CBOMCTBA: HallpUMep, BeJIMUUHBI COIIPOTHBIEHUS

StTiO;, Pry,Ca,;MnO; etc.) and

level. However, it is commonly
believed that flash memory, which
stores a charge, starts having prob-
lems below 20 nm. Memristors
seem to meet the contemporary
non-volatile memory require-
ments in relation to both scaling
and switching speed. Moreover,
memristors are more attractive due
to their low power consumption
when recording information and
their capacity to have the multi-
level states and, consequently, their
prospects of being used in artificial
neuromorphic computer systems
with new technology of data stor-
ing, processing and transmitting.
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ELECTRONIC COMPONENTS

The memristor was first described
by Leon Chua in 1971 [20, 21, 22].
However, it gained significant
interest only after a series of works
performed by Stanley Williams and
a group of researchers at the HP lab
(23], who announced the creation
of a solid structure with memris-
tor properties. It is assumed that
the switching and memorizing
effects observed in IOM-structures
for more than 40 years are the man-
ifestation of memristor properties.
The fact that they are observed in
a large variety of thin oxide layer
films (znO, NiO, SiO,, TiO,, Zr0,,

electrodes (Pt, Au, Ag, Al, TiN etc.)
props up L. Chua’s idea about exis-
tence of a fourth basic element
in electric electrical circuits [24-
38]. This stimulates the interest
for investigating the mechanisms
causing the switching and memo-
rizing effects in MDM structures.
There are various theories and phys-
ical models explaining the mecha-
nisms of resistance switching in
such devices. The most famous
ones include models of conduction
and mechanisms of forming and
rupturing conductive filaments
inside the active layer [38, 39], mod-
ulation of the Schottky barrier [40,
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Tabauya 2. Xapakmepucmuku OKCUOHbIX NAeHOK
Table 2. Characteristics of oxide films

ALO, TiO,
MokasaTesib NMpesoM/IEHNS _ _
Refractive index 1,60-1,63 2,35-2,45
CkopocTb pocta, A/umkn N _
Growth rate, A/cycle 11-1.3 0,50-0,65

CTPYKTYP I10CJIe U3TOTOBJIEHUS OTIMYAITCS Ha CeMb
IOPAKOB. 3eCh U Jajiee U3MepeHHe COIIPOTUBIIe-
HUS IIPOM3BOSUJIOCH IIPU II0faYe Hebonpimoro (0,1 B)
IIOCTOSHHOIO HampsikeHu4. IlompasymeBaercs, 4To B
3TOM CJIy4yae He IPOMCXOJUT 3aMeTHOIO U3MeHeHU
CBOMCTB HCCIe[yeMbIX CTPYKTYp. Bo3MOXHas IpH-
YHHA CTO/Nb 3aMETHOTO Pa3/JIU4Ms BeTUUYHUH COIpPO-
THUBJIEHHUS MHOTOC/IOMHBIX CTPYKTYP MOKeT OBITh CBSI-
3aHa € 0COOEHHOCTSIMU TeXHOJIOTUH UX IIOy4YeHus,
B YAaCTHOCTH, C Pa3/JM4HOI IPOJOJIKUTEIbHOCTBIO
TeIlJIOBOrO BO3LEHCTBUS BO BpeMs CHHTe3a IIJIeHOK
(Temmepatypa momniokky 200°C) ¥ BO3MOSKHBIM BIIHSI-
HHeM aTMOoCepsl IIPU OTKUTe I10C/Ie HAaHeCeHU s CJI0eB
(200°C, 30 c). B mepBOM Ciy4ae "HUSKHSIS' IJIEHKA IIPU
CHHTe3e HaXO0JMUTCS 1P IIOBBIIIIEHHOMN TeMIlepaType B
ZlBa pasa Jojble. [Ipy OT>KUre CyIleCTBeHHBIM MOKeT
0Ka3aThCsl BIHUSHUE aTMOChepsl Ha "BePXHHUMN CJIOH.
OTMeTHM, 4YTO B HaCTOsIek paboTe C/I0M OTCUUTHIBA-
I0TCS1 OT ITOJJIOKKH — "CHHU3Y BBEPX .

CTPYKTVYPbI PT/AL,0,/TIO,/PT
BAX cTtpykTyp Pt/Al,05/TiO,/Pt TUNHYHA AIs
MeMPHUCTOPOB M JAeMOHCTPUPYeT OUIONSIPHOe

SiO, (100 Hm) / p-Si (100)
(a) (b) ©)

m . .

Al O TIO

Ti (10 HM) / Pt (100 HM)

okeunp,
Oxide

(a) Tio, TiO. TiO,

2

(b) TiO,/AL,O,
() AI,O,/TiO,

Omnxur 8 cpege O,, 200°C
BTeyeHne 30 ¢
Annealing in O,, 200°C

within 30 s Tio2 TiO /Al O, AlLO/TiO,
30 HM 30/5 HM 5/30 HM
Pt, Al, Au (150 HM) 60HM  60/5 Hm /50

Mnowapab okono 10 cm?
Area of about 10 cm?

Puc.2. "TexHonozu4eckas kapma" cuHmesd u noAy4eHHble Ha-
HOpA3MepHble MemMpUCMopHble CMpYKmMypbi

Fig.2. Synthesis process chart and obtained nanoscale memris-
tor structure

nepeKal0YeHHe COINPOTUBIEHUS MeXIYy ABYMS
YCTOMYMBBIMU SHEProHe3aBUCHUMBIMHU COCTOSHU-
sMu (puc.3a). UMeHHO TaKoe IoBeJeHHUe SIBISeTCs
0a30BBIM /151 CO3/laHHUS YHEPrOHe3aBHUCHMOK pe3u-
CTUBHOU MaMSATH. YCTONYHNBOE OUIIONSIPHOe Iepe-
KJII0YeHUe COIPOTUB/IEHHUS C OTHoLeHHUeM R, /R ¢
okosio 102, ympaBisieMoe HebOIBIIMM HaIpsiXKe-
HueM +0,8 B (Tab51.3), Habnoman0Ch IIOCIE IIPeLBa-
PUTeNbHOM ABYXCTaAHUNHOMN 31eKTPOYOPMOBKH.

41] associated with the processes
of filling and releasing traps [35],
based on the Mott-Anderson transi-
tions [36], as well as thermochemi-
cal and electrochemical redox reac-
tions [44, 45].

The most popular approaches
to understanding the resistance
switching mechanisms (both bi -
and unipolar processes) are based
on the models of forming and
rupturing conduction filaments.
Usually, they refer to variations in
the concentration of oxygen vacan-
cies in the "conduction channels".
In fact, the latter is commonplace
and recognized by most researchers
as the main mechanism causing

the phenomenon of resistance
switching in MDM structures.
However, disputes arise in the dis-
cussion of the "conduction chan-
nels" control mechanisms: forma-
tion and rupture, changes in the
material properties, etc. The dis-
cussion becomes even more heated
with the seen separation of the
effect into bipolar and unipolar
switching, depending on the polar-
ity of the used voltage. All of this
is further complicated by a pos-
sible dependence on the material
and thickness of the operational
layer (oxide), the size of the coun-
ter electrode and other factors.
Although many questions remain

unanswered, we can confidently
say that both the type and the con-
centration of point defects within
the layer are directly related to the
processes of switching.

Besides switching mechanisms,
there are a number of other unre-
solved issues, which prevent highly
integrated memory (ReRAM) from
becoming widely marketed. They
include integration and compati-
bility with the existing technology,
heterogeneity of switching struc-
tures, and parametrical instability
of memory cells. Particularly note-
worthy is the need in most cases
to use the electroforming process
(using high amplitude impulses

#1 /63 /2016 NANO INDUSTRY
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Fig.3. Volt-ampere characteristic of Pt/Al,O5/TiO,/Pt system (a); schematic representation of switching mechanism: ON (b) and OFF

(c); band diagram of structure (d)

ConpoTHUBIeHHEe B BHICOKOOMHOM COCTOSHUHU (HRS)
coctaBaso 2000 OM, a B HU3KOOMHOM COCTOSSHHH
(LRS) - 28 OMm.

MBI IpeAIioaraeM, 4YTo IMepBbI Al HeTPUBHAIIb-
HOTIO IIpoliecca ABYXCTaJUNHOU 31eKTPOPOPMOBKH
CBSI3aH ¢ HeobpaTUMBIM Ipoboem Al,0;-ciosi: mpu
MIPUJIOKEHUH I10JIOKUTeIbHOT0 HaIpsisKeHUs (+5 B)
Ha BepxHeM Pt-3y1ekTpofe (C OorpaHHYeHHEeM TOKa
10 MA) TOK MeKAY 3JIeKTPOoJaMU Pe3KO YBeJIUYMBAJICSI
J10 YPOBHS OTPaHUYEHU S, [IPOMCXOJMIIO 3HAUUTEIIb-
Hoe BhIZie/ieHue [[>Koy/ieBa Telljla U, KakK ClIe[CTBUe,
BO3HHUKAJI TeIlJIOBOM, HeobpaTUMBIH IIpoboi ciios
Al,O;. CompoTHBIeHHE [IPH 5TOM H3MEHSIIOCh Ha [jBa

IopsAKa, a CUCTeMa Iepexofusia U3 HadaJlbHOIO B
"MpoMesRyTOYHOe" COCTOSHHE.

BTopoii mar cBsi3aH ¢ co3ganueM cios TiO, ,, obora-
IEeHHOT0 KUCIOPOJHBIMH BaKaHCHUSIMU BOJIM3U BEpX-
Hero Pt-3fekTpoja IIpH Iofade Ha Hero -2,2 B. Cinon
BO/IM3HU BepxHero Pt-anlekTposia oboramaeTcst KKC/I0-
POAHBIMH BaKaHCHUSIMHU, TO eCTb popMuUpyeTcs obe-
OHEHHBIN 10 KUCIOPOAYy CJIOH okcuAa TUTaHa TiO, .
B aToM ci1y4ae cuCTeMa H3MeHSeT CBOe COCTOSHHUE OT
"mpomeskyTouHOro" o BeIcokooMHoro (HRS).

[Tpouecc BratoueHUsl (ON) MPOUCXOAUT, KOTAA
Ha BepXHHH 31eKkTpox nomaercs +0,8 B (puc.3b),
U CHUCTeMa M3MeHseT cocTossHue oT HRS mo LRS.

and defined polarity), which per se
presents a problem, but also related
to the parametrical ambiguity of
the formed non-volatile memory.
Despite the abundance of unre-
solved problems, the interest in
instrumental implementation and
optimization of operational struc-
tures in memristors using different
methods of active medium synthe-
sis (mostly oxides), various config-
urations of multilayer structures,
and various designs of devices
remains unabated. This augurs
well for the creation of a versatile
memory device, which will be non-
volatile like flash memory, ensur-
ing fast programming, offering

HAHO MHOVCTPHA #1/63/2016

access speed like in SRAM, high
density and low power consump-
tion. If such a versatile memory is
producible, then it may replace not
only flash, but DRAM too. Hence,
it will be used as a versatile car-
rier, which will ultimately change
the principles of computational
systems. In summary, we can say
that resistive random access mem-
ory (ReRAM) is a good candidate for
versatile memory.

At the end of this section, we
present a table comparing the
existing and prospective memory
types (Table 1), being aware that
the values for the latter are only
indicative.

ON THE WAY TO CREATING
MEMRISTOR MEMORY

The technology of manufactur-
ing resistive memory structures
includes preparation of substrates,
deposition of the counter elec-
trode, usually made of metal (Pt,
Au, Al,... and TiN), synthesis of
the operational layer (most often,
of metal oxides) and deposition of
the base electrode with a diame-
ter of 100-300 microns. Note that
these are experimental samples.
Metal layering uses the technology
of magnetron sputtering, electron
beam evaporation etc. Metal oxides
are synthesized using reactive
magnetron sputtering and atomic
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Tabauua 3. OCHOBHbIE NApamempbl NepexAoUeHuUs cucmembl

Pt/AlL,O5/TiO,/Pt

Table 3. Main parameters of switch of Pt/Al,O,/TiO,/Pt system
TonwwmHa TiO,, Hm 60
Thickness of TiO,, nm
TonuwwmHa AlLO;, HM 5
Thickness of Al,O;, nm
MepexntoyeHmne bunonspHoe
Switch Bipolar
Vore/Von. B -0,8/0,8
Rore/Ron: OM 2000/20

BenuvuyuMHA CONPOTHUBJIEHUS H3MeHSETCS Ha JBa
nopsigka: ot 2000 mo 28 OM. IIpoTHBOIIOTIOKHOE I1epe-
kioyenue (OFF) u Bo3BpameHnue K HRS (prc.3c) mpo-
MCXOOUT IIpU moxgade -0,8 B, B 3ToM THIIe CTPYKTYP
HabaogaeTcs yCTOMYHUBOe MepeKIToueHre MeXIY
IOBYMsI COCTOSHUSIMHU, IIpHUeM 063 eMOHCTPUPYIOT
3¢ PeKT 3HeproHe3aBUCHUMOU NaMSTH.

CTPYKTYPbI PT/TIO,/AL,0,/PT

IIp1 NPOTHUBOIONIOXKHOM pacIosoxkeHuu cnoes TiO,
u Al,O; compoTuBieHUe CTPYKTyp Hoslee ueM Ha ceMb
nopsAKoB Beile. O4eBUHO, YTO TaKyI0 eTro Belu-
YHHY MOXeT 06ecrieduTs ToabKO c10i Al,O; (yoenpHoe
corporuBnenue 1013-10° Om-cM, mpotus 104-107 OmM-cM
IJ151 OKCH/Ia TUTAHA). YlellbHOe COIIPOTHB/IeHHe Hejle-
THPOBAHHOIO aHATa3a M PYyTHJIA HAXOASATCS B JUAIIA-
3oHe 10%-107 OM'cM, Ho Tpu popmupoBanHuu Ti3* oHO
yMeHbIaeTcs 70 10 Om-cM A1 aHaTasa v 10 100 Om-cMm
IJ71s pyTHaa [46].

EcTbh OCHOBaHUS I0/1aTaTh, YTO aKTHBHBIN Ilepe-
KJIIOYAONMUICS /10K B 3ToM ciydae Al,0; a cion
TiO, BEICTYIIAeT B KadeCTBe pe3epByapa KHUCIOPOJ-
HBIX BaKaHCUM. TaKas CTPYKTypa YBepeHHO AeMOH-
CTPUPYeT MHOTOYPOBHEBOE IIePeKTIYeHHe, IIPUYeM
6e3 mpefBapUTeNbHOrO IPOBeNeHHUS Iporecca Gop-
MOBKH. ITO 0O3Ha4daeT, UTO ABYXC/IIOKMHAs CTPYKTypa
JAaHHOTO THIIA TOTOBA K MepeK/IIYeHHUI0 HeIlloCcpe-
CTBEHHO II0C/Ie ee CHHTe3a (puc.4a), TO eCTh IIPoLecC
GOpPMOBKHM OCYIIECTBASECTCS y>Ke Ha 3TaIle MU3r0TOB-
JIeHUS: CHHTEe3a U BRICOKOTEMIIePATYPHOI0O OTKHTA.,
Takas TexHOJOrus ABJISeTCs, OUeBUAHO, IIPelIlo-
YTHUTENBHOM B CMBIC/Ie COTJIACOBAHUS C "KIaccHuyie-
ckuMu" KMOII-ipouieccamMu IIpHU CO34aHHHU CIIeIlHha~
JIU3UPOBAHHBIX BBIUUCIUTEIBHBIX CUCTEM.

I[Tpouecc Habopa (SET) s Pt/TiO,/Al,05/Pt cTpyK-
Typ IPOUCXOAUT HPU OTPUIlATEIBHOM HaIlpsKe-
HUM Ha BepxHeM 3JeKTpoze, a mmpomecc cbpoca
(RESET) - IOpU MOJIOKUTE/NbHOM HAIPSIXKeHHUH,
TO eCTh IepeKkJTIYeHHe IPOUCXOLUT 110 YacOBOH
cTpenke (B To BpeMs KaK B IIpeABIAyILeM CIy-
Yae - IPOTHB YaCOBOM CTPeNIKH). ITH LIUKJIBI YCTOM-
YKMBO [IOBTOPSIOTCS C M3ME@HEeHUSIMHU COIIPOTUBJICHU S
Ha CeMb IIOPAAKOB I10 BeJIUYKUHE, TO €CTh OT 81012 o
6-10° OM. YpoBeHb IepeK/II0UeHHUs 3aBUCUT OT Be/H-
YMHBl HaIIPSKeHHs, YMeHbIIAIoIero salloMmHae-
MoOe COIIPOTHBJIEHUE.

Korpa oTpuiiaTe/sibHOe HAIIPSIKeHUE IIPUKJIALbI-
BaeTCs K BEPXHEMY 3/IeKTpofy, Habnogaercs gperd
KHUCIOPOAHBIX BakaHcUM U3 TiO, , B Al,O;, uTo obecre-
YMBaeT CMellleHUe 30HHOM JUarpaMMBbl, IIPUBOAsllee
K MHKeKIIMH HOCHTe el 3apsia (puc.6a).

layer deposition (ALD). This synthe-
sis is rather widespread as it creates
thin metal oxide films of good qual-
ity (a wide range of materials, opti-
mal stoichiometry, uniform thick-
ness, sharp interface layers etc.),
while the market offers high-end
ALD equipment, for example, TFS
200 produced by the Finnish com-
pany Beneq.

Below is the presentation of the
results obtained by the authors
of this article in the formation of
resistive memory elements based
on memristor two-layer struc-
tures of TiO,/Al,0; and Al,0,/TiO,,
prepared by atomic layer depo-
sition using precursors made of

trimethylaluminum (TMA) and
tetrakis (dimethylamino) tita-
nium (TDMAT), and H,O at the
Pt/Ti/Si0O,/Si substrate temper-
ature of 200°C. The titanium
oxide (TiO,) and aluminum oxide
(Al,05) films were deposited on
the Si/SiO, substrate (monocrys-
talline silicon wafers with ther-
mally grown oxide) with Pt base
electrode deposited on the TFS
200 Beneq equipment (Fig.1 and
Table 2). After deposition, the
samples were annealed in an oxy-
gen atmosphere at a temperature
0f 200°C for 30 s.

The charts of two-layer struc-
tures used in work are shown in

Fig.2. The SiO, layer with a thick-
ness of 100 nm is formed on a sub-
strate of p-type thermally oxi-
dized silicon (100). The titanium
adhesion layer with a thickness of
10 nm is deposited on the SiO, layer
followed by deposition of the plat-
inum base electrode using elec-
tron beam evaporation. The coun-
ter electrodes Pt are formed by
electron beam evaporation using
a metal mask. The area of counter
electrodes is 10 cm?.

The sequential arrangement of
aluminum oxide and titanium
layers was varied in the pur-
suit of the research goal. It was
assumed that this would extend

#1 /63 /2016 NANO INDUSTRY
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Fig.4. Volt-ampere characteristic in semi-logarithmic scale of Pt/TiO,/Al,O,/Pt structure (a) and multilevel resistance switching (b)

YBelHUYeHHe KOHIIeHTPALMH KUCTOPOSHBIX BAaKaH-
CHUH IIPUBOAUT K yBeTMYEeHHIO KOHLIEHTPALIMH JIOBYLIIEK
(1,53B sHepruu [47]) B 3ampemieHHOM 30He Al,O; (puc.5b)
U IIOSIBJIEHUIO IPOBOSUMOCTH B Al,0;-croe (puc.5a).
KoHIIeHTpalus JOBYIIeK 3aBUCUT OT IIPHUIOKeHHOTO
HaIIPSOKeHUS, KMeHHO II03TOMY MBI MOKeM Habio-
IaTh IIOSIBJIEHHe ITPOBOJMMOCTH U U3MEeHEHH S YPOBHEH
nepeK/IoUYeHUs . [IpbI’KKOBBIH TPAHCIIOPT I10 JIOBYIIEY-
HBIM LIeHTPaM OOBbsICHSIeT 3HAaUUTeJIbHBIM POCT IIPOBO-
OUMOCTH [P He6OIBIIOM H3MeHeHHUH II0TeHI[Majla Ha

3aBUCUMOCTH IPOBOAUMOCTHU cos Al,O; oT pas-
HOCTH IIOTEHLIHAJIOB MeX/AY 3JeKTpojaMHU M, KaK
npexlonaraeTcs, oT KOHIIeHTPALlMK B HeM JIOKaJIH-
30BaHHBIX COCTOSIHUI (N), olrpemenseTcs MexaHH3-
MOM IIPBI’KKOBOIO TPAHCIIOPTa, KOTAA IPOBOSUMOCTD
obycoB/IeHa HEeYIIPyTUM TYHHeIHPOBAHUEM MeXIY
6AMKAaUIIUMU LeHTpaMu [48, 49]. OueBHIHO, UTO
B 3TOM CJIy4yae COIPOTUB/IEHHe C/10s LHU3IeKTPHUKa
OyZeT onpenensiThCs CETKOM C/1y4YakHBIX COPOTHBIIE-
HUN (Abpaxamca-Muiiepa) U B IIepBOM IIPUOIHKe-

BEPXHEM 3JIEKTPOLE.

the functionality and improve
the basic parameters of opera-
tional structures with the resis-
tance switching and memoriz-
ing effects. Formally, the Pt/TiO,/
Al,O5/Pt systems are symmetric,
but have different electrical prop-
erties: for example, the resistance
values of the structures after fab-
rication differ by seven orders
of magnitude. Thereinafter, the
resistance was measured using
low (0.1 V) DC voltage. It was
assumed that this did not sig-
nificantly change the proper-
ties of the examined structures.
Such noticeable differences in the
resistance values of multilayer

HAHO MHOVCTPHA #1/63/2016

HUU IIepKOISLIUOHHBIM PafinycoM I = 0,085N1/3:

structures could be associated
with the their fabrication pecu-
liarities, in particular, with dif-
ferent thermal exposure dura-
tion in the synthesis of films (sub-
strate temperature of 200°C) and
possibly atmospheric effects dur-
ing the annealing process after
deposition (200°C, 30 s). In the
first case, the "lower" film dur-
ing the synthesis is at an elevated
temperature for twice as long. At
the time of annealing, the atmo-
spheric effect on the "upper" layer
may be significant. Note that in
the present work, the layers are
counted beginning from the sub-
strate, i.e. from bottom to top.

PT/AL,0,/TIO,/PT STRUCTURES

The VA characteristics of Pt/
Al,04/TiO,/Pt structures are typ-
ical for memristors and demon-
strate bipolar resistance switch-
ing between two stable non-vola-
tile states (Fig.3a). It is the behav-
ior, which is fundamental for cre-
ating non-volatile resistive mem-
ory. Stable bipolar switching with
a resistance ratio R, /R of about
102, driven by a low voltage of +0.8
V (Table 3), was observed after pre-
liminary two-stage electroform-
ing. The high resistance state
(HRS) was 2000 Ohms, and the
low-resistance state (LRS) was 28
Ohms.
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pP= PoeXP(W

),

TOYHA, YTOOBI ITPEOIOIeTh TIOTEHLIMAIBHBIH 6aphep Ha

KOHTAaKTe.

2
rge a = s% - 6OpOBCKUI pasuyc. MHKeKLIUS B
00beM MOXKET OCYIIeCTB/SATHCS TYHHETHPOBAHHEM I10
MexaHH3My Paynepa-Hoparerima MaH TepMO3JIeK-
TPOHHOM 3MUCCHEN U TEPMOCTUMY/IHUPOBAHHBEIM TYH-
HeJIMpOBaHHeM. TepMOCTUMY/IHUPOBAHHOE TYHHE/IH-
pOBaHHe JOMHHHUPYeT B CPeLHUX MONSX U CPeHHUX
TeMIlepaTypaX, KOoI[a TeIlJIoBasl SHeprus HeaocTa-

NEKTPOHHAS KOMMOHEHTHAS BA3A MEMPUCTOPHOM
HENPOMOP®HOW NNIAT®OPMbI

Hcmonp3ys aAByxcaonHble MAM-cuctemsl Pt/TiO,/
Al,04/Pt u Pt/Al,0,/TiO,/Pt c 3aMeTHO pa3nuyvalo-
OMIMMHUCSA CBOfICTBaMI/I, IIOoJTy4eHbl MEMPHUCTHB-
Hble CTPYKTYPBI C yCTOMYUBLIM OUIIONSPHBIM Iepe-
KIlo4YeHHeM. [IpenIosKeHHBIH MeXaHH3M Ilepe-
K/II0OYeHHUs OTKPbIBAET IIepPCIeKTUBHl pa3paboTku

We assume that the first step of
the non-trivial two-stage electro-
forming process is associated with
the irreversible disruption of the
Al,O5-layer: when a positive voltage
(+5 V) was applied to the counter
Pt-electrode (with a current limit
of 10 mA), the current between the
electrodes sharply increased to the
limit with a significant emission of
Joule heat, subsequently causing an
irreversible heat disruption in the
AL O; layer. The resistance changed
by two orders of magnitude, and
the system switched from the ini-
tial to "interim" state.

The second step is creation
of a TiO,, layer enriched with

oxygen vacancies near the coun-
ter Pt-electrode with -2.2 V applied
to it. The layer near the counter
Pt-electrode is enriched with oxy-
gen vacancies, i.e. it forms an oxy-
gen-depleted titanium oxide layer
TiO,,. In this case, the system
changes its state from the "interim"
to high resistance (HRS).

The switching-on process (ON)
occurs when the counter electrode
receives +0.8 V (Fig.3b), and the
system changes from HRS to LRS.
The resistance value is changed
by two orders of magnitude: from
2000 Ohms to 28 Ohms. The oppo-
site switching (OFF) and return to
HRS (Fig.3c) occurs at 0.8 V. This

type of structures is character-
ized by a steady switching between
two states, wherein both the states
demonstrate a non-volatile memory
effect.

PT/T10,/AL,0,/PT STRUCTURES

With the opposite arrangement
of TiO, and Al,O; layers, the resis-
tance of structures is higher by
more than seven orders of magni-
tude. It is clear that this value can
only be attained by using an Al,0;
layer (its specific resistance is 1013~
10> Ohm-cm in contrast to 104-107
Ohm-cm for titanium oxide). The
specific resistance of undoped ana-
tase and rutile are in the range

#1 /63 /2016 NANO INDUSTRY
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MHOTOYPOBHEBBIX CHCTeM Ha OCHOBe MHOIOCIOH-

HBIX CTPYKTYp. Co3maHMe COBpeMeHHOM 3/1eMeHTHOM

6a3bl MUKPO- M HAHO3TeKTPOHUKHU, OCHOBAHHOH Ha

HOBBIX QM3UYEeCKUX IPUHIUIIAX, OTKPBIBAET HEOrpa-

HUYeHHBbIe [IePCIIeKTUBLL [IOBBIIIEHUS IaPaMEeTPOB

YCTPOMCTB SHeProHe3aBUCHUMOM MaMSTH U pas3pa-

GOTKHM aHAJIOTOBBIX BEIYUCIUTEIBHBIX CUCTEM, B TOM

YHCIe HePOMOPOHBIX.

KOHEeYHOM I1e/IbI0 CO3[aHMSI HOBOTO S3HEProHe3aBHU-
CHMOTO0 YCTPOCTBA IaMSITH ~ MEMPHUCTOPA, GPYHKIHO-
HUPOBaHKe KOTOPOro OCHOBAHO Ha U3MeHeHHUH (repe-
KJIIOUeHHUH) COPOTUBIIEHHUS, ~ SIBJISIeTCSI GOPMUPOBa-
HUe CUCTeM, 06eCIIeUHBAIOIINX PaHee HeIOCTHKUMbIe
IapaMeTpsl K BO3SMOKHOCTH:

* 3HEProHe3aBHUCHMOCTb U 3HeProd3pPpeKTHBHOCTD
(XpaHeHHe B IaMSTH He 3apsifia, a COCTOSIHHU S, COOT-
BETCTBYIOIIETO OIIPe/ie/IeHHOH ITPOBOJHMOCTH);

¢ MHOTOYPOBHEBOCTH JIOTHUECKUX COCTOSSHUH (Xpa-
HeHUe B OJJHOM sYelKe aMsTH bonee ogHOro 6uTa
nHPOpMaLKH);

* CBepXBBICOKAsl IJIOTHOCTHh 3alUCH HHOpMa-
MU (MHOTOC/I0eBasl TPeXypOBHEBAsE KOMIIO3UIIH S
C MUHHMAaJIbHBIM SHEeproBble/IeHUEM);

* CBEpPXBBICOKASI CKOPOCTb 0OMeHa JaHHBIMU (MHTerpa-
LM OIIePAaTUBHOM U [JOJITOBPeMEHHOM IIAMSITH);

* HeOrpaHHUYeHHOe BpeMs XpaHeHUS HHPOPMAIUU
('xpaHeHHe" He 3apsifia, a yPOBHS COIIPOTHBIIEHHUS).
COBOKYITHOCTb BBIIIEYKA3aHHBIX pYHKIIMOHAIBHBIX

BO3MOKHOCTEH OIpe/ie/I|Ia MePCIeKTUBbI TaK Ha3bl-

BaeMOH HeHpOoMOPHON MeMPUCTOPHOM KOMIIbIOTEp-

HOM IIATGOPMBI, XapaKTepU3yIOLeHCs CIely 0N MHU

OCHOBHBIMH 0CO6€HHOCTSIMH:

* O3Y Ha MeMpHUCTOPHBIX S4YeHKaX IaMSTH

(kpoccbapax);

* ONTHYecKas CUCTeMa KOMMYTallMu QyHKIIMOHAJIb-

HBIX MOZYJIeH;

* HOBasl KOMIIBIOTePHAs apXUTeKTypa U TeXHOJIOTUs

BBIUHCJ/IEHU M, BKJIIOYAS:

* MHTerpalMIO OIlepaTHBHOM U JOITOBPeMeH-
HOM IIaMSITH 1 HOBYIO TeXHOJIOTHIO UX 0OMeHa,
* APXUTeKTYpY, B KOTOPOM MaMSITh UI'PAET K/II0-
YeBYIO POJIb B BBIIIO/IHEHUH BBIYHC/IEHHUH,
* HOBYIO TeXHOJIOTHIO XPaHEHHU I JAHHBIX;
* HOBas oIlepallMOHHas CUCTEMA.

OCHOBHBIM HCIIOJIHUTeJIeM JaHHOTO IIPOeKTa, IOy~
4uBIIero Ha3BaHue "Machine", sBisercst nabopaTopus
LAB8 ¢upmbl HP. 3HauMTeAbHAS POJIb B €0 peajausa-
nuu otBonuTcs dupMme Sandisk, KoTopas B3siia Ha cebs
pa3paborky TexHonoruu SCM (Storage Class Memory)
C IIeJIBIO TIOCTPOEHU S CUCTEMBI 110 IPHHLIUITY Memory
Driving Computing. Cpeau paspaboTYHKOB IIPOrpaMM-
Horo obecrieueHHsi, OpPUEHTHPOBAHHOIO Ha HEHPOMOpd-
HYI0 MeMPHUCTOPHYI0 KOMIIBIOTEPHYIO IIaTPOPMY, Crle-
AyeT OTMeTHTb BOCTOHCKMI YHUBEPCUTET, KOTOPBIH CO3-
JaeT CIelMaTM3HPOBAHHOE IIPOrPaMMHOe obecriedeHre
MONETA (Modular Neural Exploring Traveling Agent) mst
MEeMPHCTOPHO MaMSITH C LIe/IbI0 UMUTAI[UH 37IeMEeHTOB
GYHKLIMOHAIBHOM AesTeIbHOCTH MO3ra MJIEKOIIUTAI0-
IKX. B paMKax 3BOMIOLMH KOMIIBIOTEPHBIX IIATHOPM,
0e3yc/I0BHO, Ba)KHOe MeCTO 3aHHMaeT eBPOIeNCKUI
npoekT "The EU Human Brain Project” B paMKkax mpo-
rpamMbl Horizon 2020. 3HauUTeIbHYIO PO/Ib B €I0 peasiy-
3alMHK 3aHUMAaIOT HelpoMopdHble Gr3HUecKLe MOAeNIH
(HampuMep, 20-ypoBHeBasi HeLMPOHHAsI UCKYCCTBeHHAS

of 104-10” Ohm‘cm, but with the
formation of Ti3*, it is reduced
to 10 Ohm-cm for anatase and
100 Ohm-cm for rutile [46].

It is reasonable to believe that
the active switching layer in this
case is Al,05, and the TiO, layer
acts as a reservoir for oxygen vacan-
cies. This structure stably demon-
strates multi-level switching effect
without a preformation process. It
means that the two-layer structure
of this type is ready for switching
right after it is synthesized (Fig.4a).
In other words, the formation pro-
cess is accomplished at the stage
of fabrication, i.e. synthesis and
high-temperature annealing. This
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technology is obviously advanta-
geous in terms of matching with
the "classic" CMOS processes for
creation of specialized computing
systems.

The set process (SET) for the Pt/
TiO,/Al,05/Pt structures occurs at
a negative voltage applied to coun-
ter electrode, and the reset pro-
cess (RESET) is at a positive volt-
age, i.e. switching occurs in the
clockwise direction, (whereas in
the previous case, it was counter-
clockwise). These cycles are sta-
bly reproduced with resistance
change by seven orders of magni-
tude, i.e. from 810 to 6-10° Ohms.
The switching level depends on

the voltage that reduces the mem-
orized resistance.

When negative voltage is applied
to the counter electrode, oxygen
vacancies drift from TiO, , to AL,O;,
thus causing a band diagram dis-
placement resulting in the injec-
tion of charge carriers (Fig.6a).

The increase in the concentra-
tion of oxygen vacancies increases
the concentration of traps (1.5 eV
energy [47]) in the Al,O; bandgap
(Fig.5b) and results in emergence
of conductivity in Al,05-layer
(Fig.5a). The concentration of traps
depends on the applied voltage.
Therefore, we can observe the emer-
gence of conductivity and change
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in switching levels. The hopping
transport in trap centers explains
the significant conductivity rise
with a small change in the poten-
tial on the counter electrode.

The dependence of the Al,O;-layer
conductivity on the difference of
potentials between the electrodes
and, as assumed, on the concentra-
tion of localized states (N) is deter-
mined by the hopping transport
mechanism, when the conductiv-
ity is subject to inelastic tunneling
between the closest centers [48, 49].
It is obvious that the dielectric layer
resistance in this case is deter-
mined by a grid of random resis-
tances (Abrahams-Miller) and, to a

first approximation, by the percola-
tion radius r = 0,085 N1/3;

1,73

aNlB)’

P =poexp(

wherea=¢ is the Bohr radius.

m e’
The injection into the volume
can be carried out by tunneling
through the Fowler-Nordheim
mechanism or thermionic emis-
sion and thermally stimulated tun-
neling. Thermally stimulated tun-
neling dominates under medium
fields and medium temperatures,
when the thermal energy is insuf-
ficient to overcome the potential
barrier at the contact.

ELECTRONIC COMPONENTS

OF A MEMRISTOR NEUROMORPHIC
PLATFORM

Two-layer MDM systems of Pt/
TiO,/Al,05/Pt and Pt/Al,04/TiO,/Pt
with considerably distinct prop-
erties helped to obtain memris-
tor structures with stable bipolar
switching. The proposed switch-
ing mechanism opens up pros-
pects for designing multi-level
systems based on multilayer
structures. The creation of mod-
ern micro- and nanoelectronic
elements based on new physi-
cal principles opens up unlim-
ited prospects for improving
the parameters of non-volatile
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memory devices and developing

analogous computing systems,

including neuromorphic ones.

The ultimate goal of creating a
new non-volatile memory device, or
memristor, which functions based
on resistance change (switching), is
to develop systems that provide ear-
lier unattainable parameters and
features:

+ energy independence and energy
efficiency (storage in the memory
of a state corresponding to a par-
ticular conductivity rather thana
charge);

 multi-level logical states (storage
in a single memory cell of more
than one bit of data);
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+ ultra-high density recording of
information (multilayer three-
level arrangement with mini-
mum energy emission);

« ultra-high speed data exchange
(integration of operational and
long-term memories);

+ unlimited information storage
time ("storing" a resistance level
rather than a charge).

The combination of the above
functionalities has outlined the
prospects for the so-called neuro-
morphic memristor computing
platform with the following main
features:

+ RAM with memristor memory
cells (crossbars);

« optical switching system of func-
tional modules;

 new computing architecture and
technology, including:

* integration of operational and
long-term memories and new
technology of data exchange;

o architecture, where the mem-
ory plays a key role in perform-
ing calculations;

« new data storage technology;

¢ Tnew operating system.

The main executor of this project
titled Machine is HP’s LAB8 labora-
tory. A significant role in its imple-
mentation is played by Sandisk,
which took over the development
of SCM (Storage Class Memory)
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technology with the aim of build-
ing a system of Memory-Driven
Computing. Among software devel-
opers of memristor-based neuro-
morphic computing platform, we
should note Boston University,
which creates specialized soft-
ware called MONETA (Modular
Neural Exploring Traveling Agent)
for memristor memory to simulate
some elements of the mammalian
brain functional activity. An impor-
tant place within the evolution of
computer platforms is occupied by
The EU Human Brain Project real-
ized under the Horizon 2020 pro-
gram. Neuromorphic physical mod-
els (for example, 20-level artificial

neural network with a basic level
of 4 million neurons and 1 billion
synapses) and computer clusters
(4Tflop/s) play a significant role in
its implementation.

The major information and com-
munication platforms for neuro-
morphic computing environments
with various designs and techno-
logical embodiments are:

« neuroinformation platform;

+ medical information platform;

« brain modeling platform;

 high-performance computing
platform;

« neuromorphic computing
platform;

* neurorobotics platform.

The illustrated experimental
results [50, 51] of creating memris-
tor structures as the basis for a new
neuromorphic computing platform
were worked out by the authors of
this article, who represent the NIMS
(National Institute for Materials
Science, Japan) and St. Petersburg
State Electrotechnical University
(LETD in the framework of the inter-
national project "Controlled synthe-
sis of memristor structures based
on nanoscale compositions of metal
oxides by atomic layer deposition”
(the work was carried out under
Project 14.584.21.0005 funded by the
Ministry of Education and Science of
the Russian Federation). [ |
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