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Annotanmst. [IpennoKeHsl SKBHUBAJICHTHBIC 3NICKTPHUCCKHE CXCMBl MHOTOCIOHHBIX IUICHOUHBIX CTPYKTYP
C MEMPHUCTOPHBIM NECPCKIHOUCHUEM COMTPOTUBICHUA HA MCIKCIIOHMHBIX TPAHHUIAX W HA TPAHALAX KPUCTATUTMICCKUX
3€PEH B KAKAOM Ci1oe. UHCICHHOE MOJICIHPOBAHNUE BOJIBT-aMIICPHBIX XaPAKTEPUCTUK TAKUX CTPYKTYP IOKA3AI0,
YTO WX THUITHYHBIN 715 MCMPHUCTOPOB MICTACOOPA3HBIN BUA TPAHC(HOPMHIPYCTCS B IMHCHHYIO OMHYCCKYIO 3aBHCH-
MOCTH 0611[61"0 TOKA OT BEJIUYHUHBI IMTPHJIOKCHHOTO BHCITHETO HAMIPYKCHUA IO MEPE YBCIIMYICHH S KAK KOJIHICCTBA
CJIO0CB, TAK U KOJIMUECTBA 36PCH B KAXKIOM CJIOC. YCTAHOBICHO OIPECJICHHOC COUCTAHNCE KOIMYCCTBA CIIOEB H 3¢-
PEH B CJIOE, TPU KOTOPOM MAKCHMAJIbHBIH MMPOTEKAFOINHI Yepe3 CTPYKTY Py OOIIHi TOK ¥ OTHOIICHHE COMPOTHBIIC-
HHH B «BBIKITFOUYCHHOMY» H «BKIFOUYCHHOMY COCTOSHHAX JOCTHT AT HAHOOJIBIINX 3HAYCHHM.

K.iroueBnbie ¢Jj10Ba: MEMPUCTOP, MOACIHPOBAHHE, CIOHCTAS IIJICHKA, YKBUBAJICHTHAS CXEMa, BOJIbT-AMIICPHAS Xa-
paKTepUCTHKA.
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Abstract. Equivalent electrical circuits of multilayer film structures with memristor switching of resistance
at interlayer boundaries and at the boundaries of crystal grains in each layer are proposed. Numerical modeling
of the current-voltage characteristics of such structures has shown that their loop-shaped form, typical of mem-
ristors, is transformed into a linear ohmic dependence of the total current on the magnitude of the applied exter-
nal voltage as both the number of layers and the number of grains in each layer increase. A certain combination
of the number of layers and grains in a layer has been established, at which the maximum total current flowing
through the structure and the ratio of resistances in the “off” and “on” states reach the highest values.
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Beenenne

Mewmpuctopssiii 3 dekT, mpeacTaBIMIOUUN COO0H HU3MCHCHUE DJICKTPUUYCCKOTO COMPOTHUBICHHUS
TBEPAOTCIBHON CTPYKTYPHl MO JOCTIIKCHUH OINMPCACICHHOIO HANPSDKCHHS HA KOHTAKTaX K HEH, YTO
MPHUBOIUT K THCTCPE3UCY €€ BOJBT-aMICpHOU Xapaktepuctuku (BAX), uMeeT CylnecTBECHHBIH HHTE-
pec A CO30aHUS HOBOTO MOKONCHHA sucek mamartd [1]. Pasmepsl 3THX sueek MOryT OBITH YMCHbB-
LICHBI 0 HAHOMETPOBBIX BEINYHH O1arogapst HCIOIb30BAHHIO HAHOCTPYKTYPHPOBAHHBIX TOHKHX IIJIC-
HOK W3 MOIYIPOBOAHUKOB. PeanbHas MOMHKPUCTAIITUIHOCTE WK ONOYHAS CTPYKTYpPa TaKHUX IICHOK
MPHUBOIUT K TOMY, YTO MEMPHCTOPHBIH 3Q(PEKT B HIUX MOMKET MPOSBIITHCI HMPH MPOTCKAHHH TOKA KaK
B INTOCKOCTH, TaK W MEPIECHIUKYISPHO IUIOCKOCTH IUICHOK BCJICACTBHE ONPEIACISIOMEN POIH B HEM
MPOLICCCOB HA TPAHULIAX KPUCTATHICCKUX 3¢peH (010k0B) [2—6]. [Tpu 3TOM B MICHKAX C BRIPAKCHHON
CJIOUCTOM CTPYKTYPOH MEXaHH3MBbI BHYTPH- U MEXKCIOHHOIO MEPEKIIOUCHUN KaHAIOB MEPEHOCA HOCH-
TeeH 3apsaa MoryT omindarbes. C yIeTOM 3TOTO HPETOKCHbI 3KBHBAJICHTHBIC CXEMBI TAKHX CTPYKTYP
U BBITIOJHCHBI pacuetsl uX BAX, KOTOpEIC NPeaCTABICHBI B CTATHE.

MO}.IC.]'[]: H 3KBHBAJICHTHbBIC CXE€MbI

OcHOBY MpeanaracMbIX 3KBHBAJICHTHBIX CXEM COCTABIIOT Pa3pabOTaHHBIC aBTOPAMH MOJETBHEIC
MIPECTABJICHUS O CIOUCTOH INIEHOYHOH CTPYKType [7], B paMKax KOTOPHIX MPOTEKaHWE TOKA BHYTPH
KPHUCTAJUTHUCCKUX 3CPCH UePE3 UX BHYTPH- H MCIKCIIOMHBIC TPaHHLIBI OMHCAHO THHCHHBIMH PE3UCTHB-
HBIMH 3JICMCHTaMU. Y 4eT MEMPHCTOPHOTO 3 eKTa 0CyECTBICH 3aMCHOH PE3HCTOPOB, COOTBETCTBYIO-
[IMX BHYTPH- U MCKCIOHHBIM IPAaHHLIAM, HA MEMPHUCTOPHI ¢ ructepesrcom BAX.

B kauecTse Takoro 3nemMeHTa Ob11a BEIOpaHa OJHOMEPHAS MOACTh MEMPHCTOPA C JKECTKHM MEPEKITIO-
YEHHEM, PAaCCMOTPEHHAA B [§], CTPYKTYpHAS M SKBHBAJICHTHASA CXEMBI KOTOPOTO TOKa3aHbl Ha puc. 1.
[IpeanonaraeTcs, 4To0 MEMPHUCTOP AJIMHOM D pasneneH Ha ABC OOMACTH, XapaKTCPU3YIOLIHECS COOT-
BETCTBCHHO BBICOKOH (Rpy) 1 HU3KOH (Rypp) mpoBoauMocTsMu. | paHnnia, pasac/siromast 3tu o0nacTH,
crocoOHa UBMEHATh CBOE MOJIOKCHHUE B 3ABHCUMOCTH OT KOJHYCCTBA MPOLICAIICTO YEPE3 MEMPHUCTOP
3apsga g. Ecau npoTsskeHHOCTE 001acTH ¢ BBICOKOW MPOBOAUMOCTBIO W PaBHA JJIMHE MEMPHCTOPA,
TO oTHOWICHUE W/D = 1 M mMPOBOAUMOCTE MEMPHUCTOPA MONHOCTHIO ONPEIACISIOTCS MCKTPHUCCKUM
CONpOTUBICHHEM 3TOH obnacTu. [lpu yMeHbIICHHN AJUHBI 00MACTH C BBICOKOH MHPOBOAMMOCTHIO
no uyas (npu w/D = () COMPOTUBICHHEC MEMPHUCTOPA OMPEACSCTCS TONBKO 001aCThIO0 ¢ BHICOKHUM
COTIPOTHBJICHHUEM.

w
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Puc. 1. Moaems paboucii 001acTH MEMPHCTOPA (@) M €10 SKBHBAJICHTHAS JJICKTPHICCKAA cxema (h)
Fig, 1. Model of the active region of a memristor (@) and its equivalent electrical circuit (5)

Maremaruueckasi MOACTb PACCMATPUBACMOTO MEMPHUCTOPA MOKET OBITH MPEACTABICHA YPABHCHHU-
v [8]:

w w
Ry (W)= Roy — + Rogp | 1—— |; 1
M( ) OND OFF( D) ()

1(1)= Ry~ (WU (o), @)

rae R, (w) — conpotusiacHue Mempuctopa, Om; /(f) — mporekaromui uepe3 MmeMpuctop 1ok, A; U(r) —
HANpPsUKCHHE, TPHIOKEHHOE K MeMpHCTOpY, B: £ — Bpems, c.
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Hsmenenue co BPCMCHCM JJIMHBLI W 00/IaCTH BBICOKOM MPOBOAUMOCTHU RON OIMUCBHIBACTCA YPABHC-
HHUCM

awmt) _
dr

rac L — CPpCAHAA MOABUKHOCTD YACTHUL], OTBCTCTBCHHBIX 34 NMOABJICHUC MCMPHUCTOPHOTO 3(1)(1)€KT3,, 3aBHU-
CAmAs OT UCTOIB3YEMOTO MaTepuana mieHkH, cM%/(B-c).

WuTerpupys ypasHeHue (3), MOXKHO MOAYYHUTH 3aBUCHMOCTD BETHYHMHEL W OT KOJTHYCCTBA MPOLIC-
LIETO YePe3 MEMPUCTOP 3apsiaa g(f)

uR%m), 3)

W) = o +uR%q<t), 4)

LIC Wy — MOCTOSHHAS HHTETPHPOBAHHA, (PU3HUCCKUM CMBICIIOM KOTOPOU SBIICTCS HAYATbHOC 3HAUCHHE
BETHYMHBL W; ¢(f) onpeaenseTcs mo Gopmyae

q(t)=[ 1)t Q)
0

Benwuunnza nporeaimero yepe3 MeMpUCTOp 3apsaa g(f) Tak jke, Kak | 3aBUCHMOCTB ToKa /(f) ot Bpeme-
HH, B 00IIEM CIy4ac He u3BecTHA. s mpeonoaeHus 3Toi HeonpeaeneHHoCTH mpu pacuete BAX Mempuc-
TOPOB MONYUCHO peineHue ypaBueHui (1)—(3) a/1st TOka B 3aBUCUMOCTH OT HanpspkeHus U(7) ¢ U3BECTHOM
(YHKIHECH N3MEHCHHUS BO BPEMCHH, TaK KaK OHO 337aCTCsl BHCIIHUM HCTOUHHKOM HAIPSKCHHS

Z 2
v 1_2L2 1_Rﬂ RﬂJ’U(t)dt _ (6)
OFF oFF ) foFF |

I(t) =

N3 ypasuenus (6) caeayert, uto npu { = 0 [(0) = U/Rypp. C poctom Hampstxenust U(f) 3HaMEHATEITh
YMCHBIIACTCS, 00CCICUUBAs HEIMHCHHOS BO3PACTAHHUE TOKA, A TPU NPUOIIKCHHUH 3HAMCHATETSI K HYJTIO

f
C YBEJIMYECHUEM HHTETpaia IU (?)dt TPOUCXOIUT PE3KUH POCT TOKA, UTO KAYCCTBCHHO aJCKBATHO OTpa-

JKACT MPOSIBICHUC MeMpHCTco)pHoro s¢pdekra.

[Ipennaracmas SKBHBANICHTHAS CXEMa MHOTOCIOWHOW (HA MpUMEpEe TPEXCIOWHOH) IJICHOYHOH
CTPYKTYPHI, B KOTOPOH MEMPHCTOPHOE NICPEKITIOUCHUC COMPOTUBICHUS K,y IMEET MECTO TOIBKO Ha rpa-
HULIAX 3¢PCH BHYTPH KAXKIOTO CII0s, MPEACTABICHA HA puUC. 2.
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Puc. 2. OKBHBAICHTHAS IICKTPHICCKASL CXCMA TPCXCAOWHOHN TLICHKH
C MCMPHUCTOPHBIM NMCPCKITFOICHUCM COMPOTHUBJICHUA HA MCK3CPCHHBIX TPAHUIIAX BHYTPH KAXKAOTO CIIOA
Fig. 2. Equivalent electrical circuit of a three-layered films
with memristive switching at grain boundaries in each layer

IIporexanme TOKa Yepe3 MOABOAAINNE KOHTAKTHI, BHYTPH KPUCTAUIMUIECKUX 3EPEH M UEPE3 MEXK-
CJIOHHBIE TPAHHUIBI KOHTPOJIMPYETCS COOTBETCTBYIOIIMMHU THHEHHBIMH PE3UCTUBHBIMH JICMEHTAMH —
R R, Rioq. 1lpeanonaractcs MASHTHYHOCTD CBONCTB KPHCTAUIMYCCKUX 3€PEH, MEK3CPEHHBIX
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U MEYKCTOCBBIX TPAHUL]. Y UTCHO, YTO KPUCTAIIHICCKHIC 36pHA B COCCIHUX CIOSIX MOTYT OBITh CMCIICHBI
JpyT OTHOCHUTEIBHO APYTa.

J11 MHOTOCJIOMHOM TUIEHKH C MEKCIOEBBIM MEMPHUCTOPHBIM MEPEKITIOUEHHEM COTTPOTHBICHUS JK-
BUBAJICHTHAS YMEKTPHUECKAs CXeMa Moka3aHa Ha puc. 3. OHa moryueHa 3aMEHOH B IPEABIAYIIECH SKBU-
BAJICHTHOM cxeMe Ry Ha Ry .o U Ry, HA R p.

50))

}?cam Reont Roant .ann!
1-i ¢y108A
Lg

Mescnoiinbiia
fapbep

Runat Rpar2 Ruat Runat Rbara Rinar Rnat Ryar2

3epua
Puc. 3. OxBUBaNCHTHAS 3JCKTPHUCCKAS CXEMA TPEXCIOHHON TUICHKH
C MCMPHUCTOPHBIM NCPCKIIIOICHUCM COMMPOTUBJICHIA HA MCKCIIOCBBIX IPAHUIIAX
Fig. 3. Equivalent electrical circuit of three-layered films with memristive switching at layer boundaries

DKBHUBAJICHTHAI CXEMa [UIs CIydas MEMpPHCTOpHOro 3(ddekra oTHOBPEMEHHO Ha MEK3CPCHHBIX
M MCHKCITOCBBIX TPAHULAX MOTYYCHA BKIIOUCHUEM JOTIOTHUTEIBHBIX MEMPHCTOPHBIX SIEMCHTOB B OHY
W3 NPUBCICHHBIX cxeM. PaccMOTpeHHBIC BapraHTh! OBLTH HCTIONB30BaHBI A7 aHanmu3a BAX, peructpu-
PYEMBIX MPH HPOIMYCKAHHH TOKA B INIOCKOCTH IUICHKH, JCKalleH Ha u3omupyromei noanoxkke. OxHa-
KO TOCIIE TIEPEHOCA OJHOTO M3 SICKTPHUYCCKUX KOHTAKTOB K HIDKHEMY CIOK0 IVICHKH OHH IPHUTOJHBI
u ans MoxenupoBanust BAX mpu mponyckaHuu ToKa NEPICHANKYISIPHO TUIOCKOCTH IUICHKH, JICKAICH
HA 3ICKTPONPOBOIAIIEH MOT0XKKE.

Mopnenuposarne BAX MHOrOCTOMHBIX MUICHOK MO MPEAIOKCHHBIM SKBUBAJICHTHBIM CXEMaM 0OCY-
HICCTB/SLIN B porpamvuom komimiekce Micro-Cap 12. KoaudectBo cioeB u3mensiu ot 3 10 9, a ko-
JMYECTBO KPUCTALIMYECKUX 3€peH B cioe — oT 15 mo 30. BeauunHer conmpoTuBIeHNH, IPEICTABICH-
Hele B Tabi. |, BeIOHMpany HA OCHOBE OLICHOK 3NICKTPOHHBIX CBOMCTB MarcpHaoB, JCMOHCTPHPYFOLTHX
MeMpUCTOpHBIH 3¢ ekt [2-6].

Taéamma 1. ITapameTpsl, ICTIONBE30BAHHbIC TIPH MOACTHPOBAHUH BOJIBT-AMIICPHBIX XaPAKTEPUCTHK
CIIOMCTBIX IJICHOYHBIX CTPYKTY P
Table 1. Parameters used in modeling the current-voltage characteristics of layered film structures

Roy, OMm | Ropp, XOM | Ry, xOM | R, OM | R,.. OM | Ry, OM | R0, OM
Ja mopemupoBanud Ky,
100 | 100 | 20 | o001 | 100 | 500 [ 1000
Jna moneupoBaHus R,
0o | 10 | 1 | o001 | 100 | 500 | 1000
Ipumeuanue — Ryyr — HAYATLHOE COTPOTUBIICHHAE MEMPUCTOPA, OTIpeieNiieMoe oOTHOIIeHreM w/D [9].

Paznung B BEIHUMHAX TTAPAMETPOB I MCMPUCTOPOB Ry U R, . a TaKKC Ry, U Ry, TIPU3BAHEL
VYECTh TOT (haKT, UTO IUIOINAAb MEK3CPCHHEIX IPAHHL] HE MCHEE YeM HA MOPSA0K MCHBIIE TITOIAH MEXK-
CJAOWHBIX TpaHull, PacueTsl BBIMOMHCHBI AJIS1 ICPEMEHHOTO BHEIHETO HanpsukeHus U(f) = Uysin(2rr),
rae U, = 10 B. Ilo paccunranaeiM BAX aHanu3upoBaiyl BIMSHHAC KOMHYCCTBA CIOCB U KOTHYCCTBA
KPUCTAIUTMYECKUX 36PEH B KAKIOM CJI0€ HA MAKCHMAIBHBIH TOK, MPOTEKAOIIAN B TNIOCKOCTH IUICHKH,
U Ha OTHOIICHUE K, /R, B Touke BAX, COOTBETCTBYIOMICH MAKCUMAIBHOMY TOKY. Benuuauna 31oro
OTHOLICHUS aKTyadbHA JJIsl OLICHKU MEPCIICKTHB MPUMECHCHHS KOHKPETHBIX MEMPUCTOPHBIX CTPYKTYP
B CHCTCMAX 3ICKTPOHHOU U POBOI 00padOTKU U XpaHCHHUS HHPOPMALHIH.
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Pesyabrarhbl HCC/IEAOBAHHIE H HX 00CYXKIEHHE

Ha puc. 4 npusenenst BAX cTpyKkTyp, B KOTOPBIX MEMPHCTOPHOC NICPCKITIOUCHHE COMPOTHBICHUS
MIPOUCXOJUT TOJBKO HA MEK3EPEHHBIX I'PAaHUIAX BHYTPH KAXKIOTO CIIOA, UTO YUTCHO B SKBUBAJICHTHON
cxeMme, MoKa3aHHOH Ha puc. 2. B xauecTse mpuMepa B3sATa CEMHUCIONHAA TUICHKA Ha H30IHUPYIOIEH IO~
JOXKKE, a paccunTaHHbiec BAX oTIHYarOTCS KOTHUECTBOM KPUCTALIHYCCKUX 3epeH B cnoe. s cpashe-
Hust iokazaHa 1 BAX ¢ IMHUTHOrO MEMPHUCTOPA.
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Puc. 4. BonsT-aMIepHbIE XapaKTEPUCTUKA CEMUCTIONHBIX INICHOYHBIX CTPYKTYP
C MCMPHUCTOPHBIM NECPCKITOUCHUCM COTIPOTHBICHUA HA MCK3CPCHHBIX T'PAHUTIAX
B 3aBUCHMOCTH OT KOJHYCCTBA KPHCTALTHICCKHX 3€PEH B KAKIOM CIIOC
Fig, 4. Current-voltage characteristics of seven layers films with memristive switching
of resistance at crystal grain boundaries for different numbers of grains in each layer

[letneobpasusiii BUA paccuuranHbix BAX XoTd ¥ SBAIETCS THITUUHBIM A1 MEMPUCTOPHEIX CTPYK-
TYp, cyimecTBeHHO orimyactcs ot BAX eaunnmunoro mempuctopa. [lepekmoucHue Bcel CTPYKTYPBI
W3 BBICOKOOMHOTO B HH3KOOMHOC COCTOSIHHE MPOHCXOIMUT MPH OOJBIIEM BHCIIHEM MPHIOKCHHOM Ha-
npspkeHud. Ero BeamtnHa BO3pacTaeT ¢ YBEIMHMEHUEM KOJIMUECTBA KPUCTANTHICCKUX 36PEH B OTHOM
cioe. Ilpu 5TOM H3MEHAETCS MAKCHMANBHBIM TOK, MPOTEKAIOMINN HYepe3 MHOTOCIOWHYIO CTPYKTYPY,
W VMCHBIIACTCA IIHPHHA METAH. 3aBUCHMOCTh 3THX M3MEHCHHUH OJHOBPEMEHHO OT KOMHYCCTBA 3CPCH
U CJIOEB WIIIFOCTPUPYIOT JAHHBIE, IPUBEICHHBIC HA PUC. 3.
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Puc. 5. MakcumansHsIi T0K /.., (@) u otHOmeHHE R, /R i, (P) B MHOTOCTOHHBIX TJICHOTHBIX CTPYKTYPax
C MCMPHUCTOPHBIM NECPCKITOUCHUCM COTIPOTHBICHUA HA MCK3CPCHHBIX T'PAHUTIAX
B 3aBHCHMOCTH OT KOIHYCCTBA CTOCB N I PA3TIMYHOTO KOTHICCTBA KPHCTAITIICCKAX 36PEH B KAKIOM CJIOC
Fig. 5. Peak current /. (@) and the rate R,,,./R,.;, (b) in multilayered film structures with memristive switching
of resistance at grain boundaries as a function of number of layers N
for different numbers of crystal grains in each layer
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[NToxazarenu Ha puc. 5 cHatel ¢ BAX, paccuMTaHHBIX [T BCEX AHATM3UPYCMBIX COUYCTAHHH KO-
JMYECTBA CJIOEB U KOMUYECTBA 3€peH B cioe. M3MeHeHne MakCUMaabHOTO TOKA HOCHT HEPEMEHHBIN
xapaxTep. OH MOHOTOHHO CHH)KACTCS C VBEJIUUCHHECM KOJTHUYCCTBA CIOCB NPH «MATOM» U «OOTBIIOM»
KOJIHYECTBE 3¢PCH B ¢l0¢ (COOTBETCTBEHHO 15 1 30 3epeH), XOTS B MPOMEKYTKE MCIKAY ITUMH 3HAYC-
HUSIMH JIEMOHCTPUPYET HE3HAMUTCIBHBIN PocT. Takue 3aBHCHMOCTH HAXOAAT OOBSICHCHHE, €CIIH YIECTh
KOHKYPHPYIOIIYIO POJIb NMAPATUIEIbHBIX KAHATIOB MPOTEKAHUS TOKA, KOJIHMUECTBO KOTOPBIX YBEINIHBACT-
€4 C BO3pACcTaHHUEM KOJIHMHUECTBA CIIOEB, M POCT MOCIICIOBATENBHO BKIIOYAEMBIX IIPH 3TOM COIPOTHBIIE-
HUH MEKCIOHHBIX OapbepoB K, ;.

B orauune 0T 3aKOHOMEPHOCTEH U3MCHCHUS MAKCHMAJIBHOTO TOKA OTHOMICHHE R, /R iy, Xapax-
TepHU3yIoLIce IHPHHY neTin BAX, MOHOTOHHO YMEHBIIACTCS KK C YBEIMUCHHCM KOTHYCCTBA CIOCB,
TaK ¥ ¢ BO3PACTAHUEM KOJTHUYECTBA 3¢peH B cnoe. [Ipu kommuectre 3epen 30 u Oonee nmeTas BooOIe
OTCYTCTBYCT (Ryu/Rmin = 1) ipu mr000M koudecTse ¢aoeB. K aTomy pesyisrary, Kak K aCUMITOTE,
CTPEMATCA M OTHOWICHUS Ry, /Ry, TPU MCHBIIUX KOJHYCCTBAX 3¢PEH B CIIOC, UYTO CBHACTEIBCTBYCT
00 ompeaenAromeH Ponu OMHYCCKUX CONPOTHUBICHUHA B OOIIEM TOKE, MPOTCKAOIIEM UEPEe3 MHOTO-
CIIOUHYIO CTPYKTYPY.

Ha puc. 6 npeacrasaeasr BAX cTpykTyp, B KOTOPEIX MEMPHCTOPHOE NICPEKITIOUCHHE COIPOTHBIIE-
HUS IPOUCXOANT TONBKO HA MEXKCIOHHBIX TPAHHULIAX, UTO OTPAKEHO B IKBUBATICHTHOH CXeME, IIOKA3aH-
HOH Ha puc. 3. B kauecTBe mpuMepa, Tak Ke, KaK | B IPCIBIAYIICM CIyUac, B3ITa CCMUCIOWHAS TICHKA
Ha WU30JHPYIOLICH MOAMIOKKE, a paccunTanHbic BAX oTaHUaroTCs KOMTHIECTBOM KPUCTAIHICCKUX 3¢-
PEH B CIIoe.

| 19 3epHA/CHOIH |
| | mmmm 25 3epHa/croit
- | 30 3epHA/CITOM |-
! | = === MeMpHCTOP

-10 -8 -6 -4 -2 0 2 4 6 8 10
IIpmnoxentoe nanpsoxerne U, B
Puc. 6. Bonsr-aMnepHbIe XapaKTEPUCTUKH CEMUCTONHBIX IICHOYHBIX CTPYKTYP
C MCMPHUCTOPHBIM NEPEKTIIOICHUEM CONMPOTUBJICHUA HA MCIKCIIOCBBIX IPAHUIIAX
B 3aBHCHMOCTH OT KOJHYCCTBA KPHCTAUTHYCCKHUX 36PEH B KAKIOM CIIOC
Fig. 6. Current-voltage characteristics of seven layers films with memristive switching
of resistance at layer boundaries for different numbers of grains in each layer

XapakTepHbli JIsi MEMPHUCTOPHOTO MEPEKIIOUCHUST COMPOTHUBICHUS MCTICOOPA3HbIA BHEIIHUN
Bua BAX coxpansiercst 1 B caydae €ro mposIBICHUS TOIBKO Ha MEXKCTOHHBIX rpannuax. OaHako ko-
JVYCCTBCHHBIC XAPAKTCPHUCTHKH TAKOTO MEPCKIIOUCHHS MPHOOPETAIOT ONPEACICHHBIC 0COOCHHOCTH.
Bo-nepBhix, BO3pacTacT MakKCHMAIbHBIN TOK, MPOTCKAIOIINN YePe3 CTPYKTYPY. ITO OOBICHHUMO MCHB-
LIUMH BEJIMYHHAMH MEMPUCTOPHBIX COMPOTHBICHUH, UCIIOIb30BAHHBIX B PAcyeTax, 4To0bl YICCTh TO,
YTO IOIIAAb MEKCIOHHBIX TPaHUL] OONBIIC TUTOMAIN MEK3CPECHHBIX MPaHULl. Bo-BTophIX, H3MECHSICT-
¢4 XapakTep 3aBucuMmocteit I, u R, /Ry, OT KOJTHYCCTBA CJIOCB MPH PA3IUYHOM KOIHYCCTBE 3CPCH
B croe (puc. 7). Cnexyer OTMETUTb, YTO TH 3aBHCHMOCTH NPHOOPETAIOT XaPaAKTCPHBIC MAKCHMYMBI
JUIS TIJICHOK, COCTOSINUX U3 7—9 ClIoeB.

HeMOHOTOHHBIH XapakTep MPUBSACHHBIX 3aBUCUMOCTCH OOBSCHICTCS KOHKYPCHIMCH MEXKAY TO-
CJIe0BATENBHO COEAMHEHHBIMH U NTAPAIUICIBHBIMH KaHAJIAMH IPOBOANMOCTH B MHOTOCIOHHOH CTPYK-
Type. YBEINUECHNE MapAICTbHO BKIIOUEHHBIX KAHAIOB U KOTHIECTEA CIIOEB BEAET K BO3PACTAHUIO MaK-
CHUMAITbHOTO TOKa H TeM OOJBIIEMY, YeM MCHBIIE KOJTHICCTBO 3¢PCH B KakaoM cioe. [Tpu sTom oOmmit
TOK OTIPCACTACTCS CONMPOTUBICHUAMHA R, 1 Ry 0.
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Puc. 7. MakcumamsHbIi TOK /.., (@) 1 oTHOmCHHE R, /R i, (P) B MHOTOCTOHHBIX TICHOTHBIX CTPYKTYPaX
C MCMPHUCTOPHBIM NCPCKIIIOICHUCM COMMPOTUBJICHIA HA MCKCIIOCBBIX IPAHUIIAX
B 3aBHCHMOCTH OT KOJIHYCCTBA CIOCB N IS PA3TIHYHOTO KOTHICCTBA KPHCTATIICCKAX 36PCH B KAXKIOM CJIOC
Fig. 7. Peak current /. (@) and the rate R, /R,.;, (b) in multilayered film structures with memristive switching
of resistance at layer boundaries as a function of number of layers N
for different numbers of crystal grains in each layer.

IMo mocTkCHUH OMPEACICHHOTO KOJUYCCTBA CJIOCB (B paccMaTpuUBacMbIX pacuetax — 7-9) oc-
HOBHYIO PO/ib, OTPAHUYHMBAMINYK) TOK, HAYMHAKT MNPHOOPETaTh MOCICAOBATCIBHO COCIUHCHHBIC
COTIPOTHUBJICHUS MCMPHUCTOPOB, BKIIOUCHHBIX MCXKIY CI0AMH. MakCUMAaNbHBIH TOK [, ¥ OTHOIIC-
HUC R,/ Ry AMEIOT TCHACHLMIO K CHIDKCHHUIO. [IpH 3TOM B HCC/ICIOBAHHOM JHANA30HE M3MCHCHHS
KOJIMYECTBA CIOCB M 3¢PCH B CJIOC BEAMYMHA OTHOLICHHS R, /R i XOTh M YMCHBIIACTCS, HO CBOCTO
ACHMIOTOTHME CKOTO 3HAUCHUS, PABHOTO CANHMUIIC, He AocTturacT. HecMmoTps Ha ymeHbIICHUE /., ¥ OTHO-
wieHust Ry, /R iy, 3TH APAMETPBI OCTAKOTCS B AMHAMUYTHOM COCTOSIHHH, HE JOCTHTAs! YCTAHOBUBIITHXCS
3HAMCHUH, YTO MOAUYCPKHUBACT BAKHOCTH YUCTA KOHKYPCHLMH MCKIY PA3THIHBIMUA KAHATAMH MPOBO-
JUMOCTH B MHOTOCJIOMHBIX CTPYKTypax. Takum o0pa3oM, MPeaCTABICHHBIC PE3YIbTaThl ICMOHCTPHPY -
FOT BIMSIHUE CTPYKTYPHBIX (PAKTOPOB HA BICKTPHUCCKUE CBOMCTBA CUCTEMBbI, OTKPHIBAS ICPCIICKTHUBBI
JUISE JATbHEHIIMX UCCICA0BAHUE B 001aCTH MHOTOCIOMHBIX CTPYKTYP ¢ MEMPUCTOPHBIMH 3JICMCHTAMU.
OIHOBPEMCHHOE MPOSIBICHUE MEMPHCTOPHOTO MEPSKITIOUCHHUST HA MCHK3CPECHHBIX H MEHKCIOCBBIX Tpa-
HULIaX WITOCTpUpyoT BAX, npuBeacHHbIC Ha puc. 8.

22
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| mmm=25 3epra/cnoit
| — 30 3eprA/cHON
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Puc. 8. Boabsr-aMIepHbIe XapaKTEPUCTUKH CEMUCTIONHBIX INICHOYHBIX CTPYKTYP
C MCMPHUCTOPHBIM NCPEKITIOICHUCM CONPOTUBICHUA HA MCK3CPCHHBIX U MCKCTIOCBBIX TPAHUIIAX
B 3aBUCHMOCTH OT KOJHYCCTBA KPHCTALTHYCCKHX 3€PEH B KAKIOM CIIOC
Fig, 8. Current-voltage characteristics of seven layers films with memristive switching
of resistance both at grains and layer boundaries for different numbers of grains in each layer

11



Jokaagsr BI'VHP Doxkrapy BGUIR
7. 22, Ne 3 (2024) V.22, No 3 (2024)

Caeayer oTMETUTh CTAOUIBHOCTH OOIICH (POPMBI BONMBT-AMIICPHEIX XAPAKTCPUCTHK, KOTOPas CO-
XPaHACTCS B BHAC METICOOPA3HON CTPYKTYPBI. DTO CBHACTCIBCTBYCT O KOHCHCTCHTHOCTH 3((EKTOB
B CHUCTCMC NPH H3MCHCHHU CTPYKTYPHBIX MapamMeTpoB. B KOHTEKCTEC MpEICTAaBICHHBEIX HA pHC. 9 3a-
BHCUMOCTEH [, 1 Ry, /R, OT YHCIIA CIOCB U 3CPCH B CJIOC OTUCTIMBO MPOCICKUBACTCS OIU30CTh
KaK B KaUCCTBCHHOM, TaK W B KOJHYCCTBCHHOM OTHOLICHHAX K aHATOTHYHBIM 3aBHCHMOCTSIM, MTOIY-
YCHHBIM MPH BKJIIOYCHUH MCMPHUCTOPHBIX 3IEMCHTOB HA IPAHHLAX MCKAY CIosaMHu. Pesymbrarsl uc-
CIEJ0BAaHNS MOATBEPIKAAIOT, UTO NMAPAMETPHI CTPYKTYPBI, TAKHE KaK KOJIUIECTBO CIIOEB U 36PEH, CYINE-
CTBCHHO BIIHSIOT HA BIICKTPUYCCKHE XapaKTCPUCTHKH cUCTEMBI, a opma netiaeodpasneix BAX ocra-
€TCsl YCTOWIUBOW NPH BAPbUPOBAHUHU 3THUX mapaMeTpos. [ IpumMeuareibHO, 9TO Kak /., Tak u Ry, /R,
B CHCTEME C MEMPHUCTOPAMHU MEXKIY CIOAMH MPOSABISIOT CXOKHE 3aBUCUMOCTH C CHCTEMOH, BKIIIOUAIO-
CH MEMPHUCTOPH HA MEKCIOHUHBIX T'PAHHULAX, HOTICPKUBAS BAXKHOCTh CTPYKTVPHBIX OCOOCHHOCTCH
B (hOPMHUPOBAHUHN BICKTPUICCKUX CBOUCTB. Mrtak, 3aBucumoctu I, ¥ R,/ Ryin OT KOIUYECTBA CIIOCB
Y KOITUUECTBA 3¢PEH B CI0OC KAUYECCTBCHHO U KOJTHMUYCCTBCHHO ONMMIKE K AHATOTUYHBIM 3aBUCUMOCTSIM, T10-
JYYCHHBIM PY BKIIOYCHHN MEMPHUCTOPHBIX 3JICMEHTOB HA MEKCIOHWHBIX TPAHHLAX.
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Puc. 9. MakcumamsHsli 10Kk 7, (@) u otHomewnue R, /R, (b) B MHOTOCTOHHBIX TJICHOYHBIX CTPYKTYPaX
C MCMPHUCTOPHBIM NMCPEKITIOICHUCM COMPOTUBICHUA HA MEK3CPCHHBIX H MCKCTTOCBBIX T'PAHUIIAX
B 3aBHCHMOCTH OT KOJHYCCTBA CTI0CB N IS PA3THYHOTO KOTHICCTBA KPHCTATHICCKAX 36PCH B KAKIOM CJIOC
Fig. 9. Peak current /. (@) and the rate R,,,./R,.;, (b) in multilayered film structures with memristive switching
of resistance at both grain and layer boundaries as a function of number of layers N
for different numbers of crystal grains in each layer

Hemonoronunoe uameHeHHE [, U R,/ Riyin B 3ABHCHMOCTH OT KOJHYCCTBA CJIIOCB HAHOOIICE BBI-
paxeno mist «majoroy (15-19) koaudectsa 3epeH B €10€. ITO CBHUASTEIBCTBYET 00 OMPEAC/ISIOICH
POJTH MEMPUCTOPHOTO TICPEKIIOUCHUSI COMPOTHBICHUS HA MEKCIOCBBIX TpaHuuax. [lpu 6Oapmux Ko-
aruecTBax 3eped BAX Bcell MHOTOCTOWHON CTPYKTYPBI HAMHHACT KOHTPOIHUPOBATHCI MEMPUCTOPHBIM
3(hdeKTOM Ha MEK3CPCHHBIX TPAHULIAX.

JaxsroueHue

1. TlpennoskeHHBIE SKBUBAJICHTHBIC IEKTPHIECKUE CXEMBI MHOTOCIIONHBIX IUIEHOYHBIX CTPYKTYP
€ KPUCTATHYECKAMH 36PHAMH B KQXKIOM CJI0€ U MOAEIHPOBAHKE UX BOJIBT-aMITEPHBIX XapaKTEPUCTHK
MO3BOJISTIOT 00OOIIUTS HEKOTOPHIC 3AKOHOMEPHOCTH HPOSBICHHUS B HIX MEMPUCTOPHOTO MEPEKITIOUCHUS
COIPOTUBIICHUA HAa MCXK3CPCHHBIX U MCXC/IOCBBIX I'PAHULIAX. HpI/IBe,Z[GHHbIG KOIHMYCCTBCHHBIC OLICHKH
NOJYYCHBI A1 OMIPCACICHHBIX HOMHUHAIOB OMUYUCCKUX PC3UCTOPOB U MCMPUCTOPOB. Onn AKTYaJIbHbI
715 00meU3HIeCKUX MOACTBHBIX NPECACTABICHHN, HO TPEOVIOT YTOUHCHHS I CTPYKTYP U3 ONpec-
JICHHBIX MaTCpHUaliOB.

2. B pesvnbrare Uccac0BaHUN YCTAHOBICHO, UTO XapaKTCPHBIH A1 MEMPUCTOPOB NETIICOOPa3HbIH
BHJ BOJIET-AMIICPHBIX XapaKTCPUCTHK MOCTCIICHHO TPAHC(HOPMHUPYETCS B IHHCHHYIO OMUYCCKYIO 3aBH-
CHUMOCTD 061_[[61"0 TOKa OT BCIUYHHBI NIPUIOKCHHOTO BHCITHCTO HAMPAMKCHUS 110 MCPC YBCIIMICHHUA KO-
JUYECTBA CII0EB M KOMMYIECTBA 36PEH B CJI0€ MHOTOCIOWHOM TIIeHOUHOH cTpyKTypHL. [pu aToM Mempuc-
TOPHOC MECPEKIIOUCHUE CONPOTUBICHHS HAa MCIKCIOCBBIX IPAHULAX HAHOONCE 3HAUYUMO MPOSBISACTCS
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B BOJIBT-AMIICPHBIX XaPAKTCPHCTHKAX BCCH CTPYKTYPBI, MOCKOIBKY MIOMIATL TAKHUX I'PAHHL] OOBIMHO
HAMHOTO GOJBIIIC MEIK3CPCHHBIX TPaHHLI.

3. OTMEueHO CYIIECTBOBAHHE OMPEICICHHOTO COYETAHHS KOJIMYECTBA CIOEB MU 3€PEH B CIIOE,
00ECIICUHBAONICTO MaKCUMAbHBIC 3HAYCHHS MPOTCKAMOMIETO TOKA [, M OTHOLICHUS COIMPOTHBIIC-
HUH R, /R, in, XQPAKTCPUIYIOIIHIX «BBIKIIOUCHHOCY U «BKITFOUCHHOE) COCTOSHHUS BCCH CTPYKTYPBIL

min>

Cunucok aureparypsi / References

1. Joshua Yang J., Feng Miao, Matthew D. Pickett, Douglas A. A. Ohlberg, Duncan R. Stewart, Chun Ning
Lau, et al. (2009) The Mechanism of Electroforming of Metal Oxide Memristive Switches. Nanotechnology.
20 (21). DOL: 10.1088/0957-4484/20/21/215201.

2. Lei Zhang, Tian Gong, Huide Wang, Zhinan Guo, Han Zhang (2019) Memristive Devices Based on Emerging
Two-Dimensional Materials Beyond Graphene. Nanoscale. 11 (26), 12413-12435.

3. Ki Chang Kwon, Ji Hyun Back, Kootak Hong, Soo Young Kim, Ho Won Jang (2022) Memristive Devices
Based on Two-Dimensional Transition Metal Chalcogenides for Neuromorphic Computing. Nano-Micro Lett.
14 (1). DOI: 10.1007/s40820-021-00784-3.

4. SabeenF., Hakim M. W, Akinwande D., Rizwan S. (2022) Graphene and MXene Based Free-Standing Carbon
Memristors for Flexible 2D Memory Applications. Adv Flect Materials. 8 (1).

5. Da Li, Bin Wu, Xiaojian Zhu, Juntong Wang, Byunghoon Ryu, Wei D. Lu, et al. (2018) MoS, Memristors
Exhibiting Variable Switching Characteristics Toward Biorealistic Synaptic Emulation. ACS Nano. 12 (9),
9240-9252. DOI: 10.1021/acsnano.8b03977.

6. Ascoli A., Menzel S., Rana V., Kempen T., Messaris 1., Demirkol A. S., et al. (2022) A Deep Study
of Resistance Switching Phenomena in TaO, ReRAM Cells: System-Theoretic Dynamic Route Map Analysis
and Experimental Verification. Adv Elect Materials. 8 (8).

7. Van Tung Pham, Chubenko E. B., Borisenko V. E. (2023) Resistor Model of Layered Film Structures. Doklady
BGUIR. 21 (2), 14-20. http://dx.doi.org/10.35596/1729-7648-2023-21-2-14-20 (in Russian).

8. Xiaojun Wang, Bai Sun, Xiaoxia Li, Bolin Guo, Yushuang Zeng, Shuangsuo Mao, et al. (2018) Influence
of the Voltage Window on Resistive Switching Memory Characteristics Based on g-C;N, Device. Ceramics
International. 44 (15), 18108-18112. DOI:10.1016/j.ceramint.2018.07.016.

9. Biolek Z., Biolek D., Biolkova V. (2009) SPICE Model of Memristor with Nonlinear Dopant Drift. 18 (2),
210-214.

Bxiag aBropos / Authors’ contribution

ABTOpBI BHEC/TH paBHBIH BKIaa B Harmucanue crarbu / The authors contributed equally to the writing
of the article.

Ceenennst 00 aBTopax Information about the authors

®awm B. T., aci. Ka). MEKPO- 1 HAHO3NEKTPOHUKH, be-
JTOPYCCKUH TOCYJAPCTBECHHBIH YHUBEPCUTET HH(OpPMA-
THKH U paaunosiekTponuku (bl YHP)

Moapsadunakua . A., kaHa. (u3.-Mar. HAYK, CT. HAy.
cotp. Ka. MUKpO- 1 HAaHOICKTpoHHKH, Bl YHUP

Yyoenro E. b., kana. TexH. HAYK, OO, J0M. Ka(). MHK-
po- 1 HaHOB3NeKTpoHUKH, BI'YHP

Bopucenko B. E., 1-p ¢us.-mar. HayK, mpod., mpod.
ka(. Mukpo- u HaHO3NCKTpoHUKH, BI'YHP

Apec 1UTsi KOPPeCTIOHACHITHHI

220013, Pecmybmka bemapyces,

r. Munck, ya. I1. bpoBku, 6

benopycckuit rocyaapcTBEHHBIN YHHBEPCUTET
HHPOPMATHUKH U PaTUOIICKTPOHUKH

Ten.: +375 17 293-88-75

E-mail: v.tu2103(@gmail.com

®am Ban Tynr

Pham V. T., Postgraduate at the Department of Micro-
and Nanoelectronics, Belarusian State University
of Informatics and Radioclectronics (BSUIR)

Podryabinkin D. A., Cand. of Sci., Senior Researcher
at the Department of Micro- and Nanoelectromics,
BSUIR

Chubenko E. B., Cand. of Sci., Associate Professor,
Associate Professor at the Department of Micro-
and Nanoelectronics, BSUIR

Borisenko V. E., Dr. of Sci. (Phys. and Math),
Professor, Professor at the Department of Micro-
and Nanoelectronics, BSUIR

Address for correspondence

220013, Republic of Belarus,
Minsk, P. Brovki St., 6

Belarusian State University

of Informatics and Radioelectronics
Tel.: +375 17 293-88-75

E-mail: v.tu2103(@gmail.com
Pham Van Tung

13


http://dx.doi.org/10.35596/1729-7648-2023-21-2-14-20
mailto:v.tu2103@gmail.com
mailto:v.tu2103@gmail.com

