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1. F

11. 8=,

NAERF T AT D /ALY CMOS(complementary metal oxide) b7 > VA X T
b5, BUEOFERF T, TOR T UVAXOMREEZ M ESW 25 2 & TRMERILEZIT-
TETW5, CMOS h 7 vV RAZ T A XKML CEMWEREE A W UIEEE DMK T3
L0, YA DN EVERED B3 D, DF D EERFE oMM REiX CMOS ~ 7 v~
AL DYA XN TRINTEI, ZNETDEZAH, Wb DL—7 OIERIEN ST
1F 7RO T P AZHIT I8 NHA T 2M5L 720 | ZRITEWFERFEFOMERE S Mk
LTCET, R R T PRAZOY A ZE/NATW B 2 R DFET D, O&EDE 7+ b
U Y777 4 OBGERFUC L D7 at 20— LEHRIE) OFIBR, & 5 O&Dik, Akl
LBV —7EROEMO T DAL MDO/NT 36N XD MHREM ERRTH 5, B 13BE
70 ArF =% U~ L—H =2 FE (193 nm)H> b | K OV EUV(Extreme Ultraviolet)
#6(13.5 nm) ~DEH TR L X 5 & LT 218l %353 FInFETEI7Z2 82 S5 1
WO LRTHRZR >TWD, £DO—FHT, Mz X 2MEREm EAAEEL <72 5(H L< I
RiADTe < 72 2) 2 E R ARBEFOERR TITh DD Bl 2FE FORBbIEAL TN D,
ZDOREHIN, FHAERATY R ThHHEHNENLAEY ReERAM)TH D,

1.2. 8 mZEiLAE)

1.21. B8

SR OB TG, H <X 1960 FRNOHENH D, Al0s 72 E ORFEHO
LI 3513 2 AR DS N BAAE D | SIOAWSIO/AU HEXHER> NiO(Ag/NiO/Ni H
OB T DAL v F U ZTERENRHRE SN TV D, T ORHNTIRFTE LB SR A IR
P LATREZR AT Y & L CHIHAREE L SR SN TV H AL AE VIGH & L TOMEIR
TKIZR D, SiN—ZADEMERER AE Y ORI LT b ThH 5,

D 40 T EH, 2000 FRUICASTHHAEVIGHE L TOERFIEHELIIHO
HEHEZED DL DITRY | AT Y OFFEITEAI > Tp {02l 2o THIE
PIELAEY BNER SNDEE L 72> 7-D1%, 2008 412 D. B. Strukov & D 7 /L— 7 3%
# L 7-"The missing memristor found” & fH X773 L TH 508, 2 £ U A ¥ (memristor)
1% 1971 4512 L. O. Chua (2 X » TIRB S =& Th p 1418, BAH(Q), BIEWV), B,
R @) &V ) EEE SR SCEREEOFZTIE, V E 1257 hi(resistor), Q &V &
72 <% v 78 H (capacitor), @& 1 #2272 <A & 7 #(inductor) N 1E(ET 5, Chua V& %
DX NETIHFIE LR -T20E Q 2O0RSFEFTHD, T hiE AT A H
(memristor) & £ F11F 72, 2008 281D AE Y A X OFRIL, K@) L EBEMQE D2
FF LWV EWTIE Chua DB X EITED bDOD, ZD [FVFHEZIAE I AZDa 7 b



BV Thozlsl, AT 2 AEY A X2 L FiET S Strukov © DO SCLARKEIE
%ﬁ%mx%u%:n~7w1yFﬁ&vf7x$%&bfﬂm¢5ﬁn%%h_&bmk
ZOFIIEE <,

122 #BiELBE

TEHEAE VL, Fig.1.1 IR T & 9 Rk 2 &8 THNAALTE v U S MiE L L
Tnph2 17, SREMEICELEZANT 5 Z LT, F2TORFEE ATV LESES 2
ENTE, BHEEHRE LTRIFT D ZENARETH 5,
ﬁﬁ%k%%9®@mﬁmUiE@lzmﬁﬁﬂ4ﬁw?@&3:ﬁ~§@yﬁ~?
J VIR—Z)RO 2 FREENFAET D07, N AR — Z R (L A £ Ui, HUNEE O
Lo TR EZZ (LS b N 5, Figl.2 ol IEBEFNEIC SETTRfE mRQ#
BIIRPURREMRS) ~A A v F o 735 v b, ABERMEHIIIRERGT & @i~ A
Ao FT5HU kY M), —FH, 2=R—FREHZE AT VI, HUNEEO A/ THEPURRE
EEIESELND, Fig.1.2 Ofl72 & IEBERMEHCEET DI~ A A v T3 5(k
v N, BEEEBEANZLT O & RWEEME CHEEIN SRR~ v F 350 &y b,
ZIB ZOOEWNE, MERCERE) I Lo TRk E AN, l@E OEPIEL ATV ITAAL v
FENVMEBIBIZ I E RS L TH 5, PIHIRES SIRPURED GG, WIHEEIEL LCE
JEFIMZ X 2 EIRPUE(oFE 02y NEMDRRLE L 2D, FFICZD 1 FZHOEY &7 4 —
U EREORBIT S Z ENE L ENCIE 2 BIHLEOE Y R LD EWEETEL S,
ZOT7 4 — IV TEEIIKEENNLET, LARMIZENHEENPKELL-oTLES, ZD
o, 7 RUTBNERNA BIEOE Y b E 2 BIELUEOYE Y NBRFRIEETAEL D),
TA =77V —OEHBIELAE Y OWGEH I T bl B hs22)

Bipolar Type Forming Unipolar Type s
Compliance ......... Reset BLRS
Current L

- > Compliance Current

_ Insulater 7“- 18

Current
Current

"N

Meta P BHRS Set
l |2 Beset =i i Forming
Voltage Voltage
Fig.1.1 Structure of ReRAM. Fig.1.2 General switching characteristics of

ReRAM.



1.2.3. 748

P A F VIFIMEROIEIUENA D= XL Lo T O EnD, 22T
REL 2ODIZHHLEND ZHHICE LD D,
B RIBRIEHTIAILAEY

LD RN TOMBRIEBEINC L CHlER SN ORI ZITHEES N5,
EIEBGR T = L (BRERBINZL>TEL DL E BV R D, OxRAM(Omde-based
Resistive RAM) <> VCM(Valence Change
Memory) & FEIZAL D, A EHE Pt 28 B < QO Oxygen Vacancy
i, MR Taz05 R NiO 72 & DE

Top Electrode Top Electrode

BA BRIt SrTiOs 72 ED~Xa 7 2 h A oo ummnmamé
Mg Mo D, B KRR L A '
EVICIX Fig.1.3 O & 5 Ze AR L &
7 4 T A MRREUZE L 2 T O B R
PIFET D, 74 7 Ay MUOBEIT, BHR
RIED LT OEME LGS 2 2 & TEREH
2 BRIEDMWT T 5 2 & T e S 23 24),
— R EROGEIL, EAEZAR %  Fig.1.3 Schematics of ReRAM driven
RMa7Ds R—=717 v R—=7Eh5Z & T3 byoxygen vacancy.
v b= N T EEINER LB FIERINE
b9~ 5 (28, 251
SRT7 47 A NUIEHELAEY

Fig.14 (TR L o2, BB R ®RGA T OB LR 7 7 AL MIXoTAL
HHDNZ I EEND BB G N H F 4 (B EhA

Bottom Electrode Bottom Electrode

Filamentary Switch Interfacial Switch

AVBBIC Lo THERIENDED VR D, O Metal
CBRAM(Conductive Bridge RAM)X> ECM(Electrochemical Top Electrode
Metallization Memory) & FEIEIV S, F 5 OEMIZILERILT o

PNCIEMEZR &R TH D Cu R Ag MEb, b 9)#?7 IZITER
LN RGN R &R TH D Pt 7 EAMEDND Z LR,
HERE 21 Tao0s <2 AleOs 72 & D& @B LN — B 7205, R
V~—70 EOFBEMEI OIS Z &3 526,27 F7-55(C Bottom Electrode
FoTEATHUMIEE E LT, CuS X AgS 72 EDfitfbimn
b sz &b d b 29 HBIALILEMREEOER/ALIE T
WA & o TURERARNERIZ 7 ¢ T A v R MBS 5 Z & T
EUDHEBZ BTN 2300

Fig.1.4 Schematics of
ReRAM driven by

metallic filament.

1.2.4. IR
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FRFVNNEETHLZ ENOEEMHAIRETH DL, o, EBEAMEZLO THIRPUEITZ D
57RO (RFEFEME), DRAM X° SRAM 12 AR TEKEEREN VWO FrR b & Hh21781,
ZORDBREHEMAEY OISHITEIC O L, —DIFEfFO 7T v v a XAEY 2E
WX DHHAETY ELTCOIHTH D, b9 —DlF, =2a—F Xy MalF v F 7 AF%
FT~DIEHTH D, b —oOIHIZEL LS, KV BEMERFEZ L &#HITf TV 720
EWVHHRAD—DDEZ L5 TWND,

BEEOH B ORIE S & x5E

BEFOHERC A~ Ba Ba—2)IlE, 742 /A~y AR MRy 7 L9
BRRDD, /A~ Moy Ba— T, HAEEECPUIT/INERED EHEO F i EdkE
ERFEIMEEOHBEREE» DT — & ZHite(Fig.1.5), %2727 — 4% 5 CPU IZiTV
AL LGARIIEEICHATZ 2D, BLICHAEAIIET —% 7 7 B RZREN
Wb, TDH ) A~ Ba v Ea—4 Tk, CPU OBEFEENSVNICEETH > Th,
T — A e AIA DR AU EAE R O INTEL 725, HEIZHNE T — X2 B0 & EE
R T TERONSLTHD, 742 - J ATy - R IARy T X, ZOLIRT—FT
7 AEENEEEEAERE L CLEIBGEZIT, Bikoarva—2 X, ZOR ML
K RO T= DTN OPD LHRE[T-> TN D,

L1 Cache :
Input Device i Main Memory
L2leschs i *High Speed
: L3 Cache i *Small Capacity
i *Volatile Memory
— I .................... . Secondary Memory

i -Low Speed
| HDD | 550 SNTSGSNY

Y S Non_volatlle Memory

Fig.1.5 Schematics of von Neumann architecture.



T=2T 7 AEEDM EEV D HTIE, F v v a2 AE U (SRAM) O FEESCEEH 7Y 7 =
Y FEERED T RN H D, T—47 7% A% CPU MHEWIFEEN, TD7-H CPUN
T —2 %@L EiRbmE LD, TR FXY vy a AT IOBEXTHD, T —
ZIRFx v 2 |ZWIGEIE, CPU ¥ v v ¥ 2 ORIZEW EEEEDRAM) D H T —
ZaPRT, TIIXHRWGEAIE, bEVHBIREEE~T 72 LTI S22,
FHEBEOR EIZIE, T2 NFX Y v allbbHNETHDH, TITEZLNT-ON,
WEIRT —F Xy v a2l MNL TEBEEIN T 7=y FThD, TOIENITH,
Bt o CPU 2 WHIEH T2 2 & CAEEREZ M ET 25 2 (=vF =27 CPU)X, CPU N
TOEERILCOSA 7T A L), H— CPU N THEED A 7T 1 L % 2 ET (A —
IN—=AH T =) ERFIHEN TN D,

APNL—T I FGRARAEY

HHAEY & LTOEPBIAEVIZ AL —Y 27 FZAFV(EOCM)ENHIEZDFT
WIEBFE R ED bt T 5 B2 88l B Tvw5 DRAM(ERIEEEE) & NAND
Flash(SSD:#fiBhFeiEIEENL., 7 7 B AEEIC K E 72E W23 H 5 (DRAM:~100 nsec, NAND
Flash: ~105 nsec), 207 7 £ ZHED LD D L 5 @i A€V il EIcBRHT
52 ET, FEHBOMEE ETE)EVWIDORANL =V TAAETYDOEZTHDH, A
=27 T ZXE Y OBML, Zli CEER TR OEEBRAHEAETY THD, #Hifi
BALAEVIZZEOEMZMTZTEBEZLNTWDHTD, R AT Y OfEf & L TEAIC
MEEn TV 5,

VP ART

Ty I A AR MVRY T, TG L3R D L T ATHEN ThN
LHINDAET D, DFED, T—ENH LG CREAZIT A LEmEERNAREL 2513772,
INEA AT A a2—7 ¢ 7 (in-memory computing) & 5, FRHIER Shd A v
ARV AL 2—T 4 T OIEHELE LT, "= RV 2T XR=ZAD=a2—F /)Ly hT—
IHEERD D,

=a—I Ny NU—Z7 X Figl.6 [T X9 Rk E L T\WD, =a—m it ATai
755 XiE, v 7R Lo THAWENTONTHIENS, FIZIXBIVED—D>HD
Za—n AN SINLEFIEL Xi~eXa DATNZT T T AL > TEA wia~wn 2303F T
M ENEI wy - X & 7D, EIEAT) 2L 7R LTERMATD L. ZORREI
Fig. 1T D X5 R TFEETE D, ZOXIHI R mAN=T LA BIREEEEEGT 52
LT, Figl6 IR =a—F /L xy hNU—Z[EENEBTE 5, BEFDO CMOS X—AD
Za—INFy NT— 7 REEICHAT, B AT ) 28T 5 L EIHE & Bl
DINSLK 72D EWVNI ATy RBRBH LT, BEANTHIZED S FUTUN 5 (34, 351
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Neurons ReRAM

Element §a

x —— s
X, _m W22 iEmEEm

Synapses '

.....................................

<
ll.,
£
£

......................................

~—hl 5 |
= "TTITITH °

Input Layer Hidden Layer Output Layer Y, Y,
Fig.1.6 Schematics of fully-connected Fig.1.7 Schematics of ReRAM
neural network (1 hidden layer) array

1.2.5. BHEREFIALFHE
BB A £ ) OFRABITITIERRR EARETH D | MERORERGO THRIZ K > THFZER
FAHED HIVTN D, BUFICRARREER EF ke £ LD,

% @i

ERT7 47 A MUITIE, #ikEE 2 BIZT 50103 M 6TV 58639, Fig 1.8.1Z7~7 &
N, TAT AV EIRTERTWEUA A UBBEILLT V) ETXIS WEG 4 3B
LIZK W ERAERDS, PIL(TZ +— v 7)OEBETIE —>OEEEL L7 4T A
YEBER S D, EDEDAA v TF U TEETIE, A FURBE LT VWEDOARTT 4
T AL S ORISR Z %, FFEDOW/NENTY 4 7 A N OEAEK A K Z % &%
ZONDIeD, AL v TF o THA 7 NM - BFHORENRT Y FEEAHHFTE 5, £
AF A MR EFIRT D Z L TEFHLE <LV D AR TEREAEIZT 5616 & 2 Mo, 41,
e RIACIE, Fig.1.9 1O T & O ICHukaEn kR 2% 5 A 1 X ¥ L 7 (scavenging)
AR L. FHEEZSET RN O TWDER XA T o FTEESCRMEIXL D& DI
THAERFTE D, EIUEL AT VISR 2 RS 2 12D L s T 2616 5 5.
Fig.1.10 IR T X O ICHEHIZAE ATV 20> < VIR L CHEAL L D eE&EIc$5 2 & T4
BRIpAA » F U THRHE(a TV A B )AL v F o TR GE oD, a7 ) Xk
VAL v F U 7R AIE. Z0obHLERENEL L L EIRFUREICH 2 &V ) RUTREEN
b5, ZORFHIREGURIBIC 22 1%, W5 OEHE | A £ ) PRIEFORED & &
(Fig.1.10 O,@)D & T, [FHLERETED S b EiEHi(Fig.1.10 ©,@O) ThH 572072, =
DEFRICED AFY T LA ZHATEHEO Z=— 27 R 2 %272 < L, IRIVER OB T
=5,



Initial State

Insulator 1

Low

Resistance """

Insulator 2

Bottom Electrode

Set

High

**+.., Resistance

~,, Forming @

Reset

Fig.1.8 Switching model of double layered

CBRAM

Top Electrode

Scavenging Layer
TTTTTTTTTTTTTT

0z
Insulator Layer

Bottom Electrode

Fig.1.9 Operation of scavenging
layer in VCM

[
V¢ Insulator ® @
Pt
E Vth reset
o
; Vth set
© @
Insulator E |
VOItage V¢ I:tsulator v @ <
:t, @
Pt
V¢ Insulator e
- V_ ®
L y Voltage
S
= { ; th reset
Voltage
Fig.1.10 Operation of complementary switching CBRAM.
F 7 REBEEDIAR

T HEEEOIAZIT L R 2 E T S IRHTA L iEIk
HEETHZENANTHDL, UKD, A vTF
THA 7N - FBTREIORER D D& OBRBCENEETE
DAk e &3 IFF T & plas46l) Fig1.11 ISR L 57T
J Ry MROIALDBZREN 2T, 7 4 7 A MEVCM

X CBRAM THWbi %,

10

Electric Field Concentration
at Nano Dots

Bottom Electrode

Fig.1.11 ReRAM with
nano dots implantation.
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éﬁ%%ﬁymF~Eyﬁuibﬁﬁﬁ%&gﬁé:&%amtwaéoE%%ﬁy
I HiAte b O, Mg & 4R & —fEICHERE T % (co-sputtering 1)t D, ???ﬁfﬁi?& Z
== LN RS 72 & T R B DRI~ N =7 5 b DR End 4Tl i
7¢~iy77v~%ﬁ\7+m7%ﬁ£mﬁé\%@x4v?x7%ﬁﬁ&ﬁ%%ﬂf
AR
MEO TR

B LM EROHA G DY TR ZSET L HME LTS, 8B 7«7 A M
TIERERD Cu Ag IAMZH . CoRRuL ED T ¢ T A N CTEWET HHI3HE ST
BH052  Uov L, Mkl R e R EROMAESOHII R TH DD, [TEH7=0 13-
720 THEAEN AT Y OIFRAEIT > THIIENEN, 2070, MEROHEIEZBRET 55
WERLETH D,

R
CETIORLETRICE » TERIIEM AT Y OFER ED X S I2EboT-mid, BR
HE TR S %, B VAL — TR UV ABEHNNC XD AA » F o 7RO 23 T
NTWa, 2120, ZRETTERIDERTRHRENRERLS 2D, EOLIRAI=ALT
AA T U T T DDMINZINGIR, T DTk 72 IR X - TRHELE L A £ U OFFf,
FRCAA v F o 7 AT = R0 R & OBIRFHM AT O TN D, MRS IR E AR O AH
FAETZ1E, EDS, EELS, XPS 72 EAME i 5, (ki 7e NS 2 81523 2 BRI 13, AFM,
SEM. TEM, STEM 72 & OBEMELA I 5139, 41,50, 53581 = 41 &5 O Pk 2 B AIE & #
HEDET, BPIENMATY DAL v TF U T AT =X L EFEE ORFGRFHmATIL T
Do
Bz 7 4 7 A v MUBEHZL AT VB X TEM B8R L <frbhd, HE D7 ¢
T AV NORREEEI BB ELBESOBKTHH L EZ LN TE Y, EXRHE L NETHE
EEALDOXHIER DT 6NN L THD, TNHOHFTYH, BEXAIE & GBS —2T
% 5 FHEEOHBIER) N, BIEL AT ) ORI AT 725 213 E H Td 50 36,

54-58]
o
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1.3. BB

IHETHRAE X ST, BHIEE AT VIZERAICHT TIFERTTH 5N TV DA,
BURIFZ~A a2 EO TS RONTZFHIRCTORERICE EF o Tnabl, Zodih & LT,
T WIESLT S ABD A =X ER L DD RV SHEMEICHEN S %), thEm E
DI D DM BHRIROFAENR 720 728D AERL L7220 & ReMED 5300 B 720 i Gh R A 72 b4 B HER IR
MTERNRERHITOND, TNDOMROT-DIZIE, 1.2.5 TR X tkEE &b
2 LB O BN NETH D, EO X 5 RBRBBENTFEEE LT DD,
IR AT D D0 a B UE, A E Y OBRBIZZENITITA DT TH
Do

AWFZECIIIRPIZE (LA ) O—FETH D5 CBRAM (2%} LC TEM Z OB 2175 2 &
T, BREFEE N TOMEELE OBREFE LT, RES DT TZOONERH D,
—2% CBRAM O #IHHE EEEZELICONT, &9 —DIXAA v F o 7tk LG ki
DNTTHD, HiE TR RIHEERMIZSI EIEE L7 +— I v ) E AW T,
CBRAM O@IHULIZ DWW Tl L7z, $%&E CTIXABITIRIIE(L T 2T VA NVAL v F U T
Feth) & | MR b T 57 T VAL v F o 7 RE(Fig. 112 O WA E ZI2dH 5 0
PEME L7z, F£72. 2D OFHMERE R AW T, CBRAM DA A v F 7L CuBih s DY
R Lz, ZHUC kb, IBHIE LA £V O LA 7= Fetk s - Rl & 1T
IBEDREEN Y ZH/LHZEEEMNE LTINS,

Digital Switching Characteristics Analog Switching Characteristics
1.5~ - : - 0.4 : - -
WOy sample MoO, sample
__ [==—2nd sweep === 4th sweep .
f:; 1ol 3rd sweep 30.3' 22nd to 31st sweep //
-+ ) :
& 50.2} /// :
309 3 3 /%é%/ |
o So.1 p & 7
0-0 C rE————— " ) PEEPEEPR— 0'0 n 1 1 1 ]
0.0 05 1.0 1.5 20 0.0 0.5 1.0 15 20
Voltage (V) Voltage (V)

Fig.1.12 Switching characteristics of CBRAM.

1.4. KEmXDIERL

K COMR AR ~S, 8 1 ECHFEmE L CHRARRET L COBMAAET Y O
(B ST TR, ABFED BE R, % 2 TCEERTFHRIIOV TR, &
WFFECTER A L7z TEM + OB 25EI W Tah <, CBRAM IZ%9 % TEM + O5#I2 D5
Wa kLD, Rkl TEM BEEOEMII Wik, % 3 ZT1E Cu-WOx R T
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W23 LTI bR O BlEE R4 Rd, 3 DOFFE2HIICE H CBRAM OFIHHEIZ DWW T
FEARICREN L7z, ZAUC KD | MERRIAASD Cu B ARIT Ko TRIER ED K5 I28B 27
ER LN LT BAETIIRRD AL v F 7 REA2H T 5. Cu-WOx K#FHE 1 & Cu-MoOx
RBFITHTOBEM R LT, AIEORTTIE. 74T A PRENMIEET 27 220
Ay F o TREDBIE SN, BREDFZ T T, T MERLATEST 57
TAA o F o TRHERBIE ST, ZN D DOEWEBIRE LIEZR ) bEmT 5, # 5
ETIX 3,4 ETHIZE I Cu OB#E) & CBRAM OIHIZLEIS: L DR L HERT 5. 55 6
ETIIANEZE LD D,
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Fig.2.8 Stacked/lateral sample for TEM obsercvation.
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schematics of TEM sample during preparation.
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v P EEL T 5 E ZEP UGB 72D, i%E
¥ v v 7 H~100 nm R/ 5 & EBZAFICL - T
LY A NERBE DY Fig.2.14 OFRIZEIITLEWVF

¥y TINTERY, ENEMRHT 572 200 nm R

DFEEED D RDEEERNTE ¥ v 725k 5 Fik
Z =, g & LT PMGI(300 nm)%& A B o1 —
& EB L ¥ A k ZEP(520A,300 nm) % A ' 21— h

%, BUBRRIZ 027 v U T EITVEE LY A N
brET 5, AR Cr, BB Cu % 2 BT TRIDAET D, WtzIC NN 2 X F Lk
NWAT I RIZEDY 7 MATTUYRA NEIED LEMNTENRT 5, EBZAEIXA /Ny ZIZH
NRCHEEEN R WD Fig.2.15 O L 5 IZ8 D Lo BRI L 2 E WXy v 7 BERIC
x5,

200 e
Fig.2.14 Bridging gap caused

by cracked resist.

Exposure&
Development

Cu Cu ! j ! 1 Smaller Gap than
Resist Pattern

.\\.\\l I
—_ ;u;ar.
»

| . .
1st EB Depo. 24 EB Depo. Lift-off
Fig.2.15 SEM image of Cu-Cu nano-gap patterened by double-layerd resist &

Resist Spin Coatlng

oblique angle EB deposition and schematics of TEM sample during preparation.
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(3C) HiJgL YA hEB A 2 B2 & 2 REEmY v~ 71ERL, 2L YA ML PMGI
DEBREDTZDT AN L E2IT> T, ZHUICE > TL YA MREIBND M, EROE
SHEFR LI L o> THINEAIC AT 2B 5(100~200 nm FEEE), Z DL T Bkl Xx v
TEHIEEZHEL LTWeled, TADLATEPLERWZEP HEL VA MZX5 EB Y
VTS5 T 45Tl £l NN P AFIAAFRAALT I RIZL D CuBHBOEBIRN R LNST-
D, T R TIERES ZEP BN E LavoTz, KBV OX v v 7RHHERL TES
SL2EEB Y Y 7T 7 4 %479 2 & CREEMESEOERNTZ 5 MR ZOFEOF ST
5, ZEP(520A, 150 nm)&x A a— KL, EBYU Y7 T 7 4 T1OHDOE MDD/ K —=
YT EATH, BURREERE & LT Cr & EB %%, MM kO Pt % EB &% 35, NN ¥
AFNHBRNVET I RIZED U 7 A7 TPt EMPEMRIND, RO TREEZKE T Cu Eii
RS ED, CuHEEH% DY 7 P A Z7IE NN P AF VRN LT 2 RTIEHARLS T F o TfT
Y. 2L, TR brDBIZE ZEP BN 0cikb 720, L EFE LTNN A F kL
AT X RIC30 BRER TS, ZOTRICE2EMOER e LR, £z,
FEIFICIE, ey 0N 20RO N B RET S, ERROTREZ# T, Fig.2.16 IZ7
ﬂ”ﬁm\ﬂe ¥ v T EAAT D REEmEE TR T D,

3 -
%que Angle EB

I (I
Resist Spin Coating Depo.(Pt) Lift-off

s Cu Cu-Pt Nano-gap

: \\ without Burr

s
- 0

Oblique Angle EB ;
Resist Spin Coating gepo ( Cgu) Lift-off

Fig.2.16 SEM image of Cu-pt nano-gap patterned by single-layerd resist & oblique

angle EB deposition and schematics of TEM sample during preparation..
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(4) SIN BEEERO-DICE RS KOH =y F o 7 %1795, KOH KEKIZL>T
St HEITMDEAEN T 5 X 9 BIRMICHIN D, Rififri#D7=®IZ OFPR %4tk TEM
TN NHDOY I ATHN=H T A% EET D, £OHRIEEZHNT, 80CH
25%KOH KA T 7 BEET v F 7 LE RO Si 2RETH, =y F o 7%IE7E b
VIZIZRLOFPR - U I A« IN—=HTF AWMV RS, 7 hrOAHEL OFPR 2303 )
IZFED -0, fEETFE LTNN P AFARALLT I RIZ 30 REEIRT, 20X20 mm Kk
Z 5X5mm ~pEIT D, =y F UV UERESEI L %OREE Fig.2.17 1IR3, FEA
CBRAM H#&E F O Sifg 4 rET 5 2 & TUETHRAER TREZ SIN BUSEZEN B S LD,

Etched Area _ SiN Window for

Wax TEM Observation
>
: P,
SiN

s N SiN | o

- Protection for Reverse Side Etching

CBRAM Structure
Fig.2.17 Reverse side photo of etched substrate and schematics of

TEM sample during preparation

(5) HFEEEHRESED, AX N~ AT ERWZARy XY 7 TR IEEHERE T 5,
AWFFETIE WOx & MoOx @ 2 FE¥E % HW T\ 5, Fig.2.18 IX WOx Z H#Eiff & &7 TEM i
Bt R LT 5, TEM sEHOISIEBEHIC SIN BIRERBEW T D, FEsE WOx
DHEFE SN TV D, A X~ A7 &AWV T CBRAM HERERICHRE S TV D2, i
B DERIZEM T ¥ v 7D THD 5T 5,

Insulator Layer

BE

Metal Mask

—t

5

B N -
Sputtering Depo.

Fig.2.18 Top side photo after deposition of insulator layer and schematics of TEM

sample during preparation.
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24 FEBREE

PERL U 72 % CBRAM #EHT: Fig.2.19(@)\ R Rk 22 s L 2 & VW TEM % D358
295, TEM B 16 il D Au 2% 7 hXy RIIARAT D& A 27 LK% A
WTCar &7 k&b Fig.2.19(0b)), H/vFeiEakicid 5X 5 mm TEM e E [\ & 2 A D
(Fig.2.19(c)), TEM N TOBKBEIZFR L F DT L F A LB THEREN TS
D-SUB25 E 1% 18 L CT1T 9 (Fig.2.19(a)),

Fig.2.19 TEM holder for in situ TEM measurement. (a)whole image of holder.
(b)sample holder (without TEM sample). (c)sample holder (with TEM sample).

Fig.2.20 |22 DB AT LD
AR T, HHT 2% TEM IZHAET ,
# JEM2010 Th 5, BHHAFALFITA PC for Controlling SMU

- 72 CBRAM i £HT Keithley > —

2 APy —=y F(SMU)2635A I §TDSUBZSPIns  gzsese

Lo TEKHESND, SMU O \ Keithley 2635A

1L GPIB (2 X » THfe s v7- PC TfT aimf

5, EAIETR O CBRAM 13 CCD # pdeo
T2 Lo TBIE S, ERNEDRE JEM2010 CCD Camera

BLI v s ASHIRBEND, B nTEM

27 NAKOIIER 33 ms LT E R D |

LR THY, CCD HATDT L i

— L — (30 fps)h B b Gkl 0D VR AE PC for Capturing Video

FEETWARNEEZZHND, Fig.2.20 Schematics of in situ TEM

measurement system
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3. CBRAM O #1HA{LBFEDERER
3.1. LI

CBRAM BAA v F > TEIEZBMAT 2 7-DIiE, BANICOIELALETH D,
CBRAM DOHHULIZKENIEANCEL D 7 4 T A2 MEM(NDD D7+ — I U )RR LAT
?D%LZD CBRAM O & A /%/7% i%ﬂﬂ;@ﬂﬁ?ﬁﬁi RET DL LT, AL v F

IZE D TOYMULERRICBET iimiTIEIE R, ARETO BT LI O R
%E%*—s%LLC CBRAM O & A V?"/ﬁﬁ'ﬁﬁA(72‘—\ VIVETICELDBRZIFET D Z

\ZH D, TEM BIEIZHT-0 . FHEEDOBIEK Y CCD B A T O EERA(30 fps)
EBEZ TS L LIEHHHEEITV, AL v F L 7R3 E 5 E TIZED X 9 ik
WD ETWDENEBELE,

3 Tl Cu-WOx % CBRAM DO JHHLIEFE N N DB D A A v FENEIZ OV Cikam 217
7. BB R, KIEHUBICEE S Cu OUMTEO L ZoBINTh b, Fi-.
HIHEE DR A > FHRLIZET Dam bIT -7,

3.2.TEM Eﬁggﬁ*‘l & /,J]I:E%:—lf

2.3@BNZEVVEREL 2 /ERL L 7=, Table3.1 (2 Cu EMWERLSA: 2 7Rk 97, = WOx(1)-(3)
ﬁﬂk%ﬁﬁﬁ.3@%@ﬁﬂ_owffmé Table3.2 (2B DY ST A —F % |
Fig.3.1 (Z¥HREED TEM 4 4 ~9, TEM BIEGREHIHEVME E X WA BN S 55708,
WOx(1)-(3)iEHZEMAY 80 nm, #EFEE2S 60 nm & AHFFE Tl L 7t OFEHT Ee = TE
RV, i, fIMEREE CTA U2 M/IMEEZ(LOBIE 2TV T < TR0V d
éogwﬁﬁ%ﬂ%ﬁé & T, D Cu DA EALEMEIC b D Z LB TRS
s, Zhic ﬁﬁimfcuwﬂﬁfékﬁ@@%LQM%%wf M NE L DOBLEE N
ﬂ%ﬁﬁék%zko@%Mmﬁ®ﬁ% WEME b Cu ORE A A L7, #ILiER
THIINS 2 EBEOMIEILFICFE T TH Y | %ODIK;’% (A U 2B M EMOMEHTIZ L &
W ENRTHRENDTZDOTH D, o< 0 & LI bIX, Bk 0 2 A — 7 EEAINCA
A — T HE~0.06 VIsIZ Lo THha IR L& 5 2 L THEIA L,

Table 3.1 Preparation condition Table 3.2 Initial parameters of
of WOx(1)-(3) samples WOx(1)-(3) samples
Resist  ZEP/PMGI(300/300 nm) sample Initial o idth
name  resistance
Electrode Cu/Cr(80/10 nm)
WO,(1) 479 MQ 32 nm

Method Oblique angle EB depo.

WO, (2 7
Insulator WO,(60 nm) 04(2) 73.2MQ 57 nm

WO,(3) 103 MQ 34 nm
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12:32:0.13 1 8738 11:59:58.78
2017-07-06 & 2017507405 . 217-07-07

Fig.3.1. TEM images of CBRAM samples before measurements. (a) WOx(1),
(b JWOx(2). and (c) WOx(3) sample.

3.3.FB=HER

3D D BIEREHIBBILIRLF v v THROBEN R EZH L b0, WTFRIZBN TS
HIUEASIERGUICAE S Cu ORUIMT HIABIER S iz, WOx(1), @ EHTER 1 HEHh 32—
HICRB T Cu DT E LTz, —F T, v v Ik EMemB N RIERE L S
WOx(3)FEF TIEF ¥ v DRI T Cu 23 < BTt L7z, WOx@)FEHCITRIHikiRgic 37
TOWENE Z 5§ 24 v FEIMEOBEITA T,

3.3.1. WOx(1)a#
Fig.3.2 (A A — 7 JI7E 5 OB

‘ ®  Resistance @100 mV —o—Sweep Voltage ‘

- N10%F <<
DOEbERT, AL —7BJEITX 1.0V g . 0000 P
N 3.4V ETHRAICHIMEE, BE o10¢l " s g
W7 R BRIEIE 5 pA E/anT, X 7 '"uu%ﬁ 2%
S —FHEEIE~0.06 Vis 123k L7, gm SRR O
EEAUITIERICIE T L Bl gt} ooo . 1§
479 MO S 249 kQ~t 7572, 23 O - 1,5

1R 0 A A —F TARARIRIEL % 0 5 10 15 20 25
. . Sweep Number
REFRFNENT, THE TOREZ

B Fig.3.2 Resistance change of WOx(1) sample
Fig.3.3 (27”7, 8 8 * P

over sweep voltage applications.
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12139:56.92 < After 8t
sweep (c)

292073 . £2:93:46.84 ;
7-07-06 Initial (a) | 3058 . 207-07-06

12:55141.63 After 16t | 15510 After 22 |  108:3.6 . After 23
2017-07-06 2017-07-06 2017:07:065
sweep (d) i . sweep (e) _ v = sweep (f)

¢
.

Fig.3.3 TEM images of WOx(1) sample during measurements at (a) initial state,
(b) 1st, (c) 8th, (d) 16th, (e) 22nd, and (f) 234 sweep. Magnification was 40 k in (a) to
(¢), and 60k in (d) to (f). Red dotted area indicates Cu precipitation area.

WOx(D)iEHE 21 B H % TIZ 479 MQ7J»5 3.23 MO~ & EHBT L L7223, Fig.3.3(a)-(e)
(RTIE D BT A D e o To, B EEZL23 Ule DO1X Fig.3.3(e)2R"d 22 [H]
HDAA —FEBIEEHNNECTH-T-, T D% Fig.3.3OIZ T 23 [MIH DA A —THHIBIT D
MEEA oS 2RI & 0 3 BHIEEN 72, Fig.3.4 (12 WOx(D)ikl 22 [0l B OFEE A A — 7
ERERL L T OO TEM 44 777,

€v C

5 'Y +0.094 V
A4 | ] &Vl VI VYV . uirtvitw
+ B T . S
c N
o9l
St ‘

0t &

0

+3.346 V

&VILAVIAWY

Fig.3.4 I-Vcharacteristics and structure change of WOx(1) sample in 220 sweep. (a)

to (e) in TEM images correspond to “a” to “e” in /-Vgraph. Red dotted area indicates

Cu precipitation area.

35



WIEELITBRAE D DA E 572, 3 VD OERIEAELILIZ AU T, Fig.3.4(b)Iiz
RTERTC Cu OFERN R Sz, ZD®%REBEFINEKT 5 & Fig.3.4()- (@22 FEtix
LY R&EL poTn, TORBEBIRITHIRERG pANZEZE L, MBS &ML 2572 < Cu
D FRAT 753 Fig.3.4(e) i » Bl S 47z, BT HIXBGG > & et & o < D Rl
L. EWrHIEA U BEENMEV A O CBRAM O 7 ¢ 7 A 2 MEET— RUE LTz,
Fig.3.5 ([ZHrHH L7z B RAT I 27”3, 5-10 nm FEE D K E & 2> Cu O H 238 E
2B CEMMEZ DIRNTWDZ N nD, Figdd D VT 757D ()N aimE Tz
%, 2.6 VAT CEMAST 2B REHZ LO L TW\D, Zid, BRITHSHE >
RN T 4 T A R EEANEZESH D Z E THKELEEDEEE 2 b

13:05:38.68
2017-07-06

13:06:48.88
2017-07-06

Fig.3.5 TEM images of WOx(1) sample (a) before and (b) after Cu precipitation. 50

TEM images from video were averaged in one image.

‘ m  Resistance @100 mV —o—Sweep Voltage ‘

3.3.2. WOx(2)at#

4
Fig.3.6 |Z A A — 7 5 OB D a . P
~—
Blbamy, AA—7EEE 10V H o1 o 0007000000013
.Ill ; ©
53V EThe IS Y, Rikmr 2 . , =
FIBREGRIL 7T pA g oTe, AL —T7 -S 10'¢ oood " T >
(%) LT 1™ Q
FEIE~0.06 Vs ICRE LTz, 1EIHOE "o oo 113
e . Q
[EAA—T T 1~15 Vis Lotz o 10 ] G
. e ¢
O TEHUEA & < HTW 2, #3830 [E 0D 0 5 10 15 20 25 30

A4 —FPET, HEHUEIT 73.2 MQ) Sweep Number

5 1.07TMQZE TIE T L7z, Fig.3.7124%
HERF OB O T 27, 1-22 [IH
OWPEF TIZHEPUEIX 73.2 MQ2 5 3.92 MQE TR T L7232 B E L IT ) - 7=
(Fig.3.7(a)-(c), MmN AIIK T35 23, 24 [BlH TS Cu OFFHNEE > 7=
(Fig.3.7(d), = DH%ITEEAA — 72 Cu DT AE L. 30 [ B OHIEHIE 20 nm 2
FED Cu HrHAE v v ZRICIEE L TW D D257 5 (Fig.3.7(0)), WOx(2)&#HZ 31 | H »

Fig.3.6 Resistance change of WOx(2) sample

over sweep voltage applications.
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HIET WOx(D#EHEF U & S iclEnz, 22 TiE23, 24 BIHORIEICHIT DIEZEIC
EH L CRECEHRIT 5,

1058038 £ 72 H 16:09:24.70 b 16:24:27.54
TH0TR05E 2017-07-05 2017-07-05

After 30th
. sweep (f)

17:42:04.83
2017:07-05

Fig.3.7 TEM images of WOx(2) sample during measurement at (a) initial state, (b)
7th | (c) 16th, (d) 24th, (e) 29th, and (f) 30th sweep. Magnification was 30k in (a) to (c),
40k in (d) and 60k in.(e) to ().

Fig.3.8 (2 23 [BIH @D I-VHfE & U SO EEZ L O T2~ d, 28 BIB DAL —7T
1% 2.4V OEPECTHIMRET (G pANCRIE L7223, Fig.3.8(a), I -t Xk 512, Tk Toil
%IT%LZM: RN ST, ZOHEEN 3.0 VITHM L7-BRE T, Flg 3.8

WY, LA Cu ORI RS 7z, Fig.3.8(d), @I rd & 212, FrH#E A A
— 7 DRV THRMI~ & E Lz, 23 BIA DA A —FHE L HSIE, < 24 A H D%
A —=THEIZL > TREL 2572, Fig.3.9 (1T 24 A O [V HEIEORE R & Z U fE 5 i
FACDRR %~ T, 23 [BIH DA A —7 THH L7 F o Cu#ribii, 2.3V TOEDR
SHEEE B R & BRAA L 72 (Fig.3.9(b),(0)), & DR ITBGMT O SR T 5 & & bic
Gt D b Cu O BIEE S 7= (Fig.3.9(d),(e), WOx(2)FEHZ BT H WOx(1)FE
& FERIC Cu D EMRIT I & RSB ST, Z D% ORIE TIXB R - BEFROT HIL L
H o bEm~maVEE LT FigdOICE 252, 31 BHOWEE TEFNENT,
WOx(1),(2)5EHT Cu @ BT I Atk OHIE CTRETRANTEIL, BRI KED Cu 23T
HLEND E W) RTHHE LTV 5D, M E TICAE UEBEITROBRIZIERNS TE 5, W
PPLTH—I TR DT 4T Ay MEFOBRETIL, #1012 Fig.3.5 R 3. 7127 T L9722
BT AE T, ENPEEANARLEL LTRERBMED 740 T A MERDOGIE&I27%->
TV Z ENBIEERENOHERI S NS, ZOBHGIION T4 ETHLERIND,
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16:54:10.99
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Current(uA)
N oW s o

15:54:38.23 +3.000 V] 16544748 +2.400 V| [fo:55:24.78
2017-07-05 . 2017-07-05 2017-07-03

C))

Fig.3.8 I-Vcharacteristics and structure change of WOx(2) sample in 234 sweep. (a)
to (e) in TEM images correspond to “a” to “e” in I-V graph.

—
5_
t
4t C
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= 3
S
5 P
C it
of
0 1 2 3

Voltage(V)

16:56:14.74 16156:25.10 16:56:35. 66
2017-07-05 2017-07-05 2017-07-05

Fig.3.9 -V characteristics and structure change of WOx(2) sample in 24th sweep. (a)
to (e) in TEM images correspond to “a” to “e” in I-V graph.
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3.3.3. WOx(3)&#4

Fig.3.10 {2 WOxB)EI DA A — 7T EEMER R A2 P L TRd, BEAAL — 7 HE X
~0.06 Vis Toh 5, 1[8HORPEITHRAHFEC 722 b Z2 R L, ?R?“T 1% 103 MQ2> 5
51 MQ~E KT L72(Fig.3.10(a)), #&Cm ekl 4 [0 B OIE £ Thi . 5 [0 H LA
ORE TN REIRY ¥ TR BN D K 512725 72(Fig.3.10(0), (), 15 [ H LA Ti
B v 7N L0 K& L 2 -572(Fig.3.10(d)-(f), —#HOHE THYUMEIT 103 MQ» 5
33.4kQ~ & BeMEITIR T Lz, 26 —HEOWUERFIT Fig.3.11 12 F & iz, FEIEkic
Fig.3.12 Ll L7e RN 4 %,
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Fig.3.10 -V characteristics of WOx(3) sample in (a) 1¢t, (b) 5th, (c) 10th, (d) 15th, (e)
21st, and (f) 24th sweep.

Fig.3.12 ICHIERF D TEM %2 =3, 4 HiOWBUEAD R o o72Ic bbb, 74 7 A b
TR 72 & ORI G AL 2o 1=, 7272 L, Fig.3.12(a) & Fig.3.12() %tk 5L, b
TOENEBE X v v TRIENB > TWNDZ ERNSND, ¥ v 71 34 nm@IHIKE) 25
44 nm(24 EIRIERZ)~EIER - 7-(Fig.3.11(c), = DHALITHEEIIZ L > T Cu HEMA
WOx FA~ETIAAT Z L ZRIB LT 5, BRI OS2 LI T (Fig.3.12 4 F D E )
BIAKRE WD, BB v v TOIEKRITEICEHBAM N LI &IckdEEZXBND, £
D=, BEALZLGT L » TR L Cu bhA 4> &7 > T WO HA~EITT-&E %
LONERYETHD,
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Fig.3.11 Summary of measurement results for WOx(3) sample. (a) applied voltage
and maxumum current, (b) resistance change, (c) Cu electrode shrinkage width
(amount of Cu dissolution), and (d) Cu precipitation area. Horizontal axis indicates

measurement time.
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Fig.3.12 TEM images of WOx(3) sample during measurement at (a) initial state, (b)
5th sweep, (c) 10t sweep, (d) 15th sweep, (e) 20th sweep, and (f) 24th sweep. All images

were adjusted to magnification of 60 k.
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P & BB N OIS, v v TERS T Cu OBUIMTHIRBIZR Sz, Cu OBUIMTH
NBERTED Lo 7=D1% 10 [BIH DA A —7JEH S (Fig.3.11 @ 1100 s 72 5H) T,
Fig.3.10 @QIZRTEIRO/NI TV ITHRALND K)o 72% Th o7, Fig.3.11(d)
Wik, BRRICK VRO 7= CutrBi oz~ L T\ 5, Cu i D /54h % Fig.3.13 |ZR
T, MFHIRIHA BB TN S A SRS R (H Y — RIS S, T OB Z T T
(Fig.3.13, 1173-1854 5), D%, Mt fka 352 L CREL 0 | T2, F
oo BT AER X v v PO~ BE) L TV D ERIC 2 2 72 (Fig.3.13, 1488-2158 8), Hf&
FIZIZN K DD R E 2T B BIE TE 5 X 9 1272 - 72(Fig.3.13, 2158-2830 s,),

Cathode M 1305 s 422 s 1488 s
< ¢ .: L -q...

2826 s 2830s

%> '.:3?

Fig.3.13 Precipitation dynamics of Cu nano-clusters in WOx(3) sample. Time in

upper right corner corresponds to a horizontal axis of Fig. 3.11.

Cu BRI (100 nm @) 23218 L7=@&T72) LAET 5 &, 100 nm(iF) X 10 nm (415 &)
X 80 nm(Cu DEFH#)=8X 104 nm3 D Cu 7 WOx ~RIT 722 L2725, mEICEZESINT-
Cu OHTHHEFEIZ~620 nm2 THHD T, RIZEEDPHTH LB XD E Cu tTiHDOREAX
100 nm Z# 2 5725, ZHFBLFELEDRY, £D7), TEM BE TERWERED Cu
W IMTH OFFAER Cu 253 < JEFPICIEB L TV A Z ENTFREN D, FEH L W) ETFD
i B, v TUSMTH WO HERE STV 5 (Fig.2.8) 72 DX v v T~ DR LK
DELTEEZEZDBND,
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WOx(3)FEHIEMSEEEIR A WOx(1), QFEHI LR T TH Y | BRI EH
LIZ WEEIZ 72 > TV D (Fig.3.1), 21U X V| Fig.3.4(e), (O=° Fig.3.7(d)-DiZ =7 JmFT
()72 Cu OHTH & E OB OFEMBIEIN E & 77, 2RMIZHE < Cu 2397 H(Fig.3.13) 3 2 ¥
fEMFEHTE LB X HND, RN IAEEZLNE U h o 72728 WOx(3) ik CIRlE
HIZHEHTA A v FENEOBIENMT R T2, T70 80 Cu DGR SN2, A4 —7E
JERIE D F(Fig.3.11(b) 15 [8] B) 72 & (X mfht & P24 0 K3 o =R — ZEEIC Bl
FEN A Oz, Fig.3.14 12 18-20 [BlH OEJEA A — FRERED [-VEEZ~3, 18 [BH
IR, 19 BB iTEEvb, 20 B B IR L7z, Bl e s 2 kI3 i) > 72,
@

/

T T L e e e e I e e e e

420 =420

N
o

Current (nA)

o
B

Voltage (V)

Fig.3.14 I-V characteristics of WOx(3) sample showing a unipolar-like switching at
(a) 18th, (b) 19th, and (c) 20tk sweep.

Ft 24 I OEEA A — 712 X D OIHE(Fig.3.11) D#%IZ, Fig.3.15 IR T3, dR—TF A4 v F
Y TMEEIT -T2, Fig8.16 (A R—F AL v F 7Y A 7 VD TEM 4% 7~4, it
B2 PR )22 8 LT B R 7(Fig.3.15(a), () Tixk TEM BIZK X 7228 kIR & /e m
-7-2(Fig.3.16(a), (b)), Z DEEFETIZ, IZTHEEZ(L 7202 & 2 HEMEIEICHISIC X D1
INT 4 T A S DOIEHIEWTIC LD A4 » FENEIZ L ZEZ N5, 12-16 [MIED A A v F T
BHEA B Yy PAR)T 50, AIMEEARE T2 L TRHRHBELTWD
(Fig.3.15(c)., 7=72L. ZZ»5H TEM BIZELH R 2 48 (Fig.3.16(c)), 20 [A] H LA Tl
ALy T KBS B E LB SN D X 51272 572 (Fig.3.16(d), V&> hARE%E
5. AL v FEMENRKER & FAUMED P a— VBT L AENR LD E R 2 LT
HENhs, €O EREEKT D LML OB LGEEHUE O ) 23 E U (Fig.3.15(d)).
RBITIIAA v F Liel leotz, BN EDHIEE DKM REEE(LIC LY, Hrif
L72 Cu BITIZRE B 72K 72 o 1272072 L iR T & 5 (Fig.3.16(d)-(e)),
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“t(a) 40t (b)
20 X 20 X L —
Vs s (e) —e— Resistance (forward)
0 - 0 - - —e- Resistance (backward)
22 . @-500 mV
S g10°t
+2-40 . -40 ; o |#%00 0% o 8%
A S R N 2 1o 12 ¢ H ol \...
=]
o 40/ (d) 3 o R
20 ~ 210° , F s $ ovegs® *soee]
7 .
/l é’ ./\.w o \/.‘.. :‘M’M
0 «-- D
-20 O e
10 0 5 10 15 20 25 30 35 40 45
r— e R Switching Cycle Number

2 -2
Voltage (V)
Fig.3.15 Bipolar switching characteristics of WOx(3) sample at (a) 1st, (b) 10th, (c)
20th, and (d) 45th switching. Resistance changes of all bipolar switching cycles of

WOx(3) sample are summarized in (e).

12:40:02.54 12913475
2T-07+07 2017-07-07

Fig.3.16 TEM images of WOx(3) sample during bipolar switching cycles after (a) 1st,
(b) 9th (c) 19tk (d) 20th, (e) 30th, and (f) 40th switching. All images were caputured in a
high resistance state (red polots in Fig.3.15(b)).

34 BERLICET IER

3.4.1. YELBERE L A= R—SEIE

B UK PU BRI, B0 7 4 — 2 v VRS E EIE LN 7 4+ —
LW OFEBEAZ BN E LT D, WOx(1)-3)iENCIdd 5 FREEPik(~106 Q) L
TR THEEZ LB T | ERIRPUkicthnF v v THICEROIT A R 65 X 9
2725 L) T L Tz, 22T, PR TN, BHIA A v FTEEDRE
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20 & 72 WOx(3)3UE 41X Table il & L CEE & WD 5, Fig.3.17 |24 [BEIOKHTA LI EEOHE
B ERT, BEEED T2 DIZEERBIO A A — 7 EBEHNAE 21TV, do< b &
AL SR, Fig.3.13 12T X 9722 Cu Tt n AR ¥ » ZERIC /0 L T DA 2
Bk s 7= (Fig.3.17(1), ZofEiElE, 74— 7 7 U —FtE %2779 CBRAM O3 4
WZESBEITERY . SEOBEGERTITHRIECRFORAFLR 7 1 7 A MERIZHZE TE 722
Molo, EFRROEIEA.IKD)ZZE L T, WERKRZIE L 72HE T OBPUE & 7Lk
Pr(12.7 kQ) L W KE W, TR T 4 7 A2 MREME L2272 0TS LIFE 2L
7206l Fig 312 IR T TEM B TIE 7 4 7 A b ay b T A2 MIRZ 720, REPLIR
REDLRFFREF N D72 < & BT H D, By NEEOHIEREDR 40 pA 7S L TEM #i52
TET7 47 A MPRRZBRONE O, BRFUREBRLE L TREFESND Z E0HE I TW
5672, Cu ORI Z 277 4 T AL DTN EC TWDE Z ENBEZLND
(Fig.3.17 (2)), Cu O HHMEEMEX 10 nm LN TH L DT, ALK TRWZ 4 F
AV NP RNZ E BT 4T A PR TEM BETE oK LB b D, Mt
%ﬁ%o@<747%/b@ffiFm3umv®%Fg3M©Hd_rTK TE TR BID
RENC L > TH RS LD, Au/SION:Ag/Au & D TEM = O E 2RI K 5 &0 0.1
LA B EE DARWENEREN TIE ¥ v 7O T/ ki1 & sl %/x&~w®%¢74?
AV EBERTDEHOO, TITHBI L CLE D oERNRAL v T TEfEE RS,
FIUTRTZ K2 27+ 7 A v b OTRLER IR SRS - (S = — /LB D 0 IR LAY,
Fig.3.10(d)-(0=°> 3.14(@)- (IR TEBROIET 2 4EA TS LB 2 55 (Fig.3.17(2)-(3)),

T, DX T 4 T A NOBAMEW, Fig.3.14 |- T2 =R —Z WEMEDOEIRIZ b
o TN EEZEZBND, Fig3.1TIRT, —RZRVIULBIE THEL D57 4 T AV ME
i WOxB)RREN Cliig SnenoTo, 74 7 A2 MERIZKKR L., KEHROFES Cud
RENTH TR WOx(1), (270K Fig.3.17T(DIZKIET %, 418100 CBRAM B il B
Eb Cu ThHHD, —iEH7e CBRAM ICIF{ET HAPEHT X 2 IEXFREIZTEE L 722\, T2
72 L. Fig.3.11 ({ZR 41 e TIZFNEEOMIEIXHICETH v . Bk OZE b 1
W COBRELTND, ZDTs, —iki7eEiED CBRAM Th o> Th, Cu ZHEfxiANEH
DR S E S 2 CamR—J@ESE D 2 ERRERE L E 2 bD, BT, B
(2 Cu =0 Ag Mo ANICIEE S 72 CBRAM Tlda =R —FEEDHEFIN & 5 3.4,

342. NAR—ZRA VY FUTENELSLIE

HIEAL DSA R—T 2L v F o TEET— MR BEMmECE v R E, Uty h23A)
LW TH - (Fig.3.15)7, LR CTHBA LM T 4 7 A v MC L D ARLE R EFETIC
FOBYED KN AE T EBEZ BN D, RITKWT T A "B LTCSEAIL, @HE O
RRPETDZA v F o FJEERSIR S5,

A [EfdE L7z CBRAM #bEHI I EM & & Cu THDH A, —f%i722 CBRAM #i& TdH - T
HEBEIA A v F o TEEEZ R KT L FRAROREIC R VL Z EpnmESN TN DT,
Fig.3.18 IZ—fi)7etiED CBRAM (BT 5 AA v F L ZEEET VETRT, ZHUIA A
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BB L VIR SO EE O 5 SRS ORI TH 50, HIHPREED Cu EMRICIEEE
ZHINT 22 L T7 4 7 A2 W3 PEMEER) 5 Cu BREG) M2 > TR T 5, &
035’%0)7 4 Z A MERIE Cu BRI m D5 FEEk & 720 Z PR DM, ZO%EIN

EOMMEEZEZ Ty hSEDLD, 74+—I T TEEREINTT 4 7 A FRFERIT
‘«»éwm“ézo JTIERY, Uy FEIETIE Fig.3.18 ITRT L 912, 7 4 7 A v MIREZEEER(Cu
BRI 7 47 A2 NRE)OWU/NEIR T 4 T A BT EEZE2000T05, 2FD 2
BIHLBED A A v F 2 ZEWEX [Cu EM/WOx/Cu 7 4 7 A %%ﬁﬁ”%%rﬂj THELLTD, FE
BRI Cu AFEEMO CBRAM & 725, ZiUZ kv, Cu RFEEMIZEIT 531 R— T 8)ifE
OBIET, 2 FIHLEEO® >~ NEMELIFE, 72138 EEIA A yﬁéé@jﬂl: L7- CBRAM %
BELTWD LN D,

Rt B ITAHE T 2 HEELIX, A R —TF AL v F U 7HER: 12-16 BIHO U & v K
RE(Fig.3.15)UER#HICRE < 8D, DL, Fig.3.15(c) IEEEM TRT EIRDOIREIC
H7eu, BRSO HERLETCN 72T T <L B 5 5 Cu oﬁﬁﬂjﬁ\ﬁfﬂihko
ZHAUFFRAIE TSRO K DS BTN T, B L7 hr~A 7 L— 3 28 % Cu
BRI IS b 2 A, 22X Y CBRAM ORMENRE(LT 5 Z & &R LT
Do

Moderate Forming
(WO,(3) Sample)

. Dissolved Cu or Cu lon
O Appeared Cu Precipitation
Very Fine Filament

. 3 Bipolar Switch
Fat Filament (3) . (Switching Polarity
(2) E> Depending on Voltage

@ v v ﬁ Polarity at Switching Start)
(1) (1)

= . =
Lo £ /\ %\.J
. Bipolar Switch
Initial State CuSupply  Appearanceof (4) - E> (Usual Polarity)
from Anode Cu Nano-
clusters

Abrupt Forming
(Destructive Switch in Some Case)
(WO,(1),(2) Sample)
Fig.3.17 Schematics of initialization (forming) processes and switching modes after
forming observed in WOx(1)-(3) samples. (1) Gradual resistance decrease and
formation of Cu nano-clusters caused by successive voltage applications. (2) A
moderate forming by very fine filaments bridging Cu nano-clusters. (3) An

unipolar-like reset. (4)A usual (abrupt) forming with a fat filament.
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Fig.3.18 Sw1tch1ng model of Cu/WOx/Pt stacked CBRAM. A formed filament has the
narrowest point near the Cu electrode and the filament ruptures at this point. Then,
switching operation after forming is equivalent to that of Cu/WOx/Cu stacked
CBRAM.

35.FLEDH

3 T Tl CBRAM (2% L THERID A A — 7 EEHIMNZ X 2 9L 21T TR 2R L
Too fERZ R LTz 3 DORMEHIW TN B ARIEHULIZ N F v » I Cu @ﬁ%vMﬁu%iE r
BHEWHETHE L TWe, BRI OENT, BRN—HICETT D 0E—I

DIHBRED Cuf T DL U RN EDL 5 Z L NBER RN PRSI, ﬂ#ﬁﬂbb&z’)x
ﬂfﬁ%th SETNAE LD Z RTINS WOx(D),@FEHCik, FIbiRfE CHIRRZ: Cu
OUIMTHENAE T 72, 25 DB/ Cu D BIRFTHNEE A LR 74— 7
KXDORNT 4 T A MEEPSIERIESND ETRIND, MElEHI TR BT
KEHOWOx QFEI Tl v v T TERDE —ITELD Z ENRTHREIND, TDT=D,
WU 208 L CRE e A T < . v v 7THEESRICHT TRV a s F 7 A b
O Cu MWUMTHPAR AL COL TRl s Nz, K& REEEbnehrole
WOxB)FE CITIRBLA A » FEMENBIZE CE T, 7272 LAFRICE T 2 BIEEF(~50 k)
TiX, —fi%M72 CBRAM OBWEET LD PREINND 7 4 7 A v MIBE ST, Cufiuh
Hrififz S7e SR 7 7 A 2 N OIS X > TEIEL TW 5 Z ERIB I T,
L LT AA v FEAEOBIZT 10 Iﬁlﬁﬁ? 2L EFE D DRI LR AL L T o T,
Z AU Cu O KREHT HSOKREGTIC K D EBIR O KX BN BE I v, P biERE
(b ST Wox(s)aft*ﬁr@ﬁﬁjzﬁ/kamx%\ HIMERRIZ KD Cu AAHERRIE~E A S PUAHE
ISR L 72 2 & 3o T D, ZOREIEA ST Cu 73 CBRAM DFeMEA GUHIC
PlesgBZBxzoND, DD E, 3 ETIH[ICBRAM OHIHI(T + 7 2 v MEK)
DORTEREE LT Cu OFUMIHRAE L TW D AMREMEN B 5 Z & [219IHIkIC X D~
® Cu HAN CBRAM DAL v FEMEBRMICHLE TH D LT LIz AA v FEMEICIT KB
IRREEEAL MR DR Z & [BIERIE~D Cu DK EE AL CBRAM D A A v FHEAES
fEEBETLED Z &, BDTEM BIEHERNLRENT,
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ERADLT I TR 2FBICKAITE 5,7 VA NVRHETEE DTV Z VAT HT
TfD7%@@V%f}$¥ﬁ&mﬁﬁﬂ%ﬁéﬂfwéo_@$t0®% ESY RSN
g, WESRG@EERP R EIC Lo TED D, ARNTHEE & MESRFEZF—IZLTZ 2T
AL FRMEDBNE FEBT 5720, #fxik % ZE L7z CBRAM Z W T 5, MEHT X
STELLDREENE LN NG LT VD) BIRE > TWVEHN, RE AL v FRMEDE
WAL 203 @Em O RN 2, 2T, BB T X NNAL v TF U7 RED
Cu-WOx % & FERNRT I a JIAAL v F 7% RdEDH Cu-MoOx 4D 2 FFEICxT 3 58
EfEREE LD, AL v TFREOBENZOWTHEMREIT I,

4.2. 7232 )LEFE CBRAM (Cu-WOx CBRAM M 1l)

Cu-WOx-Cu #i#& CBRAM(A /%y X HEFEEM, WOx(@ R E) & Cu-WOx-Pt #i&
CBRAM(EB 745 %M, WOx(B)FEND 2 FFOFERIZONTHER D, WTHoiEd Cu
7 4T A NOREDE D BRI E R R s, WOx(@FREHIA Sy 2 U v 72 &

THEMEZFRL TWDH72D, WIHIRETE v v 7HIC Cu MEB L T D, DF Y, 3 &

Tmbt@%k%?f_ﬁofwéh%¢%Mm%%bt&%z5_k#?%éo
Cu O FEE TR L & o7, TDd, 3 &

WOx(B) ik CIEX v v TR
TR LB 2 R 7RI 7 ¢ T A
v MNERABIE SN, BLEREWZ &,
E%%@%ﬂ%%ﬁﬁ%ﬁbﬁﬁﬁmb
BRI EEEE bR R o T, it
A Eﬂfﬂ%%%ﬁ%ﬁ%kﬂﬁ*
Iz,

4.2.1. WOx(4)st#4

2.3BAITHE» TR L 7= 30k D B2 7S
R% 759, Tabled.l ([ZEMIERLL: 2/~

WOx(4) O FHIKEED TEM 4% Fig.3.1
2R 7, ¥ v 7% 200 nm FBREDH 58,
A8y ZAZ K B AN A (Fig.2.13) Tt
D722 57> TV D IO JEH D
o, Flz, Xy v I L Cull
L0 AHIEC TS 499 kQ L Ko 72,

—5T

Table 4.1 Preparation condition
of WOx(4) sample
ZEP/PMGI(300/300 nm)
Electrode Cu/TiN/Ti(30/5/5 nm)
Method Sputtering

WO, (30 nm)

Resist

Insulator

"::: Cu(GND)

: Cu
- . (Biased)

200 nm =
Fig.4.1 TEM image of the initial state of

WOx(4) sample.
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Fig. 4.1 -7/ LOEMWE 77 7 RE LT, A FOBMICEEZHN L CESMECA
— 7 0.3~0.4 Vi) B T o T2, £7o, RMMRER LI X2 FFEZTolcdb LT
DEE L EBEZ IS THE L, ZOMER, 3 BIIRT X 9 efEon/e Rk b 2 #%
FIT, 74 T A MEEREMN O T ¥ Z V2R RS ﬂzbi‘éﬁﬁéw‘:o

1~11 [ B @ FVREE ORER % Fig.4.2 ([~ 7, EEF 05V D 1.8V £ TH A TS L
TW5, 11 B H ORERFZA Lm?&#ﬂ: L7278, (29 CBRAM OS2 LI B &

Niehoio, 1-11 [ H Tl ﬁf&#ﬁvﬁzb%ﬂ“ 3 & _/Tbtfmﬂ;ﬁﬂ: B2 TV RN 2
EMTD, ZAUTRTR L2 L D18, ANy Z Y 7280 £y » 7EHIZ Cu 23 L7
W7o TV DD EB 2 BILD, WOx(@iEHE 12 BB ORIEIZHB VT Fig.4.3 [ZR T

WY, 74T A MREDSE D Bk b(e v MWD U HUEIE 420 kQ2 D
3L9KOQ~EIKTF L

50+ A— 80}

< 40} <
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Fig.4.2 I-V characteristics of 1st to 11th  Fig.4.3 [I-V characteristics of 12th
sweep of WOx(4) sample. sweep of WOx(4) sample.

Fig.4.4 .2 WOx(DFREt D& » NRFIZI51T DHEIELALORET- % 7737, FEIC B YL o 7228 ki 2
RdboTe, BWBNDEGMmMA~DT 4T A PR E, ZHITHED BIRD = 8T X LT
&5, Fig.4.3 1277 12 B HOEEAA —7HIETIE 1.8 VIRED & SR BN % g
7=, ZOBMICIIEELR IR N> T, Figd.d@) L O)DOLENS, 27747
> AEE(80 pAICRET HEATTH > TH TEMBIC K E BN ERRTHRND,
T4 TANOREIZA T TAT U ABRICEEL TOLOLAELTE, BRYOEEAAL —7
D TEM 18 Th 5 Fig.4.4(0)-(ei T T, 7 4 T A > SRR G BEHs 2 m)i Tk LT
WDHDMRTHRND, EDORRICHmO a2 s 7 2 RRELS o> TWDH Db 537> 72, Figd.b
XA BB DT 4 T A 2 FEEREO TEM & Th 5, B0 Cu BSEEZR D L, kL
WRIZIRSTZ RS, ZHULT 4 7 A2 EBBBBO Cull K> TR SN Z & 2R
LTW%, 7272 L, ABRIOEWESRIImMmE b Cu THhoHIb= L ha~vAf 7 L—a v
2 &% Cu BEYD ATREMEDHERR T & 72\,
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Fig.4.4 TEM images of WOx(4) sample during SET (12th sweep). (a) to (d) in images

Ko”» [13 ”

correspond tgo “a” to “e” in /-V graph.

Fig.4.5 TEM images of (a) before and (b) after of SET in WOx(4) sample.

1EIHOE Y M WOx(OFEH 3 L TRBEFMZTWERTUE() 'y DERATZNE
MU E(E ~ B L, Jﬁﬂﬁz’» 25kQE I BITIRT Le, ZHUTMEME & Cu TH Y HI
INEEOMEC X DFHEDOZEZNHICS WIEAELLOEETHLEYy b Uty AR Z &
RKTEDLT 4T AL Dby hTERDPSTEZENFRRIZEEZ HiLD, Fig.d.6
IZ WOx()FEIA T > k L7z & & DR 2R, -1.1 VAR CRMZR BN X 7223,
Fig.4.6(2)-@IZ/R T8 Y | BHRIEMN £ TITIT R E s 2 IR S /e h o 7o, BRI
% DI Fig.4.6(c) & (A TITX B8, TN b T OGO T v U03b UIEIIZ 72 D FEFE T
Hol, %%ZE@ CREIEEEENAH BN DDIX 1 BB D' v MR & Ak, B HIRE
(200 pAIZIE L7212 Th o 72, Fig.d.6(e)-(@IZm T T, 2ERMIHEW I N T A M Tho
TS, T4 T A MRS DR TR OND, Z OBEOEEELIXEE O iR

50



T CilEEE 72, 2EIEDOE Y MZX Y, 8 10 nm BEOHFER 7 + 7 A2 "B S L
72D nb, FTfEy MW, 1EIEO® > N THE UEBBOZERICITE > T D
DN TEM BRI L > THho 72, Figd. 712 2B HDO® » MO TEM &0 ik & x4,
Fig.4.7@FEMOEMEI 1 EIHOE v FTCuBBE L TWDEOBEENED L TNDH I &
Wond, ZO#%O 2 BHOE Y MZIZIE, Figd70)IZRT 2 BIEHOE Y MEIZ
Fig4.5@IZRdHHENREE L [FD 2 R T A MIR> TWA Z ER RTINS, Zhit 2
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F1g4 6 TEM images of WOx(4) sample iduring 2nd SET. (a) to (h) in images
correspond to “a” to “h” in I-V graph.
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Fig.4.7 TEM images of (a) before and (b) after of 2nd SET in WOx(4) sample.

Dotted area indicates observation area in Fig.4.6.

2 BIEOEy NPABETELLD, EBEAMEITNY £y haRkAiot 25 12.7
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Wl:z’» Ronzehot-, Fig.d.8(a)-(b)E TIXERPFIFIC EF L=, I 280 pA 2
)#(o 5V)IC Ltﬁ# SMTCTERNEWLY &y kL7, Fig4,8(@) & @t LTy Lo
BALB 2N Z E 33D, Fig.d.8(e)-OIZh i TRWTHIN Ao s ., Ziuds 7 7(e)
RERATCAE U AR, ZROBFREMCEIVAELTZLEOTH S, Figd. 912Uy MiEO
TEM %%~ 3 23 v RO X 5 7 K& e (LI R S e
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Fig.4.8 TEM images of WOx(4) sample during RESET. (a) to (g) in images
correspond to “a” to “g”

in /-V graph. Dotted area indicates an outline of formed
filament during 2rd SET shown in Fig.4.6.

Fig.4.9 TEM images of (a) before and (b) after of RESET in WOx(4) sample.
Dotted area indicates observation area in Fig.4.6.
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4.2.2. WOx(5)at#4

WOx(OFBHZ BT D EEAL(T 1 Z
A2 MEA)IE. CBRAM OEEFH L L
TR ZIF AN BN TV D ELAT
WX BN AEECTH -7z, 7272 L. Cu
[F R FE MDA IS C I, IRPTE(LIREIC G - f2

Table 4.2 Preparation condition
of WOx(5) sample
Resist ZEP(120 nm)
Electrode Cu/Cr, Pt/Cr(30/10 nm)
Method Oblique angle EB depo.
Insulator  WO,(30 nm)
CREET

13:35:01.94

IEMEZR AR EE LV, KD —fRAY S
2tV Cu-WOx-Pt 4% 1 @ 30k (DL B
WOx(B)FENIZ & L C b Bk D KB A 1T
27z, 2.3@ONIRTFIET, Tabled.2 O
S CHE AR L7, Fig.4.10 1R
WY, Fx 7 120 nm FEED Pt-Cu £
RS PR ST D 2 &5 7 Fig.4.10 TEM image of the initial state of

Do WOx(5) sample.
YIHHEPUES 21 MQTH 5 WOx(B)ik

BHZxt L, 8 IR LIEI b &21T 5 2 & TS b &2 1T o 72, HAHREREIELZ L 2
A(~100 kQ) T, K77 +F A2 MERDBEI W LWEIIA A v F@3EIH DA A —F
W) A BlEE SN 7= (198 kQ—T71.5 kQ), £ D%, WHBMEDBEEAFMT 5L TT7 4T A
DK E DT EETE(25.4 kKQ—52.0 kQ)H AL LN B EERPURIZ TE 22 h
STz, BAKHNIIEIEHRED T E A A v F LR RV F TN -GEEN Rty MU &
v b 1A I NVOBIE), ZOFEBRTOELEAAL —THEIT2AKEZBELTO0.7 Vs THD,
HEIL Cu BRUCEEZFML Pt SEMIIHEH L CTfTo7z, BEEREZFHEL ATTL,
Fig.4.11 {2 WOx(5)iEHI kI 2 WIHHERF D 7T 7 % & L 5, HIHHLITHIFRERIEZ 1 nA
735 50 pA ~ &R 2 ITHIN S /228 BATV Z DERD A A — 7 EFEMH 1T Fig.4.11(b)IZ =T,
Fig.4. 1112/~ 2-4 [8] H O A A — 7 BEFVINFE RS W 722 7 F 7 OB CH 0 | S iE
TR INURIRPI L) 2 4 0 K3 2 & T Fig 4. 11O R TG LS A 72, Fi2, FI kg
ICEEERINRE AT > TV 528, BRI CERIUER RSN 0 E PO 572D TH
%, WOx(B)FUEHI ERFEEMAME L Chd 572, FIHHERFRIZ B CHEERIN T O &y
LR TE T,
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Fig.4.11 Summary of initialization process of WOx(5). (a) I-V graph of 2nd to 4th
sweep. Graphs of (b) Resistance changes, (c) sweep voltage, and (d) maximum
current versus sweep number. Resistance was calculated by using current at +£0.5V

in backward sweep.

3EDFERLFIL X )T, WREAAEEZLNE U2 OHUE B LERATRND L 51
&of#%f\2”]9@24~7ME%M&kQﬁMQM»#%T%OKQFg4mé27
|l 3 ORIER DB ZE N E T, R % FIFB LD 720, CuEO =2 R A b
NOTNIELS 2o T2 OP MR TE 5, il 5&@{%(20 uAIZEZET 5 F TR A BT
(Fig.4.12(a), (b)), == F 7 A MEALITHIBREFIZEIE L CHBAAE v | Cu BEARIEIHfEIR )
Hpo < D L 2o TV O A THEI 7= (Fig.4.12(0)-(d), Z OBLEIE Fig.3.11, 12 TR
FTIBOVEE(E v » T OIER) L REOBSE MR TE LB 2 b, Bs(Cws 5 WOx
~O CuBAZREL TS, — 5T, ¥ v 75 PtEMAITOa b TR MERIZZ
DEERET iéﬁ"éﬂ(‘b\fcﬁb‘ fr< 28-32 [BH DA A —7EEHNINT X 0 BHimAcumiso o
Y ETANMIEZHIZHEL o7z, Fig.4.13 12 2728 [RIB £ TOm=a L T 2 OB E
FLDODLHARROMY  BHRO = > b T A NEIZ BRI S A E - 72 (Fig.4.13(a), (b)),
28-30 [EIH OEEAA —FHRIE TIL, 27 [BIE THE< 72 o 72 Jetm il sy 7> b B O PN 23T
TEVay h 7R ML 72 o72(Fig.4.13(0)-(e)), 31, 32 [AI1H OWETIL, BHBANEHO =
VTR REL o7 EZ D BRI OERENERLIT . WOx ~D Cu BEfE25 A TV
% Z &R RTTHI S (Fig.4.13(0), (2).
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Fig.4.12 TEM images of WOx(5) sample during 27th sweep. (a) to (e) in images

correspond to “a” to “e” in I-V graph. Dotted area indicates a point of structure
changes.

Fig.4.13 TEM images of WOx(5) sample showing

contrast change of the anode (a) at the initial state
and (b-g) after 27th to 32nd sweep.
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Fig.4.12, 13 (2R 52 5 0 Cu #5483 [ H D A A — 7 EIERENIL, 7 4 T A
MR O IRIKPUE R R D vz, £ DOkkT % Fig.4.14 & 1512F L9 5, Figd. 14 |ZRT
TEM %7 & 1% Pt BN (F245,GND) 5> & Cu BREEIR) ~E 7 0 7 X v R RET 281
DD, WOx(@alkh & AR, WOx(B)FEHZ W T & B E 2 I LHIFRE (50 pA)

ICEFE LB Th - THHEB BT MTIER O (Figd.14(@), B), 7 4 7 A v b DOEE
WIHIBERBIZEZ DAL —T RO ML EE -T2, 2. 7 4 T A v MREIZHIS L TR
Dary k7 A ML 7o 72 (Fig.4.14(c), 7 « 7 A > M EIL Pt BRICHE S HAEED |
?ﬁfﬂi DR TRE LTV D Z &35 (Fig.4.14(), (d), 7« 7 A > b Pt-Cu EHE %

BN HNTHENKE T Liz7=9, TEM @T XX v v OBV TV 5 (Fig.4.14 (),

7 4T A2 MR AR ER T A 72012, Fig4.15)I7 Y AE kI 5
EDar NI A RNEBLEESTZ, AR iPtaaFﬁﬁlﬁ B,CHEIZ7 4T A FOHFRE, D
SE T 47 A s, E AL Cu EBWNERICE o7, 2 T A NEND T T T
(Fig.4.15Mb) x5 &L, 74T A M THDH A-D S TIIIRAIZKHE < 720 . Cu BRNES
Thod ESTIXRABIZAL RolzZ ENDN 5, Flg.4.15(c)m®ﬂéﬁf'aﬁ 1-5 134 A-D J5IZ

BUFDay NI A NELOBA - & THSZ R L TEBY | Fig.d. 1507 I-VRIER L &
s L TW5, Fig.d. 156027 33 [EIHORIE T, &ANZ a2 T A MELUIRZ(R) 213 R
HT=DE Pt B TH D A (Fig.4.15(c)- 1) Tho7-, A STHESLHNZZ MT A
DHELS 2o TV Z A 2 7 TIEERD 10 pA F2E T, Mim 2K IEHU BT A U Tz,
Z OERETIE Fig.4.11, 13 1T A4 — 7 HE@IHIL) T WOx NIZHEHEL L7= Cu 23T &
BItE L CWD EEZ BN D, K 2> b7 A FELIE B A& D S CA L7z, Fig.4.15(0)-2
R TEMEAMOZA I 7 TCuBMm oD HTiEay 72 MBS <, Pt T
OB RTIEa N7 AP eoTe, THXERSHEOBREIZ Cu 28 WOx F~K&EIZ
W2 2B LTS, BERENZ L2, Fig4.140Z R THL DX A I 7 TiE7 4
T A2 MERITIFIER SN2, KL L7z GERA AR LB IS E LS (en o n
RN E WD L, WOx(@RE CHRETH 72, WOxB)REI T 4 7 A > bR ENBIME L

OIEXHIRERGO pAICE L%, A4 —TRDIZA->THE Th -7 (Fig.4.14 (o),

4.15(b)-8, (©)-3), TDH%H 7 4T A2 ML Figd.15@ND C H03h 6 D i~ &l a2kt
(Fig.4.15(c)-4). ZNRILEST=DIXBIRN H HRREKLS 72> THH(~16 pATH - 7=
(Fig.4.15(c)-5), % D%ITHME LML KirSHE, Uty N EiRAl,
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Fig.4.14 TEM images of WOx(5) sample during 334 sweep. (a) to (e) in images

“ [IPet

correspond to “a” to “e” in /-V graph.
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Fig.4.15 Summary of filament formation of WOx(5) sample in 33 sweep. (a) TEM
image of WOx(5) sample after 33rd sweep. (b) I-V graph of WOx(5) sample in 33rd
sweep. (c) Graph of contrast change in point “A” to “E” versus measurement

time (frame number, 60 fps). Vertival dotted lines (1-5) in the graph correspoond to
“1” tO “5” ln (b).
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Uty haR A A BN AV IR L7 HE4-62 [ H OWE) % Fig.d4.16, 1TICFE L
%o 34-51 A HDAA =7 £ TITABEHMEZIT> T% 33 EIHD A A — 7 TR I LTz
7 47 A2 ME, Fig.4.17(33vd-51s)|/R T K I ICABEA A — 7 &0 I3 & e [Tk
LTWol, 747 A FOHEKIEL Pt ﬂ§$’ﬁ/74 T A v bﬁﬁb> WHED
(Fig.4.17(331d-420d))  Z D% A8 MIHDAA —THEETIZ 7 4 7 A Y MIURIER 272 72
- 72(Fig.4.17(45th-48th)), 7 ¢ 7 * > M KEE(45 [B] H ORIE)IZ WOx H%z’wfs SYHNCAR T 7
72OX ¥ v IS MEE LS N B LTz, £72. 7 4 7 A 2 MERZRIZIT Cu B
DAy v T AIPBIEL o TEY, WELET 47 A2 b Cu BRMAIEm)~LRE-7-2
&% (Fig.4.17(33, 51st)), 33-51 [B1H & Tl Cu EMIZ-1.0~1.2V OEEEEZHIML
TV 5 (Fig.4.16(b)), 36 [a] B TISUENRD L2tk hx @B b L TWab 2 RN 77
26 RTHRND, HUNEEMZETED LRWF | B REIMEIL, 50-140 pA ~EHL TV
% (Fig.4.16(c) 723, ZAUTHIIREBIRMAE B LN b Eikiiib a2 iTo 72720 Thd, 747
A MDIHE LT OESUEGL B H OREEZIE~80 kQ L 7 ¢ T A v MER%BS [51H D
HIER)OBPUE L IFIEF L TH Y, 7 4 7 A2 MEEABPEIUEIC S 2 2 BIX R LN
o, TO®%RIEBRE - ABEMMAZ#HEY K LT &, ﬁf747%/%@%&
(Fig.4.17(54th) « W GTM) NB L SN =N EFEIIZEEL D L FREHTER =
(Fig.4.17(60th, 62nd)),
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Fig.4.17 TEM images of WOx(5) sample after 33td to 62nd sweep measurement.

4.3.7 7 0% %1% CBRAM(Cu-MoOx CBRAM M 5l)

HafxiRIZ MoOx 2l L7= CBRAM &7 v ZWEHEOHE R H 5070, 7V X Vi

7R Z R LT WO #UEE & O FLigehf BHZ B
L7z, 22 Tlx, 2.3@0)IZE» TERL7Z
Cu-MOx-Pt B OBILFR 2 R"T, ERIER
%A1 Table4.312d 5 &350 Th %, Tabled.4
& Fig4.18 IR T 2 ooRE(ZENZE N
MoOx(1) &k, MoOx(2) 58 & FES)IZEI T 5
R AT D, AE O | Cu B 821
SNTRETHEZI T T2, DM LT D7z
B, LAREIZR T MoOx aBt O RT3 _T Pt
EMmEEAEL LTV, Cu EMIC)05EE
ZRWTEREIT 9. MoOx(1), ()7 e DV
b, Cu BMICIEEEANAIT ) 2 & TR
REIREUE B ST, P LR O &
ZAGIE WOx 3 UEHZ e~/ NS W CTA U, 4
BRI LM TH T,

Table 4.3 Preparation condition of
MoOx(1) and (2) samples

Resist ZEP(120 nm)
Electrode Cu/Cr, Pt/Cr(30/10 nm)

Method Oblique angle EB depo.
Insulator MoO,(30 nm)

Table 4.4 Initial parameters of
MoOx (1) and (2) samples

Sample Irntlal Gap Width
name resistance

MoO,(1) 240 MQ 29 nm

MoO,(2) 122 MQ 26 nm



Fig.4.18 TEM images of the 1n1t1a1 state of (a) MoOx(l) sample and(b) MoOx(2)
sample. Residues of lift-off process were in an edge of the Pt electrode but those

were not affected resistance switching.

4.3.1. MoOx(1)at#4
u BRI EE ) 7R A A — T EBERINEIT O & A —THIZP 50 7RGk 2 R

2o ZAUTRITTT MOOX(Z)niVH'ioJZU\ Z DD MoOx B THEINLBLTH
72, Figd 19 IC—EHORERREZF L DD, FERZRITURIT 102 Bl A A — 7 EEH
EIZ L 5T 240 MQ 5 330 kQ & 3HFREX T L7223, Fig.4.20 (27”738 D ZAUCHE O fiik
EALIE Z L b T o 72, MoOx(DFEHT 103 [81H D A A — 7 (HIFRER 15 pA) TR & <K
il L (330 kQr 5 33.3 kQ), K& At b4 R 7= (Fig.4.20(0), HER DO EE
AA —THEIT~0.T Vs Tholz, AA—7EEIL8IRIEFEFTE1.8V, 82-102[FHE T
1X+2.0V, &ED 103 H DAL —FTiL 2.5V Th-7-(Fig.4.19(c)), Cu EM I IEEE
ZHIINT % & Fig.4.19@) D XL 5 [ZHIEFICEIREEIN L TV & D 500 2K IET L & R
72, Cu-Pt BFEEMEE CH D0, WMEOBELZEINT 52 & fmm#ﬂ:?&%%ﬁm
FNHRERRENTHY . ERBEERIULIIAT A o7, U, —#D A A —7E
THERE AL 2N AR 2 S 7= 101-103 5] H OJEIZ DWW CRERIC AT <,

101 [5] H ORE £ TITHEGTEIL 423 kQF TR T LTV 572 TEM BIZIFZEb A o7
Do 72(Fig.4.21(a)), 101 [B] H OHIE TEIZ S-S 2 bIE, Figd.21@IZRFITR LT

t BEW) JCHE Db E 572, A4 —7RY 1.7 V I & U BREOREN% .

F1g.4.21(b) R T/ Cu O HERINE OO, Z OO EA TN > 72
(Fig.4.21(c), Ht< 1020 H DAL —7 W ETIT L KREREELMBAONT-, 1.2V T
DBV F TIIGEITMR S 720 o 72 (Fig.4.21(c), 4.22(a)), 102 [FIH OWETHR
X0 | EIE RN T A BRICEE A L2 A Uz, Fig.d.22)13Z (L% O TEM B TH Y | i
MCRLULIZHROFEE COT N Rnbay F T A MDA HRTE 2, =2 M7 A MMk
I%. 101 [E1E O A A —7C Pt BMEEAR) Sl 2T H L7z Cu 7225 Cu BABREEIIZ 23T T
U7, 722 OB, Fig.4.220)IZ KA TRTEMY v » 7HOHTEH Cu OFTHMN
TE JRWGEIRTO Cu LB RS S A7z, 102 [8] B ORE CIEHPUEIX 453 kQ2> 5 330 kQ
~EERIHUE Lz, BB R 103 [BH O A A —7HIE THREITRE WV OO RBED
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Fig.4.22(c))> 5 Fig.4.23 (a) 1Z/2F TiE, Fig.4.23@WIZKEITaR L7=#4>(101,102 [l H
2B D Cu TN E Lz, 0% LENTH S Pt EMM S Cu OB LT
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Fig.4.19 Summary of measurement results of MoOx(1) sample. (a) 7-V graph of 22nd
to 31st sweep. Graphs of (b) Resistance changes, (c) sweep voltage, and (d) maximum
current versus sweep number. Resistance was calculated by using current at +0.5

V in backward sweep.

Fig.4.20 TEM images of MoOx(1) sample (a) at the initial state, and after (b) 315, (c)
61st, (d) 81st, (e) 10204, and (f) 10314 sweep.
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Fig.4.21 TEM images of
MoOx(1) sample during
101st sweep. (a) to (c) in
images correspond to “a”
to “c” in the graph. Red
arrows indicate a point

of structure change.

Fig.4.22 TEM images of
MoOx(1) sample during
102nd sweep. (a) to (c) in
images correspond to “a”
to “¢” in the graph. Red
arrow and dotted area
indicate a

point  of

structure change.
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Fig.4.23 TEM images of
MoOx(1) sample during
103d sweep. (a) to (¢) in
images correspond to “a”
to “c” in the graph. Red
arrows indicate a point

of structure change..




4.3.2. MoOx(2)iz

MoOx(2)FEHZ BT H MoOx(DEkEF & FIFRDREZ T o7& 25, Cu DEHE AR
2 HMEEI LB STz, Zud, Pt ERMNCAFET S Y 7 A T7HRO N T v 7 A
FELTEHL CuBEE DT o720 LB 2 HiLd, Fig.4.24 12 MoOx(2)7E D
EfERE £ DD, Fig.d.24@IRT & 912, MoOx(QFEHIAR L E R EE & A28 5
D DR NTERHUE L Ty o 72, 52 [ B £ TOMIE THUTEIL 122 MQ2 5 5.3 MO~ &K
T L7=(Fig.4.24(b)), AA — 7 EEITEMEEZBEL T2V RiE TH Y (Fig.4.24(c). Kk KEIT
1% 8 pA E/hE Mo 72(Fig.d.24(d), HIERFD A A — 7 #HE13~0.7 Vs Th-o7-, Fig.4.25
(R T HEERI R & 7o S 2 2N 1 pA LU OKE 1 CRERE T & 72578 MoOx(1)FE & B
7%, Fig.4.24()27~d 9-18 [B] H 0| E (Fig.4.25(a)-(c) T4 U7z Pt BT H~0 Cu #rih
X, 39-52 [l H OHIE (Fig.4.25(d)(e) T4 L7z Pt &S D Cu ENME I,
MoOx(2)i£HE, 52 [ H OHE T Cu BN S Cu 23 H LEEN7-(Fig.4.25(1), LIKE, 4F
72 9-18 [B1A & 39-48 [A] H DHEEIC SOV THEMIC BT <,

1F - - - - 10° — : : :
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Fig.4.24 Summary of measurement results of MoOx(2) sample. (a) 7-V graph of 9t to
18th sweep. Graphs of (b) Resistance changes, (c) sweep voltage, and (d) maximum
current versus sweep number. Resistance was calculated by using current at +0.5 V

in backward sweep.
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Fig.4.25 TEM images of MoOx(2) sample (a) at the initial state, and after (b) 8th,
(c) 18th, (d) 38th, (e) 48th, and (f) 52nd sweep.

8 [11 H D A A — 7 HIE £ TIZ MoOy(2FEHE 122 MQA 5 16.8 MO~ & ARHEHT(L u‘:yﬁ\
ZIIC X B EITEIE T & ) - 12 (Fig.4.25(a), (b)), Fig.4.26 (2 9-18 [8] H OH|EH;C
U7tk £ L5, PtEBCIREIZIZ Pt OVU 7 AT D BNFEELTNWDED, T
Koz T A RBRELNS(Fig.d4.26(2)7 = 7T Cu MrHA 2 Tuhvo 7=, HritidhE
RN TH Y & ORI CTHRNZE LT D Iz < Mo T2, Fig.4.26@IZIZA A — 7D
TEM % 7~3, Cu OFHIE Pt BREEH) S Cu BBEGFIZ[2D E V) KL, Pt
BT TR A I 2 TV KO ICR AT, 19-38 [EIHIZIX, Cu EMICAEEAA —7
FIN%&4T > T 5 (Fig.4.24(c) 23, Fig.4.26 1278 L7z Cu HrHEiE K L e i - 72 (Fig.4.25(c),
(d), %i< 39-48 [l H D A A —FEEAINC X 514210 % Fig4.27 2% & H 5, 39-49 [A1H
ORI EILHIREF 1 pA TH Y . HKHLIT 10 MQITII THER L T 0 (Fig.4.24b)EHHUL
LTS EIEEAR, £ ZAN, TEM & ECIERE EEE(bn A b ivlz, 38-44 [F1H
DAL =T TlEDHF Y RE BT ELS, Culitt koo T A S EL oo R

Tdh - 72(Fig.4.26(331d-44th)), 45 [A|H DA A —T7 5, Pt BRI 5 O Cu M N B 12
720X 48 [AlH #2121 Cu-Pt B 2 S 7 B L 72 - 72 (Fig.4.26(45th-48th)), Z D4 D
BE CTIXHIBREIE A0 L7 & & CHER R IEZ (L34 U, Fig.4.25(0 ORRIZEUEHIEEN
77
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Fig.4.26 TEM images of MoOx(2) sample in 8th to 18th sweep measurement.
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Fig.4.27 I-V graph of MoOx(2) sample during 39t to 48th sweep measurement

and corresponding TEM images.
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4.4 EMTIL[FREER

4.4.1. Cu-WOx % CBRAM(T PR ILARA v F 2 ¥)

[WOx(4)3 8 WOx(@)ikEtClZ 2 ot~ hEMEE Uy FEMEZBIZE LT, 1EIBEDE
> MEMEI, ﬁ”m%ﬁmm#ﬁM@ﬁtwoCmmM®@¢%7w I—HT HRER L e
ST, 74T AV MNEEETZITWL ONFEEN H 5203, BRSNS D7 4T A2 Ml
V3A A BB & bR T O W T RV RIS 725, Fig2. 18 ITRT L OIC, Fv v
TNCIEMN 5T Cu A A BEEL EIF T D LB X B, 499 kQ &V 5 IRWFIEHERT
HENERELTWD, 72720 80 pA & W) RERMBINTWDHTeD, =7 hr~vA 7
L—ya itk CuBihb BEx b5, Fig4.2712 WOx@#ED 11818 & v MEFOMEE
ZALET NV ERmT, WIHIRIBIZ A Ny X2 K BRIV IAZTEME ¥ » 7HIZEH Cu BANR -
TWd, Ekflzﬁﬁ}im@iﬂ/\ IEFEERTINMAIEER) C Cu AL Si Cu A 4 &
725, CuA FILE OT%@J LEiR~BIEE, £ Z TR I Cu BTz HmD 5,
INaYIRT Z kf“Ffﬁ@O) CuZBEIL, BN DL 7 07 AY BRRET S, £72. B
® Cu BEHNZ X VO Cu BENKY . Fig.d.b Ok, =L 7 ha~vAf 7L — 3

DOEEIE, KERICE D CuBENC L > TRIBNL 7 4 7 A MR ET 5, B{LiRT
TV hu~vA L= ar EEL08ABBENS T 4T AV FBEE L, %ﬁwcuﬁ
FERDT 2720, MBS Cultl 7 4 T A MEDA D= XLNRE L DNGRY,
FEOEY by Figd.27 LRICEDICHATES, VEy NFOEEIULIZTZ 4 7 A b
DREWITZ L EZ HITWDH, Figd. 9 ISR T X 9 MEEZ(LITMER TE oo, BIEMGE
(60 k) CITMER TERWVII EMN B o7 B2 BLD,

WOx(@)AEHZ B THR 0 R LENER TE 2o 2RI, Cu O KB A B8 25 R Al
M7 E B EAT LE S0 EEZBN5,30nm &V 9 W Cu EWNL 7 4T
AV MRV RS T 2720, Figd.5 1IR3 X 5 72 IRWHEFH COMEE L& £ A TV 5 AlkE

b N Z i H
R H D, ZHIFRICHEIT D Redox Reaction

WOx(BHETHRA LTS, ZDi U o) W
WZBI L CiE. Bl Cu BMOE LN 7 (Metal) a Filament
60 nm PEEHWOx@#ED Ty Mt State P ' e
MUy R A 7 A RBIER S T ﬂ
% (Fig.3.15)

[WOx(5)30H] Cu-WOx-Pt Hiits % @ U U
&% WOx(B)BtkC b WOx(@atkr e\ N wl — X et

[FERDBIR A VBIEE C & I, RAL B Distributed Cu Large

ETHDHID, 747 A MENE ‘Cu"e"t Q

L7 hawA T b—va it kb Electromigration

WBERTH D Z LN SR o7,  Fig4.27 Schematics of 15t SET in WOx(4)
sample.
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Fig.4.28 |2 TEM BIZ5E R0 HHERI X2 WOxB)REHZRIT D 7 1 T A v MAEDEE K
PEAD A T =X L% RmT, 1-26 [B]H OWE TIXEEEAN KL, AEERINTHE
Pk & — a7 CBRAM & R UZE 2R Lz, Ziud Cu b s 4o &7 5,
CuA A NEBELIN CuBMA~ERDENVSTHBTAELTWDE ETFHEINEA Cu O
Hi72 & D HNL - I EE A LITBIE T & )y o 72 (Fig.4.28(1-26 [0 A OHIE)), (KHHi k)
ATE 27-32 [BIHDAA =T Tlk, 747 A MREMEI A (LN X 2F10kE LT
25 Cu DA T 7= (Fig.4.28(27-32 [B] H OHIE)), Z4E 3 2= Tt L7z Cu B
DORE/NERICBRRTH D, 27-32 [81H ORIE TIE Cu OFEMIIBIECTE 7223, Cu OFTHIE
Blegcxedolz, Cu OFTHAET (B LLIEEE 50 k FBRE TR TE 5 L9107 D)
21X, WOXxINTO Cu A F U RENEELMENLLHT-OIEEZ 2 N5, 33 [EHOHIE
TIET7 4 7 A2 FODME O W LWMRIR b S BLEE ST, (RREUE T D BEIZIZ B 6
TEXDT7 4T A FOEENPELTELT, I OB CIIM/NEE S ADIAIZ L VK
Tk L7z & Tl S 5 (Fig.4.28(33 [B1 H ORE), 7 4 7 A v b ORI BIE S
DIE, AREFULBRD LEA TS Th o7, B LR, 74 7 A PIESK T
% ETIIR 2.6 037> TV 5 (Figd.15) 72, KW 7 4 T A "B A A v FOERE
DRKTH 5 135 212 < W, MUNEE /S A BROBEIESTEIC K 0 KEFR2 T Cu 23iEFE
WHFR SN2 E T, 74 T AV FOREDEATL(RS o) &2 bbb, 20 Cuilh
FIHASIZZ OV > MARHIC D723 5, 34-48 M H OWETA U7 4 7 A v MHEKREOB
&M% Figd.29 [T, 7 4 7 A2 MERIT Pt ERFET 20O E 72, — K1
47 A NOBEBHIE—F MNP OBLBIICL>sTAELDLIEEZEZ LN TND
WOx(B) DA 1, 74?xy%ﬁk<Uty%ﬁ®%ﬁﬁ %wbumwwkméﬁo
KWNT T A MITBRIZITBEMB Z SR TN RN E W) ES, EHEDT 4T A
F@W%&Hﬁﬁokﬁ%ﬁELTWé&?ﬁéﬂéJgA%gﬁﬁ747%/F%%u
BT BLE TN A T 7 bavA 7 Lb—2a ikl CuBEhb AL TS &
Ezbnb, AELEHIZED 7 407 22 MIHEKR LD OO—HREEOERGbiz & &
F o72(Fig.4.16(), ZAULT 1 7 A > MERIHZ AP REIEH L7z Cu BAEMICE Y
ENT2 ol L ERBTSD, TOROIEEBERMTHORT 4 7 A2 BKRET 50
(Fig.4.17, 54th), BELIZAA v F 2 T YA 7 T LNR o T, REREEZIEDE D
WF 72 Cu f#572° CBRAM DA A v F o VRS b A Al & O FERIZ. 3 = Cilam L 72N
Kb 7T 5,
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..............................................................
.

In this moment,
> .
: CBRAM became :
i LRS without
observable
filament.

50 pA

oCu(lon)
* Cu(Metal)

lRs . Contrast EExtremeCu Formation of
Changeof : supplyby FatFilament -

[T ... Anode.... Targe Current.......cooowwureens d
1st_26th z7th_32nd ‘
r
Sweep Sweep 33" Sweep

Fig.4.28 Schematics of switching operation of WOx(5) sample from

initialization to digital switching along with fat filament formation.

Start of Filament
Filament Filament Dissolve Large Amount
Formation Dissolve near Pt of Cu Residues

— 5l

oCu(lon) CBRAM cannot
* Cu(Metal) fully switch to HRS.

Fig.4.29 Schematics of RESET (filament dissolve) procces of WOx(5).
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4.4.2. Cu-MoOx % CBRAM(7+ BRIV XA vF )

2 2O/ L7z MoOx OFEHT, MHERELIIMTIT R & 2 b Re7eo - 72, WOx %
TTRONIZAA v F 2 THiID Cu BWOZE((Fig.4.12, 13)b A HNT, WOx k& 115
725 AT Cu DBENEL TN D LTINS, Fig.d.30 12 TEM B0 6 ORI % 51
MoOx #EHZ 31T 2 T L DS Fig. 2/~ @il BT A A — 7 HIINC & Zﬂfﬁﬁw b
IR HEA TS, Cu IXEERIINZR LIZ MoOx HIZIEITIATe & v o A & 5 Bl7-
MoOx #EHI IR AE TF TIZ Cu MEITIAA TV 5 (Fig.4.30WIHIRRE), ZD X H foe Cu
MBI TIENR > TP Z & T Figd19@IIRT X 927 7 u Zi 2 RIRPU LA B s hv iz,
JEFEIINC £ 0 B 5 1 Cu 25 MoOx HIZ ik S35 05, MoOx N ToD Cu BEhZIT K
BRI LEER < WOx BB CBIZE S 47z & 9 Zelhliins 5 0 Cu K EZH)(Fig.4.28(1-26 [A1 H
DHEENB RN o7, B OREBRNSIEND X 51277 BERET Cu O E & H 72
O UL MBI STz, MoOx(DFREFDG G 1T, WOx U & AIERIC Pt FERR(F245)
25 Cu BREGM)IZAH 22 b7 A M EAHER TE 72, ZOBEOERMEIL 10 pA &
WOx i EHZ R T/ E Do 72, MoOx(QFEI DG A L, V7 bATHFOERE Pt N T v
PA REZRD Cu OHTHMA L VIKEF(~1 pA) THIE TX 72, MoOxitEH CH it I &t a X
LT DL WOxERED X 5 ARl ip A A » T2 7012 C & (Fig.4.23), ZAULZEW Cu @
REMTHI DB T X 7= (Fig.4.30(H)), 7272 L2 OB O BRI 3-15 pA & L/ S,
PLEDS TEM B R 0D PRI ILD MoOx iEHCAE LTI Z(L DA I =X L TH D,

MoOy(1) Sample

oCu(lon) i - ;
Cu(Metal) < ~10 ”A
Gradual ° 6
Resistance / + \ 3~15 ”A

Initial State  Decrease
Cu Accumulation

U U along with Current Path K - }

q
b-&i=0~8.~". > g go O%O

(g X2  Mo0y(2) Sample A 3 &0
O "& . o ..8" +
|n MOOX , CU Movement @ Destructive SWitCh by

dissolve without along with % Large Current Flow

ing i ic Fi 9 (Filament Formation)
bias is expected. Electric Field o ~1
T & |

Cu Accumulation
on Trap Sites

Fig.4.30 Schematics of switching operation of MoOx sample.
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443 BEZENLFEINDIRA vy FUIEMHOEN

4 ETIE WOx & MoOx [ZHNHEITO Cu BENVEITEWDR HDH L WO RHED G & TREZ D
T &7z, Fig.4.31 (2 Cu EMAFE LI R 722 Dk 2 S U 7=t B2 U TBLEE LR R

AN I S i iﬂtﬁé HDD, MoOxNTPH Cu B WOx IZ R TAHEPHIZAE LT TV D
ZEWRYIND, Sow T 5 & MoOx N TIE Cu 238 L3 < (AR A K & V)WOx
NTIE Cu 3BE) LIC S WHEBREAS/ NSV Z ERNTREIN D, 2 b Cu BB O
WOx #1120 pPALL EOKREFRZ TS 72 & CuBEIR A o2 h>7-oioxt L(Fig.4.12,
13Cu EMDOZAL), MoOx ik Cit 1 pA FREDOEN T Cu OBEMNHLE I 7= (Fig.4.26)
ZEMBLIDNAD, INLERE XD EARIOBEREFITRORIHIRTE 5, WO
DF VB VBRI Cu BB LIS W, 5D & 2 AHTZER Cu O KEBHH(Cu
DOREBHFIR) DA CKBIRDEND Z ERFNZEE X D, —FH T, MoOx N Tix Cu
DEBE LT 02, Cu e Iicifa ST Fa Ziefikiiib s A Tnbd B 2
bd, ZOFZTGITESL & Cu OBEIZHIHT 2 Z & T CBRAM O#HFIZ R & il
BREEL 725, A TIX Cu BB ZMEHI L > Car be— L LR Z#ER L T\ 5,
77, Cu-WOx % CBRAM O ¥t Z#im L T\ 5 3 B Tlik, 5 pA BRED/NEFHR T 4 ED
MoOx F FIZAHID L 9578 Cu OFUNeHTHBHER TE TR Y . ZDBEO IFVEEII
IR 72 b D TH - 7-(Fig.3.4, 8,9), EWIIBEAA —THEIZH 5, 3HEOHTETILE
Ex4~7°3$£ﬁﬂﬁﬁ>of:(~o 07 VIS)S, 4 ETIHEZEN LD b RNWEEARAA — 7 (~0.7
NS) THIEZIT 572, BWEEAA —TEEIZLY, WOk B Th->TH Cu O ER
XM TEZ729 3 E@ﬁ%fﬁ% bhiztE2 b5, 72, MoOx% CBRAM T4kt
VAN E Ljiﬁe_u{)luiﬂ{}luﬂf) X2 n b, 4 |IRT WOxEHEID X 9727 0 T A2 MEREN
BT TV oll, ZnbiE Cu OBENZHIESMF THIE LR VWA D, THETOR
EE 22, CudBEhE AL v FHHE L OFfR%E Fig4.32 1ICE L0 5, 4 B TOHIES
Tl Fig.4.32 O EEAINE TLF V0, Cu 2B E) LIZ <V WOx aEHE, —EIZKED Cu
DRI~ LAE S a7 (7 2 Z V)RR E 2 £ 9 W (Figd.32 /£ k), 7272 L
WOx B CTH - TH, BEAAL — T HEZWHIELS T57 8T Cu 2Eehriciiiic
LT u ZH RPN S FHRTE 5 (Fig.d.32 £ ), Cu BNBE) LT WAL Cu %
DU OMFIIC A TE B720, BT e )RR LS X % (Fig.4.32 £
£ ZOBATHLERMICKEREZR TSR THELZITY & Cu D KREMHENATETH D
(Fig.4.32 /£ P)T= T X VIR IIUEL N FREL 725, DFE W T u 717 ¥ 2 )VENEIZH
BHo ko CikE DD T/, MEHZ X » TT7 F v 715 2 X WMARBUZELEME DO Hl i 2 2
NEEND VD Z & TH D, AWFZETIE MoOx ik 23 7 1 ZHEHIZE L OHIE S Led<
WOx #ET ¥ Z VRFUELOFIFEIN LT W E WD Z &7 b 2 OFlfEE 2 ek AR N
T Cu OBENZH KT 2 LTSI 6 s, 7272 L A EOETIX Cu OB EIEIX IV
B Cu Bty 7 A %'Nm OB E 2 T BB LI TiERwy, &
0 i 2 (E M) O 7= 0121 EDX (2 LD Cu AR ZFHliT 2 LN H D,
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Diffused Cu

2 um

Fig.4.31 Difference of Cu diffusion in (a) MoOX and (b) WOX. Samples that
insulator layer was deposited over Cu electrodes were left in room temperature for

(a) one and half months (without measurement) and (b) two and half years (after

measurement). Image (a) was copied from ref. [3].

Gradual Movement of Cu

Abrupt Movement of Cu
(Analog Switching)

(Digital Switching)

© Cu(Metal)

© Cu(Metal)
0Cu(lon)

oCu(lon)

In case of large amount of Cu was In case of Cu was gradually supplied

supplied (moved) at the same time (moved)

MoOy

o(? c
(@) o
° o
: 2

In case of alarge amount of Cu was
moved by large current flow

O..
o

In case of Cu was gradually moved by

small current flow and slow sweep rate

Fig.4.32 Relationship between Cu movement and switching characteristics of

CBRAM that expected from TEM observation results.
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45.FEDH

4 BT VX MT Fa T IRIRELOENR ED X D RBRRICH D0 EERm LT, [F—
TS TIE. Cu-WOx % CBRAM 135 ¥ # )Lt %2 . Cu-MoOx #1137 F 1 7 ik 2 oR
L7z, B CIXEMmD DO Cu KEHKEBLOKRKNT 4 7 A NOKRBIHRR Sz, %#H

FIEEEE BRI T, EREE ORI ar b T A NVEEBSHER S L,
INODRERNS AL v F o ZTEMET Cu OBBIRICE - TERSND EE 2D, DOFED.,
(1IN T Cu B3B8 LIS WEA, Cu N —EICKEBEI L TLEH> DT VXL
KrtE M5 50970, [21Cu 238 Lo W AR Cu 250 MI BB L 7 ) 1 7 BRI 3
BonRTV, ZhbDZ LA, TEM BIEME R W Cikig Sz,

S5 SRR

1. Q. Xue, et al., "Synaptic plasticity of room-temperature fabricated amorphous

MoOx film based memristor", Applied Surface Science, 479, pp. 469 (2019)"

2. Y. Yang, et al., "Electrochemical dynamics of nanoscale metallic inclusions in
dielectrics", Nature Communications, 5, 4232 (2014)

3. A EWEAY, "EERALE T HSEE A O TR IR T BB B S 0 SRR O A E AR AT I B
HRFGE", B A A X (15), B 11759 5 (2015)

4. M. Kudo, et al., "Filament formation and erasure in molybdenum oxide during
resistive switching cycles", Applied Physics Letters, 105, 173504 (2014)
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5. CBRAM NEFT®O Cu DEEIEEMETIEDRZR
51.1X L &HIZ

— i CBRAM IIf8VIMEIRCAE L D7 4 7 A 2 b OFERMEW CTIRITAE LT 5B 25
NTWD, ZZTIHROVEIR(E ¥ v 7RO TO Cu BEBRTHL 7 4 7 A MEKRD
iz, MoOx R CHHFEIZ AL O NI RN R BRFHED D T I D IRWEIEGE v v 74+
HET)TO Cu BENCET 28mA1T 5. WITHO%HE bRHICIRIRPYEICER L TR & i
D,

52 3WEEITO CuBRE(T 14T A2 FEER)

CBRAM (TEMMEZ®RET 4 T AL PPRBESZETREREIUELT 2 EE XN TWD, b
ZITIET 4T A L@ﬁiﬁiﬁéﬁ?%ﬁﬁb\f EIRPUE E CuBEh & OB ZiimT 5, U
BilE LT WOxB)REHZIIT D7 4 T A v MREEREOR LA Figs 1 IZ7-d, 747 A
v bR, :/L7XB®74/7H7?4WQﬁWﬁﬁ_ﬁﬁhit777#%
Koz,

R020-01-25
4:12:42.72

Time in Video (sec)

0 4 S R T 1 1
0 20 40 60 80 100 120
Distance along A to B (nm)

Fig.5.1 Calculation method of filament
growth rate. (a) Line profile of contrast

change was got along filament (from "A "to

9

"B" in image) by using TEM videos. (b) Line

profile of contrast change was stacked in

N
9
o)
)

N
o
Q

=2

>
£

o)
E
'_

[ee]

time direction. (c) Filament growth rate

o et W e B was calculated from a slope of approximate
20 40 60 80 100 120

Distance along A to B (hm) ~ Ctrve:
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Fig 5. 1@ CTRT 7 4 7 A v MBI ABR S 1830 nm) T, 2> F 7 A DT A
v Ty ANERE L, BiEO 7 L—ABICABRIOT A a7 s A NV ERE L, #
S Z BT Gt 5 A A B 7= 277 7 8 Fig.5.1(b), () T 5, Fig.5.1(b) Rl 0 nm
23 Fig.5.1(2) TOHA A, ##f 130 nm A3 HLE BIZXHIG L THE Y | 0-25 nm ¥138072°% Pt K
Thd, ZOKE D L 10 sec (10T Pt EMIIHTDRND 7 4 T A MEBShE o722 &
DHRTHEND, Fighlb)TT 4 7 AL NOREEOLNDLLESTZ T2V H LT 00
Fig.5.1) TH D, WD ABRITT7 4 7 AL MERLIZEHTTHY . T OHE
L7 4T AV MRERENRD NS, Fighllx AL, 747 A2 M 2 BPEICE
LCHEY. 1 EPEEIT 24.0 nm/s, 2 BEBEH 1L 55.3 nm/s &R TE 5, Lo TEE WOx(4)
Ak Fig.3.4) & WOx(DEEH Fig 4 DI Hils L7k RE2 E L= b DAY Tablesl &
Fig.5.2 12725,

Table 5.1 Filament growth rate and measurement condition of WOx samples

Sample Filament Sweep Sweep Maximum
name growth rate rate voltage current

WO,(4) 656,467 nm/s ~0.3V/s 195V 80 pA
WO,(5) 24.0, 55.3 nm/s ~0.7 V/s 34V 50 pA
WO,(1) 3.07,3.91nm/s ~0.06V/s 2.3V 5 uA

100 T T T T
Z N IE S BB S FL 72 WO, (4) Sample
% HDDFT T Cu-WOx %D CBRAM 801 :5~506%4\f/7;1m/s y
< - = - S < WO,(5) Sample bl
T D, Tables.1 (21T 7 1 7 A v MkE 2601 24.0,55.3nm/s
L % FE A9 D RTREMEDS & 2 JE S *g (~0.7/s)
LE# L, L, 2o TR —F  £40p
o
TEEfi1% SMU OB BROBIR LF# T WO,{1) Sample
) 20 3.07,3.91nm/s1
DD B REVINEEE & 138270 %, HEit (~0.07V/s)
%IJ FRIC5E L 72 B SMU X3 E #1175 Ok o
0 1 2
BEIRHIENCZE DV | FHIRERMIZ /2 D Voltage (V)

when filament

VEBELEZ DO THD, TDI-®D Fig.5.2 IV graphs
F1g 5.2 5 &, WOxW@WFEHIAND D formation was observed (corresponding to
KREEMEIZ2VRERETHD Z LMy Table 5.1).
D%, %mu%@.ﬁw IAAL—TEEL
REHZ DN D BRKREEIRIZTFELY, ZOZ L EEEX Tableb 1 2 RL5E, 74T AL b
R R iﬂijt@{;m Cjté‘ SHEAFL TV D EHERITE 5, ZHUT 4 B Thlgim L 72 Cu Offt
MED, RKERMEICKRE S EEINI DI EZ 265 [Figd.32 £, HT).
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WIZAA v F o THREAREHUER) & 7 0 T A MEEREOBERIZOWTE LT 5, Al
PRMEE LT, 74T A2 FNEME 2SR WIS RIRPUIREEIC /2 D L & 2 %, Tableb.1
R 7 4 7 Ay FECEHE X WOx(@FUED 656 nm/s el Th b, Z OREEE T,
EIEFN% 1 us CIEIRPURREIZ 2 2 (O F VEMMEZ 7 4 T A2 b2 ) ERE L TH
HET 4T AL MIEOREMOL), FHHETDHE 6.56X104nm L7220 i1 1270b
O\, W2 2T, BEIERE S nm OF A AT 1us DAL v F 0 7 HEN LI

CIXEDREDHETT 4 T AL MBRET DUERH LD, ZO8E1E 5X108 nm/s D
HWENLETH D, RO LA, FIHHE#% D CBRAM O A A » F o 7 XEMM BHEE T
TCT7 47 A Ml RMBMTELD EBZHND Z ENZ W Fighd) o, 7 47
AV MR T BT 5 nm KV ELS 2258050 L PIRIND, ERINEREZTH
Table5.1 (TR L7=” 4 T A v PREEIR, FEHIShD CBRAM DA A v F o VfE L
BLTHLNIEY, BXONERNIT2 255, [1] CBRAM O A A v F > 7 A 3@
2OV ZEBFEENEEO b ORFER SN D, 2L AEFEIT Tables. 1 IZRTEE A A — FHEN
M EWNGE E LTEZONDTEDT 4 T A MREERERELS oo TD, [28igX
NIZRNT 4 T A SN AA v F o FBIRITIXEHER RN 120, AR TIE VR E
JEWZ EDPEIIIT - TN, 22 TIEHBREIC OV TEZTHD,

55 4 BTl L7c DAE@%%Tﬁﬂéhtkw74?fyb%m®&4iyf@
EIRHUE L2k TH 0 . RIPUE L72BRREICIZ 7 0 7 A 2 FOFEEIZIZIER S TR0,
DI, WUNRE R ATERIC X 2 BB TRER I, U ED 7 4 T A b
WAL R LB SR LN L TV D, ZOHAOR/MEE 21T, BEXRD L<IX
CuZ74 7 A D2MENEZHNS, CBRAM TH - Th, BEHRKMOEEITER TX
N, BB RMADIFAEN T 4 T A v MEREIRET D ATREMENH D LWV OGS & 502,
7212l BEERMIC L DI LITEE 7 4 7 A ML Db DL b EEETRE S Z
&ﬁﬁeﬂfwémt@»%ﬁ74?fy%ﬁﬁﬁ A U7 R b3 e 8 KR ok & 1355

(Z< W, 2072 TEM 852 T E 20V RE OB OEENAPEHRINTND Z L
#%ﬁéhé 3E T LICHERABEE 2 5 LWUN BB S 2O & L Cid, EMmEICE
REND BIRATHYS, TEMBIETEARWEEMNER 7 4 7 A M EREZLND,
7 4 T A MERUTAEIR A A L <ME#%6 Z DR TR DOIRK To 5
ﬁmCuﬁm&wbiﬁ»747%/b®mﬁ W, EDBOREIRIZLDRNT 1T A
¥ N ORETEOE WD OIS TE D, Tables.1 [ZITFREHZ = 2D 7 4 T A v MllEE
HEZFLLTWDOIN, ZHUXT 4 F Ay MERPICKEERENE DT 2 L2 R LTV
%o Figha 127 47 A MREEENBRRED EDORERTE DS 72h, WOx(4) ik &
WOx(B)FE DB~ T, EH60OMEG HIREIICEIE LIRIETY 4 T A v bR
NEDSTEBY, MNDEMMEIZELY 7 4T A MlEHENRRED &0 FiEDO T Tk
BRI WBGTHD, £OD, ZHUTT7 4 7 Ay MREREOB T WGBS
SWGFTAEIE L2 T2 DR EDINEMRGR L= & B2 bivd,
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Initial State RS "Set e HRS

WO,

Pt

+, Forming ¥ ., Reset .«

.
‘e

.
. .
--------

Fig.5.3 Switching model of Cu/WOy/Pt stacked CBRAM (reprinted from Fig.3.18). A

formed filament has the narrowest point near the Cu electrode and the filament

ruptures at this point. Then, switching operation after forming is equivalent to that
of Cu/WO,/Cu stacked CBRAM.

: . . . 60 — : .

80} (a) 6565476 nm/s ¥— (b) 24.0 >55.3 nm/s y
< <a0l
3801 wo,(4) Sample 0
§40 5 /
5 o0}
() o

20 .

— 71 9 _
0 ] WOy(5) Sample
0 05 1 15 2 0 1 2
Voltage (V) Voltage (V)

Fig.5.4 Changing points of filament growth rate of (a) WOx(4) sample and WOx(5)

sample. The changing points were indicated by black arrow.

INETOFEMICLY, KWT T2 MEMD L & BIRIEPUET 2 2 RS,
T LEHUEDORFHE() 7o a ) E W BLEN DR E 7407 A FOKXKSITEET
»5, BIRMZpIE LT, Fig5.4 12 Lz WOx(DFENHE WOxGB)REID IVFT 7L %
DB OREEZA & i+ 5, Figh5 ZHWT T 4 T A2 b KE L HPUEORFNEZ e+
%o WOx(DFENCITEEA A — 7 L i KBRS/ N E 0720 Cu OIFEER D72 &
WoONT B BIEL S 7= (Fig5.5(@) b DD, KW 7 T A v MIFE LRV, Fig.5.5(@)7%0%
BoNREICRTD VY7 7Fighsb)E oL A4 —TRY 2.6V H7- 0 TLHKE
TEABIEIRTUL) L TWD Z e 3 yind, T, BETONr Y & Bl &7 < @4
TERUIMUNT 4 T A2 SO LT 7o @ik L T2 L2 b b, —J7 CTHIRE
7 47 Ay MEREDBIE S - WOX(5)#EHFig.5.5(c) Tldk, A A —7HIEN TO @i
LIZR N7 0o 72(Fig.5.5(d). ZOHRIL, 714 7 A v AR WE EARIRGUE O E M
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HTEBIOERPUL R T 5720, 7 4T A2 M A XOHIHN CBRAM O A A~ FEeME
BIENCIIEE THLZ 2R LTV 5D,
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Fig.5.5 Relationship between filament width and retention time. (a) and (b) were

TEM image in LRS and corresponding 7-V graph of WOx(1) sample. (c) and (d) were
TEM image in LRS and corresponding /-V graph of WOx(5) sample. Dotted area

indicates structure changed or filament formed area.

5.3. 5L VEIE TD Cu #BE(Cu DHLER)

4 EOFEBRTITEIEPUREE~D A A » F o VBRI TBEQE) S -z, ik
KWT 4T A2 MR TE 2 WO REHZ T Tl < | IFRIEREZEA R 722> 72 MoOx
RECTHLRBETH D, ZOBRBITT 4T A FERMER &V O PO ER T Cu B8
Tl HEBREOILWEHIPT~ Cu ABEI L TWAZBTEEEZ bR5D, Cu DBEILSoT 0
MoOx B CHHE CTH D L THREND, 3 BETRLIYHHEOR T2 A5 & WOx#ET
LHOBEALTHDIETTHD, Cu OLHPH~DOILHZ #Him+ 5 7=z COMSOL
Multiphysics Z W= ER/Y 2 — VB S 2 L —va v afTo 7,

Fig56 12 a2 b—va vy OETNVERT, EEOREHIEWIROET VAR L.
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Vial—varEirols, Fighs6@IZET V&2 Enb RN TH D, TEMBIEAETHD
SisNs FiC Cu, Pt EWAZELE L, T LS WOs TE- 2% & > T\ 5, Fig.5.6(0),
(L v > THOIERHTH D, EEOREASEIZ L, il 100 nm @, ¥ v >
773 100 nm & % E T V& Wz, AENTEEHLL O X v o TREIIENC S T DR EE T
B 5729 Fig5.6(MIZRT X 1T, FLERDTET A v ¥ 2 5wl Lz, Table5.2 (1232 =
V=g VIR LTe R T A =8 2T, FEEORELOMEIEN T T/ T 7 ZDOWEHREN
KL TODHEBEEWOR THHDIZK LT, a2l —a T WOsD/RT A—F%
AL TS, TEM WIZEZETH 5 72O KA ~OEEHITITIE 70 <. SisNa @ 5 5L
WASOBILH B RENE W FHEEZRIT T Iab—Ta %2107,

(b) \wo,/pt

100 nm

WO,/Cu

(c)

WO,/Pt 0,/Cu

Fig.5.6. Summary of 3D Model for

electric ~ field and  heating

simulation (finite element method
using COMSOL Multiphysics). (a)
-~ Top view, (b) magnified view of (a),
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Table 5.2 Material parameters using simulation

Electrical Heat capacity at Thermal

Material conductivity constant pressure [Dker}SItg] conductivity Rela::ttlvet
[S/m] [J/(kg-K)] M w/(meK)] PV
Cu 5.81 x 10’ 384 8960 401 1
Pt 8.9x10° 133 21450 71.6 1
WO; 9.5x107° 315 7160 1.63 90
SisN4 - 700 3440 30 .

Figh5 7 \ZEN VI 2 b—rva v OfER%Z7RT, CuEMIZ 3 VEZRMLZEOY I 2 1
— arThd, Figh 1) xR L X v v FICE W CEMMN 2 FEEICHESERS R
WH DD, BN O BIEIV AT X S R GHOERBHFEL TWD I ERS0D, Tk
X v FHLSMNCE WO DIMFET HED O TH D, ZOEROBEIDIAHLBIGITIT I =
L—va VET AN EEEEIED IO RFFICHEA SN TWDE R, BHEOAY v 7 i#iED
CBRAM THIEZ VTGS, 74— 7% D CBRAM TIX7 7 A 2 b DIIRERD D3
/AW L CEMET 5 EE XN TR Y (Figbh.2)., F7-EEEIA L vF o 7 E Sk
CBRAM TITEM/AEZARMEIZ Cu OEEYOMFIEP REISNTNDHME, T X5 7ikEE
ThbdL, HHMIC Figs 7T LRIKORIEICR>TWEH LB HND, Figh8 IZAX v 7
i CBRAM (285 1) 5 B E VD IAAZOE&EX % 7”7, Fig.5.7 Tl Cu EMIC IEEEFIN(E
v MEFOERT- 2N TN D, A% v 7§D CBRAM TIFFFIC Y &> MFICBIT5E
BV IAANTEIND, 2L 7 10T A > MEDOMEZEENZ Cu 23 EH L, mRPUiREE
DHNELDZ B2 BND,

V)

Fig.5.7 Results of electric field simulation. (a) Color map of distribution of electric

field and (b) electric field vector from mesh points. Those images were cut in xy

plane (z= +15 nm, middle point of electrodes).
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During reset Magnified
process image

Fig.5.8 Schematics of leakage electric field in
\ 1 1’ RESET of stacked CBRAM. Electric field

distortion near the tip of the filament is
'Y p

expected like planer-type CBRAM.

Direction of
electric field

Fig59IZ¥a— B I a L —a VORERERT, Va— BT I a2 —T 3 U
ISP RS 2 SR B CL 150 pW(BV T 50 pA) DB S SFREHTIEA SN D & Tir - 72,
Fig. 5. 9@XRESHOREE TH D, TNERDLEX vy 7RO TRICIREDS BN 2
EWIND, G E RS L Cu B OIE S BEERE O, Cu & Pt OBVRER|TEY

NHDEMNETHD, WAL EENSERL-BAEEITIPt LY CudlZ)> N 1.2 FERKE V(R
F DI VYA, BYRERIT Cu DIF D DML DITEN5.6 )72 (Tables.2) Z D L 9 7okl
Rzl E2 605, Figh9bIIX v v 7y OIERK 2 ~3, H.00 T0°CREE T
BESTVDEINF ¥ v 7 TEH BOCREDHREIZ/R>TNDZ ENynbd, ¥YIal—
3 TN O L7 i3 & 0 IRE A ORI EZE Tl eV, B TIEF v » 74t
THRENKELS LR LA RICER L TGERT 5. Figh.9(0) TIEX v v 7RI i\ o
WESHEZTT, YIalb—ra UFECED, RE~OBPEENIZIE /2 2o WOs i
N b EIRIZ 22> TV 5D, Fig5.90) (@)1 513y 2 — /B0 K - T Cu MO mmME X
OES H NSRS IR L, SFEAEEE DS AIEF ¥ v TIMIRN 5 Z LR S D,

BRICEDIERE V2 — VBN K DB D R 2 sUTrTEIC H 5, Fig5.TOITR LT
BRI ENIHINEE O % Kiisd 2 LWl b, TOo, BRICE > THE# L7 Cu
R ME D BEEFIINC X - CTh HRREITICICRE 5 (D F VARG b mIRFc 2 5) 2 &M
TREIND, —FHTYa— VEUIRINEEOMmMEIZ L 6 FHIC Figs9 DX 9125720,
Cu TR IEN D — e D, ZNHDOERCL DYl L Y a2 — VB X Do —
DOMAEDED, CBRAM (281 5JAWEEFATO Cu BEBIL L 725, FiEf CBRAM

Tl B A MR TR o TR 0 B IC AT Cu 3BE T 2 A AW, E D720,
Cu JEBBIERNAE LT < EIRPUREE~D AL v T IR VI ol B2 LD,
7L, BEOEITIHDLHDOD, Figh.8 1T L 5 IC— kM2 EEHED CBRAM Th -
THAELDBRTH Y | MHEEF OIRWEIICH T 5 Cu K #H O KIc KE
Brh x5,
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Fig.5.9 Results of Joule heating simulation. Color maps of temperature distribution

(a) over the entire sample, (b) near the gap, and (c) along the Cu to Pt cutting
direction. (a) and (b) were cut in xy plane (z= +15 nm, middle point of electrodes)
and (c) was cut in the center of the electrodes. Note that legend of (c) is different
from that of (a) and (b).

54 FEH

5 B CILMixIEF TO Cu BEHZOWT, 34 BEORRE L L IC#EmElTo 7=, WM~
# T A MEKATIC CBRAM MMEHEH L L TV 28I MU 3B) 2 E 25 &, TEM &%
INT=7 4 T A MEAGRRIE, [U&EERR T DM MRE S 2 K RSk, [21KE
TICED CuDREWHIATT 4 T AL IR PS5 Y ERLS RO LR TE D, ED—FT,
CBRAM N TIZAVEIKCTO Cu BEEBIRNAE LD Z EN  BRBIOYa— 80 I 2 L
—Yarickh PRI, FICBUC XD Cu fEfkiE CBRAM A HET 2 Jric o &
#Te/=, CBRAM OH{LIZ G 2 BT REVWEEZHNRD, LLELY, CBRAM O#i
FIHNZIZ T 4 7 A > MERRZR EO R T4 U5 B4 7217 T/ BlftEE2 KIS T

84



5 IRV T O Cu JEROHIE & LB TH 5 Z LRSI,

Z% SRR
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G. Molas, et al., "Controlling oxygen vacancies in doped oxide based CBRAM for
improved memory performances", 7Technical Digest of International FElectron

Devices Meeting 2014 (IEDMZ2014), pp. 136 (2014)"

G. Sassine, et al., "Hybrid-RRAM toward Next Generation of Nonvolatile Memory:
Coupling of Oxygen Vacancies and Metal lons", Advanced Electronic Materials, 5,
1800658 (2019)"

T. Liu, et al., "Coexistence of Bipolar and Unipolar Switching in Cu/TaOx/Pt
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M. Arita, et al., "Switching operation and degradation of resistive random access
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Scientific Reports, 5, 17103 (2015)

85



6. F&H

AHt5E

TIEWOxB LU MoOx 2 fllc & v &JE7 «+ 7 A v MUEHI AL A€ Y (CBRAM)

DOEPIENH R EZ, T/ LV TO Cu BB E WO BLALbER LT, &R 747 A2 bO
FERRBE T & D HEPTZE L & 9 TR < S U7 B ERERE IS 6 LARFZE CIE, 74 T AV b
FROFIERESG:, T3 ANTO Cu DJENY &7 4T A v MERK., BERALERS SO FEA |
EV I ED BB CEMEDREM 2 A L7c, AT 35 ECTHELN MR A HICE
L, EOEHRB IO TEM 2 W2 HlHTE LA E VIFRDOREIZ OV TR D,

P LR

(1) FEEEIMC X 0 HafgiE~ Cu 28 A S THEPIAED L, 1ML T2 & & bk
/N Cu HTHH# 34 C 5, 9IHHE D LB & OWr ) O RCRILE WOx & MoOx & ¢
R D Cu OIETRT ELBEEOINAEBR LWL EEZLND,

(2 ZOHDOT 4T A MERIZIE 2 DOEGEBRFET 5,

(a)

(b)

BRI FESE P EFTMAE T D VR AT 72 FEIRAES BE AN R & WDIGEITIE, BT
ZIEE AR LT LERNEME 2 DR SKNT 4 T A MO EFHHET D,
FEMR I SR PR FTAMEAE L7V (IR L 03— T/ SW)B AL, BRIt i
AL R S £ FEEPUE ED, SRR LZETHY . CBRAM Tid—
fRigIC A o na=R—J8EL RIS 5, FTHPHEZRES 2377/ L
NDWNT 4 T A FOFRRAERN ZDBRIIFLE L T0LHLEEZX LD,

TV E T T v TEERRO B E
(3) Cu BWICIEBEZEINT 5 & NI UL L Cu Mg ~E I 5, WEERN
WL Cu MEMIZEKE D, I OESACFEHIG 2 EZRIICHER LT, £ OEEE— RIZ

(=N

(a)

(b)

PPRRCBIE SRR L Y 2 D 5.
Cu % — IS K RICHE S B A LT V4 VIR HT O, (RFULIC b
VBHED TEM = b5 2 b A< 72 0 KD Cu BB & KRNSO 7 1 5
A MBS TE D, RSNIET 4 7 AL MG &6 5 LET A
Vo ABFFED FEBR G TIE WO BUEHZ B W TE LT,

Cu & DR OBB S H HHAET 1 ZBIERE B ART U, BIE(LA D2
72>, Cu BMEOTARZLR Cu BEIIRM LI, (RHEFIEIC 1T, BRI
15 Cu OIS, BHALICET 5 Cu OHRABIR SNz, Z DR R,
7 ZEWERRZAE U AN T O Cu /oA OZAb & me s %, AWFFR0 F2BiS:
A ClE MoOx EHZ B W TA LTV,

BIEHINEE O Cu BE) & EHEAL
(4 TEME TR TEDT7 4T A MEREIERIULOZ A 2 7L 25 & EKHT
{EDOWRENZIZ 7 4 7 A2 MIMER IR, BIRPUERFOBEIC LY 7 0 7 A R
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R - HRAE L, ZOE#REIXEREICKTT D, AT VRSN Lo 012X
& HIEE OBEE W 21X 40 pA BLEI) AT L O@MENH 5, AWFFRORSE R 2 B F
25 &, ZHIFEEEROEMZEID 7 4 F A FBRRDHZ LITEER LTS &
EZ oD,

(B) AW TIEEIEIUE() £y MDBRIZBWT T 4 7 A2 POIHER RGN D DD, £
M&Ek%&mﬁmmﬂébﬁw&~xﬂﬁﬁbtoﬁﬁn?mwtﬁﬂ%%%L%
KA EREBER - Va— VB I b—va itk bl BROIENY L HH
TOFBENETTEY, CulIEVER TBEI LGS Z LB hoT-, ERICE->TH
9 2% Cu [TWBEFINCEIL S 152 (EIRFUL) 2, BWiE L7 Cu ORI EE T
b5, ZITFEERAREORRES CIIH L, REOENIH DL OO, W O
JE% CBRAM (2B W T HRIBROBIR N A U155,

UbEDX DT, 74T A2 bOBEMEINTA CBRAM OHTIELEMEDEATH S Z & I13M
EWRW, LNPLZEDO—FT, 747 A2 NeBlkE b WA (LBS . KA1
DN T 4 7 A MERR EOFIbBIEI N, ZOREFEIZ, CBRAM DOftixiENIC

B2 T WT@Cu%%Cnnnk/Hk JREIPH T O Cu BIYPLEH) & OMIFN, &
TOEPMEZ IO D Z L E2RET 5, WEICLDREENKE BT H%EIL. CBRAM ©
0 R LENMEIZ & ym&%Lﬁé&%zem\%ﬁ%ﬁ%&wﬁﬁw%uﬁbéﬂﬁ%
MEREIR, BABEANEO TRPEETH D,

Kt LAFEDL K DICHT= 0 HILE(L AE Y O TEM iHlIICOWTDRZEZ RS, K
ZECIHE « OB O NEIEEZLIZIER LT, IR LEME & Z UM HRET 5 B8R ORE
24T > 720 B L BEAREE T LUV D EFEREHME A TTRE T 5 & Hic, BEE
@ CBRAM Z#5# L - [ OFE N AIRETH D & Z AICRENH D, Bz, [BIFENIZIHE
%ﬁ%ﬂ@t@@ﬁﬁ%ﬁﬁﬁ@:&ﬁi@\%wﬁﬁﬁ%mﬁmétéﬁﬂ@%%%w
BB NRE L 70D, ERLO T RIC . VUV ZAENMERFIZ I S5 CBRAM [RIEE DB
BN AIREE 2D, T b ZEL T, WL% CHERBENTWS, EHZ(EATY) D= 2—
TNFy NU—=ZISHICEAT ARG ONL 72 E, KX FERT SRR D58 ~D RN
HFFCcE 5,

Z% SRR

1. M. Kudo, et al, "Visualization of Conductive Filament during Write and Erase
Cycles on Nanometer-scale ReRAM Achieved by in-situ TEM", Proceedings of 7¢h
International Memory Workshop (IMW2015), doi: 10.1109/IMW.2015.7150312
(2015)
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