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Table 1.  m-HfO, lattice constants.

s SEL a /nm b/nm ¢/nm B/(°)
AR 0.5137 0.51950 0.53090 99.7760
FIAEP 0.5119 0.51690 0.52970 99.1800
A e 1.0236 1.03714 1.05682 99.3523
AN (= MR 25/20) 0.5118 0.51857 0.52841 99.3523
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Fig. 1. HfO, defect supercell model: (a) Sub-Al doping into HfO, containing VO; (b)—(f) Int-Al doping into HfO, containing VO,

the number of Int-Al is 1 to 5.
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Fig. 2. Formation energy of impurity Al, The illustration
shows the existence of impurity Al. The dotted circle indic-
ates the formation after losing an O atom.

113101-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 11 (2019) 113101

AR R ] S I, AR SCE A BT, X
HIO, Hae it Al IAATE T =G T 1 e A Ao,
K2 iR, 24 AL 51 LA Int-Al Al Sub-Al B )7
B3| HEO, i}, i#id VASP AR A hhE
I3 5h 4.88 eV Fl 7.53 eV, 5 3CHk [12] A 45 Rk
HAER]. TT UL Int-Al #8425 HFO, THIE iy Sk 4
RUCATRE. 75 HIO, @& VO SRR #2
T, 23 31LL Int-Al 1 Sub-Al ()5 B2, HEH
PRI L BESY B 3.37 eV Fl 4.23 eV, HE—L 1
HET Int-Al #8748 HFO, HIE LAY BRIG A R 2.

Z &3 Int-Al J&FF VO [ i A7 AE T, B Fh
SR AR AR G7 XA B2 (B VR R LA & HEO, BHAR
BRSO Int-Al 5 VO 22 [H]AS[A] &) #1
(AR HEO, MR ZR T BCRE RN 23k i fry 252 3
PEAT T, a5 A 3 TR, Al UL VO 7E Int-
Al JETJE FIR I B RE A 5.38 eV, A% (Al R At
I BCBE I R 6.57 eV, X5 VO &5 fE 24 i
FEITE A R — 35 (230, &) 3 47 &) /s ) 30T B
WL fT A B R LR AEAE VO JE L, TS B A g
F14) 405 FEL Ay 2855 B A1 DA X A B .

'°°°; m_.szzsf'Am

E%J@d%

o L OO
L)

5.2 1 1 1 1 1 1 “ 1
01 02 03 04 05 06 07 08

VO 5Int-Aljf]#E

B 3 VO BB HfO, /K & o Int-ALTE i fE G W R T
Int-Al 5 VO A [a] [H] B (¥ 73k L1725 2 %)

Fig. 3. Int-Al formation energy in VO deficient HfO, sys-
tem, the illustration shows the partial wave charge density
of Int-Al and VO at different pitches.
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4 ORIFHRE Int- ALK ZR 09 7335 L i 25 85 1 A

(a) 1.04%; (b) 2.06%; (c) 3.06%; (d) 4.04%; (e) 5%

Fig. 4. The partial wave charge density of Int-Al systems with different concentrations: (a) 1.04%; (b) 2.06%; (c) 3.06%; (d) 4.04%;

() 5%.
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Fig. 5. The partial wave charge density equipotential sur-
face value of variable component Int-Al doped VO defect
HfO, system. The illustration shows the formation energy of
Int-Al and VO co-doping.
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Fig. 6. The partial wave charge density of in HfO, defect

supercell lattice with invariant lattice structure.

71.4944 eV Fl 15.0292 eV, 7 B i 4& 45 4 28 1k 1
SR T SRR F TR PRSI B, e TR
Ptk R R E k.

4 % b

15 3 T — R BT B AT T 2 R ALTE
HfO, # Kt b B A2 76 7 X, DL ) Int-Al 5 VO [A]
AR ZH 4y TInt- AL IR BE AT 45 28 10 X HEO, BH
ARSI, 45 R0 Int-Al B2% 5] HFO, Hik
WAtk ZHEFaE, IF H Int-Al 5 Vo FHXM B R TE
BCREE/ )N, BHAS AR FRe e IS5 B b e, X
;T RRAM g5 {4 454 2 B e bR s JE TN [ Int-
ALHREE ) HEO, BB R, THEAS 3 5k i fr 252
B e KA ST G P AR I DL IR i RE, 3R
B Int-Al HEFEE ly 4.04% W}, EAETE 4l 58 26 1Y

113101-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 11 (2019)

113101

P 7 3 3 e R A5 A T R B A A T (LA O 5
AT S0 | FAE R DL RO i e e S5 1
RERYRLE . LAY Int-Al HREE T 4.04% I}, JE A%
RE B K, T Y H A 22 R FRE T Bk
B A 2R 0 R R o % B Jn PR Y. 0k — 2B 5008 24 45
A Int-Al X HfO, SRFAVRZR 5180 Ak 4519 22 1k,
REASRACIA R VI HLRE, A R T IE R0 9510 5 FL il
. X SE TR T HEO, B fE6k 25 OB 9T, TG
HEXT HEO, AR —2hE | ¥ 21 R Re p s A
H—EME AR L.

S 30k

[1] Zhao Q 2013 M. S. Thesis (Anhui: Anhui University) (in
Chinese) [#43% 2013 il 2401830 (LR R

[2] Zhang W B, Wang H, Xu J W, Liu G B, Xie H, Yang L 2018
Mater. Rev. 32 1932 (in Chinese) [fk3CH, T4, FFI3C, X
T, IR, #2018 #1RE T4 32 1932]

[3] Yang L K 2014 M. S. Thesis (Xian: Xi'an University of
Science and Technology) (in Chinese) [#JE 5 2014 A +-2# 1
WO (P PY2HFRH R S))]

[4] Wang Y, Jia S, Gan X W 2011 Acta Sci. Natur. Univ.
Pekinensis 47 565 (in Chinese) [T, 39, H2#iE 2011 Jbit
K22 4T 565)

[5] Frascaroli J, Volpe F G, Brivio S,
Microelectron. Eng. 147 104

[6] Hou T H, Lin K L, Shieh J, Lin J H, Chou C T, Lee Y J 2011
Appl. Phys. Lett. 98 771

[7 LiXY,Li YT, Gao X P, Chen C B, Han G L 2018 Chin.
Sci. Bull. 63 2954 (in Chinese) [Z=IEME, 238 M, Mt
I, ERARSE 2018 FlAE M 63 2954)

[8] Guo J J, Dong J Y, Kang X, Chen W, Zhao X 2018 Acta
Phys. Sin. 67 063101 (in Chinese) [B8F R, EHIW, B, K
i, BB 2018 BIEEAAR 67 063101]

[9] Yin Y M, Cheng H F, Liu D Q, Zhang Z Y 2016 FElectron.
Compon. Mater. 35 9 (in Chinese) [Bt—, FRIFIE, XIARHE,
FKEIFH 2016 HLTFICAES5HE 35 9]

[10] Zhang Z C, Wang F, Wu S J, Li Y, Mi W, Zhao J S, Zhang
K L 2018 Acta Phys. Sin. 67 057301 (in Chinese) [fK:#E, T
J5, RALE, R, AR, A, HRIESE 2018 MRk 67
057301]

[11] Zhang Y, Long S B, Liu M 2017 Physics 46 645 (in Chinese)
(s, Jettts, XIW] 2017 H)3E 46 645)

(12] Zhao Y Y 2015 M. S. Thesis (Anhui: Anhui University) (in
Chinese) [BAIZF 2015 BH2EA0R S0 (BB ZROKE))

[13] Xue K H, Blaise P, Fonseca L R C, Nishi Y 2013 Phys. Rev.
Lett. 110 065502

[14] Liu S, Liu Q 2016 Natl. Def. Sci. Technol. 37 4 (in Chinese)
XA, XIFF 2016 EFRHL 37 4]

[15] Wang Z, Zhu W G, Du A'Y, Wu L, Fang Z, Tran X A 2012
IEEE Trans. Electron Devices 59 1203

[16] Wei W, Chuai X, Lu N, Wang Y, Li M, Ye C, Liu M 2017

International Conference on Simulation of Semiconductor

Spiga S 2015

Processes and Devices Kamakura, Japan, September 7-9,
2017 p21
[17] Magyari-Képe B, Dan D, Liang Z, Nishi Y 2016 International

(18]
(19]
20]

[21]

(22]

(23]

[24]
[25]
[26]
[27]
28]

29]

(30]

31]

(32]
(33]

(34]

35]

(36]

(37]

38]

[39]
(40]

[41]

113101-6

Symposium on Visi Technology, Systems and Application
Hsinchu, Taiwan, April 25-27, 2016 pl

Yang J, Dai Y, Lu S, Jiang X, Wang F, Chen J 2017 J.
Semicond. 38 100

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

Wei X D, Huang H, Ye C, Wei W, Zhou H, Chen Y, Zhang R
L, Zhang L, Xia Q 2019 J. Alloys Compd. 775 1301

Dai G Z, Luo J, Wang J Y, Yang J, Jiang X W, Liu Q, Dai
Y H, Chen J N 2014 J. Funct. Mater. 45 15023 (in Chinese)
R8, Bat, MR, B4, Bk, e, RAE, BRET
2014 JIREMTEL 45 15023]

Alayan M, Vianello E, Padovani A, Salvo B D, Larcher L,
Perniola L 2017 IEEE Des. Test 34 23

Gao B, Zhang H W, Yu S, Sun B, Liu L F, Liu X Y, Wang
Y, Han R Q, Kang J F, Yu B, Wang Y Y 2009 Visi
Technology Symposium on Kamakura Japan, September 7-9,
2009 p30

Yang J 2014 Ph. D. Dissertation (Anhui: Anhui University)
(in Chinese) [#4: 2014 fA2A008 30 (TR TRORF))

Xie H W, Wang M, Kurunczi P, Erokhin Y, Liu Q, Lv H B,
LiY T, Long S B, Liu S, Liu M 2012 Am. Inst. Phys. 1496 26
Zhang H, Liu L, Gao B, Qiu Y 2011 Appl. Phys. Lett. 98
093509

Tan T T, Gao A, Zha G Q 2018 Superlattices Microstruct.
121 38

Zhao L, Clima S, Magyarikope B, Jurczak M, Nishi Y 2015
Appl. Phys. Lett. 107 013504

Li CF,Fu X H, Li L R, Zhao H C 2014 Micronanoelectronic
Technol. 51 24 (in Chinese) [ZEM K, %4, 28 R o€, B L
2014 AR FHAR 51 24]

Lu L, Liu Y H, Dai G Z, Zhang Y, Ding G G, Liu Q 2018
Optik 164 72

Dai G Z, Jiang X W, Xu T L, Liu Q, Chen J N, Dai Y H
2015 Acta Phys. Sin. 64 033101 (in Chinese) [, #5eft,
BRI, XIF, BT, 1RHAE 2015 Y244 64 033101]

Pang H, Deng N 2014 Acta Phys. Sin. 63 147301 ( in
Chinese) [JE4E, X7 2014 #)F2EH7 63 147301]

Luo L, Xiong Z H, Zhou N G 2016 Mater. Rev. 30 149 (in
Chinese) [, AEZfE, MR 2016 #1RHF4 30 149]

Jiang X W, Chen J N, Jin B, Wang F F, Lu S B 2016 J.
Hefei Univ. Tech. 39 934 (in Chinese) [#4Jcf, 4T, &,
FAEEE, SR 2016 AT K24 39 934]

Wang J Y, Zhao Y Y, Xu J B, Dai Y H 2014 Acta Phys. Sin.
63 053101 (in Chinese) [TEZRAY, BT, 1REME, R AL 2014
PrE2EAR 63 053101

Jiang X W, Lu S B, Dai G Z, Wang J Y, Jin B, Chen J N
2015 Acta Phys. Sin. 64 213102 (in Chinese) [#5CHE, &1,
R, WRAR, &, BRET 2015 PB4t 64 213102

Dai Y H, Pan Z Y, Chen Z, Wang F F, Li N, Jin B, Li X F
2016 Acta Phys. Sin. 65 073101 (in Chinese) [{XH1E, &&H,
PREC, FAETE, 2577, 4k, ZE0RIK 2016 PyH2E4i 65 073101]
Zhang H W, Gao B, Yu S M, Lai L, Zeng L, Sun B, Liu L F,
Liu X Y, Lu J, Han R Q, Kang J F 2009 International
Conference on Simulation of Semiconductor Processes &
Devices San Diego, California, September 9—11, 2009 p155
Kresse G, Furthmiiller J 1996 Comput. Mater. Sci. 6 15

Jia X W, Wang M 2018 Mater. Rev. 32 500 (in Chinese) [5%
Befh, TAL 2018 FHRLSR 32 500]

Li C P, Chen X, Zhang B L 2015 Mater. Rev. 39 159 (in
Chinese) [ZE8ME, Mg, TK3EMR 2015 AHARHTH2 39 159


http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.1016/j.mee.2015.04.043
http://dx.doi.org/10.1016/j.mee.2015.04.043
http://dx.doi.org/10.1016/j.mee.2015.04.043
http://dx.doi.org/10.1016/j.mee.2015.04.043
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1109/TED.2012.2182770
http://dx.doi.org/10.1109/TED.2012.2182770
http://dx.doi.org/10.1109/TED.2012.2182770
http://dx.doi.org/10.1109/TED.2012.2182770
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.1016/j.spmi.2018.07.022
http://dx.doi.org/10.1016/j.spmi.2018.07.022
http://dx.doi.org/10.1016/j.spmi.2018.07.022
http://dx.doi.org/10.1016/j.spmi.2018.07.022
http://dx.doi.org/10.1063/1.4926337
http://dx.doi.org/10.1063/1.4926337
http://dx.doi.org/10.1063/1.4926337
http://dx.doi.org/10.1063/1.4926337
http://dx.doi.org/10.1016/j.ijleo.2018.02.117
http://dx.doi.org/10.1016/j.ijleo.2018.02.117
http://dx.doi.org/10.1016/j.ijleo.2018.02.117
http://dx.doi.org/10.1016/j.ijleo.2018.02.117
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.11896/j.issn.1005-023X.2018.11.023
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.3969/j.issn.1671-167X.2011.04.019
http://dx.doi.org/10.1016/j.mee.2015.04.043
http://dx.doi.org/10.1016/j.mee.2015.04.043
http://dx.doi.org/10.1016/j.mee.2015.04.043
http://dx.doi.org/10.1016/j.mee.2015.04.043
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172459
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7498/aps.67.20172194
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.7693/wl20171001
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1103/PhysRevLett.110.065502
http://dx.doi.org/10.1109/TED.2012.2182770
http://dx.doi.org/10.1109/TED.2012.2182770
http://dx.doi.org/10.1109/TED.2012.2182770
http://dx.doi.org/10.1109/TED.2012.2182770
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1088/1674-4926/34/3/032001
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.1016/j.jallcom.2018.10.249
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.3969/j.issn.1001-9731.2014.15.005
http://dx.doi.org/10.1016/j.spmi.2018.07.022
http://dx.doi.org/10.1016/j.spmi.2018.07.022
http://dx.doi.org/10.1016/j.spmi.2018.07.022
http://dx.doi.org/10.1016/j.spmi.2018.07.022
http://dx.doi.org/10.1063/1.4926337
http://dx.doi.org/10.1063/1.4926337
http://dx.doi.org/10.1063/1.4926337
http://dx.doi.org/10.1063/1.4926337
http://dx.doi.org/10.1016/j.ijleo.2018.02.117
http://dx.doi.org/10.1016/j.ijleo.2018.02.117
http://dx.doi.org/10.1016/j.ijleo.2018.02.117
http://dx.doi.org/10.1016/j.ijleo.2018.02.117
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.64.033101
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.7498/aps.63.147301
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.3969/j.issn.1003-5060.2016.07.014
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.63.053101
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.64.213102
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.7498/aps.65.073101
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://dx.doi.org/10.11896/j.issn.1005-023X.2015.02.034
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 11 (2019) 113101

[42] Hou Q Y, Zhao C W, Li J J, Wang G 2011 Acta Phys. Sin. [44] Zhao Y Y, Wang J Y, Xu J B, Yang F, Liu Q, Dai Y H 2014
60 047104 (in Chinese) [fi4 &, MFME, 22484, T4 2011 J. Semicond. 35 25
YrH2EH 60 047104] [45] Jiang X W, Dai G Z, Lu S B, Wang J Y, Dai Y H, Chen J N
[43] Dai Y H, Zhao Y Y, Wang J Y, Xu J B, Yang F 2015 AIP 2015 Acta Phys. Sin. 64 091301 (in Chinese) [#5cfh, 102,
Adv. 5 017133 bk, R, AR, BREET 2015 Y4 64 091301

First principles study of effect of vaiable component
Al on HfO, resistance”

Dai Guang-Zhen!  Jiang Yong-Zhao’? Ni Tian-Ming "
Liu Xin" Lu Lin? Liu Qi?

1) (College of Electrical Engineering, Anhui Polytechnic University, Wuhu 241000, China)

2) (Institute of Microelectronics of Chinese Academy of Sciences, Beijing 100029, China)
( Received 8 November 2018; revised manuscript received 29 March 2019 )

Abstract

In order to improve the resistance properties of HfO, and increase the consistency and uniformity of
conductive filaments formed by oxygen vacancies (VO), the first-principles calculation method based on density
functional theory is used to study the micro-properties of Al-doped HfO, resistive materials. The results show
that the interval Al (Int-Al) is more suitable for being incorporated into HfO,, and the closer to the relative
position of VO the Int-Al, the faster the convergence rate of the resistive material tends to be stable, and the
smaller the formation energy. The effects of different Int-Al concentrations on the formation of HfO, supercells
with VO defects show that when the concentration of doped Int-Al is 4.04%, the fractional charge state density
map can form relatively good charge channels. The maximum and critical equipotential surface values are
highest, which is conducive to improving the consistency and uniformity of the formation of conductive
filaments in HfO, resistive materials. The calculation of energy formation shows that the change is slow when
the concentration of Int-Al is lower than 4.04%. When the concentration of Int-Al is higher than 4.04%, the
abnormal increase occurs, which indicates that the defect system becomes more and more difficult to form with
the increase of the concentration of Int-Al.

The introduction of the impurity and the VO defect destroy the original complete crystal structure, which
causes the position of the atoms around the impurity to shift, and the valence electron orbit and the energy
level of the crystal are changed, and the distribution of the internal charges of the HfO, defect system is
affected. In order to study the effect of the change of the lattice structure on the formation of the VO
conductive filament, the VASP software package is used to calculate the relative ratio of the atoms in the
lattice structure of the HfO, defect system as the reference and the relative ratio of the HfO, defect system after
the optimizing the lattice structure. Further study of the change of lattice structure, when the concentration of
doped Int-Al is 4.04%, shows that the defect formation energy decreases significantly, which is conducive to the
formation of perfect conductive channel. The conductive channel has a certain reference significance for

improving the performance of HfO, based resistive variable memory materials.

Keywords: HfO,, first principles, interval Al lattice structure
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