a4 3 b %

2012 % H$F57% S 5H: 314 ~ 319

www.scichina.com csb.scichina.com

&) CrplERESE ) Aeaitl

SCIENCE CHINA PRESS

BABIARR P ASAF i 25 A PR RE 2k

l%@@’ 5\”] fé]"@), “% #E},%QZJ’ i&—]ﬂi-ﬁ\-@, l}ﬁ.@’ %%ﬁ ;]xi(D(ZD’ g{(?}\@’ 1‘%5‘(2}2‘@, 7]% };%él\@, X’J H);J(Z)*

@O ZMREY PR 22 S AR ZBE, 22 730000,

@ v ERE R L FRTFE BT Ak T SRS (R ORI L =, At 100029

* B AR A, E-mail: liuming@ime.ac.cn

2011-07-07 Yk, 2011-11-21 452

[ % 2 S IR A AT & J 313l ( 2010CB934200, 2008CB925002) . [E5 [ #R B} 3L 42 (60825403, 50972160) 1 [ 5K i £ AR WF5T A& 1K1

(2008AA031403, 2009AA03Z306)%¢ B

% RXEEPN T BEBEAG ML AR RN R E. =8, M Cw/ZrOyPt # 4
H A, AAEA T BF.Cu, Cu 4ok Bt B HH#ATH L. FBLTNBEHERBLNE
BT, RABFNERAEPEN L. HhaPRadf, BREELE. BRALFES
By h—MamREEERE. Rk, ERABEETURA BT A NREERKk

Kefiktin)

E G R EFER

ML 7% 77 % % (RRAM)
BBk

FAFIE. BREMW, BRBAREZM L RRAM # 2 M G 8 7 307 %,

TR A e e 2 N —RAE s R
KW Jr A4 X B RSz SR M A [A)
LR T RAMER AR B, M TR 2ENT
— ARG SR I 3 (R BUAE Ak %, AL SG REPE A 7%
(MRAM) . #k HL ££ fiff &% (FeRAM) . #H 25 7 fifi 2%
(PcRAM) . FHZEFFAi##E (RRAM)!. Hip, RF ¢
4 JEE /LY (binary metal oxide, BMO) AJ RRAM
FHAZHE R B, w48/ MMEG . HEDR . T
KMk . 5 CMOS 25 5 i i 45 52 e 11

— ki, RRAM A& )& -A -2 )8 0 =G
ghk. X B2 m R RS RIS a R R,
Cu, Ag, Pt, Ti il TiN #B X Flt B3 28 4544 b ofse i T Y
HLRE R %2 BMO A8 F/E RRAM A48 4% )2,
n zro,", Hf0,"*®, Tio ", Zn0,"”!, Nio"", CeO, !
Ta,05'", CuO,"H WO, FEiE M AY LI, 45
2% )22 19 L BE AT DL 7E R BEAS (HRS) AR BH A5 (LRS) 2
(B EAT B A . A4 45 O A i D) B E 2 Fh S (] 1) F B
IR SZI Y. SR N [R) A4 Ak o e BH % A8 9 AL B AT
SR RE I, BRI RN 44 5 7 fRL BH A% A% o (1 G SR
HEZER NN HE, BMO IR A B ARIE G (L

WA . SR BT EE SN EAFE R, A
WAL, MELITEH]. 46 BMO i RRAM 2845 197
A T AN AR, RN, BE R AR
PR 25 S 5 PRSTS84 A =k Ak & e

VI Z W58 /N R BUAB 2%V O fiff R 3K 46 i) JaE ) A7
ROk, FHYEW, @i rE BMO WA —8
2= JE AT LI Kb Pl 3% RRAM Za ik fg 1024, A e
o, FEGHEB AT RRAM #544 Hy BHAE A5 P R 1Y
YER. fli KRB 220 Cw/ZrOo/Pt #eF FAEXT I, R
Ti, Cu Al Cu ZKAh(nano crystal, NC)=Ff 7% i X}
Cu/ZrO,/Pt #R1F 1T 15244

Ti B4 K HE AR, Cu Al Cu 492k i
i Y B 7. Cu/ZrOy:Ti/Pt, Cu/ZrO,:Cu/Pt Fl
Cu/Zr0,:Cu NC/Pt #{Fiy ELRHIVE T A B & BeAl
LHT A 3C 3 op gt A7 3 iR 1T R B A A RE
Cu/ZrOo/Pt 51574 By BE AL TR I 1, LAHG 2 48 2400 i
BHALAR (52 . 2R 2 S8R FH Keithley 4200
P SRR Agilent 81110A Jik i & A= {3
PR, A2AmE R AR T Pe A
ATRiOR

R M: Wang Y, Liu Q, Lii H B, et al. Improving the electrical performance of resistive switching memory using doping technology. Chin Sci Bull, 2012,

57, doi: 10.1007/s11434-011-4930-0




IE R

1 A% RRAM FefE

B 1 PR B RS Cu/ZeO,/Pt #4344 10
WHEAEM LR -H R (-VRIZL, K#B7% RRAM RHAE
M RIH A BRA: (1) TLE— DB (10 V)
K fil 2 HL B AR B G, IX AN RPN HUE e R
X — R, FH 1 mA AIFR SRR g R & A
M 2E. (2) KRB B AS R
BRI . Vet Tl Vieser 2718 a1 TE 155 IR BHAS 22 [1] 7%
AR 1) BB HL . Ryrs A1 Ryrs 797 w14 e EG BEL A B L BEL
fE. XFFRBAA Cuw/ZrOy/Pt 2514, Ve A1 Rygrs B
iy BESAR ). fE Hofh R B 24 B RRAM
TiN/HfO,/Pt, PUTIO,/Pt il PUNiO/Pt H1125-271 4y 5
o LR R U i A, JF FL ARy — PR e 2.

FRILZ Ak, KRR WE LB I RRAM — 1]
L, HANTE Cu/ZrOo/PL e R 40% 11 #5146 nl &
SRR ARG X F SRR R U, W Z0AR G-
P R B2 RRAM 281 13X 6 i 5

2 SRS AL AR

EiTIeBAAEH Z 0T, RATE % T T BMO
) RRAM (1L FHAL S HLBE. S pFos 2, LT
BMO ) RRAM # /4  BHAE I 4 £ %2t BMO i
S HL AN 22 B T RN R s o TS i S e A 22 2 R
HBETE B, LA JE B T e E A R T
JE 95 1 R A BE T A S L A0 22 ). S S B [ TT B
DIREAT L B B0 I8 WL, o3 2 s i R O
ALEY. SR, FE4E BMO MR, JE L BIE T B

Set
ol o o

E—RSetidiz
Cuizro /Pt

2 0z 4 & 8 10

BE (V)
B1 EHiEHEERET Cuw/ZrO,/Pt 23R E S HEED
(10 K).

PEPETE S 100 pm x 100 pm, ZrO, JEE K 70 nm

AR A R RSO T, SRR Y B 2B Ak, i
SR LT PR B AR 22 O BH AR PR BE . MRS 23 A, 02k
7E BMO I 53 ) (7 BLAL SIS B BRBE, R AN
it B (e HLOUF B R BEAT U G, O BLAR AR PERE o vl
PAFF R4 .

2.1 {HBRHUEEERE . PR

T HA RS W, B R T IE o0
& Jm ALY I 7 A S I B R AT R B L TS
BB e L), XAk R A AR R R gk
WP T, 51 ARBRE AR B F B A A R
TR TR AN 22, T P S B AR BRRH A, &
HL R RHR AL, BEfl RRAM [ HELEE 32314
Bk Wik, BEEEEZE—MAFHE.

WA B AGIEN AT, o] LIE R e sl L R
{EFRAVE R, Ti B240 Z2r0, #efbi) I-v KL WE 2
fis. S—K Set AL FEFTTE AL RS Z J5 1Y Set 1 2
—FE. M H, d#F B4R Ti 425, Cu/ZrOy/Pt s 45AE
R A B KB 10 V IS/ 3 V. (EAE B A — 1,
Cu/ZrO,:Cu/Pt Fll Cu/ZrO,:Cu NC/Pt 2§12 B
KRB HALIT & E 5 H BMO £ RRAM
PR B TR RER IR S 1B 2R R LAY B H T
Fi. A Gao % N'E HIO, WifihisZe Al ffif5
TiN/HfO/Pt #5F -8 L R 7.82 VBl /3
271 V.

K 3 (a) 1 (b) 435 Cu/ZrO,:Cu/Pt Fl1 Cu/ZrO,:
Cu NC/Pt #3417 (g 1oV IR, PR #R #0325
TG TO M F B AR R (B A IE B R R R AT

102
-
10°
L
g 10°
5 ;
10¢ 14
] E—RSetiv2
107 F
F Cu/ZrO,:Ti/Pt
102 i P T S S
-2 -1 0 1 2 3

BE (V)
B2 HEBEHEET CwZrO,Ti/Pt 33k T & & W%
(10 K).
FEOETAR 100 pm x 100 pm, ZrO, JEE 4 70 nm

315



a4 % b B 2012528 %575 £5H

sl @ —0— aE[ Set
—0— bIE[] Reset
4 —&— c[Z 6] Set
—o— d[Z[0) Reset
& @r
E
o
2+
_4 =
%l
_8 1
4 3 -2 1 0 1
8B[F (V)
81 (b)
6 .
4 F
z 27
E
m Or
EJ -
-2 —0—a IEO) Set
4 F —0— b IE[@] Reset
—O—c [0 Set
gl —— d 2 Reset
8t

1 1 1 i
1 2 3 4

B3 (a) Cu/ZrO,:Cu NC/Pt 235 i S8 B By TEAR A R X F5 1-V
E£2; (b) Cu/ZrOy:Cu /Pt 2344 i $1 7 By TARMENSFR -V 2%

DL % A= Set Fll Reset). 5 Cu/ZrO,:Cu/Pt #314- AS[F HY 1,
Cu/ZrO,:Cu NC/Pt () 1E 7] Set L & B K (Ve M~3 V Ui
/NEI~1 V). BRSO 225 e R THBA T AW
AL Cu YOKEMBRTEMURE TEZ SR
T, MHSH Cu 9K ISR, TR H
T Lmk Co 7B m i, I His/NE R 5 H
o 22 I R R R

2.2 g —E

— R, A1BZ% RRAM A9 75 B e 1 BHLAS
A A TG ISR, a1 s, B2E M — AL
L4 BEAR AR A o Re e vk, i L 25 (A1 il 52 5 /L JE 152
TN 2. HAASEOR S R T i a2 n 4k
KE—ABEYLAY LR X (15 51 41 22 AR e 7E A TR
PEA AT & A R AR A K.

5 Cu/ZrOy/Pt WIS AR L, Ti B2 By 251 R B0
HRER Set 12, WA 2 FiR. Gt idsgt—4
WS TN, B 4 W, Cu/ZrOy: Ti/Pt 244 Ve H
Vieset FIPEIME 451 1.43 F1-0.66 V, L Cu/ZrO,/ Pt

316

A: CuiZrO, PtV

8 B: Cu/ZrO,/PIEAV,
[ C: CulZrO, TilPtHIV,,,
6 D: Cw/ZrO, TPV,

0 @

S B c >
B 4 Cu/ZrOy/Pt fl Cu/ZrO,:Ti/Pt 35141 /E B B 43 75
PRI Voor F1 Vieso [HL(5.31 F1-0.94 VYEARIR £ i
H, BT Ti &R 25, Ve FIbRHEBELEM 3.45 5
/NE] 0.78 V. X FEMH, Cu/ZrOy:Ti/Pt i Vi HIESHE
B 2 LG Cu/ZrOo/Pt 5 FREAIL TR £, Cu/ZrO,/Pt 1
Cu/ZrOy:Ti/Pt #5150 G H WA 5 FiR.
WAL HB2% Ti BT, Rurs M 10* F5REALE] 10 5.
XYL, Cu/ZrO,:Ti/Pt #4144 /) Rugs fH b Cu/ZrO,/Pt %%
P Fa%E . Cu/ZrO,:Cu/Pt Fl Cu/ZrO,: Cu NC/Pt #51F
Fiky L BEL 2% 72 25 M [ B TR o W 5 A o A 7).
HHl, 7€ RRAM 184244 Xl 2= 35— ek
PR B 2 e AR Z 058 PG BIE S 0 sk, ok
23520 LBl RRAM #8400 24—k H 5y I A
. A IR X RERY: AN K ) T A
B2 r B AL E R T 2L, X BEAR T S 4H 220
B/ W R 0 R Y BRI, AT e T B AR PR e Y 38—
P, EZ RN TAEFUS, FRATIRELT Ag/ZrO,/Cu
NC/Pt #5145 L 40 22 149 55 53 R 10 385 59 i 7 3 Tl
WA, X BB IR R s 5 40 22 1 AR KA AN ) AT
PT84 Cu 9K SRS TE 6. AR I8 B S il
Cu ZK S X m i 2 T XEERH. 78 Set
AR, EE SRR R, 2R 4R BT
TE Cu YK S A Fr LS o 40 22 05 25 5 7R 9 K i or
AR, WL, RPN R S i A E
AR L BN BIE K, 8 B 2 SR 8
—. X FHAS SR, WL

23 RRSHERE

ST SE bR, fR A RR (T LT AR B 2
d ) RAEAE S MR P e S 5. TS R R
KB RRAM 24 R R — AR e i o2, it



i

102 ® Cu/ZrO,/Pt BB 120
b o Cu/ZrO,/Pt {RETS 100 |
10" © Cu/ZrO, TilPt =R
g 10 : . ... ..CuerOZ:'ﬁ!F’t {ErETS .- .-- R 80
Fof o e
d -~ . . “ 40t
104 | . -
= : & nﬂ [a] 20F
e g M s
0 0 2'0%7 ( ;;o 20 50 P Titg 7 Cug#  CuNCiB#
&win

B 6 Cu/ZrO,/Pt, Cw/ZrO,:Ti/Pt, Cu/ZrO,:Cu/Pt 1 Cu/

El5 CwZrO,/PtFl Cu/ZrO,:Ti/Pt 324 B & RS A ZrO,: CuNC/Pt BB L 5

W ATREA M4y, —JE I Gd e, 7ERBARM AR
it 2 XA i AR OR B kLA A (AL LR i R
T BMO IR Y JR) 3 DX T R 2 7 e LR T AR
7 B IR AEAR B A BMO LR [ A B Y
HBUEBELAY. T[4 BRBE I A3 2] AR 2252,
FEH NG ATEE. @l R 228 BT 32

2.4 FCEAAREZS b RE

KB4 RRAM #0 At) Ho Al J 2 e Al v A3 ook
BARZRFEATIRA . Bl Jung 25 AGESE Li 844
NiO ] LAt 5 2 = B AS A AR E . Li B4R H g1
FE P M O S s AR R R R RS R ERY. Wang 25

W2y, ATLURLEESH BMO M i GG, 2 ae
PR R, i 6 R, ##84% Ti, Cu Ml Cu 40K
i, Cu/ZrOy/Pt #RUFM) R RMIGEIR KA m. 178
Z=J5, RRAM #5701 B R LT-35 2] 100%. 225 R
HIITE Lee 25 \NPHRIERY Al #8780 ZnO, Cu B4y

NARIE T 5T CuO, ) RRAM 75 {1 BH. 2 fR A5 4 e ]
Pl B2% Sio A4S SR K4 . a2 — 1 DR
A, AR Cu,Si,0 ' Cu 250 & A T B O g L
Cu,O0 a2 THRATZ A TS, W % B
HEA Zr B, TLLKIR$E & ZrO, AR A 66 1 1

MoO, fil Cu #8241 ALO; el (Rurs/Rirs F HE3)120),

1 RBEMBEBFREEE

WL BR%) B Vs (V) Veeso (V) AFBEBTET GRFFRFHEG) Bt
Cu/ZrO,/Pt <40 H 0.5~10 -0.5~-1.5 >10* - B
Cu/ZrO,:Cu/Pt"’ ~100 ¥ 2.1~3.6 0.8~1.5 ~10° >10* Ttk
Cu/ZrO,:Au/Pt"**! ~100 ¥ 2~5 0.5~1.2 >10* >10° Ttk
Cu/ZrO,:Ti/Pt1**! ~100 ¥ 1~4 -0.5~-1.5 >10* >107 WU
Aw/ZrOy: Au/Pt!'Y ~5 - - - - - B
Au/ZrO,:Au NC/Pt ~75 - - - 51 1000 WU
TiN/ZrO,/Pt!?1 - H - - 100 - B
TiN/ZrO,: Al/Pt?81 - T 0.5~1.5 -0.6~ 0.8 100 - B
TiN/HfO,/Pt?%1 @ - - 0.7~2.7 -0.9~-1.5 ~3 - XU
TiN/HfO,:Gd/Pt'>! - - 0.8~1.0 -0.6~-0.9 ~30 10* B
Pt/TiO,/ P31 ¥ _ — 0.25~1.75 -0.25~ 0.5 5 1000 XU
Pt/TiO,:Pt NC/Pt ¥ - - 0.5~1.0 -0.5~-0.75 2 10* WU
Cu/NiQ, /Pt - A ~2.6~—8.6 -1~-1.8 1000 - B
Cu/Cu:NiO,/Pt ¥ - ¥ -2.1~-3 0.6~ -1 >10 - A
W/ZrO,/Pt33 25 - - - - - B
W/ZrO,:Ag/Pt ¥ 85 H - - 10 - g

a) BCHR DA SR 0 P 26 T

317



Rl

8 & 2012528 #57% %58

3

o4 4k PERER A RS . 18441 BMO R IR T8 47 ) £
e i a TERE, GG A T 2P B L R
TEZR 1 R T B2 AR M SRR N — | B IE R N B2 ik A RO

AR, 5RBRMEEAE L, B R BAR EAR MR RE, FE Y BRMLER R P9 AE R O A0 R E
A, Bk, BT 2R H T ANE RRAM  1TIRE.

225 3CHk

10

11
12

14

15

16

17

18

20
21

22

23

318

Meijer G I. Who wins the nonvolatile memory race? Science, 2008, 319: 1625-1626

Baek I G, Lee M S, Seo S, et al. Highly scalable nonvolatile resistive memory using simple binary oxide driven by asymmetric unipolar
voltage pulses. IEDM Tech Dig, 2004, 587-590

Waser R, Aono M. Nanoionics-based resistive switching memories. Nat Mater, 2007, 6: 833-840

Wang Y, Liu Q, Long S, et al. Investigation of resistive switching in Cu-doped HfO, thin film for multilevel non-volatile memory
applications. Nanotechnology, 2010, 21: 045202

Yang Y C, Pan F, Liu Q, et al. Fully room-temperature-fabricated nonvolatile resistive memory for ultrafast and high-density memory
application. Nano Lett, 2009, 9: 1636-1643

Li Y, Long S, Zhang M, et al. Resistive switching properties of Au/ZrO,/Pt structure for low-voltage nonvolatile memory applications.
IEEE Electron Device Lett, 2010, 31: 117-119

Xu N, Liu L, Sun X, et al. Characteristics and mechanism of conduction/set process in TiN/ZnO/Pt resistance switching random access
memories. Appl Phys Lett, 2008, 92: 232112

Lee HY, Chen P S, WuTY, et al. Low power and high speed bipolar switching with a thin reactive Ti buffer layer in robust HfO, based
RRAM. IEDM Tech Dig, 2008: 279-281

Guan W, Liu M, Long S, et al. On the resistive switching mechanisms of Cu/ZrO,:Cu/Pt. Appl Phys Lett, 2008, 93: 223506

Wu L, Song Z, Liu B, et al. Remarkable resistance change in plasma oxidized TiO,/TiN, film for memory application. Chin Phys Lett,
2007, 24: 1103-1105

Seo S, Lee M J, Seo D H, et al. Reproducible resistance switching in polycrystalline NiO films. Appl Phys Lett, 2004, 85: 5655

Sun X, Sun B, Liu L, et al. Resistive switching in CeO, films for nonvolatile memory application. IEEE Electron Device Lett, 2009, 30:
334-336

Banno N, Sakamoto I, Sunamura H, et al. Diffusivity of Cu ions in solid electrolyte and its effect on the performance of nanometer-scale
switch. IEEE Trans Electron Device, 2008, 55: 3283-3287

Lv H, Wang M, Wan H, et al. Endurance enhancement of Cu-oxide based resistive switching memory with Al top electrode. Appl Phys
Lett, 2009, 94: 213502

Li Y, Long S, Liu Q, et al. Nonvolatile multilevel memory effect in Cu/WO3/Pt device structures. Phys Status Solid RRL, 2010, 4:
124-126

Guan W, Long S, Jia R, et al. Nonvolatile resistive switching memory utilizing gold nanocrystals embedded in zirconium oxide. Appl
Phys Lett, 2007, 91: 062111

Liu Q, Long S B, Wang W, et al. Low-power and highly uniform switching in ZrO,-based ReRAM with a Cu nanocrystal insertion layer.
IEEE Electron Device Lett, 2010, 31: 1299-1301

Liu Q, Long S, Lii H, et al. Controllable growth of nanoscale conductive filaments in solid-electrolyte-based ReRAM by using a metal
nanocrystal covered bottom electrode. ACS Nano, 2010, 4: 6162-6168

Yoon J H, Kim K M, Lee M H, et al. Role of Ru nano-dots embedded in TiO, thin films for improving the resistive switching behavior.
Appl Phys Lett, 2010, 97: 232904

Liu Q, Guan W H, Long S B, et al. Resistive switching memory effect of ZrO, films with Zr* implanted. Appl Phys Lett, 2008, 92: 012117
Wong M F, Herng T S, Zhang Z, et al. Stable bipolar surface potential behavior of copper-doped zinc oxide films studied by Kelvin probe
force microscopy. Appl Phys Lett, 2010, 97: 232103

Liu Q, Guan W H, Long S B, et al. Resistive switching of Au-implanted-ZrO; film for nonvolatile memory application. J Appl Phys, 2008,
104: 114514

Guan W, Long S, Liu Q, et al. Nonpolar nonvolatile resistive switching in Cu doped ZrO,. IEEE Electron Device Lett, 2008, 29: 434-437



24

25

26

27

28

29

30
31

32

33

34

35

Liu Q, Long S B, Wang W, et al. Improvement of resistive switching properties in ZrO,-based ReRAM with implanted Ti Ions. IEEE
Electron Device Lett, 2009, 30: 1335-1337

Zhang H, Liu L, Gao B, et al. Gd-doping effect on performance of HfO, based resistive switching memory devices using implantation
approach. Appl Phys Lett, 2011, 98: 042105

Zhang H, Gao B, Sun B, et al. Ionic doping effect in ZrO, resistive switching memory. Appl Phys Lett, 2011, 96: 123502

Dearnaley G, Stoneham A M, Morgan D V. Electrical phenomena in amorphous oxide films. Rep Prog Phys, 1970, 33: 1129

Gao B, Zhang H, Yu S, et al. Oxide-based RRAM: Uniformity improvement using a new material-oriented methodology. VLSI Tech Dig,
2009: 30-31

Lee D, Seong D, Choi H, et al. Excellent uniformity and reproducible resistance switching characteristics of doped binary metal oxides for
non-volatile resistance memory applications. IEDM Tech Dig, 2006: 797

Jung K, Choi J, Kim Y, et al. Resistance switching characteristics in Li-doped NiO. J Appl Phys, 2008, 103: 034504

Wang M, Luo W J, Wang Y, et al. A novel Cu,Si,O resistive memory in logic technology with excellent data retention and resistance
distribution for embedded applications. VLSI Tech Dig, 2010: 89-90

Liu Q, Liu M, Long S B, et al. Improvement of resistive switching properties in ZrO,-based ReRAM with implanted metal ions. In:
Proceeding of the European Solid-state Device Research Conference, 2009 Sept 14—18, Athens, 221-224

Chang W, Cheng K, Tsai J, et al. Improvement of resistive switching characteristics in TiO, thin films with embedded Pt nanocrystals.
Appl Phys Lett, 2009, 95: 042104

Liu C, Lin X, Wang H, et al. Improved resistive switching dispersion of NiO, thin film by Cu-doping method. Jpn J Appl Phys Lett, 2010,
49: 056507

Sun B, Liu L, Han D, et al. Improved resistive switching characteristics of Ag-doped ZrO, films fabricated by sol-gel process. Chin Phys
Lett, 2008, 25: 2

319



