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Fig. 1. The energy band structure of ZnO.
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Fig. 2. Calculation model: The gray spheres represent
Zn atoms; the red spheres represent O atoms; the pur-
ple sphere represent doping atom X ; the yellow sphere
represent V.
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Fig. 3. Migration barrier of VQO+ and V%;L along the different paths in X doped ZnO: (a) V?;L along n — 1 direction;
(b) Vlo+ along n — 1 direction; (c) Vlo+ along 1 — n direction; (d) Vf‘;‘ along 1 — n direction.

TBHL T4 - 1AS — 17 R Mn B2 14F
Vot IR 35 22 Lh R 45 24 B 25 1K, Fe B 248
Vet FEIX AN 7 11 HE R 34 22 B 18 n, 1 Co A0
Ni 5 44 U [R] s 523 B T VST X AN J7 17 13
b, Rl R4 — 1057, HEEEEENT
2 — 13 — 1T H 22, Ui Co I Ni 5 4%
FEHARTAE A VY FILRE. SHFhlgsnT
REAEIEMI DB VST, MWE 3 (b) ATLLE i, Mn
KTV 2 — 1,3 —» LA4 - 1 FIE
Bthta, FetbZRMR T VET1E4 — 1T IER 3
2, 0 Co NI B &M VS En — 17 MIHER
82 LA B 441 54 BT BRI

BEL7Z 25 14 (1 Set 1 72 52 B b2 A i 2 HH 43 K
Vo BER K G a2 it 2, R 4E K 3 (a) A
K3 (b) 45 R, Co FINi #5435 7[RI AR VT A
Vot ifn — L MRER S 2, X ER VS MV
HRGIEB IO R T SR T A 22, iX
WA R T 2R BN IR T SE I Set I 2, M
/NSRRI Set HL .

BHAZ 3814 A= Set (LR, VBT AF 3K B Ak
AV, SFHAMLBI Vo EEL VT AA1E P
K3 (c) TAEH: AT 1— 281 — 3750, Mo
FAE VST FER A 2 BTN, 1M Fe, Co, Nifs 4t
TR R AR T VST XA T e 3 2, X
1 — 4771, PR TRBRME VST TR A2 T
NG A A BN, 35T 1 — 5051, CoXfitsh
LMK, HARIEE Mn, Fe, Ni ¥4 52 411K
St TS AN 22 PR ] BEARE D B VET, B3 (d)
AEH: XT1—2M1 — 3750, WMtk
FEVET IR 22 B RG SHF1 — 4771,
VU 7c 2% S5 A LB A 3G % T 1 — 5 J51A], Mn#
el VET T 2 B E N, i Fe, Co, Nis 4t
W S AN K

FHAZ ZHF 1) Reset i 25 br b2 T Rl 22 5
£ Vo 7 B i 2. AR4E B 3 (c) FIE 3 (d) 14
R, Fe MINi [ PR VYT FIVE WL — n il
TR A 2, 6 VET RV 2R 5 46, al {44
FERG/NBE B N S Reset 172, M T FRAR 38 45 1

063101-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 67, No. 6 (2018) 063101

Reset Hi .

Bl AR VET FIVET 1E 8 510 B 42 T I AH I
JrHHER A2 KN (1 — n J7 1 5 22486 B
Phn — 17 MR 220H). TR L AE s 5 B0 A 2 07
HR G R —J L. R g W, 3T X = Zn,
IR AB 2R (K ZnO, I A 1 Vo FEAIH [ B A2
N1, B Vo fEANE 7 ) 3T # X 5 15 5
RAHFER. T X BRI In0OK R, HBiE25K
B, VETRVET FIER LA B R . X
T3, 4, 5, Hh Mo 4845 VEF FI VST 1IE
BN 1, B0 VAT RIVET 61 T3 B Mn &
F, 1fii Fe, Co, Ni 4% ZnO fh &4 VEF FIVET it
BT 1, B VEE VS i T4E3E Fe, Co,
NiB AR5 1. B Fe, Co, NifEAR R X} V?f VG
A ZA0F WS AR A DO X AR SIE A FIT Vo
FEFC PR SR AR, AT LA F BT 1) 3 v 40 22 S AR
5E, A BT BGEA  AR R P E.

2.0 V(2)+

1.5F

1.0
A1
2
e
1 14r - 2 Vo'
-3
A4
L2r w5
Zn Mn Fe Co Ni

BRoTE
K4 X 57 zZn0 th VET RIVET HHAH R 7 fl (f3E # 2
22
Fig. 4. Ratio of the migration barries in opposite di-
rection for V?;L and Vgr in X doped ZnO.

3.2 XBHXN Ve EREEHS N

XF AR AE I 5, AR % S E A Vo
W JETRAI, U3 % 5 2 — AN Bt K i s ) Forming
W, EH AR 2 Vo 4 BeRE AT 5 e P,
B2 e ] 46 A AW P Vo 1AL 3 T O A R
Forming {2, XTI/ NG F REFEAN I = 2 1
A3 H A LR L. M A Vo IR RS R
WA TUZ I Vo MR EReA 5% 1)) BRI EAT

HT X B ZInOK A&\ Vo FEEE RS2, 1T
AR Bl

Fi(X9) = Byt (X9) — Eior (bulk)
+ Q(EF +ev+ AVv) + Mo,

ﬁ':lj Etot(XQ) 5Fl] Etot(blﬂk) ﬁ%ﬂ?@ﬂ?%}%)ﬁ%nﬂi
BIRE RN B AR, XORIREEMFIZ, Q&R
SR LT B, ep NS T T ey O DOKAELR,
AV HBEKPEIANXQRIR R e, MR &, 1o
AR, IHERBMAFICESBRE Vo I
R B 5 B, P RB RIS X = Zn
Fon. mHE S ATLLEH, WFGRBMEERRT Vo
T R RE 38 BTN, FERI 245 2 NIl Vo B RE
IR/ N B3, R B A1 0.854 eV Ig/NE T
0.307 eV, B T 21 64%. il it 2% Ni o] DAk
KRR FEH P Vo BT BERE, MM 535 DL 22V FR 4
1) Forming i 7%,

1.0
—
08 A ?\.
0.854 399 . 7T78
> 0.6} :
g -
=
0.4} A
0.486
D
0.2 0.307
O 1 1 1 1 1
7Zn Mn Fe Co Ni

Bl5 4 Zn0O " Vo KK HHE
Fig. 5. Formation energy of Vg in X doped ZnO sys-

tem.

4 KB 2FNiB 2 ZnO RRAM 2 14
B4 FHL A7 P BE AT EE

AR DL BB onr i, Nigsam Fl T8
H 2R ZnO RRAM 28 4F ) Forming it 72, 2 &
LRIFTE, [FH] PR Set £ Reset HL . A T G H S 45
AT I AL, FRATR A K rhEOG TR T VAL A R
[ £ 26 A T 7E Pt 38R o7l il 46 T R 35 22 A Ni
BRI ZnO HME. )25 I B RIRFE R 400 °C, Ak
N2 Pa. SR E 1 AR R 4 B T SR F R 4% W S T
2% T T AR I Au /Ry 2. B 6 (a)
K6 (b) 73 7 AR5 22 MINi$5 4% ZnO RRAM #%1F
(R LU - F R PR D 2, NIRRT DU 3 R

063101-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 67, No. 6 (2018) 063101

L T SRR FE AR R PE. Ni#B 2% ZnO RRAM
254 BH 2 B Forming i £, Set A Reset Hi
#)90.24 VA10.34 V, 5K 5 ZnO RRAM 231+
(1.2 VAI0.55 V) MHEL, 37l 1 80% #138%. [F]
I S A I B A R R 55 R, R AT SR
T - HR R R IIES 10 FEIFN SR 20 [8] 556 1 RIAH LI
BARAEWRERAZ (WE 6 (D). 54MEG(c)
A LLEF, NifB 2k ZnO RRAM #3/F A EH L R
PR FEPERE, Hom . (RBEA T ARSI 104 s
BRI #S. K6(d) N5 Pa%E R (5
AN EME R T KRG Vo FIHEE) il 4 1 Ni
B A ZnO FAF M B - R REPE 2R, B 6 (d) 7T

10-1F
" F )
Resetl
10-2F
<
{g 10-3
bl Forming
104
2 Pa
10-5L ZnO
1 1 1 1
—-1.0 -0.5 0 0.5 1.0 1.5
HUE/V
(c)
103 |
HRS
]
<
=
)
2 Pa
102 F .
LRS Ni:ZnO
1 1 1
0 5 10
) /103 s

DL H FL Set F Reset HL 0% =1 T 2 Pa 8K T il %
NI #52% ZnO a5, 1HiE 5 RB 2% ZnO S HH L
WARELN, T HARAN T 2 Forming Id#2E. %45 Rt
BRI/ Vo [R5 23 FEAR Ni 45 25 2 M RE i 1
FEEE. DR, sl & B BB AR T R R AR AL
LR L2 R HLRe, 7T LAY BR &4 1) Forming 172,
B VR o, B ORFRIN ). 28 8 2 234 1) M A
I 3 25 52 3 LA PR 3R B0 52 M, bean ) & T2 A
J5TJ2 PRI AROWL 435 A6 N 45 & B PR AR RE &8 e R P
XU R 5B RILFEE, stk agic s
R P RE—BIRAIAL.

10-2F (b)
Reset l
Set
10-3 F
<
~
18
F joap
2 Pa
10-°F Ni:ZnO
1
—-06 —-04 —-0.2 0 0.2 0.4
HUE )V
<
~

=)

i

—0.6 —04 —-0.2 0 0.2 0.4 0.6
HUE/V

K6 (a) £#BHZnO RRAM 2444 (1) s - B AR I 28 (2 Pa %K FHI4%); (b) NifsZ% ZnO RRAM 21 B 37T - L&
MR (2 Pa %K Filil4); (c) Ni#s4 ZnO RRAM #4IRFFIERE (2 Pa UK Filil4), SECEE N 0.1 V; (d) NifsZe

ZnO RRAM #3fF) HLR - LR RFPE 28 (5 Pa SUE T HI4%)

Fig. 6. (a) Current-voltage curves of undoped ZnO RRAM device (prepared under oxygen pressure of 2 Pa);

(b) current-voltage curves of Ni doped ZnO RRAM device (prepared under oxygen pressure of 2 Pa); (c) retention

property of RRAM device (prepared under oxygen pressure of 2 Pa), read at 0.1 V; (d) current-voltage curves of Ni

doped ZnO RRAM device (prepared under oxygen pressure of 5 Pa).

5 %

TR B R RYEE SR X (X = M,
Fe, Co, Ni) 7% ZnO 1A 5 Vo IEH % 22 HE 1

ReH REMR . Hoh Ni B2 ] 2R Ve
RV G T8 5 3 FZE 25 45 2% JR 7 W AN 5 1] L 3T #
FR2IFMRITHH LR X BAAT LA Z0H
Vo KITEEGRE, Rl f& 5 2% Nifl Vo FITE ERE LE R
BRI BRAR T 64%. B TS 45 RAE LS EXTEER

063101-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 67, No. 6 (2018) 063101

BRANi B4 ZnO RRAM 28 14-(PHAS I g, KN
Ni JC R B AAMA ] LUHBR284F 1 Forming I3 72, 8
ANERAE R, R Ik A S LA A R AR RE T e
Z AR DI @ A B o R, ey
PRERESR L —E TR 5.

SE

(1]

2]

(3]

Yang J J, Strukov D B, Stewart D R 2013 Nat. Nan-
otechnol. 8 13

Liu D Q, Cheng H F, Zhu X, Wang N N, Zhang C Y
2014 Acta Phys. Sin. 63 187301 (in Chinese) [XIZR7, 2
g, R, TAAE, 5KEARH 2014 YH24R 63 187301]
Cao M G, Chen Y S, Sun J R, Shang D S, Liu LL F, Kang
J F, Shen B G 2012 Appl. Phys. Lett. 101 203502
Xiong Y Q, Zhou W P, Li Q, He M C, Du J, Cao Q Q,
Wang D H, Du'Y W 2014 Appl. Phys. Lett. 105 032410
Pan F, Gao S, Chen C, Song C, Zeng F 2014 Mater. Sci.
Eng. R-Rep. 83 1

Yang C S, Shang D S, Liu N, Shi G, Shen X, Yu R C,
LiY Q, Sun Y 2017 Adv. Mater. 29 1700906

Waser R, Dittmann R, Staikov G, Szot K 2009 Adwv.
Mater. 21 2632

Zhang H, Liu L, Gao B, Qiu Y, Liu X, Lu J, Han R,
Kang J, Yu B 2011 Appl. Phys. Lett. 98 042105

Liu Q, Long S B, Wang W, Zuo Q Y, Zhang S, Chen J
N, Liu M 2009 IEEE Electron Device Lett. 30 1335
Jung K, Choi J, Kim Y, Im H, Seo S, Jung R, Kim D,
Kim J S, Park B H, Hong J P 2008 J. Appl. Phys. 103
034504

[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

22]

24]

[25]

063101-6

Chen G, Song C, Chen C, Gao S, Zeng F, Pan F 2012
Adv. Mater. 24 3515

Chen G, Peng J J, Song C, Zeng F, Pan F 2013 J. Appl.
Phys. 113 104503

Ren S X, Sun G W, Zhao J, Dong J Y, Wei Y, Ma Z C,
Zhao X, Chen W 2014 Appl. Phys. Lett. 104 232406
Ren S, Dong J, Chen W, Zhang L, Guo J, Zhang L, Zhao
J, Zhao X 2015 J. Appl. Phys. 118 233902

Ren S, Chen W, Guo J, Yang H, Zhao X 2017 J. Alloys
Compd. 708 484

Segall M D, Philip J D L, Probert M J, Pickard C J,
Hasnip P J, Clark S J, Payne M C 2002 J. Phys. : Con-
dens. Matter 14 2717

Perdew J P, Wang Y 1992 Phys. Rev. B 45 13244
Vanderbilt D 1990 Phys. Rev. B 41 7892

Zhao Q, Zhou M, Zhang W, Liu Q, Li X, Liu M, Dai Y
2013 J. Semicond. 34 032001

Janotti A, van de Walle C G 2007 Phys. Rev. B 76
165202

Ermoshin V A, Veryazov V A 1995 Phys. Status Solidi
B 189 K49

Zhao J, Dong J Y, Zhao X, Chen W 2014 Chin. Phys.
Lett. 31 057307

Wong HS P, Lee HY, Yu S, Chen Y S, Wu Y, Chen
P S, Lee B, Chen F T, Tsai M J 2012 Proc. IEEE 100
1951

Kamiya K, Yang M Y, Nagata T, Park S G, Magyari
Kope B, Chikyow T, Yamada K, Niwa M, Nishi Y, Shi-
raishi K 2013 Phys. Rev. B 87 155201

van de Walle C G, Neugebauer J 2004 J. Appl. Phys. 95
3851


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/nnano.2012.240
http://dx.doi.org/10.1038/nnano.2012.240
http://dx.doi.org/10.7498/aps.63.187301
http://dx.doi.org/10.1063/1.4766737
http://dx.doi.org/10.1063/1.4891482
http://dx.doi.org/10.1016/j.mser.2014.06.002
http://dx.doi.org/10.1016/j.mser.2014.06.002
http://dx.doi.org/10.1002/adma.v29.27
http://dx.doi.org/10.1002/adma.200900375
http://dx.doi.org/10.1002/adma.200900375
http://dx.doi.org/10.1063/1.3543837
http://dx.doi.org/10.1109/LED.2009.2032566
http://dx.doi.org/10.1063/1.2837102
http://dx.doi.org/10.1063/1.2837102
http://dx.doi.org/10.1002/adma.201201595
http://dx.doi.org/10.1002/adma.201201595
http://dx.doi.org/10.1063/1.4794882
http://dx.doi.org/10.1063/1.4794882
http://dx.doi.org/10.1063/1.4883259
http://dx.doi.org/10.1063/1.4937585
http://dx.doi.org/10.1016/j.jallcom.2017.02.307
http://dx.doi.org/10.1016/j.jallcom.2017.02.307
http://dx.doi.org/10.1088/0953-8984/14/11/301
http://dx.doi.org/10.1088/0953-8984/14/11/301
http://dx.doi.org/10.1103/PhysRevB.45.13244
http://dx.doi.org/10.1103/PhysRevB.41.7892
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1103/PhysRevB.76.165202
http://dx.doi.org/10.1103/PhysRevB.76.165202
http://dx.doi.org/10.1002/(ISSN)1521-3951
http://dx.doi.org/10.1002/(ISSN)1521-3951
http://dx.doi.org/10.1088/0256-307X/31/5/057307
http://dx.doi.org/10.1088/0256-307X/31/5/057307
http://dx.doi.org/10.1109/JPROC.2012.2190369
http://dx.doi.org/10.1109/JPROC.2012.2190369
http://dx.doi.org/10.1103/PhysRevB.87.155201
http://dx.doi.org/10.1063/1.1682673
http://dx.doi.org/10.1063/1.1682673

32 % R Acta Phys. Sin. Vol. 67, No. 6 (2018) 063101

Effect of transition metal element X (X = Mn, Fe, Co,
and Ni) doping on performance of
ZnO resistive memory”

Guo Jia-Jun Dong Jing-Yu Kang Xin Chen Wei' Zhao Xu

(Key Laboratory of Advanced Films of Hebei Province, College of Physics Science and Information Engineering,

Hebei Normal University, Shijiazhuang 050024, China)

( Received 16 November 2017; revised manuscript received 22 December 2017 )

Abstract

Resistance random access memory (RRAM) based on resistive switching in metal oxides has attracted considerable
attention as a promising candidate for next-generation nonvolatile memory due to its high operating speed, superior
scalability, and low power consumption. However, some operating parameters of RRAM cannot meet the practical
requirement, which impedes its commercialization. A lot of experimental results show that doping is an effective method
of improving the performance of RRAM, while the study on the physical mechanism of doping is rare. It is generally
believed that the formation and rupture of conducting filaments, caused by the migration of oxygen vacancies under
electric field play a major role in resistive switching of metal oxide materials. In this work, the first principle calculation
based on density functional theory is performed to study the effects of transition metal element X (X = Mn, Fe, Co, and
Ni) doping on the migration barriers and formation energy of oxygen vacancy in ZnO. The calculation results show that
the migration barriers of both the monovalent and divalent oxygen vacancy are reduced significantly by Ni doping. This
result indicates that the movement of oxygen vacancies in Ni doped ZnO is easier than in undoped ZnO RRAM device,
thus Ni doping is beneficial to the formation and rupture of oxygen vacancy conducting filaments. Furthermore, the
calculation results show that the formation energy of the oxygen vacancy in ZnO system can be reduced by X doping,
especially by Ni doping. The formation energy of the oxygen vacancy decreases from 0.854 for undoped ZnO to 0.307 eV
for Ni doped ZnO. Based on the above calculated results, Ni doped and undoped ZnO RRAM device are prepared by
using pulsed laser deposition method under an oxygen pressure of 2 Pa. The Ni doped ZnO RRAM device shows the
optimized forming process, low operating voltage (0.24 V and 0.34 V for Set and Reset voltage), and long retention time
(>10" s). Set and Reset voltage in Ni doped ZnO device decrease by 80% and 38% respectively compared with those in
undoped ZnO device. It is known that the density of oxygen vacancies in the device is dependent on the oxygen pressure
during preparation. The Ni doped ZnO RRAM device under a higher oxygen pressure (5 Pa) is also prepared. The Ni
doped ZnO RRAM device prepared under 5 Pa oxygen pressure shows a little higher Set and Reset voltage than the
device prepared under 2 Pa oxygen pressure, while the operating voltages are still lower than those of undoped ZnO
RRAM. Thus, the doping effect in the ZnO system is affected by the density of oxygen vacancies in the device. Our work

provides a guidance for optimizing the performance of the metal oxide based RRAM device through element doping.
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